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Preface
This volume is the outgrowth of a workshop held in October, 2000 at the
Institute for Theoretical Atomic and Molecular Physics at the HarvardSmithsonian Center for Astrophysics in Cambridge, MA. The aim of this
book (similar in theme to the workshop) is to present an overview of new
directions in antimatter physics and chemistry research. The emphasis is on
positron and positronium interactions both with themselves and with
ordinary matter. The timeliness of this subject comes from several
considerations. New concepts for intense positron sources and the
development of positron accumulators and trap-based positron beams
provide qualitatively new experimental capabilities. On the theoretical side,
the ability to model complex systems and complex processes has increased
dramatically in recent years, due in part to progress in computational
physics. There are presently an intriguing variety of phenomena that await
theoretical explanation. It is virtually assured that the new experimental
capabilities in this area will lead to a rapid expansion of this list.
This book is organized into four sections: The first section discusses
potential new experimental capabilities and the uses and the progress that
might be made with them. The second section discusses topics involving
antihydrogen and many-body phenomena, including Bose condensation of
positronium atoms and positron interactions with materials. The final two
sections treat a range of topics involving positron and positronium
interactions with atoms and molecules.
In the area of experimental capabilities, positron physics has historically
been hindered severely by the lack of intense, cold and bright positron
sources. One article in the first section presents a new design for an intense
source. Other articles in the same section describe new developments in the
use of Penning traps to create ultra-cold and intense, pulsed and continuous
positron beams.
These developments present qualitatively new
opportunities to study a range of phenomena ranging from fundamental
atomic and molecular physics to the characterization of materials and
material surfaces.
The articles in Section II on antihydrogen speak for themselves. There are
presently two experimental efforts at CERN to create and trap antihydrogen
atoms. If successful, this will represent the first stable antimatter in the
laboratory. It is quite likely that these efforts will blossom into several
important, long-term research directions. The two antihydrogen articles
discuss fundamental processes involving the interaction of these antiatoms
with ordinary matter. Not only is this an important theoretical question, but
it also has potentially important consequences for the development of
ix

x
practical schemes to cool antihydrogen sufficiently quickly to be able to trap
the atoms in present-day magnetic traps before they are lost to annihilation.
Another article in this section describes an experiment designed to create
Bose-condensed positronium. This is a very ambitious project, but one that
may now be feasible due, in part, to recent advances in positron traps and
beams. Even in lieu of the ultimate goal of producing Bose condensation,
this experimental research direction is likely to lead to other fascinating new
possibilities. These topics fall under the general category of positron-matter
interactions at high densities (e.g., the limit in which the de Broglie
wavelengths of the particles becomes comparable to the interparticle
spacing). Important questions in this regime include the formation of
molecules and the phase diagram of the correlated electron-positron gas in
the quantum regime (e.g., BEC positronium represents one phase in this
diagram). Other articles in Section II discuss the theoretical and practical
aspects of positron interactions in materials.
The last two sections in this volume describe positron interactions with
atoms and molecules. While this is a subject with a long history, a
surprisingly large number of fundamental questions remain to be
understood. This is due in large part to the fact that the experimental tools
that have been commonplace in studying ion, electron, photon, and neutral
atom interactions are only now becoming available to study the analogous
positron and positronium interactions. Many of the problems in this area
relate to low-energy interactions of positrons with matter and can be
considered to be fundamental to the establishment of a quantitative
antimatter-matter chemistry.
Section III focuses on phenomena involving atoms. One important question
regards the existence and nature of positron-atom bound states. Described
in this section are accurate calculations of the ground state energy levels of
these complexes. These calculations leave little question that such states do
exist. Thus the challenge in this area is now in the experimentalist's camp.
Other phenomena of interest include understanding the details of
positronium formation in positron-atom collisions and a variety of other
positron and positronium scattering processes, including the application of
recently developed experimental tools to study electronic excitations and
resonances in atoms.
Section IV focuses on positron and positronium interactions with molecules.
Presently there is keen interest in this area, driven by the recent advances in
both theory and experiment. Newly developed experimental techniques
have permitted the study of low-energy annihilation processes further
illuminating experimental findings, dating back three decades, that modest
changes in the chemical structure of molecules can result in orders of
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magnitude changes in the annihilation rate. While far from understood, this
and related phenomena have recently been analyzed by a number of
theoretical groups. Several possible mechanisms have been proposed and
are under active discussion. The quantitative predictions that are now
becoming available will undoubtedly stimulate a new round of experiments,
some of which are outlined in the experimental articles in this section.
Other topics of interest include understanding the dynamics of the postannihilation system including molecular fragmentation and the distribution
of final states.
The situation is more or less the reverse in the area of low-energy positron
scattering, where there have been a range of predictions for phenomena
involving molecules that remain still to be tested. New experimental
techniques appear to be on the verge of being able to study these aspects of
our understanding. This topic of positron-molecule scattering also relates
directly to the question of positron annihilation on molecules in the sense
that low energy scattering experiments can, in principle, measure the zeroenergy scattering length. In this way, one can obtain a quantitative measure
of the the low-energy positron-molecule interaction that, at least in some
theories, is predicted to give rise to positron bound states and virtual
resonances.
This volume contains many stimulating ideas that are likely to inspire new
research efforts into the chemistry and the physics of low-energy antimatter
and matter-antimatter interactions. It also presents an up-to-date picture of
the scientific landscape as viewed by the international community of
physicists and chemists, both experimentalists and theoreticians, who are
tackling the broad range of problems in this area. In closing, we wish to
thank the people responsible for this new look at the field. We are indebted
to Kate Kirby and members and staff of the Institute for Theoretical Atomic
and Molecular Physics at the Harvard-Smithsonian Center for Astrophysics
for hosting the workshop at which this project began to take shape. We
thank both the authors and reviewers of the articles in this volume for their
cooperation. Finally we thank Ms. Judy Winstead for her generous
involvement and the substantial amount of work required to successfully
merge the contributions from over twenty authors into the final manuscript
that produced this volume.
Cliff Surko
La Jolla
Franco Gianturco
Rome
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Chapter 1
A LASER-COOLED POSITRON PLASMA
†
J. J. Bollinger, A. B. Newbury ,
T. B. Mitchell‡, and W. M. Itano
Time and Frequency Division, National Institute of Standards and Technology§
Boulder, CO

Abstract

1.

We present results on trapping and cooling of positrons in a Penning
trap. Positrons from a 2 mCi
source travel along the axis of a
6 T magnet and through the trap after which they strike a Cu reflection moderator crystal. Up to a few thousand positrons are trapped
and lose energy through Coulomb collisions (sympathetic cooling) with
laser-cooled
By imaging the
laser-induced fluorescence, we
observe centrifugal separation of the
ions and positrons, with the
positrons coalescing into a column along the trap axis. This indicates
the positrons have the same rotation frequency and comparable density
as the
ions, and places an upper limit of
approximately 5 K on the positron temperature of motion parallel to
the magnetic field. We estimate the number of trapped positrons from
the volume of this column and from the annihilation radiation when the
positrons are ejected from the trap. The measured positron lifetime is
> 8 days in our room temperature vacuum of
Pa.

INTRODUCTION

This paper presents experimental results on the capture, storage and
cooling of positrons in a Penning trap that simultaneously contains lasercooled
ions. The experimental work follows previous discussions
and simulations of trapping and sympathetic cooling of positrons via
Coulomb collisions with cold
ions [1,2]. Cold positron plasmas are
useful as a source for cold beams of high brightness [3, 4, 5, 6]. Many
of the chapters in this volume, for example the chapters by Greaves
* Also at Institute of Physics, University of Belgrade, Yugoslavia.
†
Permanent address:Ball Aerospace, Boulder, CO 80301
‡
Permanent address: Dept. Phys. and Astron., Univ. of Delaware, Newark, DE 19716
§
Contribution of the National Institute of Standards and Technology. Not subject to U.S.
copyright.
1
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and Surko and by Surko, discuss applications of cold positron beams.
In addition cold positron plasmas are useful for studies of positronnormal-matter interactions, such as the study of resonances in lowenergy positron annihilation on molecules [3], for production of a plasma
whose modes must be treated quantum mechanically [1, 7, 8], and for
formation of antihydrogen by passing cold antiprotons through a reservoir of cold positrons [9, 10, 11].
Several groups have successfully trapped positrons in electromagnetic
traps. Positrons have been trapped using resistive cooling of the positrons
[12], by ramping the trap electrostatic potential [13], and in a magneticmirror configuration by electron cyclotron resonance heating [14]. Recent experiments by Gabrielse and co-workers [15, 16, 17] have successfully trapped more than
positrons in 17 hours through a method
where apparently positronium in a high Rydberg state created on the
surface of the moderator is field-ionized in the trap. They used a 3
mCi positron source and a tungsten positron moderator in the experiment. The positrons were cooled by thermalization with a cryogenic
Penning trap which ensured a temperature of ~4 K. Surko and coworkers [3, 5, 18, 19, 20], using a 90 mCi positron source, report the
largest number of trapped positrons
with a trapping rate
of
positrons in 8 minutes and a trapping efficiency greater than
25 % of the moderated positrons. The positrons were thermalized to
room temperature since the trapping was achieved through collisions
with a room-temperature buffer gas of
In this paper we will discuss the results of simultaneously trapping
and cooling positrons with laser-cooled
ions. We load positrons by
following the prescription of Gabrielse and coworkers [15, 16, 17] for fieldionizing high Rydberg positronium. We observe centrifugal separation of
the positrons and
ions, which enables us to determine the positron
density and place a rough upper bound on the positron temperature.
In Sec. 2 we describe the experiment, and in Sec. 3, the positron
detection methods. In Sec. 4 we present the measured accumulation
rates and positron lifetime. The discussion of our method for estimating
temperature limits is presented in Sec. 5. We conclude by summarizing
and discussing future possibilities.

2.

EXPERIMENTAL SETUP

The Penning trap, along with the positron source and positron moderator are shown in Fig. 1. The stack of cylindrical electrodes (60 mm
long) forms two Penning traps. The top (load) trap was used to create
plasmas by ionizing neutral Be atoms sublimated from a heated
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Be filament and directed through a small hole on the ring electrode. The
ions are transferred to the lower (experimental) trap for experimentation. In a single load-transfer cycle we can store over one million
ions. By repeating this procedure we can further increase the number of
ions. The inner diameter of the trap electrodes is 10 mm, and the traps
are enclosed in a glass cylinder that, after baking at ~350 °C, maintains
a vacuum better then
Pa. The magnetic field is
which
produces a cyclotron frequency for
ions of
The magnetic field is aligned to the trap symmetry axes to within 0.01°.
An axisymmetric, nearly quadratic trapping potential is generated by
biasing the ring of the experimental trap to a negative voltage
and
adjacent compensation electrodes to
For
and for the endcap voltage
the single particle axial frequency
is
and the magnetron frequency is
In Penning traps, the ion plasma undergoes an E×B drift and rotates
about the trap axis. This rotation through the magnetic field produces,
through the Lorentz force, the radial binding force and radial plasma
confinement. When a plasma reaches thermal equilibrium the whole
ion plasma rotates at a uniform rotation frequency
A two-fold azimuthally segmented electrode located between the ring and the lower
compensation electrode (not shown on Fig. 1), was used to generate an
oscillating electric-field perturbation by applying out-of-phase sinusoidal
potentials on its two segments. The oscillating field is the superposition
of components that rotate with and against the plasma rotation. The corotating component was used to control the plasma rotation frequency
(the “rotating wall”) [21, 22].
The ions were cooled by a laser beam tuned ~ 10 MHz lower than
a hyperfine-Zeeman component of the
resonance at
313 nm. The laser beam was directed through the trap, intersecting the
ion plasma on the side receding from the laser beam due to the plasma
rotation. As shown in Fig. 1 the beam entered the trap between the
upper compensation and ring electrodes, passed through the trap center,
and exited through the gap between the ring and lower compensation
electrode, making an 11° angle with the horizontal (x-y) plane. Based on
measurements performed in previous experiments [23, 24, 25] we expect
where
and
describe the velocity distributions
in the direction perpendicular and parallel to the trap axis ( axis).
An ion plasma in thermal equilibrium at these cryogenic temperatures
is a uniform-density plasma with a rigid-body rotation frequency
in
the range
The ion density is constant within the
plasma and is given by
where and are the
charge and mass of an ion, and is the permittivity of the vacuum. With
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the quadratic trapping potential near trap center, the plasma has the
shape of a spheroid whose aspect ratio,
depends on
Here
and
are the axial and radial extents of the plasma. Low rotation
results in an oblate spheroid of large radius. Increasing
increases the Lorentz force due to the plasma rotation through the
magnetic field, which in turn increases and
At
(Brillouin
limit) the ion plasma attains its maximum aspect ratio and density. For
ions at 6 T the maximum ion density is
High
density can be reached by using torques produced by a cooling laser
beam [26] or by a rotating electric field perturbation [21, 22] to control
the plasma’s angular momentum. Typically, the ions were first Doppler
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laser-cooled and
was approximately set by the laser torque. The
“rotating wall” was then turned on at a frequency near the rotation
frequency of the
plasma. Resonantly scattered 313 nm photons
were collected by an f/5 imaging system in a direction 11° above the z = 0
plane of the trap and imaged onto the photocathode of a photon-counting
imaging detector. Such an optical system produces an approximate sideview image of the
plasma.
The source for the positrons is a 2 mCi
source with an active
diameter of ~1 mm. The source is placed just above the vacuum envelope, and positrons enter the trap through a Ti foil of
thickness.
Positrons travel along the axis of the Penning traps until they hit the
moderator crystal placed below the lower end-cap of the experimental
Penning trap. The positron current reaching the crystal was measured
by an electrometer. At the beginning of our experiment the measured
current was ~2 pA, in accordance with the expected positron losses in
the Ti foil and the fringing fields of the magnet at the position of the
source. A thin chopper wheel is placed between the
source
and the Ti foil for lock-in detection of the positron current (if needed)
and to temporary block the positrons from entering the trap without
removing the
source.
For the method of trapping positrons discussed in [2], a room temperature kinetic-energy distribution of moderated positrons is important.
Room-temperature distributions of moderated positrons have been reported in the literature for a number of single-crystal metallic moderators. We chose a Cu(111) moderator crystal because of the expected
narrow distribution of positrons [27, 28], and because it can be annealed
and cleaned at a lower temperature (~900 °C). The experimental results discussed here were obtained with the moderator crystal heated to
350 °C during the vacuum bakeout.

3.

POSITRON DETECTION

In the experiment, the presence of trapped positrons was verified by
three different methods. The positrons were detected by our a) observing changes in the
ion fluorescence due to application of the
microwaves near the positron cyclotron frequency, b) detecting the absence of
ions in the plasma center in side-view images of the
ion fluorescence, and c) detecting the annihilation radiation after pulsing the accumulated positrons onto the titanium foil (same foil that is
at the top of the vacuum envelope). Figure 2 is a schematic diagram of
the different detection techniques.

6

3.1.

Positron Cyclotron Excitation

The first evidence of positron trapping was obtained through microwave excitation of the positron cyclotron resonance near 166 GHz.
Waveguides carry the microwave radiation into the magnet bore close
to the trap center. The microwaves heated the positrons by increasing
their cyclotron energy. Through the Coulomb interaction the positrons
then increased the
ion energy which changed the level of the
ion resonance fluorescence.
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Figure 3 (a) shows a resonance curve of the detected fluorescence at
313 nm while the microwave frequency was stepped near the positron
cyclotron frequency. We believe the ~200 kHz resonance width was
probably caused by power broadening, because a significant positron excitation appeared to be required to observe the resonance. First, there
was a sharp threshold in the microwave power required to observe the resonance. Second, an increase of a few dB in the applied microwave power
above this threshold was sufficient to rapidly annihilate the positrons,
presumably through excitation of the positrons to a least a few volts energy where positronium formation with background gas atoms could take
place. The significant excitation of the positron cyclotron motion was
probably necessary because of the weak coupling between the positron
cyclotron and
ion motions, and the low rate of energy transfer
between the positron cyclotron and axial energies in the high magnetic
field of our trap [29]. Other potential sources of broadening include the
relativistic mass shift (~10 kHz for each 300 K in energy), first-order
Doppler broadening from positron motion within the trap, and magnetic
field instability and inhomogeneity. Sections 3.2 and 3.3 show that, when
cold, the positrons were typically confined in the Lamb-Dicke limit where
first-order Doppler broadening occurs as side-bands. We did not observe
any axial or rotational side-bands. Finally the measured magnetic field
instability
and inhomogeneity
were
too small to produce the observed broadening.
3.2.

Centrifugal Separation

Due to the plasma rotation, ion species with different charge-to-mass
ratios tend to centrifugally separate in a Penning trap [30, 31]. If ions
with different
rotate about the trap axis at the same radius, they
will tend to rotate with different rates because of different centrifugal
forces. Collisional drag will cause a radial drift of the lighter ions inward, and the heavier ions outward, if the ions have the same charge.
The different species will separate and the whole plasma will come to
thermal equilibrium and rotate at uniform
as a rigid body [31]. At
low temperatures the density inside either species is constant, and drops
to zero at the species boundaries within a distance on the order of the
temperature-dependent Debye length. Therefore, trapped positrons, if
cooled, will move to smaller radii than the
ions. In the limit of zero
temperature, the edges of each plasma will be sharp (Debye length 0),
and the plasmas will completely separate, with the positrons forming a
column of uniform density along the trap axis. If the
plasma density is significantly below the Brillouin limit, the
and
densities
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are expected to be approximately equal and the plasma separation quite
small [7, 31].
Figure 4 shows an image of a
plasma along with the radial
dependence of the fluorescence signal. The
ion density
is calculated from the rotation frequency
set by the rotating wall. With
approximately equal density for both species, the number of positrons
in the “dark” column of the plasma image is
where V is the
volume of the “dark” region.
If any ions with a charge-to-mass ratio greater than
are created during the positron accumulation, they will also centrifugally separate and contribute to the size of the non-fluorescing column in the
plasma center. With the
source blocked, we deliberately created
singly charged light-mass ions by ionizing background gas with a ~15 eV
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electron beam. Prom the volume of the central dark region as a function of time, the lifetime of the light-mass ions was measured to be less
than 10 hours. Similar measurements were performed after accumulating positrons and are discussed in more detail in the next section. In
this case very little change in the volume of the central dark region was
observed after the
source was blocked for 12 hours. This indicates
that most of the dark central region in Fig. 4 is due to positrons rather
than impurity ions of light mass.
3.3.

Positron Annihilation

To further verify that the dark central column in Fig. 4 is due to
accumulated positrons, we pulsed the
plasma onto the
Ti foil located above the trap and detected the resulting positron annihilation radiation. With the energy (< 1 keV) that the positrons
acquire during the pulse, all of the positrons annihilate in the Ti foil.
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The positron annihilation radiation was detected with a Nal scintillation crystal mounted 2.5 or 5 cm above the Ti foil. A light pipe coupled
the output of the Nal crystal to a photomultiplier tube mounted a few
feet above the magnet. (The
source is removed from the magnet
bore during this procedure.) In addition to detecting positrons that are
cooled and centrifugally separated from the laser cooled
ions, this
method is also sensitive to positrons that may be trapped but not cooled
to a point where they centrifugally separate from the
We attempted to eject all the positrons rapidly compared to the rise
time of the Nal crystal scintillation (~300 ns ). In this way the scintillation crystal will produce a single pulse, free from background radiation,
whose height is proportional to the number of annihilated positrons.
Positrons were pulsed with different sets of voltages on the trap electrodes and with different pulse voltages. For example, starting with the
plasma trapped with axially symmetric voltages on the experimental trap, the experimental and load trap voltages were adiabatically
changed so that the
plasma was moved to the region of the
lower endcap of the load trap, where it was confined by the following
electrode potentials: 900 V, 900 V, 900 V, 850 V, 800 V, 0 V, 250 V and
100 V. Here the potentials are listed starting with the lower endcap of
the experimental trap and moving up. The lower endcap of the load trap
was then pulsed from 0 V to 500 V by a voltage pulser with a ~50 ns
rise time. The resulting output pulse of the photomultiplier preamplifier
was recorded on a digital scope.
For a fixed procedure for positron ejection the voltage peak of the output pulse was proportional to the number of light-mass charge measured
from side-view images such as Fig. 4. However, changing the electrode
potentials and pulse voltages of this procedure produced, in many cases,
a different proportionality constant. For some conditions the output annihilation pulse was significantly longer than the scintillator single-event
pulse and delayed beyond the scintillator and high-voltage pulse risetimes. This indicated that for these conditions not all the positrons were
dumped simultaneously. We believe the reason for this is pick-up and
ringing induced by the high-voltage pulse on different trap electrodes.
While we could not detect ringing and pick-up sufficient to cause this
problem, we could monitor the trap potentials only outside the vacuum
system. Therefore, to estimate the number of trapped positrons, only
annihilation procedures that produced single-event pulses were used.
The Nal crystal detection system was calibrated with a ~37 kBq
source. This is a good source for calibration purposes because
it is principally a positron emitter (511 keV
) and relatively free
from other major photon emissions. One of the larger uncertainties in
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the calibration is due to the difference in the size of the
511 keV
source (
radius) and the annihilation spot on the Ti foil (<
1 mm). Overall we estimate the uncertainty in determining the number
of annihilated positrons from the peak of the preamplifier output pulse
to be ~25 %.
Figure 5 summarizes the results of a number of positron annihilations
done with several different experimental procedures. As discussed above,
only annihilation procedures which produced single-event pulses are plotted. Even with this requirement some systematic variation between the
different procedures is observed. While we do not understand this variation, the positron number determined by the annihilation method should
provide a lower limit for the number of trapped positrons. In all cases
the positron number measured by annihilaiton is greater than the number calculated from the volume of the “dark” column. However, the
~40 % difference is on the order of the combined uncertainty of these
two positron measurement methods. Therefore we cannot determine
with any certainty whether the number of trapped positrons is greater
than indicated by the volume of the “dark” column. However the annihilation measurements do support our claim that most of the light-mass
charges in images such as Fig. 4 are positrons that have centrifugally
separated from the
ions.
Centrifugal separation implies that the positrons are rotating with the
same rotation frequency as the
ions and are cold enough to have
approximately the same density. We observed centrifugal separation of
the positrons with rotation frequencies up to 1 MHz. For larger rotation
frequencies, the radius of the positron column was too small to clearly
see separation. In the 6 T magnetic field of this experiment
MHz gives positron densities
This is ~50 times greater
than the highest positron density previously achieved [20].

4.

POSITRON ACCUMULATION AND
LIFETIME

Because of method’s simplicity, we initially attempted to load positrons
by following, as much as possible, the method described in Ref. [17] of
field ionizing high-Rydberg positronium. We summarize here the accumulation rate obtained with this method. We also plan to accumulate
positrons by the method outlined in Ref. [2], where positrons are loaded
through Coulomb collisions with trapped
ions. Results of this
method will be discussed in a future publication.
The basic idea from Gabrielse’s group is that in high magnetic field
a fraction of the moderated positrons that leave the moderator crystal
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combine with an electron to form positronium in a very high Rydberg
state at the moderator crystal’s surface. After leaving the crystal, the
positronium travels into the trap as long as the electric fields between
the moderator and trap are not large enough to field-ionize the Rydberg
state. The trap potentials are adjusted to give a larger electric field inside
the trap capable of field-ionizing the positronium and therefore capturing
the positron. Positrons were accumulated with roughly the same trap
potential shape but with different overall well depths (or electric field
strengths). Figure 6 shows one of the smallest trap potential and the
resulting electric field used to accumulate positrons by this method in our
setup. During accumulation,
ions were stored in the trap but were
at low density because the laser-cooling and rotating wall were turned off.
Similar to [17], we were able to accumulate positrons with a reverse bias
of a few volts on the moderator crystal which would prevent low-energy

A laser-cooled positron plasma

13

positrons from entering the trap. Figure 7 shows the accumulation of
positrons for two different trap depths. The solid curves are fits to the
rate equation
for the number of accumulated positrons
N. Here a is the accumulation rate and
hours is the positron
lifetime obtained from the fit to the lifetime data of Fig. 8. Similar to
[17] we observe an increase in the number of accumulated positrons as the
maximum electric field strength within the trap is increased. However,
our maximum accumulation rate (trap voltage ~200 V) occurs at an
electric field strength that is 5 to 10 times greater than observed in [17].
With this method we were able to accumulate a few thousand positrons.
However, our accumulation rate is approximately 3 orders of magnitude
lower than that obtained in [16, 17] and limited the total number of
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positrons loaded into the trap. While both experiments are performed
in a high magnetic field (5.3 T in [17] and 6 T in our setup), there
were substantial differences in the two setups. In particular, reference
[17] used tungsten moderator crystals at cryogenic (4 K) temperatures,
compared with the room-temperature Cu moderator used here. They
observed that their accumulation rate depended sensitively on the gas
absorbed on the surface of the moderator crystal. Heating the moderator while the rest of the trap is at 4.2 K significantly reduced the
accumulation rate. Cycling the apparatus to 300 K and back to 4 K
restored the accumulation rate. Our Cu moderator crystal was baked
with the rest of the trap at 350 °C for about 2 weeks, which may have
desorbed much of the adsorbed gases.

A laser-cooled positron plasma

15

Figure 8 shows the measured lifetime of the positrons,
ions, and
light mass impurity ions. The
ion and positron lifetimes were measured simultaneously on the same plasma by first accumulating positrons
and then blocking the
source and measuring the number of
ions and positrons that remained after each day for a week. The trap
voltage during the lifetime measurement was -40 V. When the ion and
positron numbers were not being measured, the laser cooling and rotating wall were turned off. The measured lifetime of the positrons was 8

days and is nearly identical to the measured
lifetime. This indicates that the measured positron lifetime could be limited by the charged
particle’s trapping lifetime of our trap rather than by annihilation with
background gas. We measure the background pressure in our trap to be
between
and
Pa. The trap was baked at 350 °C for about
2 weeks and was pumped by a sputter-ion pump and a titanium sublimation pump. For comparison we also show the measured lifetime of
light-mass impurity ions. These ions such as
or
disappear
relatively quickly due to reactions with background gas molecules.
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5.

POSITRON TEMPERATURE ESTIMATE

Centrifugal separation of two-species ion plasmas has been observed
and studied in
[30],
[32],
[33], and
[34] plasmas. In these experiments, lasercooling of one ion species resulted in temperatures of less than ~1 K for
the other ion species. However, the energy transfer in a
collision is ~1000 times weaker than in these previous sympathetic cooling
studies, and therefore it is not reasonable to extrapolate these results to
this work. Because we could not find a more direct method, we used the
centrifugal separation of the
ions and positrons discussed in Sec.
3.2 to place an upper limit of about 5 K on the positron temperature of
motion parallel to the magnetic field.
For the positron sympathetic-cooling study discussed here we did not
measure the
temperature. Previous studies of cooling with a single
laser beam directed perpendicularly to the magnetic field and through
the plasma center obtained temperatures as low as
and
about 5 times larger for [23, 24, 25]. The 11° angle between the laser
and the x-y plane in this experimental setup can help lower
We
therefore anticipated
temperatures
In the 6 T magnetic field of the trap, the positron cyclotron motion
is coupled to the room temperature walls (electrodes) of the trap with
a ~100 ms time constant. In addition the positron cyclotron motion
is collisionally coupled to the positron axial motion, but this coupling
becomes exponentially weak when the Larmor radius is less than the
distance of closest approach (the strongly magnetized regime). This
energy transfer rate has been carefully studied [29] and for a
positron plasma is ~10 Hz for T ~10 K. Therefore we expect
to be
greater than 10 K and to be greater than
which is cooled by Coulomb
collisions with the laser-cooled
ions.
Centrifugal separation has been discussed theoretically by O’Neil [31].
In this case the different charged species were assumed to have the same
temperature as required in a global thermal equilibrium state. However, because of the weak thermal coupling between the positrons and
ions, the positrons could have a greater temperature than the
ions. For example, in the sympathetic cooling study of
[30]
the
ion temperature was 5 to 10 times larger than that of the directly laser-cooled
ions. Even with zero temperature
ions,
the centrifugal separation of the positrons will become less distinct as
the positron temperature increases. In order to estimate the effect of
the positron temperature on the centrifugal separation we calculated
the positron and
radial density profiles for an infinitely long col-

A laser-cooled positron plasma

17

umn assuming rigid rotation of the plasma but different temperatures.
The
ions were assumed to be cold
and the positron temperature non-zero
The calculation closely follows the profile
calculations discussed in Refs. [31, 35] and will be discussed more fully in
a future publication. Figure 9(a) shows the results of these calculations
for conditions similar to some of the experimental measurements
positrons/length=
For a given positron
temperature, the
density makes a sharp jump from zero density
at a particular radius. This jump is then followed by a gradual increase
at larger radii. As the positron temperature increases, the sharp jump
becomes smaller and the subsequent increase in the
density more
gradual.
We compare these calculations with the experimental profiles shown
in Fig. 9(b). In the experimental measurements the plasmas have an
axial extent which is typically smaller than the overall plasma diameter
(see Fig. 4). However, the calculations, which are for an infinitely long
column, should describe the separation of the species as long as the
diameter of the dark region in the
fluorescence is smaller than
the axial extent of the plasma. We typically worked in this regime.
Comparison of the profiles in Figs. 9(a) and (b) shows a measured
separation that is significantly sharper than that calculated at 10 K and
reasonably consistent with the 5 K separation. Also shown in Fig 9(b) is
the measured separation between
ions and light mass ions for the
same inner column size. From previous studies of sympathetic cooling
[30, 32, 33, 34] we expect the temperature of both species to be less
than 1 K. However, because the sharpness of the separation is much
worse than calculated for T = 1 K, we believe the profile measurements
in Fig. 9(b) are limited by the resolution of the imaging system optics.
We emphasize that this temperature limit is only for positron motion
parallel to the magnetic field. For a strongly magnetized plasma the
perpendicular kinetic energy is constrained by a many-particle adiabatic
invariant [29]. This modifies the particle distribution function with the
result that the Debye length is determined by
not
[36].

6.

SUMMARY

We have demonstrated sympathetic cooling of positrons by lasercooled
ions. We observed centrifugal separation of the positrons
and the
ions, and are able to use this observation to place an upper
limit on the positron temperature for motion parallel to the magnetic
field of approximately 5 K. The positron perpendicular temperature presumably did not cool below 10 K because the perpendicular and par-
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allel motions decouple for lower temperatures. The observed centrifugal separation implies that the positrons and
ions rotate rigidly
and have comparable densities, indicating positron densities of
This is ~50 times greater than the highest positron density pre-
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viously achieved [20] and could be useful in experiments attempting to
make anti-hydrogen. The positron lifetime is greater than 8 days in our
room temperature trap.
The low accumulation rate limited the number of positrons that could
be accumulated to a few thousand. This number needs to be significantly
increased for most of the potential applications of cold positrons, such
as a source for cold beams. This could be done by combining the sympathetic cooling technique with an established technique for accumulating
positrons such as discussed in the chapters by Greaves and Surko and
by Surko. It is interesting to speculate about the maximum number
of positrons that can be sympathetically cooled. A potential limit is
the number of ions that can be directly laser-cooled. We can routinely
load and laser-cool
ions to temperatures
This ion
number is limited by our loading technique rather than by the capabilities of laser-cooling. With a different loading technique non-neutral
plasmas of
ions have been laser-cooled to ~1 K temperatures
[37]. Therefore it is feasible that
positrons, comparable to the
current largest number of trapped positrons, could be sympathetically
laser-cooled in a Penning trap. This would provide a useful, very cold
source of positrons in a room-temperature vacuum system.
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Abstract

1.

The ability to accumulate large numbers of positrons in Penning traps
and to manipulate them using nonneutral plasma techniques offers a
completely new approach to creating high quality positron beams. This
approach provides significant advantages over conventional positron beam
technology with regard to beam brightness, flux, and system cost. The
application of these techniques has already resulted in a new generation
of bright, ultracold positron beams with state-of-the-art performance.
These beams are currently being exploited in the area of atomic physics
studies, but they also have the potential for uses in other areas of science and technology, such as materials science. The current status of
trap-based positron beams is described and the potential for further
development is discussed.

INTRODUCTION

Low-energy positron beams are used extensively in a variety of areas in
science and technology, including materials science [1], atomic physics
[2], plasma physics [3], and mass spectrometry [4]. These beams are
generally derived from radioactive sources or LINACS and an extensive
array of techniques has been developed for moderating the positrons to
low energy, and focusing, pulsing and manipulating them in other ways
[5, 6].
An important development in low-energy positron technology is the
capability to accumulate large numbers of positrons in a modified Penning-Malmberg trap [7]. This technique has been extensively exploited
21
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to study the interactions between positrons at room temperature and
ordinary matter under the ideal conditions of two-body interactions [8,
9, 10, 11, 12]. More recently, it has been used to create low-energy
positron beams with state-of-the-art beam parameters by releasing the
positrons from the trap in a controlled manner [13]. These beams have
been used to measure positron-atom and positron-molecule cross sections
in the largely unexplored energy regime below 1 electron volt [14, 15].
In another recent experiment, significant brightness enhancement of
the beam was achieved in a proof-of-principle experiment by compressing
the positrons radially in the trap using a rotating electric field [16]. This
development is an application of plasma physics techniques originally
demonstrated in electron and ion plasmas in Penning traps [17, 18].
In this paper, we describe ways in which recently developed positron
trapping technology can be used to create positron beams with qualitatively new capabilities, even using existing positron sources. The
paper is organized as follows. Section 2 describes the trapping and accumulation of positrons in a modified Penning-Malmberg trap by collisions with nitrogen gas molecules. Section 3 describes the production
of pulsed positron beams using stored positrons. In Sec. 4, brightness
enhancement using non-neutral plasma techniques is described. Section
5 describes current and proposed developments in trap-based positron
beams, and Sec. 6 summarizes the paper.

2.

POSITRON TRAPPING

Positrons can be accumulated in Penning traps using a variety of
techniques [3]. However, the only method that has been demonstrated
to have sufficiently high efficiency for the applications under discussion is the buffer gas method [8, 19, 3]. For this method, moderated positrons from a radioactive source are accumulated in a modified
Penning-Malmberg trap by means of inelastic collisions with a buffer gas
such as nitrogen.
The electrode structure of the trap, illustrated in Fig. 1 forms three
regions of successively lower pressure and electrostatic potential. A magnetic field (typically 1 kG) aligned with the axis of the trap provides
radial confinement. Positrons accumulate in the region of lowest pressure (stage III) and cool to room temperature. The annihilation time
on the residual nitrogen in this region (~100 s) is about two orders of
magnitude longer than the cooling time (~1 s), so annihilation losses are
minimal. Overall trapping efficiencies of 25–40% have been observed.
Positron traps offer a number of unique capabilities for high quality
beam production [20].
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Positron traps can supply ultra-cold positrons. Once trapped, the
positrons cool to the ambient temperature by cyclotron cooling or
by collisions. Positrons as cold as 4.5 K have been produced in
this way [21], and techniques for producing even colder positrons
by collisions with laser-cooled ions are being developed [22, 23].
Such positrons are useful both for atomic physics studies [24] and
for antihydrogen production [25].
Large numbers of positrons can be accumulated for applications
requiring intense positrons pulses, such as studies of Bose-Einstein
condensation of positronium atoms [26].
Pulsed beams can be created with a much wider range of duty
cycles and repetition rates than is possible using conventional beam
bunchers. This means that positrons can be supplied for a much
wider range of applications than conventional beam lines.
Advanced techniques for beam brightness enhancement can be implemented. These techniques are based on the excitation of col-

24

lective space charge waves in the positrons by the application of a
rotating electric field [16].

3.

PULSED BEAM PRODUCTION

Several research groups have been investigating the use of Penning
traps for various aspects of beam formation and handling. Penning
traps are currently employed to capture positron pulses from LINACS
for pulse-stretching applications [27, 28]. The capture and cooling of
positrons from a radioactive source using laser-cooled ions in a Penning
trap is being investigated for the production of ultra-cold positron beams
[22, 23]. For the experiments described here, the high efficiency buffer
gas technique described in Sec. 2 is used.
High quality positron beams can be produced from the trapped positrons by releasing them in a controlled manner from the trap. This is
accomplished using the axial potential profile shown in Fig. 2(a). An
asymmetrical well is created to ensure that positrons exit the trap in one
direction only. The exit gate potential is held constant to fix the beam
energy. The positrons are ejected from the trap by reducing the depth of
the potential well. This is carried out either in a series of steps to create
pulsed beams, or as a steady ramp to produce a continuous beam. Using
this technique, positrons with axial and radial energy spreads as low as
18 meV have been created [13]. These are the coldest positron beams
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that have been created to date using any technique. These beams are
currently being used to measure positron-molecule and positron-atom
cross sections in the largely unexplored energy regime below 1 electron
volt [14, 15].
The pulses produced by this technique are of the order of the bounce
time of positrons in the trap, which is typically
These pulses
are suitable for a variety of applications but for some applications such as
positron annihilation lifetime spectroscopy (PALS) [1], subnanosecond
pulses are required. Pulses of this duration can be produced using the
more advanced technique shown in Fig. 2(b). The positrons are dumped
from the trap by applying a quadratic potential profile to the entire
positron flight path, leading to spatial and temporal focusing at the
target [5, 29].
To first order, the pulse width is independent of the length of the
positron cloud and is given approximately by [30]:

where and are the charge and mass of the positron, respectively,
is the magnitude of the applied potential,
is the energy spread of
the positrons, and is the length of the buncher. In practice, one might
have
and
yielding
ps, which would be suitable for PALS. To achieve this performance in a
conventional beam line would require multiple stages of rf bunching.

4.
4.1.

BRIGHTNESS ENHANCEMENT USING
TRAPS
Beam Brightness Considerations

For many surface science applications, positron beams with diameters
~ 1 micron or less (i.e., “microbeams”) are desirable. Such beams can
be rastered across a sample under study to obtain spatially-resolved information. Since radioactive positron sources are typically several millimeters in diameter, microbeams must be obtained by focusing using
electrostatic or magnetic lenses [5].
A fundamental limitation on focusing is imposed by Liouville’s theorem, which states that the phase space volume occupied by a swarm of
particles moving in a conservative field cannot be reduced. For a particle beam, the phase space volume can be represented by the invariant
emittance
where is the beam diameter and
is the perpendicular energy spread
of the beam. The beam brightness, B, is related to the emittance and
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the beam current I as:

The minimum diameter
E is given by

of a focussed beam accelerated to an energy

where is the convergence angle at the focus. For positron beams, typical parameters are
(from tungsten moderators)
and E ~ 2.5 kV, giving
Since
for typical radioactive sources, the minimum size for a focussed positron beam would be
which is too large for many applications.
For magnetized beams, the emittance must be generalized by the addition of a term to include the angular momentum of off-axis particles
[31]:

The second term is always additive, so magnetized beams always have a
larger emittance than unmagnetized beams with the same parameters.
Figure 3 illustrates the effect of this term as a function of beam diameter
for different values of magnetic field. Even for magnetic fields as low as
100 G, the magnetic field term contributes significantly to the emissivity
for beam diameters as small as 0.1 mm.
The limitations of Liouville’s Theorem can be overcome partially by
the technique called remoderation brightness enhancement [32]. Positrons are focused onto a moderator with an energy of typically 5 keV.
This process results in a large energy spread as required by Eq. 2. The
positrons thermalize in the moderator before annihilating, and a fraction
of them (< 30%) are reemitted with a narrow energy spread (< 0.5 eV),
which allows them to be further focused in subsequent stages of remoderation. Typically, reductions by about a factor of 10–20 in beam diameter are possible using this method. This process can be repeated several
times to obtain microbeams. Unfortunately the 70–80% loss in each
stage results in an overall reduction of about two orders of magnitude
in beam strength.
4.2.

Brightness Enhancement by Radial
Compression

The capabilities of trap-based beam sources can be further enhanced
by the use of recent developments in trapping technology. The most significant of these is the application of a rotating electric field to compress
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nonneutral plasmas in traps [17, 33]. This has recently been demonstrated for both electron and ion plasmas [18, 34, 17, 33] and the technique is equally applicable to positrons. The maximum compression
ratio reported for electrons was 4.5 in radius, without loss of particles
[18].
This technique requires a cooling mechanism to counteract the heating
that is produced by the rotating field. In the experiments of Anderegg et
al., the cooling was provided by cyclotron radiation in the strong magnetic field (~ 5 T) of a superconducting magnet [18, 34]. As described
in Sec. 4.1, it is desirable to use the weakest magnetic field possible, because of the field dependent term in the generalized emittance (Eq. 5).
At low magnetic fields, cyclotron cooling is too slow (e.g. 400 s at 1 kG)
to be useful. As an alternative cooling mechanism in a low field, we
investigated inelastic collisions with buffer gas molecules [16]. We measured the positron cooling times for a selection of molecules with low
positron annihilation cross sections. The data are summarized in Table
1, together with the measured annihilation times at the same pressure.
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These data show that several molecular gases have cooling times three or
four orders of magnitude smaller than their annihilation times and are,
therefore, attractive candidates as cooling gases for this plasma compression using a rotating electric field. Positron thermalization times in
molecular gases have also been measured in a different regime using another technique [35]. Those measurements are in qualitative agreement
with the data presented here.

We investigated plasma compression by a rotating electric field using
positrons from a buffer gas trap [16]. The compression trap used for
the experiment, illustrated in Fig. 4, was attached to a positron accumulator. Plasmas of about
positrons were accumulated over
a period of about 10–20 s and then transferred to the compression trap.
An azimuthally segmented electrode was located at one end of the compression trap. A rotating electric field was created by applying suitably
phased signals to these segments. Based on the cooling data shown in
Table 1,
or
were selected as the cooling gases. Both provide
similar results.
Typical compression data are presented in Fig. 5, which shows CCD
images of positrons released from the trap for different durations of applied rotating electric field. These data show rapid compression of the
positrons with negligible positron loss during this process. Density increases of more than a factor of 20 were obtained, with reductions in
diameter of up to 4.5 [16].
The smallest beam obtained using this method was 1.5 mm in diameter. At the operating magnetic field of 800 G, Eq. 5 indicated that this
corresponds to
For comparison, the emittance
of the incoming positron beam, which had B = 150 G,
(from a rare gas solid moderator) and
was
Assuming a trapping efficiency of 25%, this corresponds to a
brightness enhancement factor of 35 in this first proof-of-principle ex-
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periment. In future experiments, we expect to obtain further reductions
in beam diameter by at least one order of magnitude by combining further compression with extraction from the center of the plasma. We
expect to be able to do this at a magnetic field of around 200 G. Thus,
these improvements are expected to result in a further improvement of
5 to 6 orders of magnitude in brightness enhancement.
4.3.

Brightness Enhancement by Controlled
Extraction

Another technique for brightness enhancement using traps exploits
the space charge of the positron plasma itself. If sufficient positrons are
accumulated in a Penning trap, there is a significant space charge depression in the center of the trap. Thus, if only a fraction of the positron
charge is released from the trap, positrons nearest the axis are ejected
first. Therefore, a beam created by the partial release of positrons from
a trap is narrower than the initial plasma. The plasma remaining in the
trap will then have a hollow profile, which is unstable. The system then
evolves to a stable equilibrium by inward particle transport across the
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magnetic field. This transport can be accelerated by the application of
the rotating electric field described in Sec. 4.2, thus extending the capabilities for brightness enhancement beyond those obtainable by plasma
compression alone.
The narrowest beam diameter,
that can be extracted from a
plasma of diameter is determined by the positron space charge,
and the positron temperature
and is given by
Typical parameters might be
yielding
If this can be achieved in practice and combined with a factor
of 25 in compression by the rotating electric field, a reduction of about
three orders of magnitude in beam diameter might be achieved in a
single stage of brightness enhancement with an efficiency of up to 40%.
Furthermore, this enhancement can be obtained using high-efficiency
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rare gas solid moderators, which have large energy spreads and therefore
are not generally applicable using other brightness-enhanced techniques.

5.

CURRENT DEVELOPMENTS

First Point Scientific, Inc. (FPSI) is currently addressing the issue
of trap-based beams by developing an advanced positron beam source
(APBS) based on the accumulation of positrons from a radioactive source
in a Penning trap [20]. The new source uses the trap to create short
positron pulses, followed by extraction from the magnetic field into an
electrostatic beam line. The APBS will include the following features:
Simplified low-cost, two-stage, design.
Integral quadratic potential buncher capable of producing subnanosecond positron pulses.
Electrostatic optics for extracting the beam from the magnetic
field.
FPSI is also developing a third stage that can be retrofitted to the APBS
that will incorporate the capability for brightness enhancement by radial
compression and controlled extraction, and the ability to produce cryogenic positrons. These systems have the capability of providing stateof-the-art positron beams for a variety of technological applications.
At the University of California, San Diego, a high magnetic field storage stage is being constructed to be attached to the three-stage buffer
gas accumulator that is illustrated schematically in Fig. 1. This storage
stage will operate in a 5-T magnetic field and have electrodes cooled to
a temperature <10 K. As described above, the trapped positron plasma
will cool to ~10 K by cyclotron radiation in this environment. This
device will be equipped with “rotating wall” electrodes to increase confinement time and compress positron plasmas. Positron accumulation
times from hours to days should be possible in this stage. The resulting cold, high-density plasmas can be used to create ultra-cold positron
beams (e.g., with energy spreads ~ 1 meV, FWHM) or to create intense
beam pulses, such as those required to create Bose-condensed positronium.
Another potential application of this high-field low-temperature trap
is to produce spin-polarized positrons. It may be possible to confine cold
positron plasmas in this device in a region of significant magnetic field
gradient. In this case, the relative population of the two spin states will
vary with position, along the field. The end of the plasma could then
be cut by raising a potential barrier, thus producing a spin-polarized
plasma. Such plasmas might then have a variety of uses, including study
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of Bose-condensed positronium, a project which is described in the article elsewhere in this volume by Cassidy et al. Specifically, consider a
positron plasma with equal numbers of up and down spins confined in
a region in which the field strength varies linearly by a total amount
In this case, the fractional occupation of the preferred spin state
at each end of the plasma will be
where
is the Bohr magneton,
is Boltzmann’s constant, and T is the
plasma temperature. For example, if
and T = 1 K, is
approximately 88%.

6.

SUMMARY

The ability to accumulate positrons in Penning traps is now being
developed for the production of high quality positron beams. The cornerstone of these new beam systems is the exploitation of techniques
that have been developed for manipulating single component positron
and electron plasmas in traps. These include the ability to accumulate, cool, compress and bunch positrons. Although the application of
these techniques to positron beam production is still in the early stages
of development, it has already resulted in beams with state-of-the-art
performance. When incorporated into surface analysis tools used by industry and research, these systems offer the potential for substantially
improved performance at lower cost. For scientific users, they offer new
capabilities and the potential to investigate regimes not presently accessible to experiment.
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Abstract

1.

Radioisotopes are convenient sources for spin polarized stow positron beams. The
production of a high intensity beam needs an intense radioisotope source, which can be
realized by using a short half-life isotope. A review is given on the development and use of
short half-life radioisotope positron sources. In particular, details of the preparation of a
positron source are described

INTRODUCTION

Intense spin polarized slow positron beams have a variety of applications in
studies of atomic physics and material science. These include spin dependent
reactions of the position with molecules [1], spin dependent interactions with the
electrons in materials [2, 3], surface and thin film magnetism [4], biophysics [5],
positronium (Ps) Bose-Einstein condensate (BEC) [6,7]. A spin polarized positron
beam is required for the realization of Ps BEC, because unpolarized Ps atoms vanish
quickly through mutual quenching.
35
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2.

PRODUCTION OF POSITRON EMITTING RADIOISOTOPES

The positron emitting radioisotope (RI) is a convenient source for the production
of a spin polarized slow positron beam. Since parity is not conserved in the weak
interaction, the spin of the positron emitted from an RI has a helicity (polarization
along its momentum), H, such that

where v denotes the velocity of the positron and c is the speed of light. The
polarization, P, of the position beam using the positrons emitted from a source
within an angle
along the beam axis is

Thus, an RI emitting high mean kinetic energy positrons provides a highly polarized
positron beam.
For the realization of Ps BEC, it is also necessary to consider the total number
of fully spin aligned ortho-positronium(ortho-Ps) atoms,

remaining after

the mutual spin conversion quenching of the initial ortho-Ps. Saito and Hyodo [26]
have estimated that

where the initial number of ortho-Ps,

Here,

is given by

is fractional ortho-Ps formation yield and I is the intensity of the slow

position beam of polarization P.
Therefore,

is dependent on the acceptance angle of the position beam as
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This indicates that, in order to obtain a high population of fully spin aligned ortho-Ps,
it is desirable to collect as many positions emitted in the forward direction as
possible. The difference of helicity among various RIs is small For example, the
helicities at average positron energy for
and
are 0.71, 0.86 and 0.94,
respectively [3]. The differences in helicity are easily compensated in (5).
The greatest intensity obtainable for a slow positron beam using a commercially
available
source and a tungsten moderator of the efficiency about
is
as the maximum activity of the
source is about 3.7 GBq (100 mCi). More
intense beams can be made by using short half-life RI sources, which are easily
produced by the irradiation of neutrons in a reactor or of ions from an accelerator. In
order to use such short lived RIs as a source for a slow positron beam, the beam
apparatus needs to be installed in the vicinity of the accelerator or the reactor and
linked to their operation.
So far, the RIs listed in table 1 have been used or attempted for use in various
positron beam based studies. Figure 1 shows the cross sections, of the reactions
for the production of some short half-life RIs through proton or deuteron
bombardment.
A reactor based positron beam was constructed by Lynn et al [14, 19]. Here, an
intense activity of
was produced by means of the thermal neutron reaction
The decay branching ratio of
is 19
% with a 12.7 h half-life. The end point energy of the from
is 0.65 MeV. The
thermal neutron flux of the High Flux Beam Reactor at Brookhaven National
Laboratory was
The
produced in a 99% enriched
target
(100 mg) by irradiation for 48 hours was estimated to be 540 GBq (14.9 Ci). In order
to use the copper target itself as a moderator, it was evaporated on a W(110) crystal
to grow Cu(111) structure. They obtained, in this way,
slow positrons/s.
Xie et al produced a
source from the
reaction [15]. The
has a
half-life of 10 minutes and an end point energy of 1.2 MeV. The fraction of the
positron decay channel is 100 %. These workers used 1.8 MeV deuterons from a
Van de Graaff accelerator to irradiate a 6.4 mm diameter and 30.5 mm long graphite
rod mounted on a rotary manipulator. The target was rotated by 180° after irradiation
so that die activated end faced a tungsten moderator. The activity achieved per
of deuteron irradiation for a few tens of minutes was about 1mCi.
Mills proposed to transfer die
away from the target and condense it on a cold
fine tip to make a small spot source [20]. It was estimated that the fraction of the
diffusing out of the graphite target can be increased up to 50% by heating the target
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to 2035K [21].

Hirose et al developed a
source from the
reaction [16, 22]. The halflife of
is 4.2 sand the fraction of the branch of
is 100 %. The maximum
energy of the is 4.1MeV. The
was produced by firing a 18 MeV / 30 mA
proton beam on an aluminum disk of 2 mm thick, which was cooled by He gas
during the process. The positrons emitted from the other side of the aluminum disk
were moderated in tungsten foil to make a slow positron beam during the proton
bombardment.
Itoh et al performed a preliminary experiment to produce a
source [17].
gas was pressurized to 0.7 MPa in a target gas container 30 mm in diameter and 300
mm long, and bombarded by 18 MeV protons. The atoms produced reacted with
molecules existing in the
gas to form
molecules. The gas flowing
during the proton bombardment transferred the
molecules to a chamber
connected to a slow positron beam apparatus. Then the molecules were deposited on
a cold finger cooled by liquid
The fraction of
deposition on the cold finger
was more than 40 % but was not stable.
Saito et al produced a source by using the
reaction [18]. The halflife of is 110 minutes and the decay branching ratio is 96.9 %. The end point
energy of the is 0.635 MeV. A 14 MeV proton beam from the AVF cyclotron in
The Institute of Physical and Chemical Research (RIKEN) irradiated
water in a
target container 15 mm in diameter and 6 mm long. The activity of the
after
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proton bombardment for one hour was
border to use
the
as a slow positron source, the
in the
was electro-deposited onto
a graphite rod of 5 mm diameter. As much as 97% of the
was deposited within
20 minutes. Almost all the positions emitted from the
in the forward direction
came out of the graphite rod

3.

PRODUCTION OF

SOURCE

3.1 Production of
In this section details of the production of
at RIKEN are described. The
procedure is almost the same as that used in PET (Positron Emission Tomography)
[23, 24].
The threshold energy of the
reaction is 2.5 MeV and the cross
section has a sharp peak around 5 MeV. The energy of the proton beam suitable for
the efficient production of
in a thick target is about 15 MeV. The thick target yield
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of the upon bombardment of a
proton beam for 1hour is 2.2 GBq (60 mCi).
Figure 2 shows the target container, which is installed at the end of the line of the
AVF cyclotron in RIKEN. Made of titanium and of cylindrical form, it has a 15 mm
diameter incidence window made of
thick Havar foil. Behind it is 3 mm thick
silver plate. The
water (concentration 95 %, Rotem Industries) is
transferred from a reservoir to the target container by means of a mechanical pump.
When the container has filled with the
it is pressurized to 2 MPa with Ar
gas to suppress boiling during the bombardment Boding of the target water could
occur most probably near the middle of the Havar foil, blocking contact of the foil
with the water and resulting in breakage of the foil due to overheating. The container
is cooled by cooling water flowing through the back space and by He gas passing
over the Havar foil. Weak focusing of the proton beam is preferable; the beam
diameter is about 10 mm to prevent boiling. As the
produced is deposited on a
graphite rod as described below, the size of the positron source does not depend
on the proton beam diameter.

3.2 Spot

Source Electro-Deposition a Graphite Rod

The
produced solution is transferred for electro-deposition from the target
container to a measurement hall some distance away through a 10 m long Teflon
capillary, pushed by He gas pressurized to 1.5 atm. On the way, the
solution is
temporarily stored in a reservoir on the capillary to separate and remove radioactive
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to a balloon. Hie amount of
(half-life 10min.) produced via the
reaction will be large if the concentration of
water is low.
The electro-deposition and source-supply system is shown in figure 3 [25]. It
has two rotatable disks. One serves as a turntable which carries twelve electrodeposition cells, made of platinum. It is sufficient to set a single cell on the turntable
and use it repeatedly, if the liquid is collected after each electro-deposition. The cell
acts as a cathode as well as a vessel for the solution. A second disk is set
perpendicularly to the first disk, carrying twelve graphite rod anodes of 5mm
diameter on the side. When a cell is filled with the
solution, the turntable rotates
to set it at the position for electro-deposition, directly below the source window of
the slow positron beam apparatus. Then the second disk descends until the end of a
graphite rod dips 0.2 mm below the surface of the solution. The position of the liquid
surface is detected by monitoring the electric current through the graphite rod.

A charge carrier is not required for electro-deposition of activities higher than 2
GBq(50mCi) of
The emitted from
ionizes
molecules and provides
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sufficient conductivity. For example, the deposition current for 5.6 GBq (150mCi) of
solution (in
with an applied voltage of 200V was 7mA, which was
almost the same as that for the
(F 2ppm) solutioa The recovered
water
without the carrier impurity is more easily reusable than that containing carrier.
The dependence of the
collection yield on the electro-deposition time is
shown in Figure 4. The data was obtained from the electro-deposition performed
with
of activities 2.0-6.4GBq (55-173mCi). Electro-deposition for 20 minutes
with an applied voltage of 200V is sufficient to collect nearly all the on a graphite
rod of 5mm diameter.
Following electro-deposition, the vertical disk is raised to the home position and
rotated by 180°. It is then raised further to maneuver the graphite rod close to the
titanium window of the slow positron beam apparatus. The whole procedure,
controlled by a personal computer, takes 25 minutes including the time for the liquid
transfer. The source is placed outside the beam apparatus and positrons are
introduced into the chamber through a titanium window. The titanium window cuts
the low energy positrons and increases the polarization of the beam at the expense of
the beam intensity. As (3) indicates,

for Ps-BEC is not greatly affected by

this arrangement.

Half of the positrons emitted from the

come out of the graphite rod. This
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indicates that the deposited
atoms stay near the surface. The fraction of the back
scattered positrons is expected to be low in such a light material as graphite (back
scattering of positrons reduces the spin polarization of the beam). A low back
scattering
source on a graphite rod is thus a promising candidate for a spin
polarized positron source, in spite of its relatively low end point energy.

3.3 Source Supply System
Measurement of a few days duration is possible by changing the
charged
graphite rods successively. Immediately after a batch of irradiated
water is
transferred and the electro-deposition starts, the next batch of
can be
loaded to the target container thus ensuring continuous production. As the cyclotron
vault and the measurement hall are separated by some distance, the measurement is
free from the radiation background of the proton bombardment
With a small cyclotron (commonly used for PET) producing a proton beam
current of
a positron source of l00GBq (3 Ci) and about
slow positrons
per second can be obtained with a tungsten moderator. We expect that at least 2 TBq
(60 Ci) of
can be electro-deposited on a 5mm diameter graphite rod This
estimate is based on the observation that 97% of 2 GBq (60 mCi) contained in 2
ppm
solution was electro-deposited. The
atoms, the density of which is
three orders of magnitude more than that of 2 GBq
atoms, must have been
electro-deposited on the graphite rod with the same fraction as the atoms [25].

4.

CONCLUSION

The positron emitting radioisotope is a source suitable for the production of a
spin polarized slow positron beam. Intense beams can be made by using short halflife RI sources in a beam apparatus linked to an accelerator or a reactor.
For Ps EEC, the electro-deposited
source is a promising candidate. The
reasons are that the production of high intensity
is relatively easy, almost all the
atoms are collected on a spot area of the graphite rod, and almost all the positrons
emitted into forward hemisphere come out of the graphite rod. The relatively low
helicity of the
is not necessarily a drawback since it is the product of the spin
polarization and the intensity which is the crucial quantity in the realization of Ps
BEC.
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Abstract

1.

Theoretical studies of the collisions of the atoms of hydrogen and antihydrogen at ultracold temperatures are summarised. Rearrangement
may occur leading to the formation of protonium and positronium. The
most probable channel yields positronium in its ground 1s state and
protonium in the state with principal quantum number N = 24. The
elastic cross section resulting from scattering in the Born Oppenheimer
potential is calculated. It is crossed by the rearrangement cross section, which is increasing inversely as the velocity, at an energy of about
atomic units. It appears that sympathetic cooling down to
perhaps 0.1K may be possible before it is overtaken by annihilation. It
is pointed out that the quasi-molecule
has an electric dipole moment
so that radiation is produced during the collision process and may serve
as a diagnostic probe of the event.

INTRODUCTION

With the CERN antiproton decelerator coming on line there are prospects for the creation, trapping and cooling of antihydrogen atoms and
for new tests of CPT invariance and of the Weak Equivalence Principle.
We have been studying theoretically the survival of antihydrogen atoms
in collisions with hydrogen atoms, the feasibility of cooling antihydrogen
atoms by colliding with colder hydrogen atoms and the possible utility of
radiative processes arising in the association of hydrogen and antihydrogen to form the quasi-molecule
as a diagnostic probe. Cooling occurs
by energy transfer in elastic collisions of H and
During the collision
47
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rearrangement may take place leading to the formation of protonium
and positronium
which then annihilate. The effectiveness of
cooling is determined from a comparison of the cross sections for direct
scattering and rearrangement. Estimates of the rearrangement cross sections have been made on the basis of semi-classical models [1-3] but we
are concerned with collisions at ultralow temperatures where only s wave
scattering contributes and classical models are inadequate. Elsewhere in
this book, Armour and Chamberlain [4] describe an alternative quantum
mechanical variational approach to
scattering.

2.

REARRANGEMENT COLLISIONS
We consider the rearrangement process

where NL and
are the principal and angular momentum quantum
numbers of the bound states of protonium and positronium respectively.

The energy level structure is illustrated in Fig.1. If the positronium is
produced in the ground
state the maximum energetically accessible
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state of protonium has N = 24. For
it is N = 22 and for
it
is N = 21. Thus for N = 24 and 23
can be populated, for N = 22
and
and for N > 21 all bound states and the positronium
continuum [5,6].
The rearrangement cross section is given by

where is the wave number of the initial relative motion of H and
and
is the transition matrix. In the post-interaction formulation,
may be written
where is the non-interacting final state wave function,
is the interaction between the protonium and the positronium and
is the total
scattering wave function that satisfies outgoing wave boundary conditions for the initial state.
We evaluated
using a first order distorted wave approximation
in which
is replaced by the wave function
describing the elastic
scattering of H and
To obtain
we use the Born-Oppenheimer
approximation
where is the leptonic wave function at the hadron separation R and is
a function of the positron and electron coordinates
and
and
describes the motion of H and in the interaction potential generated
by averaging over the lepton motion.
The evaluation of expression (3) is challenging because the natural
coordinate systems for the initial and final states are different. The
procedure we used to overcome the difficulties is described by Froelich
et al. [6]. For some calculations we adopted a Monte Carlo method to
evaluate the integrals [7].
The interaction between H and in the Born-Oppenheimer approximation was determined by variational procedures with explicitly correlated basis functions, similar to those employed for the hydrogen molecule
[5,6]. At small interhadronic distances, the potential is dominated by
the proton-antiproton Coulomb attraction and at large distances it becomes the van der Waals attraction, already known quantitatively from
calculations on
The agreement at large R with the van der Waals
interaction for
provides a test of the accuracy of our calculations.
Similar variational calculations have been reported earlier in attempts
to locate precisely the interhadronic distance at which the leptons are
no longer bound to the hadrons [1-3,8,9].
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In evaluating (3) with the approximation (4) we found that at low
kinetic energies there is a large overlap of the inner part of the initial
state wave function and the final state wave function for the channel
in which the positronium is in the ground
state and the protonium
is in the state with quantum numbers N = 24 and L = 0 [6,7]. This
channel corresponds to the least change in the scattering wave number
and dominates the rearrangement process.
The calculated cross section varies at low energies as
in accordance with Wigner’s law. Scattering in the limit of zero energy can
be characterised by a scattering length
When an inelastic channel
is open is a complex number [10]. The imaginary part is related
directly to the inelastic cross section and rate coefficient We obtain
and
It is difficult to assess the uncertainty in this result. We are engaged in
developing an alternative formulation in which we construct a non-local
optical potential [11]. It should yield greater precision. Most previous
studies [1-3] have employed a semi-classical model in which it is assumed
that every trajectory in the
interaction potential with a classical
distance of closest approach that is less than or equal to the critical
distance leads to rearrangement with a probability of unity. The model
implicitly assumes that the proton and antiproton combine into some
state of protonium as it must if energy is to be conserved. Our calculations show that capture occurs preferentially into the N=24 L = 0
state at low kinetic energies and we find that rearrangement takes place
at distances beyond the critical distance with a probability of less than
unity. Voronin and Carbonell [12] have used a semi-quantitative quantum mechanical procedure based on their calculations on collisions of
antiprotons with hydrogen and our cross sections are in close agreement
with their results at energies below
due presumably in some
measure to chance.

3.

ANNIHILATION IN FLIGHT

Colliding antihydrogen atoms can be lost by proton-antiproton annihilation in flight without the formation of protonium. With the assumption that annihilation occurs at the point of coalescence of p and the
rate of annihilation is obtained by averaging the contact interaction over
the incoming scattering wave function
We estimate a rate coefficient
of
[5,6].
The electrons and positrons may also annihilate in flight but it is
probably less likely than proton-antiproton annihilation [13]. Thus it
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appears that rearrangement is the most important loss mechanism of
in a gas of H.

4.

ELASTIC SCATTERING

We turn to the question of whether or not can cool before it is annihilated. The solution of the scattering problem of colliding elastically
with H in the Born-Oppenheimer potential is straightforward. We obtain a scattering length of
In the absence of coupling to inelastic
channels, the scattering length is real. Sinha and Ghosh [14] solved the
scattering problem by expanding in an atomic basis set but the selected
set does not create the attractive long range van der Waals interaction
which is effective at low energies. Sinha and Ghosh find a scattering
length of
not so different from our result. We have made some
correction for the presence of the rearrangement channels by adopting
an optical potential with an imaginary part that reproduces the calculated rearrangement cross section. The effect is to increase the predicted
elastic cross section to
The real part of the scattering length
is sensitive to the details of the interaction potential and we cannot be
sure of its value. It is encouraging that it happens to lie in a range of
values for which the sensitivity is not extreme.
The elastic cross section tends to a constant at low energies and the
inelastic cross section increases inversely as the velocity. They must cross
and they do so at an energy of
A detailed discussion
is given in references [5,6]. It appears that given our calculated cross
sections a temperature as low as 0.1K may be reached by sympathetic
cooling before destruction occurs.

5.

RADIATIVE ASSOCIATION

It has been pointed out by Zygelman et al. [7] that the quasi-molecule
has a non-zero dipole moment so that unlike
it can be formed
by radiative association. The radiation emitted during the association
is a possible diagnostic of the presence of antihydrogen atoms as is the
radiation that may be produced by transitions within the quasi-molecule.
The properties of
are under investigation.
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Abstract

A large group of experimentalists is currently working on the preparation of the ATHENA (ApparaTus for High precision Experiments on
Neutral Antimatter), which is to be used at CERN to carry out experiments on antihydrogen
to test the CPT invariance of Quantum
Field Theory and also Einstein’s Principle of Equivalence. It is intended
to carry out these experiments by trapping at very low temperatures
( < 1 K ) in an inhomogeneous magnetic field. The size and extent of
the collaboration on this project can be seen from ref. [14], which is
entitled ‘Antihydrogen production and precision experiments’ and has
54 authors from 7 different countries.
In this chapter, we consider some of the interesting theoretical problems that arise when
in which a positron is bound to an antiproton,
interacts with H, He and
The theoretical work that has been carried out for
is described. This includes a very recent preliminary
calculation that we have carried out using the Kohn variational method.
Methods of extending this work to scattering by He and
are discussed. These processes are the main cause of loss of trapped
Thus
there is considerable interest in obtaining cross sections for them, in
order to determine annihilation rates under various experimental conditions. The aim is to make it possible for experimentalists to choose
the conditions which maximise the lifetime of the
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Introduction
The existence of the positron, a particle with the same mass as the
electron but with opposite charge, was predicted in 1930 by Dirac [1],
Weyl [2] and Oppenheimer [3]. It was not long before its existence was
confirmed experimentally by Anderson [4] and Blackett and Occhialini
[5]. The existence of this particle, the antiparticle of the electron, made
it possible to envisage a whole new range of scattering experiments in
atomic and molecular physics in which the incident particle is a positron.
Since then, extensive experimental and theoretical research has been
carried out on positron scattering by atoms and molecules. This work
has been extended recently to include the scattering of positronium (Ps)
by these targets. Ps is a system, similar to hydrogen, but with the proton
replaced by a positron.
Charlton and Humberston have given a detailed description of this
work in a recent book [6]. In an appendix they list references for all
but the most recent conference proceedings (e.g. [7]) on positron and
positronium scattering by atoms and molecules. The most recent work,
together with probable future developments, are described in this volume.
Quantum field theory predicts that, corresponding to every particle,
there is an antiparticle. If a particle is charged, its antiparticle has the
same mass but opposite charge, as in the case of the electron and the
positron. The particles of which the Earth is made, e.g. electrons and
protons, are referred to as matter and the corresponding antiparticles,
e.g. positrons and antiprotons, as antimatter.
Antihydrogen, in which a positron is bound to an antiproton, was
quite recently observed at CERN by Baur et al. [8, 9] and at Fermilab
by Blanford et al. [6, 10]. However, the high speed ( ~ 0.9c) of the
few antihydrogen atoms that were obtained ruled out any possibility of
determining their properties.
Experimentalists want to trap at very low temperatures, i.e. < 1
K, so that the is in essentially its rest frame. This will make possible
tests of the predictions of two fundamental theories of modern physics:
quantum field theory and Einstein’s general theory of relativity. In particular, tests can be made of the charge conjugation, parity interchange
and time-reversal (CPT) symmetry of quantum field theory. See, for
example, Hughes [11] and Schweber [12] (note that Schweber refers to
this symmetry as the TCP theorem).
It follows from the CPT symmetry that a charged particle and its
antiparticle should have equal and opposite charges and equal masses,
lifetimes and gyromagnetic ratios. In addition, the CPT symmetry
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of quantum electrodynamics predicts that hydrogen and antihydrogen
should have identical spectra [6, 13, 14, 15]. Experimentalists plan to
test, as far as possible, whether H and do have these properties. In
particular, they intend to compare the frequency of the 1s-2s two-photon
transition in H and
The equivalence principle, according to which all bodies fall at the
same rate in a gravitational field, led Einstein to his general theory of
relativity in which gravitation manifests itself as a metric effect, curved
spacetime, as opposed to the flat spacetime of special relativity in the
absence of gravitation [16, 17]. The exact form of the curvature is determined by Einstein’s field equations. It is proposed to test the validity
of the above formulation of the principle of equivalence by carrying out
a null redshift experiment in which the frequency of the two-photon 1s
to 2s transition is observed for H and
as both are moved through the
same gravitational field. Any difference between the two sets of values
would indicate that the two atoms experienced a different gravitational
red shift, which can be shown to be a violation of this principle [13, 17].
A large group of experimentalists is currently working on the preparation of the ATHENA (ApparaTus for High precision Experiments on
Neutral Antimatter) [13, 14, 15]. The size and extent of the collaboration
on this project can be seen from [14], which is entitled ‘Antihydrogen
production and precision experiments’ and has 54 authors from 7 different countries.
What can positron theoreticians do to contribute to this important
and rapidly developing field ? In fact, they have already made an important contribution. One possible way of making antihydrogen is in
collisions between Ps and antiprotons:

The Hamiltonian that is used to describe this process only involves
the Coulombic interaction and is invariant under charge conjugation.
Thus the cross sections for reaction (1) are the same as for:

Humberston [18] had previously carried out calculations using the
Kohn variational method for the reverse reaction:

for incident positron energies below the first excited state of H. Humberston [19] readily adapted his calculation so that it could be applied to
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the calculation, in this energy range, of the cross section for H formation
in reaction (2) and hence for in reaction (1).
There are other ways in which positron theoreticians can assist the
experimentalists working on the ATHENA project. These involve
scattering by simple atoms and molecules. As a prelude to describing
these processes, we shall review the work that has been carried out to
date on
Unless otherwise stated, the units we will use in this article
are Hartree atomic units in which, Planck’s constant e, the charge on
the positron and,
the mass of the electron and the positron, all have
the value one. Note that 1 a.u. of energy corresponds to 27.212 eV.

1.

PREVIOUS WORK ON ANTIHYDROGEN

Some work was carried out on the interaction between H and in the
seventies and early eighties [23, 24, 25, 26]. The most significant paper
amongst these is the paper by Kolos et al. [25]. Kolos and Wolniewicz
had extensive experience of carrying out calculations of very accurate energies and properties of hydrogen-like molecules using the Rayleigh-Ritz
variational method and basis sets containing Hylleraas-type functions,
i.e. functions that depend on an odd power of the distance between the
light particles. See, for example, refs. [27, 28]. Encouraged by Schrader,
they used this experience to carry out calculations of the energy of
system at internuclear distances, R, ranging from
They made the reasonable assumption that the ground state wave
function for the
system is invariant under all the operations of
the
symmetry group. If the nuclei are fixed, it follows that the
wave function is of symmetry and is invariant under the operation of
interchange of the electron and the positron, followed by reflection of
their coordinates in the plane containing the perpendicular bisectors of
the internuclear axis. The spin wave function need not be considered as
interactions involving spin have been neglected.
Using a total of 77 basis functions, each of which contains a power of
the distance between the electron and positron ranging equal to 0, 1 or
2, Kolos et al. were able to show that a maximum in the interatomic
potential at about
found by Junker and Bardsley [23] using the variational method and configuration-interaction (CI) type basis functions,
was an artefact of their calculation. CI-type basis sets do not contain
Hylleraas-type functions. As pointed out, for example, by Lebeda and
Schrader [30, 25], such basis functions are unsuitable for describing the
wave function for the system when the electron is close to the positron.
This is because an infinite number of CI-type basis functions is required
to represent the cusp behaviour [31] of the wave function when the dis-
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tance between the electron and the positron tends to zero. Hylleraastype functions are needed to represent the wave function in this region.
The importance of describing this region accurately is greater when,
as in this case, the interaction between the light particles is attractive
rather than repulsive, as in molecules, where CI-type basis functions are
known to give quite accurate results for interatomic potentials. See, for
example, [32].
Clearly, if the internuclear distance R = 0, the electron and the
positron are not bound to the nuclei. In fact, there is a certain critical
internuclear distance,
of the order of
below which the electron
and the positron are not bound to the nuclei. This is the basis of a
semiclassical method of calculating the cross section for rearrangement
annihilation [24, 25], using the very accurate potential, V(R), between
the and H atoms calculated by
et al. The largest impact parameter,
for which the classical turning point of the trajectory is
less than
is then determined. The rearrangement channel that leads
to annihilation is

where Pn is protonium, i.e. a proton bound to an antiproton, and both
the Pn and the Ps may be in excited states. If it is assumed that this
rearrangement takes place, if and only if
then the cross section
for rearrangement annihilation of the nuclei (and the light particles), is
given by
Uncertainties arise not only from this assumption but also from the
fact that
is not known exactly and from the breakdown of the classical
treatment at very low energies. The uncertainties about the exact value
of
are not thought to affect the accuracy [25] of the calculation until
far above room temperature, the maximum temperature that we need
to consider. We will have more to say about the breakdown at very low
energies later on in this section.
The problem of calculating
is the next stage on from the problem
of calculating the critical R value below which the dipole made up of the
fixed proton and antiproton is unable to bind an electron (or a positron).
This latter problem aroused a great deal of interest culminating in the
mid-sixties with several proofs by different methods that the critical
value of the internuclear distance is
See the references on this
subject in
et al. [25], and also in Armour and Byers Brown [29].
This problem can be solved exactly. However, this is not possible for the
more complicated problem of calculating the critical value,
below
which the fixed nuclei are unable to bind an electron and a positron.
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We have calculated an upper bound to
using the Rayleigh-Ritz
variational method [33, 34]. Our basis set was similar to that of
et al. in that it contained functions of the form

where

and

are prolate spheroidal coordinates defined by

Particle 1 is the electron and particle two is the positron. A is the proton,
B is the antiproton.
for example, is the distance from the proton
to the point under consideration.
is the usual azimuthal angle. The
is taken to be in the direction of AB.
is of the form

This factor only differs from the corresponding factor in the basis set
used by
et al. when
They take this factor to be
where
is the distance between the electron and the positron. As

this difference is unimportant as it is the presence of our choice of factor
on the right-hand side of this expression that gives rise to a basis function
linearly independent of the basis functions for which
As we wished to calculate the energy of the light particles for R values
for which they are very weakly bound to the nuclei, or not at all, we included an additional basis function, not included in the set used by
et al. Its role is to represent ‘virtual’, i.e. weakly bound, positronium.
It is of the form

where is the distance of the centre of mass of the positronium from the
centre of mass of the nuclei.
is the normalised positronium groundstate wave function.
is a variational parameter.
is a shielding
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It was taken to be of the

After some numerical trials, was taken to be 3 and to be 0.5.
Including a function of the form (10) is similar to the procedure used
by Rotenberg and Stein [35] to obtain an upper bound on the mass a
‘positron’ would have to have to form a bound state with an H atom. In
their variational calculation, they included a basis function to represent
a weakly bound ‘positron’. This enabled them to obtain an improved
upper bound.
It is well known that the inclusion of a ‘virtual’ positronium function
in the basis set improves the convergence of the results of Kohn variational calculations of scattering parameters at incident positron energies
just below the threshold for positronium formation [36]. The effect on
the annihilation parameter,
of including such a function at these
energies is discussed by Van Reeth and Humberston [37].
In our calculation, the parameter analogous to the positron energy
is the internuclear distance, R. As it approaches the critical value,
from above, the light particles become more and more weakly bound.
The channel that is close to being open is the ground state positronium
formation channel. It is this channel that is represented by the ‘virtual’
positronium function (10). As R becomes less than
in this function
becomes imaginary and the channel becomes open.
The non-relativistic Hamiltonian for an electron and a positron in the
field of the fixed proton and antiproton a distance R apart, in the form
appropriate for representing the separation of
into
as
is:

The –1/R term in the potential is the energy of the fixed nuclei. Matrix
elements involving only the basis functions (5) can be evaluated straightforwardly using well established procedures. See, for example, references
[33, 38]. Matrix elements involving only the positronium function (10)
can easily be calculated analytically by transforming the kinetic energy
operators in
above to Jacobi coordinates appropriate for separation
into unbound positronium, as in (13) below, and using the symmetry of
the ground-state positronium charge distribution.
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where
is the position vector of the positron with respect to the electron and is the position vector of the centre of mass of the positronium
with respect to the centre of mass of the nuclei.
The problem of evaluating the matrix elements involving both types
of function is the usual one encountered when including a rearrangement
channel: the coordinates that are convenient to use in the rearrangement
channel are very different from those used in the entrance channel. One
coordinate could be eliminated as all the basis functions we use are
functions of
but not of
and
separately [39].
Integration over the remaining five coordinates was carried out using
two different methods, Gaussian quadrature and the Boys boundaryderivative reduction method [40, 41]. The positronium function was
taken to be on the right of the matrix element so that operation on
it with the Hamiltonian,
in the form in equation (13) appropriate
for separation of
into the bare nuclei + positronium, removed the
singularity in the matrix elements due to the
term in
The
results we obtained for the energy of
for R in the range
are given in table 1.
Our results are compared with the results of two other calculations,
the calculation by
et al. [25], referred to earlier, who carried out
calculations for R = 1.0 and
and a recent calculation by Jonsell
et al. [42, 43], who carried out calculations for
using the
Rayleigh-Ritz variational method and a basis set containing 908 basis
functions. These functions are of a more restricted form than those used
by
et al. and in our calculation as they contain two independent
non-linear parameters, rather than four. However, they were able to
include basis functions containing
in addition to basis functions
containing lower powers of
or equivalent, as in the calculation by
et al. and in our calculation.
It can be seen that the size of basis set used by Jonsell et al. [42, 43]
and their inclusion of basis functions containing
more than compensates for the restriction on the form of their basis functions and they
obtain more accurate results than
et al. and ourselves, except for
where our calculation, with the inclusion of the basis function that represents weakly bound positronium, gives a slightly more
accurate value.
We have also carried out calculations for
In this case, the
calculated value of the binding energy was less than 0.001 and great care
had to be taken with evaluation of the inter-channel matrix elements.
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Results were calculated using the Boys method of numerical integration [40, 41] and 31 points per dimension. No significant change in the
binding energy was found if the number of points was increased to 71
per dimension or if Gaussian quadrature was used with 64 points per
dimension.
We have recently found a way to include factors of
with
in
our basis functions. It seems probable that using 246 basis functions of
this form will make it possible for us to show that the light particles are
bound to the nuclei when
without the inclusion of the basis
function that represents ‘virtual’ positronium (10).
The results obtained for various values of the parameter in the basis
function representing ‘virtual’ positronium, are given in table 2. It can
be seen that the maximum calculated binding energy is obtained for
between 0.06 and 0.07, In an exact calculation, it would satisfy the
relation
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It can be seen that for this relation to be satisfied for our maximum
value of the binding energy, would have to equal 0.051.

Our calculations show that an electron and a positron are bound to a
fixed proton and an antiproton if
It is reasonable to assume
that the critical value,
for binding is greater than the value
the critical value of the internuclear distance below which the proton
and the antiproton are unable to bind an electron or a positron on its
own. This is because, below this value, the
dipole would be unable
to bind the electron and the positron, even if there were no interaction
between them that gives rise to positronium.
So far, all the calculations we have described are within the BornOppenheimer approximation in which coupling between the nuclear and
light particle motion is neglected. The nuclei are regarded as fixed in
space and the energy of the light particles is calculated as a function of R.
This energy, together with the potential for the Coulombic interaction
between the nuclei, is then taken as the potential in the Schrodinger
equation for the relative motion of the nuclei.
The omitted terms in the kinetic energy of the system all contain the
factor
where
is the reduced mass of the nuclei.
Thus they can be expected to be small, in comparison with the light
particle kinetic energy terms. The Born-Oppenheimer approximation is
very widely used in quantum chemistry to calculate energies and wave
functions for molecules. In most cases, the corrections to it are small
enough that they can be neglected, except in calculations that require a
very high level of accuracy.
The situation regarding
is less clear. There are no bound states
of
[44]. This is due to the very high binding energy, 459.04 a.u.,
of protonium and the very small expectation value of R in this state.
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Also, if
the light particles are not bound to the fixed nuclei.
Prom the point of view of calculating the internuclear potential this
is not a serious difficulty as the potential in this region is effectively
the – 1/R Coulombic potential representing the attraction between the
nuclei. However, it is not clear what form the wave function for
should take in this region. We will have more to say about this when we
come to consider
scattering.
We have seen earlier that in the semi-classical treatment of
scattering used by
et al., rearrangement into protonium + positronium, followed by annihilation, is assumed to take place if the classical
value of the closest distance between the nuclei on a given trajectory is
less than
It is reasonable to expect that there should be a quantum
mechanical analogue of this behaviour.
We have carried out calculations to determine the effect of taking into
account the omitted terms in treatments using the Born-Oppenheimer
approximation. In the first set of calculations, we calculated the changes
to the energy of the light particles, due to the coupling of the light
particle and nuclear motion [45]. We will go on to consider the effect of
this coupling on the calculated scattering parameters for low energy
scattering. The corrections arise from the dependence of the prolate
spheroidal coordinates,
on R and on the spherical polar angles
of the internuclear axis, AB, with respect to a non-rotating axis system,
with origin at the centre of mass of
i.e. with respect to the centre
of mass inertial frame. We take this centre of mass to be the centre
of mass of the nuclei. This is an approximation but the error incurred
should be small as the nuclei are much more massive than the electron
and the positron.
The dependence of and on R and the spherical polar angles can
be obtained from equation (6). In terms of the non-rotating Cartesian
coordinates,
with origin at the nuclear centre of mass,

and

where
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are the coordinates of the antiproton, B, with respect to the non-rotating
axis system. The coordinates of the proton, A, can be obtained by
inverting the coordinates of B. and are the spherical polar angles
of AB, with respect to these coordinates. The third prolate spheroidal
coordinate of light particle
is the azimuthal angle of the
particle with respect to body-fixed axes with axis in the direction of
AB and an arbitrarily chosen axis. (This can be arbitrarily chosen on
account of the symmetry of
about the internuclear axis).
We can see that
and
depend on R from the equations for
and
and also from the inverse power of R in the equations (6) for
these coordinates in terms of
and
This inverse dependence on
R means that the coordinates are not defined if R = 0. We will have
more to say about this when we come to consider
scattering.
The non-relativistic Hamiltonian for the internal motion of
is
obtained by separating out the centre of mass motion and expressing
the kinetic energy operator for the internal nuclear motion in terms of
derivatives with respect to the spherical polar coordinates, (R,
) of
one nucleus, in this case the antiproton, with respect to the other. It is
of the form

where

and
is the reduced mass of the proton-antiproton pair which has
been taken to be 918.08 a.u.,
is the sum of the proton and antiproton
masses and
is the reduced mass of the electron or positron,

The kinetic energy terms for the internal motion of the electron and
the positron are first expressed in terms of the non-rotating coordinates.
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However, these are not Jacobi coordinates for separation into positronium and protonium, for which the Hamiltonian takes the form [45]

where, as before,
is the position vector of the positron with respect
to the electron and is the position vector of the centre of mass of the
positronium with respect to the centre of mass of the nuclei.
is the
reduced mass of the protonium and positronium.
The above coordinates are also not Jacobi coordinates for separation
into
As a consequence of this, there is a mass polarisation
term in the kinetic energy operator that couples the momenta of the
electron and the positron, in addition to the replacement of the mass
of the electron and the positron by a reduced mass [45]. We will have
more to say about the second form of Jacobi coordinates when we come
to discuss
scattering.
It is then these non-rotating light particle coordinates that are held
constant when carrying out the differentiations with respect to R,
and in the nuclear kinetic operator in (18) above. As A and B have
coordinates (0, 0, –R/2) and (0, 0, R/2), respectively, with respect to the
body-fixed axes with
along AB, it can be seen that the prolate
spheroidal coordinates rotate with the nuclei, as well as depending on
R. When these coordinates are used to determine the positions of the
light particles, coupling terms between these particles and the nuclear
motion appear in the Hamiltonian.
This highlights the key feature of the Born-Oppenheimer approximation. As stated earlier, it is an approximation that is very widely used
in quantum chemistry. This is because it is very convenient to express
the coordinates of electrons in a molecule with respect to body-fixed
axes, i.e. coordinates that are fixed with respect to the nuclei. The
resulting couplings between the electronic and nuclear motion are usually small and are neglected in the Born-Oppenheimer approximation.
If body-fixed coordinates are not introduced, the possibility of making
this approximation does not arise.
As a consequence of the chain rule for partial differentiation, the
terms representing the kinetic energy of the light particles do not contain
derivatives with respect to R, or
when expressed in terms of the
prolate spheroidal coordinates. However, it also follows that the partial
differentiation with respect to R, and keeping the prolate spheroidal
coordinates constant, gives rise to derivatives with respect to the prolate
spheroidal coordinates, as well R, and [47, 45]. Those derivatives
that result from the dependence of the prolate spheroidal functions on
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and give rise to centrifugal and Coriolis terms in the Hamiltonian
for the internal motion of
that are a consequence of the rotational
motion of the prolate spheroidal coordinates. Those resulting from the
dependence on R give rise to coupling between the motion of the light
particles and the radial motion of the nuclei. If
were a molecule,
this radial motion would be vibrational motion.
All these terms can be expected to be small because, as pointed out
earlier, they contain the factor
where
is the reduced mass
of the nuclei. The mass polarisation term can be expressed in terms
of prolate spheroidal coordinates and the associated matrix elements
evaluated using the method of
and Wolniewicz [46]. However,
this term contains the factor
and the work involved in evaluating
it is considerable. In view of this, we have neglected this term in our
calculations of the corrections to the Born-Oppenheimer approximation.
It is very interesting to see what we find if we apply the full kinetic
energy operator, containing all the corrections to the Born-Oppenheimer
approximation, to the basis function representing ‘virtual’ positronium
(10). As and
in this basis function are distances, they can readily
be expressed in terms of the non-rotating Cartesian coordinates with
origin at the nuclear centre of mass. Thus and
have no dependence
on R, and
It follows that there is no direct coupling between the
rotational and internal radial motion of
and ‘virtual’ positronium
as represented by the function in (10). Indirect coupling will occur
through the interaction of the ‘virtual’ positronium with states of the
light particles whose wave functions do depend on R, and
Note that
all of this will remain true if the exponent,
in (10) is imaginary and
the function represents unbound positronium. It will also remain true if
the positronium carries angular momentum, either external or internal,
as the associated spherical harmonics will be expressible in terms of the
non-rotating coordinates,
Morgan and Hughes [24] state that the Born-Oppenheimer approximation breaks down at
the critical value below which the nuclei
are unable to bind the electron and the positron, and a direct coupling
develops between the motion of the nuclei and the electron and the
positron that are to become unbound. We do not find any counterpart
to this in our calculations.
We have calculated the corrections for R values in the range
to
using basis functions containing
with
and 1. As
does not depend on R, and it is more convenient to take
to be
rather than
as in earlier calculations. The results we
obtained are given in table 3.
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The results were calculated using two different methods. In the first
method, the dependence of the non-linear parameters on R was not
taken into account in the differentiation. Also, nothing was done to
remove the dependence on
of the coordinates used to describe the
internal motion of
which introduces an unnecessary complication
when differentiating them with respect to R. These were both taken
into account in the second method.
It can be seen from table 3 that, in all cases, the corrections are positive and small compared to the energy of the system calculated using
the Born-Oppenheimer approximation. However, they are large enough
to increase significantly the region in which the electron and positron are
not bound to the nuclei. The correction calculated by the first method is,
in all cases, larger than that calculated by the second method. Detailed
examination showed that this is due to the inclusion of differentiation
of the non-linear parameters, rather than to the removal of the dependence of the prolate spheroidal coordinates on
Calculations have
been carried out for
that include additional basis functions
containing
factors. This leads to an increase in the value
of the correction, although for both methods, it remains less than 0.01
a.u..
The breakdown of classical mechanics introduces serious uncertainties
about the accuracy of the semiclassical method used by
et al. [25]
for energies
in the centre of mass frame. This corresponds
to a temperature T ~ 20 K, which is in the region of interest.
Quantum mechanical calculations have been carried out for this region
by Shlyapnikov et al. [48] and more recently by Sinha and Ghosh [50, 53],
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Jonsell et al. [42, 43] and Froelich et al. [54]. Shlyapnikov et al. treat
the
in the limit as
They take the relative motion of the
H and
to be quasi-classical, for R less than an estimated boundary
value. The rearrangement process is taken into account by allowing the
scattering length to be complex [49].
The first fully quantum mechanical calculation for low energy elastic
scattering was carried out by Sinha and Ghosh [50, 53] using their
target elastic close-coupling method and a basis set containing up to
eight excited states of H, in addition to the ground state, but only the
ground state for
They compared their results for phase shifts and
elastic cross sections with the corresponding results they obtained for
H H scattering without including exchange. The fact that this
scattering calculation was completed as recently as 1999 shows the wideopen nature of this field.
A slightly more recent quantum mechanical calculation of cross sections for low energy elastic scattering and also for antihydrogen loss
through reaction (4) and through annihilation in flight, is described in
refs. [42, 54, 43] and also in the chapter by Dalgarno et al. in this
volume.
All of the above calculations were carried out using the Born- Oppenheimer approximation.

2.

PRELIMINARY SCATTERING
CALCULATIONS ON THE
SYSTEM

Following the work described in the last section on corrections to
the Born-Oppenheimer approximation, we have gone on to address the
problem of elastic
scattering as a full four-body variational problem.
This calculation has been performed using the Kohn variational method
(see for example [55, 56]). The Kohn variational method for scattering
states is analogous to the Rayleigh Ritz variational method for bound
states, and gives a variational expression for the tangent of the phase
shift. The method can also be reformulated to give the cotangent of the
phase shift. In this case it is known as the inverse Kohn method.
For calculations in which only one channel is considered, the Kohn
stationary functional takes the form

where is the variational phase shift, is the trial phase shift and
is a trial wavefunction. The operator takes the form
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where is the Hamiltonian of the system,
is the reduced mass of
the hydrogen-antihydrogen pair and E is the energy of the scattering
state under consideration. The variational phase shift is stationary with
respect to all first order variations of the trial function. The coordinates
of the system are defined as shown below in figure 1.

A possible trial wavefunction for the system when only elastic scattering is considered is

where the functions and describe the asymptotic motion of the particles as
and are given by

The additional factor
in is a shielding term to ensure
that is regular at R = 0. It should be noted that an approximation
has been used for and as they do not contain the Jacobi coordinates
for the elastic scattering channel. In these functions R is the distance
between the proton and the antiproton, whereas it should be the distance
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between the centre of mass of the H atom and the antiatom, X. The
functions
and
are the ground state wavefunctions of
the hydrogen atom and antihydrogen antiatom, respectively, considered
as two non-interacting systems.
The set of functions
are square integrable and take into account
short range correlations. One appropriate set of functions is thus

However, for the purpose of matrix element evaluation it is much
simpler to work in terms of prolate spheroidal coordinates and use the
equivalent basis set

The factor
is necessary to ensure that basis set (28) can
be expressed as a linear combination of functions from (27). Without this
factor, the functions are not, in general, regular at R = 0. Apart from
the factors involving R, these basis functions are similar to those we used
in the calculations described earlier (with
As mentioned above, the Hamiltonian of the system is invariant under
the combined operations,
of interchange of the electron and positron
and reflection of the light particle coordinates in the plane containing
the perpendicular bisectors of the internuclear axis. Wavefunctions must
thus be odd or even under
The asymptotic wavefunction is even under
and hence all short range correlation functions will be of the form

To allow for this symmetry, the set
must be defined such
that if
then
Powers of
are included using the Neumann expansion [57, 38]. In
terms of prolate spheroidal coordinates,

where

Using the Neumann expansion,
prolate spheroidal coordinates,

can be expressed in terms of the
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where
and
are the associated first and second Legendre
functions respectively and
corresponds to the greater (lesser)
value of
at the point of evaluation.
is a coefficient. Using
(32) in conjunction with (30), matrix elements involving any odd power
of
can, in principle, be evaluated. Even powers can be evaluated
directly using (30). As mentioned earlier, we have used this method to
include basis functions containing
where
in our Rayleigh-Ritz
calculations of the energy of the light particles in the field of the fixed
nuclei.
Much of the complexity in the calculation of matrix elements comes
from using the full form of the internuclear kinetic energy,
as described earlier in this article. In this calculation the methods of
and Wolniewicz [46] have been used. There are two remaining sets of
corrections needed to complete the full four-body calculation. As in the
light particle energy calculations described above, the mass-polarisation
term,
has not been included, and corrections need to be
made due to the approximations used in defining the open channel functions and (replacing R with X). These corrections will be added in
the near future.
The values of the phase shift we have obtained using the Kohn method
are given in the first column of table 4. The maximum collision energy
in the table is
in the centre of mass frame, corresponding
to a temperature of about 8 K. Our results appear not to be close to
those of Sinha and Ghosh [50] in figure 2 of their paper. However, if is
subtracted from their values, it can be seen from the second column of
table 4 that there is agreement between our results and theirs, though
the relative difference increases with [51]. In the third column of the
table, we give the values we have obtained for the phase shift we have
obtained using the Born-Oppenheimer (BO) approximation. They are
very close to the values obtained by Jonsell et al. [42, 43] and Proelich et
al. [54] using the same method. See also the chapter by Dalgarno et al.
in this volume. Our results are slightly more accurate as our potential
is slightly lower in energy than theirs. Details of this potential will be
published at a later date,
The results of the calculations described earlier to determine the effect
of including the coupling terms between the light particle and the nuclear
motion that are neglected in the Born-Oppenheimer approximation [45],
indicate that inclusion of these terms in the elastic channel scattering
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calculation is likely to bring about only small changes in the phase shift
values. Thus we consider that the results in table 4 that we have obtained
using the Born-Oppenheimer approximation are the most accurate and
the associated wave function should be quite a good approximation to
the exact wave function.

Our phase shift values obtained using the Kohn method have apparently converged with the inclusion of 84 short range correlations. However, it is well known that the results of such calculations may converge
only very slowly if the short range functions cannot represent accurately
the scattering wave function for the open channel(s) under consideration
[52].
For
the light particles have energy
corresponding to
ground-state positronium. Thus, in this region the potential acting on
the nuclei in the Born-Oppenheimer approximation is
It follows that, in this region, the solution to the radial Schrödinger
equation is the solution corresponding to the energy of the scattering
state under consideration that is regular at the origin.
It can be seen from figure 2 that this solution oscillates between positive and negative values. Our short range correlation functions contain
no terms capable of representing this function accurately. We consider
that this is the reason why our phase shift values are not close to those
obtained using the Born-Oppenheimer approximation.
We are in the process of including a basis function of the form of
the function (10) that we have used earlier to represent weakly bound
positronium, multiplied by the regular solution referred to above. The
series in this solution representing the confluent hypergeometric function
is terminated after including sufficient terms to express the BO solution
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This is necessary for the basis function to be

The two-channel Kohn method has been very successfully applied to
positron-atom scattering that results in the formation of positronium
[55, 58, 59]. Following the inclusion of the basis function to represent the
elastic scattering wave function accurately for
the calculation
will be extended to include some rearrangement channels of the form (4)

where both the Pn and the Ps may be in excited states, starting with
the channel with Ps in its ground state and S-state Pn with principal
quantum number N =24, that was found to be dominant by Froelich et
al. [54]. These channels can conveniently be described in terms of the
Jacobi coordinates of the system
in which the Hamiltonian
is of the form in equation (21).
The asymptotic form of the wave function representing a single outgoing rearrangement channel will be
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where
is a wave function describing protonium in a state of zero
angular momentum with energy
is a normalised
wave function describing the state of the positronium, and K is the
off-diagonal element of the 2-channel K-matrix (see for example [18,
55]). It should be possible to evaluate matrix elements involving such
functions by similar methods we have used to add a function representing
weakly bound positronium to the Rayleigh-Ritz light particle energy
calculations described earlier [33, 34].
It is hoped that up to 3 rearrangement channels may be added to
test the assumption that the cross sections for rearrangement channels
fall off rapidly with the amount of energy carried away by the outgoing
positronium.

3.

PROPOSED CALCULATIONS ON THE
INTERACTION OF ANTIHYDROGEN
WITH HELIUM AND MOLECULAR
HYDROGEN

We now move on to consider calculations that we think should be
carried out for the
and
systems. The
system differs
from the
system in that a state of the light particles exists when
R = 0, in which they are bound to the resulting singly charged nucleus,
When R = 0, the system is of a form equivalent to PsH, or, alternatively,
to
PsH is known to have a bound state [60, 61]. See also the
chapter by Walters et al. in this volume. Furthermore, if we make the
reasonable assumption that the energy of the system is a continuous
function of the internuclear distance R, this bound state must exist for
where
Also, if R is sufficiently large, the system
separates up into
in which the electrons are bound to the He
nucleus and the positron to the antiproton. See figure 3.
It will be of interest to try to determine whether a bound state exists
for all R values using the Rayleigh-Ritz variational method. As this
method always gives an upper bound to the energy of the system under
consideration, a sufficient, but not necessary, condition for a bound state
of
to exist, for a given R value, is that the lowest energy value
obtained in this way is less than the lowest continuum threshold for the
light particles.
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(1) Equivalent to PsH, with binding energy 1.06 eV [61].
(2) Equivalent to
with binding energy 0.75 eV [65].
(3) Equivalent to H, with binding energy 13.6 eV.
(4) Equivalent to antiprotonic He, at internuclear distance
(5) As in (4), except Ps is replaced by an electron.
(6) Antiprotonic He, at internuclear distance. For the binding energy at a given R
value see [63, 64].

In contrast to the case of
considered earlier, for which the energy of the lowest continuum threshold is known exactly at a given R
value, this will have to be calculated for
However, it should be
possible to calculate the value of this threshold sufficiently accurately
to reduce greatly any source of error due to uncertainty about its value.
The threshold energy for separation into an electron bound to the nuclei and positronium can be calculated with very high accuracy as the
Schrödinger equation for the electron bound to the nuclei is separable
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in prolate spheroidal coordinates [62]. This corresponds to obtaining
the electronic part of the internuclear potential between fixed nuclei in
antiprotonic He. Several calculations of this potential have already been
carried out [63, 64]. See figure 3.
It is probable that, at a given R value, there is a second continuum
threshold corresponding to separation into two electrons bound to the
nuclei and an unbound positron. See figure 3. Such a two-electron bound
state exists at R = 0, with binding energy 0.75 eV [65], in the form of
At infinite R, this state separates into
+ an unbound
positron, with energy 17.79 eV lower than
+ ground state Ps. See,
for example, Bransden and Joachain [68]. Thus, the energy of this state
is the lowest threshold at large R values. The energy of this threshold
at any given R value can also be obtained with high accuracy as the
energy of the two electrons bound to the nuclei can be calculated using
the very accurate method that has been applied to
[66] and
[25, 34, 42, 43]. See also the chapter by Dalgarno et al. in this volume.
There are other possible continuum thresholds but they are not likely to
be the lowest continuum threshold for any R value.
As discussed earlier, it is very important, if very accurate results are
to be obtained, to include Hylleraas-type functions in the basis set. In
the case of
these functions can be taken to be of the form:

where particles 1 and 2 are electrons and 3 is the positron and
is
the distance between particles and The function
is a linear
combination of separable functions, i. e. functions that can be expressed
as a product of one particle functions. Basis sets of this type have
been used in calculations of low-energy
scattering, below
the positronium formation threshold, using the Kohn variational method
[67].
However, it is simpler to include Hylleraas-type basis functions in
this case than in
calculations for two reasons. Firstly, use of the
method of models makes it unnecessary to calculate integrals involving
where
is the distance between the electrons. See, for example,
ref. [67]. Secondly, accurate results can be obtained for low-energy
scattering without including in the basis sets exponential
functions involving the hyperboloidal prolate spheroidal coordinates
in addition to the ellipsoidal coordinates
This is because, to a good approximation, the
target can be taken to
be in its equilibrium position, with internuclear separation equal to 1.4
It is well known that, in this case, very accurate
wavefunctions
can be obtained without inclusion of the coordinates
in
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the exponents in the trial function. The situation is different at large
internuclear distances where
separates into two H atoms [66]. Also,
the positron is repulsed equally by both nuclei. Thus, there is no need
to introduce any ‘atomic orbital character’ into the positron part of the
trial function by including
in addition to
in the exponents in the
basis sets used in the Kohn calculations of
scattering.
The situation is clearly different for
and
The electron(s)
is/are attracted by the positively charged nucleus and repelled by the
antiproton and vice-versa for the positron. In this case it is very important to allow for ‘atomic orbital character’ in the basis sets that are used
to calculate the
or
potential by including all the coordinates
in the exponent in the basis functions, in addition to the ellipsoidal
coordinates.
When three light particles are involved, as in the case of
integrals involving odd powers of the interparticle distances can be evaluated
using the Neumann expansion (32), or expansions derived from it [69],
in conjunction with the relation (30) for
The presence of the hyperbolic coordinates in the exponents means that the series involved will
always be infinite, though rapidly convergent if the coefficients of the
coefficients of these coordinates are small [69]. This contrasts with the
situation in the calculations carried out for
scattering using the method of models and basis functions that included only the
elliptical coordinates in the exponents. For, in these calculations, the
corresponding expansions terminated in every case.
These difficulties have been overcome for
but, as far as we are
aware, no calculations of this type have been carried out for
The
level of complexity of this calculation will be similar to that in the very
accurate calculations of the ground-state energy of
and
carried
out by Clary [69], using basis sets made up of CI-type and Hylleraas-type
functions with exponents containing hyperbolic coordinates. The
calculation involves three electrons, whereas the
calculation involves
four. Clary’s calculations were carried out in 1977, so an important
advantage that anyone working on
scattering now would have is
the much greater power of present day computers.
If the variational calculations do not indicate the existence of a bound
state or one with only a very small binding energy, for R values for which
the lowest continuum threshold is antiprotonic He + Ps, efforts should
be made to include a function in the basis set that represents weakly
bound positronium as we did in our calculations for
[33, 34].
Some indication of the accuracy of any potential calculated variationally
for any R value, should be obtainable by comparison with the value for
it obtained using an equivalent one-electron model of He [70, 71].
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scattering calculations can be carried out using the
potential. Cross sections for the formation of a bound state of the nuclei,
which results in annihilation, should be obtainable by a method similar
to that applied by Froelich et al. [54] to
scattering. See the chapter
of this volume by Dalgarno et al..
As pointed out earlier, these calculations are carried out within the
Born-Oppenheimer approximation which neglects coupling between the
motion of the light particles and the motion of the nuclei. We have
shown that the coupling terms are small for
for R values in the
range
to
[45].
However, as we have seen, their inclusion is not likely to alter significantly the values for the
phase shifts for elastic scattering
obtained using the Kohn method. This should also be the case for Hescattering. The possibility of applying the Kohn method to
scattering should be explored and also the possibility of using a closecoupling method. In flight proton-antiproton annihilation, i.e. annihilation without the formation of an intermediate bound state of the nuclei,
can easily be taken into account [54] in a manner similar to that used to
calculate
in positron-atom and positron-molecule scattering. However, annihilation through the formation of an intermediate bound state
of protonium will require the inclusion of this rearrangement channel in
scattering calculations using these methods.
has no charge and thus cannot be confined by the Lorentz force
that only acts on charged particles [13, 14, 15, 20]. The method to
be used to confine atoms at temperatures below 1 K is to apply an
inhomogeneous magnetic field to the atoms which interacts with their
magnetic dipole moment. When the possible range of the experimental
parameters are known in detail, experimentalists [22] would like theoreticians to use their cross sections for
scattering to simulate the
evolution of a realistic mixture of He and through processes such as
cooling, annihilation and ‘boil off’, i.e. ejection of cold from the trap
through momentum transfer from He atoms. Cooling and annihilation
rates can be obtained from a knowledge of the cross sections for elastic
and rearrangement scattering [54]. Treatment of ‘boil off’ requires the
calculation of cross sections for momentum transfer, which should be
straight forward.
The next stage of this research would be to carry out corresponding
simulations for a realistic mixture of
and
Such calculations are
of more interest to experimentalists as there are likely to be more
molecules in the
trap than He atoms [22]. In contrast to
and
scattering,
scattering requires consideration of three heavy
particles, which are not, in general, collinear. As a consequence of the
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axial rather than spherical symmetry of
at a given internuclear separation, the potential between and
is not spherically symmetric but
depends not only on the distance from to the centre of mass of the
protons but also on the polar angle between the direction of the
internuclear axis and the direction of the position vector of the antiproton
relative to the centre of mass of the protons.
It is unlikely to be practical to use a basis set containing Hylleraastype functions in this case. Thus, only a treatment using CI-type basis
functions, or other separable basis functions, is likely to be possible.
In this situation, it is important to consider the methods that have
been used by quantum chemists to carry out calculations on non-linear
triatomic molecules such as
See, for example, Shavitt et al. [72]. It
is important to see what changes are necessary to apply them to
scattering, in which an H atom is replaced by
A method currently
widely in use in quantum chemical calculations is the coupled-cluster
method (CCM) [73, 74], which has been widely applied to the calculation
of molecular properties and is known to give accurate results for these
quantities. However, it gives mixed results when applied to PsH [75, 76].
Other possibilities are to see if it is feasible to use the diffusion quantum
Monte Carlo method (DMC) that is known to give accurate results for
simple systems containing a positron [77] or to devise an equivalent oneelectron model of
as has been done for He [71], and use this to
calculate an
potential. Scattering parameters for
scattering
can be calculated using potentials as calculated above. The possibility of
using the Kohn method or a close-coupling method should be explored.
The overall aim is to simulate the evolution of a realistic mixture of
and atoms under experimental conditions, as in the case of He and
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Chapter 6
THE BOSE-EINSTEIN CONDENSATION OF
POSITRONIUM IN SUBMICRON CAVITIES

D. B. Cassidy and J. A. Golovchenko
Department of Physics, Harvard University, Cambridge MA 02138

Abstract:

We have considered the possibility of creating a matter-antimatter BoseEinstein condensate in the laboratory and concluded that a committed
and focussed program could succeed in making this new “extraordinary” material available for scientific study. In this paper we
describe the experimental requirements of the scheme and the
mechanisms by which a positronium Bose-Einstein condensate may be
both formed and observed.

Project overview
In 1993 Platzmann and Mills undertook the first serious consideration of a
scenario in which the conditions required for the production of a Bose-Einstein
condensate (BEC) of positronium (Ps) might be met. [1] In this article we make
the case for the actualization of a dense gas of Ps in a microscopic cavity in a
solid state material, such that the phase transition to a BEC is possible. We then
describe the mechanisms by which this transition might actually take place, as
well as those that could inhibit the process. Finally, we describe how the
formation of the Ps BEC could be observed, and the interesting physics associated
with such a system. Our conclusion is that a committed and focussed program to
achieve BEC of positronium could succeed in making this new state of matter
available for scientific study.
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The majority of the work associated with such a project concerns the
construction of a slow polarized positron beam with the required parameters (i.e.
intensity, polarization, timing and brightness). In essence we describe a state of
the art arrangement comprising the most advanced techniques currently available
in a number of different areas of the field. Many of these methods are tried and
tested; a few are not. Also, the conjunction of all the techniques described here
has not been attempted before.
This necessarily introduces an element of uncertainty into the proposition.
However, this is intrinsic to the very nature of a research project, and enough
understanding of the systems described below exists to allow a high level of
confidence in the proposed methodology. Table (1) lists the sequence of events
leading to the production of the dense Ps gas. The various numbers quoted are
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based on published data wherever possible. The relevant references may be found
in the text.

1.

INTRODUCTION

The phenomenon of BEC has emerged in the last decade or so as a highly
multidisciplinary area of both theoretical and experimental physics [2]. BEC
occurs when an ensemble of low temperature bosons interact such that a
macroscopic fraction undergoes a phase transition and collapse into a single, lowlying (ground) state [3]. This can take place with any bosonic composite,
including condensed matter systems, atomic nuclei, elementary particles and
matter in astrophysical phenomena such as neutron stars [2]. Research interests
connected with BEC are therefore correspondingly varied, ranging from
superfluidity to superconductivity, from nuclear physics to astrophysics and even
to grand unification ideas, via the concept of symmetry breaking from the Higgs
boson in the guise of a top quark condensate [4].
Experimentally, the quest to produce condensates from metastable, dilute,
neutral gases of spin aligned Alkali atoms and hydrogen atoms has driven the
field of atomic cooling and yielded a series of new techniques. The condensates
thus generated have themselves proved to be a rich source of information,
yielding previously inaccessible data concerning basic atomic scattering
mechanisms as well as advancing the theoretical understanding of the BEC
phenomena.
This paper is concerned with the production of Ps BEC, which is of interest for
a number of reasons. As a purely leptonic system Ps has, over the years, acted as
the workhorse of QED theory, yet surprisingly little is known of this fundamental
system aside from the single atom physics. Because of the intrinsic instability of a
matter-antimatter system of this nature, and the relative difficulty of producing
low energy positrons in large quantities, there has been virtually no investigation
of dense interacting Ps gases. The experiment we propose would be the first
serious attempt to rectify this situation, utilizing the BEC phenomenon. By so
doing one would, of course, be able to study a matter-antimatter condensate for
the first time, which would also further our understanding of BEC physics. Issues
like the correlation of the BEC lifetime to the Ps lifetime, the effect of impurities
and confining surfaces on the condensate, the Ps scattering length and cross
sections and the formation of the
molecule would all be important factors in
the experiment we propose, and measurements of associated parameters would
become possible for the first time.
The creation, storage, manipulation and study of this new “extra-ordinary”
material will require the synthesis of many state of the art techniques of atomic,
solid state and antimatter physics and would necessarily require the creation of a
next generation positron facility. All of the elements exist today but have never
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been combined in the way we propose, although there is no intrinsic
incompatibility between these technologies. In addition to the Ps BEC work we
are proposing, such a facility would be capable of extensive, cutting edge
research in a number of areas, and would represent a significant advance in the
field of experimental antimatter physics.

2. CRITERION FOR PS BEC
The fundamental condition required for a quantum gas to exhibit Bose-Einstein
condensation is that the single particle reduced de Broglie wavelength be comparable
to or greater than the average interparticle spacing. In terms of density n (= N/V,
where N is the number of positronium atoms and V is the volume of the confining
cavity) and temperature T, a more considered analysis based on the principles of
statistical mechanics and the density of excited states in a dilute gas [5] gives,

Here m is the positronium mass and all other undefined symbols have the usual
meanings. It is the relatively small Ps mass that makes the critical BEC temperature
much higher than would be the case for a hydrogen or alkali metal condensate. Thus,
for a condensate of around
atoms confined in a volume of
the
transition temperature is ~ 200K (see figure 1). As discussed in the following, these
parameters are all thought to be achievable.
Confinement will be achieved in a microscopic cavity in a solid state material
(sapphire) located very near the surface. A highly focussed, keV, pulsed beam of
positrons will impinge on the surface and be transported to and injected into the
cavity.
Because heat evolves from the impact of the positron beam on the target, attaining
condensation requires that the characteristic transition temperature for our system be
greater than the expected temperature of the cavity walls during condensation. After
the Ps is formed in the target cavity and following decay of the short lived
component only the long-lived (142 ns) triplet state will remain. It is only for this Ps
state that the kinetics of cooling in a solid state cavity will allow a condensate to
form. In order to avoid spin exchange quenching to the short-lived singlet state (125
ps) it is essential that the primary positron beam be polarized. In that case the
positrons populate only one spin projection and the subsequent triplet Ps atoms are
spin aligned. Then the (spin aligned triplet) positronium atoms are expected to cool
to the transition temperature in the cavity in nanosecond time scales via phonon
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emission from collisions with the cavity walls, after which the condensate will
spontaneously form.

3.

ELEMENTS OF THE PROJECT

The positron source envisaged for this work is the emitter
This isotope has
a 9.96 minute half life and may be efficiently produced in a relatively small, lowenergy, accelerator by deuteron irradiation, via the well known reaction
[6]. Integrating the thick target cross sections for this reaction, (convoluted with the
energy loss profile) in a stopping target predicts a total yield of
for an
incident beam at 3MeV [7]. Thus, taking some typical parameters we see that a 3
MeV,
electrostatic accelerator should be able to create around 3.65 Ci of
Assuming continuous production and noting that the branching ratio for positron
production is 100%, this corresponds to a primary (unmoderated) positron “flux” of
inside the carbon target. Such activities are not available from
commercially obtainable (and longer-lived) positron sources such as
or
Low energy positron beams have been produced by this method before [8] and
been shown to be viable. Previous schemes in which
has been used as the source
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of positrons in a slow beam have used emissions directly from the carbon target,
usually moderating them with a tungsten foil. However, for this work the brightness
of the beam is of crucial importance and it is therefore desirable to extract the
radioactive isotope and condense it onto a small spot. This also makes it easier to use
delicate moderators (such as rare gas moderators) which cannot survive in the harsh
environment of the deuteron target region.
Some work has already been done in this field, associated with the production of
radioactive ion beams [9]. These are considered mainly in connection with the study
of astrophysically interesting nuclear reactions, including,
and clearly
require extraction of the radioactive isotope in question. This is achieved essentially
by allowing the target, which is porous, to be heated by the incident beam. In the
work previously referred to it was found that the optimum temperature for extraction
was around 2000K, which, with 1.5 kW on target, may be achieved simply by
controlling the flow rate of the target cooling water (using a target similar to that
envisaged for this work). The researchers of reference [9] tried various target
geometries and found the “rear cooled disk” type to be the most effective, with
extraction efficiencies of around 80%. The final target would take note of the
essential features of this arrangement, but may require modifications to be
compatible with our system.
It should be possible to achieve very small spot sizes by freezing the gas onto a
fine tip, but this does raise some difficulties that must be experimentally investigated.
This aspect of the project is entirely original (in deed if not in thought) and several
configurations are possible. We should point out here that, with a much more intense
source it will probably not be necessary to extract the gas. Extra intensity would
allow achievement of the required brightness by additional remoderation, while still
providing more than adequate flux. We estimate an overall collection of 40% using
the small tip method and the activity in the moderator region would then be
The final step leading to the production of the beam is to condense the
in the
vicinity of a layer of carefully prepared solid argon, which acts as a moderator of the
fast
There are a number of moderator types in use [10]; the solid rare gas classes
are the most efficient known [11]. These moderators rely on the fact that the average
positron energy loss per collision in these materials is low (only about 6 meV for Ne,
[10]) so that the time taken to thermalise is long and they are able to escape as “hot”
positrons (that is, they are not completely thermalized).
The moderator described here is based on the specific procedure practiced by
Canter et al [12] at Brandeis University in which efficiencies of around 0.1% are
routinely obtained (defined as the conversion ratio of fast to slow positrons). If the
is frozen onto a small tip the beam would be significantly be brighter than the
system of Canter and co-workers (in which a relatively large
source is used,
with the rest of the system being very similar to that proposed here). Their
arrangement has a ~ micron beam spot following remoderation, which is similar to
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that required here. With this moderator (but no absorber, see below) one could
expect
in the primary slow beam.
A crucial element of this project is the cooling of the final cavity trapped
positronium. This is discussed further below, but implicit in that discussion is the
required long lifetime of the positronium. The triplet positronium ground state has a
mean lifetime more than three orders of magnitude greater than that of the singlet
ground state, so to facilitate the cooling it is obviously advantageous to use a gas of
triplet positronium. Degeneracy arguments imply that the ratio of singlet to triplet
positronium produced is 1:3 so in order to obtain a purely triplet gas one need only
wait for the short lived singlet component to decay. Unfortunately, as elucidated in
detail by Platzmann and Mills, electron exchange between two unaligned triplet
atoms during collisions leads to rapid quenching, converting the triplet gas to a
singlet gas. This would be disastrous to our scheme and it is essential that this
problem be effectively resolved. The solution lies in the use of a spin polarized
incident positron beam. This results in an aligned triplet gas in which such electron
exchange quenching is prevented by angular momentum combination laws.
The production of a polarized positron beam is, in principle at least, a trivial task
given that the non-conservation of parity in beta decays leads to the emission of
positrons with spins in the direction of their momenta. In fact, the V-A theory [13]
predicts that
particles emitted from the radioactive decay of isotopes are
longitudinally polarized with a helicity of v/c, where v is the particle velocity and c is
the speed of light. Thus, if the higher energy part of the spectrum can be utilized, the
polarization will be increased, provided the selection procedure does not introduce
excessive depolarization. This can be achieved by the use of absorbers, which
remove low energy, and large angle source particles (both of which have low
helicity) from the ensemble that undergoes moderation. The pioneering work in this
field was performed by the Michigan group [14]. In their work it was found [15] that
the depolarization caused by this arrangement is essentially independent of the
atomic number, Z, of the moderator but does depend on that of the absorber, and thus
Be (Z=4) is the preferred material for the latter. By increasing the thickness of such
absorbers the polarization may be increased, but at the cost of intensity.
Typical beam polarization levels obtained in this way are of the order of 50%,
using a
source and a
Be absorber. This incurs a reduction in flux of
around a factor of 5. Using thicker absorbers, they have been able to achieve
polarization levels of ~70%. The end point energy of the source has a great impact
on the mechanics of manipulating the beta spectrum sampled by the moderator. It has
been calculated15 that, for a Be absorber, the optimization between eliminating the
lower energy component of the spectrum and the depolarization induced by
increasing absorber thickness yields an ideal thickness of
The highest
intensity beam associated with such an absorber would be obtained using a source
with an end point energy of ~ 1 MeV.
has an end point energy of 1.2 MeV, and a
polarization of 70% could be expected from such an arrangement with a loss in flux
of a factor of 10 or so, giving us a slow polarized beam of around
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Because the quenching mechanism mentioned above could so drastically inhibit
formation of the BEC, it would be essential to construct a polarimeter [ 16] to ensure
that the initially polarized beam does not become depolarized somewhere in the
system.
Since the final Ps density in the cavity is a crucial factor in this work it would be
necessary to accumulate and then pulse the incident positron beam, so as to obtain an
increased instantaneous flux. The most efficient method of creating an intense
positron pulse from a steady state beam is to accumulate particles in a trap and
quickly release them at set time intervals. The most effective accumulation technique
for positrons to date has been developed by Surko and co-workers over the last
decade and uses the “buffer gas method” [17]. Catching rates of up to 30% of the
incident beam have been achieved. The basic principle of these accumulators is as
follows: Using differential pumping and an appropriately designed electrode
arrangement, three distinct regions of the accumulator are defined. In each of these
regions there is an axial magnetic field (around 0.1 T) and a different potential and
buffer gas pressure, where is used as the buffer gas.
Positrons at around 40 eV enter the first region
and lose energy
through inelastic collisions with the gas molecules. In order to prevent the positrons
from diffusing across the magnetic field lines in the high pressure region the
potential structure is such that they rapidly enter the lower pressure regions
and
but cannot return to the first region [18]. Using a 70 mCi
source Surko et al [19] have managed to accumulate
positrons in a three
minute cycle.
Having collected the positrons in the accumulator it then becomes necessary to
form the required 5ns pulse. (Since the condensate must be formed and cooled on a
time scale of a few hundred nanoseconds (i.e. a few lifetimes for the triplet Ps state)
the beam has to be bunched into a width that is short compared to this: 5ns is an
arbitrary choice). This is most effectively achieved by rapidly pulsing a harmonic
potential across the spatial extent of the plasma in the accumulator.
An interesting aspect of this method is that the use of the buffer gas to cool the
positrons has the bonus of reducing the phase space, and hence increasing the beam
brightness. The exact reduction obtainable will depend on the specific accumulator
parameters. A pulse brightness per volt of
has been reported
[20], which is similar to that obtained from a two-stage remoderation process [10].
This method involves less reduction in flux than is incurred by remoderation and, if
such brightness could be obtained, remoderation might prove to be superfluous.
The intense, polarized, pulse delivered from the accumulation stage must be
spatially matched to the positronium confinement cavity before impacting on the
target. That is, the beam must be focussed to a micron diameter beam spot. It will be
necessary to confirm the phase space compression arising from our accumulator
arrangement, which will not necessarily be identical to those of other researchers.
Should it prove to be insufficient, a remoderation stage would have to be
incorporated [21].
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It is not generally desirable to pass a beam through apertures defining the required
diameter and divergence, given that the perennial obstacle to positron experiments is
one of flux, and Liouville’s theorem makes phase space compression (or brightness
enhancement) impossible by simple focussing. However, the energy loss
mechanisms of positrons in moderators are non-conservative, and remoderation is
the basis of the brightness enhancement technique. Typical efficiencies of
remoderation stages in use are in the 10-20% range [22]. This compares well to
efficiencies of
or so for primary moderation in similar materials.
By considering some typical values (obtained from the Brandeis system) we
estimate the expected brightness of the system described here. We exclude the
accumulator effects, which can only increase the brightness, to facilitate comparison
of our system with other systems, and with the accumulator itself. We take the
primary beam from the argon moderator as
and the gas to be frozen onto
a small tip, producing a 1 mm diameter source spot. Then we can obtain a brightness
after remoderation using the fact that the enhancement factor is ~ 500 and the
transverse energy from an argon moderator is
giving [23]
Note that this is for an exceptional system. A more typical system,
which was less intense and originated from a much larger source spot, would be less
bright than a pulse from the accumulator. Indeed, if the intensity is scaled, the
brightness due to the accumulator abne exceeds that of the high brightness system
described here. Since the Brandeis system already produces micron-sized beams it is
obvious that this system should have little difficulty achieving the required spatial
characteristics.
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After the incident positron pulse impacts on the target crystal a variety of energy
loss mechanisms take place [10]. We need not consider these processes in detail
here; it is sufficient to note that at the end of these very fast (sub-picosecond) events
a large number of high energy phonons are produced. It is the dynamical properties
of these phonons that determine the heat transport characteristics on short time scales
[24]. By removing energy from the immediate deposition region, phonon transport
reduces the instantaneous temperature rise. By calculating the mean free path of such
phonons we have determined the target region temperature as a function of the
positron flux for silicon, as shown in figure 2.
We find that the envisaged
pulse will heat the Si, initially at 15 K. to a
temperature of ~50K, which is below the expected BEC transition temperature for
the
in the
cavity (i.e. 200K or so). Therefore, we do not expect
target heating to cause any difficulties in this scheme.
The design of the target is then made rather simple. The only important
parameters are the cavity volume, the orientation of the major axis and the depth of
the cavity. Clearly the quality of the crystal is also important, but given that we have
some scope for choice in materials we assume pure samples. The fabrication of such
a structure could be easily achieved by lithography procedures or by using ionmilling techniques [25].
As the positrons enter the target they will quickly thermalize and begin to diffuse.
Although the formation of positronium in the bulk of semiconductors and metals is
forbidden [26] these materials are nevertheless known to emit positronium into
vacuum with high efficiencies [27] following bombardment with a monoenergetic
positron beam. Positronium may also be formed in the bulk of insulating materials
[28] and may, due to a negative Ps work function, [29] diffuse to the surface and be
emitted into the vacuum. [30] We shall again restrict our discussion here to Si for
convenience. By implanting the positron beam in the target in such a way that the
distance to the cavity is shorter than the diffusion length we may ensure that
approximately 50% of the positrons will interact with the target/cavity interface. In
Si the positron diffusion length is approximately 2000 Å. Although Si has a positive
positron work function (thought to be around 2 eV [31]) positrons in the surface
region may escape with quite high (around 50%) probability by the formation of free
positronium27 [27]. Thus, we may expect approximately 25% of the incident
positrons to end up in the cavity as eV positronium.
Collisions of the Ps gas with the cavity walls will lead to cooling. If we consider
the case of thermal Ps (at, say, 0.1 eV) colliding elastically with the cavity walls we
have, along the smallest dimension of the cavity (i.e. x = 1000 Å) the collision rate,

With each elastic collision, there is a finite probability of an inelastic event in
which energy may be lost, primarily via the emission of a surface phonon. Although
it is difficult to be exact regarding such processes, it is possible to make some
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estimates. As with positrons, a simple one-particle Ps potential describes many of the
important interactions with the wall. At large distances, Ps experiences a
Van der
Waals potential [32]. At shorter distances (~ Å) the potential is cut off by some
complicated many body couplings to electrons in the solid. Then the simple singleparticle potential becomes repulsive, rising to match the Ps negative work function
[29]. Also, other channels in the potential, representing dissociation, annihilation and
other processes become important32. At ~ 0.1 eV a Ps atom with energy E behaves, to
a good approximation [33], like a classical particle, simply bouncing specularly from
the wall. It will occasionally excite phonons, thereby losing energy. For an inelastic
event with momentum transfer
for 0.1 eV) the probability
of phonon emission is approximately
[34], where,
is the mean
surface displacement of a surface atom due to a thermally excited phonon mode and
the quantity C is a “fudge factor”, meant to take account of those processes not
considered in this discussion. For the sub eV Ps we are considering this will be close
to unity, but in order to make a conservative estimate of the cooling rate we shall
take it to be 0.5. Also, for a solid with a lattice constant b (5.43 Å for Si) and a
Debye frequency
b

Using the above expressions
we find P~1/50. A typical phonon
frequency emitted in the surface scattering process described here is
The phonon velocity is around
and so we find
which
corresponds to a temperature of around 20 K. Thus, with the estimated collision
frequency and concurrent probability for phonon emission, we would expect the
positronium temperature to be reduced by 20 K or so every
This
cooling rate (down to the ambient crystal temperature) is more than adequate for the
experiment given the relevant time scales, as long as the quenching mechanisms
described above are suppressed.
There are other potentially troublesome mechanisms of which we should remain
mindful. For example, the principal reason why we choose an insulator instead of a
metal as the target is that the walls of the cavity must not contain unpaired spins.
This would facilitate an electron exchange process, which would occur with a high
frequency and would rapidly quench that triplet Ps gas. If the wall is insulating (that
is to say the electron spins are all paired) the exchange scattering process requires
additional energy and is therefore suppressed. There are also some negligible
relativistic effects1.
Having created Ps BEC, it then becomes necessary to observe it [35]. The
momentum distribution is one of the qualities that directly reflects the presence of a
Bose condensate, and specifically in the case of positronium represents the best hope
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for qualitative analysis. Our goal, therefore, is to measure a high-resolution
momentum profile of the Ps condensate.
The detection scheme we feel would offer the highest resolution and count rates
involves an optical transition of the triplet states. For a cold condensate the
momentum profile may be measured using a variation of the technique of twophoton, Doppler free spectroscopy [36].
When a moving atom interacts with a photon the frequency of the light is Doppler
shifted by an amount k.v, where k is the wavevector of the light and v is the velocity
of the atom. If the direction of propagation is reversed the first order [37] Doppler
shift is also reversed. So, a two-photon transition can occur between the
and
states of our condensate in the standing wave of a laser field, tuned to half of
the transition frequency. Such a field is contrived by reflecting a laser beam back on
itself from a mirror to produce two counter-propagating beams, as has been done in
experiments on atomic hydrogen [38] as well as hydrogen BEC [39]. In order for the
two-photon absorption to occur certain selection rules must be observed [40], which
in the case of the transition in question are simply
and
This means
that, if circularly polarized light is used, excitation to the 2S state by two copropagating photons does not conserve angular momentum and is therefore
forbidden. However, if a configuration is used in which the counter-propagating
beams have opposite angular momentum vectors [41] the transition may take place.
In the case of a trapped Ps condensate a variant of this process may be used to
excite the aligned triplet states to the 2
state, which has a lifetime against
annihilation of
[42]. The energy interval between these states is close to 243
nm
which means that two photons of 486 nm are required to make
the transition. The great advantage of this type of spectroscopy is that all of the
atoms in the laser field iray undergo transitions, which generally increases count
rates. In this work, however, it is the Doppler spread, and hence the momentum
profile, that we wish to measure. If we excite all atoms, irrespective of their
momenta, we will clearly learn nothing about that same momentum distribution. The
solution is to use beams that are not quite counter-propagating. This is easily
achieved by mounting the reflecting mirror on a step servo, allowing for an arbitrary
angle between the beams. Then the width of the Doppler broadened line increases
from zero (fully counter-propagating photons) to the maximum value associated with
co-propagating photons. This allows us to define the resolution of our system, with
no fundamental limit outside of experimental considerations.
It is clear that there is no obstacle towards measuring momentum profiles in this
way with sufficient accuracy to unambiguously identify the onset of the BEC
transition.
An important consideration for this scheme is the laser intensity required to
approach saturation of the transition. We consider the case for the Doppler free
transition while keeping in mind that we will lose some signal when defining the
system resolution. The interaction of radiation with atomic systems has been
extensively studied [43] and the case of two photon interactions with hydrogen is a
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very well known system [44]. Several authors have calculated the two-photon
excitation cross section of hydrogen [45] using time dependent perturbation theory in
the non-relativistic dipole approximation. Similarly, the two photon transition
probability for hydrogen has been calculated using essentially the same perturbation
theory [46]. Using scaling laws developed by Madsen and Lambropoulos [47] we
have calculated the two photon transition probability for Ps for a given laser intensity
applied in a square pulse of duration T seconds. We find that, at the
resonant frequency,

Then, if we assume a 50 ns pulse, a laser intensity of around
would be
required to saturate the tansition (neglecting 1S decays during the pulse, which
constitute only ~ 10%). Thus, a relatively low power CW laser can be focussed down
to form the required beam. The laser field will also cause photo- ionization of the 2S
atoms. The cross section for photo-ionization of 2S Ps by 486 nm radiation has been
calculated by Fee et al [28] who obtained
If we represent the
photon flux (that is, the number of photons per square centimeter per second) as

(I is the intensity in

) we may write the probability of ionization per atom as,

Here T is again representative of a 50 ns square pulse with negligible rise time. It
is clear then that the laser intensity required to saturate the excitation also saturates
the single photon ionization. Also, the ionization time is ~ five times faster than the
excitation time at the quoted laser intensity; which is much shorter than the lifetime
and so we expect at least half of all atoms in the laser field to contribute to the final
signal [48]. Therefore, the observation of the excited state atoms is easily achieved
simply by looking for 511 keV annihilation photons following the laser pulse.
We note that this detection scheme cannot be used with a silicon target since it
will not be transparent to the laser. For the final experiments it will be necessary to
use another material that is not only transparent but satisfies the other required
properties, namely that the phonon transport and positronium formation fractions are
similar to those outlined for the Si example. Indeed, the silicon case should be
viewed as a template, describing most of the salient features required in our target
material. However, using Si as a diagnostic material in the initial stages seems
prudent since it is very well understood, and inexpensive high quality samples are
readily available. There are many possibilities for a target material and the final
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selection should be made following experimental investigations. For example,
sapphire is expected to have positronium formation [49] and phonon transport [SO]
characteristics that fall within the range of the Si case, and is also transparent to 486
nm light.

4.

CONCLUDING REMARKS

In this article we have outlined the major obstacles envisioned in the quest to
produce positronium BEC. In many cases we have been fortunate enough to benefit
from conversations with those who have pioneered the techniques we describe. We
consider this to be a great advantage to this proposed experiment, and the subsequent
work associated with it. The elements described in the preceding section constitute a
research effort and are thus liable to evolve as work progresses. During this process
it is evident that opportunities would arise for supplementary research projects.
Indeed, it would be difficult to proceed through the various schemes without learning
a great deal. For example, it seems obvious that work would be possible concerning
new hyperfine measurements, polarized beam development, anomalous magnetic
moment experiments, brightness enhancement in accumulators, spin microscopy of
magnetic crystals and even gamma-ray lasers, to name but a few possibilities. The
physics of 2 component plasmas is likewise an interesting topic of research that
could benefit from the existence of high-density positron plasmas, as will be present
in our accumulator. Also, it should be possible to conduct hitherto impossible studies
of the formation and dynamics of
molecules. This wide scope for research makes
this project particularly exciting.
Note added in Proof: The spin aligned triplet Ps-Ps scattering length has recently
been calculated by Ivanov, Mitroy and Varga (Submitted to PRL, April 2001). Their
result, thought to be accurate to ~5% is
This is encouraging news for
experimenters wishing to create Ps BEC since, until this time, it was not known for
sure whether the sign of the scattering length was even positive. Clearly, a negative
scattering length precludes the existence of Ps BEC.
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Abstract

The current status of the experimental study of the cooling of positronium
in porous material is reviewed. The cooling and quenching rates of the
positronium in a cavity are estimated. The process of mutual quenching of
the sub-states of ortho-positronium is also discussed. A possible method
for the detection of positronium BEC is suggested.

1.

INTRODUCTION

Positronium (Ps) is the hydrogen-like atom consisting of an electron
and a positron. The ground state of Ps is composed of triplet states of total
spin one and a singlet state of total spin zero:

where |SM> denotes the state with total spin S and the projection of the
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spin onto a direction M, the arrow
indicates a spin up (down)
electron, and
indicates a spin up (down) positron. The triplet state,
ortho-positronium (ortho-Ps), has a mean lifetime of 142ns, while the
singlet state, para-positronium (para-Ps), is much shorter lived at 125ps.
Ps atoms in a cavity or in a free space between the powder or
aerogel grains are thermalized through the creation of phonons on collision
with the grain surfaces. The thermalization process is analyzed in the
studies of Ps-gas interactions [1-3] and the precision measurement of
ortho-Ps lifetime [4]. The thermalization of Ps is important for the
realization of the Bose-Einstein condensate (BEC) of Ps [5,6] because, if
we cool the Ps atoms, it is easier to satisfy the BEC condition

where
is the temperature of the system of Ps and
is the Ps density.
In the next section we review the current knowledge of positronium
cooling in porous materials. The Ps quenching rate in the cavity is
discussed in section 3 and the process of mutual quenching of Ps in section
4. In section 5, a method for the detection of Ps BEC is proposed.

2.

COOLING OF POSITRONIUM

Several authors [1-2,7-14] have studied the thermalization and
cooling of Ps in aggregates of silica grains, as summarized in table 1.
The rate of cooling depends on the mean free distance, L, for
collisions of the Ps with the surfaces. If we assume that the grains in the
aggregate are distributed uniformly, L is estimated as [1]

where
is the density of the grain material,
is the density of the
aggregate and R is the mean radius of the grains. For a cavity of volume
V, L is roughly estimated as
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The thermalization and cooling of Ps is most clearly investigated with
time-selected energy measurements [7,8]. The slow thermalization rate of
Ps in the free space between the grains was demonstrated by Chang et al
[7] with time selected energy spectroscopy (TSES). Using a sample of
silica aerogel with
they observed that the mean energy of the Ps
fell to below 0.1 eV in 20ns, and that full thermalization took more than
50ns.
Time selected angular correlation of annihilation radiation
(TSACAR) measurements were performed by Takada et al [8] with a
pressed silica pellet sample of
In this study, the mean energy of
the Ps fell to about 0.1 eV in 10ns. The results obtained by these authors
[7,8] are shown in figure 1.
If we assume, instead of analyzing the Ps-phonon scattering, simple
classical elastic collisions of Ps with one or a few atoms in the grain [7,15]
and that the energy loss per collision is given by a linear function of Ps
energy E(t), as
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then E(t) follows the differential equation

where
is the Ps mass, M is the mass of the group of atoms with which
the Ps collides,
the velocity of Ps,
the Boltzmann constant. Its
solution is

with

This model gives a reasonable fit to the data. The solid line in figure 1 is
the least squares fit to the data of TSACAR.
Use of a cavity of dimensions
is suggested for the
Ps-BEC experiment [5,6]. Using equation (4), L is estimated to be
~500nm for this cavity. The dotted line in figure 1 shows the prediction of
(7) for L=500nm and T=300K with E(t=5ns) = 0.2eV and M=70u taken
from [7]. Thermalization is very slow, taking about 100ns for E(t) to fall
from 0.2eV to 0.1 eV. Platzman and Mills have given a different estimate
for a cavity in a silicon single crystal [5].
There is evidence that the cooling of Ps atoms at low temperatures
does not scale as (7) predicts. For example, the ortho-para conversion rate
of Ps in the presence of the same amount of paramagnetic centers on the
grain surfaces shows no temperature dependence between 30K and 100K
[9,10]. As the ortho-para conversion rate is proportional to the velocity of
Ps, this indicates that the Ps is not in thermal equilibrium with the
environment.
Similar results are reported in the study of the annihilation rate of Ps
in an aggregate of silica grains of L=45nm [11]. The annihilation rate at
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4.5K was measured to be
room temperature,

only slightly less than the rate at
If we assume that it is due to non-

thermalization of Ps, the effective temperature of the Ps,

at 4.5K is

estimated as
This is
substantially greater than the actual temperature of 4.5K. Ps-TOF
experiments by Mills et al [12] also showed slow cooling rates in
aggregates of silica grains.
A smaller cavity may have to be considered for Ps BEC, since
simply providing a cold cavity is not effective for Ps cooling. When L is
as small as 10nm, even para-Ps can lose a portion of its kinetic energy
before the annihilation [1]. Dauwe et al demonstrated that, if L=14nm, Ps
atoms thermalized to 77K [13,14].
The energy loss of Ps is significant when it collides with light atoms
or molecules [2,16]. Thus the introduction of He or
gas into the cavity
will be helpful for Ps cooling.
If one tries to cool Ps to satisfy the BEC condition (2), an additional
requirement for the “thermalization rate”,

should be taken into account. Here
is the total annihilation rate of the
fully spin aligned ortho-Ps atoms. This is because the number of ortho-Ps,
decreases at a rate
and
must decrease faster than the
decrease of

3.

QUENCHING OF Ps IN A CAVITY

In this section we discuss the quenching
annihilation) of orthoPs in a cavity. The total annihilation rate is the sum of the rates of the selfannihilation
the Ps-Ps mutual pick-off
the Ps-Ps mutual
spin conversion

the pick-off on the wall

and the spin

conversion by paramagnetic centers which may be created on the cavity
walls
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This is valid for the case where the rates are much smaller than the selfannihilation rate of para-Ps so that we may neglect the spin conversion of
para-Ps back to ortho-Ps. It should also be noted that the individual rates,
except for
and hence
are time dependent for two reasons. First,
they depend on the velocity of the ortho-Ps atoms which are in the course
of thermalization and, second, they depend on the population densities of
the three sub-states of ortho-Ps, which themselves change through the
processes discussed below.
The rate of the self-annihilation into
is measured to be [4]

An example of the mutual pick-off annihilation process is

where two Ps atoms collide and annihilate into
leaving a separated
positron and an electron. The order of magnitude of the rate averaged over
similar reactions,
may be estimated from the pick-off rate of orthoPs on collision with molecules, which is usually expressed in terms of
the effective number of electrons per molecule for the pick-off annihilation
[17]. If we express
in a similar way,

where n is the density of the Ps atoms, the classical electron radius, c
light velocity. The factor 2 comes from the mutuality of the process. If we
assume that
for the Ps-Ps pick-off annihilation is unity, and that
which is proposed for a Ps-BEC experiment [5,6], then
we get

108
Pick-off annihilation into
is negligibly small.
An example of the mutual spin-conversion reaction is

In this process the ortho-Ps atoms exchange electrons and convert into two
para-Ps atoms, each of which subsequently annihilates quickly into two
pairs of 511 keV rays. Estimating from the case for
reactions
[18,19], the rate for the spin conversion averaged over similar reactions,
is probably much greater than
[20]. It is expressed as

where
is the spin-conversion or electron exchange quenching cross
section and is the relative speed of the colliding ortho-Ps atoms. The
cross section,
may be estimated from that for the
spin
conversion [18,19], for which two spin exchange processes are reported.
One process is inelastic; if the Ps has kinetic energy higher than leV, it
excites the oxygen molecule to an excited state and becomes para-Ps. The
other is elastic; the oxygen molecule is left in the ground state. The cross
section for the inelastic process and that for the elastic process are
and
respectively [18,19]. The reason for the
difference is not known. If we assume that
is
and a
velocity corresponding to 0.1 eV, then we get

The rate

for the quenching of Ps on collision with the walls of

the cavity is inversely proportional to L. It has been reported that the rate
for pick-off annihilation on the silica surface is
for
[1].
Therefore when Ps atoms are in a cavity where L is 500nm,
is
estimated to be
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If spin singlet or paramagnetic centers exist on the cavity walls,
then these will convert the ortho-Ps into para-Ps [9,10,21-23]. Assuming
that there is one paramagnetic center per area
of
and that
the cross section of the conversion for a single center,
is
we
get

where is the velocity of Ps. From equations (10)-(19), we obtain the
rate for the the initial ensemble of partially spin aligned ortho-Ps as

This indicates that the initial ensemble is quickly converted into a fully
polarized one in a time range of 1ns.
For fully polarized Ps atoms, which do not undergo the mutual spin
conversion, the annihilation rate will be

This corresponds to a mean lifetime of about 110ns.

4.

MUTUAL QUENCHING OF Ps

We now look into the mutual pick-off quenching of ortho-Ps atoms
in more detail. The spin polarization, P, of a positron beam is defined as

where
and
are the numbers of the positrons whose spins are
parallel to (up) or opposite to (down) the incident direction of the beam,
respectively.
The fraction of up-spin
and down-spin
positrons can be
written as

110

with

and the fractions

The polarization, P, is expressed as

and

are, in turn, expressed as

If we shoot the material with an ensemble of positrons with spin
polarization P, then we expect to get the following fractional populations
of Ps.

The fractions of ortho-Ps,

and para-Ps,

are

and

which are in the ratio 3 to 1, as is expected. The distribution among the
sub-states of ortho-Ps is dependent on the polarization.
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Following the initial fast annihilation of the para-Ps atoms, mutual
quenching of the ortho-Ps becomes dominant. The collision of |11> and
|11>, and that of |1-1> and |1-1> do not affect their populations, since, for
example,

where D is the amplitude for the direct interaction and E is that for the
exchange interaction [24]. The collision of |11> and |10> reduces the
population of |10> but maintains that of |11 >.

Similarly, the collisions |10>.|1-1> and |1-1>.|1-1> retain the population of
|1-1>. The collision of |10> and |10> creates |11> and | 1-1> in pairs.

Only the collision of |11> and |1-1> quenches |11> and |1-1> through the
electron exchange process.

The net effect of these collisions are summarized as follows:
(i) The |11> and |1-1> are mutually quenched through (32) till the less
populated of the two states vanishes.
(ii) All the other collisions retain the populations of the |11> and |1-1> or
increase them by the same amount, but reduce the population of the |10>.
(iii) The |10> vanishes through the collisions of (30) and (31).
When P > 0, the ensemble eventually becomes that of |11> only.
The number of |11> sub-state of ortho-Ps atoms that ultimately remains,
neglecting self-annihilation and quenching through collisions
with the cavity walls, is
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where

is the initial number of ortho-Ps atoms.

This simple

relationship tells us that it is important to use a positron beam of large P in
order to make efficiently an ensemble of fully spin aligned ortho-Ps for
BEC experiments. Increasing P by cutting the low energy positrons may
not be effective as is usually believed. For example, the loss of 50% of the
initial positrons pays only if P is increased by a factor greater than 2.

5. DETECTION OF BEC
The discussion in the previous sections show that the ensemble of
ortho-Ps atoms polarizes quickly through mutual spin conversion, or more
precisely, electron exchange followed by quick annihilation of the para-Ps
produced. After the depletion of virtually all of the ortho-Ps atoms, except
those in the |11> sub-state, this remainder annihilates with the mean
lifetime of
The Ps atoms also undergo a
thermalization process during this time.
When these Ps atoms form BEC, it may be detected through sudden
changes in
and
This is expected because the interactions of
the BEC-Ps wave function with the atoms in the cavity walls must be
reduced from those of the thermal Ps. In the time range where only the
|11> ortho-Ps atoms remain, only the pick-off and the conversion
quenching on the walls are responsible for the
annihilation. The
component, thus, diminishes if the condensation occurs. It may cause only
a slight decrease in the total annihilation rate,
It is, however, possible
to detect the changes directly by measuring the intensity of the
annihilation as a function of time. In fact, this is the method used to
correct for the
contribution in a recent precision measurement of the
intrinsic ortho-Ps lifetime [4]. It is also possible to obtain the same
information by measuring the
coincidence counts with scintillation
detectors placed on the opposite sides of the BEC.
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CONCLUSION

The thermalization of Ps in a cavity is rather slow. A cavity of
typical diameter L <50nm may be necessary for the realization of Ps-BEC.
Introduction of He or in the cavity will help the thermalization process.
The quenching rates of the initial ortho-Ps and fully polarized ortho-Ps of a
density
in a cavity of
are estimated to be
and
respectively. The relationship between the number
of the fully polarized Ps atoms and that of the initial Ps atoms produced
from a positron beam of polarization, P, is

It is

suggested that Ps BEC may be detected by measuring the rate of the
events in a delayed time range.

References
[1] Y. Nagashima, M. Kakimoto, T. Hyodo, K. Fujiwara, A. Ichimura, T. Chang, J. Deng, T.
Akahane, T. Chiba, K. Suzuki, B. T. A. McKee, and A. T. Stewart, Phys. Rev. A, 52,
258 (1995).
[2] Y. Nagashima, T. Hyodo, K. Fujiwara, A. Ichimura, J. Phys. B, At. Mol. Opt. Phys.
(UK), 31, 329-39 (1998).
[3] M. Skalsey, J. J. Engbrecht, R. K. Bithell, R. S. Vallery, and D. W. Gidley, Phys. Rev.
Lett., 80, 3727-30 (1998).
[4] S. Asai, S. Orito, and N. Shinohara, Phys. Lett. B, 357, 475 (1995).
[5] P. M. Platzman and A. P. Mills, Jr., Phys.Rev.B 49 454 (1994).
[6] D. B. Cassidy and J. A. Golovchenko, in this volume.
[7] T. B. Chang, M. Xu, and X. Zeng, Phys. Lett. A, 126, 189 (1987).
[8] S. Takada, T. Iwata, K. Kawashima, H. Saito, Y. Nagashima, T. Hyodo, Radiat. Phys.
Chem. (UK), 58, 781-5 (2000).
[9] H. Saito and T. Hyodo, Phys. Rev. B, vol. 60, 11070 (1999).
[10] H. Saito, Ph.D thesis, University of Tokyo, (2000).
[11] R. F. Kiefl and D. R. Harshman, Phys. Lett. A, 98A, 447 (1983).
[12] A. P. Mills Jr, E. D. Shaw, R. J. Chichester, and D. M. Zuckerman, Phys. Rev. B, 40,
2045 (1989).
[13] C. Dauwe, B. Van Waeyenberge, D. Segers, T. Van Hoecke, and J. Kuriplach, Journal
of Radioanalytical and Nuclear Chemistry, 210, 293 (1996).
[14] C. Dauwe, T. Van Hoecke, and J. Kuriplach, in Condensed Matter Studies by Nuclear
Methods, proceedings of XXX Zakopane School of Physics, edited by K. Tomala and
E. A Goerlich, 1995, pp. 275.
[15] O. W. Ford, L. M. Sander, and T.A. Witten, Phys. Rev. Lett., 36, 1269-72, (1976).
[16] R. A. Fox and K. F. Canter, J. Phys. B (UK), 11, L255-8, (1978).

114
[17] Y. Nagashima et al, in this volume.
[18] M. Kakimoto, T. Hyodo, T. Chiba, T. Akahane, and T. B. Chang, J. Phys. B, 20, L10713, (1987).
[19] M. Kakimoto, T. Hyodo, and T. B. Chang, J. Phys. B, 23, 589-97, (1990).
[20] T. B. Chang, G. M. Yang, and T. Hyodo, Mat. Sci. Forum, 105-110, 1509, (1992), N.
Shinohara, N. Suzuki, T. B. Chang, and T. Hyodo, to be published in Phys. Rev. A.
[21] C. Dauwe, Mbungu-Tsumbu, Phys. Rev. B, 45, 9 (1992).
[22] C. Dauwe, G. Consolati, J. Phys. IV, Colloq. (France), 3, C4, 161 (1993).
[23] H. Saito, Y. Nagashima, T. Hyodo, and T. B. Chang, Phys. Rev. B, 52, R689 (1995).
[24] R. A. Ferrell, Phys. Rev. 110, 1355, (1958).

Chapter 8
NEW EXPERIMENTS WITH BRIGHT POSITRON
AND POSITRONIUM BEAMS

A. P. Mills, Jr. and P. M. Platzman
Bell Labs, Lucent Technologies, 600 Mountain Avenue, Murray Hill, NJ 07974 USA
apm@lucent.com
pmp@lucent.com

Abstract:

1.

After half a century of work studying the interaction of positrons with ordinary
matter, there remain several interesting fundamental questions that are uniquely
suitable for investigation using antimatter, and several instances where interesting
views of the world could be obtained using positrons. In this paper we examine the
possibilities for imaging single molecules with positrons and for looking at a
possible zero-temperature or quantum phase transition associated with the sticking
of slow positronium at a cold surface. We also discuss prospects for future
developments of LINAC positron beams using a rare gas moderator and for
detecting positronium molecules.

OVERVIEW

The field of positron physics includes several diagnostic techniques that have
become useful, although not widely acclaimed, in certain niches under the skilful
hands of some talented experimenters [1,2]. The positron is a strongly perturbing
probe in many cases, but after much work we have good theories of positron
interactions with matter and the computers necessary for calculations
corresponding to realistic experimental conditions are available. The successful
niches include areas such as defects in solids, plasma physics and surface physics
that are justified in their existence by good connections to other active fields of
science and technology. But for a lack of intensity, beams of low energy
positrons might join their cousins (photon, neutron and electron beams) as
valuable and unique probes of materials. The invention of brightness
enhancement and various proposals for new positron facilities including a nanoampere positron microprobe for the Stockpile Stewardship Program at the
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Lawrence Livermore National Laboratory, continue to cause dreams of a new era
in antimatter physics. In this contribution we examine some potentially
interesting experiments that would be fun to do some day.

2.

IMAGING OF SINGLE MOLECULES

Examining individual molecules at an atomic length scale is one of the most
challenging and interesting problems facing the physics community. X-rays,
which are now available in the form of microbeams, would seem to be a natural
candidate for such measurements, but the cross sections are much too small.
Electrons and positrons are other possible probes. Although there has been very
little thought given to positrons for imaging individual molecules, we believe
they have some definite advantages and would like to discuss a possible scenario.
The configuration we envisage is shown in Fig. 1. The molecules of interest
are to be deposited randomly, one roughly every fraction of a micron, onto an
appropriate metal foil having a negative affinity for positrons. Nickel would be a
good choice for
The Ni foil should be about
A thick. A few keV, focused
pulse of containing
positrons is incident on the area containing the
molecules of interest. As we know the positrons stop and rapidly slow down to
thermal energies. They then diffuse to the surface where roughly ten percent,
because the work function for Ni is negative, are remitted from the surface.

When there is no molecule on the surface, roughly one quarter of the
arriving at the surface rolls out from the solid emerging with the maximum
kinetic energy ( lev for Ni). At the temperature of interest, i.e. a few degrees
Kelvin, these
have a transverse coherence length of at least 100A. Another
quarter scatters inelastically by exciting electron hole pairs in the metal and
emerges from the solid with a broad spread of energies.
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When a molecule is present, the elastic laterally coherent beam of remitted
will be scattered from the atoms that make up that molecule. The resulting
speckle pattern can be displayed on a screen placed a few centimeters from the
foil. The speckle pattern will have all the information necessary to reconstruct,
with a bit of computation, the full 3D image of adsorbed molecule and whatever
else is on the surface in the roughly
spot illuminated by the
reemission
beam.
To see if any of this is realistic, we first need some estimates of count rates,
i.e. of the time necessary to accumulate a sufficient number of counts for image
reconstruction. A one eV
has a wave vector
i.e.
Experiments by Canter and co-workers [3] have demonstrated
that
phase shifts are large and fairly universal. This means that the
atomic elastic scattering cross sections at 1ev are at most
For a molecule containing
atoms, we need to measure the speckle
pattern at roughly
points with about one percent statistical accuracy. This
means we need about
total counts. The total geometric cross section of the
molecule
then implies that a pulse with a radius of
producing
elastically emitted cold 1 eV positrons will yield roughly one
scattered into the entire speckle pattern. If there are
pulses/sec we will
accumulate our
counts in
sec. This, of course, assumes we use an
efficient large solid angle detector.
While the time, the geometry, etc., all seem reasonable, we still have to
concern ourselves with the fact that the molecule may be destroyed before the
seconds has elapsed. Its well known that the cross section for lev
annihilation with the outer valence electrons is about
i.e. about
of
This means that each atom in the molecule would suffer about 10
annihilations in the course of the
seconds of intense bombardment. Under
normal circumstances this number of annihilations would completely destroy the
molecule. However, we believe that in this case it will not happen because of the
close proximity to the metal. A suddenly annihilated valence electron leaves us
in an electronically and vibrationally excited state of the molecule. If the
electronically created hole is in fact filled in a time short compared to some
vibration time,
second, of the molecule, then the molecule will not be
destroyed. More precisely we have returned back to the neutral molecule without
exciting many groundstate vibrational modes and the molecule remains intact.
We believe this is indeed what happens. Since the suddenly produced state is
clearly not an eigenstate, it will evolve in time. This means it will sample all
atomic locations in a time determined, roughly speaking, by the spread of
energies in the discrete set of valence levels near the last occupied ones. This
spread is probably volts, but surely no smaller than 0.1 eV which corresponds to
a cycle time of
to
sec.
When the hopping hole excitation gets close, perhaps 5 A, to the metal,
electrons from the metal will immediately tunnel in and heal the molecule. An
estimate of the tunnel time is obtained by noting that the attempt frequency of an
electron at the Fermi energy is roughly
The penetration under
a barrier a few eV high and 5 Å wide is perhaps
All this implies that
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the time to fill the hole is
to
sec, i.e. fast enough to keep the molecule
from being damaged. Of course, roughly the same mechanism exists for
electrons, x-rays, light, etc. A bulk piece of metal thus seems to prevent damage
to simple molecules of reasonable size on its surface. Of course it is possible that
the hole becomes localized, i.e. the molecule distorts and traps the hole
somewhere removed from the metal surface, but this too takes a vibration time.
In such cases we will see speckle patterns from the distorted molecule. It will be
interesting to see if this type of annealing actually works.

3.

QUANTUM STICKING

In the past decade, low-energy surface adsorption has been a subject of
renewed interest. The central issue remains to determine the behavior of the
sticking probability at low incident energies. Any classical description of
sticking, i.e. a ball rolling down hill with some dissipation, says the sticking
coefficient must be unity as the energy of the particle approaches zero. The
quantum description is completely different. When the de Broglie wavelength
of the particle is large compared to the characteristic length
of the surface
potential, the amplitude of a noninteracting particle's wavefunction at the surface
is proportional to
the component of the particle's momentum perpendicular to
the surface. Thus as
the particle reflects from the surface. This happens
even for rather smoothly varying surface potentials because of the wavelength
mismatch inherent in the E=0 limit.
This quantum reflection suppresses the sticking probability even assuming
there is a weak coupling to some inelastic channel (phonons, particle-hole pairs,
etc.). High-order virtual processes renormalize the wave function near the
surface, increase the effective mass of the particle, and generally enhance the
possibilities for sticking. However the sticking probability still goes to zero,
albeit more slowly than before, as
In fact, it has recently been suggested
that for a dimensionless coupling, to the inelastic channel, of order unity there is
a “phase transition” from perfect reflection to perfect sticking [4,5]. This phase
transition, if it exists, would be an extremely interesting example of a zerotemperature quantum critical point. Fluctuations near such a critical point, the
values of the critical exponents and the magnitude of the coupling constant are all
open questions. Needless to say it would be interesting to experimentally
investigate such questions. To do so it is necessary to find a simple physical
system with
and with strong coupling to low-energy inelastic
channels.
Carraro and Cole [6] show that quantum reflection may in fact cease for
certain long range attractive potentials and particle energies below a threshold
energy such that the WKB approximation holds, i.e. the adiabatic condition
holds. The elastic potential considered is
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where is a small distance cutoff at the surface. For
the adiabatic condition
is always satisfied and there is no quantum reflection, irrespective of the strength
of the potential. However, for
Carraro and Cole find that "as the incident
energy is lowered towards zero, quantum reflection will always set in, although
[the] energy threshold may be extremely small." Indeed, for ordinary atoms with
masses at least as great as that of atomic hydrogen, the threshold energy is less
than a few neV. However, the case of positronium seems to be qualitatively
different because of its small mass.
We now estimate using Carraro and Cole's formulae, the magnitude of the
energy threshold for positronium atoms incident upon a metal surface. The Pssurface van der Waals potential has the form of the above equation with
and
is roughly given by
where
is the positronium Bohr radius
and the length unit is taken to be
The unit of energy is 1/16 a.u. = 1.700
eV and the coefficient
The Carraro and Cole criterion for quantum
reflection is that the incident wave vector be smaller than a characteristic value,
which for
is

The corresponding energy threshold below which quantum reflection sets in is

The experiments of Mills et al. [7,8] show that the energy spectra of
positronium with energies less than 50 meV emitted from cold Al(111) surfaces
in fact have an exponential dependence that is consistent with the sticking
coefficient of Ps being a non-zero constant, in contradiction with the Carraro and
Cole energy threshold
Since
depends inversely on the square root of the product of the mass of
the particle and the energy, in order to ensure that we are in the quantum regime
of surface adsorption, since
we have a choice between two possibilities:
we can either use atoms, and cool them to ultralow temperatures, or work with
much lighter particles (electrons), at reasonable temperatures
In the
scattering experiments of Nayak et al. [9], they chose the first option, using
atoms incident on a
fluid surface. They observed a dramatic increase of the
specular reflection coefficient upon reducing the normal component of the
incident particle momentum. Berkhout et al. [10] chose the same option, this
time using spin polarized atomic hydrogen atoms on a concave mirror coated
with
at temperatures of the order 0.01 K. Adsorption coefficients as low as
0.2 were measured for the first time in a direct scattering experiment. In these
experiments estimates show that the dimensionless coupling to inelastic channels
is very weak, so the lack of sticking is not surprising.
Estimates suggest that slow Ps reflecting from metallic surfaces coated with a
partial monolayer of rare gas atoms could be an ideal system for such
experiments. Because of its light mass, i.e. four orders of magnitude smaller than
that of He, energies in the range of 10-100 K are sufficient to achieve
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In addition there is very good evidence that coupling to the inelastic
channel, i.e. electron hole pairs in the metal, is in the strong coupling limit. The
potential between the Ps atom and surface at large distance is clearly Van der
Waals. At short distances, Ps completely loses its identity. Experiments show
that within a few angstroms of the surface we can think of the either as a bare
particle bound by several eV or as a Ps atom bound by a fraction of eV. This
duality implies strong coupling. Preliminary experiments involving the
desorption of Ps indirectly from clean and partially oxidized Al (111) surface
were interpreted as evidence for unity sticking coefficients [7,8].
We propose to measure the Ps sticking coefficient directly using a beam of
cold Ps atoms directed at well-characterized surfaces at cryogenic temperatures.
Possible configurations for this experiment are indicated in Figs 2 and 3. In the
first experiment slow positronium atoms emitted from a cold Al target crystal
travel several mm to a clean and cold Al sticking surface. If the positrons stick to
the surface, they quickly equilibrate as a positron surface state. This state has a
0.5 nsec mean lifetime [11] determined by the annihilation rate of the surface
positron. A few percent of the time the positron annihilates with an Al core
electron, which thus results in the emission of an Auger electron with a kinetic
energy of 68 eV [12]. The 1 kG solenoidal magnetic induction is sufficient to
confine the Auger electrons to a helical orbit 5.6 mm diameter. The Auger
electrons are quickly attracted to the surface of a position sensitive channel
electron multiplier array detector. The time of arrival at the detector relative to
the time of the pulse of
positrons at the cold Al target crystal tells us the
positronium time of flight to reach the Al sticking surface. The position
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information from the detector may then be used to infer the positronium velocity
and angle of incidence on the sticking surface. The second configuration (Fig 3)
uses an electrostatic positron beam and gamma ray detection.
If the results of our preliminary experiments are verified, we will also
measure the sticking coefficient of Ps as the surface is slowly covered by a
submonolayer of rare gas atoms. The randomly placed rare gas atoms will
gradually weaken the Ps interaction with the surface until it is no longer able to
support the sticking effect. It will be of the greatest interest if we can observe a
sudden transition from sticking to non-sticking at a threshold gas density. A
measurement of the sticking coefficient as a function of angle could also reveal
the velocity dependence of the Ps interaction with the surface.
The proposed Ps experiments will be able to examine a fundamental
nonperturbative quantum phenomenon that is inaccessible in ordinary
experiments. Thus, while cold atoms may be produced with neV kinetic energies,
it would be very difficult to engineer a controllable many body surface potential
that would be expected to cause quantum sticking. For example, a short ranged
interaction can be set up by evanescent light waves at the vacuum interface of a
dielectric medium, but the inelastic part of the interaction does not have the
polaronic character necessary for a quantum sticking effect. On the other hand, a
reactive atom interacting with a metal surface might satisfy the latter
requirement, albeit without a propitious channel for momentum transfer to the
surface. Furthermore, it will be equally difficult to arrange target surfaces that
have matching low temperatures in the
range that would allow an
unambiguous demonstration or refutation of quantum sticking to be established.
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4.

POSITRON MACROPULSES

4.1

Introduction

The basis for many new experiments using positrons would be the
availability of large bunches of positrons compressed to a small volume and
occurring in a time short compared to the annihilation lifetime in the relevant
system. We define a macro positron pulse to be a nsec burst containing more than
positrons focused to a microscopic spot. The development of a macro-pulse
positron capability would open the door to the science of many positron effects
and to high precision atomic physics experiments on positronium. It would also
enable single-shot measurements to be made on transient phenomena in highly
stressed solids such as laser ablated or exploding targets and photoactivated
chemical reactions occurring near surfaces.
To obtain suitable macropulses one could equip a LINAC positron source
with a solid rare gas slow positron moderator to enable the production of more
intense bursts of positrons than presently possible. The experiments would also
require the installation of various positron traps, bunchers and brightness
enhancement stages for making intense bursts of highly focused positrons. One
could then study positronium (Ps) molecules such as
and measure the free-fall
acceleration of positronium. In conjunction with the latter, a high precision
measurement of the 1S-2S interval of positronium would also be possible.
Eventual extension of this work to a high intensity polarized positron facility
would permit us to study the positronium Bose-Einstein condensate, discussed
elsewhere in this volume. It might be best to do such an experiment using a
source, which gives polarized positrons, instead of a LINAC.

4.2

LINAC Target

The first step in making slow positrons is to make a shower by irradiating a
high-Z converter target with 150 MeV electrons from the LINAC [13]. For this
energy of primary electrons, the target should be about three radiation lengths of
a material such as tungsten or a high-Z liquid metal. A relatively non-toxic alloy
such as the binary eutectic 55.5%Bi-44.5%Pb with a melting point of 124 °C
might be a good choice for the latter if it is necessary.
We assume a LINAC power of 10 kW and a pulse rate of 100 pulses/sec.
Each 100 J pulse will then contain
electrons. After three radiation lengths,
half the pulse energy is absorbed by the converter and the other half is in a 50 J
shower containing about eight times more particles than in the primary pulse, or
particles, equally distributed amongst electrons, positrons and photons
with energies of order 10 MeV [14]. At the exit face of the converter the specific
energy loss rate for a 1-cm diameter beam is 10 J/g which only raises the
temperature of room temperature W by 100 °C per pulse. The problems are to
dissipate the average power of 5 kW and to minimize the damage caused by the
acoustic shock waves at the target surface.
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Slow positrons

Slow positrons at a LINAC are currently obtained using a tungsten vane
moderator [15] that is very robust and hence well suited to the severe conditions
at a high intensity target. In other applications the tungsten vane moderator is
about one hundred times less efficient than is a solid rare gas moderator [16].
Using reports from the LLNL LINAC of more than
slow positrons per pulse
[17], we estimate a yield of at least
slow positrons per pulse could be
obtained from a solid rare gas moderator.
The slow positron moderator will be an 8 g, 1 cm diameter, 1 mm thick gold
cup coated with solid Ar [18] at the end of a thin-wall stainless steel tube shown
in Fig 4. The vapor pressure of solid Ar is objectionably high above 45 K and the

enthalpies of Au and solid Ar are 1 J/g at 43 K and 15 K respectively. We must
therefore limit the energy absorption of the moderator to less than about 1 J/g to
prevent its temperature from rising above 45 K. To limit the energy absorption
to 1 J/g per pulse, the 50 J shower must be about 3-cm diameter at the position of
the moderator. A 1 kW He liquifier circulating about 500 liters per hour can
remove the roughly 10 J per pulse.

4.4

Positron macro-pulses

We suppose we are given 100 bunches per sec in 10 nsec pulses containing
positrons each. The mean positron kinetic energy is assumed to be 1 keV and
the beam confined to a 1-cm diameter by a 100-G solenoidal magnetic induction.
To improve its phase space density, the positron beam is brightness-enhanced
[19,20] in two stages as follows. First the positrons are accelerated to 10 keV,
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focused on the back of a few mm diameter self-supporting field excluding 1000
angstrom-thick film of niobium at a temperature below its superconducting
transition. The foil is supported over a hole in a field-terminating Permalloy
sheet, the thickness of which increases proportionally to the radius. The other
side of the film is coated with a layer of Ne or Ar that remoderates the positrons
in a 2-mm diameter spot with 30% efficiency. The positrons are now in a
magnetic field free region ready for a second stage of brightness enhancement.
The positrons are accelerated again to 5 keV and remoderated in a
spot
by a second brightness enhancement remoderator, a cold (100 K) single crystal
Ni(100) surface [21]. The reemitted particles are now in pulses of
positrons having an energy spread of about 30 meV. The positrons are
accelerated to 3 keV and may now be focused to a surface density of
positrons per
The focused spot may be either
diameter or a line focus
of vertical width equal to
and horizontal width

5.

FORMATION OF POSITRONIUM MOLECULES

5.1

Introduction

When positrons are present at a high enough density near a solid surface,
they will interact significantly with each other and the solid, revealing the new
physics of the many positron-many electron system. As envisioned in 1946 by
Wheeler [22], the polyelectron states having several positrons and electrons are
known to form stable bound states up to the positronium molecule
[23].
Positronium was first observed in 1951 [24] and the positronium negative ion in
1981 [25]. Due to advancing techniques, including positron beam brightness
enhancement and the availability of intense pulses of positrons, we are now in a
position to form and study the di-positronium molecule
The necessary
experimental conditions of high positron density will also allow us to fill a small
cavity with Ps atoms at a density such that Bose-Einstein condensation could
occur at room temperature if polarized positrons were available [26]. The
positronium super fluid will be a complex system with possible distinct phases
associated with the triplet and singlet positronium ground states. It seems
unlikely that the fluid will condense in the absence of a container, and thus that
Wheeler's vacuum polyelectron series may perhaps terminate with the
molecule or its dimers.

5.2

formation

The binding energy of
relative to two free Ps atoms is
eV
relative to two free Ps atoms [27]. Since the activation energy for thermally
desorbing Ps from its surface state on a metal is typically about 0.5 eV,
emission will occur at temperatures below those needed for the thermal
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desorption of Ps atoms. The unknown factor in the formation rate of
will be
the accommodation or sticking coefficient
for
absorption at the surface.
The
formation rate [28,29] per surface positron is proportional to the positron
surface density since two positrons are involved in the reaction:

Here,
is the surface positron effective mass, m is the free electron or positron
mass,
is the surface density of positrons,
is the thermally averaged
sticking coefficient,
is the activation energy for the thermal desorption of
surface positrons to form positronium and
is the Heaviside unit step
function. The ratio of the rates for forming
vs. Ps is [29]

provided

The characteristic surface density is
at room temperature and with
An Al(111)
sample surface desorbs Ps with an activation energy [30]
and about
50% of the maximal thermal Ps yield at a temperature of about 500 K. At that
temperature, the
yield would be equal to the thermal Ps yield (each being
25% of the maximal thermal Ps yield) for
A lower requirement
on would result from treating the Al(111) surface with oxygen [7,31 ].

5.3

detection

annihilates predominantly into two sets of two photons with a rate per
pair of photons very close to the spin-averaged Ps annihilation rate of
with a branching probability into two sets of three photons of about 0.26%. There
will also be a small probability for decay into two annihilation photons plus a
free electron-positron pair having kinetic energies on the order of a few eV. One
may thus discern the occurrence of
formation by measuring the ratio
of three-photon to two-photon annihilations vs. positron surface density, or
equivalently positron focus spot size. The ratio
may be found from the
relative pulse heights from two scintillation detectors, one of which is shielded
from the lower energy
events by a few mm of Pb, and the other of which is
thin and mostly sensitive to only the
events. The counters may be placed as
close to the positron target as possible, since one wishes to detect multiple events
due to the near simultaneous annihilation of a burst of many positrons.
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Abstract

1.

First-principles approaches based on density functional theory (DFT) for calculating positron states and annihilation characteristics in condensed matter are
presented. The treatment of electron-positron correlation effects is shown to play
a crucial role when calculating affinities and annihilation rates. A generalized
gradient approximation (GGA) takes the strong inhomogeneities of the electron
density into account and is particularly successful in describing positron characteristics in various materials such as metals, semiconductors, cuprate superconductors and molecular crystals. The purpose of Quantum Monte Carlo (QMC)
simulations is to provide highly accurate benchmark results for positron-electron
systems. In particular, a very efficient QMC technique, based on the Stochastic Gradient Approximation (SGA), can been used to calculate electron-positron
correlation energies.

INTRODUCTION

Positron spectroscopy gives valuable information on the electronic and ionic
structures of condensed media [1]. For example, experimental methods based
on positron annihilation [2] can identify point defects in semiconductors in concentrations as low as 0.1 ppm. The experimental output is, however, indirect e.g.
in the form of the positron lifetime or of data related to the momentum content of
the annihilating electron-positron pair in a specific environment. Moreover, the
positron causes a local perturbation in the surrounding material. Therefore it is
important to distinguish to which extent the annihilation characteristics depend
either on the original unperturbed electronic properties of the material or on the
electron-positron correlations. Clearly, the interpretation of the experimental
data calls for theoretical methods with quantitative predicting power. On the
other hand, the positron annihilation measurements give unique experimental
data to be used in comparing the results of many-body theories for electronelectron and electron-positron interactions. The goal of the present work is
is to introduce some of the computational approaches developed for predicting
127
C.M. Surko and F.A. Gianturco (eds.),
New Directions in Antimatter Chemistry and Physics, 127–150.
© 2001 Kluwer Academic Publishers. Printed in the Netherlands.

128
electron and positron states and annihilation characteristics in materials in order
to support the experimental research.

2.

POSITRON ANNIHILATION

To conserve energy and momentum, electrons and positrons usually annihilate by a second order process in which two photons are emitted [3, 4]. The
process is shown in Fig. 1. At the first vertex the electron emits a photon, at

the second vertex it emits a second photon and jumps into a negative energy
state (positron). This phenomenon is analogous to Compton scattering and the
calculation proceeds very much as the Compton scattering calculation [5]. The
annihilation cross-section for a pair of total momentum is given by

where

is the classical electron radius and
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this gives

where is the relative velocity of the colliding particles. The first derivation
of the positron annihilation cross-section formula was done by Dirac [6]. The
annihilation rate
is obtained on multiplying
by the flux density

where
is the density of positron-electron pairs with total momentum p. In
the non-relativistic limit, the product
is a constant, therefore
and
are proportional.
Second-quantized many-body formalism can be used to study positron annihilation in an electron gas and the electron-positron interaction can be discussed
in terms of a Green function [7, 8, 9]. The density
of positron-electron
pairs with total momentum p can be written as

where
and
are plane wave annihilation operators for the electron and
the positron respectively and V is the volume of the sample. In terms of the
corresponding point annihilation operators
and
one has

Substituting one obtains

This formula can also be expressed as

and the two-particle electron-positron Green’s function defined by
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where is a four-vector and T is the time-ordering operator. In the nonrelativistic limit, the annihilation rate
is given by

The total annihilation rate is obtained by integrating over p

Therefore the effective density

is given by

The inverse of the total annihilation rate yields the positron lifetime

which an important quantity in positron annihilation spectroscopies.
One can go from the second-quantization representation to the configuration
space, using the many body wave function
The vector
is the
positron position,
is an electron position and stands for the remaining
electron coordinates
One can show that
is also given by

After integrating over
functions
as

Eq. (15) can be expressed with two particle wave

The summation is over all electron states and is the occupation number of the
electron state labeled .
is the two-particle wave function when the
positron and electron reside in the same point.
can be further written
with the help of the positron and electron single particle wave functions
and
respectively, and the so-called enhancement factor

The enhancement factor is a manifestation of electron-positron interactions
and it is always a crucial ingredient when calculating the positron lifetime. The
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independent particle model (IPM) assumes that there is no correlation between
the positron and the electrons and that
This approximation is justified
only when the spectrum
reflects quite well the momentum density of the
system in absence of the positron.
Many-body calculations for a positron in a homogeneous electron gas (HEG)
have been used to model the electron-positron correlation. Kahana [8] used
a Bethe-Golstone type ladder-diagram summation and predicted that the annihilation rate increases when the electron momentum approaches the Fermi
momentum
as shown in Fig. 2. This momentum dependence is explained
by the fact that the electrons deep inside the Fermi liquid cannot respond as
effectively to the interactions as those near the Fermi surface. According to

the many-body calculation by Daniel and Vosko [10] for the HEG, the electron
momentum distribution is lowered just below the Fermi level with respect to
the free electron gas. This Daniel-Vosko effect would oppose the increase of
the annihilation rate near the Fermi momentum
To describe the Kahana
theory, it is convenient to define a momentum-dependent enhancement factor
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where
is the IPM partial annihilation rate. Stachowiak [11] has proposed a phenomenological formula for the increase of the enhancement factor
at
given by

where

is the electron gas parameter given by

and is the electron density. This behavior of
is quite sensitive to the
construction of the many-body wave function. Experimentally, the peaking of
at
should in principle be observable in alkali metals [12].
The Kahana theory in the plane-wave representation (corresponding to single particle wave functions in the HEG) can be generalized by using Bloch
wave functions for a periodic ion lattice. This approach has been reviewed by
Sormann [13]. An important conclusion is that the state dependence of the
enhancement factor is strongly modified by the inhomogeneity and the lattice
effects. Therefore in materials, which are not nearly-free-electron like, the
Kahana momentum dependence of
is probably completely hidden.
The plane wave expansions used in the Bethe-Golstone equation can be
slowly convergent to describe the cusp in the screening cloud. Choosing more
appropriate functions depending on the electron-positron relative distance
may provide more effective tools to deal with the problem. The Bethe-Golstone
equation is equivalent to the Schrödinger equation for the electron-positron pair
wave function

where V is a screened Coulomb potential. The Pluvinage approximation [14]
for
consists in finding two functions
and
such
that
and such that the Schrödinger equation
becomes separable.
describes the orbital motion of the two particles ignoring each other, and
describes the correlated motion. The
correlated motion depends strongly on the initial electron state (without the
presence of the positron). Obviously, the core and the localized and valence
electrons are less affected by the positron than the
valence orbitals. On
the basis of the Pluvinage approximation, one can develop a theory for the momentum density of annihilating electron-positron. In practice, this leads to a
scheme in which one first determines the momentum density for a given electron state within the IPM. When calculating the total momentum density this
contribution is weighted by
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where is the partial annihilation rate of the electron state and
is the
same quantity in the IPM. This means that a state-dependent enhancement factor
substitutes
in Eq. (17). The partial annihilation rate is obtained as

where
and
are the electron density for the state the total
electron density and the state independent enhancement factor, respectively. If
this theory is applied to the HEG it leads to the same constant enhancement factor
to all electron states, i.e. there is no Kahana-type momentum dependence in
the theory. In a HEG, the enhancement factor

can be obtained by solving a radial Schrödinger-like equation [15, 16, 17] for
an electron-positron pair interacting via an effective potential W

Multiplying by

and integrating gives

This result shows that the enhancement factor is proportional to the expectation
value of the effective electric
The potential W can be determined
within the hypernetted chain approximation (HNC) [16,17]. The bosonization
method by Arponen and Pajanne [18] is considered to be superior over the HNC.
The parametrization of their data, shown in Fig. 3, reads as [19]

The only fitting parameter in this equation is the factor in the front of the square
term. The first two terms are fixed to reproduce the high-density RPA limit [20]
and the last term the low-density positronium (Ps) atom limit. There is an upper
bound for i.e. [15]

where
is the enhancement factor in the case of a proton and
is the reduced mass of the electron-positron system. Eq. (28) is called the
scaled proton formula and it is truly an upper bound, because we cannot expect

134

a greater screening of a delocalized positron than that of a strongly localized
proton. The positron annihilation rate in the HEG is given by the simple relation

and the lifetime
is shown in Fig. 4 for several electron densities. One
can notice that saturates to the lifetime of Ps atom in free space (about 500
ps).

3.

TWO-COMPONENT DFT

The DFT reduces the quantum-mechanical many-body problem to a set of
manageable one-body problems [21]. It solves the electronic structure of a
system in its ground state so that the electron density
is the basic quantity.
The DFT can be generalized to positron-electron systems by including the
positron density
as well; it is then called a 2-component DFT [22, 23].
The enhancement factor is treated as a function of the electron density
in
the local density approximation (LDA) [22]. However, quite generally, the LDA
underestimates the positron lifetime. In fact one expects that the strong electric
field due to the inhomogeneity suppresses the electron-positron correlations in
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the same way as the Stark effect decreases the electron-positron density at zero
distance for the Ps atom [18]. In the generalized gradient approximation (GGA)
[19, 24] the effects of the nonuniform electron density are described in terms
of the ratio between the local length scale
of the density variations and
the local Thomas-Fermi screening length
The lowest order gradient
correction to the LDA correlation hole density is proportional to the parameter

This parameter is taken to describe also the reduction of the screening cloud
close to the positron. For the HEG
whereas in the case of rapid density
variations approaches infinity. At the former limit the LDA result for the
induced screening charge is valid and the latter limit should lead to the IPM
result with vanishing enhancement. In order to interpolate between these limits,
we use for the enhancement factor the form

Above
has been set so that the calculated and experimental lifetimes
agree as well as possible for a large number of different types of solids.
The effective positron potential is given by the total Coulomb potential plus
the electron-positron correlation potential [22, 23]. The electron-positron po-
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tential per electron due to a positron impurity can be obtained via the HellmannFeynman theorem [25] as

where
is the screening cloud density and Z is the electronpositron coupling constant. Let us suppose that the electron-positron correlation
for an electron gas with a relevant density is mainly characterized by a single
length Then for the electron-positron correlation energy,
is
constant and the normalization factor of the screening cloud scales as
with
for the dimension of space. Compared to the IPM result the electronpositron correlation increases the annihilation rate as
which is proportional to the density of the screening cloud at the positron. Consequently,
we have the following scaling law [26]

The values of the correlation energy calculated by Arponen and Pajanne [18]
obey the form of Eq. (33) quite well and the coefficient
has a relatively small
value of 0.11 Ry. Therefore, one can use in the practical GGA calculations the
correlation energy
which is obtained from the HEG result
by
the scaling

where
and
are the annihilation rates in the LDA model and in the
GGA model, respectively. One can use for the correlation energy
the
interpolation form of Ref. [23] obtained from Arponen and Pajanne calculation
[18].

4.

DFT RESULTS

4.1.

Positron Affinity

The positron affinity is an energy quantity defined by

where and
are the electron and positron chemical potentials, respectively
[27]. In the case of a semiconductor,
is taken from the position of the top
of the valence band. The affinity can be measured by positron re-emission
spectroscopy [28]. The comparison of measured and calculated values for
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different materials is a good test for the electron-positron correlation potential.
The Ps atom work function is given by [28]

Since the Ps is a neutral particle,

is independent of the surface dipole. The

LDA shows a clear tendency to overestimate the magnitude of
[19]. This
overestimation can be traced back to the screening effects. In the GGA, the
value of
is improved with respect to experiment by reducing the screening
charge. The calculated positron affinities within LDA and GGA against the
corresponding experimental values for several metals are shown in Fig. 5.
Kuriplach et al. [29] calculated
for different polytypes of SiC and showed
that the GGA agrees better with the experimental values than the LDA. Panda
et al. showed that the computed affinities depend crucially on the electronpositron potential used in the calculation (LDA or GGA) and on the quality
of the wave function basis set [30]. The result with a more accurate basis set
for valence electrons and within GGA gives –3.92 eV for 3C-SiC, which is
surprisingly close to the experimental
[30].
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4.2.

Positron Lifetime

The LDA underestimates systematically the positron lifetime in real materials. Sterne and Kaiser [31] suggested to use a constant enhancement factor of
unity for core electrons. Plazaola et al. [32] showed that the positron lifetimes
calculated for II-VI compound semiconductors are too short due to the LDA
overestimation of the annihilation rate with the uppermost atom-II d electrons.
Puska et al. [33] introduced a semiempirical model in order to decrease the
positron annihilation rate in semiconductors and insulators. In the GGA these
corrections are not necessary. In general, the agreement for the GGA with the
experiment is excellent, as shown in Fig. 6. Moreover, Ishibashi et al. [34] have

shown that the GGA reproduces the experimental values much better than the
LDA even for the low-electron-density systems such as the molecular crystals
of
TTF-TCNQ and
The GGA can also be safely
applied to the calculation of annihilation characteristics for positrons trapped
at vacancies in solids [24].
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Momentum Density

The Doppler broadening technique [35] and the two-dimensional angular
correlation of the annihilation radiation (2D-ACAR) [36, 37] are useful spectroscopies for measuring projections of the momentum density
The 2DACAR spectrum, given by

has been successful for determination of the Fermi Surface (FS) in many metallic systems. For instance, theoretical and experimental studies of materials such
as
[39]
valent metal), Cu [38] (transition metal) and
[40]
(heavy fermion compound) have made FS determination possible, and have
also provided insight in electron-positron correlation. FS 3-dimensional reconstructions as shown in Fig. 7 can be obtained from 2D-ACAR experiments
[41]. Similar studies of the
oxides are more difficult since important

positron wave function and correlation effects overshadow the smaller FS signal
[42]. However, a more favorable case is provided by the
(with
R=Y, Dy, Ho or Pr), where the 1-dimensional ridge FS has a two-fold symmetry which distinguishes it from important four-fold symmetry wave function
effects [43]. The 2-dimensional FS of the CuO plane has been observed in the
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[44]. In this compound the positron has a larger overlap
with the CuO plane.
The Doppler broadening technique [45] and the 2D-ACAR [46] can be used
for identifying point defects in semiconductors. For instance, calculations for
momentum densities of electron-positron pairs annihilating at vacancy clusters
in Si have been performed [47]. The theoretical 2D-ACAR spectra are found
to be isotropic if the positron is trapped by a small vacancy cluster. The results indicate that the Doppler profile narrows as the size of the vacancy cluster
increases in agreement with experimental data. Moreover, one can notice that
vacancies and vacancy clusters decorated with impurities can produce significantly different lineshapes and therefore the method can be used in chemical
analysis of defects. These theoretical results have allowed to identify structures
of vacancy-impurity complexes in highly As-doped Si samples [48].

5.
5.1.

QUANTUM MONTE CARLO
Positronic Systems

Theoretical approaches that accurately predict the effect of correlations in
electron-positron systems are needed in order to understand the detailed information provided by positron annihilation spectroscopies. We have seen that
the bound state of positrons in the vicinity of defects is a subject of interest
for the current positron annihilation experiments. The binding of positrons to
finite atomic and molecular systems is a related problem, relevant for positron
and positronium chemistry. The simplest examples of these systems are the
ion [53, 54], the
molecule [55, 56], the HPs molecule [58, 57] and
positronic water [59]. All these problems constitute important benchmarks to
study the role of correlation effects in positron physics. The Quantum Monte
Carlo (QMC) approach turns out to be an appropriate tool to study them rigorously. In particular, the Diffusion Quantum Monte Carlo (DQMC) [49, 50, 51]
is based on the property that in the asymptotic imaginary time limit
the Euclidean evolution operator acting on a trial state,
projects out the
ground state,
with a component in
The distribution of walkers satisfies the generalized diffusion equation (in Hartree atomic units) with appropriate
boundary conditions

where
with H the Hamiltonian operator. The average value
of H at steady-state conditions
gives the ground state energy E.
Choosing a trial state close enough to the ground state reduces the variance
in the computed E. One can use the Variational QMC (VQMC) method, with
the Stochastic Gradient Approximation (SGA) [52], to construct optimum trial
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wave functions of the Jastrow-Slater form

where runs over the different spin species (spin-up(down) electrons, spinup(down) positrons),
are the one-body wave functions and
is the product of two-body correlation factors. In a good trial function the singularities in the kinetic energy must cancel those of the potential one. For the
Coulomb potential this leads to the Kato cusp condition [60] of the two-body
correlation factor. The choice of one-body functions depends on the physical
system one is trying to investigate. For finite atomic systems, we have chosen
to be a linear combination of Slater functions
while plane waves
were used for HEG.
A very simple system that can bind positronium is a point charge Z [27].
This system has been studied by DQMC [51]. We will assume that the positron
is repulsed by the point charge (Z > 0), but the interchange of the positron
and electron coordinates is equivalent to the case for a point charge – Z. To be
stable the energy of the system should lie below its lowest dissociation threshold,
which corresponds to the more negative of the Ps and the hydrogen-like atom
binding energies. The separation between the two possible thresholds
is given by
for which the system is the most stable. In the onion
model [51], one considers the electron localized close to the point charge and the
positron surrounding the hydrogen-like atom
feeling only an effective
charge of strength Z – 1. The total energy of the system in this model is given
by

This model is exact for
It is clear that for Z = 1 the system becomes
unstable and the positron escapes away. On the other hand, for Z < 1/2
the system becomes more stable by reducing the charge. Therefore, one can
expect that the Ps escapes from the point charge. However, in this regime,
the onion model is not accurate due to the overlap of the electron and positron
wave functions, and we need a more careful investigation using the DQMC. In
the limit
VQMC and DQMC give almost the same energy, but they
differ when Z is smaller. In this regime, electron-positron correlations become
more important and the VQMC method does not provide the exact correlation
energy. Moreover, the DQMC calculations confirm the onion model prediction
that the Ps escapes from the point charge at a critical value
The inclusion
of correlations effects enlarge the range of stability and we find
The point
gives the greatest stability, the binding energy being 0.05
au. For
the energy is closer to the energy of a Ps than a
hydrogen-like system.
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The hydrogen-positron system is unstable, but this is not the case for all the
atoms [61]. The first rigorous proof showing that the positron can attach itself
to a neutral atom such as Li was given by Ryzhikh and Mitroy [62] by using the
stochastic variational method (SVM). Other atoms (e.g. Be, Na, Mg, Cu, Zn
and Ag) have also been found to be capable of binding a positron [63, 64, 65].
Varga [66] has shown by using the SVM that neutral atoms can bind not only a
single positron but a more complex positive charge, the
ion as well.
The HPs has also been studied by DQMC [51]. The total energy calculation yields E = –0.7885 ± 0.0005 au, which is very close to the value
E = –0.788945 au found by Ho [58], using a basis set expansion. The optimized SGA trial wave function [52] has eight variational parameters and it is
considerably simpler than the one used by Ho [58]. From the total energies,
the HPs binding energy is found to be 0.039 au. The alkali elements and the
halogens are the next good candidates for Ps binding. DQMC calculations for
halogens [67, 68] found FPs stable by 0.073 au, CIPs by 0.070 au and BrPs
by 0.042 au. These positronium binding calculations were done using a model
potential [67, 68]. In the same way, the alkali-negative ions and
can be
treated using similar approaches [69]. Therefore, one can treat
as a system
composed only of two electrons in an external potential

where Z = 3,
and
This potential has been
parametrized by Klapisch (as quoted in Ref. [69]) to reproduce the experimental
energy levels of Li [70] (its ground state energy is E(Li) = –0.198 au). For
the DQMC calculation gives
au and the corresponding
electron affinity
is 0.025 au. The DQMC calculation for
LiPs, using the model potential by Klapisch for the electrons and the Coulomb
potential for the positron predicts a binding energy of 0.015 au. This result
has been confirmed by an all-electron DQMC calculation [71]. A previous
all-electron DQMC calculation [51] failed to predict the existence of the bound
state. One possible reason is that the trial function had wrong nodes, which
were frozen by the fixed node approximation. One can observe for instance that
the use of the same one-body orbitals for LiPs than for
leads to instability
of LiPs.
Positron annihilation from positron bound states in atomic systems has been
investigated by using the DFT [72, 73]. These results show that inclusion of
electron-positron correlation is crucial in the investigation of bound states of the
positron in negative and neutral atomic systems. Reliable LDA parametrizations
from QMC simulations are necessary for further DFT studies. The electronpositron correlation energy in the HEG has been calculated within QMC for
one positron [52, 74], for equal positron and electron density [75], and for five
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intermediate positron concentrations [76]. Interestingly, the electron-positron
liquid exhibits a rich phase diagram with at least two phases: a metallic, two
component plasma at high density and an insulating excitonic phase at low
density. Moreover, the Ps atom gas may undergo to a Bose Condensation at
relatively high temperature [77].

5.2.

SGA

The stochastic gradient approximation (SGA) [78,79,80] has been recently
introduced for optimization problems in many-particle physics by Harju et al.
[52]. The algorithm belongs to the class of probabilistic iterative methods with
variable step size and it is illustrated in Fig. 8. In the SGA a relatively small set

of configurations is sufficient to efficiently determine the optimal parameters.
What is even more remarkable is that the SGA method is scalable, i.e., the size
of the sample and the number of iterations it takes to converge to the optimum
is almost independent of the physical size of the system.
Suppose that the physical quantity one is interested in optimizing is given by
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where the configuration points
are sampled according to a given probability distribution,
represents the vector of parameters to be
optimized, and
is called cost function. For example,
can be
the total energy and
a partial observation of the total energy (with
some statistical noise) obtained from a set of configurations
In the SGA
procedure, as applied to QMC approaches, one samples configuration space
(e.g., by a Metropolis algorithm in VMC) and then moves in parameter space in
the direction of the negative gradient of
Notice that this
is not the gradient of the functional
as desired in traditional optimization
methods by having a large value of
What is calculated is the stochastic
approximation of the gradient. The SGA takes advantage of the noise in the
gradient (while other methods try to get rid of it) and uses it as a sort of thermal
path which helps to explore the parameter space. The variational parameters
are updated according to the recursion

This procedure defines a random sequence of vectors
which is smoothed
by the gain factor
To ensure convergence in the probabilistic sense to the
optimum vector
the step to the approximate steepest-descent direction in parameter space must be shortened. However, the shortening rate is not arbitrary.
Indeed, the conditions it must satisfy are

The sum of the should be finite to dissipate the cumulative error given by the
noise in
and the sum of the should diverge, because otherwise
the maximum distance from the initial parameters would be limited. The conditions given by Eq. (44) are clearly complied by
With this choice
one should notice the resemblance to the recursive calculation of a mean:

For sequences of the type
the procedure might not converge since the total
change in the parameters is limited. On the other hand, the sequence of the
form
would converge too slowly to dissipate the cumulative error.
An important advantage of the SGA is simultaneous updating of the parameters and wave function configurations. Moreover the electronic and nuclear
degrees of freedom can be treated simultaneously avoiding the explicit determination of the total energy for each geometry. To conclude, the SGA opens up
new possibilities for the variational freedom of wave functions used in stochastic
simulations for a large variety of systems
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A Positron in the HEG

We have seen that DFT calculations for positron annihilation rates are based
on many-body calculations for a positron in the HEG and that several theoretical
approaches have been proposed to solve this model system. The situation is,
however, less satisfactory than in the case of HEG for which accurate MonteCarlo calculations exist [81]. The difficulty in the Monte-Carlo calculations for
a positron in a homogeneous electron gas arises from the fact that a very efficient
sampling is needed for an accurate description of the electron screening at the
positron. This screening can be described by pair correlation function

where Z represents the charge of the positron. The value of the pair-correlation
function at the origin gives the enhancement factor
By comparing with
formula (27) for one obtains

The first term of
is fixed to reproduce the high-density RPA limit [20] and
the second contains the only fitting parameter The QMC data are consistent
with
which is the value used to fit the Arponen and Pajanne
enhancement factor [18].
One can perform the QMC calculations using simulation cells containing
226 electrons and one positron. The variational wave function is given by

where
is a Slater determinant for spin up electrons,
is a Slater determinant for spin down electrons,
is the positron wave function and J is a
Jastrow factor. The wave function
is constant since the positron is in the
lowest energy state. The Jastrow factor J is in the form proposed by Ortiz and
Ballone [81]:

Here the indices and span all the particle pairs, including the positron. For
larger than
its contribution is truncated smoothly to zero. It was found
[81] that for the parameter one can use the scaling law
where
is the radius of the sphere inscribed within and tangent to the simulation cell.
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Variational parameters A,
and take different values depending on the type
of particle pair (positron vs. electron, spin-up electron vs. spin-down electron
etc.) and is fixed by the cusp condition. The total number of parameters is
10.
In Table 1 we give the example of the parameters for
obtained using
the SGA. In this case, the simulation with 226 electrons and a positron gives a
total energy of 0.733 ± 0.015 au and a standard deviation of 1.16 ± 0.02 au. The
run consists of around 25 000 steps per particle. One can also perform other
similar long simulations to ensure that the parameters were really at the optimal
value. Indeed, it is found by varying slightly our parameters that the lowest
variance is given by the set of Table 1. The electron-positron correlation energy

can be defined as the change of the energy of the HEG after introducing the
positron. Strong size dependent effects may occur when
is computed as the
total energy difference of the systems with and without the positron. To avoid
this problem, one can use the Hellman-Feynman theorem, obtaining [25]

where
is the correlation function of Eq. (46). The results are shown in
Fig. 9 together with the Arponen and Pajanne energies [18]. The QMC results
show an overall agreement with the Arponen and Pajanne data for ranging
from 1 to 2 but tend to a higher value at large
More variational freedom,
such as three-body functions in the Jastrow factor, may be necessary to recover
all the electron-positron correlation. Moreover, a more flexible
formula
than Eq. (46) may be helpful to reduce the
uncertainty (due to discrepancy
between the QMC data and the fit). In conclusion, the QMC method is a very
valuable way to find highly accurate positron-electron functionals for DFT
calculations and effort in this direction is still in progress.

6.

SUMMARY

We have made a comprehensive DFT and QMC study for positron states
and annihilation in several systems. We have considered positron annihilation
rates in perfect crystal lattices as well as trapped by vacancy defects or in
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small atomic systems. The positron energetics is monitored by calculating the
positron affinities. Moreover, we have shown that the effects of the gradient
correction in DFT are necessary to describe positron annihilation in realistic
inhomogeneous materials. In particular, the GGA improves systematically the
too large annihilation rates obtained in the LDA and generally brings them
into good agreement with existing experimental positron lifetimes. Finally, the
QMC approach is crucial to understand the electron-positron correlation. In
order to improve the DFT one has to find new functionals based on QMC data.
Since the standard QMC is time consuming, more efficient algorithms such as
the SGA are needed.
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Abstract:

1.

The various techniques of positron annihilation spectroscopy (PAS) may be
among the best for characterizing pore size, pore distribution and
interconnectivity in amorphous thin films. In particular, PAS is becoming
recognized as a practical characterization method for low-k dielectric films in
microelectronic materials research. We expect this area of PAS research to
experience a significant increase in activity in the next decade. Many obstacles
to using low energy positron beams to depth profile thin film insulators with
positron annihilation spectroscopies (PAS) have recently been overcome.

INTRODUCTION

Depth profiling with positron annihilation spectroscopy (DP-PAS) is
accomplished by varying the positron beam implantation energy so as to
control the average implantation depth of the positrons into a sample. This is
a powerful method to achieve surface selectivity in PAS. Moreover, the use
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of monoenergetic positron beams to control the depth of positron
implantation enables the study of thin film systems that are simply too thin
to stop highly penetrating beta decay positrons directly from radioactive
sources. In this manner metal and semiconductor thin films and surfaces
have been effectively probed for some two decades using DP-PAS (see
reference [1] for a good review). Thin insulating films, however, where
positrons can form positronium Ps (Ps, the electron-positron bound state),
have not received as much attention. Recent DP-PAS work in this area has
focused on Doppler Broadening Spectroscopy (DBS) or Positron
Annihilation Lifetime Spectroscopy (PALS) of thin polymer films [2,3,4] or
low-dielectric value (k) films [5,6,7,8,9] for microelectronic applications.
We expect that the exploration of thin insulating films with low energy
positron beams will be a major growth area for DP-PAS in the next decade.
The hottest application at the moment is the characterization of
nanometer-sized voids in low-k dielectric films that are being developed for
use as interlayer dielectrics (ILD’s) in next-generation microelectronic
devices [10]. Manufacturers are intensely pursuing the introduction of
porosity into thin silica and polymer films as a strategy for reducing the
dielectric value of ILD’s below 2.5. Unfortunately, there are relatively few
techniques capable of probing the nanopore characteristics (average size,
size distribution, and interconnectivity) in sub-micron, amorphous films on
thick substrates [10]. This is particularly true if the voids are closed (not
interconnected) since gas absorption techniques are unable to effectively
probe these closed pores. In addition, transmission electron microscope
(TEM) images of porous amorphous insulators are inherently challenging to
interpret. Such difficulties in characterizing voids are not unique to low-k
films but are common to the entire field of thin insulating films. For
example, biotechnology manufacturers of permeation barriers and selective
filtration membranes that operate on molecular size scales would like to have
direct measurements of pore sizes to aid them in engineering improved
product performance. In thin polymer films such as paints, adhesives, and
electronic component encapsulants there is no direct measure of the
initiation phase of adhesive failure. If adhesive loss is precipitated by void
coalescence at an interface then DP-PAS may be uniquely capable of nondestructively detecting the early stages of void formation and coalescence.
In considering some of the challenges encountered in applying DP-PAS
to thin film insulators one becomes aware of why this positron methodology
has been relatively slow to develop. Of primary concern is the charging up
of the insulating target, which may disrupt the energy and/or focussing of the
positron beam. This is of particular concern when relatively thick targets are
used [2]. The low-density polymer and high-porosity silica films require low
positron implantation energies. This not only compounds the risk of the
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beam distortions by sample charge-up, but more importantly means that one
must account for Ps formed at the surface-vacuum interface backscattered
positrons [11]. Insulators may also accumulate beam-induced radiation
damage in long runs [12]. Finally, we note that pores, on the size scale of a
few nanometers and above, are not well-calibrated using the existing TaoEldrup model [13] of Ps trapped in a pore that has previously been so
successfully employed in bulk studies of polymers [14]. We will address
these concerns and indicate where further research is required.
In this paper we will focus on recent work on porous low-k films
because, in general, they exhibit most of the typical issues encountered in
characterizing thin insulating films using PAS. We present an overview of
the methods of DP-PAS in insulators, and then consider some applications
using recent results from work on pore structure(s) in low-k dielectric thin
films.

2.

POSITRONICS

In using DP-PAS with thin films, a beam of several keV positrons is
generated in a high vacuum system using a radioactive beta-decay source of
Fast positrons slow to thermal energies in a moderator (tungsten foils,
for example) and some are expelled into vacuum due to the negative workfunction of the moderator. Electrostatic or magnetic guidance systems are
employed to transport the low-energy positrons to the target. Their mean
implantation depth is a function of the incident energy and the sample
density
[1], E in keV, z in nm, in
which enables
depth profiling of thin films. Neglecting higher order processes, positrons
annihilate with electrons into two gamma rays. The energy of each photon is
the rest mass of the particle (511 keV) and Doppler-shifted by the
momentum of the annihilating pair. In the porous films investigated,
positrons can form Ps (the electron-positron bound state) throughout the
film. Depending on the spin alignment of the positron and electron in Ps
annihilation into two photons (antiparallel spins, para-Ps) or three photons
(parallel spins, ortho-Ps). In vacuum the former state decays fast with 125
ps and the latter with 142 ns lifetime. In matter, the latter lifetime is
perturbed depending on the environment.

2.1

Depth Profiling –Doppler Broadening Spectroscopy

In matter, the positron of the Ps can annihilate with a foreign electron
with opposite spin in a process called “pick-off” annihilation, which occurs
with the emission of two photons (again, higher order events are ignored).
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Both channels, self- and pick-off annihilation, are available to Ps trapped in
voids. A comparison of the rates of each yields (convoluted) information on
pore size and density.
The energies of the 2 photons created in a pick-off process are restricted
to be around the restmass of the annihilation particles (511 keV ± Doppler
shift), as in the annihilation of positrons, whereas the photon energies in
span the whole range below 511 keV due to the one extra degree of
freedom. This allows for the parameterization of the
annihilation
ratio [1], which can be calibrated to measure Ps decay [15].

2.2

DP Positron Annihilation Lifetime Spectroscopy
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The pick off annihilation channel of ortho Ps is strongly dependent on the
density of electrons and, thereby, the size and distribution of pores in a
sample. With increasing electron density, the natural lifetime in vacuum of
142 ns is reduced. In beam based PALS, the positron beam forms Ps
throughout the film thickness. Positrons striking the sample generate
secondary electrons that are detected in a channel plate (CEMA) and the Ps
lifetime for each event is the time between this CEMA signal and the
subsequent detection of annihilation gamma rays in a fast scintillator. Ps
inherently localizes in the pores where its natural annihilation lifetime is
reduced by annihilation with molecular electrons during collisions with the
pore surface (pick-off). The pick-off reduced Ps lifetime is correlated with
void size and forms the basis for this technique.

The configuration of the target region varies depending on whether an
electrostatically focussed beam is employed [5] or a magnetically guided
beam [8]. In Figure 1 we show the electrostatically focussed beam used at
the University of Michigan; the inset shows the target region, where the
positron beam is deflected onto the sample, and the position of the detectors.
Figure 2 shows the schematics of a lifetime spectrometer in the magnetically
guided positron beam, used at Washington State University. Lifetime
annihilation events occurring in the sample are unaffected by the difference
between the guiding methods of the charged particles ( and ) used in the
two systems. However, the use of electrostatic versus magnetic beam
steering causes differences in the detection scheme of Ps annihilation events
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outside the sample (to be discussed in the course of this work), and sets the
energy limits of the positron beam (of no importance to the present paper).

3.

POSITRONIUM BEHAVIOR IN POROUS FILMS

The most important process a positron can undergo in an insulator is
electron-capture to form the bound state of Ps. Ps formation in a porous
insulator is depicted in Figure 3. The positron slows down through
collisions in the material from its initial beam energy of several keV to
several eV. It can either capture a bound molecular electron or recombine
with free “spur” electrons generated by ionizing collisions during the
slowing down process to form Ps. This Ps, which initially has a few eV of
kinetic energy, begins to diffuse and thermalize in the insulator. In porous
films it localizes in the void volume where the Ps binding energy is not
reduced by the dielectric value of the surrounding material. However, even
when it is thermalized in the pores, Ps is still colliding with the pore walls
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and the resulting Ps lifetime is shortened by positron annihilation with
molecularly bound electrons in addition to the captured electron.
Furthermore, Ps may move in a diffusion-like motion over long distances
that can be greater than the porous film thickness if the pores are
interconnected. As a result Ps can easily escape from the film and into the
surrounding vacuum as depicted in Figure 3 (bottom).

Ps escape from open pores is detected differently by the systems shown
in Figure 1 and 2. In the electrostatic system, most of the Ps annihilates into
three gamma rays with the vacuum lifetime of 142 ns, a telltale indicator that
the pores in the film are interconnected. This is what has typically been
found so far for porous silica films [5]. They have interconnected pores and
Ps diffuses within the pore volume with most Ps finding its way into the
vacuum. The lifetime may be shortened systematically when Ps atoms can
reach the vacuum walls and pickoff annihilate there. To extract information
from PALS on the average pore size (technically, the mean free path for Ps
in the interconnected pores), it is necessary to deposit a thin capping layer on
top of the film to keep the Ps contained in the porous film. Examples of
lifetime spectra acquired with an aluminium-capped and an uncapped porous
silica film are shown in Figure 4. The effect of the Ps diffusion barrier is
clearly evident. In this example the 41 ns lifetime acquired in the capped
film is the correct, pickoff-shortened lifetime to associate with Ps in the
pores. Thus PALS gives a clear indication of pore interconnectivity and,
once the film is capped, a single lifetime component corresponding to the
average mean free path of Ps throughout the entire film is fitted.
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A method for distinguishing interconnected pores (Ps escape) without the
deposition of a capping layer has been developed for the magnetically
guided system (Figure 2). A
is inserted in front of the scintillator to
dramatically reduce the probability of detecting photons from Ps
annihilations outside of the sample. Data collected with and without the
are compared. In one case, without the
(Figure 2), escaping
Ps can be detected with high probability. In the other (using the
the
sensitivity to detecting escaping Ps is strongly suppressed due to the limited
acceptance angle. A difference in the mean lifetimes between these two
spectra indicates Ps escape [8]. Conversely, an identical mean lifetime
signifies that all Ps annihilations occur within the film. Figure 5 shows the
mean o-Ps lifetime (for details, see [8]) for a series of films with different
degrees of porosity (directly related to the porogen load), obtained from
spectra taken with and without the
(open triangles and circles,
respectively). For a comparison, capped samples were measured to assess
the sensitivity of the system with the
to escaping Ps. The results
(solid diamonds) practically coincide with those obtained with the

Either method has systematic disadvantages. In a capped film larger
beam energies are required to reach a certain depth in the film, causing a loss
in depth resolution. A fraction of the implanted positrons annihilate from the
cap and not the film; the signal rate drops [16]. The interaction of Ps with the
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cap can result in a new lifetime component, not inherent to the film. The
effectiveness of the
on the other hand, may vary depending on the
angular and velocity distribution of the escaping Ps atoms. The shield also
reduces the count rate.
Regardless of the specific annihilation tool used the observed onset of Ps
escape into vacuum correlates with the onset of the pore interconnectivity.
For mesoporous MSSQ films shown here produced by the sacrificial
porogen approach, the pore interconnectivity threshold occurs at ~20 wt%
porogen load (as shown in Figure 5). The onset depends on the materials
used and the details of the film preparation. Note that Ps escape can occur
from pores as soon as a path to the surface is open, well before the entire
film pores are interconnected. Therefore, pore interconnectivity precedes
total percolation, as a function of porogen load. Considering the high
probability for Ps escape (large mean free path compared to film thickness)
and the size of the Ps atom (smaller than any probe used in gas absorption
techniques), Ps can probe very narrow open channels, and is arguably the
most sensitive probe for pore interconnectivity.

The onset of Ps escape can also be measured by DBS in much reduced
measurement times of
hour duration [17] by means of the
annihilation ratio. In vacuum all ortho-Ps annihilates into three photons.
Inside a pore channel the chance for
decay compared to
pick-off
annihilation decreases with the number of wall collisions necessary to reach
vacuum (Figure 3, bottom). In a homogeneous film without interconnected
pores the
ratio remains constant with implantation depth. When
pores are connected the ratio decreases with a characteristic escape depth
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that is related to the length of the connected pore path. This is illustrated in
Figure 6 left. The sharply decreasing
at
is due to Ps
created at the sample surface independent of the pore structure. This
information is used to estimate the diffusion length of Ps and positrons,
which governs the probability of populating the pores with positronium. At
low porosity (<16%) the signal is constant in the layer. When the
implantation depth exceeds
positrons can reach the silicon substrate,
where no Ps is formed.
The fractions of the open and closed porosities in a film can be evaluated
from
profiles in parallel with Ps escape (Figure 6, left). (Here,
pores are open, when a path to the surface exists). Positronium is formed in
the bulk material (MSSQ in this case). With increasing porosity an
increasing fraction can reach the pores. The chance of
annihilation
increases as seen in Figure 6 left. If the Ps is in a pore with an open path to
vacuum the change for
decay increases further. The model [16],
producing the best least-square fit for depths
(thick line), evaluates
the contributions from Ps formation (thin solid line) with a characteristic
depth of ~14 nm, and Ps escape (dotted line) through an open channel to
vacuum with a characteristic length of~120 nm.
The asymptotic value of the Ps
formation curve (at large depth),
depends on the average pore size and density, is a measure of the total film
porosity. On the other hand, the asymptotic value of the Ps escape curve can
be ascribed to the closed pore fraction, where Ps remains confined. For the
given example, the fractions of open and closed porosity in the film are
approximately 33% and 67%, respectively. The successful application of this
analysis, however, relies on the ability to separate the formation and escape
curves, whose correlation depends strongly on the near-surface data. While
the Ps formation curve may carry a significant error, the Ps escape curve can
be determined easily from the data for
mean implantation depth,
using a simple exponential model.

4.

CALIBRATION OF PORE SIZE AND OPEN PORE
SYSTEMS

It is critically important for PALS to calibrate Ps lifetimes with pore
sizes. The
Ps annihilation parameter, which measures the convoluted
effect of pore size and density, will also benefit from such calibration. In the
very large pore (classical) regime (pores with mean free paths on the order of
100 nm), a calibration was performed using high porosity (90-98%) silica
powders [18]. In the other extreme (sub-nm pores), the quantum mechanical
model [13] first developed by Tao and Eldrup has been used to empirically
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calibrate Ps lifetimes of several nanoseconds with pore size. In this simple
model Ps is localized in a spherical, infinitely deep potential well and only
annihilates with molecular electrons when it is within a short distance of the
pore surface. With only the ground state of Ps being considered in this TaoEldrup model, it is insufficient for characterizing larger voids where the pore
diameter approaches the thermal de Broglie wavelength of Ps (about 6 nm).
Thermally excited states of Ps atoms in the pore must be included in the
calculation. As a result, the effect of sample temperature should also appear
in the calibration of lifetime versus pore size.
To fully extend the quantum mechanical model to the classical, largepore limit the Tao-Eldrup model has been modified in order to characterise
both micro and mesopores. To summarise the results presented in Reference
[5], a rectangular pore shape is assumed for simplicity and it is assumed that
there is no Ps-surface interaction. It is also assumed that the Ps atoms
randomly sample all of the states in the rectangular well with a probability
governed by the Maxwell-Boltzman distribution. At a given temperature, a
lifetime vs. pore dimension curve can then be calculated.

It is useful to convert such curves from rectangular pore dimensions to a
classical mean-free path, l=4V/S, where V/S is the volume-to-surface area
ratio of the rectangular pore used in the calculation. The mean-free path is a
linear measure of pore size that is independent of pore geometry.
Furthermore, in large (classical) pores the Ps lifetime depends only on the
mean-free path. As will be shown below, even well into the quantum
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mechanical regime the Ps lifetime depends almost entirely on the mean-free
path and is only modestly dependent on the detailed pore geometry. For
these reasons, and for calculational simplicity when deriving pore-size
distributions in closed pore systems, it is desirable to work with the meanfree path as opposed to a physical pore dimension.
Figure 7 shows lifetime vs. mean-free path curves at several different
temperatures. Cubic pores were used in this calculation. The model
includes only one fitting parameter that is determined by existing
experimental data for l below 2 nm. At room temperature, the model
extrapolates perfectly through precision measurements [18] in large-pore
silica powders as shown. Ps lifetimes measured in bulk silica gels with
pores calibrated by gas absorption methods are in quite reasonable
agreement [19] with Figure 7, but display a large scatter. Recently, identical
silica films were studied by small angle neutron scattering (SANS)[20] and
by beam- PALS [5] and the deduced average cord/mean free path was 6.5 ±
0.1 nm and 7.5 ± 0.3 nm, respectively. These isolated comparisons suggest
that this extension of the Tao-Eldrup model is a valid starting point for a
range of materials.

Any interaction of positronium with the wall material was excluded in
this model. These include the quenching (spin-flipping) of Ps at
paramagnetic centers (e.g., dangling bonds or magnetic impurities), or
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chemical binding of Ps (e.g., at free or unsaturated radicals). In this model
the interaction of Ps with the void walls is determined by the average
electron density at the wall and the Ps–void-wall collision rate. A systematic
round robin of identical sample films is presently underway to compare the
results of PALS, SANS, ellipsometric porosimetry, gas absorption, and Xray scattering.
The temperature dependence of in the model, was tested on several
mesoporous samples and very good agreement was observed (see Figure 3 in
Reference [5]). Note that all the calibrations of vs. pore size in this work
are based on the above theoretical extension of this model. To demonstrate
the slight dependence on pore geometry, refer to Figure 8 in which the Ps
lifetime as a function of mean-free path has been plotted at two different
temperatures using cubes and infinitely long square channels in the
calculations.

5.

CLOSED PORE SYSTEMS AND PORE SIZE
DISTRIBUTION

A system with closed pores with a distribution of sizes results in a
distribution of Ps lifetimes since there is a singular relationship between pore
size and based on the extension of the Tao-Eldrup model. In principle an
inverse Laplace transformation of the lifetime data can be performed to
obtain the pore size distribution. However, exponentially decaying functions
do not form an orthogonal set of basis functions and statistical noise further
complicates the situation. Several methods have been developed to extract
lifetime (and hence size) distributions. We use a version of the continuum
fitting program, CONTIN [21], specifically developed for exponential
lifetime analysis. It should be noted that the uniqueness of the fitted
distributions with CONTIN is still an open issue, discussed in a number of
comparative works with alternative algorithms [22]. Figure 9 shows the
results of such an analysis on mesoporous MSSQ films. The fraction of
sacrificial porogen load determines the total volume of the pores.
To focus on the mesoporous part of the time spectrum we fit data for t in
the 60 to 1000 ns time range, thus avoiding the bulk components with
lifetimes less than 6 ns. In the present paper, the analysis of the spectra is
kept consistent for all materials, regardless of the PALS system used to
collect the data (e.g., Figure 1 and 2).
The CONTIN analysis of the spectra of mesoporous MSSQ films made
with different porogen materials, resulted in bimodal lifetime distributions
[8,9]; two lifetime components were confirmed by a discrete lifetime
analysis. Two peaks in the Ps lifetime were also obtained for films made
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with porogen load ranging from 5 wt. % to 50 wt. % (Figure 9 [8]), the mean
lifetime of which is given in Figure 5 (without
The position of the
peak at ~20-25 ns does not change significantly, whereas its intensity
decreases gradually with an increase in porogen load. This indicates that its
origin can be attributed to voids formed on the place of a single porogen
domain in the porogen-MSSQ hybrid with a size nearly independent of the
porogen load. The merger of two or more domains, which occurs likely at
higher porogen loads, gives rise to the longer lifetime component, which
increases in intensity with porogen load. The onset of void interconnection at
20 wt. % porogen load causes the shift of the second peak towards higher
lifetimes, due to the contribution from Ps annihilation in vacuum.

The conversion from Ps lifetime distributions to pore size distributions,
or, more precisely, the specific void volume as a function of mean-free path,
is essential for the applicability of PALS as a diagnostic tool for mesoporous
materials. The extended Tao-Eldrup model discussed above can be used as a
starting point. This transformation must be corrected for any pore-size
dependence of the trapping probability for Ps formed in the bulk material, as
discussed in detail in Reference [9]. Evidence of Ps formation with
molecular electrons [23] indicates, that Ps can be formed at the void surface.
The pore-size dependence of the Ps formation must also be taken into
consideration. Fortunately, both processes (trapping of bulk-formed Ps and

Depth-profiled positron annihilation spectroscopy of thin insulation films

165

surface Ps formation) scale with the pore surface. Thus, the analytical
approach in Reference [9] remains valid, regardless of the origin of the Ps.
For a Ps lifetime distribution, determined by CONTIN,
is the number of Ps decaying at time t), the fractional pore volume
distribution as a function of mean-free path, l, is given by [9]

where V is the pore volume. The results of this fitting program are shown in
Figure 10 for a (capped) porous film for two sample temperatures. There is
an inherent uncertainty in this distribution due to the slight dependence of Ps
lifetime on the pore geometry. As shown in Figure 7, this effect is mainly
confined to pores with mean free paths less than 2 nm.
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Figure 11 shows the void volume distributions obtained from the lifetime
distributions in Figure 10 using the calibrations of Figure 7. The solid
symbols and curves correspond to the high and low temperature results
derived using a closed, cubic pore model. The open symbols and dashed
curves are the same spectra analysed using an infinitely long, square-channel
pore model. Although the lifetime distributions in Figure 10 were acquired
at two different temperatures and are therefore quite different, the deduced
pore size distributions in Figure 11 are quite similar. This is an important
systematic test of the model that demonstrates that Ps is thermally distributed
throughout the entire void volume and not adsorbed on the void surface.
The systematically larger pore sizes deduced using the channels as compared
with the cubic pores is indicative of the typical systematic errors that would
be assigned in the determination of these distributions. Presumably, the
“correct” distribution falls somewhere between these limiting cases of pore
dimensionality. Further systematic research and comparison with
independent techniques are needed to improve the deconvolution of pore
size distribution. The potential material-dependence on the Ps-lifetime –
pore-size calibration needs to be further addressed.
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METAL INTERDIFFUSION INTO POROUS
FILMS AND TESTING DIFFUSION BARRIER
INTEGRITY

In addition to determining the average pore size in open pore systems and
extracting a pore size distribution in closed pore systems, DP-PAS can be
used to study the integrity of diffusion barriers and the diffusion of metal
overlayers into porous films. This is particularly important for porous low-k
films in electronic devices. To test for possible metal interdiffusion into the
pores a systematically controlled study was performed involving an Al
sputter-capped silica film with an inherent lifetime component of 98 ns. The
film was heat-treated at progressively higher temperatures and data collected
at room temperature in between each heating cycle. The intensity of the 98
ns component was monitored and the appearance of a short lifetime
component (indicative of rapid Ps pick-off at the metal lining of the pore
walls) was searched for. The results are shown in Figure 12. At
approximately 450°C one sees the apparent onset of Al interdiffusion
through the appearance of a 3 ns lifetime component. It was concluded that
the sample temperature during vapour deposition is much more critical than
subsequent processing temperatures in preventing metal interdiffusion.
There is a complementary study to assess the integrity of candidate
materials for use as thin diffusion barriers to prevent Cu and Al
interdiffusion into the low-k films. Candidate materials are deposited with
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varying thickness as thin capping layers on silica films with interconnected
pores. To qualify as a diffusion barrier for Ps such a capping layer must not
allow any Ps to escape through the open silica pore structure into the vacuum
(escape is readily manifested by a 140 ns component in the fitted PALS
spectrum). Heat treatment of the film is also performed to test for thermal
stability of the diffusion barrier. In this manner candidate materials and
minimum critical barrier thickness can be identified [24].
Effects such as
grain boundary diffusion of Cu atoms through a barrier will not be accounted
for with Ps and would require separate testing.

7.

CONCLUSION AND FUTURE WORK

DP-PAS is a collection of non-destructive, depth-profiling techniques to
characterize the size, distribution, interconnectivity, and “openness” to
vacuum of thin films. The type of films is restricted by the rather simple
requirement that positrons can be implanted into the porous film where Ps
can form. DB-PALS provides depth dependent pore size distributions and
their “openness” to vacuum. DP-DBS allows fast access to the total open
volume and pore interconnectivity and is complementary to PALS. The
combination of DBS and PALS is sensitive to all the void volume greater
than a few angstroms in size, regardless of whether the pores are open or
closed. The technique can readily distinguish open from closed porosity.
This property of Ps diffusion can also be exploited to test the integrity of
candidate materials for diffusion barriers and to determine critical barrier
thickness. Metal interdiffusion into the open pores can be observed since
metal coating of the pore surfaces drastically reduces the Ps lifetime. In
closed pores with varying sizes Ps is believed to trap in individual pores and
the PALS spectrum contains a distribution of Ps lifetimes that correspond to
the pore size distribution. Such a distribution of Ps lifetimes has been
observed and a pore shape independent method to deconvolute a fractional
void volume distribution or mean free path has been proposed.
It is quite clear that DP-PALS and DP-DBS are now becoming useful
probes of porous insulating films. Some of the hurdles to implementing it
have either been surmounted or are in the process of being worked out.
Some need further exploration. The issue of beam charging of the sample
film has not yet been a problem for sub-micron thick films. It is a problem,
however, in studying surfaces of thick insulators where low positron beam
energies are required. Surface selective studies have been accomplished by
acquiring beam-on data for short periods followed by flashing a nearby
filament to discharge the sample.
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Since virtually all thin insulating film data are collected at positron
implantation energies well below 10 keV, the backscattering of positrons at
interfaces and eventual formation of Ps is a ubiquitous problem. The
lifetime and beam energy dependence of its intensity can be characterised
[25] and several methods have been devised to either minimise the detection
of such events [8] or to account for them in a PALS lifetime spectrum [3],
These methods are approximate in their handling of backscattering events
and we may never be able to eliminate or precisely account for these events.
Such events are certainly a nuisance, but can usually be usually be accounted
for without major loss of significant information.
The extension of the Tao-Eldrup model to include pores of any size
appears to be valid and reasonably accurate for lifetime calibration. As such
it would also predict the ratio of 2 gamma annihilations to 3 gamma
annihilations. Testing of this model is an important ongoing process and
considerable effort should be devoted to this calibration. One should be
careful in applying this extended model by insuring that Ps is actually
populating large voids in the sample. It has been observed in some samples
with low porosity where Ps formed in the solid part of the film is not able to
diffuse into widely separated pores. Hence, no long-lived Ps is observed.
The model used in extracting pore sizes assumes one universal probability of
pickoff annihilation at the pore walls. This is not necessarily the case for all
materials. Incomplete knowledge of the Ps diffusion length in the solid (not
in the pores) is the major obstacle to extracting absolute porosity
measurements from the fitted Ps intensity. The diffusion length can be
extracted by carefully examining the near surface data of DP-DBS.
One can certainly qualitatively extract relative porosity determinations
using the fitted Ps intensity in chemically similar films of varying porosity.
Absolute porosity measurements are very desirable, but appear to be very
challenging.
It is refreshing to realize that present laboratory-scale (“single-user”)
positron beams are quite adequate for performing typical DP-PALS and DPDBS experiments. This assumes that blanket samples of order 1 cm in
featureless lateral extent are being studied. As one requires analysis of very
small lateral features or requires lateral imaging (i.e. a scanning positron
microprobe) then positron beam improvements become crucial. The issue of
defocusing of a high spatial resolution beam by sample charge-up may have
to be reconsidered as well as the issue of radiation damage in such high
intensity beams. Laterally resolved DP-PAS will certainly open up many
applications in microelectronic device fabrication diagnostics where beams
of 1 cm diameter are not practical. The idea would be to monitor designated
steps in device fabrication where the interlayer dielectric and/or its diffusion
barriers are exposed for DP-PAS analysis, but where the sample is laterally
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heterogeneous on a small size scale. The timed microprobes planned at
LLNL [26] and Munich [27] would be an ideal research tool for this purpose.
Such tools will allow the implantation of positrons into isolated pores to
probe their dimensions and possibly study quantum confinement effects.
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Abstract

1.

We focus upon the coupled - state approach to positron - and positronium (Ps) - atom collisions. The concept of pseudostates as a way of
including ionization channels is discussed. Examples are given from
positron scattering by atomic hydrogen and the alkali metals. The
present status of Ps - atom collisions is next considered with emphasis
upon the Ps-H, He, Ne and Ar systems where large coupled - pseudostate
calculations have been performed within the frozen target model. Discrepancies between theories and experiments are highlighted. It is argued that converged cross sections have been obtained within the frozen
target model and that any remaining discrepancies must be associated
with the neglect of target excitation, whether real or virtual.

INTRODUCTION

The past few years have seen considerable advances in the experimental and theoretical study of positron - and positronium - atom collisions.
From the theoretical side these advances have been associated primarily
with the development of coupled - state methods. When the coupled state expansion includes “pseudostates” to represent continuum channels one has the capability of a complete dynamical description
allowing automatically for polarization of the target and the positronium, flux loss to ionization, unitarity, the optical theorem, etc. As a
result a complete picture of all the main processes can be extracted.
Of course, the accuracy of this picture depends upon the quality/size of
the pseudostate basis employed, but results of high accuracy can be ob173
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tained with bases of reasonable size. In short, the coupled - pseudostate
method is extremely powerful. It is this technique to which we confine
our attention here. Earlier accounts and more detailed references can be
found in [1, 2, 3, 4].

2.

POSITRON - ATOM SCATTERING

An obvious question is, “In what way does positron - atom scattering differ from the more familiar electron - atom scattering ?”. To be
specific, let us consider the simplest case, positron scattering by ground
state atomic hydrogen. For this system the following processes can then
take place :

The first three of these reactions are also possible using electrons as a
projectile but the last two are unique to the positron and distinguish it
as a much more subtle projectile than the electron. Unlike a projectile
electron, a projectile positron is in competition with the atomic nucleus
for the “attention” of the electrons in the atom, this leads to a much
more correlated dynamics. Positronium (Ps) formation is the explicit
manifestation of this competition, it is a two - centre rearrangement
process in which an electron is grabbed from a bound orbital around the
atomic nucleus and captured to a bound orbital centred on the moving
positron. In electron - atom scattering there is also the possibility of
rearrangement between the projectile and target electrons, i.e. electron
exchange, but here the exchange is associated only with a single centre,
the atomic nucleus. The two - centre nature of Ps formation poses a
much more formidable technical challenge to theory than does electron
exchange. Except at very low energies, where it diverges as
velocity of impinging positron), the annihilation cross section for atomic
targets is orders of magnitude smaller than the elastic scattering cross
section and consequently annihilation is a negligible perturbation upon
the basic atomic scattering. It should be noted, however, that in positron
annihilation on large organic molecules some extremely high annihilation rates have been observed [5], which may require us to modify this
view. Although generally small for atoms, annihilation provides a very
stringent test of the quality of the calculated collisional wave function
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since it depends upon the value of the wave function when the positron
and electron positions coincide [6], in this sense it gives a “pin - point”
picture of correlation in the system. For positron collisions with targets
containing more than one electron, processes more exotic than those
listed in (1) are possible, eg,

2.1.

The Coupled - Pseudostate Approach

To keep things simple, let us consider positron scattering by atomic
hydrogen. Using atomic units (au) in which
the
Hamiltonian for this system may be written

where
is the Hamiltonian for atomic hydrogen and

is the interaction between the positron and the atom. In (3) to (5),
is the position vector of the positron (electron) relative to the
nucleus. However, when positronium is formed it is more natural to use
the “positronium coordinates”

where R is the position vector of the Ps centre of mass relative to the nucleus and t is the Ps internal coordinate. In terms of (6) the Hamiltonian
(3) may be alternatively written

where
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is the positronium Hamiltonian and

is now the interaction between the Ps and the nucleus.
In the coupled - state approximation the collisional wave function
is expanded as

where the first sum is over atomic hydrogen states
and the second over
Ps states
Substituting (10) into the Schrödinger equation, projecting
with
and
and assuming that these states have the property
that

gives coupled equations for the unknown functions
the form

and

of

where denotes complex conjugation and where the total energy, E, of
the system is given by

The local potentials
and
are matrix elements of the
interactions (5) and (9) between states, i.e.
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The non - local terms
describe Ps formation/destruction
in/from the state
by capture of an electron from/to the state
of the atom, they have the form

where the operation
in (15) is to be carried out holding fixed. We
call
a positronium formation kernel. From (15) the complicated two - centre nature of the Ps formation kernels is clear.
So far, we have not specified the states
and
other than requiring
that they comply with (11). The natural choice would be eigenstates of
the Hamiltonians
and
In principle these should include both
bound and continuum eigenstates. Indeed, to take account of ionization
channels we must have a representation of the continuum eigenstates.
In practice it is not feasible to deal with pure continuum eigenstates
which have an infinite spatial extent, instead we use what are known as
“pseudostates”. These can be viewed as “clumps” or “distributions” of
eigenstates. They, and any bound eigenstates to be employed in (10),
are usually constructed by diagonalizing
and
in some finite basis
[7], for example of Slater type orbitals

where r stands for
or t as appropriate, l is the angular momentum
of the state, is an integer with
and is a parameter that need
not be the same for all basis functions (16). “Diagonalizing” means that
the basis (16) is organized into linear combinations
or
satisfying
(11). Clearly, pseudostates are like bound eigenstates in that they have
a finite extension in space, but unlike in that

and that they have a non - zero overlap with continuum eigenstates. This
overlap (with both bound and continuum eigenstates) may be specified
in terms of a “distribution” function

where
or
as appropriate and
is an eigenstate of
or
as appropriate, with energy and the same angular momentum
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quantum numbers as
If is a bound state it is normalized to unity,
if a continuum state, to a delta function in i.e.

The quantity
is just the probability that
contains the eigenstate
Figure 1 illustrates the distribution functions on the continuous part
of the spectrum
for some s - type atomic hydrogen pseudostates
used in a calculation of positron scattering by that atom [8]. The fraction
of the continuum contained in the pseudostate
is

where the sum over
in (20) is over all bound eigenstates with energy
To extract the ionization cross section,
from a
pseudostate calculation we take

where
is the cross section for exciting the pseudostate
and
is the associated continuum fraction (20). The energies
and
appearing in (11) are the average energies of the corresponding distributions (18). In general these average energies will lie both in
the discrete and continuous parts of the eigenstate spectrum, as shown
schematically in figure 2. Our picture of a pseudostate then is a distribution or clump of eigenstates centred around the average energy (11), see
figure 1. The quality of a pseudostate set may be gauged by how well the
average energies are distributed throughout the eigenstate spectrum, see
figure 2. As the number of pseudostates is increased the distribution of
pseudostate average energies can be made denser and so the division of
the eigenstates into the clumps, see figure 1, that we call pseudostates
will become finer, with the result that (10) approaches closer to the ideal
of a complete eigenstate expansion. Surprisingly, in practical terms, this
ideal is achieved more quickly than one might suspect, with a manageable number of pseudostates giving a satisfactory representation for
most purposes. If the sets of states
and
were actually complete,
then the expansion (10) would be over - complete since either the first
sum or second sum alone could represent the full scattering wave function
In practice we use a finite number of pseudostates and so the
sets
and
are necessarily incomplete. However, even with a finite
set of states the expansion (10) must necessarily be over - complete in
some parts of the coordinate space since the two sums in (10) are not
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orthogonal. This has led to objections that, perhaps, the prescription
(21) involves some degree of double counting. At present it is unclear
whether this objection is valid since the unitarity of the coupled equations (12) will probably automatically take care of any double counting
issues, although they may appear as numerical instabilities in the solution of the equations (12) resulting from linear dependence. To side step this problem somewhat, pseudostates are frequently confined only
to one centre, usually the atom, with only eigenstates being employed
on the other centre, see section 2.2.
When the atom contains more than one electron a new technical feature arises, namely, electron exchange between the formed Ps and the
resultant atomic ion. This we shall meet again in section 3 where we
consider Ps scattering by atoms. We need now to label not only the
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states of the atom
and the
but also the state of the atomic ion
after the formation of Ps. The coupled equations (12) would then
generalize to

The non - local terms
describe the conversion of ion and
Ps states
into
through electron exchange. By employing ion
pseudostates in (22) it would be possible to represent processes such as
transfer ionization (2). Missing from (22) is explicit allowance for other
new channels that become possible with multi - electron atoms, e.g.
formation (see (2)). These could be incorporated into the coupled - state
formalism as required.
2.2.

Some Sample Results

To illustrate the power of the coupled - pseudostate approach we
present in figures 3 and 41 results for positron scattering by atomic
hydrogen in a 33 - state approximation [8] Ps(1s, 2s, 2p) + H(1s, 2s,
to
2p,
to
to
to
in this approximation the
expansion (10) consists of 1s, 2s and 2p eigenstates of both Ps and H
together with 27 H pseudostates
(we denote pseudostates by
a bar). Figure 3 shows excellent agreement between these calculations
and measurements of the total cross section [9], the total Ps formation
cross section [9], and the ionization cross section [10]. Figure 4 shows
the calculated total cross section together with its main components,
demonstrating the point that the coupled - pseudostate method gives,
in one shot, a complete, and internally consistent, picture of all the main
processes.
1

denotes the Bohr radius.
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Coupled - state calculations have also been made for the alkali metals
Li, Na, K, Rb and Cs [1, 2, 3, 11, 12, 13, 14, 15] in a one - electron
model in which the valence electron of the alkali metal moves around a
frozen core. These calculations give good agreement with the available
measurements of total Ps formation and total scattering. One interesting prediction to come out of this work is the collapse of ground state,
Ps(1s), positronium formation and a corresponding increase in excited
state formation,
0 as we ascend the alkali metal series from Li
to Cs. This is illustrated in figure 5. It remains for this prediction to be
verified experimentally.
Calculations have also been performed on the “two - electron” targets
He, Mg, Ca and Zn [3, 16].
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POSITRONIUM - ATOM SCATTERING

The development of monoenergetic Ps beams at University College
London [17, 18, 19, 20] has led to growing interest in Ps - atom collisions.
Ps is the lightest neutral atomic projectile, being like a hydrogen atom
but only 1/1000th of its mass, Ps collisions are therefore of considerable
fundamental interest. The normalized spatial wave functions,
of Ps are simply related to those of atomic hydrogen,
by

In addition, it is important to specify the total spin state of the Ps
which can be either singlet or triplet. Ps in the spin singlet state is called
“para-positronium” (p-Ps), that in the triplet state “ortho-positronium”
(o-Ps). The significance of this classification lies in the different lifetimes
of these spin states against the annihilation of the electron and positron
into photons. Thus p-Ps(1s) annihilates predominantly into two photons, each of 511 keV, with a lifetime of 0.125ns, while o-Ps(1s) annihilates predominantly into three photons with a much longer lifetime of
142ns. Because Ps has internal degrees of freedom, it is important in a
collision experiment to define the electronic state of the beam. In the
present state of the experimental art, Ps beams consist essentially of
o-Ps(1s) [19], the corresponding para species, p-Ps(1s), is too short lived to be transportable as a beam. Experimental capability is at an
early stage and, except for a very limited amount of rough data on differential scattering [19, 20], is confined to total cross section measurements
which, so far, have been made for Ps scattering by He, Ar,
and
[18, 19, 20]. In addition to the beam measurements there are also some
cross section data at very low energies deduced from observations of the
annihilation rate of o-Ps(1s) in various gases [17, 21, 22, 23, 24].
The fact that Ps has internal degrees of freedom as well as the atom
considerably complicates the theoretical description of Ps scattering.
That the Ps centre of charge coincides with its centre of mass results
in the direct Coulombic interaction between the Ps and the atom being
very much weakened compared to the electron exchange interaction between the two particles. We have already met this exchange interaction
in positron scattering by multi - electron atoms, see equation (22) where
the exchange interaction between the formed Ps and the atomic ion is
described by the non - local terms
The exchange process
is very difficult to calculate since it involves electron swapping between
two different centres, the Ps and the atom, and consequently progress
in the theoretical treatment of Ps - atom collisions has been slow [17].
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Pioneering work on Ps - atom scattering goes back to Massey and
Mohr [25]. The first realistic calculations of electron exchange, in the
Ps-H and Ps-He systems, date back to the work of Fraser [26, 27, 28]
who used the simplest coupled - state approximation involving only one
atom and one Ps state, this is referred to as the “static - exchange
approximation”. More recent static - exchange calculations for Ps-H
and Ps-He have been reported by Ray and Ghosh [29, 30] and Sarkar
and Ghosh [31] and also appear in the works of the present authors
[32, 33]. Extension of the static - exchange approximation to Ps-Ne,
Ar, Kr and Xe collisions has very recently been made by Blackwood
[34] and, in a non-standard form to be discussed below, by Biswas and
Adhikari [35]. Barker and Bransden [36] have extended the static exchange approximation to include the van der Waals interaction in PsHe collisions. Coupled - state calculations more extensive than static exchange have now started to appear in the literature [32, 33, 34, 37-51],
the largest of these being the 22 - state calculations of Campbell et al
for Ps-H scattering [32] and of Blackwood et al [33] for Ps-He scattering.
Mention should also be made of the important variational calculations
of Drachman and Houston [52] for S-wave Ps-H scattering, the model
potential calculation of Drachman and Houston [53] for Ps-He scattering
and an unpublished work of Peach [54] also on Ps-He scattering. The
reader is also referred to the article by A.S. Ghosh in this volume.
3.1.

Positronium - Hydrogen Scattering

Ps-H is the most fundamental system. The Hamiltonian may be written

where
and
have already been defined in (4) and (8) and V is
now the interaction between the Ps and the H atom,

In (24) and (25)
is the position vector of the Ps centre
of mass,
is the Ps internal coordinate and
is the
position vector of the positron ( th electron), where all position vectors
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are referred to the atomic nucleus as origin. Under the Hamiltonian (24)
the spin of the positron,
and the total electronic spin, S, of the
two electrons are separately conserved. The spatial part of the collision
wave function,
for scattering in the electronic spin state S is then
expanded as

where, as before,
is a H (Ps) state satisfying (11), either an eigenstate or a pseudostate. Substituting (26) into the Schrödinger equation
and projecting with
leads to coupled equations of the form

where the total energy, E, is given by

and

As before (section 2.1) the non-local couplings
describe
how the state
is converted into the state
by electron exchange
between the Ps and the H. It is clear from (25) that

Prom this it follows that the direct potentials
are zero unless the
Ps states
and
have opposite parity. The electron exchange terms
do not share this symmetry with the result that exchange is enhanced
relative to direct scattering. Indeed, in the simplest coupled - state
approximation, static - exchange, where only one atom and one Ps state
are retained in (26), the equations (27) reduce to a single equation

which contains no direct potential and so is driven solely by the exchange
interaction. The expansion (26) is mathematically complete if the sets
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of states
and
are complete. Implicit in (26) for the electronic spin
singlet case would then be the processes2

In practice, since we do not use complete sets, to evaluate the cross
sections for (32) we would have to add on the terms

where
is the
wave function and
It is expected, but not proved, that the cross sections for (32) will be
relatively small.
It is clear from (26) that the scale of the coupled - state calculation
will escalate rapidly as the product of the number of atom states
times the number of Ps states
For this reason most of the coupled state calculations up to now have involved only one atom state, i.e. the
approximation is a frozen target one. The largest of these calculations,
by Campbell et al [32], employs 22 Ps states, 19 of these being pseudostates. The results are shown in figure 6. We see from this figure that
at the higher energies the main outcome of a collision is ionization of the
Ps, hence the importance of including ionization channels (pseudostates)
in the coupled - state approximation. Also shown in figure 6 is a first
Born estimate [55] of the contribution to the total cross section coming
from collisions in which the H atom is excited or ionized, this suggests
that target excitation/ionization is only important above about 20 eV.
However, what the first Born approximation cannot tell us is how the
solution to the coupled equations (27) would be changed, for example,
for elastic scattering at very low energies, if excited or ionized states
of the atom were added to the expansion (26). The inclusion of these
states would permit processes in which, for instance, the atom could be
“virtually” excited/ionized and then de - excited/de - ionized back to its
initial state, the overall result being no change in the observed state of
the atom. Such processes, which are really just an interpretation of how
the coupled equations “work”, are referred to as virtual excitations3
and are to be distinguished from real observable excitations which are
what is represented by the first Born approximation in figure 6.
Evidence that virtual excitations of the target are important at low
energies comes from the PsH bound state. The existence of this bound
2
3

and
are electronic spin singlets
Henceforth we shall use the term “excitation” to mean both discrete excitation and ionization
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state was first predicted by Ore [56], it is an electronic spin singlet with
binding energy [57] 1.067 eV. In the frozen target 22 - state approximation of figure 6 the calculated binding energy of PsH is 0.634 eV,
i.e. only 60% of the exact energy. There is good reason to believe that
the 22 - state approximation is close to a converged answer4 within the
context of the frozen target approximation, at least at low energies. If
this is indeed so, then we would have to attribute the remaining 40%
of the PsH binding energy to virtual target excitation — a substantial
amount! We shall return to target excitation in section 3.3.
The electronic spin triplet state of the Ps-H system is, however, interestingly different. Here there is no bound state and the calculated low
energy phase shifts contrast with those of singlet scattering by showing much less sensitivity to the form of the approximation, the simplest
approximation, static - exchange, giving almost as good a result as the
most sophisticated, see Table 1. This same behaviour is also seen in low
energy electron scattering by atomic hydrogen and by helium, see Table
1. It has been attributed to a Pauli exclusion mechanism which prevents the projectile electron penetrating the atom [58]. Here, therefore,

4

Compare the 9 - and 22 - state calculations of reference [32].
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we expect virtual target excitation to be noticeably less important than
in singlet scattering.

Besides a true bound state, the Ps-H system also exhibits unstable
bound states, i.e. resonances. Figure 7 shows these resonances as calculated in the 22 - state approximation. Again, the resonances only appear
in the electronic spin singlet channels, not in the triplet. The existence
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of such resonances was first predicted by Drachman [63] who interpreted
them as unstable bound states of the positron orbiting the (spin singlet)
ion. Walters [4] has suggested that resonances will be seen in any
system where the atom can form a stable negative ion. Recent calculations on Ps scattering by Li [48] support this prediction. The resonance
positions in figure 7 are about 0.55 eV higher than obtained by Ho and
Yan [64, 65] in detailed calculations using the complex coordinate rotation method. This is not surprising since the 22 - state PsH bound state
already lies 0.43 eV above the exact energy.
3.2.

Positronium Scattering by He, Ne and Ar

The 22 - state frozen target approximation discussed in section 3.1
has been extended to Ps scattering by ground state He, Ne and Ar
[33, 34]. Here there is only one state of total electronic spin, S=l/2. For
these systems, unlike H, experimental data are available. The results
for the total cross section for o-Ps(1s) scattering by He are displayed
in figures 8 and 9. First Born estimates of target excitation turned out
to be negligible in the energy range shown. At energies up to 10 eV
(figure 8), the 22 - state approximation is in excellent agreement with a
simpler 9 - state approximation and in relatively good agreement with
the basic static - exchange result. The former strongly suggests that
the 22 - state approximation is a converged result within the context
of the frozen target model, the latter would be expected from the Pauli
exclusion mechanism. In figure 8 comparison is also made with the
available experimental data, these consist of cross sections at very low
energies deduced from observations of the annihilation rate of o-Ps(1s)
in He [21, 22, 23, 24], and of beam measurements at higher energies by
Garner et al [18, 19]. There is considerable disagreement between the
low energy measurements, with the most recent of these, by Skalsey et
al [24], being by far the smallest, and a factor of 5 lower than the 22 state cross section. The largest cross section, of Nagashima et al [23],
is (12.5 ± 3.4)
and agrees very well with the 22 - state calculation.
Above 15 eV the 22 - state cross section generally lies below the beam
measurements of Garner et al [18, 19] but is close.
The point of Garner et al at 10 eV is an interesting one, it suggests
a down turn in the cross section at lower energies, perhaps towards the
measurement of Skalsey et al. The uniting of these two sets of measurements is indeed predicted by two other theoretical calculations, that of
Biswas and Adhikari [46] and that of Peach [54], which are shown in
figure 9. These two calculations differ radically from the 22 - state approximation below 10 eV, the difference lying essentially in the predicted
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elastic contribution to the total cross section (note that below 5.1 eV the
total cross section is purely elastic, see figure 6). The elastic cross section
of Biswas and Adhikari is calculated in a frozen target coupled - state
approximation using only three Ps eigenstates, 1s, 2s and 2p. It should,
therefore, be an approximation to the 22 - state calculation shown in figures 8 and 9 and, because of the Pauli exclusion mechanism, should be
near to the 22 - state curve. However, for reasons with which the present
authors do not agree, Biswas and Adhikari modify their coupled equations and obtain the substantially different result shown in figure 9. We
have seen above (see figure 8) that there are excellent reasons for believing that the 22 - state approximation is a converged answer below 10 eV
within the frozen target model. If this approximation is wrong in this
energy range then the problem can only be with the neglect of (virtual)
target excitations. Like the 22 - state calculation, the approximation of
Biswas and Adhikari does not include target excitation! The approximation of Peach is different [54]. Here the Ps-He system is treated as
a three - body problem, i.e.
and He core. The interactions with
the core are represented by model potentials that reproduce accurate
+ He and
+ He scattering data. This approximation, therefore,
implicitly includes virtual excitations of the target, the missing element
from the 22 - state calculation. However, the issue of whether the much
smaller elastic cross section obtained by Peach is a result of the inclusion of virtual target excitations is clouded by questions concerning the
appropriateness of the core interaction model and the validity of the
adiabatic treatment of the scattering problem adopted by her.
The pattern seen in figures 8 and 9 for He is repeated in the 22 state calculations on Ps-Ne and Ps-Ar scattering, the results for Ar are
shown in figures 10 and 11. Once more we see excellent agreement
between 9 - and 22 - state approximations and little divergence from the
simple static - exchange approximation at the lower energies. The 22 state cross section is still much larger than the measurement of Skalsey
et al [24], which is again supported by the modified static - exchange
approximation of Biswas and Adhikari [35], but now also disagrees with
the measurement of Nagashima et al [66]. The trend with decreasing
energy in the beam data of Garner et al [19] suggests a possible link-up
with the Skalsey et al point.
3.3.

Excitation of the Target

That virtual target excitation is most probably important in low energy spin singlet Ps-H scattering is clear from the fact that the 22 - state
frozen target approximation of section 3.1 can only get within 40% of
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the correct PsH binding energy and predicts resonances that lie about
0.55 eV too high. Calculations reported by Ray and Ghosh [40] (see
also [43, 44]) show that the low energy singlet elastic scattering phase
shift improves5 more rapidly from the static - exchange limit as excited
target states are added than as excited Ps states are included. This is
illustrated in Table 2. Whereas it requires a greater energy to excite
(virtually) a H state than a Ps state, Table 2 suggests that this disadvantage must be more than offset by the possibility of greater wave
function overlap between the Ps and H centres — Ps(1s) is more diffuse
than H(1s) but comparable to H(n=2). Again, it is found that even with
target excitation the triplet phase shift shows little change irrespective
of the approximation [44], the Pauli exclusion mechanism is operative.

Prom the point of view of the Pauli exclusion mechanism, one might
expect, a priori, that the low energy cross sections for Ps scattering by
the inert gases would be little altered from the 22 - state results shown
in figures 8 to 11 by the inclusion of virtual target excitation. However,
here the Pauli exclusion mechanism might be subverted by a second different mechanism — virtual
formation. This second mechanism is
not possible in triplet Ps-H scattering since
is an electronic spin
singlet and so the invariance of the triplet results under change of approximation (see [44]) would not be contradicted. That virtual6
and
formation may be the key to low energy Ps scattering by an atom
A is suggested by the interpretation of the PsH bound state as a hybrid
of
and
[67] and the description of the resonances of
figure 7 as being
orbiting
If this is so, then a representation (26)
5
By the variational principle the calculated phase shifts must be lower bounds on the exact
phase shifts.
6
Assuming that the atom does form a negative ion
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of the collision wave function based purely upon Ps and atom states
would not be a good starting point, inclusion of
and
states,
both real and pseudo, might lead to much more rapid convergence of
the approximation.
Another aspect of target excitation is the van der Waals force. The
van der Waals interaction potential has the form

where [68] for Ps(1s) + H(1s),
(au), and for Ps(1s) +
He
(au). To take account of the van der Waals interaction it is necessary to include both excited Ps and excited atom
states in the expansion (26), P - states of both species if the initial Ps
and atom states are S - states. Strictly speaking, the van der Waals
interaction only has meaning in its asymptotic form (34), at short range
it is indistinguishable from other short range interactions. Because of
the large size of the
coefficients it has been suggested that the van
der Waals interaction might be very important and might, for example,
be the primary cause of the discrepancy between the 22 - state theory
of figures 8 to 11 and, say, the experiment of Skalsey et al [24] at low
energies. In an early calculation by Barker and Bransden [36] the van
der Waals force was found to reduce the low energy Ps-He cross section
by no more than about 20% and most of this might have come from
the short - range part of the “van der Waals” term rather than the true
asymptotic van der Waals force (34). The importance of the van der
Waals interaction (34) remains an open question.

4.

CONCLUSIONS

The coupled - pseudostate approach provides us with a very powerful tool for treating collisions. The essence of the method lies in the
representation of continuum (ionization) channels by finite - range pseudostates. As a result it has the capability of a complete dynamical description giving a complete picture of all the main processes. In positron
- atom scattering it has so far been applied, with considerable success,
only to “one -” and “two - electron” targets, i.e. alkali metals and alkaline earths, in a frozen core approximation. However, the greater body of
experimental data lies with positron - inert gas collisions. Here there are
measurements of integrated cross sections for total scattering [69], Ps formation [69, 70], single ionization [71-76] (including tests of the Wannier
threshold law [74]), multiple ionization [76-81] and transfer ionization
[76, 78, 79, 80]. There is also a limited amount of experimental data on
differential scattering in elastic collisions [69, 82-84], Ps formation [85],
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ionization [85-88] and transfer ionization [85]. In addition there are measurements of annihilation rates [89] and of the
energy spectra for
annihilation in He [90]. It is towards this accumulation of data, lacking
as it does substantive theoretical treatment, that future efforts should
be directed. A recent and exciting new development in positron collision
physics has been the first ever measurement of a triple differential cross
section for ionization [91]. Such experiments probe the dynamics of ionization at the most fundamental level and provide a strong challenge to
our understanding of the ionization process [4] and, in particular, to the
coupled - pseudostate approach which purports to represent ionization.
Finally, there is a great need for measurements of excited Ps formation
in order to confirm theoretical predictions such as, for example, those of
figure 5.
While significant progress has been made in recent times with the
theoretical treatment of Ps-H and Ps-He collisions, much remains to
be understood. The problem here now centres upon the importance of
target excitation and whether an expansion based exclusively upon a
product of Ps and target atom states is the best way to proceed at low
energies. There is good reason to believe (see section 3.3) that inclusion
of states of the atomic negative ion and
might lead to much more
rapid convergence of the approximation. This issue is particularly pressing with respect to Ps-He collisions where there are gross discrepancies
between theory and experiment, experiment and experiment and theory
and theory. For this system we need both new theoretical calculations
and new experiments.
It is clear that much remains to be done both theoretically and experimentally in the study of positron - and positronium - atom collisions.
These are especially challenging areas of atomic collision physics which
will reward well those who are interested in fundamental problems.
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Chapter 12
POSITRONIC ATOMS
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Faculty of Science, Northern Territory University, Darwin NT 0909, Australia
Abstract

1.

In recent years, the ability of positrons to bind to neutral atoms with
binding energies as large as 0.4 eV has been demonstrated. These exotic
systems have a tendency to form sub-systems as the relative interaction
strength between the different components changes. The investigation
of these systems is providing unique insights into the way positrons
interact with atoms and other complex electronic systems.

INTRODUCTION

The positively charged positron is the anti-particle of the electron. Its
theoretical prediction by Dirac [1] and subsequent experimental detection by Anderson [2] was one of the most startling events of 20th century
physics. In the subsequent 70 years since its detection, it has gone from
being the most exotic particle in physics, to a particle that is routinely
used to investigate vacancies and momentum distributions in solid state
materials [3, 4].
This article is concerned with positron-atom physics, the study of how
positrons interact with atoms. There are a number of features about
the electron-positron interaction that lead to positron interactions with
atoms being distinctly different than electron-atom interactions. First,
there is the Coulomb interaction between the positron and the nucleus
which results in a repulsive interaction between the positron and unperturbed atom. However, the attractive nature of the electron-positron
interaction leads to electron-positron correlations that are exceptionally
strong. As a consequence, there is a tendency for the positron to form a
cluster with one of the atomic electrons whenever it is in the vicinity of
the atom. These clusters can be regarded as something analogous to the
temporary formation of the positronium (Ps) ground state. The third
difference is the possibility of electron-positron annihilation. A positron
and electron will tend to annihilate whenever they come into direct contact and the lifetime of a positron when it is implanted in a solid or liquid
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is typically of the order of
seconds. In the atomic and molecular
environment, any bound state complex that can be formed will be shortlived with a
sec lifetime while in-flight annihilation of the positron
will always be a possibility during a collision experiment.
One of the fundamental goals of positron atomic physics is to gain a
better understanding of the interaction between positrons and atoms (or
molecules). Prom this perspective, there can be no more fundamental
question than whether a positron can form a bound state with a neutral
atom or molecule. This question was finally settled in 1997 when two
independent calculations demonstrated that positronic lithium, namely
was electronically stable with a binding energy of about 0.06 eV
[5, 6].

2.

GENERAL CONSIDERATIONS

The question of whether a positron can bind itself to a neutral atom
and form an electronically stable bound state has been one of the longest
standing questions in positron physics [7, 8] with a number of negative
or inconclusive results [9, 10, 11, 12, 13, 14, 15, 16, 17, 18]. In the first
instance, the static interaction between the atom and the positron is
repulsive everywhere, and therefore at first sight represents an environment which is inimical to binding a positron.
However, the electronic charge cloud of the atom, can adjust itself
to accommodate the presence of a nearby positron. The polarization of
the electron charge cloud leads to an attractive interaction between the
positron and the atom. The polarization potential is known to have the
asymptotic form

where
is the static dipole polarizability. All of the equations in this
chapter are given in atomic units for which
and
A bound state will occur when the attractive polarization
potential is large enough to overcome the repulsive interaction with the
nucleus.
There is another possible binding mechanism. In circumstances where
the ionization potential of the atom is less than 0.250 Hartree (the Ps
binding energy) it is possible for one of the valence electrons to attach
itself to the positron forming a Ps cluster. The polarization of this
Ps cluster by the Coulomb field of the residual singly charged ion core
results in an attractive interaction that can also lead to binding.
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Condition for Positron Binding

The condition for positron binding to an atom has a subtle dependence upon the ionization potential, I, of the atom. If I is greater than
0.250 Hartree, then the question of positron binding is just a question
of whether the atom has a positron affinity, i.e. whether the ground
state energy of the
system is less than the ground state energy of
the neutral atom. However, if the ionization energy is less than 0.250
Hartree, the binding energy of the positron to the atom must exceed
Hartree otherwise the positron-atom complex will
dissociate into positronium plus a residual positively charged ion, i.e.
into
When the parent atom has an I < 0.250 Hartree one
must establish that the
system is bound.
The binding energy of the
system is denned as the binding energy
with respect to the lowest energy dissociation channel. The positron
affinity is defined as the binding energy gained by the positron when it
is attached to the atom. The binding energy and positron affinity are
only equal for atoms with I > 0.250 Hartree.
2.2.

Positron Annihilation

Positron annihilation is a simple process. Whenever an electron and
positron come into direct contact they will annihilate. If the spin state
of the annihilating pair is a singlet (S = 0) state, the dominant decay
process is the
decay. In the spin-triplet state the dominant process is
decay. For the simplest of all positron binding systems, positronium,
the singlet state decays at a rate equal to
Triplet Ps decays at a rate of
[19] (higher order terms in act to reduce both of these rates
slightly). In these expressions, is the fine-structure constant,
is the
classical electron radius and is the speed of light.
Complications arise when a positron bound to a complex electronic
system decays. The final state will consist of a residual ion in a specific
quantum state with a recoil momentum that depends on the center of
mass momentum of the annihilating electron-positron pair [20, 21, 22,
23, 24]. The net
annihilation rate of a positronic atom with wave
function
with N electrons resulting in the emission of
two gamma quanta with total momentum q is defined as
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The second
co-ordinate in eq.(2) denotes the positron. Since is
anti-symmetric for electron interchange, the index of the annihilating
electrons is set as
T is a constant defined as

where is the classical electron radius. The operator,
spin projection operator to the singlet state of the
pair, which can be written as

in eq.(2) is a
electron)

Equation (2) can be integrated over q to give

where

is used to denote the complete electron phase space
The expression for
is the expression that is commonly
called the
annihilation rate in the literature. Equation (5) does not
give the transition rate between a well defined initial and final state.
This equation is a sum rule which adds up the individual transition
rates over all possible final states. All the annihilation rates presented
in this article are spin-averaged and only take into consideration the
process. The spin-averaged
annihilation rate for the Ps ground state
is

3.

CALCULATION TECHNIQUES

A calculation to establish positron binding is conceptually very simple.
First it is necessary to compute the energy of the parent atom (or positive
ion). Then the energy of the
complex is computed and binding is
established provided the
energy is lower than the energy of the
(or
) dissociation channel. It is of course important that
the energy of the parent atom be computed very precisely.
3.1.

The Stochastic Variational Method

The first rigorous calculations, demonstrating the existence of a positron
atom were done independently in 1997 and used similar techniques [5, 6].
In both cases the calculations were variational calculations that diagonalized the Hamiltonian in a basis set,
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where
is the matrix of gaussian exponents and x is a vector representing the co-ordinates of all the particles. The spatial part of basis functions were written as explicitly correlated gaussians (ECGs) [25, 26, 27],
i.e.

These basis functions include the inter-particle coordinate between every
pair of particles as a quadratic term and N' is the number of interacting
particles. As a consequence they do a good job of representing the strong
electron-positron correlations. For a long time ECG functions were regarded with disfavor since exponential functions with linear radial factors have better asymptotic properties at large and small inter-particle
distances. However, the Hamiltonian matrix elements of the ECG basis
are amazingly simple and can be computed very quickly. This can compensate for the fact that generally more terms are required in the basis
set expansion.
The ability of variational methods using ECGs to obtain accurate
wave functions and precise energies depends crucially on the proper optimization of the nonlinear parameters, i.e. the exponents of the ECGs.
Classical optimization techniques are not effective for an energy functional than can have between 100 and 10000 free parameters. In the
Stochastic Variational Method (SVM) [27, 28, 29, 30, 31, 32], the search
for the optimal set of exponents is performed stochastically, i.e. via a
trial and error procedure.
3.2.

Quantum Monte Carlo

There are a number of variations on the Quantum Monte Carlo method
[33]. Most of the calculations on positron binding system have used
the fixed node Diffusion Monte Carlo Method (DMC). The Schrodinger
equation is transformed into a diffusion equation in imaginary time. The
solution is simulated by the movement of a large number of “walkers”
in
space ( is the number of electrons and positrons).
In the DMC the simulated diffusion is guided by a trial wave function
which has to be constructed prior to the simulation.
Calculations with the DMC have been most useful for systems at
the right hand end of the periodic table. These systems are not so
accessible to variational calculations since they have more than 4 valence
electrons. One aspect of the DMC method that limits its usefulness for
positron binding systems is that it is relatively difficult to calculate the
annihilation rate and only few calculations have been done [34, 35].
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3.3.

Configuration Interaction

The CI method is one of the standard approaches for computing
atomic structures [36], so only a brief description needs to be given here.
The atomic wave function is taken to be a linear combination of states
created by coupling atomic states with single particle positron states
using the usual Clebsch-Gordan coupling coefficients;

In this expression
is an antisymmetric atomic wave function with good L and S quantum numbers. The function
is a
single positron orbital. The positron orbitals and the electron orbitals
that make up the wave function are written as a product of a radial
function and a spherical harmonic, viz.

The main problem in applying the CI method to a positron binding system is a consequence of the attractive electron-positron interaction. The
electron-positron correlations are so strong that for some systems (e.g.
it is best to regard the electron and positron as coalescing into
something approximating a positronium cluster. The accurate representation of a Ps cluster with single particle orbitals centered on the nucleus
requires the inclusion of orbitals with quite high angular momenta.
The first CI calculation able to confirm positron binding to a neutral
atom was carried out upon positronic copper [37]. In the fixed core
model,
only had two active particles, the positron and the valence
electron. This calculation had 120 electron and 120 positron orbitals
and a maximum orbital angular momentum of
Despite the
large basis, the calculation was only able to achieve about 60% of the
expected binding energy.
Two criteria should be satisfied for the CI method to provide accurate
quantitative information. First, it must be possible to vary the number
of orbitals for a fixed L systematically. This will establish convergence
in the radial basis for a particular L. It is also necessary to do calculations for a maximum value of L close to 10. Although an extrapolation
procedure is needed to establish the
limit, choosing
sufficiently large means the errors introduced by the extrapolation can
be minimized.
So far two approaches satisfying these criteria have been developed.
One approach is to generate a B-spline basis in a finite range cavity, use
this to solve the Schrodinger equation, and then analytically extrapolate
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the size of the cavity to
[38]. In an alternate approach, the single
particle basis is constructed from Laguerre orbitals [39]. This basis can
then be increased systematically and the convergence pattern used to
deduce the
limit.
3.4.

Fixed Core Hamiltonians

Ab-initio calculations with basis functions depending on every pair
of particles for systems with more than 5 or 6 particles are just not
computationally feasible. Therefore, the fixed core approximation is
made in order to investigate systems with more than four electrons. The
model Hamiltonian used for calculations in the fixed core SVM method
(FCSVM) is described in this section [32].
The Hamiltonian for an atom consisting of
valence electrons and
a positron is

In this expression, the
refer to the electron coordinates,
while refers to the positron coordinate. The direct potential for the
core is taken from a Hartree-Fock wave function and is the same (although opposite in sign) for the electron and the positron. The exchange
potential
between the valence electron(s) and the Hartree-Fock core
was computed exactly. The polarization potential
is a semi-empirical
polarization potential derived from an analysis of the spectrum of the
parent atom or ion. It has the functional form

The factor
is the static dipole polarizability, and
is a cutoff
function designed to make the polarization potential finite at the origin.
The same cutoff function was adopted for both positrons and electrons
and was defined to be
The two-body polarization potential was defined as

The value of was usually chosen so that the computed binding energies
of the parent atom matched those of experiment. (Note, in the initial

206

application of the fixed core FCSVM, calculations with and without
polarization were done. The purpose of doing two calculations was to
demonstrate that predictions of binding were insensitive to the details
of the polarization potential. The model without polarization potentials
was called the FCSVM model and the model with polarization potentials
called the
In this chapter, results are only presented for
model Hamiltonians including polarization potentials and this model is
simply called the FCSVM model.)
The operator
is an Orthogonalising Pseudo-Potential that acts to produce wave functions orthogonal to the occupied core orbitals
provided a large
enough value is chosen for [40, 41]. The sum in eq.(14) is over all the
core orbitals. Typical values of have ranged from
to
Hartree.
The Schmidt orthogonalization procedure, that is often used for CI calculations, cannot be usefully applied to orthogonalize the valence particle
ECGs to the core orbitals.
The Hamiltonian just described is not unusual (apart from the OPP)
and is similar to Hamiltonians that have been often used in atomic structure [42, 43] or electron-atom(ion) scattering [44] calculations. The CI
calculations of the UNSW group [38] use a Hamiltonian that is conceptually similar with some differences in detail (e.g. the radial form of the
polarization potential is obtained from many-body perturbation theory.)

4.
4.1.

POSITRON BINDING TO NEUTRAL
ATOMS
Heuristic Wave Function Model

It has been suggested [45, 46, 47] that the structure of any positronic
atom can be heuristically written as

The first of these terms represents a positron moving in the field of a
polarized atom while the second term represents a Ps cluster attached
to the residual ion (or atom). The relative strength of these two configurations is determined by the ionization potential (or electron affinity) of
the atomic (or ionic) parent. When the ionization potential is less than
0.250 Hartree (the Ps binding energy) the most loosely bound electron
is attached to the positron forming a Ps cluster. However, when the
ionization potential is greater than 0.250 Hartree, the tendency to form
a Ps cluster is disrupted by the stronger attraction of the electron to the
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parent atom. The electron is more strongly attracted to the nucleus and
the repulsive positron-nucleus interaction tends to break up the cluster.
These ideas have been illustrated by two calculations that studied
positron binding to a continuum of model atoms with adjustable ionization potentials. One calculation looked at positron binding to a model alkali atom [46]. The model alkali atom was based on the sodium atom but
had an adjustable short-range potential to tune the interaction strength
between the valence electron and the core. A simpler version of the
model
system is the
system with an adjustable
mass
(note
is used to denote the particle and its mass) [47]. This
system simulates an alkali atom with different binding energies since the
sub-system energy,
changes as
changes. The
system can be regarded as the simplest positronic atom and
table 1 lists its properties as a function of
For
Hartree, and the
subsystem is energetically similar to a group IB element like Cu. Here
the
system can be best described as
weakly bound to a
polarized
atom. The
expectation value is almost the
same as the
sub-system. The
distance is very large
and the annihilation rate is small.
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When
the
sub-system is more akin to an alkali
atom like Li. The
system is best described as a polarized Ps
atom weakly bound to the
particle. The
distance is almost
the same as that of the Ps ground state (3.0 ), and the annihilation
rate is almost equal to the Ps ground state. The
and
distances reveal that the electron and positron are both far away from
the
particle.
The 3-body system is only stable for
Hartree and achieves its maximum energy when
Hartree. Qualitatively similar results were seen in the investigation of
positron binding to the model alkali atom [46].
4.2.

Existing Positron-Atom States

Tables 2 and 4 list the binding energies and other properties of a
number of positron binding systems. The stability of some of these
systems such as
and PsH have been known for a long time [48,
49, 50] and recent results are mainly presented for completeness. These
tables are not exhaustive, there have been other calculations for some
of these atoms that are not listed. A number of the entries come from
ongoing calculations aimed at improving the precision of the binding
energies and have not yet been published elsewhere.
For all systems an accuracy estimate is given. In the case of calculations making the fixed core approximation, this accuracy estimate does
not take into consideration the accuracy of the underlying model Hamiltonian. The estimate gives an accuracy assessment of the solution of the
Schrodinger equation for the model Hamiltonian. For the variational
SVM and CI calculations, the accuracy estimate really gives a measure
of the extent to which the calculated binding energy underestimates the
exact binding energy of the model Hamiltonian. For the DMC results,
the accuracy estimate gives a measure of the statistical and other uncertainties of the DMC solution (as assessed by the authors!).
The
[24] and
[5, 32, 52] systems have only 3 and 4 active particles respectively and therefore the energies and wave functions
are very close to converged. They are ideal systems with which to validate the accuracy of the fixed core methods. The comparison between
the SVM and FCSVM models reveals a level of agreement in binding
energies and expectation values that is better than 1%. Comparisons
for LiPs (table 4) do not provide such stringent tests on the accuracy of
the FCSVM model since the SVM wave function, with 4 active electrons
and 1 positron has not converged to the same degree of accuracy.
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Many of these predictions of positron binding have been obtained by
solving a model Hamiltonian and it is reasonable to question whether
these predictions are just an artifact of a particular model Hamiltonian.
The mechanism responsible for binding is the interaction between the
positron and valence electrons. The effect of the core is to provide the
underlying environment in which the valence electrons and positron establish the bound state. The underlying interaction between the core
and valence electrons can be changed quite dramatically without affecting the prediction of positron binding. This point can be illustrated
by looking at the
system in detail. For example, a short range
interaction can be added to the electron part of the core potential and
adjusted to strengthen or weaken the interaction with the valence electrons. The positron remains bound to a model Mg atom for ionization
potentials ranging from 0.220 to 0.290 Hartree. Indeed it was the prediction of binding for I = 0.220 Hartree (close to the I for Ca) that
prompted the CI calculations that established the stability of
[56].
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Although
binding can be established for a broad class of fixed-core
Hamiltonians, it is naturally still important to make the model as accurate as possible. The FCSVM calculation gives 0.55192 and 0.83207 for
the
and Mg binding energies. The experimental values are 0.55254
and 0.83353 [57] Hartree respectively.
The group 1B systems,
and
have each had the
binding
energy predicted by two independent calculations. Although two completely different methods were used to solve the Schrodinger equation
for the two active particles, the major difference between the calculations is in the representation of the core Hamiltonian. The CI calculations [38, 55] for
and
used a relativistic Hartree-Fock wave
function to represent the core, and used Many Body Perturbation Theory (MBPT) to compute the core-polarization potential (with empirical
scaling). The differences between the calculated energies reveals the differences between the two model Hamiltonians and provides an estimate
of the theoretical error bar.
The calculations of the annihilation rate support the heuristic model
of the wave function described by eq.(15). The spin-averaged annihilation rates as a function of ionization potential (or electron affinity for
Ps binding systems) are shown in figure 1. The annihilation rates are
smallest for Be and Zn which have the largest ionization potentials. The
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3 positronic atoms which the smallest ionization potentials,
and
have annihilation rates close to
The plots of the electron-positron correlation functions shown in figure 2 also shows the variation in the strength of the
configuration as a function of the parent atom ionization potential. The
correlation function, C( ) gives the probability of finding the electron
and positron a distance apart. For a system with one valence electron
it is defined,

Systems with I < 0.250 Hartree such as
and
have
correlation functions which are very similar to that of the Ps ground
state.

4.3.

The Attractive Positron-Atom Interaction

One of the remarkable features of the calculations is the result that
the positron affinity exceeds the electron affinity for most of these atoms.
The positron affinities for Li and Na are 0.0543 and 0.0621 Hartree
respectively. The electron affinities for Li and Na are 0.0227 and 0.0214
Hartree respectively [59]. For the group II and IIB elements, the stronger
attraction of the positron to the atoms is even more noticeable. Four
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of the atoms that bind a positron, Be, Mg, Zn and Cd will not bind an
electron. And for calcium, the electron affinity of
Hartree [60]
is much smaller than the positron affinity of 0.03469 Hartree. Only for
the group 1B atoms such as copper and silver does the electron affinity
exceed the positron affinity.
Positrons are also more strongly attracted to the rare gas atoms. The
scattering lengths for electron scattering from helium, neon, argon, krypton and xenon are 1.20 [61], 0.201 [62], –1.46 [63], –3.35 [64] and –6.05
[65]
respectively. According to calculations that should be reasonably accurate, the positron scattering lengths for helium, neon, argon,
krypton and xenon are –0.48 [66], –0.61 [67], –5.3 [68], –10.3 [69] and
–45.3 [69]
The positron scattering lengths are without exception
more negative than the electron scattering lengths and this implies a
greater attraction at threshold. With reasonably reliable information
for 5 columns of the periodic table, one concludes that atoms in four of
these columns attract positrons more strongly than electrons.
4.4.

Utility of the FCSVM for Larger Systems

Although the fixed core SVM (or FCSVM) has been used to establish
positron binding to a number of systems, the calculations on the larger
systems have revealed some of its limitations. The FCSVM has become
increasingly more difficult and tedious to apply as the atoms have gotten
larger and had more occupied orbits in the core.
The first problem concerns the speed at which the matrix elements
are evaluated. One of the primary reasons for the success of the SVM is
the speed with which the matrix elements between ECGs can evaluated.
Inclusion of various core terms in the FCSVM Hamiltonian greatly increases the amount of time to update the matrix elements during the
optimization process.
Besides the slower matrix element evaluation, the larger systems have
more complicated structures. The more complicated nodal structures of
the valence electrons of larger atoms means that larger ECG expansions
are required to generate an accurate wave function. In addition, the
repulsive OPP potential tends to make it more difficult for the trial and
error search to establish binding.
The two largest systems for which FCSVM calculations were completed were KPs and
The calculation time for each of these systems was about 1 year each and even then the convergence of the binding
energy was poor. Positronic calcium represented an even more difficult
proposition. Although it was suspected that
would be electronically stable, FCSVM calculations on this system were terminated prior
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to finding any definite proof of binding. A formal demonstration of
binding was eventually provided by the CI method [56].
One problem with the ECG basis is that the basis functions do not
match the physical shape of the wave function, for example, the positron
probability distribution is usually very small close to the nucleus. One
possible improvement would be to adopt the “global vector representation” that was developed to treat states with non-zero angular momentum [31, 27]. In systems which are spherically symmetric, the basis
functions are written

with

The coefficients
and the power of |v| are also variational parameters.
Choosing
and
appropriately would make it easier to construct
a positron distribution that is small in the inner regions of the atom.
This type of basis function has been used in pioneering non-adiabatic
calculations of molecular systems [70, 71].

4.5.

Application of the CI Method

The fundamental source of difficulty in using the CI method to investigate the structure of positronic atoms is its very slow convergence.
The PsH system is used to illustrate the convergence problems since it is
relatively simple and it has (for a positron binding system) a relatively
favorable convergence pattern.
Briefly, the wavefunction is constructed from a CI expansion consisting of products of single particle Laguerre type orbitals. The Laguerre
exponents of the electron and positron orbitals for a particular L value
were the same. Every possible configuration that could be constructed
by letting the electrons and positron populate the orbitals (up to a particular maximum value of L) without any occupancy restrictions was
included in the CI basis. The exponents of the Laguerre basis for each
value of L were optimized manually. The dimension of the calculation
for the largest basis was 95324, and the eigenvalue problem was solved
by the Davidson method [72],
In table 3, results are reported for a sequence of calculations with
successively larger L values. The table reports the number of electron
and positron orbitals for each L, the exponent of the Laguerre basis for
each L, the total 3-body energy, annihilation rate and radial expectations. The largest calculation, with
gave a binding energy
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of 0.036776 Hartree, this represents only 93.8% of the expected binding
energy of 0.039197 Hartree.
Given the finite extent of computational resources, an extrapolation
technique is used to estimate the
limit. Making the assumption that the successive increments,
to any expectation value
scale as
for sufficiently large L, one can write

The power series is easy to evaluate, the coefficient

The exponent

is defined as

can be derived from

There is a considerable degree of uncertainty attached to the extrapolation since the asymptotic form in
(i.e. ) is not known. However,
the error in making the extrapolation can be kept to a reasonable size
by making
as large as possible. Suppose 80% of the energy is given
by explicit calculation, and also suppose that error in the extrapolation
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correction (of the remaining contribution to the energy) is 20%, then
the net error in the energy will be 4%. For PsH the net error in the
extrapolated energy is 1%. The annihilation rate is much more slowly
convergent with L and here the error is 10%. An immediate goal for
the future is to use the CI method to give improved binding energies for
and

4.6.

Other Positron Binding Atoms

The obvious question is whether other atoms in the periodic table
will bind a positron? The answer to this question is almost certainly
yes, and this immediately raises the next question, which atoms will
bind a positron? Guidance is provided by the previously mentioned
investigation of positron binding to a model alkali atom [46]. Positron
binding occurred for model atoms in the range
Hartree, with the binding energy largest for 0.250 Hartree.
The upper limit of
Hartree is easy to understand. The
polarization potential between the valence electron and the positron is
the dynamical mechanism responsible for binding. As I increases, the
effective dipole polarizability will decrease since
When the
dipole polarizability drops below a critical value (the model calculation
gives
positron binding can no longer be sustained. The critical
polarizability is a better measure of possible binding than I when I >
0.250 Hartree.
The lower limit
Hartree can be explained in terms of
the strength of the interaction between the electron and the core. As
I decreases below 0.250 Hartree and approaches the critical value, the
positronic atom evolves into an
configuration. The polarization
interaction with the residual ion alone results in a system which is on
the threshold of being bound (the scattering length for Ps-p scattering
is about
[74]). It is the strength of the interaction between the
electron (in Ps) and the core, as measured by the ionization potential I,
that then determines whether binding will occur. One consequence of
this lower limit for I is that positron binding to the heavier alkalis, K,
Rb and Cs does not occur. There is explicit calculational evidence that
a stable
bound state does not exist [46, 75].
Rather than examine each atom of the periodic table as a candidate for
positron binding, it is best to condense the information into a simple rule.
Any atom satisfying
Hartree is probably a reasonable
candidate to bind a positron. This rule is crude, and the lower and upper
limits are approximate, but it is a reasonable first approximation. Many
atoms in the periodic table satisfy this criteria, including almost all of
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the transition metals. One area of uncertainty relates to atoms with
non-zero angular momentum with I < 0.250 Hartree, e.g. the group III
elements, Al, Ga, In and Tl. These atoms have a
ground state, and
therefore the
ground states would have
or
symmetry. It is
not clear whether the centrifugal barrier will act to inhibit binding.

5.

POSITRONIUM-ATOM STATES

Positronium binding to atoms should not be regarded as something
surprising. Regarding the Ps atom as something akin to an isotopically
light H atom one immediately concludes that Ps binding should be rather
common. The simplest atom to bind a Ps atom is hydrogen, and the
PsH system was one of the first known positron binding compounds [19].
Intuitive considerations suggest that the PsA systems will consist of a
reasonably well defined Ps cluster attached to the rest of the atom. The
Ps cluster is not expected to be greatly distorted since the Ps binding
energy is much greater than the electron affinity for any atom.
Historically, the halides were the first heavier atoms known to bind
Ps. This is to be expected since the halides are chemically reactive and
have large electron affinities. While there have been many calculations
of Ps binding for the halides, and while these are generally regarded as
providing a reasonable demonstration of binding, the energy differences
between the most recent DMC calculations listed in table 4 indicate
that there is room for improvement. One area requiring attention is the
calculation of the annihilation rates. All of the halogen-Ps systems are
expected to be compact due to their large binding energies. They provide
an ideal theoretical laboratory in which to study positron annihilation
in an atomic environment with high electron density.
The recent SVM and FCSVM calculations of the alkali-Ps systems
have so far given the best structural information. The results are supportive of the intuitive structure model described earlier. In particular,
the annihilation rates for LiPs, NaPs and KPs are close to those of the
Ps ground state. The electron affinities of Li, Na and K are all less than
1.0 eV, therefore the attraction of the most loosely bound electron to
the nucleus is much weaker than its attraction to the positron.
The annihilation rates are only slightly larger than
for
LiPs, NaPs and KPs. This suggests that pick-off annihilation, the annihilation of the positron with electrons not part of the Ps cluster, makes
a relatively small contribution to the total annihilation rate.
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BINDING OF MULTIPLE POSITRONS

If the Ps atom is considered as a light H atom there should be many
multi-positron compounds that can be formed by replacing hydrogen
with positronium. For example, the Quantum Monte Carlo method had
been used to show that water,
has a positronic analog, namely
[78]. There is every likelihood that even more exotic compounds, such
positron substituted methane
or benzene
are also stable [7].
Such compounds requiring the substitution of two or more protons are
most likely to remain theoretical curiosities since it is difficult to imagine
them being formed in an experiment.
At a more fundamental level, the SVM has been used to show that it
was possible to bind a positron to positronium hydride, and that
was stable [82]. This prompted calculations to test whether a positron
could be attached to LiPs and NaPs. These were soon shown to be
electronically stable but best denoted as
and
[53, 71].
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The calculations on
and
showed that once
again the structure is largely determined by the competition between
the nucleus and positrons to bind the valence electrons. The schematic
form for the wavefunction suggested by the calculations is

When the ionization potential of the neutral atom is less than 0.250
Hartree, the addition of the extra electron and the two positrons leads
to formation of a
molecule which is then bound to the residual ion
core. The
dominates because the two most weakly bound electrons
are each more strongly attracted to a positron and therefore
Similarities of the
and
annihilation rates provides a
good indicator of
cluster formation (inter-particle correlations also
provide dramatic evidence of cluster formation [53]). However, the formation of the
cluster is inhibited when the neutral atom has a larger
ionization potential. For example, the
system has an annihilation
rate (per positron) of
and the inter-particle expectation
values are significantly different from those of
[53, 71].

7.

CONCLUSION AND OUTLOOK

The existence of positron-atom bound states and the ability to calculate their wave functions give unique insights into how positrons interact
with complex electronic systems. For the last two decades the theoretical
emphasis has been on scattering calculations. However, the theoretical
uncertainties inherent in bound state calculations are smaller than those
associated with scattering calculations and this allows for better understanding of the dynamics of positron-atom interactions.
The advantages of the bound state approach can be seen by comparing the situation for the similar Ps-He and
systems. There have
been a number of different experiments and calculations for the Ps-He
scattering. The situation is best described as confused since no two experiments give the same scattering length, and the same is true of the
calculations [83, 84]. However, the binding energy of the
system is probably known with an accuracy of about 1%. Effective range
theory then can be used to deduce the
scattering length without introducing any major additional uncertainty. In all likelihood, the
resolution of the Ps-He confusion will come when one of the theoretical
groups decides to validate their techniques by first computing the
scattering length (or binding energy).
One of the more interesting features of these systems is the tendency
for sub-systems to form as the relative interaction strength between the
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different components changes. In this respect, these systems have structures more like nuclear systems than normal atoms. The formation of
clusters inside nuclei occurs for the same reason that Ps-clusters
form in positronic atoms; it is a result of the attractive interactions between the individual particles. It is also notorious that methods (shell
model for nuclei, CI for atoms) based on single particle orbitals (centered
at a single point) find it difficult to describe these clusters accurately.
So far, positron binding has mainly been established for the “easy”
atoms of the periodic table with one or two valence electrons outside
the core. Improved calculational techniques are required to study atoms
with more valence electrons and non-zero angular momentum. One topic
of particular importance is the development of procedures to reliably
calculate the annihilation rate with core electrons since this is a long
standing problem in the positron annihilation spectroscopy of metals.
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Chapter 13
PERSPECTIVES ON PHYSICS WITH LOW ENERGY
POSITRONS: FUNDAMENTALS, BEAMS AND
SCATTERING

Michael Charlton
Department of Physics, University of Wales Swansea, Singleton Park, Swansea,
SA2 8PP, United Kingdom

Abstract:

1.

This article deals with several unrelated aspects of physics with low energy
positron beams including beam manipulation, fundamental studies of
positronium and other entities containing positrons and some issues facing
positron collision studies.

INTRODUCTION

In this article we present some ideas for positron beam manipulation to
achieve higher spatial and temporal focussing and some thoughts on how to
produce a simple rapid cycle pulsed beam using the buffer gas cooling
technique [1]. Some of the potential applications of the latter in areas of
fundamental physics with positrons and positronium are described. A novel
approach to the production of the positronium molecule,
is proposed
which involves first preparing the positive antihydrogen ion. In principle
this may result in the production of isolated
and facilitate its detection.
In the next section we discuss some of the issues facing physics
involving low energy positron-atom (molecule) scattering; already a mature
branch of collision physics [2].

2.

POSITRON-ATOM (MOLECULE)
SCATTERING

This area of physics has prospered greatly since the development of low
energy positron beams, but particularly over the last 15 years or so. During
this period reliable values were established for a variety of integrated partial
cross sections and some processes were studied differential in scattering
angle and energy (as appropriate) [2]. It is now worth looking back briefly
and recalling some of the factors which first motivated the study of positron
223
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scattering at low and intermediate kinetic energies. It was realised early on
that the positron might offer a sensitive test of polarisation potentials and
wave functions used in counterpart studies with electron projectiles. In
addition, in perturbation series expansions used in Born-type
approximations, the positron was thought to be a useful probe since
progressively higher order terms alternately add and subtract, whereas they
are all of the same sign for the electron. Furthermore, it was felt that the
theoretical treatment of positron collisions might be simplified over their
electron counterparts due to the lack of exchange.
Another factor, which was also realised many years ago, is that
correlation between the positron and atomic electrons is much more
important than the same effect in electron collisions. This is caused by the
opposite charges of the particle-antiparticle pair. This effect has profound
implications and means that correlation (often called virtual positronium
formation, since the collision can be viewed as a transient positronium atom
moving in the field of a residual ion) is a much more difficult problem in
positron collisions. Experience has shown that this far outweighs any
simplification from the lack of exchange. Indeed for reasonably accurate
theoretical results it is often necessary to explicitly include interparticle
coordinates into the scattering problem. Thus, the positron is a strong probe
which severely perturbs its surroundings. (Such probes are not, for instance,
favoured in condensed matter physics and positron spectroscopies have
often been shunned in that field as a result.)
Overall, it is this author’s belief that, as yet, the wider atomic scattering
community has felt little benefits by the addition of the positron as a probe
of atomic correlation. Perhaps as a result, the positron scattering community
has stayed fairly small and mostly static. It is something of a niche field and
is likely to remain as such. Given this, the (inter-related) questions we can
address are; are positron interactions with atoms and molecules interesting
enough in their own right to warrant continued investigation and where are
we most likely to find new phenomena of general interest? Are there any
special many-body features of positron interactions (including the
aforementioned correlation effects) which make it desirable that
investigations be undertaken? I do not pretend to provide answers to these
questions here, but every investigator should address these issues, since the
field presently seems to lack direction.
Starting with positron-atom scattering, it is hard to see that much more
can be learnt of general relevance to atomic physics at intermediate
energies. By and large, Born-type expansions have been found to work well
above typically 100 eV such that no real surprises are expected. It may be
worthwhile measuring differential ionisation cross sections in this energy
range, but even here the charge-related differences between electron and
positron impact can probably be adequately dealt with by existing Coulomb
wavefunction approaches.
Below 100 eV things become more complex and the potential interest
increases. Correlation plays a more explicit role and positronium formation
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becomes an important channel. The latter effect is often cited as being of
interest since positronium formation is one of Nature’s simplest charge
transfer reactions. However the simplicity lies in its fundamental nature and
not in its description. It is also the most important of several charge transfer
reactions (the others all involve positrons too) which require a fully
quantum mechanical description for the projectile-target interaction. This is,
of course, due the low mass of the positron and contrasts with other simple
singly charged projectiles (e.g. protons and muons). Thus positronium
formation is unique and again the distinct nature of this reaction can be seen
as a weakness, since a detailed understanding of it mainly serves in the
development of self-consistent models of positron interactions rather than
impacting on other areas of collision physics.
New experimental techniques exploiting positron accumulators [1,3]
have increased capabilities for exploring positron interactions at very low
energies (already in the meV range), and it may be possible in future to
access the
region. However, in positron-atom scattering there seems
little in the way of motivation to pursue these difficult experiments. Elastic
scattering and annihilation channels are always open as the kinetic energy,
E, approaches zero, and positronium formation may also be energetically
allowed, providing the ionisation energy of the target is below 6.8 eV, the
binding energy of ground state positronium. The latter case is the most
interesting. Both the annihilation and positronium formation cross sections
are expected, from very general theoretical considerations, to vary inversely
with speed as
It may be worthwhile to check this.
It is unlikely that there will be any surprises in the elastic channel at
very low kinetic energies. However, if one can access the
region it may
be possible to study in-beam multiple scattering (i.e. scattering
simultaneously from more than one atom). For this to occur the positron de
Broglie wavelength,
must be of order
where n is the density of
gas atoms. At
(equivalent temperature of around 70 mK) the
implied gas density is around
a figure typically used in positron
beam-gas cell type experiments. Although such experiments are difficult,
new phenomena of interest in few- and many-body physics may be
discovered. Alternatively, these avenues may also be explored using
positron-cluster collisions.
Related to scattering, but somewhat distinct, are resonances and bound
states. There have been detailed and accurate theoretical investigations of
the resonance structure associated with the inelastic channels in positronhydrogen scattering, the so-called Feshbach resonances [2]. These
resonances are narrow in energy (typically widths of meV or below) and
presumably, since their formation is due to virtual excitation of the target by
the incoming positron, there should be similar resonance structures for all
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atoms. Up to now they have not been observed in scattering experiments
since the energy width of the positron beams, at around 1 eV, has been
much too large. However, the same positron trap technology that has given
us low positron energies can also deliver narrow energy width beams. The
current narrowest energy width beam is around 18 meV [4], but there is no
reason why this cannot, with cryogenic trapping technology, be taken to
below 1 meV. Thus it should be possible to study resonance structure in
positron collisions, though it is probably not worthwhile in atomic
hydrogen, since this is a computationally solved problem. I can think of no
compelling reason to study resonances in any other positron-atom system,
other than to demonstrate their existence; detailed electron-atom resonance
studies are now rather passè and the basic phenomena well understood.
Recent detailed theoretical work exploring positronic bound states with
atoms has found that a wide variety of atoms, e.g some of the alkalis and
alkalines, can weakly bind positrons [5]. This outcome was not foreseen;
most simple models failed to predict the existence of bound states such that
the definitive work had to await the development of powerful computational
methods. A large part of this work is due to Mitroy and collaborators, and
they have also made suggestions for the experimental observation of these
systems [6]. These experiments, which may involve the overlap of negative
ion and positron beams, are very challenging indeed and although this is a
very fascinating area, one would have to think very hard as to what
questions could be addressed by the undertaking of such difficult work.
However, these (simple) bound states impinge upon positron chemistry, a
field of some importance (and even application), such that further work is
desirable.
Turning to positron-molecule scattering it is probably true to say that
one can find many reasons at present to study this topic, not least because of
its importance at the interface of chemical physics and chemistry. The
possibility of finding new phenomena in the rich variety of extra processes
(e.g. rotational, vibrational and dissociation collisions to name but three)
which can occur is one motivation, and indeed there have been some early
hints of interest [7]. It is also useful to note that, where feasible, it is
desirable to have comparative electron-positron data (as was often the case
in the atomic field), such that similarities and differences can be traced and
understood [8]. The availability of cold positron beams [3,4] will greatly
enable the exploration of scattering phenomena such as rotation and
vibration at low energies [9]. It is notable that, in parallel with this,
accurate theoretical models and predictions for these phenomena are now
becoming available for diatomic and triatomic species [eg 10].
We cannot leave this section without reminding the reader that there
remains no truly satisfactory solution to the problem of why positrons have
a large annihilation probability on certain groups of molecules. This is so
despite that fact that the phenomena has been known for almost four
decades [11,12], and that work using the positron accumulator method over
the last fifteen years or so has substantially broadened our knowledge [3
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and references therein]. The fact that there is still no all-embracing solution
to the problem should not deter researchers. The final understanding may
well impinge upon related electron attachment phenomena and on the
behaviour of charged particles with large molecules of chemical and
biological interest. As such it may now be worthwhile to concentrate on the
smaller molecules which display an “anomalous” annihilation probability
and mount a sustained theoretical and experimental assault. Another piece
in this jigsaw is our recent realisation, from traditional lifetime experiments,
that when the positron has an enhanced annihilation probability with a
particular molecule, this probability is dramatically enhanced when a
second similar molecule is present [13].

3.

POSITRON BEAMS AND RELATED

What we are capable of doing, from an experimental perspective, with
low energy positrons is very much dependent upon the quality of the beams
we use. To this end our science has been instrument-led, with often
extraordinary effort put into machine development before physics
investigations can begin. In this section we describe three possible methods
of manipulating beams to achieve spatial and temporal compression.
The use of a voltage pulse quadratically distributed along the axis of a
beam has long been known to produce a time focussed output [14,15]. In
the ideal case when the voltage is applied instantaneously along the axis and
the particles are at rest, the time focus is at the output of the device
(buncher). When the assumption of stationary particles is relaxed it is found
that the time-of-flight depends upon the distance,
of the particle from the
end of the buncher of length, 1, according to

where
is the amplitude of the voltage applied to the
buncher and
is the initial kinetic energy of the particles in the buncher in
eV. Inserting some typical values
1 = 1m) [16], the
distribution of flight times corresponding to the range of starting distances
from
to
can be found to be around 9 ns wide. However,
the measured distribution (around 2 ns) was found to be narrower than this
expectation. The difference is caused by the finite propagation time of the
pulse down the length of the buncher; i.e. that the voltage pulse is not
applied instantaneously along the entire length of the instrument. Since the
pulse is applied first to the end of the buncher corresponding to
and
is thus delayed in its application at smaller
a simple time shift (delay)
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results on moving down the buncher. A modified expression for the timeof-flight is then given by,

where is the pulse propagation delay down the entire buncher. A revised
time-of-flight distribution for parameters encountered experimentally [16]
produces a result much closer to experiment.
Numerical simulations were also made of the buncher performance and
they corroborate the observations above. Thus in the design of bunchers for
very narrow time-width positron pulses, the voltage pulse propagation time
must be taken into account, and parameters ( e.g.
and
may be
optimised to minimise the time spread. This is particularly true if a
significant fraction of the buncher length contains positrons. Our
simulations also show that if time-widths approaching 100 ps are desired
then other factors need to be considered. Typically the buncher will actually
consist of a series of cylindrically symmetric electrodes along the axis of a
beam and to which voltages are applied. Hence the voltage distribution is
only approximately quadratic and, depending upon the mechanical
construction, consists of a series of small steps superimposed on the
underlying quadratic behaviour. Thus the time-of-flight of the positron
depends to some extent upon where within one of the electrodes it starts its
acceleration in the applied field.
The buffer gas accumulator technique has been used for several
interesting studies in positron physics at low energies [1] and has been
applied in the quest to create low energy antihydrogen at CERN [17].
However, its full potential for new physics is far from realised. We recall
that the UCSD accumulator is a Penning-Malmberg trap which uses
buffer gas to capture and cool the positrons. It consists of three stages at
progressively lower pressure such that the positrons naturally fall into the
third, lowest pressure stage where they have a lifetime of around one
minute. However, it is possible to conceive of a much simpler accumulator
capable of producing cold positron beams and rapid cycle pulsed beams
(typically 10-100 Hz). (Such repetition rates are ideal for overlap with nswidth pulsed laser systems.) Thus the positron lifetime in the trap need only
be 10-100 ms, allowing the simplification of the trap into a single-stage
only (or with perhaps a very short second stage).
The basic idea has been described before [18], and was reiterated in a
recent review [19]. In order to achieve cold beams on the 100 ms timescale,
one must find a gas, or gas mixture, which will enable the positron to be
captured, but also cooled. Whilst
is suitable for the former, it is the worst
known choice for the latter. Thermalisation times for molecular gases have
been derived from traditional positron lifetime experiments for some time
[20-22], and also recently from the trap technique [23]. Thus for cooling,
gases such as
or
which have thermalisation times at or below 100
ps-amagat
should be used. In
for
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example, the positron thermalisation time is approximately
at a gas
pressure of
mbar. This is considerably shorter than the lifetime, which
is around 50 ms. In addition the positron mobility has been measured in this
(and a few other) molecular gases [24, 25] such that we can predict what the
application of a weak electric field across the gas will be. It turns out that
only very weak fields
are needed to drift positrons across a
length of 1 m in times comparable to the thermalisation time. Thus we can
envisage drifting positrons through the gas into a “collection” region
whereupon they can be ejected immediately as a cold beam or stored for a
short while before ejection in a narrow time-width pulse. Such an
instrument is now under construction at Swansea.
The final beam manipulation we describe here is only an idea, of which
we present the principle. It concerns the stochastic compression of positron
beams by the timing of individual positrons. In an electrostatic beam system
the final spot size is governed by Liouville’s theorem and aberrations, the
dominant one usually being geometric aberrations. The method of
brightness enhancement [26] for the production of highly focussed positron
beams involves successive remoderations of the beam. Suppose that, during
the remoderation, a secondary electron produced by the positron is detected
using an imaging system which, thus, records the position at which the
positron struck the remoderator. If the detection and amplification systems
are fast enough, it should then be feasible to alter a downstream voltage to
change the focal length of an electrostatic lens, and hence the position at
which the re-emitted positron strikes a target. It should be possible to do
this on a positron-by-positron basis, thus achieving compression of the
beam and a higher surface density of positrons on the target. It is also
possible to use the secondary electron imaging information off-line to
sharpen images taken using positrons themselves [27].

4.

FUNDAMENTAL STUDIES INVOLVING
POSITRONS AND POSITRONIUM

There continues to be interest in fundamental aspects of positronium
physics, including lifetime measurements and spectroscopy. The recent
observation of magnetized Rydberg positronium [28] has added a measure
of excitement to the field. Many experiments of this type can be performed
using a rapid cycle pulsed positron beam, as described above, coupled to a
pulsed laser system. In addition, there continues to be interest in the
production of systems containing more than one positron [29], despite the
fact that the production of a sufficient density of positrons is expensive and
challenging and has yet to be demonstrated.
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Spectroscopy and lifetime measurements on excited states of
positronium appear worthwhile. This is largely uncharted territory. In
addition it may be worthwhile to perform laser spectroscopy on positronium
emitted directly from surfaces; in this manner populations of excited state
species can be probed directly, rather than via the detection of the
de-excitation photon [see eg 30-34].
The production and transport of Rydberg positronium in a strong (~ T)
magnetic field is worthy of investigation. It should be possible to transport
Ps in this manner to a desired location, before performing laser-induced deexcitation to a particular state required for study. The collimation of the
resultant positronium beam should also be investigated. The production
mechanism deserves further investigation, particularly efforts to quantify
and improve on the production efficiency.
Novel methods of producing collimated positronium beams deserve
attention. Such beams could, for instance, be applied in antimatter
interferometry (the companion to atom interferometry). This topic has been
discussed only once in the literature [35], when the gratings employed in a
Mach-Zehnder interferometer were assumed to be constructed from
ordinary massive material (which may not be feasible). Oberthaler [36] has
described an experiment in which the gratings are formed from off-resonant
standing light waves. The degree of collimation must be high though, since
diffraction angles are of order
where
is the positronium de Broglie
wavelength and d is the wavelength of the light; typical values are in the
mrad range. However, such an experiment may offer a way to probe the
effects of gravity on antimatter [35,36]; this is a highly worthwhile
fundamental goal.
Moving on to more exotic species, the positronium negative ion,
has
been observed and studied in one set of experiments [37,38]. It may be
possible using trapped positrons and electrons to implement a scheme in
which a positron injected into a dense electron plasma undergoes laserstimulated recombination to the 2P positronium level, which radiatively
decays to the ground state with a lifetime of approximately 3.2 ns. A second
laser could stimulate capture of a further electron to form
Such an
observation would provide a first measurement of the binding energy of this
entity. Estimates of the rate of this process are under investigation at
Swansea.
One might also consider implementing a similar scheme with trapped
antiprotons and positrons (indeed the first step in the scheme for
creation described above is similar to that envisaged by the ATHENA
collaboration as a possible means of producing antihydrogen [39]). Thus, if
the positron plasma were dense enough, one might be able to create the
positive antihydrogen ion. This would be of interest in its own right, since it
can be stored for long periods in a harmonic Penning trap. However, it also
has a very large positron density, and by colliding this object with a surface
or an atom, it may be possible to create the positronium molecule,
Conditions may be optimised such that
is produced in isolation in
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vacuum, without the requirement of a large number of positrons on target.
Calculations of cross sections at low energies for the process

where A is an atom, would be useful to provide estimates of reaction rates.

5.

CONCLUDING REMARKS

This contribution has described current/future work in a few distinct
areas of physics with low energy positrons. Perhaps the most controversial
conclusion drawn (personally) is that, by-and-large, the field of positronatom collisions has made little impact on scattering physics in general.
Certainly the optimism of twenty years ago, when the field was in its
infancy, has not been reflected in physics achievement. (Contrast this with,
for instance, laser-atom studies which in the same period have engendered
major revolutions in physics and cognate disciplines). Perhaps positronmolecule scattering will fare better. Certainly the stubborn nature of the
“annihilation problem” offers some hope! This area may well impinge
more directly on chemical physics than did the atomic field. (The
bound states are worthy of further study, but the experimental investment
might well prove prohibitive).
The positron field has been instrument-led. We have presented a few
methods and ideas which might aid the application of positron beams,
particularly in areas of fundamental physics. Here we have highlighted
laser studies on positronium particularly, but those which also impinge
upon and
production.
Though speculative, such fundamental work could lead to investigations
on few-positron/electron systems and on antimatter gravity which might
have impact outside our own small community. Achieving such impact
should, truly, always be our foremost goal.
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Abstract

1.

Positronic compounds represent a unique family of systems whose chemical and physical properties are tightly related to the correlated motion
of positrons and electrons. For this class of systems, standard ab initio
quantum chemistry methods are often of little use in computing observables. Starting from this observation, we present quantum Monte
Carlo (QMC) methods as an useful and accurate set of tools to study
the leptonic structure of positronic atoms and molecules. Moreover, we
show the information that can be routinely obtained from Monte Carlo
simulations presenting specific examples and applications to atoms and
molecules. Finally, an overview of the directions that we feel are worth
pursuing is given.

INTRODUCTION

In the last years, the applications of positrons and positronium (Ps)
atoms have widely spread out due to their ability to probe various features of the ordinary matter, specially in the fields related with condensed matter science, chemistry, and physics. This interest might be
better represented by the large amount of papers and monographs published on these issues. For instance, basic and advanced uses of positrons
and Ps in chemistry are well described by Mogensen [1], covering from
basic physical information on positrons and positronium atoms up to
complex applications. We cite as examples Ps reactions in solution,
positron annihilation in molecular solids, and Ps trapping in glassy materials. Another field of applications is positron annihilation in semi235
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conductors, a powerful tool to study point defects in the structure of
these technologically important solids [2].
While those two books are just examples of the possible use of positrons
and Ps atoms, a more complete bibliography can be found in the paper
by Schrader [3].
Although the mass of experimental data and applications of positrons
and positronium atoms is growing incredibly fast, much less effort has
been devoted to the theoretical understanding of the complex interactions that take place between ordinary matter and positrons. More
specifically, only few calculations on the bound states of positron containing systems have been published, and this fact is well emphasized
in the chapter by Schrader in this book. The information provided by
these calculations is fundamental to understand which level of theory,
i.e. which specific method, could be used to describe these exotic systems in order to predict their properties and behaviors. While it is
well known that these systems are correctly described by means of nonrelativistic Quantum Mechanics (see for instance Ref. [1] and Ref. [3]),
their features are poorly accounted for by standard ab initio Quantum
Chemistry methods. We feel this is one of the main reasons of the lack
of theoretical work on positronic compounds.
Following the direction set by Schrader [3], in this chapter we develop the thesis that for positron containing systems quantum Monte
Carlo (QMC) methods are superior to any standard Quantum Chemistry
method both in efficiency and accuracy. Moreover, for small systems
QMC theoretical tools can obtain an accuracy comparable to explicitly
correlated wave function methods, showing therefore the usefulness of
these approaches [4].
The outline of this chapter is the following. In Section I, after presenting some of the observables that are worth to compute, we give
some of the mathematical reasons why the ab initio methods fail to correctly predict them, and how explicitly correlated wave functions and
QMC methods are able to correct these deficiencies. In Section II, a
description of the QMC methods is presented in order to make them
familiar to the reader and to discuss advantages and drawbacks. These
are important issues in dealing with large and complex systems, where
computational cost and efficiency are of great concerns. Section III reviews some of the numerical results already published. Finally, Section
IV is devoted to illustrate our views about the developments that should
be pursued in order to better understand the positron chemistry, making
the QMC methods a complete tool to deal with positron complexes, and
how they could be used to improve some of the approximate methods
currently used in the theoretical positronic community.
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Experiment-Theory Connection

Since the equations needed to correctly connect experiments and theory have been already presented in the literature (for instance, see Ref.
[1], Ref. [3], and the Chapter by J. Mitroy et al.), we only summarize
the main results in order to set the stage for the following sections.
From basic ideas, it is well known that all the stationary properties
of an atomic or molecular positronic system can be computed using
non-relativistic Quantum Mechanics, hence by solving the Schrödinger
equation. Having an exact wave function
it is possible to compute
all the interesting mean values using

where

is the local form of the operator O. Here,
must also be an eigenfunction of the two spin operators
and
of the system.
Unfortunately, there is no standard way to solve the Schrödinger equation, and exact solutions are known only for simple model systems (it
is worth to mention that the Ps atom is one of those!). This fact forces
to seek for approximate solutions, i.e. to look for a trial wave function
able to mimic the exact
Of course, this introduces a systematic error in the mean values obtained using Eq. 1 when
is substituted to
This error will eventually be reduced upon increasing the “flexibility” of the trial wave function in reproducing the
correct form of
Often,
contains a set of parameters that
must be chosen in order to approximate the quantum state we are interested in. This task is usually accomplished “optimizing” some cost
function (for instance the mean energy
or its variance
This choice introduces the problem of computing the relevant integrals
to obtain these two mean values, a non trivial problem that is usually
circumvented introducing the orbital approximation [5].
Once a trial wave function has been optimized, Eq. 1 can be used to
compute an approximation to
substituting with
This mean
value, namely
differs from
by an amount that is first order
in the difference
if O does not commute with H. Among the
interesting observables to compute for an
complex, we cite the mean
electron-electron
and electron-positron
distances, the positron
and electron densities, and the expectation value of the Dirac’s delta
over electron-positron distances
The interest in computing
comes from its direct proportionality to the
photon spin-averaged annihilation rate
[6], i.e. the rate
of the positron-electron annihilation reaction producing two photons.
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Since a more formal and complete derivation of this important observable is given in the Chapter by Mitroy et al., we restrict ourselves to
this brief and schematic presentation.

1.2.

Standard ab initio Quantum Chemistry
Methods

During the last years, few groups have paid attention to the problem
of the stability and annihilation rate of positronic atoms and molecules
using standard ab initio methods like Self Consistent Field (SCF) [711], many body Perturbation Theory (MBPT) [12-14], and Configuration Interaction (CI) [15-20]. In spite of several successes in predicting
the stability for various positronic atoms and molecules, these methods
generally failed to compute accurately both binding energies and other
expectation values for systems having more than two electrons. For instance, the positronic affinity (PA) of the polar molecules LiH, LiF, and
BeO was mistakenly believed to depend only slightly on the correlation
between the electrons and the positron [11]. This idea was proved to be
incorrect for LiH by means of a CI calculation including only single and
double excitations (CISD) [16], showing the PA for this system to be
at least three times larger than the one computed using SCF methods.
The misbelief was based on the fact that the positronic orbital in
had a smaller overlap with the electronic orbitals in LiH than the excess
electron orbital in
[11] does. When introduced in the second order
MBPT to estimate the correlation energy between the excess lepton and
the LiH electrons, the smaller overlap of the positronic orbital gives rise
to a smaller contribution than the excess electron. Unfortunately, this
estimate did not take into account the possibility of a large change in
the electron density due to positron. More recent calculations using explicitly correlated wave functions [21, 22], settled the problem changing
again the overall picture for this light system: the computed vertical
PA, roughly 34 mhartree, turned out to be two times larger than the
previous CI result (i.e. six times larger than the SCF PA), and the
overall positron density was quite different with respect to the SCF one.
Trusting this analytical result, one is forced to deduce that even MO
correlated methods like CISD are not powerful enough to give accurate
predictions of both energies and densities. Things get worse if one tries
to compute
these expectation values showing an incredibly slow
convergence pattern [15, 19] towards the exact result. The mathematical
reason for this unlucky behavior was already pointed out by Hylleraas
[23] in the late 20’s, and it is due to the local analytical form of the
exact wave function. In fact, it can be proved [24] that this must have a
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“cusp” when two charged particles collide, a feature that ab initio wave
functions do not have.
Concluding, although standard Quantum Chemistry techniques are
plagued by the aforementioned deficiencies, we feel it is fair to look at
them as exploratory tools. They appear to be able to give some guidance
on choosing candidate systems to be studied with more accurate and
computationally expensive methods, and therefore we feel it is worth
to better explore their capability on medium size atomic or molecular
positronic complexes.

1.3.

Other Methods: A Quick Comparison

To complete the presentation of the various computational methods
that have been employed so far to study positronic systems, this section
is devoted to introduce explicitly correlated wave functions and Density
Functional Theory (DFT).
As far as the use of explicitly correlated wave function is concerned,
highly accurate results have been obtained for small systems containing
up to five active particles [25]. The advantages of this approach with
respect to the Molecular Orbital ab initio methods is given by the possibility to introduce “explicitly” the inter-leptonic distances in the form
of the wave function.
Historically, the first correlated basis functions were proposed by Hylleraas [23], and contained both even and odd powers of the inter-particle
distances. For this basis set, widely used by Yan et al. [26] and Büsse
et al. [27] for three and four electron atoms, the computational cost of
the integrals needed to compute the energy is quite high, discouraging
the application of the method to larger systems. We feel this is the
main reason why no attempts have been made to carry out accurate
calculations on positronic systems larger than PsH [28, 29]. Moreover,
Strasburger [30] has recently shown that Hylleeraas functions are not
the most appropriate basis functions to cope with positron complexes.
A better basis set is represented by explicitly correlated Gaussian
(ECG) functions [31-33], where the explicit dependence on
is given
by the Gaussian form
This analytical form is able to build
the “pile up” of the electron density over the positron positions, and to
correctly describe the formation of a virtual Ps complex inside the system
[30]. This fact, together with the fast calculation of the integrals needed
to compute the mean energy, has pushed the use of these functions to
obtain “state of the art” results for small atomic and molecular systems
[21,34-36]. For instance, using this approach Ryzhikh and Mitroy [37]
and Strasburger and Chojnacki [38] were able to show that
is a
stable system with respect to the break up in the two fragments Ps and
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Among the studied systems with this approach we cite
[34],
[39],
[40], LiPs, NaPs [34], KPs [41], and CuPs
[19].
Another route that has been taken to tackle the problem of describing
positron complexes is represented by the two-component density functional theory (DFT) [42]. Unfortunately, the exact functional is unknown, and so one is left with the problem of approximating its form
[43, 44], a task that may be accomplished exploiting both ECG amd
QMC accurate results. Nevertheless, this technique is routinely applied
to positrons in solids, with a special emphasis on computing properties
of the positronic state when a point defect is present [45]. Moreover,
this approach has also been used to compute positron and positronium
affinities of first and second row atoms [46, 47], showing for those cases
scarce accuracy [48].

2.

QUANTUM MONTE CARLO METHODS

Recently, QMC methods were proposed as an alternative approach to
accurately describe properties of positronic compounds. During the last
two decades these methods have shown to be quite efficient in computing
accurate energies and expectation values for ordinary electronic systems.
We feel this ability comes from two main reasons. First, the possibility
to employ any analytical form for the trial wave function
so that
physically sounded forms can be chosen. Secondly, the fact that with
these techniques it is possible to recover the “exact” solution of the
Schrödinger equation in a statistical meaningful way.
These two features of the QMC methods allow one for an easy cure
of many of the problems that ab initio, explicitly correlated functions,
and DFT techniques present.
Since the basis of the techniques have been accurately presented in
many books [49-51], and applications to ordinary electronic compounds
have been recently reviewed [52-54], we refer the reader to the literature
for a complete introduction to these numerical tools. Nevertheless, since
applications to positron containing complexes have been pursued only
during the last five years, we briefly present the methods with the aim to
stress the features connected to this class of systems. This information is
important in order to discuss advantages and drawbacks of the methods,
and to propose improvements and corrections.
For a pedagogical purpose, we split the presentation in two parts,
the first dealing with variational Monte Carlo (VMC) method and the
second with the diffusion Monte Carlo (DMC) one.
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Variational Monte Carlo: Flexibility

VMC technique merges Monte Carlo integration [55, 56]) with the
energy Variational Principle [57]. It is basically a statistical method to
compute quantum expectation values once an approximate wave function
is given. More specifically, VMC allows one to obtain a statistical
estimate of the quantity

where
is a normalized probability distribution of the
random variable R, and
is the numerical value of the local operator
at the point
in configuration space. In the right-hand side
of Eq. 2 the
points
are distributed in such a way to “sample” the
distribution
if an infinite number of points were drawn and collected,
their density would reproduce the form of the distribution [58].
Since we are restricted to sample only a finite number
of points,
Eq. 2 represents only an estimate of the exact value of the integral. It
can be shown [55] that the statistical error in estimating
using Eq. 2
decreases following
for large
This error is also proportional
to the square root of the variance of
over the distribution i.e.

if Var(O) is bound. Differently, although the mean value in Eq. 2 might
still exist, it is no longer possible to give an estimate of the error, and
the result of the Monte Carlo integration might be difficult to interpret.
It is interesting to note that the statistical error of the estimate does
not depend explicitly on the dimensionality of the configurational space,
but only on the properties of the local operator via Var(O), and on the
number of sampled points. When the dimensionality
of the problem
grows, this property makes Monte Carlo integration advantageous with
respect to ordinary lattice methods, that, to achieve a chosen error,
require a number of points that grows exponentially with
As a
rough estimate, Monte Carlo integration beats lattice methods already
when
especially for non smooth functions.
If
Eq. 2 and Eq. 3 allow to compute the
mean energy and its variance, and so to optimize a trial wave function
in order to obtain the “best” possible description for a given system.
Specifically, both
and Var(H) have their minimum value if and
only if
is the exact wave function. Therefore, minimizing
and
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Var ( H ) is a way to improve the form of the trial wave function. If
depends on a set of parameters p, the optimization is carried out varying
these parameters in order to find a minimum in
or Var (H).
It is worth to stress that any form for
may be chosen, as long
as the integrals in Eq. 2 and Eq. 3 are bound. Therefore, it becomes
possible to use trial wave functions that have the explicit dependence
on the inter-particle distances. For instance, a linear term of the form
can be used to improve the description of the electronic correlated motion, while a term of the form
may do the same job
for electron-positron pairs [59]. Unfortunately, the direct application
of the Variational Principle to the optimization task, i.e. computing
(or its variance) for various sets of parameters and choosing the
one that minimizes it, represents a computationally demanding task. To
overcome this difficulty many different approaches have been developed,
the most used being a “fixed sample” optimization of the variance of
local energy. The variance minimization was introduced by Frost [60]
and Conroy [61], and subsequently developed by Umrigar et al. [62]
into a practical method for wave function optimization based on the
minimization of the estimate of Var (H) over fixed set of configurations
sampling
This is possible since the Variational Principle for Var(H)
is preserved even if it is estimated using only a small number of configurations [63]. Although it is a fast and compact method, the minimization
of the variance of the local energy has some major drawbacks [64-66].
First of all, it is not always true that by minimizing the variance the
energy decreases. This is an important point when energy differences
have to be computed to obtain binding energies and leptonic affinities.
Secondly, although it can be analytically proved that for an atomic or
molecular system Var(H) is always bound, this is not true for its variance, unless all the cusp conditions for the wave function are exactly
satisfied. Although plagued by these defects, fixed sample optimization
of Var(H) has produced fairly accurate wave functions for systems up
to 100 electrons [52].
A globally better approach would be the minimization of the energy
for a given wave function form, a task routinely accomplished in ab
initio methods. Unfortunately, fixed sample optimization of the energy
is not a stable procedure when a finite number of configurations is used,
since the energy Variational Principle holds only if the integrals are
exactly computed. To overcome this problem when the wave function
contains many parameters, few methods have been developed and tested
in the last few years. Among these we cite the Newton-Raphson method
proposed by Lin et al. [67] where both the gradient and the Hessian of
over the parameters p are computed analytically during a VMC
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simulation, and the stochastic gradient approximation tested by Harju et
al. [68] that appears to be able to handle correctly the intrinsic statistical
noise of the energy calculation. Although these methods have shown to
be practically useful for some model systems [66], a lot of work may
still be done to improve their performances [69]. This is an extremely
important goal, since optimizing the energy is now known to produce
wave functions whose properties are on the average more accurate than
the ones obtained from variance optimized wave functions [66, 70, 71].
In conclusion of this section it remains to be pointed out that, similarly
to any method based on the Variational Principle, the total accuracy of
the VMC is constrained by the quality of the trial wave function employed. To go beyond these limits, we now move to a different approach
that appears to be able to correct deficiencies of
with only a small
increase of computational cost.
2.2.

Diffusion Monte Carlo: the Quest for
Accuracy

Introducing the diffusion Monte Carlo (DMC) method it is customary
to start from the time dependent Schrödinger equation and make the
Wick’s rotation
so that this differential equation reads

where V(R) is the interaction potential.
Although we leave the analytical form of the interaction potential
undefined as a way to stress the ability of Monte Carlo to cope with any
local potential, we point out that the quality, accuracy and stability of
the method strongly depend on the specific potential [72-74].
For the case of a function everywhere positive, the previous equation
is formally equivalent to a classic diffusion process with sink and source
terms depending on the position R in space [75, 76]. Actually, it was
this formal equivalence that led to the first implementation of a DMC
algorithm [75].
Equation 4 can be recast in integral form

where
is the imaginary time Green’s
function. Substituting Eq. 5 into Eq. 4, and remembering that if
then
it is easy to show that the
Green’s function is a solution of the Schrödinger equation with the initial
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condition
Eq. 4 and Eq. 5 is given by

[77]. The general solution of both

where and are the eigenfunctions and eigenvalues of the Schrödinger
equation, and
This equation shows that acting with
the Green’s function in imaginary time over a starting wave function
projects out all the excited states, leaving only the ground state
solution for
If the exact analytical form of the Green’s function
were known, this task could be accomplished by means of the Monte
Carlo method [78]. Unfortunately, the exact Green’s function is known
only for very simple model Hamiltonians. For systems whose ground
state wave function has no nodes, the DMC theory relies completely
on the ability to find a short time approximation (STA) to the imaginary time Green’s function [72, 74, 76, 79]. Once this approximation
is known, equation 5 can be iterated to produce an asymptotic wave
function
[51]. Using a STA of the exact Green’s function introduces a systematic difference between
and
the exact
for any finite
an error that is usually called “time step
bias” [80]. Nevertheless, using small time steps, this error can be reduced so that the difference between the computed values and the exact
ones are smaller than any chosen threshold [81].
However, it is customary to improve the efficiency and the accuracy
of the DMC algorithms by means of the Importance Sampling (IS) procedure [55]. Here, an approximate trial wave function
is introduced
to guide the displacement of the configurations [82], or to modify the
reaction rate by which configurations are deleted or created [78]. The IS
procedure is usually carried out simulating a modified form of Equation
4 that reads [82]

where
is the diffusion coefficient, and
In this equation
substitutes the
interaction potential V, and the new term
adds a “drift” to the
random diffusive displacement of the configurations. This has the advantage to push the configurations (a.k.a walkers) towards the regions
where
is large.
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Up to now, the theory of DMC has been based on the hypothesis that
in Eq. 4 and in Eq. 7 were positive everywhere. This is not true
for fermionic systems, since the wave functions must be antisymmetric
under particle permutations of odd parity. A way to fix this problem is
to simulate both Eq. 4 and Eq. 7 in a restricted region of space where
their solutions can be thought as positive [76]. To restrict the walker
propagation to such a region, the nodal surfaces of an antisymmetric
trial wave function
are used as boundary [51]. This technique is
usually called fixed node diffusion Monte Carlo (FN-DMC). Since
does not have the exact nodal surfaces of the fermionic ground state
this method gives just an upper bound to the exact result, whose
accuracy depends only on the placement of the domain boundary.
2.3.

The interesting Observables: How to
Compute Them

Having chosen a STA of the Green’s function, one can sample
or
for large values of iterating Eq. 5. This means that a set
of configurations will end up to be distributed as
or as
Once
this steady state is reached, all the mean values can be computed using
the formula [49-51]

usually called “mixed estimator”. In the case where O = H it is easy to
prove that
that is DMC is able, in principle, to compute
exactly the ground state energy.
If the operator O does not commute with the Hamiltonian, the mixed
estimator returns only an approximation to the exact
[49-51]. Nevertheless, this value is more accurate than
and it is often regarded
as almost exact if
is small [4].
If O is a local operator, it is possible to correct for the difference
using algorithms that sample
[83-86]. This option is
important for all the systems whose exact wave function is difficult to
mimic or to optimize, allowing one to obtain quite accurate inter-particle
distribution functions and mean values.
For systems that contain a positron it is always interesting to compute
the mean value of
The calculation of this observable is recognized
as a though problem for every Monte Carlo method [4, 87, 88]. This is
due to the fact that they just sample the wave function, i.e. one does
not have an analytical representation of
To circumvent this problem,
many different approaches have been proposed in the past. They range
from approximating the Dirac’s delta by means of a normalized Gaus-
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sian [4, 89] or a small sphere [90], to resorting to differential equalities
from distribution theory [87, 88, 91]. Although all these methods have
encountered a partial success in computing this important mean value,
they are plagued by many deficiencies. Since most of them are pretty
technical, we avoid to bore the reader with long discussions. Instead,
we simply state that some of the major problems in carrying out those
calculations are due to the difficulty that Monte Carlo faces in sampling
inter-particle radial distributions in the small distance regions, and in
estimating
whose variance diverges [92, 93]. More specifically, the
sampled radial density in regions close to a chosen point in space (e.g.
usually shows smaller values than the true ones, and this problem is made worse by the presence of a local cusp in the density [79].

3.
3.1.

APPLICATIONS TO ATOMS AND
MOLECULES
Positronic Atoms: What Can We Learn
From Them?

Historically, the first application of QMC to positronic systems aimed
at the study of the stability of the positronium complex with chlorine [94]
using model potentials. More recently, calculations on Ps complexes with
hydrogen and first-row atoms were carried out employing both DMC
and VMC techniques. As to the smallest member of this family, namely
PsH, many accurate DMC calculations of energy and annihilation rate
have been published in the last five years. The values by Yoshida and
Miyako (E=-0.789(l) hartree) [95], Harju et al. (E=-0.7885(5) hartree)
[96], Bressanini et al. (E=-0.78917(l) hartree) [91], Jiang and Schrader
(E=-0.78918(5) hartree) [90], and Mella et al. (E=-0.78916(3) hartree)
[4] are in optimal statistical agreement with the most accurate analytical
results (E=-0.78919 hartree [34, 97, 98]), showing both the accuracy of
the method and its ability in handling this class of systems. Moreover,
PsH has been used by Jiang and Schrader [90] as a model system to
present a correction to the standard Second Order Estimate formula for
an observable whose operator does not commute with the Hamiltonian
[49, 50].
As far as the first-row atoms are concerned, all the published calculations employed the following analytical form for
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are orbitals and
is the electronic correlation factor used by
Schmidt and Moskowitz in their works on atoms and ions [99, 100]. In
Eq. 9

where [89, 101, 102]

Here, the correlation between the electrons and the positron is described
by means of in Eq. 11, where the distances
explicitly appear.
and
are optimizable parameters in every
function.
Table 1 summarizes the numerical results, obtained by various groups,
for the binding energy (BE) of Ps to the atom A, and the positron affinity
(PA) for the atomic anion
Be and N were excluded since they do
not bind an electron in their ground state.
In Table 1, “SCF corrected” means that the BE was computed using
the equation

where the experimental value of the electron affinity (EA) was used
instead of the computed SCF one. Since SCF misses all the correlation
contribution to the energy,
underestimates the exact PA. This
suggests that the BE computed by Eq. 12 is a conservative estimate,
i.e. it is just an upper bound to the exact BE.
As the results in Table 1 show, DMC [48] gives larger PA’s and BE’s
than any other method, except for the ECG calculation on LiPs presented in the Chapter by Mitroy et al., and the data computed by a
DFT method including correlation between electron and positron [46].
The same method, without the inclusion of positron-electron correlation,
gives results similar to standard SCF techniques, therefore showing the
results to be strongly dependent on the accuracy of the correlation potential.
While the stability of PsF was an almost accepted fact [9, 105], DMC
results showed that also other PsA systems (A = Li, C, and O) in their
ground states are stable against the dissociation in the neutral atom and
Ps. This behavior was found only in Ref. [46]. Moreover, the stability of
PsO was already postulated in Ref. [8], but without giving any definitive
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numerical evidence. PsB in its ground state is found to be unstable when
compared with its dissociation threshold.
Although all the DMC results for PsH were in excellent statistical
agreement, discrepancies are present for the complexes LiPs, PsO and
PsF. While the differences in DMC BE and PA for PsF can be easily
explained by the fact that in Ref. [105] model potentials were used to
eliminate core electrons, the results for LiPs and PsO require a more
careful examination. Taking PsO as an example, from Table 1 it is
clear that the result by Jiang and Schrader [104] has a larger statistical
uncertainty than the one by Bressanini et al. [48]. Doubling these two
values to obtain a more conservative estimate of the statistical error, it
is easy to see that the two energies are statistically consistent.
From Table 1 it is possible to notice that all the DMC PA’s appear
to be only slightly dependent on the atom, and close to the Ps ground
state energy, namely -0.25 hartree. It is possible to understand this outcome postulating that the structure of the positronic complexes can be
mainly described by a Ps bound to the A atom by means of polarization
forces. This view is consistent with the heuristic model by Mitroy et
al. [106], a model supported by the results obtained computing energies
and electron-positron distributions on a single-electron model atom as a
function of its ionization potential.
It is also worth to mention that VMC gives negative values for BE
for all the systems except PsF. We believe this difficulty to be due to
the inability of
to correctly introduce the correlation between the
electrons and the positron when only (Eq. 10) is optimized minimizing
[48]. This idea is supported by the small values of the
computed
quite similar to the SCF ones [9], and by the fact
that the parameters
were quite small after the optimization.
Since a similar wave function gave quite accurate results for PsH although the electronic part was kept equal to an optimized function for
[107], we feel this outcome is due to two different reasons. First of
all, the correlation between positron and electrons is described by a simple exponential function whose parameter
does not depend on the
distance from the nucleus. Secondly, not optimizing the determinantal
part of
forbids the electron density to relax and build the virtual Ps
complex in the valence region.
These two explanations are supported by the VMC results obtained
for
and LiPs when more flexible wave functions were fully optimized [4]. Unfortunately, it does not appear possible to extend such an
approach to larger systems due to the computational cost.
Summarizing this Section, we would like to stress the overall accuracy
of the DMC method in computing energies for positronic atoms. How-
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ever, some methodological improvements are needed in order to make
VMC an effective method for first and (hopefully!) second row atoms.
3.2.

Positronic Polar Molecules: Large
Correlation Effects at Play

Having shown the accuracy of DMC on atomic complexes, this method
was applied to the calculation of the ground state energy of the complexes
and
[108]. Already SCF
calculations had found the first three positronic molecules bound [11],
while for the last two there were only semi-empirical calculations [109].
Due to the small number of electrons, LiH is likely to become the benchmark system to test methods for computing bound positron-molecule
complexes (see for instance Ref. [21, 22]). Moreover, nonadiabatic calculations using ECG have already proved the global stability of this sevenparticle system with respect to any dissociation channel [110], showing a
large increase of the average nuclear distance and of the annihilation rate
with respect to the minimum energy geometry of the Born-Oppenheimer
surface.
Table 2 shows the vertical VMC and DMC PA results obtained using
a
of the form given in Eq. 9, together with results from previous ab
initio and semi-empirical calculations.
For these systems, the stability of the positronic complex versus the
plus Ps dissociation threshold is assured by the large ionization
potential of the neutral parent M (IP>0.25 hartree). Examining the numerical results of
and
it strikes the large increase
of the PA on going from SCF to a correlated method, a result that was
anticipated in previous Sections.
Besides this large effect on E, the correlation between
and
in
these systems can play an important role in defining other molecular
quantities like the equilibrium distance, the dissociation energy and the
vibrational spectrum. For instance, a DMC calculation of the potential
energy curve of
[111] showed a large increase of the equilibrium
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distance (3.458 bohr) with respect to LiH (3.015 bohr), and a strong red
shift of the infrared spectrum transitions. Moreover, the dissociation
energy of
in the two fragments PsH and
is 0.0381(1) hartree,
more than twice smaller than the dissociation energy of LiH. Figure 1
shows the overall behavior of the LiH and
potential energy curves.
and
complexes could become even more interesting if one is seeking for a stable positronic molecular system that
could be detected by different methods than recording the
annihilation. Unfortunately, the PA of LiH is larger than the dissociation energy
into Ps and
[111], so that a third body is needed to dissipate the
excess energy and leave the complex in a stable state. However, recent
DMC calculations [112] showed the PA of LiF and BeO to be smaller
than their dissociation energy, making their positronic complexes suitable candidates for a direct experimental detection.
As far as
and
are concerned, the DMC energies of these
complexes are statistically equal to the energies of the neutral parents.
A previous R-matrix calculation on
gave numerical evidence for
the existence of a bound state with a PA of 0.000175 hartree [113] when
This value, smaller than the statistical error of our
DMC result, could be hidden in the stochastic nature of the simulations.
Besides running longer calculations to reduce the statistical errors, and
so verify or disprove that prediction, we feel interesting to compute the
PA for both HF and
dimers [114]. This would allow one to obtain a
deeper understanding of the positron energetics in the condensed phase
of these two polar liquids.
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3.3.

Positronium-Molecule Complexes: Old
Quantum Chemistry Revisited

Being composed by the positron-electron pair, Ps can be seen as an
ultra-light isotope of the hydrogen atom. This idea opens up a new
avenue of exploration on positronic systems simply substituting one or
more H atoms by means of Ps atoms. This “not only formal” replacement gives rise to interesting theoretical problems. For these systems the
standard Born-Oppenheimer approximation can not be used in dealing
with the positron due to its small mass. This means that non-adiabatic
effects are simply not a perturbation of the Born-Oppenheimer Hamiltonian, and a complete non-adiabatic method must be used [89].
Besides of being of theoretical interest, this class of compounds has
been used in explaining the quenching effect in aqueous solutions of
small inorganic molecules like
and
[115]. Moreover, complexes
between organic radicals and Ps can play a important role in explaining
the fragmentation pattern of large organic molecules, as discussed by
Hullet et al. [116], Passner et al. [117], and Glish et al. [118].
So far, DMC simulations have been used to compute energies for the
Ps complexes PsOH [119, 120], PsCH, and
[120]. Among the
three, PsOH has been studied using different computational techniques,
namely SCF [121] and MP2 [14], but the first calculation able to show
its stability was the DMC simulations by Yoshida et al [119].
These three systems are isotopic analogues of
and
compounds that were benchmarks of the old Quantum Chemistry. Moreover, they seemed the best candidates to be stable against the loss of a
Ps fragment. This is due primarily to the open shell electronic structure
of OH, CH, and
that can accommodate an extra electron, giving
raise to large electron affinities.
These are shown in Table 3 together with the DMC BE and PA results
on these systems.
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Besides the aforementioned complexes, also the ground state of the
[123] and
[104] systems have been computed. While DMC
calculations on
showed this quite exotic system to be bound with
respect to any possible fragmentation, the numerical results for
were inconclusive due to the large statistical error of the simulations.

4.

WHAT IS LEFT FOR THE FUTURE?

Since QMC methods are still in their infancy, they are far from being
a set of tools that could be applied as a “black box” to any physical and
chemical problem. Nevertheless, by means of the examples provided so
far we hope to have shown their power and accuracy in dealing with
positronic complexes. With all this in mind, all the previous Sections
were mainly intended as a way to stimulate more applications of QMC
in the field of molecular physics and quantum chemistry, a goal that can
not be obtained unless some of the existing limitations of the methods
are overcome. To head towards this goal, we would like to share with
the reader someone of the possible directions that we feel are worthy to
be pursued in the next future in the field of positron and Ps complexes
calculations. This list is not intended to be exhaustive, but only to
represent our views of what should be done to substantially improve our
understanding of positron chemistry.
4.1.

The Dirac’s

Mean Values

In a previous Section we discussed briefly the practical problems in
computing the
value using both variational and diffusion Monte
Carlo. Here, we want to point out a possible way to overcome one of
these difficulties, namely the incorrect sampling of the positron-electron
distribution around the coalescence point
The idea comes from
noticing that the only ingredient needed in order to compute
is
the spherically averaged positron electron distribution
[92]. If this
density is normalized, i.e.
then it can be easily shown
that

Although this fact alone does not solve the basic problem of the sampling around
from which
could be obtained, it shows that
any trick able to give a good approximation of in that region could
be useful to estimate
It is worth to stress that also the long
range behavior of is important in defining
This is due to the
normalization integral of the density, where the
term weights more
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the tail of than the coalescence region in computing the normalization
factor. This does not introduce any new problem in QMC [124], so one
is left only with the task of devising a good strategy to estimate
A possibility is given by fitting
over the whole range of positronelectron distances [124]. This can be done by approximating it with a
linear combination of basis functions
The coefficients
are computed solving the simple linear system [124]

where
and
Using this approach,
one can exploit the fact that Monte Carlo actually samples
instead
of
This makes less important the poor sampling around
and
allows to obtain accurate values for the integrals and to extrapolate the
density in regions where it is poorly defined.
Although this method is inherently approximate,
might be accurate enough to compare with experimental data [124], and to predict
the
annihilation rate for many interesting complexes. Moreover,
analytic results on the behavior of the exact wave function can be introduced in this recipe without making it more complex [104], and perhaps
improving its global accuracy.
4.2.

Exporting Methods to Larger Atoms and
Molecules

Presenting the results on first-row positronic atoms and molecules, we
have mentioned some deficiencies of the employed model wave function.
These can be summarized by the inability to explicitly correlate electronpositron pairs. Therefore, one of the main tasks that remain to be
performed is to improve the model Eq. 10 in order to correctly describe
the physics and chemistry of these complexes at the VMC level, allowing
to get better wave functions for systems larger than PsH,
and
PsLi. This will also help DMC to achieve better statistical accuracy
with shorter runs [125].
As far as the PsA complexes are concerned (A being Li, B, C, O, or
F), their leptonic structure is better described by a Ps atom “orbiting”
around a neutral atom A than by a positron attached to
This
implies that a better wave function should be written as

where is the operator that antisymmetrizes electrons 1,..., N – 1 with
electron N,
is a model wave function for atom A, and
is a function that describes both inter-particle and center of
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mass motion in the virtual Ps cluster. Here, only the correlation between
one electron and the positron is introduced in order to simplify the theoretical development of the formalism. Although this choice might seem
odd for this class of complexes where correlation energy plays a major
role, they usually have BE of the order of few millihartrees with respect
to the (usually) lowest dissociation threshold, namely Ps plus A [48]. In
our view, this indicates that the binding of Ps to an atom is just due to
polarization forces. Moreover, due to the repulsion with the nucleus, the
positron is allowed to interact strongly only with the outer regions of the
electronic cloud so that correlation with the remaining parts should not
be so important. Similarly, PsM complexes, composed by a Ps and a
neutral molecule M whose electronic affinity is small, could be described
by means of Eq. 15.
Things get more complicated when dealing with positronic atoms and
molecules
Here, the two lowest dissociation threshold, namely
plus M and Ps plus
might have similar energies and a two configuration wave function of the form

is necessary to correctly describe the system. An heuristic guide to
predict the weight for this two configuration function was discussed
by Mitroy et al. [106], and it is based on the relative value of the
ionization potential (IP) of M with respect to the Ps ground state energy
hartree. If
the binding is primarily due to
the polarization of Ps in the ion field. Conversely, the binding is due
to interaction of the positron with the electron density of M, whose
polarizability plays a important role in defining the PA of the atom
or molecule [106]. For atoms and molecules whose IP is close to 0.25
hartree, both the configurations are relevant, and large PA or BE are
expected.
The proposed trial wave functions represent only the basic ingredients
we feel are needed to qualitatively describe many positronic systems. In
the proposed form, many subtle aspects of positron-electron correlated
motion are missing, and they may be introduced by means of DMC,
or adding more correlation terms to
Nevertheless, Eq. 15 and 16
allow one to introduce many of the mathematical properties of an exact
wave function, a goal that ab initio methods are still far from obtaining.
Moreover, an all electron approach like this one is needed when contact
properties between core electrons and the positron are of interest [126].
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4.3.

Computing Scattering Observables

Before the advent of EGG functions and QMC methods that allow to
deal with the bound states of positronic systems containing more than
two electrons, most of the theoretical work on the interaction between
positrons and ordinary matter was directed to compute scattering observables. Unfortunately, due to the mathematical complexity of the
problem, accurate results are available only for really small targets like
H and He [127, 128] where an explicitly correlated basis set can be used
in order to satisfy all the requirements of the exact solutions. Although
being really small, these two systems still represent quite complicated
benchmarks for any method that is proposed to compute scattering observables. Theoretical results on larger systems are usually based on
some approximate method to treat the positron or positronium interaction with the target [129]. Most methods use model potentials whose
accuracy is difficult to test against other more accurate theoretical results. For instance, it is worth to mention that even the scattering length
for the scattering of Ps by He is not accurately known (see for a more
insightful discussion the Chapter by Mitroy et al).
Besides phase shifts and cross sections, it is interesting to compute
the annihilation parameter
[130] that represents the number of
active electrons in the annihilation process with the incoming positron
of linear momentum
Although it was already known that molecules
could have
larger than their total number of electrons
[131],
it has been shown recently that some organic molecules interacting with
thermal positrons have
values that are orders of magnitude larger
than
[132]. Although a theory [133] has been proposed, it seems
necessary to carry out accurate calculations of the scattering process
in order to compare with the experimental results. More specifically,
the existence of meta-stable states where the positron is attached to a
vibrationally excited molecule must be taken into account [133]. These
states might allow the positron to remain close to the electrons of the
molecules for a longer time, increasing the probability of an annihilation.
For instance, Gianturco and Mukherjee [134] reported an increase of
at room temperature for
and
when coupling between the
vibrational channels and the impinging positron was allowed during the
calculations.
The necessity of dealing with vibrational excited states requires a computational method that is able to deal with the highly multidimensional
nature of this problem, a feature that seems to rule out the possibility of using standard numerical integrations based on grid methods for
molecules with more than two atoms.
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Following the ideas proposed by Alhassid and Koonin [135], and by
Carlson et al. [136], it is possible to use QMC in order to extract information about positron and positronium scattering on scatterers having
an inner structure. Instead of resorting to an approximate treatment of
the interaction between the target and the projectile, the QMC method
introduces some approximation on the boundary conditions of the outgoing wave at large distances, recasting the problem in a bound state
formalism. Specifically, the location of the first node of the outgoing
wave
is chosen and enforced by adding an infinite well
potential for
and this bound state problem is then solved by
means of QMC. Here,
must be larger than the range of interaction
between the target and the projectile.
Shumway and Ceperley [137] have recently developed this approach
to treat exciton-exciton scattering, showing it to be quite promising.
Although this method has the same problems met by standard QMC
in bound state calculations, it represents a novel way to get accurate
values about interesting systems, and to test less accurate, but more
applicable techniques. Moreover, the use of
and Ps as probes in
many fields of condensed matter theory is somehow hindered by the
scarce knowledge on scattering and transport properties of these two
species, so it is worth to head for the development of this method.
4.4.

Positron and Positronium Calculations in
Condensed Matter

As previously mentioned, the most common applications of positrons
are in the fields of the condensed matter science [2, 45]. Although in
our view both VMC and DMC can be useful tools in this field, often the
issue of the computational cost forces to resort to other techniques or to
simple physical models [138].
Among the methods routinely used in solid state physics and chemistry, DFT has a good accuracy/cost ratio for large systems [139], its
value being limited only by the approximate knowledge of the exchangecorrelation potential. An accurate parameterization for this potential
does pay the effort required in order to improve them.
One possible way for tackling this task is represented by the exact
inversion of the Kohn-Sham equations for systems whose densities are
accurately or, even better, exactly known. The inversion could allow us
to obtain the exact values for the potentials (for instance the positronelectron correlation potential), opening the possibility to get better parameterizations.
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Actually, there are at least two ways to proceed. While one is based on
obtaining directly the potentials [140, 44] from the Kohn-Sham formalism, the other exploits the adiabatic connection method [141]. Although
better DFT potentials could certainly lead to more diffuse application
of these methods to study positrons in crystals and in semiconductors,
it could also help to enlarge the number of positron containing systems
that can be treated at the level of chemical accuracy.
As to QMC, it can play a dominant role computing very accurate, if
not exact, energies and densities for both electrons and positrons. Since
a similar approach has already been used for few-electron systems [142],
we hope to see such an application carried out on positronic systems in
the near future.
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Abstract:

1

This chapter is about chemical compounds containing both matter and
antimatter, the latter in the form of positrons. Most of our knowledge
of such compounds comes from quantum mechanical calculations. Our
discussion includes some issues relating to calculating accurate binding
energies and annihilation rates. Our current knowledge (up to January
1, 2001) of antimatter compounds is sumarized in several tables. About
50 compounds have been characterized, most of them within the past
five years. A possible set of calculations and experiments for the near
future is discussed.

BACKGROUND

One often obtains a stable antimatter compound by changing a proton in
a known stable compound into a positron. Thus PsH (positronium hydride)
and
are genuine chemical compounds, both related to familiar molecular
hydrogen,
These compounds may be charged, in which case they are properly called ions. Examples include positronic lithium,
[1], and positronic
beryllium oxide,
[2, 3].
All such systems annihilate, usually with lifetimes on the order of hundreds
of picoseconds. In this chapter we define a system to be chemically stable or to
have a bound state if it does not dissociate or autoionize before it annihilates.
Each such system either (a) has an energy below that of all other systems that
differ from the first only in the arrangement of its components, or (b) annihilates
before it undergoes a rearrangement to a more stable configuration.
Several properties of such systems are of interest. The binding energies, annihilation rates, and the momentum distributions of the annihilation photons are
presently calculable and observable. Experimental measurements of these quantities are generally more difficult to perform than calculations. Measurements
of the recoil momentum of post-annihilation systems (which we call daughter [4]
systems), observations of the distribution of states exhibited by the daughter
systems, etc., are still in the future.
In this section we briefly consider some basic issues having to do with bound
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states. In successive sections we review our present understanding of bound
systems as shown by calculations (Sec. 2) and by experiments (Sec. 3). We do
not comprehensively review work on any given system; rather, we indicate only
our best current knowledge. Furthermore, we limit our attention here to binding
energies and annihilation rates. Finally, in Sec. 4 we consider prospects for the
future. There are three other chapters in the volume which are primarily about
bound states [5, 6, 7]. In each of these, a method of calculation is emphasized
along with results from that method; in this chapter the emphasis is on the
compounds regardless of the methods of calculation.

1.1

Appropriate Quantum Mechanics

Systems of interest to us here are resonances embedded in a continuum to
which they are radiatively coupled. “Bound” systems, as that term is used
in this chapter, are thus really quasi-discrete. The continuum differs from the
bound systems in having one less electron, one less positron, and (usually) two
or three more photons. Other annihilation modes are possible, but two- and
three-photon events dominate in most terrestrial environments [8].
It was noticed very early by Wheeler [9] and confirmed by others [10, 11, 12]
that the coupling between quasi-discrete and continuum states is weak, and can
be ignored for purposes of calculating quantities of interest. It is therefore appropriate to perform calculations on the pre-annihilation system with familiar
Schrödinger-type wave mechanics, taking care to treat the positron as a different particle from the electron; i.e., the wave function should have no particular
symmetry for electron-positron interchange, but should be antisymmetric under
electron-electron interchange and under positron-positron interchange. With
this proviso, those who calculate wave functions for many-lepton mixed systems have available the formidable technology that chemists have laboriously
developed since the early days of quantum mechanics. As has been the case for
many years for purely electronic systems, the accuracy of calculated results is
defined for the most part by hardware limitations, not by missing principles or
inadequate algorithms.
Simple plausibility arguments corroborate Wheeler’s conclusion. For example, the energy shift due to the radiative coupling for the ground state of
positronium is only
[13, 14, 15, 16], which is 1 part in about
of the binding energy. The lifetimes of positrons embedded in an electron-rich
medium under terrestrial conditions are usually close to 2 ns, which is about
atomic units of time. In classical terms this interval provides for about
transits of an atom by a bound positron, implying that wave functions are well
defined by the time annihilation occurs. The uncertainty in the energy of a
system with a 2 ns lifetime is about
implying that the binding energies
are similarly precisely defined.
From Wheeler’s work it follows that the “total” spin for the electrons alone
of a mixed system is a conserved quantity, and similarly for the positrons. Thus
and
are both good quantum numbers. States of the system that differ
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in either quantum number will be far apart in energy because such states have
different electron and/or positron distributions, hence the Coulomb energies
are different. The electron and positron spins couple to give the overall spin
quantum number S with the values:

Thus there are four good quantum numbers: S,
and
[17]. For fixed
values of and
states with different values of S are nearly degenerate, being
separated only by small spin-spin interaction energies and the energy shift due
to continuum coupling. The annihilation rates of such states may differ greatly.
The familiar positronium atom provides an example:
so S = 1, 0.
These are the ortho and para states, respectively. For the lowest 1s level of
Ps, these two states are split by about
which is about four orders
of magnitude smaller than the binding energy, but their annihilation rates are
dramatically different:
for ortho-Ps, and
for para-Ps. (More
precise values are given in Table 1.)

1.2
1.2.1

Important Quantities
Binding Energies

In the context of this chapter, the most important question about a mixed
system of interest is whether it has a bound state. In order to establish the
existence of a bound state, a theoretician must demonstrate that either (a)
the lowest eigenvalue of the Hamiltonian for the system is lower than the sum
of eigenvalues of the Hamiltonian operators for all possible sets of dissociation
products of the system, or (b) the rates of spontaneous transitions to states
other than the annihilation continuum are less than the annihilation rate.
(a) The correlation error. A discussion of calculated quantities of mixed
systems must begin with the concept of the correlation energy, a positive quan-
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tity defined as the difference in the Hartree-Fock or self-consistent field energy
of a system and the eigenvalue of its non-relativistic Hamiltonian. The correlation energies for a given bound system and for its dissociation products are
in general large and non-canceling. They do not cancel because there is an
inevitable mismatch in the number of lepton pairs between the system and its
dissociation products. Positronium hydride, PsH, provides a compelling illustration of the problem. The correlation energy is 3.3265 eV [31, 32, 33], which is
more than three times the binding energy, 1.06660 eV [33]. Using coupled pair
techniques, Saito and Sasaki [31, 34] analyzed the correlation energy into the
following components: 0.88±0.02 eV from electron-electron pairs, 2.17±0.04 eV
from electron-positron pairs, and 0.27±0.04 eV from three-body clusters. These
results show the great importance of electron-positron correlation, as well as the
large size of three-body effects for this system [35]. We believe that three-body
effects are in general more important for mixed than for pure systems, because
three-body clusters in a purely electron system involve three pair-wise repulsions
as well as mitigating exclusion effects, whereas for mixed systems, three-body
clusters comprising two electrons and one positron involve one repulsive pair
and two attractive pairs, and there may be no exclusion effects. The correlation
error is known for only a few other systems. The available data are given in
Table 2.
(b) Thresholds. A neutral compound PsA may dissociate in any of three
ways [41]:

The dissocation products in (3) have a lower total energy than that in (2) only
if the electron affinity of A is greater than 6.8 eV; we know of no such systems.
The dissociation products in (4) have the lowest total energy if the ionization
potential of A is less than the electron affinity of Ps, 0.327 eV. No atoms and
very few molecules have such a small ionization potential. Therefore we consider
here only the dissociation (2). One might consider the source of binding to be
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the simultaneous attraction of an electron to the positron and to the system A
due to an opening in its valence shell.
Charged bound species,
have two possible dissociation products:

The first dissociation will apply for atoms and molecules with ionization potentials less than 6.8 eV, and the second, more than 6.8 eV. Binding arises because
the electron is simultaneously attracted to the positron and to the cation
If A is a dipolar molecule, then the dipole potential will provide an attraction
in addition to correlation. The critical point dipole for binding an electron is
1.625 Debye [42]. This is true of a positron also, of course. Other work shows
that a finite dipole and a realistic electron density do not change the critical
value very much [43, 44].
1.2.2

Annihilation Rates

(a) Saturation of electron density at the positron. The large number of
electron-positron pairs indicated above for PsF does not imply a correspondingly
large annihilation rate, in our opinion. Rather, we believe that when a positron is
placed in an electron-rich environment, the electron density at the positron,
quickly saturates to a value not much different from that in isolated positronium
[45]. One of two conditions then usually exists: Either (a) each valence electron
is perturbed by the positron to a degree that is inversely related to their number,
or (b) one electron correlates almost exclusively with the positron. An example
of case (a) is PsF, which has eight valence electrons, all reacting to the presence
of the positron to a similarly small degree, we believe. Such systems tend to
have large binding energies; i.e., the bound level is far below the threshold
(2). In this case,
is slightly larger than that found in isolated positronium,
in atomic units, and an annihilation rate slightly larger than
the spin-averaged rate for Ps,
is found. Case (b) occurs if the binding
energy is small, or, equivalently, the threshold is close to the bound level. Then
an identifiable positronium atom is part of the system. Examples are
and
Although these compounds may contain many electrons,
may
be a little less than that found in isolated positronium. This is because the
one electron which is involved in the bound positronium atom is simultaneously
attracted to the ion core. Then we get annihilation rates a little less than
that of isolated positronium:
and
for the ortho and para state,
respectively.
For either case, accurate binding energies and annihilation rates require the
presence of “virtual” positronium in the wave function. This refers simply to
the presence of correlating factors such as
or
in the
wave function
is the electron-positron distance). Other contributors of this
volume, e.g. [6], give more rigorous discussions of annihilation rates and how to
calculate them. Mitroy in particular has stressed the importance of positronium
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“clusters” (which we call virtual positronium) embedded in the structure of the
wave function. We would generalize his expression for the wave function slightly:

is the wave function for an
atom with which the positron is interacting, is a positronic orbital,
antisymmetrizes its operand for the exchange of
the
electron with each of the others,
is the wave function
for the atomic cation with the
electon removed, and is a factor resembling the positronium wave function. We assume that the first term on the
right above together with the terms in the sum have been transformed into an
orthonormal set. Then
and
give the relative importance of the
atom-positron and cation-positronium components, respectively. In our view,
the wave function for
would have
and for PsF
We also think that
from which it follows that
In other words,
virtual positronium is fully represented in the wave function, but in the divided
form appropriate to the many-electron structure of the valence shell.
(b) An effective operator for the annihilation rate. We assume that each
annihilation event involves one electron and one positron, and that a very close
approach of the annihilating particles, much less than
is required. It follows
that there exists a one-electron, one-positron operator involving a Dirac delta
function that can be used with wave functions to calculate annihilation rates.
We restrict our attention to two- and three-photon events. We want to project
out of the parent wave function that component in which the annihilating particles have the appropriate relative spin orientation. Thus we can write the
annihilation rate as the expectation value of a one-electron operator:

where
other

(see Table 1 for more precise values), and all
values are zero. The spin functions above are:

The projection operator involves only elementary spin integrations. Some authors omit the spin projection above, which in general does not give the right
result, but works if the electrons are fully paired (colloquially, the electrons are
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in fully occupied orbitals) and if there is only one positron. Then the calculated
annihilation rate is:
where

For open shell systems, the annihilation rate may not be given correctly by eq.
(11). For example, for systems such as
and
which have one valence
electron outside a close shell core, the annihilation rates are

but the electron density at the positron is

which is not a factor of the expressions on the right sides of eqs. (13) and (14).
The valence contributions are similar to the annihilation rate of
and
respectively. For the para state, the core contribution to the rate is negligible,
but for the ortho state the two-photon core contribution may be of the same
magnitude as the three-photon valence contribution.
(c) A simple point. It is worth while to emphasize an elementary point: A
given state of a given system has only one annihilation rate. This rate is the sum
of two- and three-photon contributions. There is not a “two-photon annihilation
rate” or a “three-photon annihilation rate.” Although these are calculable, they
are not measurable. They can be estimated for some open-shell systems, but
can be measured neither exactly nor in principle [46]. In a measurement of an
annihilation rate, one can choose to count two-photon events or three-photon
events. In each case, the experimenter is sampling the dwindling population of
molecules by one probe or the other. Either measurement will give the same
annihilation rate of the system. The two-photon detection method will have a
larger count rate and hence better statistics [47, 48]. An analogous situation
exists in the decay of radioactive nuclei, many of which have more than one
decay channel, but all have only one half-life.

2

WHAT WE KNOW FROM THEORY

In a recent review on this topic [49], a comprehensive compendium of our
knowledge up to September 1997 was given. This was contained in a single, short
table. In this chapter we require four tables, three of them quite long. Clearly
something has happened in the last four years. An explosion of papers that
multiplied our knowledge resulted from the introduction of two methods of calculations which have proven to be particularly powerful for studying antimatter
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compounds: the quantum Monte Carlo method, and the stochastic variational
method. Both are reviewed elsewhere in this volume [5, 6]. Here we give an
abbreviated comparison. It should be noted that, despite the seeming plethora
of newly discovered bound states of mixed systems, our knowledge is still far
from complete; there are a great many more remaining to be characterized.
(a) The stochastic variational method (SVM) uses a large number of explicitly correlated Gaussian (ECG) basis functions to describe the wave function
as a linear sum. The coefficients in the linear expansion are determined by
the standard Ritz variational procedure; i.e., by diagonalizing the Hamiltonian
matrix. The matrix elements are very simple to calculate, so a large number
of basis functions can be tolerated. A large number of ECGs is required to
faithfully represent the wave function because these functions have an incorrect
form both at long range and at short range. The number required is so large, in
fact, that the nonlinear parameters cannot be found by minimizing the energy.
Rather, they are estimated by a random search. Calculations using up to 1000
Gaussians and involving up to 10,000 nonlinear parameters are the present practical upper limits to calculations, necessitated by realities of computer power.
This translates into a maximum of six particles in a given system. Another
limitation is that programs presently in use are restricted to the spatial angular
momentum quantum number L = 0. Presumably, as computer power increases,
these limits will be extended. The limit can be extended in another way: If some
of the electrons of a system are confined in closed inner shells which are affected
only slightly by the low-energy interactions with outer electrons, they can be
included in the problem implicitly in the form of a potential in which the outer
electrons and added positrons move. Altogether, Mitroy and collaborators have
published about 25 papers in the last three years in which the SVM method and
its implicit-core variants are applied to antimatter compounds.
(b) The quantum Monte Carlo method. In the quantum Monte Carlo (QMC)
method, one transforms the Schrödinger equation into a diffusion equation by
substituting imaginary time for real time. Each particle in the Schrödinger
equation is represented by three spatial variables in the wave function; if there
are particles in the system, there are
variables in the Schrödinger equation.
In the corresponding diffusion equation, a “walker” is a point in a
space; each walker specifies a particular set of positions of the particles of the
system. The distribution of a large number of walkers in their
space is directly related to the wave function (i.e., the solution of the Schrödinger
equation). The equilibrium distribution of the walkers is the solution of the
diffusion equation in the limit of long time. This distribution corresponds to
the ground state of the system; the ground state energy is extractable.
The diffusion equation is solved by allowing the walkers to execute a guided
random walk in their multidimensional space: The differential (kinetic energy)
term gives rise to the random walk and the potential term is analogous to a
source/sink term in a conventional diffusion equation. Solutions of conventional
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diffusion equations (e.g., temperature, concentration, etc.) are necessarily positive, but quantum mechanical wave functions have both positive and negative
parts. An artifice has been invented to enable the diffusion equation to deal with
this distinctly nonclassical behavior: An approximate wave function from outside QMC is combined with the desired solution as the product
and
a new diffusion equation is written that has as its solution. This introduces a
new term in the diffusion equation which corresponds to a drift of the walkers as
if they were attracted or repelled by an external force. More significantly, is
necessarily everywhere positive or zero, and the nodes of are necessarily those
of
These nodes are not the familiar nodes of orbitals in elementary atomic
theory. Rather, they are
surfaces defined by constraints
such as
i.e., they come from requirement of antisymmetry of the wave
function under electron interchange. These multidimensional nodes are given
with apparently good accuracy by
even if it is of modest accuracy in other
ways. However,
must be accurate in the limit of close approach of charged
particles, otherwise singularities arise in certain terms of the diffusion equation
which have the effect of trapping walkers. This compromises the convergence of
the random walk to a legitimate solution. In other words,
must satisfy the
cusp conditions [50]. This is done by introducing appropriate Jastrow factors
[51] into
Then the accuracy and precision of calculated results is limited in
principle only by the accuracy of the nodes. In practice, other limitations come
into play: The random walk must end in a finite time, there must be a finite
number of walkers, and they must take steps of finite lengths. Typically 1000
walkers taking 10,000 to 100,000 steps produce acceptable results. Some workers attempt to control the errors resulting from a finite step length by repeating
several such calculations with different step lengths and extrapolating to zero
step length.
The QMC method provides in principle an exact solution to the Schrödinger
inside regions bounded by the nodes of
Within this limitation, many-particle
correlation is correctly treated. This is the great advantage of the method. The
number of particles that can be treated has no limit in principle. In practice,
calculation requirements may be reduced by recourse to implicit treatment of
core electrons by means of a potential, as in the SVM method. The first application of QMC to antimatter compounds was a core-potential calculation on
PsCl [52]. Even so, 9 particles were treated explicitly in this calculation. The
major disadvantage of the method is that the wave function
is given in the
form of the coordinates of a set of points in
space. The calculation of expectation values of local operators is performed by straightforward
sums over this set of points. Calculating expectation values of nonlocal operators is problematical, and unfortunately the contact operator in eq. (9) is one
of these. Consequently, lifetimes in QMC are difficult to calculate [53, 54, 55].
In the last three years, about a dozen papers have reported QMC calculations
on antimatter compounds, mostly by Bressanini, Mella, and collaborators.
(c) Many-body perturbation theory, and zero-range potential theory. Many-
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body perturbation theory (MBPT) has been applied to several positron-atom
systems. The authors warn that certain problems arise in the method having
to do with double counting from using Ps intermediate states, and that the Ps
formation potential is not as well established as are other parts of the method
[56]. The results of the method and comparisons with those of more reliable
methods are given in Table 3. There it is seen that MBPT overestimates the
binding energies significantly unless it is used in conjunction with configuration
interaction. MBPT has been used to calculate electron affinities to within an
accuracy of a few meV, which has been said to be a necessary condition for
credibility in calculated positron affinities [57]. From Table 3, we see that this
condition is not sufficient.
A recent interpretation of annihilation rates in the fluoromethanes
and
which relies on the positron affinities of these
molecules was recently presented [59]. These were calculated using the zerorange potential method [60]. This method reduces the quantum mechanical
problem to a calculation that can be solved with a hand calculator in a few
minutes. The results should not be taken seriously, in the opinion of this author.
Nevertheless, they provide a successful interpretation of the experimental data.
We caution that a successful interpretation of experimental data does not imply
the veracity of the underlying theory.

2.1

First Efforts and Overall Trends

The stability of the trielectrons
and its charge-image system
and
of
were established in a seminal paper by Wheeler [9]. These first calculations were very approximate, and there followed a steady stream of papers
on these systems too numerous to mention here. Presently, these calculations
have given eigenvalues of the nonrelativistic Hamiltonian with eight decimals of
precision for the trielectrons, and six for
The latest results are given in
Table 1.
PsH is probably the most-studied system. It was first shown to be chemically
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stable by Ore [61], who calculated, almost fifty years ago, a lower bound of the
binding energy of 0.07 eV. This was followed by a sequence of similar calculations
[12, 62, 63, 64, 65, 66, 67], each improving on the lower bound. The apparently
ultimate member of the sequence, by Ho, gave the binding energy of 1.0598 eV,
and the matter seemed to be settled. This was in 1986. After an hiatus of a
decade, an even more accurate calculation was performed by Frolov and Smith
[68], which precipitated a spurt of similar activity [1, 33, 54, 69, 70, 71]. This
seems to have converged on the value 1.06660 eV [33].
PsCl is a much more complicated system but, surpisingly, its study began
earlier, by three years. Simons calculated a Hartree wave function for this system
in a frozen core approximation [72, 73]. Since then, over a dozen calculations
on this system have appeared. All of these, until the most recent, have ignored
correlation of all types. The last one established the binding energy, 1.91 ±0.16
eV, unambiguously in a QMC calculation of the 9-lepton system plus a core
potential [52].
2.2

Current Status

A compendium of our present knowledge as revealed by theory is collected
in Tables 1, 4, 5, and 6. This compendium is intended to be complete (up
to January 1, 2001) but not comprehensive; i.e., every system about which we
have useful information is intended to be in the tables, but not all publications
about the systems are cited. In fact, many important papers are not cited
because numerical results were improved in later papers. When more than one
citation is given, the first is usually the paper in which the stability of the
compound is established, and the second is the currently most authoritative
source. Except for Ps, binding energies reported here do not include relativistic
effects. For energy conversions, we use the NIST value for the atomic unit of
energy (the Rydberg): 27.2113834(11) eV [74]. Under the column “Meth.” in
the tables, the method of calculation is indicated as follows: CI, configuration
interaction; HF, Hartree-Fock; Hyl, expansion in Hylleraas-type basis function;
MBPT, many-body perturbation theory; Mod, a model potential method; QMC,
quantum Monte Carlo; SVM, stochastic varitaional method. An asterisk means
that an inner core of electrons is treated implicitly as a model potential. The
annihilation rates are given in
unless two values are given, in which case
the first is in
and refers to the ortho state, and the second, in
is for
the para state.

3

WHAT WE KNOW FROM EXPERIMENTS

In his famous review article published over three decades ago, Goldanskii
wrote: “It should be pointed out that in all the
and
systems studied
so far, theoretical calculations are in advance of experimental confirmation.”
This is still true today. Binding energies have been established by theoretical
methods for over 50 antimatter compounds and annihilation rates for about half
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of them, as listed in Tables 1, 4, 5, and 6. A binding energy has been established
by direct measurement in only one case, PsH, and that with an uncertainty of
0.2 eV [102], still five decimal places from presenting a challenge to theory [33].
Annihilation rates have been directly measured for only
and
and for
For the latter system, Mills found the annihilation rate to be 2.09 ± 0.09
[103], which agrees with our best theoretical knowledge [28, 29], but with
a precision inferior by about seven orders of magnitude. Clearly this state of
affairs constitutes a serious challenge to the experimental atomic physics.
Table 7 lists our knowledge of binding energies from experiment. The measurement of the binding energy of PsH is direct, but all the other methods used
are indirect, antiquated, and of questionable reliability. Nevertheless, it is inter-
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esting that the binding energies in Table 7 are uncannily accurate for PsF and
PsCl, and correctly within the stated bound for PsOH.
The order of binding energies of the positronium halides in the gas phase
is, from Tables 4 and 5, PsF > PsCl > PsBr. This order has been confirmed
by measurements of the distribution of momenta of the annihilation photons
by 1D ACAR (one-dimensional angular correlation of annihilation radiation) in
aqueous solutions of the halide ions [110]. By comparing measured momentum
profiles with those calculated from Hartree-Fock wave functions for the positro-
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nium halides [111], it was possible to fix the order of binding energies in water.
They are the reverse of in the gas phase. By applying corrections for hydration
energies [112, 113], the order of binding energies from calculations was recovered. The order of gas phase binding energies from experiment is: PsCl > PsBr
> PsI. PsF is not stable in water.
The existence of positronium halides intercalated in graphite has been observed for PsCl [114, 115, 116] as well as PsBr and PsI [116]. PsF is not stable
as a graphite intercalated compound.
The formation of positronium hydride, PsH, has been invoked to explain the
broadening of the DBAR (doppler broadening of annihilation radiation) signal
of the graphite intercalation compound
upon the use of H-doped potassium
in the preparation [117].
By correlating the middle component in the positron lifetime spectrum of
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hydrogen-laden thermochemically reduced MgO single crystals, it was deduced
that PsH forms at anion vacancies and has an annihilation rate of
Another experimental indication of the annihilation rate of PsH comes
from positronium lifetime spectra of crystalline LiH, NaH, and KH [118]. It was
observed that the largest annihilation rate in each spectrum, attributed to PsH,
is linear in the number density of the crystal. By extrapolating to zero number
density, the authors argued that medium effects on the PsH are eliminated.
Their extrapolated annihilation rate for PsH is
The agreement
with the best calculated result in Table 4 is extraordinary.
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4

THE FUTURE

4.1

Theoretical Work

It is easy to think of systems which are worthy of serious theoretical study
but have not yet received such attention. One thinks that an atom with an
ionization potential near 6.803 eV, the spin-averaged binding energy of Ps (Table
1), would be a good candidate for binding a positron on the grounds that the
accidental near-degeneracy will enhance the attraction of the positron to both
the atomic cation and the positron and hence will tend to bind them together.
From this criterion, the following atoms are the best candidates for binding a
positron:
atom:
Hf
Ti
Cr
Nb
V
Zr
IP-6.803/eV: 0.022
0.025 –0.036 –0.044 –0.057 –0.169
config.:
A more sophisticated criterion involving the polarizability of the atoms as well
as their ionization potentials has produced a similar list [56]. Calculations on
positron binding to all of these atoms are well within reach of the QMC method
with a core potential, and all but
are within reach of the SVM method
with a core potential. None of them has yet received theoretical attention to
our knowledge.
So far only one metastable atomic system has been studied,
[71]. The radiative lifetime of
is 7900 s [119]. There are many other
metastable atoms which have radiative lifetimes that are long compared to annihilation lifetimes. Any of these are candidates for binding a positron. A small
sampling is:
atom:
He
Be
C
N
O
state:
energy/eV: 20.62
2.726
1.264
2.384
1.967
lifetime/s:
0.020
150
The energies are in eV above the ground state, and radiative lifetimes are in
seconds with powers of ten indicated as superscripts. Perhaps more interesting
as candidates for binding a positron are atoms in excited states that are more
strongly coupled radiatively to lower states but nevertheless have radiative lifetimes longer than annihilation lifetimes. Some of these are:
atom:
He
Li
Be
B
O
F
state:
energy/eV:
20.96
1.85
6.46
4.96
9.52
12.72
lifetime/ns: 97.85
27.3
6.4
3.6
1.8
7
The cross section for the quenching of
is several orders of magnitude
larger for molecular oxygen than for nitric oxide. This has been a puzzle for
a very long time [120, 121, 122, 123]. Some believe that compound formation
for one gas but not the other is responsible for the difference in quenching
behavior. High quality QMC calculations on
and PsNO would be useful
and interesting.
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Experimental Work

A number of interesting experiments can be envisioned in which antimatter
compounds are formed in intersecting regions of positron beams and a variety
of molecular beams. Positrons may be created in the following way: An electron beam from a LINAC impinges on a heavy metal target which produces
bremsstrahlung radiation. This subsequently interacts with nuclei of the converter to produce electron-positron pairs. The positrons are collected into a
beam, accelerated, and transported magnetically to work stations.
A 100 MeV,
LINAC producing
pulses at 200 Hz will provide
an integrated positron intensity of about
Such a beam exists
at Lawrence Livermore National Laboratory (LLNL). The positrons can be extracted from their guiding magnetic field as they enter a spectrometer such as
the one shown in Fig. 1, and guided thereafter electrostatically. They will first
be moderated with a tungsten reflection moderator (b), from which they are
emitted with an energy of 2.8 eV (the negative of the positron work function
for tungsten) plus any potential applied to the moderator. The positron beam
energy is thus defined for scattering experiments. The energy spread of the
positron beam leaving the moderator can be made to be as small as 100 meV
by the use of in situ annealing of the moderator, which requires an electron gun
(c) and an optical pyrometer. Remoderation may be required. The apparatus
should be fitted with a second electron gun which produces a narrow energy
distribution so that electron scattering experiments can be performed as well.
The molecular beam could be operated at 100 Hz and made to intersect with
every other positron pulse, thus providing for background correction. Coincidence with annihilation gammas may be utilized to control noise.
4.2.1

Ionization and Fragmentation by Subthreshold Positrons

Recoil ion momentum spectroscopy (RIMS) [124, 125] is the ideal method
for investigating molecular breakup following annihilation by an intramolecular positron. RIMS is a well developed technique which has been extensively
applied to keV and MeV charge-transfer and ionizing collisions of ions and neutrals, and to keV collisions with photon and electron projectiles. Collisions of
interest to us here are at much lower energies, the order of 10 eV. A careful
design of the RIM spectrometer must be carried out to accommodate the lower
energies. It would be interesting to cross a pulsed supersonic molecular beam
of target molecules and the LLNL pulsed positron beam, and to detect ionic
fragments with a RIMS spectrometer. For impact energies below any ionization
or fragmentation thresholds, the only inelastic process is on-molecule annihilation, the cross section for which is large enough to be observed
if the dissociation lifetime of the resonance
is comparable to the intrinsic
annihilation lifetime,
In such a case, annihilation usually produces a hole in the valence shell [126], sometimes in the core [127, 128], and
a cascade of Auger electrons and/or photons presumably ensues. These have
not been directly observed, but rather have been inferred from fragmentation
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[129, 130, 131]. The RIMS spectrometer can be designed to analyze secondary
electrons as well as the ionic fragments issuing from relaxation following annihilation. The RIMS technique described here would provide a great deal of
new information that will contribute significantly to a definitive interpretation
of annihilation and relaxation processes in molecules that capture positrons for
times comparable to annihilation lifetimes.
4.2.2

Compound Formation by Dissociative Attachment

We now consider the process that can be written as:

Some time ago, PsH was prepared in collisions of positrons with methane
B = H) [102]. No other experiment of this type has been reported. The
(short-lived) resonance shown above in curly brackets may decay either to the
left, thus contributing to elastic scattering, or to the right, which requires the
time of a few vibrations, about
s for dissociation [132]. Annihilation from
such a short-lived resonance is negligible. The dissociation of the resonance to
the right is a slower process than dissociation to the left or than positronium
formation from the resonance, but as the products on the right above recede
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along the A–B bond axis, the faster processes become less likely, and are negligible after A and PsB are a few bond lengths apart [132]. Thus, the issue is
the probability of survival of the resonance until the A–B distance reaches some
critical value beyond which re-emission of the positron and Ps formation are no
longer competitive. The survival probability is calculable, and is a factor of the
cross section for the upper process in (16) [133, 134]. The products leave the
reaction site in any laboratory direction consistent with symmetry conservation
[135, 136].
If the products survive the dissociation, then an exotic compound PsB is
produced, as indicated. Such compounds live for about
s before
annihilation, which takes place a few hundred or thousand bond lengths from
the collision site, producing B and two gammas.
For molecular targets in a jet, the energy available for the process is almost exactly equal to the energy of the positron in the laboratory frame. It is
easy, particularly with the aid of Fig. 2, to deduce the following expression for
BE(PsB), the binding energy of the compound PsB:
BE, IP, and KE denote respectively the binding energy, ionization potential,
and kinetic energy of the indicated species, 6.80 eV is the binding energy of
Ps, and
is the change in excitation energy for the upper process in (16).
Internal excitation of the target AB is normally very small for the supersonic
molecular beams we propose to use, and the positron beam energies we will use
are not very far above the threshold for the process, so that excitation of the
products is precluded. BE(PsB) is the height of the energy window between
the threshold of the upper process in (16) and that of dissociative positronium
formation,
so if the positron energy is confined to this window, shown as the cross-hatched
region in Fig. 2, then internal excitation of the products may be precluded,
and compound formation, shown in reaction (16), will have no interference from
reaction (18).
The determination of BE(PsB) consists, then, of the detection of the signature ion
and a simultaneous measurement of its kinetic energy by RIMS.
Then the positron impact energy and eq. (17) yield the desired result, providing
the binding energy and ionization potential on the right hand side are known
and
is negligible, as we expect, or independently known. A simpler experiment, one without a determination of
has already been
done with a methane target. In this way a lower bound for the binding energy of positronium hydride, PsH, was established as 1.0 ± 0.2 eV [102]. Since
this agrees with accurate quantum mechanical determinations of the binding
energy [1, 70, 69], one concludes that the potential curve for the resonance (in
this case of
resembles the lower of the two curves in Fig. 2 labelled
and that the term
in eq. (17) is less than the uncertainty in
the measurement.

282

If the appearance potential of PsB is above the window, as is the case if the
resonance
follows the upper of the two curves shown for it in Fig. 2,
then the interference of reaction (18) is unavoidable. In this case a measurement
of
will give two values, one establishing
and the other
coming from dissociative Ps formation, reaction (18). In the latter case, a
measurement of
does not give the required dynamical information,
because the Ps is formed on a shorter time scale than the dissociation and
presumably carries with it most of the kinetic energy. The measured
will nevertheless be of interest: If Ps is formed in a collision of a positron
with a molecule AB, conventional wisdom suggests that almost all the excess
kinetic energy leaves with the Ps atom. If this were true, only ground state ions
would be left behind when Ps is formed, but our observations [137, 128]
and those of other observers [102] indicate that Ps formation with dissociation
readily occurs. Thus the dynamics of even the simple process (18) are not well
understood.
The count rate of the signature ion
attending the formation of PsB in
reaction (16) can be written

where

is the combined efficiencies of ion extraction, transmission, and detec-
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tion, which we take to be on the order of unity. The remaining factors are,
respectively, the cross section for the formation of PsB in reaction (16), the
number density of target molecules, the intensity of the positron beam, and the
path length for the interaction. We take
as a representative value of
for purposes of this discussion [138]. Target gas number densities in jets of
are reasonable. We take the LLNL positron beam intensity to be
(see above), which gives an ion count rate of
Careful control of
sources of noise is required, and to this end coincidence detection of annihilation
gammas will be useful. Alternative positron pulses will be admitted between
molecular pulses to provide a background count.
Some promising target molecules are listed in Table 8.
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4.2.3

Negative Ion Beam Targets

Another way to make Ps compounds is by dissociative attachment of positrons
to negative ionic molecular targets:

which is something like the charge image of familiar dissociative recombination:

Process (20) can be either exo- or endoenergetic depending on magnitudes of
relevant bond energies and electron affinities:

Equating this to the kinetic energy of the positron less internal excitation and
the kinetic energy of fragments gives:

This should be compared to eq. (17) which applies to the formation of PsB in
process (16). Process (20) is also a resonant process, as shown. If cross sections
for dissociative recombination by electrons (process (21)) are reliable guides,
then we should expect cross sections for process (20) to be about
substantially more than for the formation of PsB in process (16).
A keV beam of molecular anions intersecting with the LLNL positron beam,
followed by a measurement of the kinetic energies of neutral products by translational spectroscopy is a feasible experiment. Negative ions produced in a charge
exchange cell could be electrostatically collected, focused into a beam, and purified by passing it through a quadrupole mass filter. Acceleration to a keV or
more and chopping would produce a pulsed beam which could be intersected
with the LLNL positron beam with matching pulses. Translation spectroscopy
on the neutral products formed in process (20) would provide the kinetic energy
term in eq. (23).
An anion current of
in a 1 keV beam with a diameter of 5 mm has
a number density of about
For a positron beam intensity of
the count rate of neutrals from process (20) is:

For an interaction path length L of 1 cm, the count rate amounts to about
There is no time measurement in the experiment, so a Penning trap
for the positrons can be used, which will increase the count rate by several orders
of magnitude.
Mitroy and coworkers [140] have discussed the use of negative ion beams to
measure positron affinities of atoms. The idea is to pass a beam of atomic anions
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through a swarm of thermal positrons in order to make a positron compound
by the charge exchange reaction:

Either the antimatter compound
annihilates and is detected downstream,
or the energy distribution of the secondary electron is observed. A critical energy
region in the center of mass system implies the production of
4.2.4

Multi-positron Systems

Positronium was first observed in 1951 by Deutsch [120] and the positronium
negative ion in 1981 by Mills [141] who has pointed out that technology now
exists for observing the quadrielectron,
This compound was first demonstrated to be stable against dissociation by Wheeler over fifty years ago [9].
Another two-positron compound,
isoelectronic with water, was recently
shown to be chemically bound [80] and is also amenable for study. These two
systems are already well characterized by quantum calculations [80, 68, 142],
so measurements of their binding energies and annihilation rates will validate
the theoretical work. These compounds might be prepared and detected in the
following way:
The LINAC at LLNL now produces almost enough slow positrons [143, 144,
145] for this experiment with its tungsten moderator. If the present intensity
could be increased by an order of magnitude, either with more efficient conversion and/or moderation of positrons at LLNL, or by using a more intense
beam elsewhere, then the creation of
and
would be within reach. Two
stages of brightness enhancement [146, 147] and focusing on an Al(111) surface
will produce a surface density
which Mills estimates to be about
[145]. Using the most accurate binding energy of
[142, 148], Mills’
work [149, 150] shows that the yields of
and Ps will be about the same at
500 K, the temperature of maximal thermal Ps yield. Positronium will desorb
with random spin, which means that 75% of them will be ortho-Ps which produces three annihilation photons, and 25% will be para-Ps which produces two
photons. The fractional yield
is sensitive to both the positron surface
density
and (especially) the temperature, so a measurement of the dependence of the ratio of three- to two-photon annihilations,
on
and T
will establish the presence of
The most promising of several possible schemes to prepare
[80] is a
modification of the Knotek-Feibelman mechanism [151] in which an
ion in
a BaO lattice is neutralized by double photoionization. This renders it unstable
in the lattice and it is expelled with a kinetic energy equivalent to the cancelled
Madellung forces, a few eV. Singly charged oxygen is also expelled following
single photoionization but with less kinetic energy. If the
anion is instead
neutralized by positrons, then
is expected to be expelled before annihilation, along with
(which is stable compared to
PsO by ~ 1 eV [80]).
If positron bunches prepared as described above are focused on single crystal
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BaO, one would expect a mixture of
and
to be expelled with a ratio
depending upon
the temperature, and other parameters having to do with
the condition of the crystal surface. The dominant overall annihilation processes
for the two desorbed species in the
experiment will be:

If an increase in
or temperature produces a reduction of the emission of
negative particles of mass 16, the formation of
will be indicated.
The accumulation of high-density plasmas of positrons is an important current topic. It is discussed elsewhere in this volume [152], as is Bose-Einstein condensation of positronium [153]. One can envision the development of a source of
positronium incorporating a pulse of positrons impinging on a graphite electrode
containing excess electrons in which positronium is formed with high efficiency.
The positronium atoms would be stabilized by application of appropriate fields
[154, 155, 156] and Bose-Einstein condensed. If the positronium source is sufficiently small and has a sufficiently short duty cycle, an array of these might
be used to accumulate macroscopic quantities of positronium. This might be a
suitable fuel for interstellar probes or navigation. For our present purposes, we
point out that the graphite electrode in the positronium source might serve as
a catalyst for Ps formation. The existence of an antimatter compound such as
or even
might be crucially involved.
4.2.5

Other Topics

Little or no work on clusters has been done with positron impact, but the
unique ionization processes provided by positrons (annihilation and Ps formation) seems to almost guarantee that interesting new phenomena are waiting to
be discovered.
It is worth mentioning that spin-dependent scattering events can be profitably studied with intersecting polarized positron beams and either polarized
molecular beams or spin-selected detection of molecular products [157].

5

CONCLUSIONS

The number of antimatter compounds which have been characterized has
grown explosively from a handful four years ago to over 50 today (January 1,
2001), and the pace of growth seems to be continuing. Most of the growth thus
far is attributable to only two research groups, those of Mitroy and of Mella
and Bressanini. Despite this progress, there is still confusion and controversy
about some of the basic aspects, most notably the nature of the annihilation
event itself, and its deduction from quantum mechanical calculations. There are
also many significant systems which have not yet been explored, including most
atoms.
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Experimentalists have made an almost negligible contribution to our knowledge of antimatter compounds despite the existence of suitable beams for almost
two decades. A set of interesting experiments which can be performed now are
discussed.
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Abstract

1.

An overview is presented of current results on the measurements of
the momentum-transfer cross sections for positronium – atom/molecule
scattering and the effective numbers of electrons per atom/molecule for
positronium pickoff annihilation

INTRODUCTION

The scattering of positrons and positronium (Ps) atoms by atoms and
molecules is a fundamental process that provides an attractive testing
ground for scattering theories [1]. Many studies have investigated the
interactions of positrons and Ps with atoms and molecules. For example, the cross sections for positron–atom/molecule scattering have been
measured using slow positron beams [2–5]. The process of low-energy
positron annihilation in large molecular gases has also been studied using trapped positrons [5,6]. The cross sections for Ps–atom/molecule
scattering have been measured using a variable energy Ps beam in the
energy range above 10 eV [7,8].
Recently, it has become possible to extract useful quantitative information on Ps interactions at lower energies using the angular correlation
of annihilation radiation (ACAR) method combined with the use of silica aerogel [9,10]. This material has also been employed in the studies
of ortho-positronium (o-Ps) through lifetime techniques.
*Present address: The Institute of Physical and Chemical Research (RIKEN), Hirosawa 2-1,
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The silica aerogel is a 3-dimensional network composed of silica grains
[11,12]. Since the free space between the grains is connected to the outer
space, the atoms or molecules of the gas used can diffuse immediately
into the inner space. When positrons from a radioactive source are
injected into this material, about half of the positrons form Ps atoms
in the grains or on the surface of the grains. The Ps atoms are emitted
into the free space due to the negative Ps work function for
with
an emission energy of ~ 0.8eV [9,13,14]. The Ps atoms then interact
with the atoms/molecules in the space and with the grain surfaces.
The use of this material has enabled us to measure the Ps momentum
distribution with high resolution because the Ps atoms are formed in
a restricted region necessary for the ACAR measurement. The Ps formation in Xe [15],
interactions [16], and the momentum-transfer
cross sections for Ps–atom/molecule scattering have been investigated
[17] using this method.
Silica aerogel is also beneficial in lifetime measurements of o-Ps in
gases. This is because sufficient amounts of Ps atoms are formed, independent of gas pressure, and the non-Ps positrons, which has a relatively
long mean lifetime in gases, are absorbed in the silica grains due to the
positive work function and annihilate immediately.
In the following sections, measurements of the momentum-transfer
cross sections and the pickoff quenching rates using silica aerogel are
described.

2.

MOMENTUM-TRANSFER CROSS
SECTIONS

Figure 1 shows the ACAR data for silica aerogel in vacuum and that
in 0.92 amagat (
the number
density of an ideal gas at 0°C and 1 atm) of He gas at 296K [17]. The
values of B are the flux densities of applied static magnetic fields.
The data for B = 0 is composed of two components, one from the selfannihilation of para-positronium (p-Ps) and the other from the non-Ps
positrons. The full curves for the B = 0 data represent the momentum
distributions of the electrons in the silica grains sampled by the nonPs positrons. Although the pickoff annihilation of o-Ps also contributes
to this component, the fraction is small enough to be neglected. The
component above the curves represents the momentum distribution of
p-Ps in the free space between the grains.
In the presence of a magnetic field, an additional narrow component
appears resulting from the
self-annihilation of o-Ps perturbed by the
magnetic field (we shall refer to this Ps as o’-Ps) [18]. Para-Ps is also
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perturbed by the field (p’-Ps). The annihilation rates of the o’-Ps and
p’-Ps are

and

respectively, where
and
are the self-annihilation rates of the unperturbed o-Ps and p-Ps, and is given by
with
is the magnetic moment of the electron and
is the
hyperfine structure splitting between o-Ps and p-Ps. For Ps in vacuum,
and
The last term,
is the Ps pickoff quenching
rate. The values of
indicated in Fig. 1, are the mean lifetimes of
the o’-Ps calculated using Eq.(l). These values vary widely in the range
86–3.2 ns as B increases from 0.16T to 1.50T. In contrast, the mean
lifetime of the p’-Ps only increases to 0.130ns even at B=1.50T.
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The o’-Ps component can be isolated by subtracting the ACAR data
for B = 0 from that for
(More precisely, the o’-Ps component
for a field intensity |B| must be obtained by subtracting the ACAR data
for B = 0 from the average of those for B and –B in order to cancel the
effects of the spin polarization [19]. See also [17].) The o’-Ps component,
obtained in this way is shown in Fig. 2. The p-Ps is shown at the
top of this figure. It is clearly seen that the Ps momentum distribution
depends on the Ps mean lifetime indicated in the figure.
The average Ps energy,
can be calculated using
as

where
is the Ps mass. The values of
obtained by using Eq.(3)
for o’-Ps are plotted against in Fig. 3. The open circles in Fig. 3 are
data in vacuum showing the thermalization process of Ps by collisions

Positronium–atom/molecule interactions

295

with the grain surfaces of the silica aerogel, while the full circles show
the process in the presence of He atoms.
The thermalization process by collisions with He atoms together with
the silica grain surfaces is described by the following equation [16]:

where
is the average Ps energy at time
is the number density
of He, M is the mass of the He atom, T is the gas temperature,
is the
Boltzmann constant, and
is the momentum-transfer cross section for
Ps–He scattering which is assumed to be constant over the energy range
of interest. and are constants.
The average energies,
plotted in Fig. 3 are those of Ps with mean
lifetime, averaged over time from
to
Therefore,
should
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be compared with

Nonlinear least-squares fits of
to
for the data in vacuum and
in He were performed simultaneously by solving Eq.(4) numerically. The
value of
determined from the fits is [17]

where is the Bohr radius.
Skalsey et al [20] have also determined the momentum-transfer cross
sections for Ps–atom/molecule scattering using a Ge detector to measure
the o-Ps momentum distribution. The measurements were performed in
pure gases. Their value for He,
is smaller than
that above. The reason for this discrepancy is unknown. It should be
noted that the momentum resolution of the ACAR measurement (0.06
a.u.) is far finer than that of the Ge detector (0.6 a.u.).
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The momentum-transfer cross sections should be close to the total
cross sections for the elastic scattering at low energies. Garner et al
[8] measured the total cross section in the Ps energy range above 10
eV using a Ps beam. The theoretical investigations of Ps–He scattering
have also been performed by several authors [21–28]. The experimental
results and the theoretical values are plotted in Fig. 4. The result from
Nagashima et al [17] is in excellent agreement with the theoretical values
calculated by Fraser et al [21], Barker et al [22], and Blackwood et al
[26].
The momentum-transfer cross sections determined using the same
method for various atoms or molecules are listed in Table 1 [29].

3.

EFFECTIVE NUMBER OF ELECTRONS
PER ATOM/MOLECULE FOR
POSITRONIUM PICKOFF
ANNIHILATION

The o-Ps may undergo quenching into
on collisions with the atoms
/molecules. There are three mechanisms in o-Ps quenching [1]: pickoff
quenching, spin conversion quenching, and chemical quenching.
The o-Ps pickoff quenching rates is usually expressed in terms of the
parameter
the effective number of electrons per atom/molecule
available for the pickoff annihilation of the positron in the o-Ps [30].
This is an analogue of the parameter
which is related to the free
positron annihilation rates in gases,
as

where is the gas density, is the classical electron radius and is the
speed of light.
is the spin-averaged Dirac annihilation rate for a
unit density free-electron gas. Iwata et al [5,6] have measured the values
of
for positrons interacting with a wide variety of molecules using
a positron-trap technique. Large values of
(in excess of
) were
found for some molecules.
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The parameter
of o-Ps as

is related to the pickoff annihilation rate

The factor
is the Dirac annihilation rate for a unit density of free
electrons which are in a spin singlet state relative to the positron in the
o-Ps. For convenience, the parameter
is used for comparison since
is dependent on gas density.
Recently, Shinohara et al [31] have systematically redetermined the
values of
for 18 gases, which were previously measured by various
authors under different conditions [32].
The solid curve in Fig. 5 shows the positron lifetime spectrum measured in 3atm of Ne. In order to thermalize the o-Ps quickly, 0.3 atm
of He gas has been added. The o-Ps annihilation rate was determined
by fitting the following function in the time region beyond the prompt
peak:
As the start channel of the fitting is successively stepped out, the fitted
decay rate decreases before asymptotically approaching a constant value
(see the plots on Fig. 5). This represents the o-Ps thermalization process
in the gas.
The pickoff rate is determined by subtracting the constant value obtained for the silica aerogel in 0.3 atm of He gas from the value for the
mixture of 0.3 atm of He gas and 3 atm of Ne.
The value of
for
cannot be determined using the same method
because the pickoff quenching process is masked by the more dominant
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spin conversion quenching mechanism. In order to extract the o-Ps pickoff quenching component, the age-momentum correlation method has
been used [33,34].
The values determined for
are shown in Fig.6 and agree roughly
with those listed in [32]. In order to facilitate the comparison between
and
for the same molecules, they are plotted against the parameter
as the plots of
against this parameter give a
good correlation [40]; is the polarizability of the atoms/molecules,
is the ionization energy and
is the Ps binding energy (= 6.8eV).
The values of
show a trend similar to that of
for the atoms
and the molecules with small
The values of
increase
rapidly for large values of
This is interpreted to be due
to the formation of long-lived positron-molecule states [5,6,35–38]. The
values of
remain small even for large values of
This
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is probably because it is not easy for Ps, which is neutral, to form Ps–
molecule states.
As is clearly seen when
is plotted on a linear scale (lower half of
Fig. 6), the value for Xe is remarkably larger than those for the other
gases. This is consistent with the anomalously high pickoff rates for Xe
reported previously [15,39].

4.

SUMMARY

Positronium – atom / molecule scattering experiments using silica
aerogel has enabled the investigation of Ps interactions in the low energy
range which is not currently accessible by variable energy Ps beams.
The momentum-transfer cross sections for He, Ne,
and
are reported. The cross section obtained for He has been compared
with theoretical values.
The results obtained for
using silica aerogel agree roughly with
the previous values listed in [32]. The values of
do not indicate the
existence of Ps–molecule states as those of
do for positrons. For Xe,
is remarkably larger than those for other gases investigated.
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Chapter 17
CORRELATIONS BETWEEN
CROSS SECTIONS AND THRESHOLD
ENERGIES FOR POSITRONIUM
FORMATION AND DIRECT IONIZATION
J.W. Humberston, P. Van Reeth and G. Laricchia
Department of Physics and Astronomy, University College London, Gower Street,
London WC1E 6BT, UK
Abstract

The correlation between the cross section for positronium formation and
its threshold energy
is studied for positron impact on the alkali
atoms and the noble gases. Similar correlations are found between the
direct ionization cross section and the target ionization energy
in
electron, positron and proton impact on the noble gases. Specifically, for
a given family of atoms, all these cross sections are well represented by
a simple formula,
where is the cross section for
each process and
is the relevant threshold energy. The coefficients
A and B are functions of the excess energy of the projectile, different for
each process and projectile, but independent of the target atom. The
generality of this formula for positronium formation and for different
ionization processes suggests a common underlying mechanism.

Introduction
Recent investigations of ionization by positron, electron and proton
impact have revealed a remarkably strong and specific form of correlation between the cross section and the associated threshold energy for
each of these projectiles over a wide energy range [1, 2, 3]. For each
projectile, and at a given value of the excess energy of the projectile,
the ionization cross sections of the atoms belonging to a given column of
the periodic table are found to decrease exponentially with the threshold
energy. The quality of the fit of the data to the correlation function is
sufficiently good that it is possible to make relatively accurate estimates
of cross sections that have not yet been determined. Furthermore, the
fact that the expression for the cross section, which depends on only
303
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one target-dependent parameter, applies to several processes involving
different projectiles and targets suggest that it is under-pinned by some
common fundamental process. Hence, the study of these correlations
transcends the field of positron collision physics, as the similarity between the correlation functions for the different projectiles indicates.
In this paper we shall review the work already undertaken, propose
possible explanations for the form of the correlation and outline how
these investigations could be extended both theoretically and experimentally. We shall first examine ionization by positron impact and then
consider the other projectiles later.
Ionization of an atom by positron impact may occur either via positronium formation, with the positron and the ejected electron emerging
bound together as positronium, or directly with the ejected electron
emerging as a free particle. For single ionization of an atom A, the two
dominant processes are:

The threshold for positronium formation is
where
is the ionization energy of the atom and –6.8 eV is the ground state
energy of positronium. At incident positron energies between
and
ionization of the target can occur only via positronium formation
but at energies in excess of
both positronium formation and direct
ionization are possible. If an atom has an ionization energy
as have all the alkali atoms among some others, positronium formation is an exothermic process and it can therefore occur even at zero
incident positron energy, the positronium formation cross section then
being infinite.
Double ionization of an atom by positron impact may also occur in
two possible ways:

The threshold energy for process 3 is
where
is the threshold energy for direct double ionization; i.e., the minimum
energy required to remove two electrons from the target atom. In the
energy interval between
and
the so-called second Ore
gap, double ionization can only occur via transfer ionization.
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POSITRONIUM FORMATION IN THE
NOBLE GASES

We became interested in correlations between ionization cross sections
and ionization energies in the course of investigating positronium formation in the double ionization of the noble gases. Experimental studies by
Bluhme et al. [4] and Moxom et al. [5] had revealed the almost complete
absence of transfer ionization in the second Ore gap for helium and neon,
but not for argon, krypton and xenon. These findings led us to develop
a model of positronium formation, the basis of which is as follows. At
an energy just above the threshold for transfer ionization, positronium
is assumed to be formed and the second electron is ejected to yield a
doubly charged ion. The second electron is lighter than the positronium
and presumably it carries most of the available kinetic energy when it
is close to the doubly charged ion so that it can overcome the Coulomb
attraction to the ion and escape as a free electron. Consequently, the
positronium will find itself moving slowly in the strong electric field of
the doubly charged ion and, instead of escaping as free positronium, it
may undergo the charge transfer reaction in which the electron in the
positronium is recaptured by the doubly charged ion, i.e.

This is an exothermic process in which the positron emerges with an
asymptotic kinetic energy of approximately
and the probability of electron recapture would be expected to increase
as the value of
increases. The values of
for the noble gases are
given in table 1, where it can be seen that the values for helium and
neon are significantly larger than those for the other noble gases. The
probability of electron recapture should therefore be greater, and the
positronium formation cross section smaller, for helium and neon than
for the other atoms. This is qualitatively in accord with the experimental
data [4, 5]. Furthermore, as may be seen in figure 1, these data reveal
a strong correlation at each specific excess positron energy between the
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cross section for transfer ionization

and the value of

of the form

where B is an energy-dependent but atom-independent parameter. We
shall discuss the specific nature of this correlation in more detail later.
Owing to the sequential nature of the initial positronium formation
and electron-recapture processes, any positrons that are ejected following the recapture by the doubly charged ion of electrons from positronium should have an isotropic angular distribution. The model therefore
predicts an enhancement in the isotropic component of the angular distribution of the scattered positrons that produce single ionization of the
target atom at energies just above the threshold for transfer ionization.
It remains to be seen if any significant change in the angular distribution of such scattered positrons can be observed as the incident positron
energy is increased through the threshold for transfer ionization.
As the positron energy is raised beyond the threshold for direct double
ionization, the positronium can more readily escape from the vicinity of
the doubly charged ion without electron-recapture taking place. Consequently, the transfer ionization cross section would be expected to
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increase with increasing positron energy. However, the excess energy of
the incident positron, that is shared between the positronium and the
ejected electron, goes preferentially to the lighter electron, so that the
speed of the positronium increases rather slowly with increasing projectile energy. Electron-recapture may therefore produce some degree
of suppression of transfer ionization over a rather wide energy range,
particularly for atoms with large values of
such as helium. Experimental estimates of transfer ionization cross sections, obtained by subtracting direct double ionization cross sections from the corresponding
total double ionization cross sections, show that this process contributes
significantly to the total double ionization cross section for krypton and
xenon at energies up to 100 eV above the threshold, but similar investigations by Bluhme et al. [4] indicate that transfer ionization is strongly
suppressed for helium and neon at all energies.
According to the electron-recapture mechanism postulated above, some
suppression of positronium formation would also be expected in single
ionization at energies just above the formation threshold, although it
should be less pronounced than in double ionization because the positronium is now in the field of a singly charged ion. Again, the probability of
recapture would be expected to increase, and therefore the positronium
formation cross section to decrease, as the magnitude of the kinetic energy given to the emerging positron,
increases. The experimental
cross sections for positronium formation in single ionization of the noble
gases conform to this pattern, as may be seen in figure 1, and again there
is an exponential dependence on the threshold energy similar to that expressed in equation 1 for double ionization. Indeed, a remarkably good
empirical fit to the positronium formation cross sections in both single
and double ionization of the noble gases is provided by the equation

where

and N = 2 for double ionization,
and N = 1 for single ionization, and
and
are energy-dependent parameters that are the same for the
two degrees of ionization of all the noble gases. We do not yet have an
explanation for the exponential dependence of the positronium formation
cross sections on
nor for the
factor, but the excellence of the
fit of so much single and double ionization data, extending over nearly
six orders of magnitude, to such a simple form suggests that equation 7
might be of profound significance. As we shall see, a similar exponential
dependence on the threshold energy is also found for the direct ionization
cross sections.
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Although the
factor was introduced in an ad hoc manner, with
no justification other than that equation 7 provides an excellent fit to
most of the positronium formation data in single and double ionization,
it is tempting to use this equation to predict the cross section for positronium formation in the triple ionization of the noble gases, and we were
requested by Moxom to do so for xenon prior to his experimental measurements. For triple ionization,
for xenon, and the predicted value of
obtained using equation 7 is
therefore
at an excess energy of 3 eV, in good agreement
with the value subsequently measured by Moxom [9], as may be seen in
figure 1.
The coefficient
in equation 7 is the extrapolation of the positronium formation cross section to the zero value of
and it can therefore be interpreted as the cross section for positronium formation in
the single ionization of an atom whose threshold energy for positronium
formation is zero, and whose binding energy is therefore 6.8 eV. The
term
containing the only atom-dependent parameter
is then the factor, less than unity, by which
must be multiplied
in order to obtain the cross section for an actual atom. The only real
‘atom’ with
is positronium itself, and detailed studies of
low-energy positron(electron)-positronium elastic scattering have been
made by Ward et al. [10] in the course of their investigations of the
photo-detachment of the positronium negative ion
or the chargeconjugate system consisting of two positrons and an electron. Their
formulation made proper allowance for the fact that the two positrons
were identical, and they calculated singlet and triplet phase shifts for a
few partial waves. For this system the nearest equivalent to a representation of
would be the rearrangement cross section in a formulation
that treats the two positrons as distinguishable, and this cross section
can be constructed from the singlet and triplet phase shifts calculated
by Ward et al. [10]. The results obtained in this way are in reasonably
good agreement with the extrapolations to zero
of the data in figure
1. However, what is probably a more realistic representation of
has
been obtained by calculating the positronium formation cross section
in positron collisions with a model one-electron atom having an infinite
mass nucleus and the required 6.8 eV binding energy. This model was
based on a one-electron model of helium that has been shown to give
quite accurate results for positron elastic scattering and positronium
formation [11]. The results obtained with this model atom are in very
satisfactory agreement with the values of
obtained by extrapolation,
as may be seen in figure 1, giving credence to this interpretation of
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The positronium formation cross sections displayed in figure 1 are for
incident positron energies just a few eV above the relevant positronium
formation thresholds, and the electron-recapture model was developed
on the assumption that the excess energy of the positron was rather
small. However, equally good correlations, of a similar exponential form,
are found to exist between the positronium formation cross sections and
the threshold energies of the noble gases at much higher excess energies,
at least for single ionization, as may be seen in figure 2, although the data
for neon are again somewhat out of line with the data for the other noble
gases, a feature that we shall see repeated elsewhere. Unfortunately,
the cross sections for transfer ionization at energies beyond the direct
double ionization threshold are insufficiently accurate to provide detailed
confirmation of the precise exponential form of the correlation function
for this process.

2.

POSITRONIUM FORMATION IN THE
ALKALI ATOMS

As mentioned earlier, the formation of ground-state positronium in
single ionization of the alkali atoms is an exothermic process, so that
the parameter
in equation 7 is negative. A naïve assumption
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that this equation might apply to the alkali atoms without any modification would imply that the cross section for ground-state positronium
formation,
is smaller for lithium, with
than for
rubidium, with
but this is contrary to the available theoretical data. As may be seen in figure 3b,
for the alkali atoms
decreases monotonically as
becomes more negative. However the related endothermic process of atom formation in collisions of positronium
with the positive alkali ion would be expected to reveal an exponential
decrease of the atom formation cross section with increasing threshold
energy. The cross section for atom formation is related to
by
[15]

where the wavenumbers of the positron and the positronium, and
respectively, are related by
a.u. and the
threshold energy for atom formation is
a.u.. Values of
at several energies of the incident positronium are given in figure 3a,
and they do indeed exhibit a similar exponential decrease with increasing
threshold energy as do the values of
for the noble gases. For the
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exothermic positronium formation process the dependence of
on the threshold energy
can be expressed in a form more similar to
that for the the noble gases as

which is also valid for the endothermic process in the noble gases, although the values of
and
seem to be different for the two groups
of atoms. For positronium formation in single ionization, the threshold
energy
is also the difference, whether positive or negative,
between the kinetic energies of the incident positron and the outgoing
positronium. We are therefore led to the hypothesis that the greater the
difference between the kinetic energies of the incoming positron and the
outgoing positronium atom, the smaller is the positronium formation
cross section.
The atom-dependent parameter
in equation 9 is the threshold energy for ground-state positronium formation, and this equation gives the
cross section for ground-state positronium formation, at least at energies
below the threshold for direct ionization. It is reasonable to postulate
that a similar form of correlation might also exist between the cross section for positronium formation into an excited state and the threshold
energy for that state,
This postulate is indeed in
agreement with the available theoretical data for positronium formation
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into the
states for the alkali atoms [16, 17, 18, 19], as may be seen
in figure 4.
If, at a given excess energy, the values of the coefficients
and
in equation 9 are assumed to be the same for positronium formation
into the ground-state and into the
mately true at the higher energies, the relative magnitudes of these cross
sections are determined by the energy intervals between zero and the relevant positronium formation thresholds, denoted by
for the ground
state and
for the
excited states. For the noble gases,
and
are both positive, so that
and the value of this ratio is
therefore expected to be very similar for all the noble gases. At energies
greater than a few eV in excess of the relevant positronium formation
thresholds, where
this ratio is predicted to be
in reasonable agreement with the value of approximately 20% obtained from
the elaborate coupled-channel calculations of Campbell et al. [12] for
helium. For the alkali atoms, however,
and
so that
and the value of the
ratio therefore depends quite critically on the value of
The positions of the thresholds for ground-state and
excited-state positronium formation for two alkali atoms, lithium and rubidium, and two
noble gas atoms, helium and xenon, are shown schematically in figure
5. For lithium,
whereas for rubidium
so that the ratio
is expected to be
smaller for lithium than for rubidium, with the ratio for rubidium being approximately unity. These expectations are in agreement with the
theoretical coupled-channel calculations of Walters and his collaborators [16, 17, 18, 19], as can be seen from the data in figures 3 and 4.
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Indeed, Stein et al. [13] had speculated that the relative magnitude
of the cross sections for positronium formation into the ground state
and excited states might be correlated with the proximities of the corresponding threshold energies to zero. Here we have found a more specific
explanation for this feature.

3.

DIRECT IONIZATION BY POSITRON,
ELECTRON AND PROTON IMPACT

As discussed in the introduction, single ionization of an atom by a
positron having an incident energy above the first ionization threshold
may occur either via positronium formation or directly. In the former
process the bound positron-electron pair emerges with a well-defined
kinetic energy, the recoil of the ion being very small. In direct ionization,
however, the excess energy of the projectile is not usually shared equally
between the scattered projectile and the ejected electron; instead, most
of the excess energy is carried away by the projectile, particularly at
high excess energies [20].
Our discovery of the remarkably strong correlation between the positronium formation cross section and the threshold energy for this process
prompted us to investigate whether a similar correlation might exist
for direct positron-impact ionization, although we had no counterpart
to the electron-recapture model to guide us towards such a correlation.
Detailed experimental studies of this process have only been made for
the noble gases, and log-linear plots of the direct positron-impact ionization cross sections versus the first ionization energies for a series of
excess projectile energies are shown in figure 6. At each excess energy the
data, obtained from several different experiments [21, 22, 23], reveal a
strong correlation between these quantities, the relationship again being
of exponential form, namely

where
and
are atom-independent parameters. Apart from the
neon data, which are somewhat out of line, all the noble gas data, extending over one order of magnitude, fit equation 10 very well, even at
excess energies as high as 1000 eV. There appears to be some deterioration in the fit at low excess energies but this may be due in part to
rather large uncertainties in the experimental low-energy data.
At sufficiently high positron energies inner shell ionization also makes
a contribution to the total ionization cross section. However, similar
reasoning to that which provided an explanation for the relatively small
contribution to the total positronium formation cross section from ex-
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cited states of positronium suggests that inner-shell ionization, with a
significantly higher threshold energy than
makes a relatively small
contribution to the total ionization cross section.
At sufficiently high projectile energies, typically a few hundred eV,
the Born approximation predicts the merging of the cross sections for
the ionization of an atom by positron and electron impact. Therefore,
since the correlation of the positron impact direct ionization cross section with ionization energy for the noble gases is well represented by
equation 10 over an energy range that extends beyond where merging
occurs, we know that a similar correlation must hold for electron impact
ionization cross sections for these same atoms, at least at high energies.
However, we have no a priori reason to expect the correlation to hold
at lower energies. Nevertheless, plots of the electron impact ionization
cross section [24, 25, 26, 27, 28, 29, 30] versus the ionization energy of
the incident atom (see figure 7) again reveal a strong correlation of the
form
even at excess energies of just a few eV.
According to the Born approximation, the ionization cross section
at a sufficiently high projectile speed becomes independent of the sign
of the charge and of the mass of the projectile. Thus, not only are
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the positron and electron impact cross sections expected to merge at
high projectile speeds, but so too is the proton impact ionization cross
section. Therefore, under these conditions, the ionization cross sections
for all three projectiles should display the same exponential dependence
on the ionization energy of the target atom as was first found for positron
impact ionization. Furthermore, the energy dependence of the ionization
cross energy is then given by the Bethe formula

where
is an energy-independent parameter related to the ionization
energy and the oscillator strength of the target atom [31], E is the incident projectile energy and is the ratio of the mass of the electron to
the mass of the projectile.
The fact that proton impact ionization cross sections for the noble
gases are correlated exponentially with the corresponding ionization energies at high incident projectile energies led us to investigate whether
a similar correlation might exist at low energies. The results for proton
impact ionization of the noble gases for a range of proton energies extending from 10 keV to 2000 keV are given in figure 8, and they also
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display the same exponential dependence on

although the neon data are again significantly out of line at some energies. Neon is unusual in some other respects. For example, at thermal
positron energies the annihilation parameter
has a value less than
Z for neon whereas it is somewhat greater than Z for all other noble
gases. The fact that a variety of neon data are consistently out of line
suggests that the structure of neon is significantly different from that of
the other noble gases in some important detail. One possibility is that
it is the only atom with completely filled outer and inner shells.
The energy-dependent parameters
and
in equations 10,
11 and 13 are the extrapolations of the corresponding single ionization
cross sections to
When investigating positronium formation, we
interpreted the corresponding parameter
as the positronium formation cross section for an atom with
An atom with
would
not be bound, so it is probably more appropriate to interpret
and
as the ionization cross sections for an atom with a very small
value of
The dependence of
and
on the excess energy
per unit mass (the mass of the proton is approximately 1 atomic mass
unit) of the projectile is displayed in figure 9. At energies in excess of
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0.5 MeV/amu (250 eV for positrons and electrons) the three parameters
merge, and thereafter their energy dependence should be given by the
Bethe formula, equation 12, in the limit as
The full energy
dependence of the ionization cross section for an actual atom at high
energies is therefore contained in the A parameter alone, so that the
values of
and
in addition to merging, should tend to a
constant value, B, at high energies, as is indeed the case (see figure 10).
The energy dependence of A (representing the three merged parameters
at high energies) can be obtained by applying equation 12 to a specific
atom, say helium. Thus, at high energies, where

where E is in eV and the units of A are
This functional form
is also plotted in figure 9.
The energy dependence of
and
is displayed in figure
10, where it can be seen that the merging of these three parameters to
a constant value of
occurs at a similar mass-scaled excess
energy to that at which the A parameters merge. At very low excess
energies the parameter
exhibits a sharp peak that is not seen in
or
There are insufficient positron ionization data available for
reliable values of
to be obtained at very low excess energies, but
the similarities between
and
at slightly higher energies suggest
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that
continues to increase as the excess energy tends to zero, as
does
The sharp peak in
may be a consequence of the lack of
distinguishability between the incident and ejected electrons, which will
manifest itself most strongly when the energies of the two electrons are
very similar.
We have attempted to interpret the physical significance of the specific value
for the merged B parameter, i.e.
at
high excess energies. Presumably this value is related to some property
of the target atom that is very similar for all the noble gas atoms, but is
somewhat different for neon. A possible candidate was initially thought
to be the reciprocal of the mean kinetic energy of the ejected electrons
as this is known to be relatively small and to increase only very slowly
at high projectile energies. However, estimates of the mean kinetic energies, obtained by integrating known differential cross sections for single
ionization, reveal significant differences in their values for different atoms
and for different projectiles. Furthermore, the energy dependence of the
mean kinetic energy of the ejected electron for a given atom and a given
projectile is significantly different from that for the corresponding B parameter, with its asymptotic value not being acquired until substantially
higher energies are reached.

Correlations between cross sections and threshold energies

319

All the correlations identified here between the cross sections for single
ionization and the associated threshold energies can be summarized as
The cross section for a particular process can therefore be calculated
by substituting into this equation the values of the relevant A and B
parameters, which can be read off the figures 9 and 10 at the required
excess energy of the projectile or, at high excess energies, obtained from
the asymptotic expression for A, equation 14, with
This
procedure can readily yield reasonably accurate predictions of the values
of cross sections that have not yet been measured, or provide checks
on the consistency of existing cross sections that have been measured
experimentally or determined theoretically by other means. As such, it
should be of considerable benefit to experimentalists and theoreticians
alike.

4.

COMMENTS, CONCLUSIONS AND
OUTLOOK

Our investigations of positronium formation and direct ionization have
revealed remarkably simple and strong exponential relationships between
the cross sections for these processes and their associated threshold energies, expressed by the equations 9, 10, 11 and 13. Thus far, we have studied the noble gases and the alkali atoms because these are the only two
groups of atoms for which reasonably complete and accurate positronimpact ionization data are available. Nevertheless, we expect similar
patterns to be found for other groups of atoms. Preliminary investigations of ionization by electron impact of atoms belonging to the last
six columns of the periodic table indicate a similar correlation to that
discussed above but with different values of the A and B coefficients for
each family of atoms. Whether similar correlations apply for ionization
by electrically neutral projectile remains to be investigated.
We do not yet understand the reason for the specific form of correlation found in the ionization process, but the fact that data relating to
several processes conform so well to this pattern suggests some profound
physical basis to it. The exponential dependence of on
is suggestive of a Boltzmann-type factor
for the probability that the electron ejected in the ionization process has had an energy
transferred to it from the projectile, where
is the kinetic
energy of the ejected electron and T is some equivalent ‘temperature’.
Thus,
and the second of
these exponential terms can then be absorbed into the energy-dependent
A parameter, leaving the observed exponential dependence on
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Unfortunately, there are several difficulties with this concept. The
relationship between
and the excess energy of the projectile is not the
same for all noble gases, as would be required if the A parameter were to
be atom-independent. Also, the significance of the mean ‘temperature’
T, such that
is not known because we are not dealing with a
statistical-mechanical ensemble for which a temperature can be defined.
Furthermore, at high energies the value of B becomes approximately
0.195, so that
independent of the energy of the
projectile, whereas one might have expected an equivalent ‘temperature’
to increase with increasing projectile energy. Other possible reasons for
the exponential relationship between the cross sections and the threshold
energies are being investigated.
Despite our lack of understanding of the precise mechanism responsible for the exponential correlation between the ionization cross section
and the associated threshold energy, it is tempting to speculate that
similar forms of correlation might be found for other collision processes.
Thus, for a given group of atoms, the cross section for the excitation of
the atom to a specific state by particular projectile might also depend
exponentially on the threshold energy for that state. In nuclear physics,
the cross section for deuteron formation in neutron-nucleus collisions,
the nuclear counterpart of positronium formation, might depend exponentially on the binding energy of the proton to the residual nucleus.
Also, the cross section for nuclear excitation by a projectile might have
a similar dependence on the excitation energy. Data for these processes
are available and we are currently investigating if such correlations exist.
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Abstract:

In this dissertation, scattering of positronium (Ps) atoms by atomic
hydrogen (H) and helium (He) targets has been reviewed at low and
intermediate energies. This article mentions the measurements for He
target and details the theoretical works employing eigenstate expansion
method or the close-coupling approximation (CCA). Different versions of
the CCA models have been discussed along with their merits and
demerits. The other theoretical models employed for studying Ps impact
scattering have also been touched. The dramatic difference in the
measured data and the theoretical predictions for the zero energy results
of He have been emphasized. Reasons for the difference amongst the
theoretical predictions as well as the measured data at intermediate
energies have been justified. Suggestions have been made for the future
works to be carried out both theoretically as well as experimentally.

1. INTRODUCTION
Positronium (Ps) is the bound state of an electron and its antiparticle, positron. It was first observed in the laboratory by Deutsch [1] in
323
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1951. Ps atom may be regarded as an exotic hydrogen atom isotope though it
has its own characteristics. The binding energy of the Ps atom is half the
binding energy of hydrogen, i.e. -6.8 eV. It is formed both in spin triplet
(ortho) state and spin singlet (para) state. It is interesting to note that the o-Ps
decays into three photons whereas p-Ps decays into two photons. The
lifetime of o-Ps is 142 ns which is about
fold longer than that of p-Ps
[2,3]- Consequently, o-Ps (in ground state) is used as projectile for scattering
experiments. Due to the availability of mono-energetic energy tunable o-Ps
beam [4], it is now possible to measure total scattering cross section for o-Ps
- Atom/Molecule system. Measurements have already been carried out for
total cross sections on the scattering of He, Ar,
and
targets by o-Ps
atoms using beam techniques [5-9]. In addition to these beam measurements,
some cross section data have been deduced from observations of the
annihilation rate of o-Ps in various gases at very low energies [10-12].
Besides these, there are measurements based on time dependent Doppler
broadening spectroscopy [13] for different targets. At very low energy,
annihilation measurements correspond to momentum transfer cross section,
which is given by

where

is the elastic differential cross section. At very low energy (near

zero)
may be considered to be the total cross section since s-wave cross
section is rather essentially the sole contributor to the total cross section at
this energy. Here, we hasten to add that the experiment on Ps-atom
scattering is still in its early stage.
Theoretically, Ps-atom scattering is much more difficult than the
corresponding electron (positron)-atom scattering. The added difficulties are
due to the internal degrees of freedom of the projectile atom in addition to
those of the target. It is to be noted that the direct scattering amplitude using
the first Born approximation (FBA) vanishes for the processes in which the
initial and final states of Ps atoms have the same parity due to coincidence of
its centre of charge and centre of mass. The exchange scattering amplitude is
very difficult to calculate as it involves multi-particle and multi-centre
integrals. For these reasons, the progress on the theoretical calculation of Psatom scattering was limited. However, due to availability of fast computing
facilities and experimental data, there has been considerable progress on
these systems in recent times. Most of the theoretical calculations have been
carried out using close coupling approximation (CCA) or pseudostate close
coupling model. Here we brief the CCA model to make the article self
consistent.
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2. THEORY
In the present section we briefly describe the theory employed in the
couple-state calculations for Ps scattering off atomic target taking atomic
hydrogen as an example. Ps-H is the simplest amongst the Ps-atom family.
The extension of the theory for other complicated systems can easily be
achieved from this discussion.
Let
and
denote respectively the positions of the two
electrons (electron 1 is assumed to be attached initially to Ps atom) and that
of the positron with respect to the centre of mass of the system which lies
very close to the proton. The bound states of the colliding atoms are
characterized as

where

and

are the relative and the centre of mass

coordinates of Ps atom.
The total Hamiltonian (non-relativistic) of the ortho-Ps-H system is

The interaction potential, the extra potential that the incoming Ps feels in the
neighbourhood of the hydrogen target, is given as

This system involves three spin–half particles and can form spin
triplet (the corresponding quantities are designated by superscript`-‘) or spin
singlet (described by superscript `+’) states. It has been shown by Fraser [14]
that if the Hamiltonian does not contain spin coordinates explicitly, the spin
averaged scattering parameters can be obtained easily, e.g.,
Singlet amplitude = direct + exchange amplitudes
Triplet amplitude = direct-exchange amplitudes
and, the spin weighted amplitude

singlet

triplet amplitudes.

In the close coupling approximation, we expand the total wave
function of the system in terms of wave functions of the bound sub-systems
[15]:
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represents the outgoing Ps atom and the operator

interchanges

the electrons. The wave function satisfies the Schrodinger equation
In the integral equation representation, one can easily recast the
above equation into a Lippman-Schwinger type equation for the scattering
amplitude as [15,16], for the transition

where,
and
respectively,

are the momenta of Ps in the initial and final channels,
and
are
related
(in
magnitude)
as

With

here
and
are the first Born and Born-Oppenheimer scattering
amplitudes and are given by

where,
coordinate

and,

On performing the integration over Ps centre of mass
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The analytical expressions for the exchange amplitudes for the target
excitations (from ground states of both the atoms) are given by Basu et al for
H [17] and He [18] targets, while Sarkar et al [19] have given the
expressions for the projectile processes for He target. The
term
arises due to non-conservation of energy in the “off the energy shell”
elements [20].
Due to rotational symmetry of the scattering systems, the total
angular momentum, J, is a good quantum number. Thus, in the CCA
formalism the different angular momenta involved are summed to the total
angular momentum and the problem is solved for different values of J,
starting from zero to a maximum value which depends on the incident
energy. When the expansion basis includes the non-zero angular momentum
states of the bound systems, one lands up to a situation where the number of
unknowns to be determined are greater than the number of equations. The
situation can be avoided by applying the coupled-state representation
[21,22]. With this aim, we expand the scattering amplitude [15] as

where

and

are the angular momenta of the target and the projectile

atoms with projections

and

respectively. L is the angular

momentum of the moving Ps atom with projection
L combines with
to yield
which again couples with
to give the good quantum
number J with projection M and

All these

quantities are referred to the initial channel. The corresponding quantities in
the final channel are denoted by primes. We like to add that this coupledstate representation is not unique. Addition of the angular momenta can be
performed otherwise. The first Born scattering amplitude is expanded
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similarly with

on the right hand side of Eq.l la being replaced

by

(will be referred as Eq.l1b).
By using the expansions for the scattering amplitudes in Eq.7 and
utilizing the orthogonality properties of the Clebsh-Gordon co-efficients [23]
and spherical harmonics, and integrating over the angles of
the threedimensional coupled equations reduce to one-dimensional one in momentum
space:

The pole term in Eq.12 is expressed as the sum of a delta function
and a principal value parts as [16]:

Zero to infinity integration over
is performed by using the Gaussian
quadrature technique and to avoid the singular point (at
) the entire
range is broken into two parts:

For the first part an even number of Gaussian points are used for
convergence so that the singular point is approached from either sides but
never attains the singular point. We like to add that we have not faced any
difficulty near the singular point while performing numerical calculations.
The Eq.12 is solved for the unknown amplitudes
by using the
known values of
relations to Eq.11b:

which are evaluated by using the inverse

Employing the techniques described above, Eq.12 is converted into
a set of linear simultaneous equations which is subsequently solved by
matrix inversion method for each partial waves and for different spin states
(singlet and triplet) using our own numerical codes.
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Once the unknown scattering amplitudes are determined, all the
necessary information about the system can easily be obtained. The elastic
phase shift for the J th partial wave is given as:

and the partial wave added CCA cross section is defined for the transition
as

and a similar expression for the partial wave added Born cross section
stands for the ground state. The cross
section is given by
where, non-partial wave Born cross section is

For a particular incident energy value, the maximum value of J is so
chosen that for this and few lower partial waves the CCA and the Born cross
sections are nearly equal. The contributions of higher partial waves are
replaced by the corresponding first order estimates.
The theory described above accounts the excitations of both the subsystems. In atom-atom scattering, the lowest order long range interaction is
van der Waals’ interaction which has the asymptotic form

where R

is the distance between the atoms. This interaction arises from the dipole
moments of the colliding atoms [24]. Again, it is well established that the pstates accounts the dipole polarizabilities, so the inclusion of p-states of both
the atoms in the expansion scheme incorporates the van der Waals’
interaction dynamically, at least to some extent.
In the literatures there are four different versions of the CCA
available to study the Ps-Atom scattering. The theory that have been
presented above accounts the simultaneous excitations of the atoms – a
model called full CCA. The other versions of the CCA models can also be
obtained form the above theory by putting appropriate restrictions. In the
static-exchange approximation, one retains only the ground states of the
atoms. This is achieved in this theory by putting the restriction,
In target-elatic-CCA model one allows the distortion of the
projectile atom, where the target atom remains in its ground state throughout
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the collision process. Analytically, this achieved by imposing the limitation
The projectile-elastic-CCA accounts for the taget
distortion where the projectile is freezed throughout the scattering. Here, the
restriction is

3. Ps – H SCATTERING
The importance of positronium – hydrogen (Ps-H) scattering was
first realized by Massey and Mohr [25] who gave an estimate of the elastic
cross section and quenching ratio or ortho-para conversion ratio using the
first order exchange model. Their calculation showed the importance of
exchange interaction between Ps and the atomic target. However, the first
realistic calculation was carried out by Fraser [14] and Hara and Fraser [26]
using static-exchange model in which both the atoms were in their respective
ground states and exchange of electrons between Ps and H atom was
explicitly taken into account.
Later, Drachman and Houston investigated Ps-H scattering using an
improved static-exchange method. They reported s-wave singlet [27] and
triplet [28] phase shifts below the first excitation threshold (5.1 eV) using a
method based on the stabilization technique. In their calculation, a nonstandard basis set having a maximum of 56 linear independent terms was
used. The wave function, as employed in their calculation, is of the form:

Here,

is the co-ordinate of the Ps atom and

is the co-ordinate of the

electron attached to the Ps atom with respect to the proton and
is the coordinate of the electron attached to the H atom. This wave function accounts
only the distortion of Ps atom. Drachman [27,29] also predicted s-wave
resonance (in the singlet state) at 4.5 eV using stabilization method. The swave resonance in the case of Ps scattering off hydrogen was also confirmed
by employing complex rotation method. The resonance in the s-wave singlet
phase shift implies a bound state of Ps and Hydrogen, commonly known as
positronium hydride (PsH) in which the positron
rotates around
hydrogen negative ion,
The formation of PsH was first predicted by Ore
[30] in 1951. The most accurate value of the binding energy of PsH was
obtained by Ho [31] and his value differed appreciably from that of
Drachman [27,29].
Recently, Ray and Ghosh [32] have reinvestigated Ps-H scattering
using the static-exchange model in the energy region 0 – 200 eV. The swave phase shifts obtained by them are in good agreement with those of
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Hara and Fraser [26]. The ortho-para conversion ratio as predicted by Ray
and Ghosh approaches 0.25 as obtained by Massey and Mohr using first
order model. Sinha et al [33] have employed a target-elastic-close-coupling
approximation in which the target H has always been kept fixed in its ground
state using a basis set Ps(1s,2s,2p). In another attempt, Ray and Ghosh [34]
have calculated the scattering parameters at low and medium energies using
a projectile-elastic-CCA in which Ps atom remains always in its ground state
during collision and H atom is allowed to be excited upto n=2 states. In both
the above calculations, the effect of electron exchange between the target
and projectile atoms has been considered explicitly by using antisymmetric
wave function.
The most elaborate target-elastic-coupled-pseudostate calculation has
been carried out by Campbell et al [35] of the Belfast group up to incident
energy 40 eV. They have used the following basis sets:
a) Ps(1s,2s,2p) + H(1s)
b)
c)
They have predicted s-wave resonance at 4.55 eV, which nearly coalesces
with that of Drachman and Houston. Ho [31] has a used generalized
Hylleras-type trial wave function to investigate the ground-state binding
energy of PsH in the framework of complex rotation method, which
accounts all the six interparticle coordinates as:

where,
For resonance calculation he set w = 5 and N = 126.
The position of the resonance has also been confirmed by using stabilization
technique. Hence, the more accurate position of s-wave resonance as
predicted by Ho is 4.01 eV. Campbell et al have also noticed new resonances
in the p-, d-, f-, g- and h-waves.
Biswas and Adhikari [36] also performed target-elastic-three-state
CCA in which they included the effect of electron exchange by a parameterfree-non-local-model potential. They also predicted s-wave resonance with
the use of a tuned-non-local-exchange potential [37].
Considering the importance of the effect of target inelastic
channels [34], Basu et al [17] have revisited the projectile-elastic-CCA
calculation of Ps-H scattering using different basis sets to find the rate of
convergence of the elastic scattering parameters with added eigenstates and
pseudostates in the energy range 0-200 eV. They have retained upto n=4
eigenstates of the H atom in their calculation. They have also performed a
six-state calculation which includes three pseudostates available in the
literatures [38,39]. The calculation for Ps-H scattering allowing internal
degrees of freedom of both the atoms was carried out for the first time by the
Calcutta group [15] using a six state Ps(1s,2s,2p)+H(1s,2s,2p) CCA

332
neglecting exchange. In another attempt, Sinha et al have performed the
calculations with the same basis set including exchange explicitly [40]. In
the next section some important results will be discussed.

Tables 1a and 1b contain the s-wave singlet and triplet elastic phase
shifts for Ps-H scattering at few selected low energies as obtained by the
Calcutta group along with that obtained by Drachman and Houston (DH)
[27,28] and Campbell et al [35]. At this point it is interesting to note that the
energy values are the outcome of the diagonalization process employed by
DH and can not be controlled from outside. It is evident from table 1a that
the target-elastic-three-state CCA {C(3,l)} (the notation C(n,m) represents a
coupled-state calculation with ‘n’ projectile states and ‘m’ target states in the
basis set and the superscript ‘*’ denotes a pseudostate calculation) results
differ marginally from the corresponding values of the static-exchange
model {C(1,1)} while the projectile-elastic-three-state-CCA {C(1,3)} give
considerably higher singlet phase shifts. The values of the phase shifts
increase further in the CCA model which allows simultaneous excitations of
both the atoms {C(3,3)}. At low energies both the target inelastic channels
and the projectile inelastic channels cause the s-wave singlet phase shifts to
move towards the higher values. However, target inelastic channels are
found to be influential than the projectile inelastic channels below the first
excitation threshold. In other words, by including the target inelastic
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processes one accounts for the distortion of the tightly bound target atom,
which in turn gives a more attractive potential. Simultaneous excitations to
p-states of the atoms (projectile and target) incorporates in the calculation a
part of the attractive van der Waal’s interaction and consequently, gives
better numbers for the phase shifts. The rate of convergence of the singlet
phase shifts with the added target eigenstates (beyond n=3) in the expansion
is rather slow. Anticipating this a projectile-elastic-six-state (lowest three
eigenstates plus n=3 pseudostates) CCA {C*(l,6)} calculation has been
undertaken by the Calcutta group and has obtained improved values of the
phase shifts. These phase shifts are very close to the most elaborate targetelatic-22-state-coupled-channel {C*(22,l)} results of Campbell et al [35] and
to those of DH. So far the scattering length
and the effective range
are concerned, the trends are similar to those in the case of phase shifts. The
scattering lengths in the models C*(22,l) and C*(l,6) are 5.20 and 5.22 a.u.,
respectively, which are fairly close to each other. However, the slopes of
vs plots of these two models are different which results in different
effective ranges.
For triplet s-wave elastic scattering at low energies, it is found that
the parameters are quite insensitive to the projectile states as is well evident
from table 1b. On the other hand, inclusion of the target distortion influences
the triplet scattering.
Figure 1 represents the angle integrated elastic cross sections using
the models C*(22,l), C*(l,6) and the tuned model potential target-elasticfive-state-coupled-state CCA
of Biswas and Adhikari [37] for
comparison. It is evident from the figure (see inset for better view) that at
very low energies (near to zero) there is a considerable difference between
the two conventional coupled-state predictions for elastic cross section. The
zero energy cross sections in these two models are 44.4 and
respectively, whereas the static-exchange results is 58 (not shown). The zero
energy cross section as predicted by the
model is around
With the increase of energy, the elastic cross section of C*(22,l) model falls
faster than that of C*(l,6) and beyond 5 eV the former model gives lower
values for the cross section than the later model. So with the increasing
energy the projectile inelastic channels become more important than the
target inelastic channels in predicting the elastic cross section. The low
energy elastic cross sections of
model are much lower than the other
two models.
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DH [27] obtained resonance in the elastic s-wave singlet phase shift
at 4.5 eV. The work of Campbell et al [35] have also witnessed the same
feature with nearly the same position as obtained by DH. The position of the
resonance obtained in these two works, however, differs from the most
accurate prediction (4.01 eV) of Ho [31]. It is very interesting to note that
Biswas and Adhikari [37] using a non-conventional coupled-state calculation
has obtained the same resonance feature. From the works of DH [27] and
Campbell et al [35] it seems that the Ps continuum plays an important role
for the resonance, whereas Biswas and Adhikari obtained the resonance with
their tuned non-local model exchange potential [37].

4. Ps-He SCATTERING
Now we discuss o-Ps–He scattering at low and medium energies. This
system has been investigated by a large number of workers, both
experimentally [9-13] and theoretically [18,19, 41-52]. Consequently, it
provides a good opportunity to test the relative merits of different theories by
comparing the results among themselves as well as with the experimental
data.
The theoretical calculation on o-Ps–He scattering was initiated by
Fraser [41,42] and Fraser and Kraidy [43]. They used the static-exchange
model in which both the projectile and the target were retained in their
respective ground states. The exchange of electrons between the atoms was
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properly taken care of by anti-symmetrizing the total wave function of the
system. Their calculation did not take into account the loss of inelastic flux
that gives rise to extra short and long range forces. The lowest order long
range potential in atom-atom scattering is the van der Waals’ potential.
Anticipating that this potential would influence the elastic scattering cross
section, Barker and Bransden [44,45] reinvestigated the problem in the
framework of static-exchange approximation with an improved version of
the wave function which includes the correlation of the positron with one of
the target electrons. Considering the importance of van der Waals’ potential,
they investigated the same problem using the adiabatic part of van der
Waals’ potential and found that the results were modified due to the
inclusion of this potential. However, they neglected other short range
potentials and also the dynamic part of the adiabatic van der Waals’
potential.
Drachman and Houston [46] investigated o-Ps–He scattering and
obtained the values of
the effective number of electrons per atom as
seen by the positron, and scattering length using a local effective potential to
account for electron exchange. They included the effect of correlation by
taking a close channel wave function having a maximum of 84 terms. The
close channel wave function, as used by them, is of the form,

Here, R is the position of the moving Ps atom with respect to the center of
mass i.e. He nucleus; is the co-ordinate of the Ps atom and r is the coordinate of the electron attached to the Ps atom. This correlation function
includes the distortion of the Ps atom keeping the target He undistorted. The
number of terms was chosen as
where maximum value
of
was 6. The resulting differential equation was solved by Kohn
variational technique. Their predicted scattering length and zero energy cross
section were different from the earlier results [42,45]. The inclusion of
exchange of electrons through a model local potential and the neglect of the
effect of the target distortion are the two main drawbacks of this model. The
effect of the target distortion was accounted for by Peach [51] through the
use of an adiabatic potential. The low energy results of Peach differ
dramatically from all other theoretical works narrated so far.
Recently, McAlinden et al [47] applied a target-elastic pseudostate
close coupling method to investigate this problem keeping target He atom
fixed in its ground state. In the coupling scheme they used a basis set having
3 eigenstates and 19 pseudostates. In this calculation they neglected electron
exchange between the atoms.
Our wisdom tells us that that direct Coulomb interaction between
Ps and the atomic target is very much weaker compared to that arising from
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electron exchange. Therefore, inclusion of electron exchange is vital in
predicting the low energy scattering parameters. Sarkar and Ghosh [48]
revisited the problem, for a wider range of energies, using the staticexchange model. A three-state,
target-elastic-CCA was
employed by Sarkar et al [19]. The effect of electron exchange between the
two atoms was considered by anti-symmetrizing the total wave function of
the system. They predicted elastic and Ps(n=2) excitation cross sections
using this target-elastic-CCA upto the incident Ps energy 200 eV.
Blackwood et al [49] studied o-Ps–He scattering using the target-elasticcoupled-pseudostate (22 states) calculation in the energy range 0-40 eV,
similar to o-Ps–H calculation [35]. This is the most elaborate target-elasticcoupled-channel calculation in which first three states are eigenstates and
higher nineteen states are pseudostates. Biswas and Adhikari [50] also
studied the problem using close coupling method in which exchange of
electrons between the projectile and target atoms has been represented by a
tuned non-local model potential. Their predicted scattering parameters for oPs–He scattering differ significantly from all the other existing theoretical
estimates. Their zero energy cross section favours the prediction of Peach.
All these calculations suggest that below the first excitation
threshold of the system, target inelastic channels have to be considered to
predict a good estimation to the cross section. It has been noticed from the
static-exchange [48], three-state-target-elastic [19] and 22-state [49]
calculations that beyond the ionization threshold of the Ps atom, elastic cross
section reduces due to the loss of Ps inelastic flux. Further, van der Waals’
interaction is supposed to play a vital role in determining the elastic cross
section at low energies [40,45].
On the basis of above discussion and our knowledge
gathered from Ps–H scattering, we have investigated o-Ps–He scattering
using two different basis sets [18,52]:
(a)
(b)
Our model (a) partially accounts for the effect due to the loss of target
inelastic flux on the elastic channel. In the model (b), in addition to the target
excitation (upto n=2 singlet state), we have taken the 2p excitation of the Ps
atom. Our earlier experience on Ps–H [33] and Ps–He [19] scattering shows
that the inclusion of Ps(2s)-state affects the low energy elastic scattering
parameters marginally. Hence, it might be ignored without any significant
changes in the scattering cross sections. Model (b) also includes excitation of
both the atoms simultaneously to their respective 2p state. This allows us to
include (partially) the lowest order long-range force, i.e. van der Waals’
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interaction, dynamically. We have used the singlet wave function for the He
atom as given by Winter and Lin [53].
Helium is the simplest atomic target for which the measurements
have been performed for Ps impact scattering. Garner et al [6] have
measured the total cross section, sum of all possible partial cross sections, in
the energy range 10 to 120 eV using the beam technique developed at UCL
(University College of London). Besides, there are a few reports on the zero
(or near zero) energy cross section data using either annihilation
characteristics of o-Ps in He gas [10-12] or by using Doppler broadening
spectroscopy [13]. The results of the different measurements of the zero
energy cross section are tabulated below along with the available theoretical
predictions for the same. The measured data varies widely amongst
themselves. The minimum of the measured data is 2.6±0.5
[13] while
the maximum is 13±4
[10]. The corresponding theoretically calculated
cross sections behave also in a similar manner, the minimum and maximum
being 2.7 [50] and 14.584 [48]
respectively.

The present situation with the zero (near zero) energy cross section
is rather very confusing. There is no prior reason to favour one experiment
over the other. However, merits and demerits of the different theoretical
models can be judged. Static-exchange model predicts the zero energy cross
section as 14.584
[48]. The difference between the predictions of Fraser
[41] and Sarkar and Ghosh [48] is due to the approximation employed in the
former work while evaluating the kernel. This model neglects the effect of
loss of inelastic flux of both the target as well as projectile atoms. Hence,
this result is bound to be modified. Barker and Bransden [44,45] predicted
the near zero energy cross section as 9.38
at 0.272 eV. In their
calculation they included adiabatic van der Waals’ interaction and also the
effect of correlation of positron with one of the electrons of the target He
atom. They reported an appreciable change in the zero energy cross section.
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Drachman and Houston [46] predicted a zero energy cross section of 7.73
which is much lower than those of static-exchange as well as Barker
and Bransden. Drawbacks of their model has already been discussed. The
target-elastic-coupled-state calculations of the Calcutta [19] and the Belfast
groups [49] give nearly the same values for the very low energy cross
section. Blackwood et al [49] has introduced the effects of the projectile
inelastic channels (discrete (n>2) and continuum) in the calculation through
the nineteen pseudo-states while Sarkar et al considered only the effects of
Ps(2s) and Ps(2p) states. Comparison of these two predictions (for the zero
energy cross section) clearly indicates that the projectile inelastic channels
have almost nothing to influence so far the scattering length is concerned.
The inclusion of the target inelastic channels reduces the zero energy cross
section remarkably for atomic hydrogen target [17,34]. Based on this
finding, the Calcutta group has performed the coupled-state calculations
which accommodate target singlet excitation channels [18,52] in the basis
set. In the actual calculations they have used two different basis expansions
as discussed before. Both the models have yielded much lower values for the
zero energy cross section when compared with reported target-elasticcoupled-channel calculations [19,49]. Both the results of Basu et al [18]
favour the experimental data of Canter et al [11] and Coleman et al [12].
Projectile-elastic-CCA results which are very close to that of Drachman and
Houston [46] are expected to be less theoretically sound than the full CCA
results. Results of Basu et al [18] necessarily show that the effect of the
target inelastic channels is of key importance in determining the zero or near
zero energy cross section. This has been supported by the work of Peach
[51], who considered the effect of target inelastic channels through the
adiabatic model potential. Peach obtained a zero energy cross section of 3.3
which favours the experimental data of Skalsey et al [13]. It may be
mentioned that adiabatic effect is expected to be valid at the asymptotic
region, whereas for small separation non-adiabatic potential plays the
dominant role. This may be the reason for the low value as predicted by
Peach. Biswas and Adhikari [50] has also predicted a low value that is very
close to that of Skalsey et al [13]. They have used a model non-local
exchange potential in the calculation. Therefore, it is very difficult to assess
the accuracy of their results. Biswas and Adhikari [50] has argued about the
non-orthogonality of the exchange channel wave function. We feel this is not
that serious as pointed out by them. In this connection, we refer to
scattering calculations. In our investigation, we have neglected the
effect of continuum of both the atoms. By far through the most elaborate
target-elastic calculation including the effect of continuum of Ps via
pseudostates, Blackwood et al [49] have shown explicitly that zero energy
cross section is not going to change significantly. If the effect of continuum
of both the atoms are included, results are expected to be reduced to some
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extent, which is evident from the work of Blackwood et al and Basu et al
[18]. Based on the theoretical soundness, present full CCA results is the
most accurate of the CCA models employed so far.

The zero energy cross section has been discussed in detail in the
previous paragraph which shows that the effect of the target inelastic
channels, especially n=2 singlet channels, are of immense importance. Now
we come to the elastic cross section. The different theoretical estimates for
the same are presented in the figure (Fig.2) for comparison. It is evident that
at very low energies (below Ps excitation threshold), the target inelastic
channels reduce the elastic cross section appreciably while with increasing
energy (up to 35 eV) the effect of the projectile inelastic channels becomes
more and more important and at the same time, the effects of the target
inelastic channels on the elastic cross section decrease steadily. The rate of
fall of the elastic cross section as obtained by the Belfast group is faster than
those of the target inelastic coupled-state calculations of the Calcutta group.
We infer that the projectile inelastic effects are very important in the energy
range starting from energies near to Ps excitation threshold to 35 eV.
Beyond 35 eV, all the conventional coupled-state calculations yield almost
the same value for the elastic cross section. The work of Biswas and
Adhikari, however, predicts much lower cross section through out the energy
range.
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In figure 3 we compare the integrated total cross section for oPs–He system in the energy range 0 to 120 eV. This figure contains the
different theoretical approximations used together with the measured data.
There is a minimum in the results of the Calcutta group [18,52] near the first
excitation threshold. This feature has also been noticed by Peach [51] and
Biswas and Adhikari [50]. However, the values of cross section of Peach
[51] and Biswas and Adhikari [50] are very much different from that of ours.
On the other hand, Sarkar et al [19] and Blackwood et al [49] do not show
such well defined minimum. However, there is a change of slope in their
predictions slightly above this energy. The elastic cross section decreases
with increase in energy while, above 5.1 eV the inelastic channels of Ps
atom become energetically accessible and the Ps excitation cross sections are
added to the elastic cross section. This in turn raises the total cross section.
Hence, the minimum in total cross section is well expected. Results of the
Calcutta group [18,52] are in good agreement with the measured data of
UCL group [6] in the energy range 15-30 eV. Beyond this energy range, all
the CCA calculations, except of Biswas and Adhikari [50] and Peach [51],
lie below the measured data. The total cross section of Biswas and Adhikari
are in certain accord in the energy range 15-70 eV, whereas corresponding
results of Peach favours the experiment of UCL group in the range 10-60
eV. However, the predicted cross sections of Peach in the energy range 15-
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40 eV are less than UCL group. In the intermediate energy range, there is no
qualitative agreement amongst the theoretical predictions. UCL has obtained
a hump near 80 eV in their total cross section. No theoretical prediction
shows this feature. Hump at this energy is rather surprising. We like mention
that above 60 eV, all the theoretical results have a converging trend which is
very much different from the measurents of the UCL group.
Readers are also requested to consult the article "The Scattering of
Positrons and Positronium by Atomic Targets" by Walters et al included in
this volume.

5. CONCLUSION
The study of Ps scattering off atomic targets is of topical interest in
recent times. So far experiments are concerned, this field is still at its initial
stage. The dramatic difference amongst the measured data for the zero
energy cross section [10-13] for He target clearly indicates the experimental
immaturity. The theoretical situation in this connection is also similar
[19,41-46,49-52].
Most of the theoretical calculations performed so far for Ps-Atom
scattering are based on the coupled-state formalism or CCA. As Ps is loosely
bound compared to H or He targets, the Ps excitation and ionization cross
sections are greater than the corresponding cross sections of the target atom.
At intermediate energies, the projectile inelastic channels, especially the
ionization cross section, are the major contributors to the total cross section
[47]. Considering these, most of the CCA calculations have accounted the
internal degrees of freedom of the projectile atom. The effect of the
continuum has been included via pseudostates [35,49]. The low and
intermediate energy (above 5.1 eV) results are modified due to loss of Ps
inelastic fluxes [19,33,35-37,49,50]. Moreover, a resonance is observed in swave singlet phase shifts when the effect of Ps continuum is incorporated in
the calculation [27,35]. So the effect of Ps distortion has to be accounted
properly for studying the Ps-Atom scattering systems.
The effect of the target distortion is found to play a vital role in
determining the zero or near zero energy behaviour of Ps-Atom scattering
systems as is evident from the works of the Calcutta group [17,18,52] and
Peach [51]. This indicates that the target distortion can not be neglected in
the calculation, especially at very low energies.
The Calcutta group has also employed a full CCA model to study
the scattering of Ps off H [40] and He [18,52] targets. However, they
restricted their basis sets by retaining only up to n=2 eigenstates for both the
projectile and the target atoms involved in collision process. To have more
accurate estimate for the elastic scattering parameters below the first
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excitation threshold, one has to take into account the effects of the inelastic
channels, including continuum, of both the atoms.
Most of the theoretical predictions for the total cross sections for
atomic He target are at variance with the measured data of UCL group [6] at
intermediate energies. Moreover, the hump in the measurements by UCL
group at around 80 eV is rather surprising. The partial cross sections
(excitations, ionization etc.) reported so far are not very satisfactory. In
particular, Ps ionization cross section has to be estimated on proper footing
as this being the major contributor to the total cross section at intermediate
energies.Considering all these, we advocate for more theoretical calculations
as well as experimental measurements to ascertain the behaviour of Ps-Atom
scattering systems for the entire energy range. To conclude, we would like to
mention that calculation should be performed to determine the exact
behaviour of the ionization cross section. It is needless to say that partial
cross section should be measured to settle present scenario of the Ps-Atom
scattering systems. In addition to these, we advocate strongly to investihast
Ps-Atom scattering using full CCA as done by the Calcutta group with larger
basis set.
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Abstract: Techniques to accumulate and cool positrons in Penning traps

provide new tools to study atomic and molecular physics and
chemistry. This chapter presents an overview of studies of the
interaction of low-energy positrons with atoms and molecules using
these methods. In the vacuum environment of a trap, isolated twobody interactions of positrons with atoms and molecules can be
studied with precision. Measurements include annihilation rates,
as a function of both atomic and molecular species and positron
temperature. Doppler-broadening studies provide information about
the electronic states involved in the annihilation process. Positron
accumulation techniques have also enabled the creation of cold,
bright low-energy positron beams. High-resolution scattering
measurements are described, including absolute measurements of the
cross sections for vibrational excitation of molecules. Prospects for
future developments in these areas are also discussed.

1.

OVERVIEW

Positron-matter interactions are important in areas of atomic physics,
condensed matter physics and gamma-ray astronomy, and for technological
applications including mass spectroscopy and characterization of solid surfaces
[1-4]. Study of the interaction of positrons with atoms and molecules has a long
history [1, 5-11]. Many aspects of these interactions are understood, such as
scattering processes at energies above a few electron Volts. Nevertheless,
important phenomena remain to be studied, particularly those that require high345
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resolution positron sources and those occurring at smaller values of positron
energy. One problem of current interest is understanding positron annihilation in
large molecules [12-16]. Another example is the excitation of molecular
vibrations by positron impact [17-19]. Low-energy processes such as these are
important in establishing a predictive antimatter-matter chemistry, a field that is
likely to blossom in the next few years as low energy antimatter becomes more
readily available in the laboratory [20-26].
Historically, progress in positron research has been limited by the availability
of high-flux positron sources and bright positron beams. This has been a
particular hindrance in studying low-energy positron interactions.
The
development of efficient positron accumulators has changed this situation [24, 27,
28], and this chapter summarizes experimental measurements enabled by positron
traps and trap-based beams. The work focuses on two physical processes
involving atoms and molecules -- positron scattering and annihilation at low
energies (e.g., positron energies below the threshold for positronium formation).
There have been extensive studies of positron annihilation on atoms and
molecules in work spanning several decades [5, 8, 9]. Typically these experiments
were conducted by injecting fast positrons into gases at pressures ~ 1 atmosphere.
Annihilation was measured as the positrons thermalize to the ambient gas
temperature (~ 300 K). Many important results were established, including
quantitative measures of the normalized annihilation rate,
at the ambient
temperature, and the fact that
depends on chemical species and can increase
by orders of magnitude for modest changes in molecular size.
The development of Penning traps to accumulate positrons provided new
opportunities to study positron annihilation [12-15]. The positrons are in ultra-high
vacuum in the presence of a very low-pressure test gas, and this provides the
opportunity to study the isolated, two-body interaction of positrons with atoms or
molecules. In this environment there is no question about the thermalization of
the positrons or the possibility of multiple-molecule correlations or clustering.
Molecules with low vapor pressures can be studied conveniently. The positrons
can be confined for long times in the accumulator in order to maximize the
interaction with the test species. This is particularly useful for studying weak
processes where the signal-to-noise ratio is an important consideration. Using
this method, annihilation studies have now been conducted for a wide range of
atoms and molecules, resulting in comprehensive data for positron annihilation as
a function of chemical species and extending by orders of magnitude the
maximum experimentally measured values of
The trapped positrons can also
be heated by the application of radio frequency noise applied to the confining
electrodes to study the dependence of
on positron temperature [15, 29].
Microscopic information about the annihilation process can be obtained by
studying the Doppler-broadening of the 511-keV annihilation gamma-ray line [30,
31]. These measurements yield the momentum distributions of the annihilating
electron-positron pairs which, for positrons with energies
is dominated by
the momentum distribution of the bound electrons. This technique has been used
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to identify the annihilation sites (i.e., the specific electronic states) in atoms and
molecules.
A short summary of the state of the positron annihilation studies is that, in
cases where measurements and predictions can be compared, measurements in
atoms are generally in fair to good quantitative agreement with theoretical
predictions. In contrast, the experiments in molecules raise a number of
important theoretical questions, such as the physical mechanisms responsible for
high annihilation rates. Many of these issues are now beginning to be addressed.
The availability of efficient positron accumulators led to the development of
a new method to create cold, bright low-energy positron beams [32, 33]. With
energy resolution
and tunable over energies from < 100 meV to many
electron Volts, these beams have enabled a new generation of scattering
experiments [18, 19]. Although the potential of this technique has yet to be fully
exploited, it offers the possibility of providing absolute measurements of total
and differential cross sections down to energies
In this chapter,
examples of recent work are described, including the first studies of the
excitation of molecular vibrations by positrons. Comparisons between theory
and experiment have been insightful (particularly in the case of vibrational
excitation), and they raise a number of new and interesting questions that warrant
further study.
After reviewing the current state of positron annihilation and scattering
studies, this chapter concludes with a look to the future, describing possible
extensions of a number of facets of the research. Work related to the topics
discussed in this chapter can be found elsewhere in this volume. This includes
theoretical discussions of positron-molecule interactions (Gianturco, et al.,
Gribakin, Tachikawa, et al., and Varella, et al.), extensions of the scattering
studies described here and their relation to analogous electron experiments
(Buckman), further development of new techniques to create trap-based positron
beams (Greaves), and other studies with low-energy positrons involving positron
accumulators (Charlton).

2.

BUFFER-GAS ACCUMULATOR OPERATION

The principle of operation of the buffer-gas positron accumulator is described
in detail elsewhere [24, 27, 28, 34]. Positrons from a radioactive
source are
slowed to a few electron Volts using a neon rare-gas moderator. They are then
injected into a series of cylindrical electrodes in the presence of a low-pressure
buffer gas in an applied axial magnetic field ~ 0.15 T. The electrodes and
differential pumping create three stages, each with successively lower
gas
pressure and electrostatic potential. Following a series of inelastic collisions with
the
molecules, the positrons are trapped in the third stage where the pressure is
torr. The positrons cool to 300 K (i.e., room temperature) in ~ 1 s.
More rapid cooling
is obtained by adding
torr of
or
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to the third stage of the trap [35, 36]. The lifetime in the third stage is
limited by annihilation on the
The buffer-gas trapping can be very efficient,
with ~ 25% of slow positrons from the moderator trapped and cooled. Using this
technique and a 90 mCi
source, plasmas containing
positrons have
been accumulated in a few minutes. The buffer gas can be pumped out in a few
seconds, resulting in a positron lifetime ranging from tens of minutes to hours
depending upon the quality of the vacuum. The number of positrons in the trap is
measured by measuring the charge or annihilation gamma rays produced when
the plasma is dumped on a collector plate. The temperature of the trapped
positrons is measured routinely by measuring the tail of the energy distribution of
positrons escaping from the trap.

3.

ANNIHILATION ON ATOMS AND MOLECULES

The annihilation rate is a sensitive measure of short-range correlations
between the positron and the bound electrons. We follow the convention of
expressing the annihilation rate in terms of the parameter
which is the
annihilation rate relative to that for positrons in a gas of uncorrelated electrons
(i.e., the Dirac annihilation rate).

where is the classical electron radius, c is the speed of light, and
is the
number density of atoms or molecules. For large molecules, it is well established
that
can greatly exceed the total number of electrons Z in the molecule [5, 8,
12-14]. Consequently,
should be viewed as a normalized annihilation rate - it
bears no relation to the charge on the nucleus or the number of electrons in the
molecule. While the physical process responsible for these high annihilation
rates is not fully understood, these large rates have been viewed as evidence for
the existence of (long-lived) positron-molecule complexes [5, 6, 12, 13, 16].
The experimental arrangement for positron annihilation studies in the
positron accumulator is shown in Fig. 1 [12-15]. Annihilation rates are measured
after the positrons are trapped and cooled to room temperature by measuring the
number of positrons,
remaining as a function of time in the presence of a test
gas. Typically the number of positrons remaining is measured by dumping the
positron plasma on a metal plate and measuring the annihilation gamma rays.
The rate is then given by
where t is time. These experiments
can be done either in the presence or absence of the
buffer gas used for
positron trapping. In order to reduce the density of impurity molecules in the
system (base pressure
torr), a cryosurface was placed in situ in the
vacuum chamber as necessary. It was cooled with either liquid nitrogen (to 77K)
or with an ethanol-water mixture (to ~ 266 K), depending on the atomic or
molecular species studied. The measured annihilation rates are found to be a

Atomic and molecular physics using positron traps and trap-based beams

349

linear function of the test gas pressure (i.e., proportional to
), and the slope
yields
The linearity of the slope provides evidence that annihilation is due to
isolated two-body interactions between the positrons and the test molecule.
Shown in Fig. 2 are data for a wide range of chemical species [12-15]. Note
the very large differences in rates observed for only modest changes in chemical
structure. Values of
had been measured previously in the high-pressure
experiments [5, 6, 8]. The development of the positron trap enabled the
extension of these studies to even larger molecular species including those that
are liquids and solids at room temperature. The extremely broad range of

observed values of
provides evidence of qualitative changes in the nature of
the positron molecule interaction for relatively modest changes in chemical
species. While the smaller values (e.g.,
can be explained in terms of a
simple collision model, larger values appear to require a different physical picture,
such as the formation of positron-molecule resonances. Murphy et al., pointed out
that
for atoms and single-bonded molecules obeys a universal scaling as a
function of
which is shown in Fig. 3 [13]. To date, there has been no
satisfactory explanation of this empirical relationship, beyond the speculation that
large annihilation rates might be thought of in terms of positron-molecule
complexes in which a positronium atom is attached to the corresponding positive
ion [13].
The microscopic nature of positron interactions with atoms and molecules can
be studied by measuring the Doppler-broadening of the 511-keV annihilation
gamma-ray line [30, 31]. The Doppler linewidth is determined by the momentum
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distribution of the electrons (i.e., determined by the electron quantum states)
participating in the annihilation process. Shown in Fig. 4 is the gamma ray
spectrum for positron annihilation on helium atoms. Also shown is a theoretical
calculation by Van Reeth and Humberston [37]. Theory and experiment are in
excellent agreement for the shape of the linewidth. There is also good agreement
between theory and experiment for the annihilation linewidths of other noble
gases [31]. These comparisons were made for annihilation on valence electrons.
A careful search was also made in noble gas atoms for evidence of inner-shell
annihilation, which would produce a broad, low-amplitude wing on the
annihilation line. Annihilation was observed on the next inner shell, but only at
the few percent level, and then only in larger atoms, Kr (1.3 %) and Xe (2.4 %)
[31]. The fact that these percentages are low is consistent with the highly
repulsive (core) potential that the positron experiences once it begins to penetrate
the valence electrons.
The gamma-ray linewidth provides relatively direct information about the
specific electronic states participating in the annihilation process. A systematic
study was done in alkane molecules in which the linewidth was measured as a
function of the fraction of C - C and C - H bonds in the molecule, and the results

Atomic and molecular physics using positron traps and trap-based beams

351

are shown in Fig. 5 (a) [15]. When compared with calculations for the linewidths
of the C-C and C-H bonds [38], these data are consistent with annihilation
occurring with roughly equal probability on any of the valence electrons. This is
only an approximate statement; and since the calculations of Ref. [38] are now
more than three decades old, further theoretical study of the momentum
distribution expected for electrons in valence orbitals in hydrocarbons would be
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helpful. A similar study of Doppler linewidths was done in hydrocarbons in
which the H atoms were systematically substituted with fluorines [15]. In this
case, the measured linewidths can be accurately fit by a linear combination of the
linewidths measured for pure fluorocarbons and pure hydrocarbons. The results
of this analysis are shown in Fig. 5 (b). This analysis also implies that
annihilation occurs with approximately equal probability on any valence electron,
which in this case includes the valence electrons in the fluorine atoms in addition
to those in the C - H and C - C bonds.
In summary, all results to date are consistent with most of the annihilation
occurring on any of the valence electrons (as opposed to favoring specific sites in
the molecule) with a small fraction of the annihilation occurring on the next inner
shell when heavier atoms are present. This can be interpreted to mean that the
positron has a relatively long de Broglie wavelength in the vicinity of the
molecule. Consequently, the positron interacts with roughly equal probability
with any of the valence electrons. This picture is in contrast to the case where the
positron is localized at a specific molecular site, as would be expected in a tightbinding model. The lack of preference for annihilation on specific valence
electrons is consistent with the model developed by Crawford [39] to explain the

observation of significant molecular fragmentation observed following positron
annihilation at energies below the threshold for positronium formation [20, 40].
Crawford predicted that annihilation on any of the valence molecular orbitals
occurs with roughly equal probability [39]. Thus if the highest lying molecular
orbitals do not dominate the annihilation process, the molecular ion that is
produced will frequently be left in an excited electronic state. Then the excess
energy in these excited states produces the fragmentation that is observed.
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The measurements of annihilation rates shown in Fig. 2 were done with a
Maxwellian distribution of positrons having a positron temperature
(i.e., 0.025 eV). To investigate
measurements have also been done with
the positrons heated above 300 K by applying radio frequency noise to the
confining electrodes [29]. The annihilation rate and positron temperature are
measured as the positrons cool. The experiments thus far have been limited to
for hydrocarbon molecules and
for noble gas atoms; above
these temperatures, the heating produces non-Maxwellian positron velocity
distributions. In the noble gas studies, the dependence of on
is in good
agreement with theoretical predictions [29].
Measurements of
for
and
are shown in Fig. 6 (a) [15]. A
study of butane
indicates that the temperature dependence of
is very
similar to that shown for
[15]. These data exhibit interesting features, such as
an initial slope proportional to
and a break in slope at higher temperature in
and
which have recently begun to be considered theoretically [15, 16].
This 'plateau' at higher temperatures may be due to the excitation of molecular
vibrations.

Building upon previous work [6, 12], Gribakin has proposed a comprehensive
theoretical model of annihilation in molecules [16]. While many open questions
remain, this theory provides a useful framework for considering the annihilation
process and its dependence on molecular species. A key assumption is that the
positron-hydrocarbon potential is sufficiently attractive to admit bound states.
The wide variation in the values of
for various species is then explained in
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terms of positron-molecule resonances. Values of
much larger than Z but
are predicted to occur via either low-lying positron-molecule resonances or
weakly bound states. However Gribakin concludes that larger values of
cannot be explained by such a mechanism. He predicts that values of
larger
than
arise from the excitation of vibrationally excited quasi-bound states of
the positron-molecule complex, an idea that was proposed previously to explain
the values of
observed in large molecules such as alkanes [12]. The
vibrational density of states of a molecule increases very rapidly as a function of
increasing molecular size. When the positron-molecule potential is attractive,
this increased density of states leads to a corresponding increase in
Qualitatively, the basis of Gribakin's model is that, when there are shallow
bound states or low-lying resonances, the cross section diverges as
where a is
the scattering length, and this leads to large values of
However, for room
temperature positrons, the cross section is limited by the finite wave number, k,
of the positron to
which in turn limits
to
In large molecules
in which the positron-molecule potential is attractive, the high density of
vibrational states increases greatly the probability of resonance formation, and
this results in even larger values of
[12, 15, 16]. The limit occurs when the
lifetime of the resonances is comparable to the annihilation time of a positron in
the presence of molecular-density electrons, which corresponds to values of
The theoretical framework proposed by Gribakin makes a number of
predictions, several of which are in qualitative agreement with experiment. The
model provides a natural explanation for the qualitative differences in
observed for fluorocarbons and hydrocarbons (c.f., Fig. 2) [15, 16]. The positronfluorine potential is likely to be less attractive than that between the positron and
C - H bond electrons. As a result, fluorocarbon molecules are not expected to
bind positrons, and hence there will be no resonant enhancement in
This
explains the very large differences in
observed for the two chemical species.
Similarly, the model appears to explain in a natural way the peaks in
annihilation rate observed in partially fluorinated hydrocarbons when the
molecule contains only one or two fluorine atoms. In this case, Gribakin predicts
that the peaks are due to the position of the bound/virtual levels moving to zero
energy as a result of changes in the degree of fluorination. This produces a
divergence in the scattering length and hence a large value of
The data are
qualitatively in agreement with Gribakin's predictions. The model predicts that
is proportional to the elastic scattering cross section which, as discussed
below, could possibly be tested by scattering experiments with a very cold
positron beam. The model also predicts that
in the regime where
and at low values of positron temperature [16]. This scaling is observed for
both methane and butane. The butane result is consistent with the theoretical
prediction while, in the framework of Gribakin's model, the methane scaling
appears to be due to a combination of effects [15].
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There still remain a number of open questions. One is the observation that
deuteration of hydrocarbons produces only relatively small changes in
even
though the C-H vibrational frequencies are changed by
[Iwata, 2000]. If
the large values of
are due to vibrationally excited resonances, then change in
the vibrational mode frequencies might be expected to produce changes in the
vibrational density of states and hence relatively large changes in
The
experimental results may mean that only low-frequency vibrational modes
contribute to the formation of the vibrationally excited resonances.
Another puzzling question is the origin of the empirical scaling of
with
[i.e., shown in Fig. 3] that is observed for all of the atoms and singlebonded molecules studied. While this scaling fits the data over six orders of
magnitude in
to within in a factor
it remains to be seen whether it has
any theoretical significance. If there were low-lying electronic excitations of a
positron-atom or positron-molecule complex, then a resonance model might be
possible without involving molecular vibrations. However, there appears to be
no analogous phenomenon involving low-lying electronic excitations in electronmolecule interactions, and so the positron would have to play a fundamental role
in such modes. This appears to be unlikely. A more plausible explanation is that
the quantity
is a measure of the attraction of the positron to the atom or
molecule, and so increases in this parameter increase
in accord with both the
Murphy et al. scaling and Gribakin's model.
The first challenge will be to test the general validity of models for the large
values of
Beyond this, there also remain a number of trends in
with
specific chemical species. For example, modest changes in chemical structure
can change
by factors of 3 to 10 or more (e.g., differences in ring and chain
molecules, for example). Experimental tools such as those discussed in this
chapter and the considerable theoretical activity evidenced elsewhere in the
volume, may well provide new insights in the not too distant future into the many
remaining questions concerning large annihilation rates observed in molecules.

4.

SCATTERING FROM ATOMS AND MOLECULES

The development of cold, bright trap-based positron beams has enabled new
kinds of scattering experiments. In this section, we restrict the discussion to
recent measurements that have been made using this technique. The principles of
operation of the cold beam and the procedures for these scattering experiments,
which are conducted in a magnetic field, are described in detail elsewhere [18, 19,
32, 33, 41]. After the positrons are trapped and cooled in the accumulator, the
potential of the bottom of the trap is slowly raised, and the positrons are pushed
over a potential barrier of height
as illustrated in Fig. 7. The positrons are
guided magnetically through a gas cell to a retarding potential analyzer (RPA).
The parallel energy distribution of the beam can be measured using the adjustable
voltage
when no gas is present in the cell. This technique results in positron
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beams with very narrow parallel energy distributions (e.g.,
FWHM)
over a wide range of beam energies from ~ 0.05 eV to many electron Volts. The
energy spread of the positron energy perpendicular to the magnetic field is also
small (i.e., ~ 25 meV).
Since the beam is formed in the presence of the magnetic field of the positron
accumulator (B ~ 0.15 T), it is convenient to study scattering from atoms and
molecules in a magnetic field of comparable strength. This is in contrast to more
conventional methods to study scattering that use either an electrostatic beam or a
very weak magnetic guide field (e.g., B ~ 0.001 T). Referring to Fig. 7, the
positron beam passes through the cell containing a test gas, where the beam
energy is set by the gas cell potential
[i.e., the positron beam energy in the cell
is
. The parallel energy of the transmitted beam (i.e., composed of
both scattered and unscattered particles) is then analyzed using the RPA.
The method of analysis relies on the fact that the positron orbits are strongly
magnetized (i.e., particle gyroradii
[18, 41]. In this case the motion of the
positrons can be separated into components parallel and perpendicular to the
applied magnetic field. With the exception of the short time intervals during
which scattering events take place, the quantity
is a constant, where
is
the energy of the positron due to the velocity components perpendicular to the
field. In the language of classical mechanics and plasma physics, the quantity
is an adiabatic invariant, which is valid in the limit that the magnetic field in
the rest frame of the positron varies slowly compared to the period of the
cyclotron motion of the particle [42].

It is then convenient to write the total energy of the positron as:

where
is the energy in the motion parallel to the magnetic field. Elastic and
inelastic scattering in this limit are illustrated in Fig. 8 (a) for a beam with initial
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energy E = 1.0 in the units of the figure. The beam is assumed to be "cold," so
that initially
Elastic scattering converts
into
at constant E,
resulting in a distribution of particles located around the 45° line in Fig. 8 (a),
given by
Thus when no inelastic scattering is present,
measurement of only the parallel energy of the scattered particle can be used to
uniquely determine the scattering angle by the relation

A study of elastic scattering of 1 eV positrons from argon atoms using this
technique is illustrated in Fig. 9, which is made possible by the fact that there is
no open inelastic channel in argon at 1 eV. Figure 9 (a) shows the retarding
potential curves for the unscattered and scattered beams. The normalized
difference between the two curves at retarding potential
is the fraction of
scattered particles
with parallel energies
The differential elastic
cross section,
is then proportional to
[18, 41], and is shown in
Fig. 9 (b). Since the measurement is normalized to the strength of the
transmitted beam, this technique conveniently provides absolute measurement of
the probability that a positron scatters in transiting the cell. This, in turn,
facilitates measurement of the absolute value of the scattering cross section.
When both elastic and inelastic scattering are present, the parallel energy
distributions for the two processes can overlap. This is due to the fact that elastic
scattering at an angle results in a decrease in
which is indistinguishable in an
RPA measurement from a loss in the total energy of the positron. Thus it is not
possible to distinguish the two processes. However, if the scattered beam is
analyzed in a region of much lower magnetic field strength, the adiabatic
invariance of
results in most of the energy in
transferred to the
component. In particular, if there is a magnetic field ratio, M, between the
magnetic field at the scattering cell and the field at the RPA, then
is reduced
by a factor of M. Using this technique, the parallel energy spreads of the
elastically and inelastically scattered particles can be greatly reduced, and so the
inelastic and elastic scattering can be distinguished by an RPA measurement of
the parallel energy distribution. This is illustrated in Fig. 10 for the vibrational
excitation of CO at an incident positron energy of 0.5 eV.
Scattering measurements using the cold beam and the analysis techniques
described above began only recently [18, 19, 41], and so relatively few results are
available as compared with the potential utility of the technique. We summarize
the current state of experiments in three areas. To date, the technique has been
used to measure differential elastic scattering when no inelastic processes are
present (e.g., scattering from noble gases below the thresholds for positronium
formation and electronic excitation). The technique has also been used to
measure cross sections for inelastic vibrational excitation of molecules and to
make a limited number of measurements of total cross sections. Low-energy
differential elastic scattering cross sections have been measured in noble gases
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down to about 0.4 eV [18, 41]. The data are in good absolute agreement with
theoretical predictions, as illustrated in Fig. 9 (b). The measurements done to
date have the ambiguity that back scattering and forward scattering cannot be
resolved separately. (See Ref. [41] for details.) It is possible to arrange the
experiment to measure only forward-scattered particles (i.e.,
but this has
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not yet been done. In principal, the scattering measurements can be made down
to energies close to the resolution of the beam (e.g.,
At present,
there are experimental difficulties in making measurements at positron energies
These problems appear to be due to small potential differences on the
gas cell electrodes (e.g.,
They do not appear to be intrinsic and can
likely be resolved.
Inelastic scattering cross sections can be measured if the energy separation
between different processes is ~ 30 - 40 meV (i.e., greater than the parallel
energy spread of the beam). Perhaps the most interesting physics results obtained
thus far using the techniques described here are the first studies of the inelastic

vibrational excitation of molecules by positrons. This is illustrated in Fig. 10 for
the case of CO. Thus far CO,
and
have also been studied [18,
19], and the list will likely grow quickly. Shown in Fig. 11 are data for
and
together with available theoretical predictions. There is reasonable-to-good
absolute agreement between theory and experiment for both molecules. Two
modes were resolved in
with the lowest having an energy of only 0.08 eV.
As can be seen in the figure, there are still discrepancies between theory and
experiment for
and there are gaps in the comparisons for
so that further
work is warranted.
There is similar agreement between theory and experiment for CO in the range
of positron energies studied to date (i.e.,
[19]. The data in most
cases are sufficiently accurate that they might be used to guide further
improvements in the calculations. At present, we are not aware of theoretical
predictions for
and
but a number of groups have expressed interest in
calculating cross sections for these and other molecules. The list of interesting
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molecules is long and many questions remain, including understanding the
qualitative differences in the behavior of positron and electron vibrational
excitation cross sections for particular modes and molecules. The behavior of the
cross sections at and near threshold is also of interest and is currently being
studied.
The method described here also lends itself to absolute measurements of total
cross sections as a function of energy, and experiments of this type have begun.

The total cross section is obtained by measuring the amplitude of the beam
transmitted through the gas cell at a retarding potential just below that
corresponding to the beam energy; this value will include both the elastic and
inelastic scattering components. This is illustrated in Fig. 10 (a), for the case of
CO, where both elastic and inelastic vibrational channels are open. In particular,
the point labeled by the vertical arrow in Fig. 10 (a) includes both the inelastic
and elastic scattering (except very near forward scattering). It is of interest to use
the cold beam to extend to lower energies the many previous measurements for
total cross sections done using other techniques [1, 10,11].

5.

A LOOK TO THE FUTURE

5.1

Positron Annihilation

One focus will be understanding the large annihilation rates,
observed for large molecules. Doppler broadening measurements indicate that

Atomic and molecular physics using positron traps and trap-based beams

361

the annihilation takes place with approximately equal probability on any valence
electron. Based on the limited studies done thus far varying positron
temperature, the ability to make energy resolved measurements of
appears as
if it could provide new insights into the annihilation process. For example, in
small molecules, we would be able to search for possible increases in annihilation
rates associated with the excitation of specific vibrational modes. We are
currently building an annihilation measuring apparatus that will allow such
energy-resolved annihilation measurements using the cold positron beam.
Estimates indicate that values
can be studied conveniently, and this
sensitivity limit can likely be improved.
Annihilation on very large molecules (i.e., with low vapor pressures), atomic
clusters, and dust grains is also of interest. For example the large hydrocarbon
molecule, pyrene, which is an arrangement of four benzene rings, is prototypical
of polycyclic aromatic (“PAH”) molecules present in the interstellar medium.
Based upon measurements of smaller molecules with similar structure, pyrene is
expected to have values of
in excess of
[50]. The high annihilation rate of
this molecule has potentially important implications in astrophysics. Low vaporpressure materials are difficult to study directly in the positron accumulator,
because the large values of
result in a precipitous loss of positrons and
deterioration in trap performance. An annihilation experiment using a positron
beam, such as that described in the preceding paragraph, would provide the
opportunity for a sample cell located external to the positron accumulator. Such
a cell could be operated at an elevated temperature and could also be configured
with the required vacuum isolation between the accumulator and gas cell. This
arrangement would then enable studies of many interesting low-vapor pressure
materials, including very large molecules, atomic clusters and dust grains. This
experiment would also be useful for studying annihilation on metal atoms, where
predictions for annihilation rates have recently become available (i.e., as
discussed in the chapters by Mitroy and Mella in this volume).
Another annihilation phenomenon of interest is the production of Auger
electrons that is expected when positrons annihilate on inner-shell electrons (e.g.,
in Xe and Kr). Since they are born in the magnetic field of the positron trap, they
will be confined to move along magnetic field lines; consequently they should be
able to be detected relatively easily.

5.2

Scattering studies

5.2.1

Inelastic Scattering

There are many possible future directions for this research, some of which
were discussed above. Inelastic cross section measurements at positron energies
and with an energy resolution ~ 20 meV are now relatively
straightforward. There are a number of interesting phenomena that can be
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studied with this technique, such as vibrational excitation of molecules, as
illustrated in Fig. 11. We are also beginning to study the electronic excitation of
atoms and molecules, exploiting the high resolution available with the cold beam.
This technique could also be useful to investigate sharp electronic resonances that
are predicted to occur near electronic transitions in various atoms and molecules,
a subject which is discussed in more detail in the chapter by Buckman.
5.2.2

Elastic Scattering

As discussed above, differential elastic cross sections can now be measured
down to
and inelastic and total cross sections can be measured down
to about
work to extend these measurements to lower energies is now
underway. The present experiments do not distinguish forward and back
scattering, but measure the cross section for both processes folded about
i.e.,
This limitation can potentially be overcome by insertion
of an E x B filter in between the positron accumulator and scattering cell to
remove the back-scattered particles before they are detected.
5.2.3

Total Scattering Cross Sections

Measurement of the low-energy behavior of the elastic scattering cross
section,
can, in principal, be used to study weakly bound states and
resonances, which are expected to occur at energy

where h is Planck's constant, a is the zero-energy scattering length, and m is the
positron mass [16]. The scattering length a is positive in sign for a bound state
and negative for a resonance. In the asymptotic limit in which the positron
momentum,
where k is in units of wave number, the elastic scattering
cross section is given by
Thus measurement of the total cross section provides a measurement of the
magnitude of the scattering length and hence the binding energy. In this same
limit, the sign of
determines the sign of a, where is the energy of the
incident positron. The existence of such bound states and resonances play a
crucial role in Gribakin's model for positron annihilation in molecules for
and so low-energy scattering studies could provide a rather direct test of the
model. The challenge in this experiment will be to make the measurement in a
regime in which Eq. 4 is valid, which may require a very low energy positron
beam (e.g.,
which corresponds to
A related topic is the peak in
that is observed when one or two fluorine
atoms are substituted for hydrogens in hydrocarbon molecules. Gribakin predicts
that this peak in
is due to the divergence in the scattering length when a
bound state (hydrocarbon limit) turns into a virtual state (fluorocarbon limit).
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This prediction could also be checked by such a low energy scattering
experiment.
These discussions of low energy scattering experiments raise the question as
to the limit in energy resolution of the cold beam technique. We are currently
building an apparatus to create a cryogenic [e.g.,
(1 meV)] positron
plasma [34]. This technique uses a 5 T magnetic field and a cooled electrode
structure, so that the positron plasma will come to thermal equilibrium with the
walls via cyclotron radiation. In principle, this could permit the formation of a
cold beam with energy resolution comparable to
which would be useful, for
example, in making the measurements of the scattering length described above.
Such a beam could also be used to study the rotational excitation of molecules by
positron impact.
Nevertheless, the difficulties in making scattering
measurements with such a cold beam, while still maintaining the required energy
resolution, should not be minimized.
Finally, we mention another technical detail: A new technique for
manipulating trapped positron plasmas has been developed that will be useful in
future scattering and annihilation experiments. Recently, positron plasmas have
been compressed radially using a rotating electric field (e.g., compressing a
positron plasma radius of 4 mm to 0.7 mm) [35, 36]. This technique will be useful
in scattering experiments in improving vacuum isolation of the gas cell, since the
beam can then be passed through much smaller apertures. Similarly, it will be
useful in positron beam annihilation experiments to achieve good vacuum
isolation and also to keep the beam away from surrounding surfaces that would
cause a background annihilation signal.

6.

CONCLUDING REMARKS

While positron atomic and molecular physics research has been conducted
for decades, it is fair to say that research with low-energy positrons and highresolution positron sources is much less mature. The advent of positron
accumulators and trap-based beams offer many new opportunities. The results
thus far are promising, and the corresponding response from the theoretical
community is very encouraging. It is likely that, in the next decade, we will
expand greatly our understanding of low-energy positron-matter interactions.
This knowledge can be expected to be important in many fields of science,
ranging from astrophysics and condensed matter physics, to providing the
quantitative basis of an antimatter-matter chemistry, to the creation and study of
stable, neutral antimatter such as antihydrogen.
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Abstract

1.

Various positron scattering data obtained by the experimental method
using a weak radioactive isotope have been presented. The systematic
comparative studies of total cross sections (TCSs) for positron and electron impacts are mainly presented, together with discussions on the ratios
of the TCSs for positrons to those for electrons at low energies, and the
polarization effect as the interaction between a target gas and a projectile.
The cross section data for electronic and vibrational excitations are also
described as a comparative study for positron and electron impacts. Ps
formation cross sections for many molecules measured by a novel
method are presented as percentage ratios to the TCSs.

INTRODUCTION

Experimental work in positron scattering by atoms and molecules is
generally very difficult in comparison with that in electron scattering. Even in
the case of a strong radioactive isotope, the intensity of a positron beam is
several orders of magnitude lower than that of an electron beam. Since positron scattering experiments started in 1972, many measurements using a weak
radioactive isotope (strength typically less than
) have been performed
in total cross section (TCS) and inelastic experiments [1]. The merit in the
experimental methods using a weak radioactive isotope is that slow positrons
emitted from a moderator are effectively used in the measurements by applying
a time-of-flight (TOF) technique with low background as described later.
In this article, the experimental studies of positron (or electron) scattering
performed by our group using a weak radioactive isotope source are mainly
367
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described. Although this technique is the traditional one, it is still an important
approach even now. The experimental procedure is described, and trial
methods for improvements are also indicated on methods of narrowing the
energy width and beam transportation from a magnetic field to a non-magnetic
field. Most of the previous TCS experimental data for polyatomic molecules
have been published in the book by Kimura et al.[2], however, new TCSs data
for positron and electron scattering are presented here for several such molecules. Other topics discussed include systematic analyses, the comparative
TCS data for positrons and electrons at energies lower than 4.0eV, and at energies higher than 50eV, and the problem of Ps formation near the threshold
energy. Especially, detailed analysis is given of the relation of TCS to the
polarization interaction between the target gas and the projectile using the
comparative method of positron and electron TCS data at energies higher than
50eV. Electronic excitation and ionization cross sections by positron impact
on
molecules [3] and He, Ne and Ar atoms [4] are described. A novel
method for a vibrational excitation experiment using a wide energy width beam
is also introduced briefly. Some discussions of future works and experimental
plans are presented briefly.

2.

EXPERIMENTAL PROCEDURE

A straight transmission type TOF apparatus with a retarding potential
method was used in the TCS experiments for positrons and electrons colliding
with various polyatomic molecules. The flight path length is about 600mm. A
schematic diagram of the experimental setup is shown in Fig. 1. The retarding
potential set was located in front of the detector to eliminate large energy inelastic scattering events, and large angle elastically and small energy inelastically scattered such as rotational and vibrational excitations, particles [5]. Of
course, the latter event depends upon impact energy.
The target gas feed system is shown in Fig. 2. This system works with
very good accuracy; about 0.2 % in the case of using a gas cylinder, and better
than the 2 % for a liquid target-gas. We have tried an improvement of the
appearance for TCS at lower energies [6] using a similar system of the TOF
apparatus, but with a shorter flight path and weaker axial magnetic fields for the
beam guide. The measurement for the lowest energy of 0.3eV was performed,
but it has not been used so far in many cases because of the very low intensity
of slow positrons.
A radioactive isotope
with an activity of
was used as the
positron source. A set of tungsten (W) ribbons baked at 2100 degree was used
as the moderator for slow positrons. The energy spectra of emitted positrons
from the moderator are shown in Fig. 3 for various conditions. As an electron
source, secondary electrons via multiple scattering from the same
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and the same W moderator were used for the TCS measurements using the
same experimental system. The properties of the W moderator are described
elsewhere [7]. More effective moderators than the W moderator: Solid Ne [8]
and copper in ultra high vacuum [9], have been developed. However, only the
W moderator is applicable in non-ultra high vacuum for the gas scattering
experiments.

The electron beam energy was decided by the addition of 0.2eV as the
perpendicular energy,
to the parallel energy,
for the normal condition in
the TCS measurements in the magnetic field of 4.5G. The perpendicular energy value was determined by observing the energy shift of the shape resonance
in electron scattering by
CO, and
molecules. This value was confirmed by rough direct measurements using various magnetic fields. For the
positron beam, on the other hand, the perpendicular energy to the parallel energy was neglected, because the energy was less than 0.1eV as deduced from
the experimental results using various magnetic fields.
The TOF technique is useful especially for TCS measurements in experiments using positron beams with wide energy widths at low energies. The
true time spectrum from the raw TOF spectrum in the multi channel analyzer is
computed by a modified method [4] of the original method of Coleman et al.
[10].
In the present apparatus, wide entrance- and exit-apertures of the collision cell are used for the weak positron and electron beam intensities. A
magnetic field is used for the beam guide. Thus, the effect of the forward
scattering is fairly large. The projectile enters into the collision cell in the
form of a wide uniform beam. After scattering, the projectile starts a spiral
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motion in the magnetic field of 9G for positron scattering, and 4.5 G for electron scattering. The projectile beam that passes through the cell (i.e. the forward scattered beam) is entirely detected by the detector. According to the
experimental conditions, the forward scattering intensity, was calculated by
using the experimental and/or theoretical differential cross sections (DCS) data
[11]. The simulation for the motion of a projectile in the cell was performed as
a function of position (x and r), beam energy E, magnetic field G, and scattering
The simulation is really complicated. The intensity in Eq.(2) in the
next section should be changed to
The correction ratio,
is not so
dependent on the calculation method, but on the DCS data.
An improvement of the energy spectrum was technically tried. As mentioned above, the energy width of the positron (and electron) beam is very wide.
This is a serious problem for inelastic experiments especially. The positron
beam was used only for selected problems in inelastic scattering. On the other
hand, the electron beam was not used for inelastic experiments because there
are much better beams. We have tried an experimental method for narrowing
the energy width using a fast timing pulse technique [12]. The narrowed
beams were made for positron and electron beams as shown in Fig. 4.

Although the improved spectra are also wide because of the spread in the TOF,
the width of the energy spectrum is 1.2 and 0.4 eV for positrons and electrons,
respectively. Using the improved electron beam, the measurement of the
Schumann-Runge excitation cross sections in
was performed.
A positron beam transport experiment to a non-magnetic field from a
magnetic field was performed using the TOF system with a weak radioactive
isotope. In the case of using a Liniac, especially, a strong magnetic field is
used as the positron beam transfer technique. For scattering experiments with
gases and solid surfaces, the beam must be transferred in a non magnetic field
area. Under the consideration of applying the brightness enhancement ex-

372

periment, the transfer of the positron beam of 3 keV was successfully realized
using an einzel lens [13].

3. TOTAL CROSS SECTION
The contribution of the interaction potential in positron and electron
scattering by atoms and molecules is summarized in Table 1. This effect of the
contribution is revealed in the total cross section (TCS). The total
cross-section
for positron scattering is given by
where
is the elastic scattering cross-section,
is the sum of all contributions from rotational, vibrational and electronic excitations,
is the Ps
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formation cross-section,
is the direct ionization cross section for single
and multi-ionization,
is the dissociation cross section of a target molecule
including the direct and indirect processes via resonance and
is the annihilation cross section. The cross section
is small in the energy range of
this experiments. As discussed later, to obtain these partial cross sections for
polyatomic molecules is not easy in general because of the wide energy width
and weak intensity of the projectile beams in the present experimental method.
TCS values,
are given by
where n and l are the gas density in the collision cell and the effective length of
the cell, respectively; and are the beam intensities after passing through the
gas and vacuum, respectively. The effective length of the collision cell, l, was
derived by normalizing the TCSs to those in the
data of Hoffmann et al.
[14].
We have measured TCS for simple and polyatomic molecules by the
experimental procedure described in the last section, typically over the energy
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range 0.7-600 eV for positrons and 0.8-600 eV for electrons. Molecules
whose TCSs for positrons and electrons were measured are given in Table 2.
Most of the data are reported in the book of Advances in Chemical Physics [2].
Several data for the molecules measured recently are reported here with short
comments. The TCS data for the isomers of
allene and allylene (propyne) are shown in Fig. 5. In the electron data, the shape resonances are
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clearly shown in the low energy region, but no resonance peak is in the positron
data. The positron and electron TCS data scattering by sulphur dioxide,
molecules are shown in Fig. 6. A distinct large peak at about 1.6eV is visible
in the positron data. Such a peak appears in several molecules. Its origin is
still unknown. In the electron scattering data, several peaks appear at energies
lower than 10eV. They may be resonant peaks.
The scattering data of benzene
toluene
and 1,3 difuluoro benzene
molecules are shown in Fig. 7. The TCSs at energies
above 50eV are in the size order
for both electron and positron scattering. It is not easily understandable without other information, such as theoretical work why the molecular size of toluene is larger
than that of 1,3 difluoro benzene. The experimental positron TCS

toluene is larger than the electron TCS at low energies. The dipole effect in
toluene and 1,3 difluoro benzene is shown in the electron data at low energies.
Positron and electron TCS data for scattering by ethane
hexafluoro
ethane
and trifluoro ethane
molecules are shown in Fig. 8.
The TCSs show that the effect of the molecular size at higher energies gives a
reasonable explanation both in positron and electron scattering. In the electron data at low energies, only the TCSs of trifluoro ethane are high, possibly
because of the dipole effect. In the positron scattering data at low energies, the
data are rather complex.
In isomers; propane, pentane, hexane and octane, the comparative data of
TCS for cyclo- and normal molecules have been measured. As a demonstra-
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tion, the differences between cyclo- hexane and normal hexane for positron and
electron scattering are shown in Fig. 9. The difference for other cyclo/normal
molecules is roughly the same. In the positron data, the cyclo data are larger
than the normal data at energies below 2 or 3eV. In the main energy range, the
normal data are larger than the cyclo data, but at higher energies of several
hundreds eV the TCS are roughly the same. In the electron data, the normal
data are larger than the cyclo data for the whole energy range.

A higher difference is shown in the energy range 4.5-25eV. The difference data for positron and electron are roughly the same in the energy range
higher than 50eV. The theoretical analysis for the isomers is expected. As
shown in the report of the comparative TCS data of positrons and electrons by
Kimura et al. [2], we can deduce various physical results from the figures for
each target molecules. However, we now confine the discussion to the systematic properties of the TCS for positrons and electrons, leaving out the discussion on the comparative data for each molecule. The following two phenomena in the systematic data using many measured TCS are dealt with in the
next two sections. The first is the phenomena found in several molecules that
the total cross sections for positrons,
are larger than those for electrons,
at low energies. The second is the polarization interaction effect on the TCS
data of positron and electron scattering.

4.

RATIO OF TCSs FOR POSITRONS TO THOSE FOR
ELECTRONS AT LOW ENERGIES
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TCSs for electrons are much larger than those for positrons in many
atoms and molecules especially the rare gases. This phenomenon can be understood by noting the differences in the fundamental interactions for electrons
and positrons, summarized in Table 1. Except for the energy region lower
than several eVs, TCSs for electrons are larger than those for positrons without
exception.
The experimental TCS data in the low energy range are complicated. To
make clear these phenomena, the following analysis was carried out. The
ratios of the averaged TCS for positrons to those of electrons in the region of
1.0 - 4.0eV are listed in Table 3. There are two possible reasons why the ratio
is greater than 1 for some molecules. The first is that the TCS values for

electron scattering may be abnormally small because of the low values in the
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higher energy side of the Ramsauer-Tounsend (RT) minimum. The other
possibility is that the cross-sections for vibrational and/or rotational excitations
by positron impact and/or those for dissociation are larger than those by electron impact. Although the rare gases have RT minima, they are between 0.1
and 0.5eV. Kimura et al. showed theoretically that the vibrational excitation-cross sections by positron and electron impacts were extremely different
for each mode for
and OCS molecules [15]. The ratio of
in that
study is 3600 at 5eV for the vibrational mode (100) in
The
ratio for
the mode (001) is 0.7 at 2eV. Thus, it is not expected that the vibrational excitation cross sections by positron impact are much larger than those by electron impact at low energies. It has been shown in theoretical studies that there
is the possibility of a large difference in the cross sections for vibrational and
rotational excitations for positron and electron impacts. However, a clear
reason for the large cross sections in positron impact at low energies is unknown. Examples where the positron TCS data are larger than the electron
data are shown in the benzene and toluene data in Fig. 7, and in the ethane data
in Fig. 8. As shown in Table 3, the ratio for the averaged value in 1.0-4.0eV
for ethane is less than 1, but the
in the lower energies is much larger than
The molecules of which the ratio is larger than 1 are
and
We find many molecules of which the ratio is in the neighborhood
of 1, such as
etc. The ratios in alkane molecules, except
are large. However, there may be no systematic trend as to
the kind of molecule for which large ratios are found.
Although the low ratio value in CO is exceptional for the molecules
shown in Table 3, the ratio in He is extremely low, being 0.012. The reason
that the positron TCSs at lower energies are much lower than the electron TCSs
surely exists. In most of the polyatomic molecules, the cancel out effect of
attractive and repulsive interactions is very low. Possible explanations for the
results shown in Table 3 include, for example, positron resonant phenomena in
the rather wide energy range, or large cross sections for dissociation, electronic
excitation, or positron attachment.

5.

ANALYSIS OF THE POLARIZATION EFFECT

The fundamental interactions in positron and electron scattering are
given in Table 1. These interactions are present in the various processes in the
positron and electron scattering. The effect of polarization and exchange
interactions is large at low energies. Comparing the TCSs for positrons with
those for electrons, we can obtain information on the difference of the interactions for each molecule. From the experimental data, however, we cannot
directly derive the magnitude of the interaction without estimating the cross
section due to the resonance phenomena in the low and middle energy ranges
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due to shape and Feshbach resonances. As a mater of fact, in electron scattering, the effect of resonances is very large for most atoms and molecules at
low energies. However, their effect decreases as the energy increases above
30eV. Now, we assume that the resonant effect can be ignored at energies
higher than 50eV. Although the polarization and exchange interactions are
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decreasing with increasing impact energy, they remain important at the higher
energies for instance, in the neighborhood of 60eV. However, we can assume
that they are negligible above 100eV. Under the above conditions, we try the
following analysis. The ratio of the cross sections at around 60eV to those at
around 150eV is found to provide information on the interactions. That is, the
ratio represents the magnitude of the polarization and exchange interactions.
This ratio depends on the target gas and projectiles. So, we make it the ratio of
the ratio for positrons to the ratio for electrons. This eliminates the molecular
shape effect in the ratio. We say “ratio “ to mean the ratio of the ratio. The
ratios for electron
and positron
and the ratio of the ratio
are
shown in Table 4 [16].
As shown in the table, it is very noticeable that the ratio data in the
molecules involving fluorine atoms are large without exception. In these
molecules, polarization and exchange interactions even at energies around 60
eV are large for the reason shown in Table 1. For
and polar molecules such as
HC1, on the other hand, the ratio is
rather low. Especially for
and
the ratios are smaller than 1.
This phenomenon is not well understood. However, as opposed to the ratio for
low impact energy, the ratio at higher energies has systematic properties depending on the kind of molecular species. The theoretical explanation of these
phenomena is anticipated.

6.

Ps FORMATION CROSS SECTION

Ps formation is one of the most important processes in positron scattering.
The Ps formation cross section is obtained by the measurement of
[17] or
[18] from the annihilation of Ps, or the measurement of all
positrons scattered, i.e. those not involved in the formation of Ps [19]. These
methods are orthodox, and the range of the impact energy is from the threshold
energy up to 100 or several hundreds eV. Although these data are very important, the types of target gases measured are few at present.
Sueoka et al. has obtained the Ps cross-section data for many polyatomic
molecules only at 2 eV above each threshold energy using a simple and novel
method [16,20]. In the energy dependence of the TCS in the case of rare gases,
a sudden increase of the cross section due to Ps formation is clearly seen just
above the Ps formation threshold energy [21]. For many polyatomic molecules data taken by our group, however, this distinct feature does not necessarily appear in the TCS curve because it is significantly weakened or washed
out. In this situation, it is difficult to directly determine the cross-section of Ps
formation,
near the Ps formation threshold. To overcome the situation,
we applied a simple and novel method using a stronger magnetic field (31G; for
the conventional TCS measurement of positron scattering, the field for the
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beam guide is 9G). In our absorption type apparatus for the TCS measurement,
the exit-aperture of the collision cell is very wide. If a stronger magnetic field
is applied, the cross-sections observed apparently decrease with the increase of
the forward scattering effects. However, the Ps formation cross section is not
affected by the magnetic field because the ceratron detector does not detect Ps
and/or the annihilation
from Ps. By extrapolating a cross-section curve
below the Ps formation threshold to higher energies, and subtracting it from the
apparent cross section measured above the Ps threshold, we can estimate the Ps
formation cross sections near the threshold. Moreover, the stronger magnetic
field makes the intensity of the primary positron beam several times stronger by
joining the non-parallel positron beam to the flight path. As a result, we can
surely perform the measurement with improved statistics.

The present derivation procedure of Ps formation cross section,
is
not correct in principle, because the elastic cross section curve in the vicinity of
the threshold
does not show a smooth variation due to the coupling inter-
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action of the Ps channel. The theoretical results of the coupling effect were
negligible for He, but increase in the order from Ne to Xe for rare atoms [22].
However, as mentioned above, the smooth extrapolation for the elastic scattering curve above the threshold is adopted for polyatomic molecules.
As an example, the representative cross-sections for
and
are shown in Fig. 10. The cross sections at 2 eV above the
threshold energy are shown as the relative values to the TCS and the ratio
values,
are tabulated in Table 5 for a number of molecules. These
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values are partly revised from the previous papers [2,16] by a change in the
analysis method.
The data in the table include important information regarding the contribution of Ps formation to the TCS, and may lead to new physics, though it is
difficult. The data in the table and the data of rare gases [21] are plotted
against the number of valence electrons in Fig. 11. We can deduce a lot of
information from this figure.

7.

EXCITATION

384

Electronic excitation
The TOF system can measure the energy spectrum of scattered positrons.
That is, the contributions of electronic excitation and ionization cross sections
are obtained using the present TOF apparatus. The original works using the
TOF technique were performed by Griffith et al. [23] and Coleman and Hutton
[24]. In succession, Sueoka measured the excitation and ionization cross sections of He [25]. In the measurement of the excitation cross-sections, we must
detect positrons which lose some of their kinetic energy. On the other hand,
for the measurement of ionization cross-section we have two choices: use the
same method as for excitation, measure emitted ions. The second method is
very powerful when using a strong positron source.
The method has been applied for the ionization and Ps cross sections for
rare gases by the groups at Bielefeld Univ. [26] and UCL [27]. In the case of
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using a weak radioactive isotope source, the TOF method is applicable only for
the first method, but for a strong radioactive iso- tope the TOF is not applicable
because there are too many positrons to separate the start pulses. Namely,
there is at present no method for the detection of electronic excitation other
than using a weak radioactive isotope source. As an example of the
measurement by our group, the experimental data for
molecules are shown
in Fig. 12 [3].
The numerical data of the cross sections of Schuman-Runge (SR) excitation are given in Table 6. Comparison with theoretical data and electron
scattering data is very interesting. The excitation cross sections for rare gases
He, Ne, and Ar using the same experimental system were measured by our
group [25,28]. Several workers have analyzed the threshold problem of ionization. In the expression
the value of the exponent n was
discussed experimentally and theoretically. In the same framework, the plot
of
versus
was tried [29]. The quantities
are cross-sections for ionization and excitation, and the threshold energies for
ionization and excitation, respectively. Though differences were found from
the case of ionization, no meaningful result could be obtained due to lack of
accuracy.
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Beams for which the positrons have a narrow enough energy width to
resolve the electronic excitation levels are necessary for the measurement of
excitation cross-sections. If a positron beam of the energy width less than
0.leV is available, we can measure the excitation cross sections for each level.
This work, of course, is one of the most important studies of positron scattering
in the future. Applying the brightness enhancement method to gas scattering
studies would be a good candidate for the purpose.
Vibrational excitation
Kimura et al. discovered theoretically the large difference in the cross
sections for vibrational excitation by positron and electron impacts [15]. To
confirm the evidence, another comparative study by positron and electron
impacts, for measuring vibrational excitation cross-sections was carried out
using the positron beam of a wide energy width. The energy of the vibrational
excitation is much smaller than the energy width of the impact beam (2.5 and
1.4eV (FWHM) for positrons and electrons, respectively). The experimental
method is as follows. Using the same apparatus shown in Fig. 1, the measurements were performed using the TOF technique. The inelastically scattered contributions by vibrational excitations are included in the main peak (the
unscattered peak). The main peak that does not involve the inelastically
scattered component is slightly different from the peak that involve the scattered component. The former shape is the main peak in the gas run; the latter
one is that in the vacuum run. Contributions to three vibrational modes were
obtained by fitting to the difference of the peaks by a simulation. They are
found to be roughly in agreement with the theoretical values for
[15] and
DCS [30].

8.

IONIZATION

A lot of data for the ionization cross-section using a weak radioactive
isotope source were obtained for He, Ne, Ar and [3,25,28,29]. The data for
particle scattering from
and
molecules were also obtained, though
with large ambiguity [31]. However, the method of ion measurement using a
strong radioactive isotope [26,27] is more powerful than one using a weak
radioactive isotope.

9.

DISCUSSION

As mentioned in the sections 1 and 2, this experimental method is simple,
and very effective for the weak primary positron intensity. The intensity of the
radioactive isotope required is less than the legal limit intensity of
So,
we can easily apply the experimental method using a weak radioactive isotope.
For the comparison with the positron scattering data, we performed the TCS
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measurements for electrons using the same apparatus, experimental procedure
and radioactive source. The experimental method is basically unchanged
from that at the beginning of the positron beam experiments. The TOF
method using a weak radioactive isotope is used in all the measurements with
low background.
The positron beam produced by the W ribbon moderator and the
source was used. It is difficult to obtain the direction distribution of the
emitted positron from the moderator. The direction distribution effects on the
effective collision cell length and other phenomena. The main work of our
group is the comparative study of positron- and electron-polyatomic molecule
scattering. For the comparative study, theoretical analysis is indispensable.
However, for polyatomic molecules, the TCS calculation for positron and
electron with high precision is not easy.
It is very clear from experimental results, that at low energies TCSs for
positrons are larger than those for electrons in several molecules. As already
mentioned, the explanation for this remains to be seen. In this sense, most of
the physical problems in positron scattering remain unsolved. On the lowest
energies, the TCS values can either increase or decrease with decreasing energy.
The behavior at energies lower than 1 eV is not yet understood convincingly.
In contrast to the behavior observed at lower energies (c.f., Fig. 3), Table
4 shows that the ratios
at higher energies to be fairly systematic.
Namely, similar ratios are observed for the same kind of molecules. It is very
noticeable that the ratio is unity or less for
and
The
ratio value
for polar molecules with large dipole moments,
and HC1, are small and roughly equal. A theoretical discussion of this is expected in the future. The ratio of the TCS in positron scattering, and those in
electron may be also useful perhaps for the systematic discussion of positron
scattering and electron scattering, respectively. Other systematic analysis
using the TCS data for positrons and electrons exists.
The polarization and exchange interactions decrease at higher energies
and are negligible at several hundreds eV or higher energies. The TCSs for
positrons merge with those for electrons with increasing impact energy. Our
group has carried out the merging experiments of positron and electron scattering at the high energy range for many molecules using a weak radioactive
isotope for a long time. The merging behavior differs somewhat for each
target gas kind. We can find some properties of Ps formation in various
molecules in Fig. 11. The ratio values of Ps formation cross sections to TCS,
for alkane molecules are much larger than those of fluoro-alkane
molecules.
for small size alkane molecules
are as large as the
for rare gases. The ratio values of polar molecules are as low as
fluoro-alkane molecules. The ratio values of
and
are interesting. Those of
are in the middle range as shown in Fig. 11.
If we have more reliable ratios, the systematic discussion to the kind of
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molecule gives more meaningful information.
For the data with the lower ratio values (i.e., a few percent) it may be
possible that Ps does not form in some molecules. We must carry out the
experiment for the molecules using one of the orthodox methods for confirmation.
Resonant-like phenomena via Ps formation may be possible in relation
with dissociation, vibrational and electronic excitation, and Ps formation. The
phenomena may bring about new physics.
A data set of the dissociation cross section by positron impact for
and
molecules has been obtained using the strong positron
source from a Linac recently [32], but this is not included in the framework of
the present report. The largest cross sections in their molecules are
for
in
for
in
for
in
for
and
in
These are much
larger than the dissociation cross sections by electron impact. The ratio values
of the dissociation cross section to the TCS is about 25 and 30%, for
and
respectively. The data show that the contribution of dissociation to the
TCS is not negligible, but an important portion.
The experiment of the brightness enhancement for positron-gas scattering is expected as one of the most important future works. Even though successful measurements using this technique in surface scattering with solids was
performed, its application has not been tried for gas scattering. The weak
radioactive positron source may be possible for the experiment, though a
stronger radioactive isotope is better.

Partial cross sections data in positron scattering may be more important
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than the TCS data. However, the measurement of each partial cross section is
very difficult of course, especially for molecules. As mentioned above, the
dissociation data are also very important. Even for rare gases, we don’t have
enough partial cross sections data. Sueoka and Mori have tried the partitioning of the TCS of positrons scattered from He, Ne and Ar atoms using various
experimental and theoretical partial cross section data [33]. The example of
He is shown in Fig. 13. The partitioning of the TCS data of a molecule is expected using the improved partial cross section data including that for dissociation data.
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Abstract:

1.

The recent development of positron trapping and accumulation techniques, from
which high resolution, relatively high flux, variable-energy positron beams can
be formed, has created many possibilities for low energy positron atomic
physics. In this article some of these opportunities are discussed, including the
measurement of differential electron atom(molecule) scattering cross sections
and the search for bound and quasi-bound states of positrons with atoms and
molecules.

INTRODUCTION

The scattering of low energy charged particles from atoms and molecules
is a well established technique for the investigation of atomic and molecular
structure and spectroscopy and charged particle scattering dynamics.
Electron scattering from atoms and molecules is a mature field but one in
which significant progress continues to be made as a result of advances in
technology and the development of new spectroscopic techniques. In recent
years there has been significant advancement in the measurement of absolute
electron scattering cross sections for processes as simple as low energy elastic
scattering (see [1] for a recent review) and as complex as dissociative
attachment to large molecules (see [2] for example). New multi-parameter
detection techniques [3] have enabled detailed studies of complex excitation
and ionization events, where the energy and momenta of all particles are
determined before and after the collision in order to extract precise
391
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information about the scattering amplitudes and scattering dynamics. Spinpolarised beams are now readily used to probe spin-dependent effects such as
electron exchange and the role of spin-orbit interaction in the scattering
process. Other areas of atomic physics are also contributing to the growth in
sophistication of these collision experiments. For example, laser-cooling and
trapping techniques are being applied to produce bright and cold atomic
beams and trap sources for collision experiments [4].
The interest in, and motivation for, low energy electron scattering
measurements remains, largely, twofold. Firstly, there is the desire to
understand the more fundamental aspects of the scattering process, the
complex interplay of Coulomb interactions between the incident projectile
and the atomic or molecular constituents and the effects of interactions such
as electron exchange and electron-electron correlation. Electron collisions
also have an important role to play in spectroscopic studies such as the
excitation of triplet states or the formation and decay of negative ions.
Secondly, and of increasing importance, is the role that electron collisions
play in a vast array of technological devices and environmentally-relevant
processes. Areas such as plasma processing, discharge-based lamps and
lasers, atmospheric and astrophysical phenomena and, increasingly, medical
and environmental fields provide a strong rationale for many electron impact
studies.
So, what are the major motivations for studies of low energy positron
collisions with atoms and molecules? The imperative of a large number of
applied areas is perhaps not as strong at the present stage, although there is an
increasing use of positrons in medical (and other) tomographic applications,
surface and condensed matter physics. As a test bed for scattering theory and
reaction dynamics, it has long been realised that positron-atom (molecule)
scattering theory requires more than just a simple change of sign and the
neglect of the exchange amplitude as calculated for electron scattering. Given
the repulsive nature of the static Coulomb interaction for positrons it appears
that the short-range details of the (attractive) polarisation interaction become
extremely important for a correct description of the interaction. These factors
also mean that in most, but not all cases, positron scattering cross sections are
smaller than the corresponding electron scattering cross sections. The
additional process of positronium formation at relatively low energies (I-6.8
eV where I is the first ionization potential of the target) means that for some
atoms and molecules, even the lowest energy elastic scattering calculation
becomes a complex multichannel problem.
In recent years there have been many scattering experiments performed
with crossed positron and atomic (molecular) beam or gas-cell targets. Total
and differential scattering cross sections have been investigated for a range of
systems. To date, the only extensive data set of absolute scattering cross
sections are for total scattering and there is an impressive library of data
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available on atomic hydrogen [5-6], the rare gases (many measurements, see
for example [7-9] for reviews), alkali metals [10-11], alkaline earth metals
[11-12] and many diatomic and polyatomic molecules (here there are many
measurements - see the recent review [13]). There are also absolute
measurements of positronium formation cross sections for a number of atoms
and molecules (eg. [14], [11-12] and references therein) and direct positron
impact ionization cross sections (e.g.[15-18]). However, essentially no (or
very few) absolute differential cross section (DCS) measurements have been
made for elastic or inelastic scattering processes, for either atoms or
molecules. The Detroit group have measured a number of relative DCS for
elastic scattering from rare-gas atoms [19-22] as have the London Group [23].
The Detroit group [24-25] have also measured "quasi-elastic" relative DCS
for a number of molecules (
CO,
and
).
In the latter cases, the reason for this lack of data, relative to electron
scattering investigations, is simple and very well known. These investigations
are at the forefront of experimental endeavour in this field and they are
extremely difficult as they are plagued by low incident beam fluxes and,
particularly in the case of angular differential measurements, correspondingly
low scattered intensities. In addition, these experiments have been mostly
performed with positron beams formed using tungsten, or similar, moderators
and the energy resolution which is achieved is, at best, around 0.2 – 0.5 eV
but more typically around 1 – 2 eV. As a result of this limited energy
resolution the ability to investigate inelastic scattering of positrons by atoms
and molecules is also limited as is the capacity to search the scattering cross
sections for any structures - resonances or quasi-bound states - similar to
those that have been shown to dominate many low-energy electron scattering
processes and cross sections. The ability to measure absolute differential
scattering cross sections, and the energy dependence of such cross sections
with high energy resolution, would greatly enhance our understanding of
positron scattering dynamics.
In recent years the possibility of obtaining both absolute differential
scattering cross sections and state-resolved inelastic scattering cross sections
has been realised. The recent development of a high resolution (~ 20 meV),
high brightness beam of positrons by Surko and collaborators [26-27] and its
use for atomic physics experiments [28-30] has the potential to revolutionise
the field of positron scattering. They have produced such a beam by using a
Penning trap to form a reservoir of cold positrons which they then release in a
controlled fashion.
Both the trap, and the subsequent scattering
measurements, occur in regions where a combination of magnetic and
electrostatic fields are used to control the positron beam and to analyse the
scattering processes. The technique has wide application and differential
elastic, integral inelastic (vibrational excitation) and total scattering cross
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sections have recently been measured in a number of atomic and molecular
targets [28-30].
The experimental endeavour has been matched reasonably well by
contemporary scattering theory. There are extensive calculations of positronatom scattering using a variety of well established techniques (polarised
orbital, close coupling, distorted wave, many-body theory, Kohn variational –
to name a few). In general, for atomic systems there is reasonably good
agreement between experiment and theory, including those cases where there
are relative differential cross section measurements available. For positronmolecule scattering the number of calculations available in the literature is
significantly smaller, matched it would seem, by the small number of
experimental investigations for processes other than total scattering.
Examples of these contemporary scattering calculations will be given in the
context of experimental investigations in the following sections.
This short paper is the product of the author’s background in electron
scattering physics, but only a short exposure to the interesting world of
positron physics. He certainly does not claim to be an expert in the field and
hopes that these thoughts do not appear too presumptuous to those who are. It
is not intended that this work should be considered a review of the field and
the topics that are discussed have been chosen somewhat subjectively. The
references in the present document are by no means exhaustive and those that
are interested in a more comprehensive coverage of previous work are
encouraged to consult a number of recent review articles [31], [8], [9], [32],
[13].

2.

FUTURE PROSPECTS AND POSSIBILITIES FOR
POSITRON SCATTERING

2.1 Scattering Cross Sections

2.1.1

Grand Total Scattering Cross Sections

Perhaps more than any other, this particular facet of positron scattering
physics has been well exploited over the past 20 years. As the total cross
section
represents a sum over all energetically available scattering
channels, and an integral over all positron scattering angles within each of
these channels, it provides minimal information about the dynamics of the
collision process. However, it is a measurement that can be performed with
high statistical and absolute accuracy, even with low intensity positron beams,
and such measurements remain an extremely important first-order test of any
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theory. If a theoretical model correctly predicts the total scattering cross
section it does not necessarily mean that it contains the correct physics. On
the other hand, if it does not correctly reproduce careful
measurements,
then it almost certainly does not contain the correct physics. The scope for
future measurements of total cross sections may appear limited, given the
substantial body of work that already exists. However, there are two areas
where further investigation may be warranted.
The first involves an extension of the large body of existing work to lower
impact energies. At present, most
measurements extend only to about 0.5
eV (at best) at the lower end of the energy scale. There would be distinct
advantages to extend these measurements, for both atoms and molecules, to
lower energies using the high resolution positron beams now available.
Measurements at energies of 100 meV or lower would facilitate analysis of
the energy dependence of the
data in order to extract the scattering length.
Such techniques, principally using modified effective range theory (see for
example [33] and references therein), have been used extensively in lowenergy electron scattering, where long range polarisation effects dominate the
interaction potential, to extend the region of comparison between experiment
and theory to zero energy. In the case of positron scattering there is another,
more compelling reason for this work. It has been postulated for many years
that the existence of positron-molecule bound states, and “resonances”
associated with vibrationally excited levels of a bound positron + molecule
complex, may be responsible for the enormous enhancement of the positron
annihilation rate which has been observed in some molecules. Very recently,
Gribakin [34] has made a detailed analysis of the mechanisms responsible for
positron annihilation. He proposes that the distinction between a low-lying
resonance or a bound state could be determined by very low energy (< 0.1 eV)
elastic scattering measurements which could be used in conjunction with an
effective range theory expansion of the cross section to determine both the
sign and magnitude of the scattering length, a. The sign of the scattering
length is related to whether the enhancement is due to a weakly bound state
(a>0) or a virtual s-level or resonance in the positron + target continuum
(a<0). Measurements of very low energy total scattering cross sections for the
heavy rare gases and the fluorinated hydrocarbons could shed much light on
this model of annihilation and the existence, or otherwise, of bound or quasibound states.
The second area of investigation involves the measurement of the energy
dependence of the total scattering cross section in the region of inelastic
(electronic excitation) thresholds in a number of simple atoms and molecules.
These measurements relate to the existence, or otherwise, of Feshbach
resonances in positron-atom(molecule) scattering as well as other structures
that have been predicted at the threshold for positronium formation in a
number of gases (eg. [35]). These issues will be addressed in section 2.2.
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2.1.2

Differential Elastic Scattering Cross Sections

The area of positron differential scattering cross section measurements is
virtually an open book for new experimental endeavour. Despite the
substantial advances that have been made by the Detroit group (eg. [19],
[22]), in the case of the more readily experimentally accessible atomic
systems such as the rare gases, there is further scope for a concerted effort on
the measurement of low energy absolute differential cross sections for elastic
scattering from “simple” atoms and molecules. The DCS is a much more
stringent test of the quality of a theoretical calculation than the total cross
section and it is important that both the shape and the absolute magnitude of
the cross section are measured.
Cold positron beams generated using the positron trap technique have been
applied to the measurement of absolute elastic DCS for positrons incident on
Ar and Kr at very low energies [28] and this technique has obvious
possibilities for a broader application. A comprehensive set of absolute
elastic DCS for all of the rare gas atoms at energies between a few hundred
meV and, say, 15 eV above the Ps formation threshold in each gas would be
of significant value in the testing and final development of the various
theories for elastic scattering. The higher energy data would provide a critical
test for those theories which include the positronium formation channel, as
well as other inelastic scattering channels, via an optical potential approach.
Such an approach (e.g. [36]) has been demonstrated to provide better
agreement with intermediate energy positron DCS for the rare gases than, for
example the polarised orbital approach which does not include any account
for inelastic losses.
Perhaps the most compelling case for low energy elastic DCS
measurements lies in the area of positron-molecule scattering. The dynamical
description of the differential scattering of positrons by molecules is in its
infancy, with only a few theoretical approaches having been applied to
differential scattering calculations (eg. [37-40]) and even fewer experimental
results being available. The Detroit group have performed what they term
“quasi-elastic” DCS measurements on a number of simple diatomic and
polyatomic molecules [24-25], [41]. These were relative measurements and
they included contributions from vibrational quanta with excitation energies
below about 1 eV. In some cases the DCS reveal clear diffraction minima,
similar to those that have been observed in electron-molecule scattering.
Comparison has also been made of these measurements with a number of
theoretical approaches (eg. [37], [40]) with a varying level of agreement
achieved for the shape of the DCS.
Recently, similar processes have been measured using the Penning trap
and magnetic scattering technique at San Diego [42] and a comparison of this
preliminary data, which are absolute measurements, and the Detroit data [25]
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is shown in Figure 1. Here the Detroit data has been normalised to the San
Diego at a scattering angle of 45°. The agreement between the shapes of the
two DCS is very encouraging. It is also interesting to note the strong forward
scattering that has been observed by the San Diego group, at even this
relatively low incident energy. It should be mentioned that the trap-based
measurements contain an additional uncertainty due to contributions from
backward scattering as the technique cannot discriminate against scattering at
angles above 90°, so the data at this stage is only indicative of the
possibilities.

The extension of this small, but important body of DCS data to include
both absolute values and lower incident energies would be a critical cog in the
development of positron-molecule scattering theory, particularly for small
polyatomic systems. It is also quite possible that pure vibrationally elastic
scattering cross sections could be measured for molecular hydrogen at
incident energies below 0.54 eV, the threshold energy for the v =0-1vibration.
As the simplest scattering process for the simplest molecule this would be a
significant test for ab initio scattering theory. Indeed such measurements at
energies below the first inelastic thresholds for other diatomic molecules (e.g
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CO, ) would be an important contribution to the field. Such absolute
measurements, admittedly at scattering angles less than about 90°, would
appear to be are readily achievable with the trap-generated positron beams
such as used by the San Diego group.
2.1.2

Vibrational Excitation

There have been several recent measurements of integral vibrational
excitation cross sections for simple diatomic and polyatomic molecules in the
past few years. The Yamaguchi group [43] have used time of flight (ToF)
techniques to discriminate between positron attenuation caused by elastic
scattering and vibrational excitation in a collision cell. In this work they
derived vibrational excitation cross sections for
although the
measurements were clearly limited by the energy resolution of the positron
beam (~2 eV). An impressive series of measurements have recently been
published by the San Diego group on near-threshold, integral vibrational
excitation cross sections for
[28] and
CO and
[30]. These
experiments use the magnetic field scattering technique and take advantage of
the fact that energy loss processes can be separated from elastic scattering by
performing the energy analysis in a lower magnetic field. This technique is
described in the article, elsewhere in this volume, by Surko. The agreement

between these experiments and theoretical calculations is also encouraging.
For example in CO there is excellent agreement with the vibrational closecoupling calculation of Gianturco et al. [44] and similarly encouraging results
are found for
[45-46] and
[43].
The quality of the data that arises from this technique is extremely high
and this fact can be highlighted by a comparison, in Figure 2, between the
integral scattering cross sections (ICS) for the positron and electron impact
excitation of the lowest-lying vibrational mode in CO. The positron data,
shown in the top frame is from the recent work of Sullivan et al. [30]. The
measurements extend to within ~100 meV of threshold, the absolute
uncertainty on the measured values is of the order of ±10%, and the measured
cross sections provide a solid test-bed for several scattering calculations. In
contrast, the electron scattering measurements are shown in the bottom frame.
These cross sections are not direct measurements but are derived from angular
differential scattering cross sections of vibrational excitation, which have
been extrapolated to forward and backward angles and then integrated in
order to obtain the ICS. This technique of obtaining integral cross sections is
intrinsically less accurate than a “direct” measurement such as has been used
in the positron case, and this is immediately apparent in the comparison of the
quality of the data in figure. The technique used for the positron
measurements provides a far superior picture of the near-threshold ICS.
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It is also interesting to note that the near-threshold cross section for
positron impact appears to be larger than that for electron impact. In both
cases the theoretical approaches provide an excellent description of the cross
section. This is particularly true near threshold in the positron case and in the
region of the large shape resonance around 3 eV for the electron case. There
are obvious ramifications which arise from a comparison such as the above
for both positron and electron scattering measurements and these will be
discussed in Section 3.
The quality of the vibrational excitation ICS data that is now being
obtained from the magnetic scattering technique implies that its extension to a
wider range of molecules is warranted. It would appear that the current
technology, with an energy resolution of 20-30 meV, enables discrimination
of vibrational modes with thresholds as low as 60-80 meV (eg. as was done
for the 010 bending mode of
[30]). Thus it should be possible for further
studies of “simple” diatomic molecules, such as
and NO, which provide
for theory the additional challenges of an open-shell structure and small
dipole moment, as well as further studies of “simple” polyatomic systems
such as
and OCS.
2.1.3

Electronic Excitation

To our knowledge there have only been a few attempts to measure cross
sections for electronic excitation of an atom or molecule by positron impact.
These pioneering measurements in the rare gases (eg. [50-52]) were carried
out with positron beams of broad energy width and thus involved the
excitation of several or many bound levels. There have also been several
calculations of these inelastic cross sections, using close-coupling [53],
distorted-wave polarised-orbital
[54-56]
and random-phase
[57]
approximations. For molecules there are even less measurements and
calculations. A cross section for the excitation of the Schumman-Runge
continuum has been derived from ToF measurements of forward scattered
positrons [58]. There have also been a number of calculations for the positron
impact excitation of the
state of
using close-coupling [59] and
Schwinger variational [60] approaches.
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It has very recently been demonstrated [61] that the positron trap and
magnetic scattering technique can be used to measure the excitation of
electronic states of diatomic molecules (eg.
CO, ) and in the process, to
resolve individual vibrationally excited levels within the electronic transition.
These investigations are still very much in the preliminary stages but it is
clear that they, and a range of other studies, are now possible. Obvious
atomic candidates for a detailed study of near-threshold electronic excitation
would appear to be the lowest-lying ns levels (n=2,3,4,5,6) for He, Ne, Ar, Kr
and Xe.
These cross sections have been extensively studied, both
experimentally and theoretically, for electron impact and there are a number
of theoretical approaches, together with those above, that could be readily
extended to calculations of positron impact. This sequence of excitations has
the added attraction that, in each case, two of the excited states are metastable
(
in He, ns (J=0,2) in Ne-Xe) and thus, in electron scattering, they are
either excited solely via the exchange interaction, as in the L-S coupled atom
He, or by a combination of exchange and spin-orbit effects in the heavier rare
gases. In the case of positron scattering exchange is not possible, and thus
any excitation amplitude of the metastable states could be an indicator of the
extent spin-orbit interaction in the collision process. It is generally believed
(see eg. [62]) that positron collisions do not involve sufficient penetration of
the atomic charge cloud in high Z atoms to enable spin-orbit interaction to
take place during the collision. This has been confirmed by relativistic
calculations [63] in xenon which indicate that spin-dependent effects are at
least several orders of magnitude smaller for positrons than electrons.
However further calculations [64] indicate that such effects may be
observable in measurements of the so-called coherence and correlation
parameters, involving, for instance, the measurement of the polarization of the
radiation emitted from an atomic state excited by positron impact. Such
experiments would no doubt be extremely difficult.
The initial measurements of electronic excitation in
CO and
[61],
including the observation of vibrationally resolved excitation in CO, indicates
that electronic excitation of molecules could be a fertile field for
investigation. A cursory glance at the energy levels of the diatomic molecules
indicates that the best candidates for “clean” experimental studies involving
isolated electronic states may be
and
The lowest lying electronically
excited state in
which can be excited by positron impact on the
ground state is the
level with a threshold at 11.19 eV. The vibrational
manifold of this state has an energy separation of about 167 meV and the
nearest singlet state is the
state at 12.29 eV. In the case of
the
lowest lying electronically excited state which can be excited by positron
impact on the
ground state is the
state at 4.34 eV. This state is well
separated from the next highest triplet level, the
state at 6.12 eV and it’s
vibrational levels are separated by about 100 meV.

402

In the case of there are two calculations in the literature for the positron
impact excitation of the
state. Mukherjee et al. [59] used a closecoupling approach to calculate ICS in the energy range 15-75 eV and Lino et
al. [60] used the Schwinger multichannel method to calculate both DCS and
ICS at energies between 13.5 and 30 eV. These two calculations differ by
significant amounts - a factor of between 5-10 in the overlapping energy
range. Preliminary measurements for the B state of
[61] indicate integral
cross sections from threshold to about 30 eV which appear to be in better
accord with the Schwinger calculation.
Whilst measurements of cross sections in
and CO are not as
straightforward, due to the overlapping nature of the lowest excited (singlet)
states, the initial measurements [61] indicate strong inelastic scattering for
these states in
and CO
Excitation
of the
states is believed to be of importance as the primary trapping
mechanism in positron accumulators, such as those employed by the San
Diego group, and measurements of absolute cross sections for these states
would enhance the modelling capabilities for such positron traps. The cross
section for the CO states at near-threshold energies is large (
at 10 eV)
and it displays clearly resolved vibrational structure indicating that perhaps
one of the three overlapping states involved in the excitation process provides
the dominant contribution to the measured cross section.
Accurate
measurements could be used to determine this and, in both cases, comparison
with scattering theory would clearly be worthwhile.
2.1.4

Ionization

There have been many measurements of ionization cross sections for
positron impact on atoms and molecules. These include measurements of
both direct ionization and ionization with positronium formation. Examples
of this work for H [65-66], the rare gases [eg. 67-69] and molecules
(including dissociative ionization) [eg. 70-72] are readily available in the
literature. In general there is good agreement between the cross sections from
various groups when comparison is possible.
Once again the possibilities for new information are most pressing for
near-threshold effects. Klar [73] calculated the threshold behaviour of the
total cross section for positron impact ionization of atoms and demonstrated
that
and that this relationship should hold for excess energies of a
few eV. Ashley et al. [74] have measured the energy dependence of the direct
ionization cross section for near-threshold energies and fitting their data
resulted in an exponent of 1.99 although these difficult measurements were
performed with an energy resolution of about 0.5 eV. Recently Ihra et al. [75]
have applied a modified Wannier threshold law, with an energy dependent
correction term, to positron impact ionization and find better agreement with

Future opportunities for positron-atom (molecule) scattering

403

the experimental data [74], particularly at excess energies greater than a few
eV. Thus it may be timely to repeat the above measurements in the nearthrehold region with the high resolution beams now available from positron
accumulators. It may also be possible to test the role of electron-positron
correlations in the near-threshold escape process by measuring the energy
distribution of the departing positrons.

2.2 High Resolution Spectroscopy - Resonances and Other
Features
The energy dependence of many electron scattering cross sections are
replete with interesting features - resonances, virtual states, cusps, cascade
contributions. These features are due to a number of possible processes, the
binding, temporarily or otherwise, of the projectile electron to the atomic or
molecular target; the interference between partial waves on the opening of a
new scattering channel; or a step in the cross section at the threshold of a
higher excited state due to that state decaying into the state of interest. Such
features have long been sought in positron scattering cross sections but a
combination of nature and technology has largely mitigated against their
observation until now. For instance, the combination of the attractive
Coulomb potential and repulsive centrifugal potential that leads to the classic
occurrence of quasi-bound states – “shape resonances” – in many atomic and
most molecular systems is not a common feature of positron scattering where
the Coulomb potential is repulsive.
It is also true to say that the
overwhelming majority of positron scattering experiments to date have, by
necessity, been performed with reasonably poor energy resolution and, as a
result, any sharp and/or weak features are unlikely to have been observed.
Nonetheless, there have been several enticing reports of structures
observed in measurements of positron scattering cross sections. The first was
in the measurements of Campeanu et al. [76] and Kauppila and Stein [77]
who found evidence for a cusp in the elastic scattering cross section for He at
the threshold for positronium formation. This feature had earlier been
predicted in calculations by Brown and Humbertson [78]. Dou et al. [21-22]
reported a structure in the energy dependence of the intermediate-energy,
elastic positron-argon and positron-krypton scattering cross sections at a range
of scattering angles. They attributed this to a new type of scattering
resonance and speculated that it arose from coupling between the elastic and
various inelastic scattering channels. However, later measurements by the
same group [79], and by Finch et al. [23], did not confirm these results and
the existence of the structure, and its interpretation remains uncertain. There
have also been recent measurements [80-81] of positron impact ionization
which indicate structure in the ejected electron spectra due to a process which
has become known as electron capture to the continuum (ECC). This
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structure is interpreted as being due to a post-collision-type interaction
between the ejected electron and scattered positron in which the electron gains
energy and is captured into a low-lying continuum state.
The other area where there has been great activity regarding positronatom(molecule) bound states and resonances has been in the effort to
understand the anomalous positron annihilation rates that have been observed
for a number of atomic and molecular systems. This work, and the various
mechanisms of positron binding which may be responsible for the anomalous
rates, are discussed elsewhere in this volume (see for example the articles by
Gribakin, Mitroy et al, Mella et al., Schrader and Moxom, and Surko) and we
shall not dwell upon it here.
Thus it is fair to say that the search for positron scattering “resonances” –
processes whereby a positron projectile is attached to a target atom or
molecule to form a quasi-bound state – is still an open book. Given the
experimental difficulties it is perhaps not surprising that the largest number of
“observations” of resonances and other structures have been in theoretical
calculations, and the overwhelming majority of these have been in
calculations on light atomic systems such as H and He. In particular there
have been a large number of calculations regarding the existence of Feshbach
resonances near the n=2 excited states of atomic hydrogen. These were first
proposed by Mittleman [82] and have been investigated since by a wide
variety of techniques such as close-coupling, complex coordinate, R-matrix
and hyperspherical close-coupling approaches. A nice summary of the results
from these approaches has been provided by Gien [83]. The essential features
of the most sophisticated of these calculations (eg. [83-85] and references
therein) are the identification of a large number of resonances below the
thresholds for both H(n=2) and Ps(n=2) and the H(n=3) and H(n=4)
thresholds.
Whilst there is some variation in the predicted widths of these features it
would appear that almost all are predicted to be less than 1 meV wide and it is
uncertain as to whether the resonance cross sections are large enough to
render them visible in a high resolution (~25 meV) positron scattering
experiment. It appears from the calculated cross sections of Mitroy and
Ratnavelu [84], that the most likely candidate for such an observation in H
would be in the following channels:
Positronium formation

H(n=2) excitation.
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Atomic hydrogen would clearly be an ideal candidate for such a search of
positron scattering resonances, given the considerable amount of theoretical
work which already exists. Similar resonances in electron scattering have
been revealed in a beautiful series of measurements by Williams [86].
However, given the considerable experimental difficulties posed by atomic
hydrogen sources, in combination with those posed by high resolution
positron beams and scattering experiments, H may not be the most pragmatic
choice for such a target, at least in the first instance. There is, of course, no
reason to believe that the mechanisms which lead to resonance formation in H
will not also be present for other, more tractable, gas targets. Indeed, in
coupled-state calculations, Campbell et al. [87] have revealed similar
structures near the
thresholds and the Ps(n=2) threshold for positron
scattering from He. It is likely that such resonances are excited in positron
collisions with most atoms and molecules and thus a search of various
scattering cross sections, particularly the total, positronium formation and
electronic excitation channels, would be well worthwhile.
The other prominent feature that has attracted much theoretical attention is
the “cusp” which is thought to occur in the elastic scattering cross section at
the opening of the positronium formation channel. In addition to the early
work mentioned above in this field, a more recent summary and R-matrix
analysis of data for hydrogen, all of the rare gases, and some molecules can be
found in the work of Meyerhof et al. [14]. In this work the derived elastic
cross sections indicate an increasing propensity for cusp formation at the Ps
threshold for the heavier rare gases. Van Reeth and Humbertson [35, 88-89]
have also used the Kohn variational technique to calculate the positronium
threshold effect for H and He. In the case of helium they show that Ps
formation is dominated near threshold by a step-like increase in the s-wave
phaseshift. They further predict, by convoluting their cross sections with a
Gaussian energy distribution function, that this step should be observable in
measurements of the total cross section if the experimental energy resolution
is of the order of 20 meV. Based on this, and the work of Meyerhof et al., it
would seem that a high resolution study of the total positron scattering cross
section near the positronium formation threshold would be a worthwhile
prospect in all of the rare gases.
The possibility of observing positron-molecule scattering resonances is a
question which is a little more difficult to address. To the best of our
knowledge there are very few published calculations showing the existence of
sharp resonances in positron-molecule scattering collisions and no
experimental observations.
Of those calculations that have predicted
resonances it is, however, interesting to note that Gianturco and Mukherjee
[45] attribute the near-threshold behaviour of the vibrational excitation cross
sections (0-1) for both
and
to resonance enhancement due to the shape
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of the effective potential. As we mention above, this enhanced near-threshold
cross section has been experimentally verified for
[30].
Recently, Lima [90 and this volume] has predicted a sharp Feshbach
resonance in positron scattering from
which is apparently associated with a
mix of parent states, the singlet B, E and F states. They predicted that this
resonance should lie just below the B state and attempts are presently
underway [61] to search for the existence or otherwise of this proposed
resonance. A program of measurements involving a comprehensive search,
with high energy resolution (~25 meV) of the total scattering cross section for
the diatomic molecules
NO and CO in the region of the lowest
lying excited state thresholds would seem warranted.
2.3 New Experimental Techniques

There have been a range of new developments in electron physics in
recent years which may have direct relevance and application to positron
scattering experiments with atoms and molecules.
Recent advances in detector technology have greatly enhanced the
kinematic possibilities for collision experiments. A revolutionary new
development has been the use of several large area position sensitive detectors
(PSD’s), in conjunction with localised electric and magnetic fields, such that a
range of reaction products resulting from the same collision can be separated
and individually detected. In this way the energy and momenta of all the
particles resulting from the collision process can be measured such that
kinematically complete experiments can now be undertaken. For example, the
positions and arrival times of the positive ion and the two electrons that arise
from a high energy (e,2e) ionization collision can be used to completely map
the kinematics of the single ionization process. Such techniques have now
been applied in the fields of atomic and molecular photo-ionization, high
energy ion-atom scattering and high energy electron impact ionization [3]. In
each of these cases, either the lack of charge on the projectile, or its high
incident energy, mean that it suffers little deviation as a result of the applied
fields on its way to the collision volume.
Such techniques could hold out much promise for future developments of
low energy positron-atom(molecule) collisions as well. A system of several
large area PSD’s immersed in a uniform electric field could readily be used to
uniquely analyse the energy and momenta of all the low energy elastic and
inelastically scattered positrons which result from a low energy
positron collision. Some consideration would need to be given to pulsing the
positron source, which would need to be a high resolution, electrostatically
guided beam, and to pulsing the electric field and to gating the detectors.
However, the energies and field strengths involved are reasonably small, the
nanosecond time scales readily achievable and, most importantly, the incident
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fluxes that are required are very small. The enhancement in efficiency that
such an experiment promises over that obtainable with conventional
spectrometers is enormous.

3.

SUMMARY AND CONCLUDING REMARKS

In summary, it would appear that there is a bright future for scattering
experiments with the new generation of trap-generated, high resolution
positron beams. As has been pointed out in the text there is capacity for
further, or initial, accurate scattering measurements in the following areas:
Total positron scattering cross section measurements for selected
atoms and molecules at very low energies and with high resolution
High resolution, total positron scattering cross section measurements
for selected atoms and molecules in the vicinity of the excitation
thresholds for the lowest-lying electronic states with the aim of
detecting narrow Feshbach resonances
High resolution, elastic (or total) scattering cross section
measurements for the rare gases in the region of the positronium
formation threshold with the aim of measuring the predicted cusp
Absolute DCS for elastic scattering from the rare gases at low to
intermediate energies (0.1 - 30 eV)
Absolute DCS for elastic scattering from simple diatomic and
polyatomic molecules at low energies (0.1-10 eV)
Absolute ICS for vibrational excitation in simple diatomic and
polyatomic molecules at low energies (0.1-10 eV)
Absolute ICS for the excitation of low-lying electronic levels of the
rare gases and diatomic molecules at near-threshold energies (0.1-10
eV
High resolution measurements of the energy dependence of the nearthreshold total ionization cross section for a target such as a rare gas
(eg. He or Ar)
Furthermore, it would appear that the new techniques that have been
developed for scattering experiments with positrons could (and should) be
applied with some distinct advantages to low energy electron scattering. As
figure 2 demonstrates there are clear advantages in the trap plus magnetic
scattering technique for the measurement of integral cross sections. Such a
technique could be readily applied to trapped electrons with only some minor
modifications to the apparatus and to the detection techniques that are
employed. There are a host of inelastic electron scattering processes at nearthreshold energies which would benefit from the level of accuracy which
arises from such a direct means of measurement. Taken in combination with
the significant body of differential scattering cross sections which exists for
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electrons, this would provide a powerful tool for the careful evaluation of
electron scattering theory and for the provision of absolute integral cross
sections for technologically relevant processes. Conversely, it would also
provide a means to carefully test the capabilities of the trap plus magnetic
field scattering technique in systems where sharp, strong resonance features
are known to exist. Measurements for molecules such as
NO and CO,
where low energy shape resonances are so prominent that they dominate even
the total scattering cross section, would provide such a rigorous test.
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Abstract

1.

Two basic mechanisms of positron annihilation in binary collisions with
molecules are considered - direct and resonant. The contribution of the
former is enhanced, together with the elastic scattering cross section, if
the positron has a low-lying virtual level or a weakly bound state with
the molecule. For room-temperature positrons it can give
up to
The latter mechanism is a two-stage process, whereby the positron is
first captured into a vibrationally excited state of the positron-molecule
complex, and then annihilates from this quasibound state. It operates
only for molecules with positive positron affinities. Its contribution is
proportional to the level density of the vibrational resonances, and may
give
up to

ANNIHILATION CROSS SECTIONS AND
RATES

The process of electron-positron annihilation is described by quantum
electrodynamics. In the non-relativistic Born approximation the annihilation cross section averaged over the electron and positron spins is
given by [1]

where is the relative velocity, is the speed of light, and
is the
classical electron radius defined by
and
being the
electron charge and mass. The cross section (1) obeys a pure
which characterises the near-threshold behaviour of inelastic processes
with fast particles in the final state. Note that “near-threshold” here
means
which is always true in the non-relativistic limit.
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For small velocities
the Born approximation is
invalid, and it is necessary to take into account the electron-positron
Coulomb interaction. The typical electron momenta in the annihilation
process are
The corresponding distances
are much
smaller than those where the relative wavefunction varies considerably,
Therefore, in the non-relativistic limit the annihilation takes
place when the electron and positron are found at the same point, and
the cross section (1) must be multiplied by the density at the origin [2]

where is normalised to a plane wave
at large distances.
Obviously, this leads to an increase of the annihilation cross section.
When positrons annihilate on many-electron targets, such as atoms
or molecules, the annihilation cross section is traditionally written as [3]

The dimensionless effective number of electrons
allows for the fact
that the target contains more than one electron, and takes into account
the distortion of the positron wavefunction by the interaction with the
target electrons. If the Born approximation were applicable at large
positron velocities,
would be equal to the total number of electrons
in the target Z.2
At small positron energies
can be very different from Z. First,
there is a strong repulsion between the positron and the nucleus, which
prevents the positron from penetrating deep into the atom. As a result, most of the annihilation events involve electrons of the valence and
near-valence subshells, making
smaller. On the other hand, outside
the target the positron motion is affected by an attractive long-range
polarisation potential
where
is the dipole polarisability of
the target. This leads to an increase of the positron density near the target and enhances
There is also a short-range enhancement of
due to the Coulomb interaction which draws together the annihilating
1
Atomic units
where
and the Bohr radius
are used throughout the paper.
2
Of course, at large velocities one must also consider other inelastic processes such as positronium (Ps) formation which leads to positron annihilation. In fact Eq. (3) only makes sense
for targets with ionisation potentials I above the Ps ground-state binding energy
eV. For targets with I < 6.8 eV, the inelastic Ps-formation channel is open right from threshold, and Ps formation followed by its annihilation is the dominant annihilation mechanism.
The latter is also true for targets with
at positron energies
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electron and the positron. It has the same physical origin as Eq. (2),
although this equation is not directly applicable. For bound electrons
there is a whole distribution of relative velocities
au, and the
electron-positron Coulomb attraction is screened when the positron is
outside the target. This short-range effect should be stronger for targets
with loosely bound electrons which have smaller momenta.
Mathematically all these effects are described by a formula which
follows from the definition (3) and discussion above Eq. (2):

where and r are the coordinates of the electrons and positron, respectively, and
is the total wavefunction of the system. It
describes scattering of the positron with initial momentum k from the
atomic or molecular target in the ground state
and is normalised at
large distances as

Equation (4) refers to annihilation in binary positron-molecule collisions. This regime is realised in experiments performed at low gas
densities and the quantity measured is the annihilation rate

In experiments the positrons are usually not monoenergetic, but rather
characterised by a momentum distribution. For thermalised positrons
the latter is Maxwellian, and the experimental value of
corresponds
to a Maxwellian average of
Equation (6) is also used to describe
experiments at large densities where
becomes density dependent [4].

2.

FOR ATOMS AND MOLECULES

The most accurate
values have been obtained in calculations for
simple systems like H and He [5, 6], and in experiments for He [7]. For
other systems experimental values are more reliable, although there is
a good theoretical understanding of
for noble-gas atoms [8, 9], and
there have been several calculations for simple molecules [10, 11, 12].
A collection of
for the hydrogen and noble-gas atoms, simple
inorganic molecules and alkanes and their perhalogenated substitutes is
presented in Tables 1, 2 and 3. Earlier experimental data were obtained
by observing annihilation of positrons from a radioactive source in dense
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gases. However, most of the information on
especially for large
organic molecules, comes from measurements in a positron trap [13, 14].
This set-up ensures that the positrons are fully thermalised, and the
annihilation takes place in binary collisions, since the tested species are
introduced at very low pressures.

It is obvious from Table 1 that even for atoms
considerably exceeds the number of the valence electrons. A simple possibility for enhanced annihilation was pointed out in [18]. It is realised when the
positron forms a low-lying virtual level or a weakly bound state with
the target, at the energy
In both cases
and
the magnitude of low-energy elastic scattering cross section is similarly
enhanced:
(see Sec. 3). The noble-gas atom sequence illustrates this effect nicely. The increase of the dipole polarisability and
the decrease of the ionisation potential leads to stronger positron-atom
attraction, lowering of the virtual states (smaller
and rapid growth
of
[9, 19].
However, this type of enhancement is limited by finite positron momenta, as the growth of both
and
saturates for
[20]. For
room-temperature positrons
au, values of
much greater
than that of Xe
cannot be obtained.
Turning to molecules now, we see that enhanced direct annihilation
may account for
for most simple inorganic molecules, as well as
and fluoroalkanes, Tables 2 and 3. However,
for
and
are already at its limit, and those of heavier alkanes and chloroand bromoalkanes are way beyond it. The record
values found are
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for antracene
[21] and
for sebacic acid dimethyl
ester
[22]. In fact, the first observations of high annihilation
rates for alkanes with
and
were made in 1960’s [23].
What makes the
data remarkable is not just their magnitude, but
the very rapid dependence on the size of the molecule, e.g.
for alkanes, where N is the number of atoms. There is also a striking
contrast between the alkanes and their fluorinated counterparts. In spite
of a much greater number of valence electrons in the latter, their
increase almost linearly with the size of the molecule. This is an example of
a strong chemical sensitivity illustrated further in Table 4, which shows
that replacing one hydrogen atom by another atom or a small group leads
to huge changes in
As a result of high annihilation rates, many large
organic molecules display large ionization-fragmentation cross sections
by positrons at sub-Ps-threshold energies [24]. Clearly, these phenomena
cannot be explained by a simple picture of direct “in-flight” annihilation
of the positron.
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The estimates of
made above ignore the possibility of positron
capture by an atom or molecule, which would be possible if the positron
had a bound state with the target. In fact, high
values have always
been interpreted as an indirect evidence of the existence of such states
[13, 17, 23].
The only way for a free positron to shed excess energy and become
truly bound in a binary collision is via radiative recombination. The
corresponding rate
[25], has the same magnitude in powers
of as direct annihilation (6), and its contribution to annihilation is
small,
For a positron colliding with a molecule the energy can be absorbed
by molecular vibrations3. Since the spectrum of molecular vibrations
is discrete, this may only take place at specific positron energies
where is the energy of the positron-molecule bound state, and
is the energy of the vibrational excitation. These energies correspond
to the positions of positron-molecule resonances, or quasi-bound states.
The resonances have finite energy widths
where is their
lifetimes. The latter are determined by the positron annihilation rate
in the (quasi)bound state, as well as the rate of positron emission back
into the continuum4.
Such resonances, often called vibrational Feshbach resonances, are
well known in electron-molecule scattering [27]. For positrons, the contribution of a single resonance to the annihilation rate was considered
theoretically in [28, 29]. The resonances were also thought to be behind
the large annihilation rates and strong dependence on the molecular
size for alkanes [13], and in Ref. [30] they were mentioned in relation
to the problem of fragmentation of molecules by positron annihilation.
However, only in a recent paper [20] the contribution of resonant annihilation to
has been properly related to the widths and density of
the resonances and their symmetry (see Sec. 4). Most importantly, the
analysis shows that the resonant mechanism fully accounts for most of
the observed effects.
A necessary condition for the resonant annihilation is the existence of
the positron-molecule bound state. Untill recently very little was known

3

Electronic excitations have to be ruled out. For most of the molecules they lie above a few
eV and are inaccessible for thermal positrons. On the other hand, molecular rotations have
very small level spacings. However, at low energies the positron wavefunction is dominated
by the s wave, and exchange of angular momentum between the positron and the molecule
is suppressed, at least for non-polar molecules.
4
If the quasibound positron-molecule complex undergoes collisions with other molecules, it
can be stabilised against positron emission. This effect will result in density dependent
[26], and should not be considered in the binary-collision regime.
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for certain about the possibility of positron binding to neutral atoms
or molecules. This situation has changed dramatically now, at least in
regards to positron-atom bound states [31, 32]. At present there are
about ten atoms for which binding has been either proved or established
beyond resonable doubt in theoretical calculations. This development
was not entirely unexpected [33]. Even the information inferred from
about the virtual states for positrons on noble gas atoms suggests
that neutral species with dipole polarisabilities greater, and ionization
potentials smaller than those of Xe, are likely to form such bound states.
However, obtaining accurate binding energies is a difficult problem [31].
It requires the use of sophisticated computational tools to account for
strong electron-positron correlations.
Much less is known about positron binding with molecules. It has
been demonstrated in calculations for a few strongly polar diatomic
molecules [32], e.g. LiH, BeO and LiF. Unlike atoms, these molecules
bind positrons even in the static Hartree-Fock approximation, although
correlations are very important in determining the actual value of the
binding energy [34, 35, 36, 37].
Annihilation data do not show much correlation between
and the
size of the molecular dipole moments [14]. For non-polar molecules large
which cannot be accounted for by the direct annihilation mechanism,
present the strongest evidence for the existence of positron-molecule
bound states and vibrational resonances (Sec. 4).

3.

DIRECT ANNIHILATION

Let us first assume that the electron-positron degrees of freedom are
completely decoupled from the nuclear motion, e.g. if the nuclei are fixed
at their equilibrium positions. The scattering wavefunction is then determined by the positron interaction with the charge distribution of the
ground-state target and electron-positron correlation interaction (polarisation of the target, virtual Ps formation, etc.). The corresponding
wavefunction
satifies the Schrodinger equation
where T is the kinetic energy operator, U is the sum of all Coulomb
interactions between the particles,
is the target ground-state energy
and
is the positron energy.
Consider annihilation at positron energies well below the Ps-formation
threshold. Although the positron pulls the target electrons towards it5,
5
A simple way to estimate this effect is to consider the formation of virtual Ps. The energy
of its centre-of-mass motion is negative,
and the Ps atom cannot
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the annihilation takes place within the range of the ground-state electron
cloud [38]. In other words, the positron annihilates when it is at the target, and the distances which contribute to the
integral (4) are small.
At such distances the interaction between the particles, represented by
U on the left-hand side of (7), is much greater than the positron energy. Therefore, the
term can be neglected and the solution of the
equation
at small distances does not depend on the positron energy,
except through a normalisation factor.
In accord with Eq. (5), the wavefunction
when the positron is
just outside the target contains a linear combination of the incident and
scattered positron waves

where
is the scattering amplitude. Taken at the target boundary
this function determines the normalisation of
inside the target,
where the annihilation takes place. For low positron momenta
the scattering is dominated by the wave and
can be replaced by
the
amplitude
As a result, the integrand in
of Eq. (4) is
proportional to

and one obtains the following estimate [20]

where is the electron density in the annihilation range (possibly be
enhanced due to short-range electron-positron correlations),
is the
range of distances where the positron annihilates, and
is the elastic
cross section, which is dominated by the
contribution,
at low positron momenta [42]. In the zero-energy limit
it is determined by the scattering length
since
for
Note that if the target has a permanent dipole moment, the
long-range
dipole potential dominates the low-energy scattering
and makes the derivation of Eq. (10) invalid. In particular, it makes
infinite [2], while
remains finite.
move far away from the parent target. Its wavefunction behaves as
estimates how far the virtual Ps can be from the target. For small
distance remains small, e.g. for I = 10 eV,

and
this
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Equation (10) allows one to analyse the typical features of
due
to direct annihilation. The factor
in (10) can be estimated
using the electron density at the origin of
and
which yields F~ 0.5. Therefore, unless
is much greater than
the geometrical size of the target, direct annihilation gives
When the scattering cross section is large the annihilation rate is
greatly enhanced. Indeed, if the positron has a virtual or bound state
with the energy close to zero,
the
scattering amplitude is given by [2]

and the cross section peaks strongly at small momenta,
its magnitude being much greater than the geometrical size of the
target6. In this case the last term in brackets in Eq. (10) dominates,
and
shows a similar peak [18, 19, 43],

At zero positron energy both
and
can be made arbitrarily large by choosing ever smaller
However, for finite momenta the
maximal possible values of
are limited, e.g. for room temperature
positrons,
This means that relatively large values of
can still be understood in
terms of the direct annihilation mechanism enhanced by the presence of
a low-lying virtual or weakly-bound positron-target state. On the other
hand, observations of
with room-temperature positrons most
certainly require a different mechanism.
Figure 1 illustrates a strong correlation between the elastic scattering
and
suggested by Eq. (10). It presents a selection of
values
for a number atoms and small molecules, as a function of
For atoms
the data are taken from the theoretical calculations of Ref. [44] for
hydrogen, and Ref. [8] for He, Ne, Ar, Kr and Xe. Since Eq. (10) is
valid for low positron momenta, only a few data points with
are
used for each atom. Plotted for molecules are the experimental
from
6

It must be mentioned that the long-range
polarisation potential modifies this
functional form, and in particular leads to a more rapid
of
and
see
Ref. [20], Eqs. (22) and (23). However, this does not affect the present estimates of
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Refs. [14, 17], against the momentum-transfer cross sections
from
Ref. [45], obtained with room-temperature positrons7. As seen from the
figure, within a factor of 2 or 3, the relation between
and
holds
over a very large range of their values.
In the case when the positron forms a weakly bound state with the
atomic system (with I > 6.8 eV), one can also relate
at zero energy
to the spin-averaged positron annihilation rate in the bound state [46].
Neglecting
annihilation, the latter is given by

where
is the wavefunction of the bound state. When the positron is
outside the atomic system, i.e. at
we have

where A is the asymptotic normalisation constant. For a weakly bound
state
the positron exponent in (15) is very diffuse. The main
7

At low projectile energies

scattering dominates and
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contribution to the normalisation integral

comes from large positron distances, and after substituting (15) we obtain
At zero positron energy we can use the amplitude
in Eq. (8), and neglect the incident plane wave in comparison with
since
is anomalously large. In this case a comparison
of Eqs. (4) and (8) with (14) and (15), immediately yields

In Table 5 we have applied this formula to estimate
for a number
of atoms and LiH molecule where bound positron states were obtained
in large-scale stochastic variational calculations [31]. It is obvious that
larger
are found for those atoms which have smaller
i.e. where
the enhancement due to a weakly-bound state is stronger.

Let us now follow the same line of argument which lead from Eq. (4)
via Eq. (8) to the estimate of
by Eq. (10). Starting from
(14)
and using Eq. (15) we obtain

This formula shows that
is proportional to
i.e. positron states
with smaller binding energies have lower annihilation rates. This is a
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simple manifestation of the normalisation of the positron wavefunction.
A smaller corresponds to a more diffuse positron cloud, hence, a smaller
probability to find the positron in the vicinity of the atom, where the
annihilation takes place. This result is also discussed in Ref. [43].

The plot of
vs based on the data from Table 5 supports the
validity of Eq. (18). Even the datum for the LiH molecule, in spite of
its large dipole moment (5.884 Debye [48]) and relatively large follows
the trend. The slope of the straight-line fit can be used to estimate the
factor
This gives
remarkably close to our earlier
crude estimate.
The value of
for LiH given in Table 5 represents only the contribution of direct annihilation. For this molecule the positron binding energy
is greater than its vibrational frequency
[49]. As a result, the
compound should possess a series of
vibrationally excited bound states [50]. Such states could manifest as
resonances in the positron-molecule continuum8, and give an additional
contribution to
Let us analyse this possibility in detail.

4.

RESONANT ANNIHILATION

The annihilation mechanism discussed in this section operates for
molecules which have bound states with the positron. Assuming that
the coupling V between the electron-positron and nuclear degrees of
8

For positrons scattered from LiH the lowest inelastic threshold open at all positron positron
energies, is dissociation into
and PsH. Formation of PsH followed by positron annihilation
within it will probably be the main annihilation channel for this particular molecule.
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freedom is small, we can represent the total scattering wavefunction for
such targets as

Here
describes direct, or potential [2] scattering of the positron by the
ground-state molecule, which we examined in Sec. 3. The second term
has the appearance of a standard perturbation-theory formula. It describes positron capture into vibrationally excited (quasibound) states
of the positron-molecule compound9. Their energies are complex,
because these states are unstable against positron annihilation and positron re-emission back into the continuum. The width
is
the sum of the annihilation and emission widths:
This
formula implies that at low positron energies the only open inelastic
channel is annihilation. For positron energies above the molecular excitation threshold the width will also contain a contribution from positron
emission accompanied by excitation of the target.
The capture into the state v is maximal when the energy of the system
is the target ground-state energy) is close to
i.e.
the resonances are observed at positron energies
The
contribution of a resonance v to the annihilation cross section is given
by the standard Breit-Wigner formula [2]:

where we assume that the positron is in the
defined by Eq. (3), this means

wave10. In terms of

The annihilation width
is given by a formula similar to Eq. (14), and
the ratio
is the average electron density at the positron
The
index has been dropped because this density is practically the same
for different nuclear vibrational states (as is
A simple estimate of
is provided by Eq. (18),

9

In the first approximation they can be written as
where
is the electronpositron bound state wavefunction, and
are the wavefunctions of the nuclear motion.
10 Contributions of the higher partial waves contain an additional factor 2l + 1.
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Using F = 0.66 obtained from Figure 2 we find that for a state bound
by 1 eV
this density is about 70% that of Ps,
and
can be used for rough estimates. This corresponds to the
annihilation width
The spectrum of vibrational excitations in large molecules can be very
dense. Hence, contributions of many resonances must be included:

For non-monochromatic positrons the individual resonances cannot be
resolved, and the observed rate corresponds to an average

over an energy interval which contains many resonances. The contribution of any given resonance drops rapidly for
and the
integration can be taken formally from
This gives

where D is the mean energy spacing between the resonances, and
denotes the average value11.
At this point the origin and size of enhancement of
due to the
positron-molecule resonances become clear [20]. If the positron emission
width of the resonances is not too small,
we have
and

This result means that
is simply proportional to the energy density
of vibrational resonances
In heavier and larger molecules vibrational level spacings D become small, which means that very large
can be obtained.
Take for example a simple
molecule [51]. It has a single vibrational
mode
au [48]. Assuming that a weakly
bound positron makes little change in the vibrational frequency,
11

A similar estimate of the resonant contribution to the elastic scattering,
shows that it is not enhanced compared with the potential scattering.
On the contrary, it is probably quite small.

Theory of positron annihilation on molecules

427

and using
we obtain
at
This value
is much greater than the maximal
In fact, it is also greater than
the experimental
[52]. This apparent discrepancy is easy
to account for. Firstly, for a weakly bound state with a small
is smaller than
see Eq. (22). Secondly, the vibrational spacing for
is greater than the thermal energy
(at T = 293
K). Therefore, there is at most one resonance within the positron energy
range and instead of using Eq. (26) a proper Maxwellian average should
be taken (see below).
The vibrational spectrum density increases rapidly with the size of
the molecule. This would explain the experimental results for alkanes,
Table 3. Perfluorinated alkanes have smaller vibrational spacings. The
only way to understand their small
is to conclude that resonant
annihilation is simply switched off for them, because the positrons do
not bind to these molecules12, as well as to
[53]. Indeed,
for
perfluoroalkanes are within reach of the direct mechanism, their increase
with the size of the molecule caused by lowering of the virtual state.
On the other hand, replacing hydrogen atoms with Cl or Br lowers the
vibrational frequencies and retains (or even strengthens) the positron
binding, and makes resonant annihilation stronger.
The maximal value of
is obtained for the smallest spacing
when
For room temperature positrons this means

which corresponds to the unitarity limit of the
annihilation cross
section:
Equation (25) also shows that a common notion that larger resonance
lifetimes
mean greater annihilation rates, is incorrect. This
notion originates in a classical picture which tells that the probability of
positron annihilation is proportional to the time it spends near the target. The classical picture itself is in fact correct, but one must remember
that the classical period of motion corresponds to
where
is the difference between two consecutive eigenstates [2]. This
period appears in Eqs. (25) and (26) as the 1/D factor.
The lifetimes of the resonances are limited by annihilation:
Maximal lifetimes are achieved for
However, very small emission widths mean that the resonances become almost decoupled from
the positron-molecule continuum. In this case the resonant annihilation
12

Fluorine atoms, similarly to Ne, appear to be fairly “unattractive” to positrons [20, 41],
because of their small
and large ionization potential.
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falls below that of Eq. (26), because the positrons do not get into the
resonant states.
The positron-molecule resonance density
in Eqs. (25) and (26)
depends on the excitation energy available, as defined by the positron kinetic energy and positron affinity,
and also on the structure of the
molecular vibrational spectrum. Suppose that the molecule possesses a
particular symmetry. Its electronic ground-state wavefunction is usually
nondegenerate and invariant under all symmetry transformations. Let
us call this symmetry type A. Depending on the actual symmetry of
the molecule this can be
or
If the positron forms a bound
state with the molecule, the electron-positron part of the wavefunction
of the positron-molecule complex will also be fully symmetric, i.e., of the
A symmetry type.
Consider now capture of a continuous spectrum positron into the
bound positron-molecule state. At low energies the incident positron s
wave dominates. As a result, the electron-positron part of the wavefunction of the initial (molecule and the s-wave positron) and final (bound
positron-molecule complex) states of the capture process are characterized by the same full molecular symmetry A. This imposes a constraint
on the nuclear vibrations excited during the capture process. They must
also belong to the A symmetry type.
This selection rule limits the spectrum of possible vibrationally excited
resonances. It allows arbitrary excitations and combinations of the A
modes. It also allows overtones and combinations of other symmetry
types, provided such excitations contain the A symmetry type, i.e., the
(symmetric) product of the symmetry types involved contains A among
its irreducible representations [2]. This does not mean that all such
vibrations will contribute to the density factor
in Eq. (26). Some of
them may have extremely weak coupling to the electron-positron degrees
of freedom
In this case they will be effectively decoupled
from the positron capture channel, and hence, will not contribute to
The role played by symmetry of the nuclear vibrational resonances
results in a strong chemical sensitivity of
For example, replacing
a single hydrogen atom in benzene by deuterium changes the molecular symmetry and increases the number of fully symmetric vibrational
modes, which is matched by an increase of
in Table 313.

13

Experiments show that for methane and heavy alkanes full deuteration results in a relatively
minor change of
[41], in spite of the obvious reduction of the vibrational frequencies.
However, deuteration has a smaller effect on the low-frequency backbone C—C modes, which
probably play the main part in positron capture.
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To calculate
for a molecule one must first determine the binding
energy
and annihilation density
After that one should identify
the vibrational excitations which can contribute to the resonant annihilation, and find
taking into account the symmetry of the molecule.
It is also necessary to make sure that these vibrational excitations have
enough coupling with the positron motion
otherwise they
will not contribute much to
Intuition tells us that the positron motion can be coupled stronger
to some simple vibrations which we shall call doorways. Excitation of
more complicated modes or combination vibrations could then proceed
through the doorways by means of anharmonic terms. As a result, the
coupling strength of the doorway will be re-distributed between many
complicated vibrations. In the spirit of sum rules, this means that the
original emission width
of the doorway resonance will be shared by
many narrow resonances with much smaller
On the other hand, their
level density
is much greater than that of the doorway resonances
so that
Therefore, the ratio
in molecules
with complex spectra remains approximately the same as that in simple
molecules. However, as long as
the smallness of
is not
limiting the
growth, Eq. (26). Eventually, for even more
complicated molecules the regime
takes over and the rapid
increase of
saturates. Experimentally, saturation of
has been
observed in alkanes with
Obviously, ab initio calculation of
for a large molecule is an extremely difficult problem. However, it is easy to estimate
for
simple molecules with one dominant vibrational mode. Here we can approximate the positions of the vibrational resonances by
where
is the vibrational frequency of the symmetric
mode of the positron-molecule compound. To find the thermally averaged
we calculate

where
is given by Eq. (23). Assuming that the resonances are
narrow, yet
we obtain14

14

The contribution of the vth resonance is equivalent to
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where
is the energy of the highest vibrationally-excited state
lying below threshold (for
). Note that in the hightemperature limit
this formula turns into

which could also be obtained from Eq. (26) by Maxwellian averaging of
and putting

In Figure 3 we have applied Eq. (29) to investigate the dependence
of resonant
for
on the energy of the hypothetical
bound
state. The bound-state parameter affects
through the exponent
and through
via Eq. (22) with F = 0.66. Three curves
correspond to different vibrational frequencies of
less, equal, and
greater than that of
Comparison with experiment suggests that
is bound by
For such the direct annihilation
rate should be somewhere between those of Be and Zn (Table 5), hence
would not exceed 200.
Equation (29) also enables one to evaluate the dependence of the
resonant annihilation rates on
For small positron binding energies
and “large”
only one lowest resonance contributes
noticeably to the sum, and
depends on exponentially. To
emphasize this strong dependence in Figure 4, other parameters in Eq.
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(29) are kept constant:
and
Apart from the
points for
and
the rest of the data seem to correlate well
with the slope of the curve. For molecules on the high-frequency side
of the graph, the contribution of resonant annihilation is small. In fact
they probably do not bind positrons, and their
can be explained in
terms of direct annihilation. It is conceivable that resonant annihilation
contributes to
in
if a stronger positron binding lowers the
resonance towards thermal positron energies. The datum for
again
points out that resonant annihilation does not contribute to
for
want of positron binding. For all other molecules with
the observed annihilation rates are probably sums of
and
the latter becoming increasingly important as becomes smaller.

5.

SUMMARY AND OUTLOOK

Ideas outlined in this paper provide a solid framework for the description and understanding of positron annihilation on molecules. The two
basic annihilation mechanisms, direct and resonant, should be capable
of describing the whole variety of phenomena associated with this pro-
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cess, such as large values of
their rapid increase with the size of
the molecule, and strong chemical sensitivity. Complete understanding
of resonant annihilation will require solving several difficult problems,
namely those of positron binding to molecules, energy transfer between
the positron and vibrational degrees of freedom, and formation of complex molecular vibrational resonances.
Resonant annihilation has much in common with the formation of
long-lived negative ions and dissociative attachment in low-energy electron collisions with molecules. These processes are believed to be mediated by vibrational Feshbach resonances, but they are also far from
being completely understood. From this point of view, enhanced annihilation in positron-molecule collisions is a unique signature of the
resonant nature of the process.

Acknowledgments
My appreciation and understanding of the positron-molecule annihilation problem have greatly benefited from discussions with both theorists
and experimentalists, V. Flambaum, V. Dzuba, W. King, M. Kuchiev,
O. Sushkov, J. Mitroy, K. Iwata, C. Surko, S. Buckman, M. Charlton,
G. Laricchia, and many others. This work was started at the University
of New South Wales (Sydney) which was also home to one of the first
measurements of positron annihilation on molecules by S. J. Tao some
30 years earlier.

References
[1] V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii. Quantum electrodynamics. (Pergamon, Oxford, 1982). This cross section describes two-photon annihilation, which is allowed only for the antiparallel electron and positron spins (total
spin S = 0). For S = 1 the electron and positron annihilate into three photons.
The spin-averaged cross section of three-photon annihilation is two orders of
magnitude smaller:
where
[2] L. D. Landau and E. M. Lifshitz, Quantum Mechanics, 3rd ed. (Pergamon,
Oxford, 1977).
[3] P. A. Fraser, Adv. At. Mol. Phys. 4 63 (1968).
[4] Many interesting effects are observed in dense gases and liquids, e.g. formation
of positronium bubbles and positron clusters, I. T. lakubov and A. G. Khrapak,
Rep. Prog. Phys. 45, 697 (1982), G. L. Wright, M. Charlton, T. C. Griffith, and
G. R. Heyland, J. Phys. B 18, 4327 (1985); M. Tuomisaari, K. Rytsölä, and P.
Hautojärvi, ibid. 21, 3917 (1988). Even at relatively small densities where the
mean interparticle distances are about 100 au, many gases, especially those with
large
display strong density dependence of
see e.g. Refs. [17, 26].
[5] J. W. Humberston and J. B. Wallace, J. Phys. B 5, 1138 (1972); A. K. Bhatia,
R. J. Drachman, and A. Temkin, Phys. Rev. A 9, 223 (1974); P. Van Reeth and

Theory of positron annihilation on molecules

433

J. W. Humberston, J. Phys. B 31, L231 (1998); G. G. Ryzhikh and J. Mitroy,
J. Phys. B 33, 2229 (2000).
[6] P. Van Reeth, J. W. Humberston, K. Iwata, R. G. Greaves, and C. M. Surko,
J. Phys. B 29, L465 (1996) and references therein.
[7] P. G. Coleman, T. C. Griffith, G. R. Heyland, and T. L. Killeen, J. Phys. B. 8
1734 (1975).
[8] R. P. McEachran, D. L. Morgan, A. G. Ryman, and A. D. Stauffer, J. Phys.
B 10, 663 (1977); 11, 951 (1978); R. P. McEachran, A. G. Ryman, and A. D.
Stauffer, J. Phys. B 11, 551 (1978); 12, 1031 (1979); R. P. McEachran, A. D.
Stauffer, and L. E. M. Campbell, ibid 13, 1281 (1980).
[9] V. A. Dzuba, V. V. Flambaum, G. F. Gribakin, and W. A. King, J. Phys. B
29, 3151 (1996).
[10] E. A. G. Armour, D. J. Baker, and M. Plummer, J. Phys. B 23, 3057 (1990).
[11] E. P. da Silva, J. S. E. Germane, and M. A. P. Lima, Phys. Rev. A 49, R1527
(1994); Phys. Rev. Lett. 77, 1028 (1996); E. P. da Silva et al. Nucl. Instr. and
Methods B 143, 140 (1998); C. R. C. de Carvalho et al., ibid. 171, 33 (2000).
[12] F. A. Gianturco and T. Mukherjee, Europhys. Lett. 48, 519 (1999). F. A. Gianturco and T. Mukherjee, Nucl. Instr. and Methods B 171, 17 (2000).
[13] C. M. Surko, A. Passner, M. Leventhal, and F. J. Wysocki, Phys. Rev. Lett. 61,
1831 (1988).
[14] K. Iwata, R. G. Greaves, T. J. Murphy, M. D. Tinkle, and C. M. Surko, Phys.
Rev. A 51, 473 (1995) and references therein; see also Koji Iwata, Positron Annihilation on Atoms and Molecules, PhD dissertation (University of California,
San Diego, 1997).
[15] G. L. Wright, M. Charlton, T. C. Griffith, and G. R. Heyland, J. Phys. B 18,
4327 (1985).
[16] G. Laricchia, M. Charlton, C. D. Beling, and T. C. Griffith, J. Phys. B 20, 1865
(1987).
[17] G. R. Heyland, M. Charlton, T. C. Griffith, and G. L. Wright, Can. J. Phys.
60, 503 (1982).
[18] V. I. Goldanskii and Yu. S. Sayasov, Phys. Lett. 13, 300 (1964).
[19] V. A. Dzuba, V. V. Flambaum, W. A. King, B. N. Miller, and O. P. Sushkov,
Phys. Scripta T 46, 248 (1993).
[20] G. F. Gribakin, Phys. Rev. A 61, 022720 (2000).
[21] T. J. Murphy and C. M. Surko, Phys. Rev. Lett. 67, 2954 (1991).
[22] M. Leventhal, A. Passner, and C. Surko, in Annihilation in Gases and Galaxies, NASA Conference Pub. Number 3058, edited by R. J. Drachman (NASA,
Washington, DC, 1990), pp. 272–283.
[23] D. A. L. Paul and L. Saint-Pierre, Phys. Rev. Lett. 11, 493 (1963).
[24] A. Passner, C. M. Surko, M. Leventhal, and A. P. Mills, Phys. Rev. A 39, 3706
(1989); L. D. Hulett, D. L. Donohue, Jun Xu, T. A. Lewis, S. A. McLuckey, and
G. L. Glish, Chem. Phys. Lett. 216, 236 (1993); Jun Xu, L. D. Hulett, T. A.
Lewis, D. L. Donohue, S. A. McLuckey, and O. H. Crawford, Phys. Rev. A 49,
R3151 (1994).

434
[25] For a weakly bound positron state the radiative recombination cross section can
be estimated similarly to that of proton-neutron recombination into a deuteron
[1],
where refers to the energy of the bound state
is the initial positron momentum, and is the photon energy.
[26] M. Charlton, D. P. van der Werf, and I. Al-Qaradawi, private communication,
to be published (2001).
[27] Electron-Molecule Interactions and their Applications, edited by L. G.
Christophorou (Academic press, New York, 1984), Vol. 1.
[28] P. M. Smith and D. A. L. Paul, Can. J. Phys. 48, 2984 (1970).
[29] G. K. Ivanov, Doklady Akademii Nauk SSSR 291, 622 (1986) [Dokl. Phys.
Chem. 291, 1048 (1986)].
[30] O. H. Crawford, Phys. Rev. A 49, R3147 (1994).
[31] J. Mitroy, this volume.
[32] D. M. Schrader, this volume.
[33] V. A. Dzuba, V. V. Flambaum, G. F. Gribakin, and W. A. King, Phys. Rev. A
52, 4541 (1995).
[34] G. Danby and J. Tennyson, Phys. Rev. Lett. 61, 2737 (1988).
[35] D. Bressanini, M. Mella, and G. Morosi, J. Chem. Phys. 109, 1716 (1998). M.
Mella, G. Morosi, and D. Bressanini, ibid., 111, 108 (1999).
[36] K. Strasburger, Chem. Phys. Lett. 253, 49 (1996); J. Chem Phys. 111, 10555
(1999).
[37] J. Mitroy and G. Ryzhikh, 33, 3495 (2000).
[38] C. R. C. de Carvalho et al. [Nucl. Intr. and Meth. B 171, 33 (2000)] analysed
“annihilation maps”, which show where in space the positrons actually annihilate, for He and
and concluded that “inclusion of polarisation effects,
at such a low impact energy, does not seem to significantly enlarge the region
within which the annihilation takes place”. On the other hand, large distances
and virtual Ps formation become increasingly important as the positron energy
approaches the Ps-formation threshold from below [39]. There one observes a
divergent behaviour
[40], limited only by the Ps annihilation width
au, which makes its energy complex
[39] G. Laricchia and C. Wilkin, Phys. Rev. Lett. 79, 2241 (1997) predicted the
increase of
towards the Ps-formation threshold, however their
is incorrect, as well as the explanation of large
for molecules. Their
large values of
result from a gross overestimation of the pick-off annihilation.
[40] J. W. Humberston and P. Van Reeth, Nucl. Instr. and Meth, B 143, 127 (1998);
J. Phys. B 31, L231 (1998); see also Sec. VD3 of [41].
[41] K. Iwata, G. F. Gribakin, R. G. Greaves, C Kurz, and C. M. Surko, Phys. Rev.
A 61, 022719 (2000).
[42] The difference between
and due to the contribution of higher partial waves
is of the order of
at small for scattering of a charged particle by a neutral
polarisable system, where the phaseshifts are
for
T. F. O’Malley, L. Spruch, and L. Rosenberg, J. Math. Phys. 2, 491
(1961).

Theory of positron annihilation on molecules

435

[43] J. Mitroy and I. A. Ivanov (submitted to J. Phys. B, 2001) show that F can
be related to the imaginary part of the scattering length, which emerges when
positron annihilation is treated within the general scattering theory formalism.
[44] J. W. Humberston, Adv. At. Mol. Phys. 15, 101 (1979) and Refs. therein.
[45] T. C. Griffith, Adv. At. Mol. Phys. 22, 37 (1986); M. Charlton, J. Phys. B 18,
L667 (1985).
[46] Suggested by J. Mitroy (2000); see [43] for an alternative derivation.
[47] J. Mitroy and G. G. Ryzhikh, J. Phys. B 32, 1375 (1999); G. G. Ryzhikh and
J. Mitroy, ibid, 31, 4459 (1998); 31, 5013 (1998); G. G. Ryzhikh, J. Mitroy, and
K. Varga, ibid, 31, 3965 (1998).
[48] CRC Handbook of Chemistry and Physics, 81st Edition (CRC Press, Boca Raton, 2000).
[49] G. Herzberg, Molecular Spectra and molecular Structure I. Spectra of Diatomic
Molecules. (Van Nostrand, New York, 1950).
[50] M. Mella, G. Morosi, D. Bressanini, and S. Elli, J. Chem. Phys. 113, 6154 (2000),
calculated the adiabatic potential curve of
and found that its vibrational
frequency at equilibrium
is considerably smaller than that
of LiH,
This could be a consequence of the preferential
attachment of the positron to the
end of this strongly polar molecule.
[51] I believe that
may well be the simplest nonpolar molecule likely to form
a bound state with the positron. Its dipole polarisability
au [48] is
greater than that of Xe, and it has a rather low ionisation potential I=11 eV,
which promotes additional attraction due to virtual Ps formation.
[52] S. J. Tao, Phys. Rev. Lett. 14, 935 (1965).
[53] It is instructive to juxtapose electron and positron interaction with
This
molecule is known as “electron scavenger”, as it captures electrons into extremely long-lived negative ion states [27]. The underlying mechanism must be
electron binding (
has a large electron affinity), accompanied by excitation
of a dense spectrum of very narrow multimode vibrational resonances.
[54] G. Herzberg, Molecular Spectra and molecular Structure II. Infrared and Raman
Spectra of Polyatomic Molecules. (Krieger, Malabar, 1991).

This page intentionally left blank

Chapter 23
BOUND STATES OF POSITRON WITH
MOLECULES

M. Tachikawa and I. Shimamura
RIKEN, Wako, Saitama 351-0198, Japan

R. J. Buenker
Theoretische Chemie, Bergische Universität-Gesamthochschule Wuppertal, D-42097
Wuppertal, Germany

M. Kimura
Graduate School of Science and Engineering, Yamaguchi University, Ube 755-8611,
Japan

Abstract:

1.

A study for electron binding proves that positrons should be
able to form an infinite number of bound states with molecules
in the Born-Oppenheimer approximation if the molecular
dipole moments are greater than 1.625 Debye (D) (the critical
dipole moment), although there is no comprehensive
theoretical nor experimental observation.
Characteristic
features of positron binding with molecules obtained in the
Hartree-Fock calculation are discussed in terms of the
relationship with the dipole moment of the molecules. It is
shown that the current level of the precision of theoretical
calculations based on the SCF approach has not verified the
theoretical critical dipole moment for the positron binding, and
further significant improvement is required. However, the
present results, though qualitative, provide much insight of
underlying physics of the positron binding and suggest the
future direction of research.

INTRODUCTION

It is now known that in electron
molecule systems, an infinite
number of stable electron bound states can be formed in the Born437
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Oppenheimer approximation if the polar molecule has a dipole moment
larger than
Debye (D) [1]. This is a consequence of the longrange dipole interaction behaving as
at large r regardless of the nature of
short-range interactions. Even if the dipole moment is smaller than
or
no dipole moment at all, the formation of bound states around a polar
molecule may be still possible, but their number should be finite. Indeed,
these considerations have furnished a great deal of basic knowledge of
electron attachment to polar molecules and have been found to be useful also
in the systematic understanding of low-energy electron scattering by
molecules [2].
These theoretical considerations do not depend on the sign of the dipole
interaction. Therefore, we expect that a positron
has an infinite number
of bound states around a stationary polar molecule whose dipole moment
exceeds
D at the equilibrium nuclear position, although the
spatial distribution of the positron can be expected to be opposite to that of
an attached electron. The positron may have a finite number of bound
states if the molecular dipole moment is smaller than
These
considerations, on the other hand, have not been fully appreciated in the
study of possible positron attachment to molecules.
Certainly, the effect of this long-range interaction is very difficult to take
into account in ab initio bound-state calculations. Furthermore, the shortrange part of the interaction differs between electron attachment and positron
attachment and changes from molecule to molecule. But the crucial
question to be answered is how the molecular structure and dynamics change
from those of electron attachment.
Possible positron binding states with atoms have been studied
theoretically [3], and two important mechanisms of the electron binding to
atoms have been proposed, that is (i) a positron forms a positronium within
an atom, and (ii) a positron can be trapped on a tail of a long-range
polarization potential. There is no direct experimental observation of the
existence of the positron binding state with atoms yet.
For molecular cases, there have been some theoretical attempts to
investigate a possible formation of positron bound states [4-6] based on the
Hartree-Fock, quantum Monte Carlo and other approaches. And most
calculations suggest that molecules with strong dipole moments (> 3 – 4 D)
can bind a positron. For any organic molecules, including hydrocarbons
and fluorinated hydrocarbons, there is no clear theoretical or experimental
evidence of positron binding. However, there are three experimental reports
that may imply formation of a bound positron state, at least temporarily [7-9].
Nevertheless, these experimental findings await further theoretical rationales.
In this report, we review the current knowledge regarding the binding of
positrons to molecules, and propose a possible class of systems for which a
search for positron bound states has a good probability of success. We will
begin with atomic cases, followed by neutral molecules.

Bound states of positron with molecules
2.

439

THEORETICAL BACKGROUND

A spherically symmetric potential V(r) with a Coulomb tail ~C/r at large
distances can support an infinite number of bound states for any angular
momentum 1, if C < 0. The wave functions of the higher-lying of these
bound states are concentrated at large r, reflecting the fact that they are
supported practically by the attractive long-range tail of the potential. For
positive C, the potential can still support a finite number of bound states if
the short-range part of V(r) is strongly attractive enough. A spherical
potential V(r) of slightly shorter range than the Coulomb potential but still of
fairly long range, i.e., behaving like
at large r, can support an
infinite number of bound states, provided that
[10].
For
V(r) can support a finite number of bound states if the short-range
potential is strongly attractive. The interaction between a particle (with
charge q) and a polar molecule (with a dipole moment
fixed in space
without rotation or vibration, is nonspherical and has a long-range tail
where
with angle q between the dipole and the position
vector {r}. This potential tail can support an infinite number of bound
states regardless of the sign of q, provided that
D if |q| = 1
a.u. [11,12]. The critical value DC changes if the molecule rotates [1]. If it
vibrates, as all molecules do, the dipole moment also changes around
In fact, the higher members of the infinite series of bound states are very
weakly bound and the motion of the electron or the positron in these states
can be as slow as or even slower than the nuclear motion. Then the BornOppenheimer approximation eventually breaks down for the higher members,
and only a finite number of bound states must be observable experimentally
[13]. Except for only slightly overcritical dipole moments, however, the
lower members are still expected to remain to be bound states.
Furthermore, a few remarks regarding positron binding may be
appropriate. If a positron is trapped in a very high level of a bound state,
which is in a very diffuse orbital, then the interaction between valence
electrons and the positron becomes weak. As a result, the positron may be
able to survive for a longer period of time than nano-second before it
annihilates. In dynamical aspects of this electron (positron)-molecule
system, if this anion (cation) state strongly couples with fragmentation
channels, then dissociative electron (positron) attachment may occur.
However, the coupling scheme with various fragmentation channels should
be grossly different between cation and anion states, and hence, species of
fragmented molecules are expected to be also grossly different.
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3.

POSITRON ATTACHMENT TO ATOMS

Whether a positron can form a bound state with atoms has been
thoroughly investigated by Mitroy’s group [3] by using the stochastic
variational method, and in their most recent attempt, they have found that for
most of the alkaline and alkaline-earth atoms, a positron can indeed attach
and form a stable bound state. For example, a positron can form a bound
state with Li and Na atoms with corresponding binding energy of 1.52 eV,
and 1.86 eV, respectively, thus forming
and
It was found
that the positron affinity (PA) for these species is larger than the
corresponding electron affinity. These are very weakly bound states, but
they are nevertheless “stable” in the sense that the positron bound state can
only exist within a period before it strongly interacts with electrons and
annihilates. Mitroy et al. proposed two different types of mechanisms for
the binding. The first mechanism is that a positron and one of the valence
electrons in an atom A can form a positronium, which in turn binds with the
ionic residue
i.e.,
Examples are
and
in which
the weakly bound valence electron can easily form a bound state with the
positron. The second mechanism is that the positron polarizes the atomic
electrons, inducing a long-range polarization potential. Then a positron can
attach to the tail part of this polarization potential, forming a bound state.
In this case, the positron can stay far away from the atom, giving rise to
different charge distributions for the atomic electrons and the positron.
Examples are
and
the dipole polarizabilities of Be and Mg
are as large as
and
Since their study was concerned
primarily with alkaline and alkaline-earth atoms, it is somewhat difficult to
generalize their conclusions. However, these insights are very instructive
and useful for further applications to molecular systems as described below.

4.

POSITRON ATTACHMENT
MOLECULES

TO

NEUTRAL

Before we fully describe our results for a variety of molecular systems, it
may be educational to discuss briefly positron bound states with molecular
negative ions (
ions) which were obtained by using the Hartree-Fock
(HF: SCF) method [6].
There has been an experimental report of observing the production of
positron bound states with
ions by using the method of positron impact
on aqueous solutions [14]. This process may be explained by assuming that
ions are first produced through dissociation of the
molecule by
energetic positron impact, followed by thermal positron capture by negative
ions through the strong Coulomb interaction. By using the HF method with
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inclusion of higher-order corrections, we have confirmed that indeed OHions can hold a bound state with a positron. In Table 1, we tabulate a list of
total energies for
and
and as is clear,
ions are more
stabilized by attaching positron than the
ion itself. Figure 1a displays
the electron basis functions of
while Figure 1b and 1c show electron
and positron basis functions of the
complex, respectively. From
Fig. 1a, it is clear that the electron cloud on the H atom shifts toward the O
atom because of the higher value of the electronegativity of the O atom.
Next, we add the positron to the
ion. As seen in Fig. 1b, p orbitals in
the O atom stretch out toward the positron, and are significantly deformed.
This is because the positron is more attracted by the negative charge centered
on the O atom, and eventually is captured by it.
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There have been earlier theoretical attempts to study positron bound
states to molecules by using various approaches including the HF method [4,
6] and quantum Monte Carlo method [5]. In this report, however, we
present our recent results obtained based on the HF method for various
molecules. We briefly describe our approach used. Gaussian-type
functions (GTFs) are employed as basis functions, which have been known
to possess an advantageous feature for the numerical evaluation of molecular
integrals particularly for computations of many-electron systems. The
standard basis set, commonly used in quantum chemistry molecular structure
calculations, with additional diffuse and polarization GTFs has been used for
electronic parts, while for the positron basis set, very diffuse s and p orbitals
which localize farther-out valence electrons are taken into account. In the
positron-molecule system, the electron-positron correlation as well as
electron correlation is expected to play crucial roles for obtaining a bound
state accurately. Although in the present calculation, we neglected these
effects altogether, we still have found the positron bound states with some
neutral molecules as described below. And these results, though qualitative,
provide very interesting insights of the binding mechanism, and are
considered to be a starting ground for further thorough studies.
We have carried out calculations of the following molecular series:
(1) Alkali hydride molecules
(2) Molecules with two alkaline metal atoms
(3) Molecules with an alkaline earth metal and atoms from the (16) group
(4) Molecules with an alkali metal atom and the OH group
(5) Other organic polyatomic molecules
We discuss each case separately below and include some representative
results.
4.1

Alkali hydride molecules (LiH, NaH, KH, and RbH)

One of the simplest strong polar molecules is LiH, which has been a
subject of some theoretical investigations employing a wide variety of
techniques. However, there has apparently been no report of a comparable
study for the heavier alkali-H systems. Hence, we have carried out a
systematic study of all alkali-hydride molecular systems.
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Table 2 summarizes the optimized equilibrium distance
the calculated
dipole moment D (D) of the alkali-hydride molecules, and their positron
affinity (PA) as a typical example of the present results. The PA is
calculated as the difference between the energies of the neutral molecule and
the positron-molecule compound system.
In this series of molecules, electrons are drawn to the hydrogen atom
rather than the alkali metal atom, because the electronegativity of hydrogen
(H = 2.1) is greater than that of alkali metal atoms (Li = 1.0, Na = 0.9, K =
0.8 and Rb = 0.8). Therefore, this series of molecules has ionic character
such as
The dipole moment increases from 6.05 D of LiH to 10.49
D of RbH as the atomic number increases, because of the combined
consequences of decreasing the electronegativity of the alkali metal group
and increasing the internuclear distance in this direction. All PAs are
positive, which indicates that stable positron bound states are present. The
positron is attached to the negative charge on the hydrogen atom; these
molecules tend to form the ionic configuration like the
structure.
Figure 2 clearly exemplifies this feature, in which the stronger the dipole
moment becomes, the higher the concentration of the positron distribution
becomes behind the H atom. The PA for RbH is larger than that for LiH,
which is consistent with the larger dipole moment of RbH. Indeed, the
positron orbital is found to become shrunk as the atomic number increases
from Li to Rb. Hence, this characteristics seems to suggest some relations
between the PA and dipole moment.
Figure 3 illustrates this relationship between the positron affinity and
the dipole moment for all cases we describe in this section. Based on our
result, a simple linear correlation between them is found as PA (eV) = 0.153
D (Debye) - 0.792 for alkali hydrides. The extrapolation shows that the
dipole moment which gives PA = 0 is 5.18 D, which may be called the
critical dipole moment for one bound state within the present HF
approximation. This value is much larger than 1.625 D (theoretical critical
dipole moment for an infinite number of bound states), and suggests that the
current level of the precision is not sufficient.
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4.2
Molecules with two alkaline metal atoms (LiNa, LiK,
LiRb, NaK, NaRb, and KRb)

There has been no report of positron binding for these molecules
previously. In this series, only the NaRb and LiRb molecules are found to
bind a positron within the present model. The PA values are 0.009 eV and
0.024 eV for NaRb and LiRb, respectively, and the corresponding dipole
moments are 4.95 D and 5.67 D, respectively. It is noted that these dipole
moments are smaller than those of alkali-hydride molecules studied above.
In the NaK (3.72 D) and LiK (4.42 D) molecules, we have obtained slightly
negative PA values, even though the dipole moments D are much greater
than DC. If higher precision calculations are carried out, then these
molecules should definitely show bound states.
The KRb (1.13 D)
molecule may be able to have a finite number of bound states.
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4.3
Molecules with alkaline earth metal and oxygen
group (16) atoms (BeO, MgO, CaO, BeS, MgS, CaS, BeSe,
MgSe, and CaSe)
Earlier, Kurtz and Jordan [4] calculated positron bound states on the
BeO and MgO molecules, and found the PA of MgO to be greater than that
of BeO. We have extended their calculations to cover CaO, MgO and BeO
molecules. All these molecules are found to form a bound state with a
positron. Their dipole moments D are larger than 6 D and have a relation
D(CaO) > D(MgO) > D(BeO). It is also found that PA(CaO) > PA(MgO) >
PA(BeO). A relationship between the PA and the dipole moment for this
case is shown in Fig. 3, and the linear fitting gives the formula PA (eV) =
0.210 D (D) - 1.216. We also included in our calculation molecules
containing S and Se atoms from this group, as shown in Fig. 3. Since the
dipole moment of the BeSe molecule is 6.13 D, which is the smallest in this
class, it is not surprising that the PA of BeSe is found to be very small. It is
to be noted that this molecule still forms a bound state with a positron in our
HF approximation.
The slope of this relation for alkaline earth – O systems is found to be
steeper than for alkaline-earth-S(Se) systems and for alkali hydrides. This
result is due to the strong electronegativity of the oxygen.

4.4
Molecules with an alkali metal atom and the OH
group (LiOH, NaOH, KOH, and RbOH)
These molecules are also found to form a bound state with a positron, and
for all these cases, the PAs show rather deep bound states. Even the LiOH
molecule, which has a relatively small dipole moment of 4.72 D, was found
to form a weak but stable bound state.
We compare the PA values of RbOH (8.68 D), MgO (8.94 D) in class (2)
and KH (9.11 D) in class (1), all of which have similar sizes of the (static)
dipole moment. The PA values are 0.307 eV, 0.738 eV and 0.592 eV for
RbOH, MgO and KH, respectively, which are not necessarily in the order of
the magnitude of the dipole moment, and vary rather drastically. Between
RbOH and MgO, for example, the dipole moment differs merely by 3 %,
while the PA is different by a factor of 2.5. The dipole moment for MgO is
smaller only by 1.8 % than that of KH, but the PA is larger by 20 % than KH.
This feature should be attributed to the short-range interactions between the
positron and the molecule, which differ significantly from molecule to
molecule.
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Other organic polyatomic molecules

There are some experimental circumstantial evidence that suggest the
formation of positron bound states to large hydrocarbons [8–10] as described
more details below. In order to provide rationales to these measurements,
we have conducted calculations for some organic systems, such as methane,
ethane, ethylene, acetylene, and benzene. Within the present level of
precision of the HF approach, we did not find any stable positronhydrocarbon compounds. However, for more accurate calculations that
include higher-order correction terms on the HF method, or employ by a CI
approach, then we believe that there is a good chance to find positron bound
states to these molecules.
We have also carried out the calculation for smaller polar organic
molecules like HCN and HCNO systems, which have dipole moments
summarized in Table 3. In the case of the HCNO molecule, we are able to
obtain a stable positron bound state. In this molecule, the positron can
attach around the oxygen atom, which is the most negatively charged atom in
the molecule. For the HCN molecule, no stable bound state has been
obtained within the present model. However, since the PA value is found to
be quite small (-0.008 eV), though negative, the inclusion of various
correlation effects is quite likely to produce a stable bound state of the
system since it should exist in any case.

Although there is no clear and direct experimental evidence of the
existence of positron bound states, three experiments; (i) results of Surko’s
group [7] for extremely large annihilation rates for hydrocarbons compared
to those for fluoro-hydrocarbons, (ii) results of Sueoka and Kimura [8] for
larger Ps formation rates for hydrocarbons than for fluoro-hydrocarbons, and
(iii) the detection of various fragmented molecules from large hydrocarbons
by slow positron impact below Ps formation threshold by Xu et al [9], appear
to provide circumstantial evidences. They should closely interrelate each
other in underlying physics, although superficially they look different
physical event. Positron attachment processes are expected to play a crucial
role for these experimental results [15], and any theoretical model that can
successfully interpret these observations should account for positron
attachment. To date, an accurate theoretical rationale to interpret these
measurements has not been available yet, and a thorough theoretical study is
urgently needed.
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5.

SUMMARY AND PERSPECTIVES

It is interesting that the PAs for the alkali hydrides are notably larger than
for the alkali-alkali diatomic systems. This trend clearly goes along with
the view that the dipole moment of the molecular system is a critical property,
which strongly influences the strength of binding, but it also indicates that
when there is a choice between relatively weakly or strongly bonded
electrons, the positron seems to prefer the latter. The charge distribution of
the valence electrons for the hydrides is much more compact than for the dialkali systems. Perhaps this can be understood in terms of the more tightly
bound electrons providing a better target for the positron to achieve a bound
state in the molecular system. The compactness of the charge distribution
of the valence electrons should be another critical factor in determining the
bonding strength of the positron. The SCF results for the alkaline earth
oxides also underscore this conclusion. The electronic charge is expected to
be notably more compact around the oxygen atom than for hydrogen, and
thus varying the degree of localization by descending through the rows of the
periodic table has a larger effect on the magnitude of the PAs for the oxides
than is the case for the hydride. At the same time, when sulfur replaces
oxygen in such molecular series, the linear coefficient with dipole moment of
the PAs decreases to a value below that found for the hydrides, consistent
with the change in electronic charge distribution expected for these two
Group 16 atoms based on their respective electronegtivity values. This
means, for example, that the PA for CaS is less than for CaO, even though
their dipole moments have the opposite ordering. In general, it is clear that
the theoretical dipole limit of 1.625 D for an infinity of positron-molecule
bound states is far below the threshold for a single bound state actually
required in the present SCF calculation. Such systems as HCN and
especially HCNO would have fairly large PAs based on the above criterion,
but the calculated values fall far short of this expectation.
All the above remarks need to be tempered with the realization that
positron binding is known to involve a rather high degree of correlation in
cases where highly accurate treatments have been carried out, such as for the
Li atom. It is therefore highly desirable to perform new calculations for
such many-electron systems in which such effects are taken into account to at
least a good level of approximation. Since a great variety of electronic
configurations are expected to be important in such investigations, it can be
anticipated that conventional configuration interaction techniques,
specifically those with multireference capability, can play a key role in
removing this deficiency in the state of our knowledge about positronmolecule binding. For this purpose, it would be advantageous to retain the
rather intricate structure of existing CI programs to a large extent. Basically,
one simply has to account for the fact that the exchange interaction is
missing in the positron-electron case, which can be simulated quite
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effectively by simply setting the values of such integrals which occur in twoelectron interactions to zero in the case of positron-electron interactions.
Otherwise, one simply has to note the change in sign in all Coulomb-type
integrals. Such seemingly trivial adjustments take on a notably higher
degree of complexity when made in the context of a general configuration
interaction package, but one can still be reasonably confident that the
necessary changes can be made successfully within a fairly short period of
time. In principle, such a procedure would also allow one to compute
binding energies for excited molecular states on a quite general basis,
something, which would at least be of theoretical interest and would
definitely add a new dimension to the current discussion.
For reproducing the many weakly bound excited positronic states, proved
theoretically to exist if the molecular dipole moment exceeds the critical
value
the tail part of the positronic wave function has to be
described accurately by very diffuse functions. This is because an infinite
number of these weakly bound states are supported by the tail part of the
long-range dipole potential. Therefore, the use of very diffuse functions
should reproduce the theoretical critical dipole moment
to a good
accuracy. Without these functions, even a very elaborate CI calculation
would fail to reproduce
to a good accuracy.
The better understanding of these positron bound states should give more
clear insight to all relevant observations including three experiments
mentioned above, and will undoubtedly lead to more interesting fundamental
physics.
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LOW-ENERGY POSITRON DYNAMICS
IN POLYATOMIC GASES
F.A. Gianturco, T. Mukherjee *, T. Nishimura † and A. Occhigrossi
Department of Chemistry, The University of Rome
Citta’ Universitaria, 00185 Rome, Italy
fa.gianturco@caspur.it
Abstract

1.

In the present chapter, we give a brief outline of the various interactions
and scattering models employed in our research group to analyse the
quantum dynamical attributes of low-energy positron scattering from
polyatomic molecular targets. Results are also presented for selected
examples of some targets and their accords with the existing experiments are analysed and discussed.

INTRODUCTION

The past few years have witnessed a dramatic increase in research studies on low-energy scattering of positrons
from atomic and molecular
targets [1]. This increased activity is partly due to the corresponding improvements on the technology for providing reliable positron beams [2].
Nevertheless, there are still considerable uncertainties in the agreement
among the measured values of
cross sections at collision energies below a few eV, and away from positronium(Ps) formation threshold energy
[3], while fundamental questions about the true nature
of the forces at play still plague the computations of the cross sections.
If the Ps formation and all the other inelastic channels are assumed to
be small, then the full interaction between a positron and a molecular
target can be approximated as being made of a repulsive electrostatic
potential
and an attractive long-range (LR) polarization potential
Below the Ps formation threshold, the most serious questions
concern the role played by the polarization and the short-range (SR)
correlation effects [4, 5]. The positron scattering results, in fact, are very
*Present address: Physics Department, Bhairab Ganguly College, Calcutta 700056, India.
Permanent address: 2-11-32, Kawagishi-kami Okaya, Nagano 3940048, Japan.
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sensitive to the detailed manner in which these effects are included in
the calculations, especially at the collision energies below a few eV, as
we shall further discuss below and in another section of the present volume. When fully ab initio calculations are carried out [5], they tend to
be computationally very intensive and therefore results are often limited
either on the complexity of the scattering system which is being studied
or on the level of completeness used in treating the LR and SR polarization effects. Thus, there has been considerable interest in recent years in
developing alternative treatments that employ parameter-free models for
the polarization forces either in the case of atomic or molecular targets
for positron scattering processes [6, 7, 8, 14]. In the present review, we
are analysing the many applications of our global modeling approach to
polarization forces which is based on the density-functional theory for
describing SR (dynamical) correlation effects and LR perturbation theory to treat polarization forces. We will show in the following sections
that such a functional form turns out to be reasonably realistic when describing positron scattering processes, especially for treating dynamical
effects in the SR region of the correlation-polarization forces, and that
its inclusion among the components of the
full interaction
can lead to a fairly accurate treatment, within a quantum-mechanical
formulation, of several dynamical quantities which are receiving increasingly more detailed attention at the experimental level. In particular,
we intend to show that it is indeed possible today to approach from first
principles, or at least via a parameter-free modelling of all the forces at
play, the quantum treatment of the multichannel scattering at low collision energies which occurs between a positron and a polyatomic molecule
of fairly large size or complexity.
One of the additional effects which can be detected in the case of the
experiments with positrons from atomic and molecular gases is the one
which has no counterpart in electron
scattering processes, e.g.,
annihilation into two or three
in a time scale that depends on
the intermediate state which is being formed and which can, qualitatively,
vary between
and
sec. It therefore could be detected and
provide indications on the microscopic features of the ambient gas since
such lifetimes are long compared with those for typical optical transitions.
The great majority of annihilation processes produce two
and the
rate for this process is given as [9]

where is the classical radius of a single electron, c the velocity of light
in vacuum, N the number density of atoms or molecules in the vicinity of
the positron projectile and is the associated positron wavenumber. The
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key parameter in the above equation is clearly
which is dimensionless, and defined as the effective number of target bound electrons
which exert a force on the positron particle to undergo annihilation. The
quantity
is therefore a measure of the electron density of a target
in the vicinity of one positron particle, and can be obtained in principle
by solving the full scattering problem, thereby generating the continuum
wavefunction of the scattered positron at a given collision energy. On
the other hand, it is also necessary to represent the region where the
positron is in the vicinity of the target electrons as accurately as possible, together with the corresponding distribution of the electron density
of the target, to calculate reliable values of
In the case of molecular systems, the presence of additional degrees of freedom is likely to
play a significant role in studying low-energy positron scattering so as to
reveal the behavior of the ambient gas to the annihilation efficiency. In
fact, as we shall briefly mention below, the unusually large values of the
coefficients in gases with fairly complex molecular structures are
today one of the most intriguing and likely fields where theory and computational models can provide new insight and lead the way in selecting
significant experiments which could in turn give the correct answers to
which should be the most likely microscopic mechanism.
In the present chapter, we shall briefly describe the essential tools
of the computational and theoretical approach which we have used to
study the low-energy dynamics of positron scattering from polyatomic
molecules. In particular, we shall outline in the following section our
present way of modelling the interaction of a positron with a polyatomic
target, while the following section 3 will be dedicated to the description of the quantum coupled equations that yield different types of cross
sections and the scattering quantities which enter the definition of the
annihilation rates. Section 4 will provide a set of examples on specific
systems which have been studied by our group, while the final section 5
will summarize our conclusions and point out the future challenges for
the theory of such molecular processes. Throughout this chapter, atomic
units (a.u.) are used unless otherwise stated.

2.

INTERACTION POTENTIAL

It is well known that the behavior of low-energy electrons in collisions with atoms and molecules is, broadly speaking, controlled by three
kinds of interactions: the electrostatic, the electron exchange, and the
correlation-polarization. Outside the region where the target charge density is localized, usually referred to as " target core ", the latter interaction can be understood as an induced effect arising from distortions of
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the molecular electrons by the charged projectile [4]. Strictly speaking,
this effect arises as virtual excitations of energetically closed electronic
states, including continuum ones [6]. In practice, however, the infinity
of such states precludes treating polarization rigorously. Considerable
effort has therefore been expended in the past three decades to try to
include it as accurately as possible, albeit not rigorously. In addition,
what makes calculational treatments so difficult is not only the representation of the distortion of the target electron density as a function of a
charge fixed some distance away from the origin of all charges, but also
the additional effects which come to play near and within the target core
mentioned before. Moreover, a further complication comes from when the
wavefunction of the incident electron strongly overlaps the target core:
in that instance the incident electron loses its identity, the independentparticle model breaks down, and many-body effects predominate. In
order to devise simpler ways of handling the polarization forces over the
whole range of relative distances, various approaches have been tried in
recent years, either by designing an effective optical-potential form [10]
or by developing model potentials that strive to treat the single-particle
aspects of this phenomenon as accurately as possible while approximating SR many-body core-polarization effects [11]. Ideally, such model
correlation-polarization potentials
should be free of empirical parameters which need adjustment to experimental cross sections, and in
this sense they are often described as ab initio potentials. As for the
positron projectile, on the other hand, the absence of some nonlocal effects such as the electron exchange should make the treatment of its lowenergy scattering from many-electron targets less difficult in essence and
computationally less demanding in practice. The
can be treated exactly and therefore the way one handles the
plays an essential role in
deciding on the quality of the theoretical model. At large distances from
the core, the velocity of positron can be considered low enough so that
the bound electrons respond adiabatically to the positron without specific
dependence on its local velocity [12]. As the incident positron nears the
target, however, the repulsive Coulomb core further slows it down while
the attraction from the bound electrons increases and strongly modifies
its motion in the intermediate region via a correlation process similar
to multiple-scattering effects [13]. The
at SR is therefore not only
collision energy dependent but also nonlocal. As a result, in regions of
intermediate- and SR interactions, nonadiabatic nonlocal effects play an
important role and differences appear between the behavior of electron
and positron as projectiles [14].
In the asymptotic region of the
required by both projectiles, electron and positron, one can immediately write, for a molecule which be-
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point group, the following expression

where
is the spherical harmonics defined by Rose [15], and the indices and
denote the orbital angular momentum quantum number
of the incident projectile and its
respectively. R denotes
the nuclear configuration of the molecule, and
the position vector of
the projectile from the center of mass (c.o.m.) of the target. The target polarizabilities of the spherical
and nonspherical
and
components are expressed in terms of the polarizability tensor [16]. The
above asymptotic form is not true when the projectile is near the target. A simple remedy has been to multiply eq. (2) by a cutoff function
involving some adjustable parameter. This approach is nevertheless unsatisfactory, although the results may be ”tuned” to agree with observations. For positron scattering, most of the calculations prior to 1990 used
a
exactly as that employed for electron scattering (ECP), assuming
that such distortion effects are not sensitive to the sign of the charge of
projectile, and agree well with the experiments (see e.g., ref. [17]). Morrison and his group [18], on the other hand, found in 1984 that, rather
than employing an ECP, there is a need to generate a true positron polarization potential(PCP). The more rigorous calculations based on the
variational polarized-orbital methods, are not entirely satisfactory either.
Elza et al. [4], for instance, had to introduce a cutoff function in both
the SR and LR interactions, and adjust two parameters to bring their
results into close agreement with the measurement. Even in the more
sophisticated R-matrix approach, an accurate inclusion of polarization
effects has not yet been realized [19].
The present PCP was first applied to the positron scattering problem
in 1990 [6] and is also based on the correlation energy
of a localized positron in an electron gas, and its hybridization with the correct
asymptotic form of eq. (2). The quantity
has been originally derived by Arponen and Pajanne [20] from the theory that the incoming
positron is assumed to be a charged impurity at a fixed distance r in an
homogeneous electron gas which is in turn treated as a set of interacting
bosons that represent the collective excitations within the random phase
approximation. Based on their work, Boronski and Nieminen [21] have
given the interpolation formulae of
over the entire range of the density parameter
which satisfies the relationship of
The
relationship between the correlation potential
and
which is
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consistent with the local density approximation and a variational principle for a total collision system with the size of the target is given by
[22]

where denotes the undistorted electronic density of the target, and this
quantity provides the probability for finding any of the electrons near the
impinging positron. Thus, the total PCP potential for the
system is given by

The
is connected with the asymptotic form of eq. (2) at the position
of (say, around a few a.u.) where
and
first cross each other
as
increases.
The total interaction potential
is therefore given by the exact
static interaction between the impinging positron and the (electrons and
nuclei) components of the molecular target
(for detail forms, see e.g.,
ref. [23]) and by the
given in local form as

3.
3.1.

QUANTUM SCATTERING EQUATIONS
Single-Center Expansion

In order to obtain cross sections for positron scattering from polyatomic molecules, we need to solve the Schrödinger equation of the total
system,

with the total energy E and the corresponding wavefunction
is the total Hamiltonian given by

Here H

where
K, and V represent the operators of the molecular Hamiltonian, of the kinetic energy for the scattered positron, and of the interaction between the incident positron and the target molecule, respectively.
The
further consists of the rotational and vibrational parts, that
is,
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Here we include no effects from the possible electronic excitation of
the molecule. In other words, we assume that the target wavefunction
is always in its electronic
ground state during the scattering
process. It should be noted that no Ps formation channel is considered
throughout the present calculation. In any experiment, the scattering
angle
is defined with respect to the direction of the incident positron,
i.e., in the Space-Fixed (SF) system of coordinates, where the
is
taken along the direction of a projectile.
The total wavefunction
described in the Molecule-Fixed (MF) system in which the
is taken along the direction of the molecular axis,
is expanded around a single-center(SCE) as

where

Here represents the position vector of of
electron of the Z bound
electrons in the target taken from the c.o.m. The continuum function
refers to the wavefunction of the scattered positron under the
full action of the field created by the molecular electrons and their response to the impinging positron.
is the radial part of the wavefunction of the incident particle and the
are the symmetry-adapted
angular basis function introduced by Burke et al [24] as follows,

The suffix stands for the irreducible representation(IR), distinguishes
the component of the basis if its dimension is greater than one, and
does that within the same set of
3.2.

The Fixed-Nuclei Approximation

We can safely assume that the target molecule is fixed during the
collision since the molecular rotations and vibrations are often slower
when compared with the velocities of the impinging positron which are
considered in the present study. This is called the fixed-nuclei (FN) approximation [23] that ignores the molecular term of
in eq. (7),
and fixes the value of R. We will later relax this constraint and examine its consequences. To solve the Schrödinger equation (6) in the FN
approximation, we make use of the MF system rather than the SF system, because a formulation in the former system can be simpler, both
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conceptually and computationally. The two systems are related through
the frame transformation scheme given, for example, by Chang and Fano
[25].
After substituting eq. (9) into eq. (6) under the FN approximation, we
obtain a set of coupled differential equations for
with
representing
collectively for simplicity,

where

Provided that the V is expanded in terms of the
similar to eq. (10) as

in the manner

the angular integral of eq. (13)

can be evaluated analytically. When solving eq. (12) under the boundary
conditions that the asymptotic form of
is represented by a sum
containing the incident plane wave of the projectile and the outgoing
spherical wave,

we obtain the S-matrix elements ,
After transforming the MF-described quantities into the SF frame, the
integral cross section(ICS) for the vibrationally elastic scattering is given

by

where the T-matrix is defined by
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The corresponding differential cross section(DCS) is obtained in the form,

where

is the L-th-order Legendre polynominal and

Here the
symbols in eq. (20) are derived from the Clebsh-Gordan
coefficients [26]. In the derivation of the formulae of eq. (17) and eq.
(19), we have taken an average over the initial rotational states and
carried out a sum over the final rotational states of the target molecule.
3.3.

The Coupled Vibrational Equations

Similar to eq. (9), the total wavefunction could be more generally
expanded as

where
is now the vibrational wavefunction of the molecule with the
vibrational quantum number
with representing each
vibrational mode of the target molecule. We can assume that the orientation of the target molecule is fixed during the collision since the molecular
rotation is usually very slow compared with the velocity of the projectile. This is called the fixed-nuclear orientation (FNO) approximation
[27], and corresponds to ignoring the
term in eq. (8).
In this case, we obtain for
a set of full close-coupling equations which include vibrations,

where

is written under the FNO approximation as
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with
the energy of molecular vibration, and the solution
is related to
in eq. (12) by

The element of the interaction matrix in eq. (22) is given by

where

With a procedure similar to that for the vibrationally elastic scattering,
the integral and differential cross sections for the vibrational excitation
transition
are given by eq. (17) and eq. (19) respectively, by
replacing the T-matrix element
and the wavenumber with
and
The coupled equations (22) could be reduced to a simpler form by
making use of the relationship of the direct products among the IRs of
the point group which the target belongs to [28]. To show this, let us
rewrite eq. (22) in the precise form,

In the case of a target belonging to the
group for example, the interaction potential which appears in the transition from the vibrationally
ground state of, say, the
molecule to one of its excited states of the
antisymmetric stretching mode belongs to the
symmetry, and only
the equations with
and
are therefore possible (see table 1).
3.4.

The Annihilation Rates in Gases

As mentioned in the introduction, the
parameter is a measure,
at a given collision energy or for a given temperature of the ambient gas,
of the effective number of electrons which take part in the annihilation
process when the molecular target interacts with an impinging positron.
According to earlier models [9, 29], as the collision energy increases the
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Born approximation is expected to hold and the positron wavefunction is
approximated by the boundary conditions of eq. (16). In the situation,
the
approaches Z, the number of bound electrons in the molecule,
and this means that all electrons are considered to be “free” particles.
The actual physical situation of the interaction of a positron with the
bound molecular electrons is, however, different from this simple picture,
and therefore
should be more properly defined as

and can be further rewritten under the FN approximation as

where

Here, the is fixed to be the equilibrium geometry of the molecule. One
should note at this point that the form of eq. (9) simply tells us that
the annihilation process we are considering will not cause a permanent
electronic excitation after its occurrence. Hence, the scattering event is
described by our model as realistically as possible and indeed includes
the distortion of the target electrons during the collision to the extent
which it is realistically provided by the form of the
discussed in
section 2.
The substitution of
into eq. (29) via the asymptotic form
of eq. (16) and the further integration over
yields the following
expression
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where

Here K is the K-matrix with indeces of
and is easily related to
the S-matrix in (17). The
are exactly the same quantities of eq. (15)
with
and the
are definited as

where the
comes from an additional multipolar expansion of the
which belongs to the
symmetry,

Since the measured
is usually obtained after averaging over the
positron velocity distribution, the
in eq. (28) needs to be further
convoluted over a Boltzmann-type distribution function to enable it to
have a temperature dependence. Its final form is thus expressed as [30]

where

is the Boltzmann costant.

4.

DYNAMICAL OBSERVABLES

4.1.

The Elastic Cross Sections

In this subsection we report, as examples of the current applications
of our approach, the numerical details and the results for the vibrationally elastic cross sections at low collision energy for
and
molecules. All the wavefunctions are calculated at the SCF(selfconsistent field) level using SCEs by means of multicenter Gaussian-type
orbitals(GTOs) at the equilibrium geometries. The basis sets employed
were those given within the GAUSSIAN 98 package [31]. The terms
of multipolar expansion in the interaction potential were retained up to
and the scattered wavefunction of the positron was expanded up
to
which yielded K-matrix elements converged within 5%. For the
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specific values of all the required parameters and properties for each of
the systems we analyse in the present work, see table 2 below.
Figure 1 shows ICSs for
as a function of collision energy. Below
the
experimental ICS for vibrationally elastic process can be derived
approximately from the measured vibrational excitations and the total
cross sections(TCSs). For the former quantity, the data measured very
recently by Surko’s group [32] for the stretching
and the bending
modes are employed, and for the latter the TCSs by Sueoka et al [33]
are used. The present vibrationally elastic ICS
reproduces
the derived experimental quantity rather well. Furthermore, as can be
gathered from the figures below, for the other polyatomic molecules examined in the present study,
and
the computed elastic
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cross sections below the
generally give good accord with the corresponding TCSs measured by Sueoka’s group [34, 35, 36] (see figures 2 and
3). The discrepancies seen in the very low energy regions for the nonpolar molecules like
and
might come from the increasing weight
of the contributions from the many degrees of freedom involved in the
vibrational excitation cross sections. As for
a polar molecule, one
further knows that the interaction due to the permanent dipole moment
is dominant in the low energy region, while it is still difficult to estimate
cross sections for a polar target both theoretically and experimentally
because of the need to treat the dipole effect as accurately as possible
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[37]. At present, however, we can safely say that the elastic cross sections
obtained with our model approach reproduce rather well the shape of the
experimental TCSs at low collision energies below the
region.
4.2.

The Elastic Angular Distributions

It is interesting to select the
molecule as a target since this
molecule (which belongs to the
point group) exhibits a strong LR
interaction due to its permanent dipole moment that is expected to
markedly affect angular distributions. To generate a multicenter target wavefunction in its electronic ground state, the ab initio molecular
orbital code GAM ESS [38] is used in the SCF approximation at the equilibrium geometry. We have chosen the GTO basis sets proposed by Lie
and Clementi [39] which comprises 77 primitive Gaussians contracted to
53 basis functions ((13s8p2d)/[7s4p2d] for oxygen, and (8s2p)/[5s2p] for
hydrogen). It gives the total energy and the dipole moment as –76.0643
au and 0.789 au, respectively. The algorithm employed for solving eq.
(12) is the renormalized Numerov method proposed by Johnson [40]. We
retained the terms up to
in eq. (14), and the coupled equations
(12) are solved with inclusion of partial waves up to
in each of the
IRs in the
group. For the partial waves higher than that, the Born
approximation with the asymptotic part of the dipole and quadrupole
interactions is adopted to obtain the relevant T-matrix elements in eq.
(17). In the case of a polar molecule, the DCS expanded in terms of
the partial-wave sum converges very slowly because of the well-known
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strong interaction caused by the permanent dipole moment. To avoid
this difficulty, the closure formula [37] for the quantity
calculated
by the Born approximation via the dipole and quadrupole interactions
is employed instead of eq. (19)

Figure 4 shows the vibrationally elastic DCSs by positron impact at
the collision energy of 4 eV which is less than the
(5.81 eV). Since
so far no experimental data exist for this system to compare with the
present ones, we cannot fruitfully discuss the validity of the present approach. However, in order to see the effect of the LR interaction on the
DCS obtained from the close-coupling method, we show those obtained
by the Born calculations with the dipole and quadrupole interactions
summed as well as those done with only the contribution of the dipole
moment. From the figure, in the low collision energy considered, even
the Born calculation with the dipole interaction gives a DCS behavior
not so very different from that obtained by the close-coupling calculations. Strictly speaking, however, the details of the angular distribution
are still somewhat different, and therefore a full, more correct, coupled
expansion should be employed.
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The Vibrational Excitation Cross Sections

In this part we further analyse the cross sections for the vibrationally
inelastic scattering of positron from
and
molecules. The
details of computational method for
have already been discussed in
our previous papers [41, 42]. In the case of
molecule, vibrational
excitation of only the symmetric stretching mode( ) which belongs to
the
symmetry is reported. Numerical details about
system
are presented in table 2. Moreover, by fixing the molecular symmetry
to be that from the
point group, the range of bond length of C–H is
taken from 0.90 to 1.35 Å to sufficiently take into account the effect of the
nuclear displacement from the equilibrium geometry. For the asymptotic
part of the
i.e.,
the values of
are used by normalizing those
obtained from the very large basis sets (quintuple-zeta) of Dunning’s
correlation consistent type [43] to the experimental value of
at the
equilibrium geometry (see table 2). In addition, we also show new results
of
for each of its normal modes. Computational details for its
target wavefunction are the same as those shown in section 4.2. When
solving the close-coupled equations (22) we retain only the ground and
the lowest excited vibrational states in the expansion of eq. (21) with the
frequencies of the normal vibrations taken from experiment to be 3657,
1595, and
for the symmetric stretching
bending
and antisymmetric stretching
modes, respectively [44].
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Figure 5 shows the vibrational excitation cross sections
for
as a function of collision energy. Comparisons are made with the
earlier calculations [45, 46] and the very recent experiment [47]. Our very
recent cross sections [42] are indeed shown to be in good agreement with
the experimental ones. Table 3 shows the computed vibrationally inelastic cross sections of
for the lowest excited state of the mode below
the
region. The contribution to the total inelastic cross sections by
the
mode is very small compared with the those measured very recently by Surko’s group for the two unresolved stretching modes
[32]. In other words, the cross section for the antisymmetric stretching
mode
seems to be much larger than that for the
mode. This
view is encouraging because the mode is infrared active and induces a
dipole moment in the
molecule, while the mode is Raman active
and does no dipole moment. It is therefore not surprising that their excitation probabilities by positron impact should be very different from one
another. The induced dipole moment will certainly play an important
role in yielding large cross sections, as has been shown earlier by us in the
case of electron as a projectile [48]. Table 4 presents our results for
molecule. The cross section for the
mode is much larger than the
and
modes, because the former mode induces a dipole moment
larger than the latter two modes, a feature that we expect should also
hold for the case of
discussed before.
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The Annihilation Parameters

The calculation of the annihilation parameter,
costitutes the
meeting point of collision theory with structural studies and provides
in turn the final comparison with available experiments. The development of more advanced sources of positron beams [49] has enabled experimenters to allow better measurements for positron scattering from
atoms or molecules and for such weak processes of positron annihilation
below the
region. It is the analysis of the annihilation parameters
for polyatomic molecules, e.g.,
and
which
we intend to briefly discuss in the present subsection. The
are calculated using eq. (31), but in order to obtain the values of annihilation
parameters which are possible to compare with the available experiments,
it is necessary to know the actual velocity distribution of positrons. In
the case of thermalized positrons use is made of the usual Maxwellian
distribution of projectile energies [50].

The results in table 5 report the calculated
at 300 K and their experimental values
The values of the
as a function of collision
energy are also shown for
and
in figure 6, as representative
results. The following comments could be made from a perusal of the table and figures. Firstly, all the computed
values are usually smaller
as the temperature (T) increases. Secondly, the inclusion of
effects
in the FN approximation generates an attractive potential for the impinging positron and modifies the values of the integrals in eq. (28) by
increasing the positron penetration into the spatial volume occupied by
the bound electrons. Thirdly, for all the molecular gases studied here the
is found to be larger than the total Z of each molecular target. The
analysis of the results reported in this subsection further shows that for
most of the molecules examined, the computed
are smaller than
their experiments by factors ranging from two to four, while for
the
appears to be more than an order of magnitude smaller than the
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experimental findings. One preliminary explanation which has been put
forward for such differences could be related, for some molecular targets,
to the existence of Feshbach resonances which are caused by the capture
of the projectile in the region of the target molecule, while the molecule
becomes vibrationally excited during the collision. This phenomenon
could enhance the contributions of nuclear-excited closed-channel resonances, and thereby increase the annihilation efficiency of the positron
([30, 51, 52]). If this explanation will turn out to be correct, then our
present model calculations indicate that specific polyatomic molecules
could be candidates for such resonant states and should be further inves-
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tigated in this sense. Our group is currently starting such analysis for a
broad series of polyatomic targets.

5.

GENERAL CONCLUSIONS

In the present chapter we have attempted a detailed, albeit brief, presentation of what has been tried and tested over the years in our group
for modelling the interaction forces between an impinging positron at low
collision energy and polyatomic molecular gases of increasing complexity
with larger numbers of electrons and nuclei. Furthermore, we have discussed the quantum scattering computational tools which we have set up
so far to compute the dynamical attributes for the possible outcomes of
such processes. In particular, the comparisons with various experimental
data on vibrationally elastic and inelastic cross sections which already
exist for several polyatomic species have shown to us that the simple
modelling of correlation-polarization forces adopted in our treatment is
already able to provide computed elastic ICSs and DCSs which fall in
the right ' ballpark ' when compared with the measured quantities. This
result does not mean, however, that the search for a physically more convincing treatment of the
interaction is by any means over. As will
be further discussed in another chapter of this book, in fact, the exploration of different routes to the local representation of that interaction
for polyatomic gases is giving us some preliminary indication as to where
we should go from here to improve its description.
We have also shown that a fully closed-coupled treatment of the molecular vibrations during the scattering process greatly increases the numerical and mathematical complexity of the equations to be solved. It
remains, however, the only viable route for the correct treatment of lowenergy vibrational excitations of polyatomic (and also diatomic) targets,
for which a new wealth of experiments is producing very challenging
data for the theoretical community to meet and several new physical
questions which we need to answer. Finally, the delicate problem of the
special features shown experimentally by the annihilation parameters in
molecular gases has also been tackled in our group, and the results have
been reviewed (however briefly) in the present chapter. Our recently
started computational analysis for diatomic targets has shown for them
rather good accord with the available data (e.g., see our ref. [53]) but
has also indicated that the measured values are only moderately larger
than the expected high-energy limit of the total Z of the system. On
the other hand, the unusually large
which have been observed
for larger polyatomic molecules have prompted the development of theoretical explorations [51] which have not yet been confirmed by direct
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computational results. The present studies are a step in that direction
in the sense that we have been able to show how, when the nuclear motion is frozen during the scattering process, the corresponding computed
values of
remain larger than the total Z of the systems considered but do not become orders of magnitude larger. Hence, by comparing
our data with the available experiments, and by selecting those systems
for which our model has already produced cross sections of good quality,
one could begin to see which are the molecular candidates where the
possible presence of the Feshbach core-excited resonances should be further investigated. A great deal of work still remains to be done for the
polyatomic systems. However a great deal of novel experiments of high
quality have already been pointing the way and suggesting to theorists
where to look for the development of both new concepts and, hopefully,
new computational tools.
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Abstract

1.

Model local potentials that have been used to describe the correlation
and polarization interactions in positron-molecule scattering are compared. Model density functional correlation-polarization potentials developed for electron-molecule and positron-molecule scattering are considered in addition to the distributed positron model. Results computed
using these potentials are compared to available experimental data for
scattering. It is found that the distributed positron model
gives very good agreement with experimental data in contrast to the
poor agreement found with the positron-molecule correlation-polarization
potential.

INTRODUCTION

The study of low-energy positron scattering from molecules has a long
history related to the interest in positron annihilation in gases and in
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the slowing down of positrons in several media [1, 2]. Such investigations
are in part motivated by the possible analytical applications of positrons,
which include [3] surface analysis, microscopy of materials, and medical
tomography [4]. In each case the cross sections from various elastic,
inelastic, and reactive scattering processes are important in determining the resolution and contrast possible in the analytical application of
positrons.
A more fundamental motivation for studying positron scattering from
molecules is to compare the scattering cross sections to those of corresponding electron scattering processes [5, 6]. This comparison can then
lead to a better understanding of the scattering process in these systems. For elastic scattering, the effective optical potential for positron
and electron scattering from molecules can be decomposed into four
components. The static part of the potential is due to the electrostatic
interaction of the projectile with the unperturbed atomic or molecular
electron density and the nuclei. The static potential has the same magnitude but has the opposite sign in the electron and positron cases. This
interaction is almost everywhere attractive in the electron-molecule case
and is thus repulsive in the positron case. In electron-molecule scattering there is also an attractive exchange interaction that is due to the
antisymmetrization requirements in the many-electron wave function.
This term is not present for positrons. The third term is the correlationpolarization (CP) potential which is caused by the response of the target
to the presence of the projectile. At large separations between the projectile and the molecular target, the polarization potential is due to
the static polarizability of the target and is the same for electrons and
positrons. At shorter range, however, the effect of correlation between
the projectile and the electrons of the target will be different for electron
and positrons, but in both cases it gives rise to an attractive interaction.
One major difference between electron and positron scattering is that
in the latter case there is the possibility of positronium (Ps) formation. The threshold for positronium formation,
is given by
where is the ionization energy of the molecule and
is the
binding energy of Ps (6.8 eV). Above this threshold, the cross section for
Ps formation can be a substantial fraction of the total scattering cross
section [7]. An additional channel in positron scattering, which is not
present in electron scattering, is direct positron annihilation, but this
process has a small cross section except very near the threshold for Ps
formation [8]. Thus, when comparing computed elastic positron scattering cross sections to measured total positron scattering cross sections,
one would expect agreement between theory and experiment below
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with the elastic cross section being somewhat smaller than the total cross
section above
A commonly occurring feature in electron-molecule scattering is the
shape resonance. A shape resonance is a one-electron resonance that generally occurs due to a combination of the overall attractive interaction
between the scattered electron and the molecule and the dynamical coupling between angular and radial motion of the projectile [9]. In atomic
systems this dynamical coupling can be expressed as an effective radial
potential which has a repulsive term that depends on the angular momentum and an attractive term due to the attractive electron-atom interaction. Because of the repulsive static interaction in positron-molecule
scattering, one can only get traditional angular-momentum shape resonance when the CP potential is sufficiently attractive. It is also possible
to have a resonance with the positron trapped inside a cage molecule,
such as
due to the electrostatic barrier provided by such a molecule.
We have predicted shape resonances of both types in
scattering based on local model potentials for the CP interaction [10]. The
earlier calculations on
also showed that there are substantial differences between different models of the correlation potential. Unfortunately, there are as yet no experimental data for the
scattering problem with which to distinguish the accuracy of the different
potentials for large molecular systems such as
The study presented here examines the utility of different local CP
potentials on a large system for which there are experimental data. We
will consider three types of CP potentials. First, we will consider one
that has been found to give good results for electron-molecule collisions [11] based on the Perdew-Zunger density-functional potential [12].
We will refer to this potential as the electron correlation-polarization
(ECP) potential. The second potential is a density-functional potential
that was developed for positrons interacting with a uniform electron gas
by Boronski and Nieminen [13]. We will refer to this potential as the
positron correlation-polarization (PCP) potential. The third potential
is the distributed positron model (DPM). This local model potential was
developed to provide an approximate (though accurate), non-empirical
method to calculate the polarization potential for use in theoretical treatments of low-energy positron collisions with atoms [14] or molecules [15].
The total elastic positron scattering cross sections for these different CP
potentials are then compared to the experimental data of Dababneh et
al. [5] and Sueoka et al. [16] for
scattering.
scattering has been previously studied theoretically using a simple additive optical potential [17]. This model gave agreement
with measured total scattering cross sections for collision energies above
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200 eV. However, these results are not directly comparable to the elastic
scattering cross sections computed here due to the inclusion of terms
in the optical potential that incorporated inelastic scattering and Ps
formation in the model.

2.

THE THEORETICAL MODELS

The full treatment of the positron-molecule problem would require the
inclusion of the degrees of freedom due to nuclear motion, i. e. the rotational and vibrational motion of the molecule. As a first approximation,
we will ignore the vibrational motion and assume that the molecule has
a fixed geometry. Additionally, we will assume that the only effect of the
the rotational motion of the molecule is that it leads to the cross section
being averaged over the molecular orientation. These assumptions for
positron scattering are commonly referred to as the fixed-nuclei (FN)
approximation.
The static interaction,
was obtained from the electron density
of the self-consistent-field (SCF) wave function of the target molecule at
its equilibrium geometry. The most direct approach to the inclusion of
positron-electron correlation usually involves an extensive configurationinteraction (CI) expansion of the target electronic wave function over a
suitable set of excited electronic configurations with further improvement
of the wave function obtained by adding Hylleraas-type functions which
can describe the positron wave function within the physical space of
the target electronic charge distribution [18]. Such expansions, however,
are markedly energy-dependent and usually converge too slowly to be
a useful tool for general implementation for complex molecular targets,
where truncated expansions need to be very large before they begin to
be realistic in describing correlation effects [19, 20]. As a consequence,
we have developed approximate one-particle optical potentials for the
treatment of the positron scattering problem that include the CP effects.
2.1.

The ECP and PCP Potentials

As noted above, the asymptotic form of the polarization interaction is
independent of the sign of the charge of the projectile and, in its simpler
spherical form, is given by the well-known second-order perturbation
expansion formula in atomic units

where represents the scalar positron distance from the molecular center of mass, and the
are the multipolar static polarizabilities of the
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molecule, which depend on the nuclear coordinates and on the electronic state of the target. In most cases, only the lowest order is kept
in the expansion given in Eq. (1), and therefore the target distortion is
viewed as chiefly resulting from the induced dipole contribution, with
the molecular dipole polarizability as its coefficient [20]. The drawback
of the above expansion, however, is that it fails to correctly represent
the short-range behavior of the full interaction and does not contain any
effect from either static or dynamic correlation contributions [21]. We
have therefore studied the use of the local density-functional approximation [22, 23, 24, 25] in order to correct for such failures. We assume that
the dynamic correlation effects that dominate the short-range behavior
of the CP potential,
for closed-shell molecular targets can be
treated using a density-functional theory (DFT) approach within the
range of the target electronic density and can be further connected with
the asymptotic dipolar form of Eq. (1) in the long range region.
We therefore describe the full
interaction as given by two
contributions which are connected at a distance [22],

Furthermore, as discussed earlier [22], the short-range correlation contributions in Eq. (2) can be included either by considering the correlation
effects on a homogeneous electron gas without reference to the positron
projectile, as presented in Ref. [26], or by considering explicitly the
positron projectile as an impurity within the homogeneous electron gas
[13]. We have explicitly derived both forms of
and discussed their
merits for molecular targets in our earlier work. Both models will be
employed in the present work. The potential based on the homogeneous
electron gas will be that proposed by Perdew and Zunger [12] and will
be denoted
The form based on the density-functional theory
for an isolated positron interacting with an electron gas will be denoted
and is a modified version of the PCP2 potential proposed by
Jain [27], which was derived from the density-functional energy expression of Boronski and Nieminen [13]. We have modified this potential to
cut off the potential smoothly as
by using the function

where
The total interaction potential is then given as the sum
of the static and CP potentials to yield
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where
is either
or
as discussed above. The
potential
was obtained using distributed polarization centers [9] with added terms
so that
when
The connection radius,
was obtained in a somewhat different manner than in previous studies [10], where was taken to be the location
of the intersection of the
partial waves of
and
which was
closest to the origin. Additionally, if there was no intersection, then the
location of the closest relative approach of the two potentials was taken.
In the present study, we found that a more reasonable choice was to
take the innermost intersection or closest relative approach of the two
potentials along the ray from the center of mass of the molecule (the S
atom) through one of the F atoms.
In
and
potentials, the actual connection of the potentials is
done using a smooth switching function [28]. In this switching function
there are four parameters,
and
which define the shape
and range of the switching function. We have found that a satisfactory
switching function can be defined in terms of a single switching distance
where
and
For
all calculations presented here we took
2.2.

The DPM Polarization Potential

The DPM potential is another approximate CP potential. This is
based on a modification of the adiabatic polarization approach [29, 30]
which makes use of quantum chemistry technology to provide a variational estimate of the polarization potential. In the adiabatic approximation to the polarization potential, the positron is treated as an additional
“nucleus” (a point charge of +1) fixed at location
with respect to the
center of mass of the atomic or molecular target. The target electronic
orbitals are allowed to relax fully in the presence of this fixed additional
charge and the energy lowering due to the distortion is recorded. This
energy lowering represents the adiabatic polarization potential at one
point in space. Of course, in order to represent fully the spatial dependence of this interaction, many such points must be computed.
However, due to nonadiabatic and short-range correlation effects, e.g.
virtual Ps formation, the adiabatic approximation can overestimate the
strength of the polarization potential for smaller values of
where
the positron has penetrated the target electronic charge cloud [29, 30].
The DPM corrects for this by treating the positron as a smeared out
distribution of charge rather than as a point charge. The physical reasoning behind this approach can be explained in the following way. If
the scattering particle really were an additional nucleus, a proton, then
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the dominant short-range correlation effect would be virtual hydrogen
atom formation into ground and excited states, and the delta function
distribution of positive charge at the center of mass of this virtual system would be correct. But, for a Ps atom, the positive charge is not well
localized at the center of mass. Thus, to mimic this effect in computing the polarization potential, we represent the positron as a spherical
distribution of charge in our quantum chemistry code. This leads to a
polarization potential that more nearly reflects the correct physics and
that smoothly reduces to the correct result for larger values of
The distortion of the molecular orbitals in the electronic structure
code is driven by the nuclear attraction integrals that involve the positron,

where the interaction V between an electron and

is given by

For the adiabatic approximation, we have
which
is appropriate for the positive charge distribution in a virtual hydrogen
atom and results in the standard nuclear attraction integrals.
The representation of the positron charge within the DPM is chosen to reflect the mean distribution of positive charge within virtual Ps
atoms in the various states which can be formed. Although there is no
precise data that would allow us to fix the size of the distribution, this
parameter has never been treated as a “tunable parameter.” We do not
suggest that our choice of
is by any means an exact representation when the virtual Ps is part of an atomic or molecular target. It
is merely a physically reasonable choice that automatically reduces to
the adiabatic result in the appropriate region. In earlier studies [14, 15]
of positron scattering involving the DPM we initially chose convenient,
uniform spherical charge distributions whose radius
was set to either
the average ground state Ps radius of 1.5 au or to 1.0 au, the maximum
in the ground state Ps radial distribution with respect to the Ps center
of mass. Both choices provided enormous improvement over scattering
results obtained with the simple adiabatic approximation and strongly
suggest that the DPM mimics the correct physics for short-range correlation.
As originally implemented the DPM scheme made use of direct threedimensional quadrature to compute the modified nuclear attraction integrals of Eq. (5) so that, if necessary, essentially any choice of
could be accommodated. However, to implement the DPM scheme for
larger target molecules such as
(and in light of the success of the
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very simple choices for the positron charge distribution) we now construct
from the STO-3G basis for
atomic hydrogen with Slater
exponent
This choice gives results similar to those obtained
with the DPM
distribution, but has the advantage that all of
the modified nuclear attraction integrals can be evaluated in closed form
by means of the very efficient functions used to compute two-electron
integrals. Again, once the DPM potential is calculated, it is combined
with the static potential to yield a total interaction potential as given
by Eq. (4).
2.3.

Solution of the Scattering Equations

By employing one of the forms of
discussed above, we have reduced the positron-molecule scattering problem to a potential scattering
problem, where the potential is a local potential but does not have spherical symmetry. The corresponding scattering equations are solved by
expanding the Hamiltonian and the wave functions using a single-center
expansion (SCE). This expansion reduces the Schrödinger equation to a
set of coupled ordinary differential equations of the form

where
is the collision energy and the positron continuum radial
functions
are the required unknown quantities originating from
the symmetry-adapted SCE form of the wave function of the scattered
particle,
Here
labels the relevant irreducible representation (IR), with describing the IR of the scattered positron and with being one of its
components, and
are the generalized harmonics. The index
further labels a specific angular basis function for each chosen partial
wave contribution found in the
IR under consideration. The coupling matrix elements on the right-hand side of Eq. (7) are then given
by

The details of the angular products have been described before [31]
and will therefore not be repeated here. Suffice it to say that, when using
the static-correlation-polarization interaction within the SCE formulation and the close-coupling approximation implied by Eq. (7), the formulation and the corresponding coupled-differential equations are solved
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to yield rotationally summed, integral elastic cross sections for each IR
contributing to the scattering process. The total cross section is then
given as

One should stress at this point that the above treatment does not
include any contribution from a number of processes: Ps formation,
direct positron annihilation, electronic excitation, ionization, vibrational
excitation, or rotational excitation.

3.

COMPARISON OF THE RESULTS FROM
THE DIFFERENT POTENTIALS

For the computation of the static, ECP, and PCP potentials, for
scattering we used a 6-311++G(3df) one-electron basis
set [32] which yielded a self-consistent field energy of -994.309353 au for
R(S – F) = 2.948 au. The asymptotic polarizability was taken to be
[33, 34], which was distributed with
centered on the
S atom and
on each of the F atoms.
The DPM polarization potential was obtained from the PATMOL [35]
suite of quantum chemistry codes using a triple zeta with double polarization basis [36] for the target. This basis consists of a (12s9p2d/7s5p2d)
set on the S atom and (9s5p2d/5s3p2d) set on the F atoms. The ground
state energy in this basis is -994.2489 au. Finally, for calculations involving the DPM potential, an additional (4s3p) basis set was centered on
the positron location. Computations for the DPM polarization potential
were performed on a 16-node Beowulf cluster [37] running Linux with
standard MPI calls.
In Fig. 1 we show the different
potentials along three different
rays from the S atom outward. In the figures showing the potentials, the
directions of the rays are given in terms of and which are the usual
spherical polar angles and where the
molecule is oriented with the
S atom at the origin and with the six F atoms on the axes of the corresponding Cartesian coordinate system. As was noted earlier [10], the
PCP potential is much more attractive than the ECP potential. Interestingly, the DPM potential is between these two potentials in strength.
The DPM potential is much smoother near the nuclei than are the two
density-functional CP potentials which reflect the sharp peak in the electron density at the nuclei. In Fig. 2 we give the values of
for these
three potentials. Note in this figure the small spikes in the static potential in the directions that do not pass through one of the F atoms. These
features are due to the truncated partial wave expansions and would not

484
be present in the limit of an infinite expansion. One can see that, on
the scale used in Fig. 2, the ECP and DPM potentials are very similar
whereas the PCP potential is substantially more attractive than either
the ECP or DPM potentials. Another important point illustrated in
Fig. 2 is that the part of the CP potential further than 1.0-1.5 au from
the nearest nucleus will have the most significant effect on the scattering properties of the molecule since in regions nearer to the nuclei the
repulsive static interaction is dominant.
Although it is not apparent in Figs. 1 and 2, the ECP and DPM potentials have different asymptotic strengths. The ECP was fixed to agree
asymptotically with the experimental static electronic polarizability of
which is
[33, 34], whereas the polarizability found in
the DPM calculations was
In order to consider the sensitivity of the computed cross section to the asymptotic polarizability,
we also constructed an ECP potential which used the same asymptotic
polarizability as was computed in the DPM potential. We will refer to
this potential as the ECP2 potential. In Fig. 3 we show the ECP, ECP2,
and DPM potentials along the ray from the S atom through one of the
F atoms
and
in the range of where there is a substantial dependence on the manner in which the
and
are joined
together. By changing the asymptotic strength of the potential, the
value of changed from 6.22 au in the ECP potential to 5.81 au in the
ECP2 potential. Thus, to separate the effect of the changing asymptotic
potential from the change in the connection radius we have also considered a third ECP potential, ECP3, which was obtained using the same
value of the polarizability as was used in the ECP potential, but fixing
the connection radius to be 5.81 au as was found in the ECP2 potential.
The value of this potential is also shown in Fig. 3. One can see that
ECP2 and ECP3 are nearly identical in the region shown in Fig. 3, with
only small absolute differences due to the different asymptotic strength.
In Fig. 4, the values of the three ECP potentials and the DPM potential are shown on the ray with
and
We can see that in
this direction the ECP and ECP3 potentials are nearly the same. Thus,
there is little sensitivity to the value of
Also in this direction, the
ECP2 potential is a smooth connection of the ECP potentials at small
and the asymptotic form of the DPM potential.
The total elastic scattering cross sections for these potentials are given
in Fig. 5. Considering that the ionization potential of
is 15.3 eV
[38] and that the binding energy of Ps is 6.8 eV, the threshold for Ps
formation in this system is 8.5 eV. Thus, one would expect reasonable
agreement between theoretical elastic cross sections and experimental
total cross sections for energies less than 8.5 eV. In Fig. 5 we see that
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the DPM cross sections are in agreement with the experimental data
below a scattering energy of 8.5 eV. In Fig. 6 an expanded view of the
low energy portion of the results is given where it is seen that there
is particularly good agreement between the DPM calculations and the
data of Sueoka et al. [16].
The difference between the ECP and ECP3 calculations gives an indication of the sensitivity of the computed cross sections to the connection
radius. In Fig. 5 we can see that at very low energy the change in
leads to a 30% change in the cross section. Above ~1 eV the difference
is much smaller. The difference between the ECP2 and ECP3 curves
comes from the different asymptotic potential used in each case. Also
from Fig. 5 we see that the low energy cross sections are most sensitive to the change in the asymptotic potential. Above ~10 eV all three
ECP potentials give very similar results. The ECP potentials represent
the strength of correlation effects in electron-molecule scattering. Thus

Correlation and polarization potentials

489

the difference between the ECP and DPM results above ~10 eV can be
ascribed to the difference in short-range correlation effects for positron
and electron scattering.
Finally we note that the results obtained with the PCP potential are
substantially different from the experiment and also from the results
obtained with the other potentials. One can observe a feature at ~1.5
eV that is due to a shape resonance in the PCP calculation. As in the
study [10], such a feature seems to be the result of the
overly attractive nature of the PCP potential.
A previous study on positron scattering from
and
[39] has
shown that it is possible to obtain reasonable agreement between experimental cross sections and those calculated using the PCP potential.
However, to get such agreement required a very different choice for the
potential. In the earlier study [39]
was constructed using all of the
polarizability located on the central C atom. The connecting radius,
was then between the C atom and the halogen atoms. This choice of
and effectively eliminated the overly attractive PCP in the region of
the halogen atoms leading to reasonable agreement between experiment
and theory.

490

4.

CONCLUSIONS

The scattering cross sections obtained using the DPM potential for
scattering are in very good agreement with the most recent
experimental data. The DPM potential does have one empirical parameter, however, the good agreement for scattering cross sections found
here in
with a value of
chosen to represent the distribution of positive charge in isolated Ps, suggests that a single value of
may lead to accurate model CP potentials independent of the molecule
studied.
The ECP potentials can yield cross sections that are fairly close to
the experimentally measured values. However, the results one obtains in
positron-molecule scattering are much more sensitive to how the
and
potentials are connected than in the electron scattering case. This is
most likely due to the fact that, in positron scattering, the static potential and the CP potentials have opposite signs. Thus, the net potential is
smaller in magnitude than either the static or CP potentials, and small
relative changes in the CP potential yield larger relative changes in the
total potential [39]. A second source of sensitivity to the connection
method is that near the nuclei the total positron-molecule potential is
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very repulsive. Thus, the scattering cross section is insensitive to the
value of the correlation potential in the region of the nuclei but is very
sensitive to the CP potential in the region outside the nuclei, as seen
in Fig. 3. The part of the CP potential which has an impact on the
scattering cross section is the region where the connection occurs. This
leads to the unsatisfactory sensitivity to the connection parameters used
to construct ECP type potentials and limits their utility in a predictive
model for positron-molecule scattering.
The PCP potential as implemented here does not lead to satisfactory
results. However, a different choice of
can lead to better agreement
with experimental data [39]. This sensitivity to the form of the asymptotic potential in the PCP potentials again highlights the need to find a
better way to connect the
and
potentials if one wants to employ
potentials of this type.
Finally, we note that the an adiabatic positron-molecule CP potential, denoted
in Ref. [39], has been applied to positron scattering
from
and
That previous study found that the the
potential gave better agreement with experimental data than did the PCP
potential even with the different choice of connecting to
A direct
comparison of the adiabatic and DPM type interaction potentials for
larger molecular systems would be of interest.
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Abstract

1.

We present calculated integral cross section and annihilation parameter
for positron collisions against the
molecule. The results were
obtained with the Schwinger multichannel method (SMC) [ J. S. E.
Germano and M. A. P. Lima, Phys. Rev. A 47, 3976 (1993) ]. Our
model takes correlation–polarization forces into account and completely
disregards nuclear motion and real positronium formation. The results
indicate that the occurrence of an electronic Feshbach resonance should
lead to high annihilation rates.

INTRODUCTION

Since the seminal work of Dirac [1] it is known that an electron–
positron pair with opposite spins can annihilate, producing two quanta
of radiation. Accordingly, the spin–averaged annihilation rate for slow
positrons in an uncorrelated electron gas is

where is the classical electron radius, is the speed of light and
is the number density of the electron gas. Direct extension of Dirac’s
theory to a low–density molecular gas leads to the following expression
for the expected annihilation rate
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in which
is the molecular number density and
is the effective
number of electrons per molecule “seen” by the positron.
At first sight, one could naively assume that
should be of the
order of Z, the actual number of molecular electrons. However, in the
early sixties Paul and Saint–Pierre [2] observed that room–temperature
annihilation rates for different butane isomers and
exceeded Dirac’s
prediction by a factor of 500 to 700. Further improvement in experimental techniques allowed measurement of
values for a large collection
of polyatomic molecules [3, 4] and it was found that some hydrocarbons
present
ratios as high as
The underlying dynamics of
such huge annihilation rates has not yet been understood, challenging
physicists and chemists to accomplish a satisfactory model.
It is opportune to notice that
values exceeding the actual number
of molecular electrons by many orders of magnitude puzzle the very idea
of an effective number of electrons. It is perhaps more appropriate to
understand
as a measure of the interaction strength in the following
sense: if no correlation forces among electrons and the positron existed,
electrons per molecule would be necessary to yield the observed
annihilation rates. Hence, the amount by which
exceeds Z may
indicate how intense that interaction is.
Further physical insight about
may be gained by taking the following qualitative arguments into account. The collision frequency of
the positron in the molecular gas can be expressed as [5]

where is the gas density, is the total cross section and is the relative
velocity of the projectile with respect to the target. The annihilation
rate will be therefore given by the product of the collision frequency and
the annihilation probability. If we assume a typical collision time,
as
well as an annihilation rate for a positron in the molecular field,
the
annihilation probability will be given by

and the annihilation rate for positron–molecule collisions will be expressed as

Comparison between Eqs. (2) and (5) leads to the following expression
for the annihilation parameter
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As a result, high annihilation rates may be attained either by large cross
sections or long collisional times. This suggests that the interaction
strength, which determines the magnitude of
may be viewed as a
combination of the positron–target interaction with the dwell time. The
most illustrative case is found for
in which
is directly
proportional to the product
In low–energy positron–molecule collisions, large cross sections and
long scattering times may be achieved through strong correlation–polarization forces and resonant phenomena. Once we are concerned with
room–temperature positrons (E ~ 0.025 eV), the collisional process
should not involve shape or electronic Feshbach resonances, as well as
electronic excitation or ionization. The expected prevailing scattering
phenomena should be ordinary polarization effects (deformation of target’s electronic cloud due to the interaction with the incident positron),
formation of virtual positronium, formation of virtual states (i.e., nearly
bound states of the
system), vibrational excitation and vibrational Feshbach resonances.
We will somewhat arbitrarily distinguish fixed–nuclei processes (target polarization, formation of virtual positronium and formation of virtual states), hereafter called correlation–polarization effects, from those
involving nuclear motion (vibrational excitation and vibrational Feshbach resonances). Such distinction is not always adequate, since, for instance, a long–lived virtual state should allow nuclear motion. In spite of
that imprecision, we will keep this view because it is of help in classifying
a few different reported models describing annihilation dynamics. It has
been proposed that high
values would be due to formation of virtual
states [2, 6, 7] and also to formation of virtual positronium followed by
pick–off annihilation (i.e., with one of the other molecular electrons) [8].
These models do not necessarily take nuclear motion into account, being
based on correlation–polarization forces. There are also models based
on non–resonant vibrational coupling [9] and on vibrational Feshbach
resonances [10], which evidently involve motion of the nuclei.
In principle, one may suspect that the nuclear motion would play a key
role in the annihilation dynamics because reported
ratios for noble
gases never exceed ~ 6 [4]. This standpoint, however, is perhaps an oversimplification since the simplest molecule,
whose considerable spacing between vibrational levels [11] should prevent vibrational Feshbach
resonances in room–temperature collisions, presents
(He atom, also a two–electron system, presents
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In this work, we illustrate the relevance of correlation–polarization
forces through the study of an electronic Feshbach resonance in positron
collisions against
An accurate understanding of the role played by
such forces in the annihilation process is of great theoretical interest
because the computational treatment of electronic–nuclear coupling for
polyatomic molecules is a formidable task.

2.

THEORY

The present calculations were performed with the Schwinger multichannel method (SMC) for positrons. This method is extensively discussed elsewhere [12, 13] and we will only present a few key features.
The SMC method provides a variational expression for the scattering
amplitude given by

where

and

In the above expressions,
is a solution of the unperturbed Hamiltonian (molecular Hamiltonian plus the kinetic energy operator for the
incident positron); V is the interaction potential between the incident
positron and the molecular target;
is a configuration state, i.e., an
(N + 1)-particle variational trial function (the product of a target state
and a positron scattering orbital). P and Q are, respectively, projection
operators onto energetically open and closed electronic states of the target; is the collision energy minus the full scattering Hamiltonian; and
is the free–particle Green’s function projected on the P space.
Determination of the variational coefficients allows one to obtain the
SMC scattering wave function, expressed as [13]

The
parameter is related to the probability of finding the positron
and an electron at the same position [14],
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where
is the wave vector of the incident positron and
is the
elastic scattering wave function, presently calculated through Eq. (10).
The
expression has been averaged over all incident directions to
account for the random orientation of the molecules in the gas.
In the SMC method, the scattering boundary condition is introduced
via the Green’s function, allowing the use of Cartesian Gaussian sets
as trial basis [12]. Even though Gaussian functions do not present the
correct asymptotic behavior, the Dirac’s delta function in Eq. (11) assures that it is only necessary to correctly describe the scattering wave
function where the potential is non–zero, since no electron can be found
in the asymptotic region (below real positronium formation threshold).

3.

COMPUTATIONAL ASPECTS

Description of the trial basis sets for bound and scattering calculations
is given by Lino et al. [15]. In all calculations, the molecular nuclei
were kept frozen at the experimental equilibrium geometries. The target
was treated as belonging to
point–symmetry group and the ground
state was described through a single–determinant restricted Hartree–
Fock framework. In our model, the threshold for a real positronium
formation is 9.37 eV.
Here only elastic scattering is addressed and the open–channel operator in Eqs. (7)-(9) is given by
where
is the target’s
ground state. Current implementation of the SMC method considers two
different approximations: static (S) and static–plus–polarization (SP).
In the former, the target is kept frozen in its ground state, and the configurations used to expand the trial scattering wave function, Eq. (10),
take the form

where
is a positron scattering orbital. The SP approximation, on
the other hand, takes polarization effects into account through single
excitations of the (N+1)–particle compound system. The configurations
are then given by
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where
is a singly excited target state. In this work, the SP approximation was adopted in all calculations.

4.

RESULTS AND DISCUSSION

Even though both Feshbach and shape resonances involve the formation of a temporary ion state (i.e., a state of the projectile–target
system) they markedly differ from each other in the following sense [16].
In shape resonances the impinging particle is captured by a combination
of an attractive interaction potential with angular momentum barriers.
Hence, no excitation of the target is involved and shape resonances may
be understood as single–particle processes.
Feshbach resonances, on the other hand, are observed when an excited
ion state lies just below an excited state of the isolated target, which
is called the parent state. If the impact energy is slightly lower than
the excitation energy of the parent state, the ion state may be formed,
but decay to the parent state will be forbidden (since it is energetically
closed). In this situation, the scattering process will not only involve
ejection of the projectile, but also de–excitation to an energetically open
state of the target. As a result, the projectile will be retained for a
longer time in the interaction region. Since Feshbach resonances necessarily involve description of an excited target state, they are many–body
processes and cannot be studied through model–potential approaches.
Even though shape and Feshbach resonances have been reported for
electron scattering by many targets [16], we are not aware of any resonant
phenomena observed for positron scattering. In Fig. 1, we schematically
show that a Feshbach resonance should exist for
collisions. The
first two spin–allowed excited target states are
and
whose
excitation energies are respectively 12.75 and 13.14 eV in our model.
(These energies were obtained at the improved–virtual–orbital (IVO)
approximation.) Diagonalization of the (N + 1)–particle Hamiltonian
revealed the existence of an eigenvector with energy of 12.63 eV, which
is essentially an admixture of
and
doublets. Put
in other words, there is an ion state
essentially formed from excitations to B and E target states, whose energy lies just below the
excitation energy of B, which may be considered the parent state.
It should be observed, however, that all N– and (N+l)–particle states
showed in Fig. 1 lie above the positronium formation threshold. Since
current implementation of the SMC method does not account for real
positronium formation, present calculations should not provide quantitatively accurate results. Moreover, we are reporting calculations only
for the resonant
global symmetry and also neglecting nuclear motion.
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In view of these facts, we do not expect our results to be accurate but
rather aim to qualitatively illustrate the effect of a Feshbach resonance
in the annihilation process.
In Fig. 2 we show integral cross section (ICS) for the
symmetry.
A Feshbach resonance is clearly observed in our model, being located at
12.63 eV. The resonance also has a half–width of ~ 8 meV, indicating
that the positron would be trapped for about
Fig. 3 shows
for the resonant
global symmetry. The results
have been normalized to unity at E = 10 eV. One observes a great
enhancement of
at the resonance region. The
at the resonance
position (12.63 eV) is about 80 times as large as its value at 10 eV, while
ICS at 12.63 eV is only 20 times as large as ICS at 10 eV. As mentioned
above, our calculations are not expected to provide quantitatively accurate results, but we believe that they strongly indicate that occurrence
of Feshbach resonances could lead to high annihilation rates.
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5.

CONCLUSIONS

We performed calculations for
scattering, in which an electronic Feshbach resonance exists. Our model indicates that such a resonance would strongly enhance annihilation rates. It should be observed,
however, that our fixed–nuclei calculation may be an oversimplification,
perhaps not fairly describing the real situation. The calculated resonance is quite narrow (that is, long–lived) and it may be very sensitive
to nuclear motion, neglected in our model. In addition, we have not
considered the positronium formation channel, which could modify both
resonance width and position. As a result, present calculations are useful to illustrate that exclusive electronic capture mechanisms may lead
to high annihilation rates, even though this particular resonance may
not be experimentally observed due to the approximations mentioned
above.
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total (TCS) 296, 324, 337, 340-342, 362, 367, 372-376, 392,
394, 407, 463
total, electron and positron compared 376-378
zero energy 333, 335-339, 341
crossed-beam experiments, 279-285
37
density,
functional theory (DFT) 127, 134
functional potential 477
depth-profiling positron spectroscopy, 152
dipole moment, critical, 437
direct product, 460
dissociative attachment, 280-284
distributed positron model, 477
effective range, 332, 333
electro-deposition, 40
electron-positron,
contact density 267
correlation 131, 238, 247, 249, 250, 255
electronic excitation, 395, 399, 401, 405, 407
end-point energy, 37
equivalence principle, 55
Feshbach resonance, 470, 493
fixed-nuclei,
approximation 457
orientation approximation 459
fluorinated hydrocarbons, 438
Gaussian-type oribital (GTO), 462
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generalized gradient approximation (GGA), 127, 135
Hartee-Fock, 437
He, 74, 296
Helicity, 36
74
inelastic flux, 332-336, 338-342
interaction,
matrix 460
potential 451-455
ionization, 303-322, 386, 393, 402, 403, 407
by electron impact 314-318
by positron impact 315-318
by proton impact 315-318
energy 300
in positronium collisions 186, 187
transfer 175, 180, 194, 195, 304-309
irreducible representation, 457
K-matrix, 462
Kohn variational method, 59, 68
laser-cooling, 16, 19
LINAC, 122
Liouville's theorem, 229
local density approximation (LDA), 135
low-dielectric films, 151
Mach-Zehnder interferometer, 230
many-body perturbation theory (MBPT), 271, 272
mestable atoms, 278
moderators,
energy spectra of tungsten 370
rare gas 88, 91, 122, 123
molecular imaging, 116
molecule-fixed system, 457
momentum,
distribution 292, 294
transfer cross section 291, 292, 295-297
multiple scattering, 225
multiple-positron systems, 285, 286
37, 88, 89
37
negative ion beams, 284, 285
noble gas atoms, 339, 313-319
non-neutral plasmas, 19
operator, for annihilation, 268
ore gap, 304, 305
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ortho-positronium, 101, 183, 291
orthogonalising pseudo-potential, 206
Pauli exclusion mechanism, 187-189, 191, 193
Penning trap, 1, 3, 19, 21
phase shift, 329-334, 341
pick-off annihilation, 106
mutual 106, 109
pick-off quenching, 292, 297
polarizability, 300, 455
polarization, 36
potential 200, 205, 215, 392, 395, 414
pore interconnectivity; percolation, 157
pore size,
distribution 164
measurement 161
porosity characterization, 152
porous material, 101
positron,
affinity 444
annihilation 2, 9-12, 15
annihilation lifetime spectroscopy (PALS) 154
annihilation parameter
451, 460, 469
annihilation rate 129
-atom bound states 199, 209, 212, 213, 215-218
-atom scattering 173-182, 183-185, 194, 195
attachment, dissociative 439
backscattering 169
binding to atoms and molecules 419, 438
bound states 226
capture 418, 425, 428
chemistry 236, 253
compression 26
cooling 28
density 2, 18
density at the electrons 425
-impact ionization 174, 175, 178, 180, 181, 194, 195
lifetime 130, 292, 298
macropulses 122
microscope 116
scattering 477
slow 123
spin polarized 31, 35
states 127
temperature 2, 16-18
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trap 21
trapping 347
positron beams, 21, 24
cold 356
brightness enhancement 115, 124
single user 170
spin polarized 35, 109
trap-based 393, 396, 401, 402
positron scattering, 415, 416, 420, 425, 493
by atomic hydrogen 180, 181
by Mg, Ca and Zn 182
by the alkali metals 182
by the inert gases 182, 194, 195
differential 392-397
elastic 357, 362
electronic excitation 362
vibrational excitation 359, 361
positronium (Ps), 48-50, 54, 101, 175, 180, 186, 193, 194, 195, 201, 291
-atom scattering 183-195
binding energy 300
Bose-Einstein condensate 35, 101, 102, 112
-chloride 273, 275
diffusion barriers 167
formation 174, 175, 177, 180-182, 194, 195, 224, 225, 303-313,
392-396, 402, 405, 407
formation threshold energy
451
-H bound states 186, 187, 191, 193
-H scattering 330-332, 334
-He scattering 334-341
hydride (PsH) 266, 272, 273, 277
in cavities 101
in porous films 156
molecule
124, 223, 230, 231
ortho- 101, 183, 291
para- 101, 183
quantum sticking 118
quenching 106, 109
Rydberg 229
spin-aligned, ortho- 36
virtual 267
positronium scattering,
by atomic hydrogen 184-195
by inert gases 184, 189, 192, 195
projectile-elastic CCA, 330-333, 338
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prolate spheroidal coordinates, 58
protonium, 47-49, 57
pseudostate, 173, 174, 177,181-184, 332, 333, 336, 339, 341
quantum,
electrodynamics 85
Monte Carlo (QMC) 127, 140, 203, 235, 236, 270, 271, 438
phase transition 118, 121
sticking (Ps) 118
quenching,
chemical 297
of molecular excitations by a metal surface 117
of positronium 278
radiation background, 43
radioisotope sources, short half-life 37
Raman active modes, 467
rearrangement, 47-51
recoil ion momentum spectroscoy (RIMS), 279, 280
resonances, 330, 331, 334, 341, 393, 395, 403-405, 407
in the Ps-H system 188, 189
shape 477
width of positron and molecule 425
S-matrix, 458
scattering,
length 212, 332, 333, 335, 338, 420
back 43
elastic 392-398, 407
electron 391-393
Schwinger multichannel method, 493
self-consistent field (SCF), 462
38
silica,
aerogel 102, 291, 292
powder 102
single-center expansion, 457
space-fixed (SF) system, 457
spectroscopy, Doppler free, 94
spin conversion,
cross section 106
quenching 297
mutual 106, 109
spin polarization, 109
positron beam 35, 109
positrons 31
spin-orbit interaction, 392, 401
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static exchange model, 330, 331, 333, 335-338
sticking coefficient, 125
stochastic variation method, fixed core (SVM), 202, 205, 270
symmetry-adapted function, 457
sympathetic cooling, 1, 16, 17, 19
T-matrix, 458
Tao-Eldrup model, 153
target-elastic CCA, 331-333, 336, 338, 339
thermalization of Ps, 102, 294
thin films,
insulating 151
positron annihilation lifetime spectroscopy (PALS) 154
three-body clusters, 266
threshold energy,
for direct ionization 304, 313-319
for positronium formation 304, 309-312
time of flight (TOF), 368-372
time-selected,
angular correlation 102
energy spectroscopy 102
two-photon transition, 95
Van der Waals interaction, 184, 194
Vibrational,
excitation 393, 395, 398, 401, 407
Feshbach resonances 418, 432
frequencies 429-431
spectrum 427, 428
vibrationally,
elastic cross section 462-466
inelastic cross section 467, 468
virtual level, 416, 421
virtual positronium, 267
Wannier threshold law, 402
wave function, trial, 237, 240-246, 255
work function, 292
(see annihilation parameter)
(see annihilation parameter)
zero-range potential 272
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