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PREFACE

The advent of commercial quadrupole ion trap instruments has been followed by a
wide range of applications of such instruments for mass spectrometric studies and
investigations facilitated, at least in part, by the publication in 1989 of Quadrupole
Storage Mass Spectrometry. This book was intended as a primer, an elementary text-
book, to explain briefly and concisely the basic operation of the quadrupole ion trap.
On the basis of many laudatory comments (the inclusion of which is precluded by
surfeit of modesty and paucity of space) from graduate students who had been
assisted in their researches by this primer, we concluded that the primer had been a
success. In the same year, the award of the Nobel Prize in Physics, in part, to
Wolfgang Paul and Hans Dehmelt recognized the invention of the quadrupole (or
Paul) ion trap by Wolfgang Paul and Hans Steinwedel. 

It was a great privilege for us to be invited, in 1991, to undertake the preparation
of a research monograph on quadrupole ion trap mass spectrometry for CRC Press.
The principal objective of this monograph was to present an account of the develop-
ment and theory of the quadrupole ion trap and its utilization as an ion storage
device, a reactor for ion/molecule reactions, and a mass spectrometer. A secondary
objective was to expand the reader’s appreciation of ion traps from that of a unique
arrangement of electrodes of hyperbolic form (and having a pure quadrupole field)
to a series of ion traps having fields with hexapole and octopole components; fur-
thermore, the reader was introduced to the practical ion trapping device in which
electrode spacing had been increased. It was gratifying to discover that so many of
our colleagues were willing to contribute to such a monograph. All of the research
groups and individuals invited initially to contribute to the monograph accepted their
invitations with enthusiasm that matched, if not exceeded, that which they displayed
for ion trap research. Their enthusiasm and hard work had not gone unrewarded, in
that significant advances were made during the early 1990s to our understanding of
ion trap behavior, new traps, trapped ion trajectory control, and trapped ion behav-
ior. The net result was a burgeoning of new material beyond that anticipated for the
original monograph and in excess of that accommodated normally in a single book.

xiii
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In 1995, not one, but three, volumes of Practical Aspects of Ion Trap Mass
Spectrometry were published. These volumes were comprised of a total of 32 chap-
ters from eighteen of the leading ion trap research laboratories in the world. 

In 2002, it appeared as though Quadrupole Storage Mass Spectrometry had gone
out of print: despite a number of searches on both sides of the Atlantic Ocean, not a
single copy could be found! Following discussions with Robert Esposito of John
Wiley & Sons, it was agreed in February 2003 that some additional copies would be
printed and that consideration should be given to the preparation of a second edition.
We agreed to submit an outline for a second edition because the quadrupole ion trap-
ping field had expanded so rapidly during the 1990s and into the twenty-first century.
Parenthetically, two copies of the book were located serendipitously in a warehouse
near Toronto’s Pearson International Airport while one of us (R. E. M.) was waiting
for an aircraft. The proposal for a second edition included an updated history of the
development of ion trapping devices, a revised treatment of the theory of ion trapping
in quadrupole fields, and an introduction of new instruments that employed quadru-
pole fields for the confinement of gaseous ions. John Wiley & Sons accepted the
advice of Dominic Desidario to the effect that a second edition of Quadrupole
Storage Mass Spectrometry would be an asset to the Wiley analytical list. 

Quadrupole Ion Trap Mass Spectrometry is a tightly focused primer directed par-
ticularly to relative newcomers to the field of ion trap mass spectrometry. The aim of
this book is to present a primer on the theory of ion containment in a quadrupole field
and to discuss the relevant dynamics of ion motion as a background to discussions of
the development and performance of new instruments that have become available in
this century. Our understanding of the behavior of both two- and three-dimensional
quadrupole fields is now much more advanced with the result that new ion trapping
devices of greatly improved sensitivity and speed have been developed. The discus-
sions of new instruments and new forms of existing instruments are up to date as of
this time. We have been able to present the latest aspects of these instruments through
the ready cooperation of scientists in the field and manufacturers of the instruments.

The approach to this book may be described as that of a “pseudo-single author”
in that we have shared the writing but, at each stage, every chapter has been sub-
jected to intense discussion back and forth until complete final agreement has been
achieved. In this manner, the reader is presented with a text that has a high degree of
clarity of expression so as to promote ready comprehension. While this book is not
an attempt to review recent research in quadrupole ion trap mass spectrometry, it
does give numerous references to the literature. 

Quadrupole Ion Trap Mass Spectrometry is composed of nine chapters. Chapter
1, A Historical Review of the Early Development of the Quadrupole Ion Trap, is pre-
sented as a prelude to the theory, dynamics, computer modeling, operational aspects,
and applications of the quadrupole ion trap in its various forms (including the
recently introduced “linear ion trap”) that are discussed in succeeding chapters. We
first examine the early historical development of the ion trap leading up to its emer-
gence as a commercial instrument. The aim is to provide the reader with a fairly gen-
eral account containing a level of explanation sufficient for the understanding of the
story as it unfolds. Chapter 2 deals with the theory of quadrupole instruments. A new

xiv PREFACE
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unified step-by-step theoretical treatment of the mathematics of ion containment in
quadrupole fields is presented gently at a level that should be readily comprehensi-
ble to graduates in Chemistry that have an elementary knowledge of calculus and
physics. This presentation of the theoretical treatment or derivation flows through
three stages. First, the general expression for the potential is modified by the Laplace
condition. Second, it is recognized that the structure of each quadrupolar device is
constrained by the requirement that the hyperbolic electrodes share common asymp-
totes. Third, the derivation is based on a demonstration of the equivalence of the
force acting on an ion in a quadrupole field and the force derived from the Mathieu
equation; this equivalence permits the application of the solutions of Mathieu’s
equation to the confinement of gaseous ions. For the quadrupole ion trap, no
assumption is made “a priori” concerning the ratio r0/z0. 

The entire treatment given in Chapter 2 is based on the assumption that we are
examining the behavior of a single ion in an infinite, ideal quadrupole field in the total
absence of any background gas. Clearly in most applications a single ion is rarely of
great value and background gases cannot be excluded totally; in reality, therefore, the
theory of ion containment must be considered along with the dynamical aspects of ion
behavior. Chapter 3 deals with the dynamics of ion trapping and includes discussion
of the effects arising from the presence of other trapped ions (i.e., space charge), the
existence of higher order (nonquadrupole) field components, and collisional effects,
both with the background and with deliberately added neutral gases. Furthermore, in
practice it is obviously necessary to create ions within the quadrupole field or to inject
them from an external source and, in most applications, to eject them for detection.
Other possible experiments may make use of the ability to excite resonantly the
motion of ions mass selectively through the application of additional potentials oscil-
lating with frequencies that match one or more of the secular frequencies. All these
topics are considered in an integrated approach, in which first we consider a simpli-
fying approximation to the theory of containment that assumes that the motion of the
ions can be described in terms of their being trapped within a “pseudopotential well.”
This approximation allows us, in turn, to develop models that predict the maximum
number of ions that may be stored within an ion trap and to make estimates of the
kinetic energies of ion motion. From here we examine the influence of higher order
field components and the effects of “nonlinear resonances” on the motion of the ions,
together with such phenomena as “black holes” and mass shifts. The reader is intro-
duced to the action of nonlinear resonances in a quadrupole field and how such reso-
nances have been harnessed to improve instrument performance.

Chapter 4 is concerned with the simulation of ion trajectories in the quadrupole ion
trap. The ready availability of software programs for the calculation of ion trajecto-
ries in quadrupole devices provides an enormously useful tool that complements
experimental investigations. Here, we present an introduction to the theory underly-
ing the various types of ion trajectory simulations that may be carried out, from ion
trajectories in a pure quadrupole field in the absence of collisions with neutral parti-
cles to relatively complex simulations of resonantly excited ion trajectories in non-
ideal ion traps in the presence of buffer gas. Not only does this discussion cover the
basic elements of ion trajectory simulation but the pros and cons of different

PREFACE xv
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approaches serve to highlight the opportunities that are available for ion trap research
and the necessary compromises that must be made in the creation of a simulation.

Chapters 5–8 are concerned with new types and new forms of quadrupole instru-
ments. In Chapter 5, the linear quadrupole ion trap mass spectrometer is introduced.
Since 1983, the two-dimensional quadrupole mass filter has been eclipsed to 
some extent by the high versatility and performances of successive generations of
three-dimensional quadrupole ion traps. Yet the development of two-dimensional
quadrupole instruments has continued apace. Two areas of development of such
quadrupole instruments are discussed here: the first area is the development of lin-
ear ion traps wherein ions are confined within a two-dimensional quadrupole field
and subsequently ejected mass selectively; the second area concerns the develop-
ment of ion tunnels for the efficient transmission of ions in a pressure region. These
two areas are interrelated because of the successful combination of electrospray
(ESI) ionization and quadrupole devices despite the wide disparity in ambient pres-
sures. The award of the Nobel Prize in Chemistry for 2002 to Koichi Tanaka and
John Fenn “for their development of soft desorption ionization methods for mass
spectrometric analyses of biological macromolecules” is a testament to the eminence
of mass spectrometry as an important analytical tool for the investigation of biolog-
ical molecules. Ion tunnels are required for the efficient transmission of ions from
the ESI at atmospheric pressure to the linear ion trap wherein the pressure is some
seven to eight orders of magnitude lower. The absence of an axial trapping field in
the linear ion trap facilitates ready admission of ions.

Chapter 6 is devoted to a discussion of the cylindrical ion trap mass spectrometer,
where the cylindrical ion trap has been derived as a simplified version of a quadru-
pole (or Paul) ion trap to affect confinement of charged species. The general direc-
tion of research into cylindrical ion traps has been the study of small ion traps,
described as miniature ion traps, for the confinement of a single ion or for applica-
tions as sophisticated as tandem mass spectrometry. In a further development, mul-
tiple cylindrical ion traps have been mounted in an array. 

In 1983, the ion trap detector was marketed as a mass detector for the examina-
tion of the effluent from a gas chromatograph. The instrument offered such simplic-
ity of operation as to obviate the requirement for personnel with long-term mass
spectrometric experience. Chapter 7 is devoted to a discussion of gas chromatogra-
phy/mass spectrometry. The commercial success of the quadrupole ion trap as a
mass detector for a gas chromatograph has permitted the continued development of
this instrument. These developments consist of the operation of the ion trap as a tan-
dem mass spectrometer in conjunction with positive-ion chemical ionization, includ-
ing selective reagent chemical ionization, negative-ion chemical ionization, selected
ion monitoring, injection of externally generated ions into the ion trap, multireso-
nance ion ejection techniques, and variable mass resolution. 

In Chapter 8 we examine the combination of ion trap mass spectrometry/liquid
chromatography and discuss recent developments in the field of tandem mass spec-
trometry applied to ESI of polar compounds such as proteins and peptides. The evo-
lution of these instruments has been rapid and their performances have been
demonstrated particularly in the areas of metabolite structural elucidation and peptide
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sequence determination. Two principal manufacturers of instruments have combined
electrospray with a quadrupole ion trap; ThermoFinnigan introduced the LCQ
instrument and Bruker/Franzen introduced the Esquire ion trap mass spectrometer.
Recently, Finnigan has introduced the LCQ Deca XP MAX mass spectrometer while
Bruker Daltonics has introduced a high-capacity ion trap, the Esquire (HCT) mass
spectrometer, which claims to open a new bioanalytical dimension of ESI/ion trap
performance. Both instruments perform rapid metabolite identification and employ
multiple stages of mass selectivity (MSn) in combination with liquid chromatography
(LC) on the time scale of elution of peaks from LC. The HCT instrument offers sub-
stantially greater ion storage capacity and features ultrahigh-performance scan modes
for protein sequencing and metabolite research.

In addition, Shimazu has introduced a digital ion trap (DIT), also in combination
with ESI, in which ions are trapped by a digital waveform. In the DIT, the trapping
rectangular waveform is applied to the ring electrode of a nonstretched quadrupole
ion trap.

Chapter 9 is entitled An Ion Trap Too Far? The Rosetta Mission to Characterize
a Comet. At precisely 07:17 Greenwich Mean Time (GMT) on Tuesday March 2,
2004, an Ariane-5 rocket carrying the Rosetta “comet chaser” was launched at
Kourou in French Guyana: the mission, to characterize the comet Churyumov-
Gerasimenko, otherwise known as “67P,” having a cross-sectional area roughly
equal to that of a major airport. The purpose of this chapter is to give an account of
this highly unusual application of the ion trap and, in particular, to explore some of
the technical and design considerations of a system that is fully automated yet is not
due to reach its sample until 2014! The Orbiter’s payload includes 11 experiments,
all controlled by different research groups. The Lander carries a further nine exper-
iments, including a drilling system to take samples of subsurface material. Described
here is the MODULUS experiment where the name “MODULUS” stands for meth-
ods of determining and understanding light elements from unequivocal stable iso-
tope compositions. It was concocted by Professor Colin Pillinger, FRS, and his
coinvestigators of the Planetary and Space Sciences Research Institute at the Open
University in the United Kingdom in honor of Thomas Young, the English physician
turned physicist who was the initial translator of the Rosetta Stone and whose name
is best known by the measure of elasticity, “Young’s modulus.”

Our thanks are due to many people who have assisted us in the successful com-
pletion of a manuscript. We thank the editorial staff, Robert Esposito, Heather
Bergman, and Rosalyn Farkas of John Wiley & Sons for their ready cooperation,
advice, and encouragement. One of the greatest pleasures that we enjoyed while
preparing this manuscript was the extraordinary degree of cooperation that we
received from colleagues in the quadrupole ion trapping community and the alacrity
with which they responded to our requests. A good example of such cooperation is
afforded by the difficulty we faced in attempting to reproduce Dr. Randall D. Knight’s
“simple geometric calculation shows that the asymptote of the r0 � �2�z0 trap bisects,
at high values of r and z, the ring electrode–end-cap electrode gap”; see Chapter 2,
Appendix. Eventually, we decided to approach Dr. Knight and to request his geomet-
ric calculation. Alas, the calculation could not be found but, to his credit, Dr. Knight
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responded readily to our request; so readily that we suspect he spent much of his
President’s Day holiday weekend at the task. The calculation shown in the Appendix
to Chapter 2 may or may not be the same as that carried out some 20 years previously,
but it is similar. The calculation is certainly not simple and, while it is not difficult, it
is somewhat devious! 

In preparing this manuscript and the three volumes of Practical Aspects of Ion
Trap Mass Spectrometry, we have been the fortunate recipients of encouragement
and support from Professor R. Graham Cooks, of Purdue University. We acknowl-
edge gratefully the contributions from Professor Cooks’ laboratory concerning the
miniaturization of cylindrical ion traps, both singly and in arrays. We have great
affection for the cylindrical ion trap and we applaud the progress in this field since
the observation of our first mass spectrum obtained with a cylindrical ion trap in
1978. We thank also Professor Cooks and Zheng Ouyang for a prepublication copy
of the manuscript concerning the conceptual evolution of the rectilinear ion trap
from the linear ion trap and the cylindrical ion trap. In addition, we thank Professor
Cooks for permission to reproduce Figure 5.6; this figure, which was created by
Professor Cooks, is a visual summary of this book. We appreciate the cooperation of
Dr. James W. Hager for helpful discussions and for supplying copies of figures
showing the performance of the linear ion trap. Throughout the quadrupole ion trap
conferences held at La Benerie, near Paris, in the 1990s and in the preparation of
Volume 1 of Practical Aspects of Ion Trap Mass Spectrometry, we have enjoyed the
fellowship and support of Dr. Jochen Franzen, of Bruker Daltonics. We acknowledge
gratefully his continuing support by way of figures and material that we have used
in the discussion of the high-charge ion trap in Chapter 8. An exciting addition to the
complement of quadrupole instruments is the digital ion trap, and we thank Dr. Li
Ding, of Shimazu, for prepublication material and figures that we have used in our
discussion of this new instrument. The authors are greatly indebted to Dr. Simeon J.
Barber, of the Planetary and Space Sciences Research Institute, Open University,
Milton Keynes, United Kingdom, for his considerable help in preparing the material
for Chapter 9. 

We acknowledge gratefully the support of Scott Thompson in maintaining oper-
ation of REM’s computer. We thank our wives, Kathleen and Mavis, respectively, for
their unfailing support during preparation of the manuscript, for the many cups of
tea, and for their tolerance of our work habits and our mercifully few idiosyncrasies.
Finally, we thank each other. Each of us could, perhaps, have prepared a manuscript
alone, but this manuscript is undoubtedly superior because of the cooperation
between us with the result that you, the readers, are the beneficiaries; furthermore,
we actually enjoyed the cooperative experience!

RAYMOND E. MARCH
JOHN F. J. TODD

Peterborough, Ontario and Canterbury, Kent
February 2005
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The announcement by Finnigan MAT, in 1983, of a novel scanning technique for the
ion trap detector, by which a mass spectrum of stored ions could be acquired, her-
alded a new era in mass spectrometry. The quadrupole ion trap or QUISTOR,
described by its inventors in 1953 as “still another electrode arrangement,” had sur-
vived as an object of curiosity in only a dozen laboratories around the world.
Characterization of the quadrupole ion trap developed slowly in the 1960s and
1970s; its behavioral and operational modes were explored, while simulation stud-
ies using numerical phase-space methods for trajectory mapping of ions within a
trapped ion ensemble were carried out to determine velocity and spatial distribu-
tions. The ion trap detector was presented as a concatenation of the Mathieu equa-
tion from which the stability diagram was derived, a simple electrode structure for
the ion trapping device, toleration (or requirement) of an appreciable background
pressure, a facile voltage scan for mass-selective trajectory instability, compact and
stable electronics, software appropriate for device operation in a pulsed mode, and a
relatively inexpensive microprocessor by which complete instrumental control is
achieved.

The achievement of precise control of both ion trajectory and collision number
within the quadrupole ion trap lay in the method of mass-selective ion ejection devel-
oped by Finnigan MAT. To the QUISTOR devotee the announcement of a great
improvement in ion trap performance was enormously exciting. Yet the excitement
was not only for the rather narrow reason of expediting research in gaseous ion chem-
istry and physics, important though this may be, but also for the much wider possi-
bility of making mass spectral information readily available at greatly reduced cost.
There is now abundant evidence of the application to the health services of mass spec-
trometric techniques with concomitant high sensitivity and resolution for toxicologi-
cal studies; studies of metabolism and incipient disease; environmental problems; the
quality of food, well water, and materials; forensic sciences; and so forth. Thus the
advent of the ion trap detector permits a much greater use of mass spectrometric tech-
niques not only in the technically advanced countries but also in those countries

xix
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which are technically less advanced. The effects of quadrupole storage mass spec-
trometry through utilization of the ion trap detector will be considerable.

With the ready acceptance of the ion trap detector, the need for a monograph to
supplement the material supplied by the manufacturer was soon realized. The excel-
lent text Quadrupole Mass Spectrometry by Dr. Peter H. Dawson of the National
Research Council of Canada was out of print and only second-hand copies were
available. As Dr. Dawson did not intend to prepare a revised edition, we decided to
prepare a primer, an elementary textbook, to explain briefly and concisely the basic
operation of the manila-colored “black-box” which was the ion trap detector. After
further consideration and discussion with the Editor, James L. Smith of John Wiley
& Sons, Inc., it was agreed that a somewhat lengthier monograph would be appro-
priate to the Chemical Analysis Series.

We present here the story of the Paul radio frequency trap, which became known
as the quadrupole ion trap (or store), the QUISTOR, and the ion trap detector.
Although it is but one of a family of quadrupole devices, this account is restricted to
the quadrupole ion trap except for the theoretical treatment. Here, due to the strong
familial relationship, we present an introduction to the theory of operation of the
quadrupole mass filter en route to developing quadrupole ion trapping theory.

This monograph is composed of seven chapters, references, a bibliography, and a
listing of all patents and theses pertaining to the quadrupole ion trap. Chapter 1, a his-
torical review written by J. F. J. Todd, is a review of the development and characteri-
zation of the quadrupole ion trap from the original patent filed by Paul and Steinwedel
in 1953 to the introduction of, initially, the ion trap detector and then the ion trap mass
spectrometer by Finnigan MAT. The historical review assumes a knowledge of basic
quadrupole ion trapping theory, rather than attempting to include a brief outline of the
theory of ion containment sufficient perhaps for making connective linkages in the
story but somewhat daunting to the novice. In Chapter 2 we present a detailed treat-
ment of the theory of ion containment with the quadrupole ion trap, tracing its gene-
sis from the quadrupole mass filter and emphasizing the importance of the stability
diagram. We have strived to present an unambiguous, step-by-step mathematical
treatment of quadrupole theory which will encourage the reader to persevere through
to an understanding of the significance of the stability diagram. The explanatory notes
and worked examples will, we hope, reassure the reader of progress being made.

The third and fourth chapters deal with the physics and chemistry, respectively,
of the ion trap, though division of the subject matter is somewhat arbitrary. A major
part of Chapter 3 is devoted to the applications of numerical and phase-space meth-
ods to ion trajectory calculations and velocity and spatial distributions of an ion
ensemble. In Chapter 4 emphasis is accorded to infrared multiphoton dissociation of
gaseous ions and to the confinement of externally generated ions. In the treatment of
the former, we demonstrate the versatility of the quadrupole ion trap for ion synthe-
sis, ion isolation, collisional focusing of the ion cloud, laser irradiation of the
focused ion cloud, control of collision number and collision partner, and trapping of
photoproduct ions with subsequent mass analysis. These examples illustrate appli-
cations of the quadrupole ion trap for isomer differentiation and the determination of
the frequency dependence of photodissociation. We are of the opinion that important
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applications of ion trapping in the future will involve the capture of externally gen-
erated ions, and hence the state of the art of this technique is described in some
detail.

For Chapter 5, a thorough review is given of the theory and utilization of cylin-
drical ion traps. These devices, which are of simple fabrication and structure, retain
many of the ion storage and behavioral aspects of the quadrupole ion trap and have
been applied to studies of RF spectroscopy, metastable ions, and cluster ions. Other
types of ion traps are reviewed briefly.

Chapters 6 and 7 are devoted to the Finnigan MAT ion trap detector and ion trap
mass spectrometer, respectively. The derivation of ion trapping parameters leading
to development of the stability diagram is repeated in condensed form for two rea-
sons: First, much of the subsequent discussion is based upon treatment of the work-
ing point within the stability diagram or at a boundary; and second, this concise
derivation should be comprehended at this stage; if not, then a revisitation of Chapter
2 is highly recommended. In our opinion, the ion trap detector (and mass spectrom-
eter) will find extensive application in the fields of medical biochemistry; thus we
have discussed in some detail the contribution of S.-N. Lin and R. M. Caprioli on
measurement of urinary organic acids and their new small sample volume procedure.
This unpublished work was a solicited contribution in this important area. In Chapter
7, following discussion of both tandem mass spectrometry in its various facets and
automatic reaction control, four distinct aspects of ion trap operation are examined;
these are performance comparisons with other instruments, the application of DC
and RF voltages, Fourier transform mass spectrometry, and negative ion studies. The
work of J. E. P. Syka and W. J. Fies, Jr., on quadrupole Fourier transform mass spec-
trometry is quoted almost verbatim as communicated to us. The final part of Chapter
7 is devoted to an extensive discussion of trapped negative ions. As the literature in
this area is sparse, we have relied heavily on the pioneering work of McLuckey,
Glish, and Kelley.

Behind the writing of every story such as this one there is the story of the writers,
which in this case is a happy one. Upon returning from Yale University, J. F. J. Todd,
who had been intrigued by two papers on ion storage in three-dimensional quadru-
pole fields (by P. H. Dawson and N. R. Whetten, published in the Journal of Vacuum
Science), set out to build an apparatus (which was known later as a QUISTOR-
quadrupole mass filter combination) for the study of metastable ions. However, con-
struction of this “electronic test tube” revealed such a myriad of possibilities for the
study of gaseous ion chemistry that Todd and his co-workers were side-tracked for
several years of very fruitful research, and it was C. Lifshitz and her co-workers who
demonstrated so elegantly, much later, the application of a cylindrical ion trap to
metastable ion studies. In the study of vibrationally excited N2 formed in the fast and
highly exothermic reaction of NO with N. atoms by monitoring electron impact
induced fluorescence from N2

+, R. E. March observed the effects of competing
ion/molecule reactions. At this stage the decision was made to devote a sabbatical
leave to an apprenticeship in mass spectrometry in the laboratory of J. Durup at
Orsay, France. The last three months of this leave were spent at Canterbury, England,
in the laboratory of J. F. J. Todd. March and Todd had been undergraduates together
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at Leeds University, and a fruitful and enjoyable continuing collaboration got under
way. It has been a great personal pleasure for us to have John Todd associated with
this monograph; the Trent-Kent connection is alive and well. R. F Bonner, who had
been a research student with John Todd at that time, accepted a postdoctoral position
with March at Trent University; Ron Bonner’s contributions to the development and
pursuit of quadrupole ion trapping at Trent University were considerable and are
acknowledged gratefully here. Just prior to Ron Bonner’s departure for Rockefeller
University, R. J. Hughes joined the laboratory, and his association with this labora-
tory has continued with only minor interruptions. It has been a privilege and an enor-
mous personal pleasure to have been associated with Richard Hughes over this
period and to collaborate with him in the preparation of this monograph.

This monograph represents the confluence of the contributions of many people,
which we gladly acknowledge here. Dr. Peter H. Dawson not only supplied us with
papers and a list of publications but also gave us the initial encouragement to take
on this task and maintained an active interest throughout. The scientists and engi-
neers of Finnigan MAT responsible for the development of the ion trap detector and
ion trap mass spectrometer, particularly Dr. Paul F. Kelley, Dr. George C. Stafford,
Jr., and Dr. John E. P. Syka, supplied us with a large collection of Finnigan
Corporation artwork and mass spectra pertaining to the above instruments. We are
deeply appreciative of their support. Dr. Richard M. Caprioli and Shen-Nan Lin sup-
plied us with unpublished work on the measurement of urinary organic acids and the
details of a new small sample volume procedure which enhanced the recovery of
water-soluble urinary organic acids. We also wish to thank the following people: Dr.
Richard A. Yost for graciously supplying figures relating to the dynamic range of the
ion trap detector. Dr. Anthony O’Keefe for papers of the late Professor Bruce A.
Mahan. Our friends in Marseille, Dr. Fernande Vedel, Professor Jacques André, Dr.
Michel Vedel, Dr. Georges Brincourt, Dr. Alili Abdelmalek (Malek), S. Mahmood
Sadat Kiai, Dayyoub Nazir, Yves Zerega, André Teboul, and Robert Catella, for their
hospitality to R.E.M., les diners les Vedel, le tennis, and their comments on the lec-
ture series on the ion trap detector. Professor Hans G. Dehmelt, Dr. N. Rey Whetten,
Professor Chava Lifshitz, Professor Ronald G. Brown, Professor R. Graham Cooks,
Professor Dr. Karl-Peter Wanczek, Professor Michel Desaintfuscien, Dr. Earl C.
Beaty, Professor Hans A. Schuessler, and Dr. Connie O. Sakashita for supplying us
with reprints, lists of publications, and encouragement. James L. Smith, Senior
Editor with John Wiley & Sons, Inc., and Dr. James D. Winefordner appreciation for
their patience, encouragement, and assistance.

We are indebted to our friends at Trent. The care and extra effort of those who
assisted in the preparation and typing of the manuscript are acknowledged with
thanks: Bonnie MacKinnon, who stayed with us throughout; Dorothy Sharpe;
Connie Bartley; Margaret Nolan; and Neil Snider. In the preparation of the figures
we are particularly grateful to Gregory K. Koyanagi, who not only redrew many of
the figures to achieve a measure of uniformity, but also recalculated all of the figures
which contained stability diagrams and iso-β lines. We thank Jim Tomlinson for
assistance with computer software, and Louis Taylor for his photographic assistance.
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To Dr. Adam W. McMahon and Dr. Alex B. Young, who undertook to read through
the manuscript with a critical eye, we offer our grateful thanks.

We thank our families, whom we rejoin with pleasure, for their patience, toler-
ance, and love.

RAYMOND E. MARCH
RICHARD J. HUGHES

JOHN F .J. TODD
Peterborough, Ontario

August 1988
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NOMENCLATURE

3-D Three-dimensional 

A Ampere
A A potential applied between electrodes of opposing polarity
A Time-dependent collisional damping term
A, B, C, D Regions on the stability diagram
A, B, C, D Stages in a mass-selective instability mode scan 
A′, B′, C′, D′ Stages in a mass-selective instability mode scan
Å Ångstrom unit
(ACID)cong Fragment ion signal intensity per pg of congener injected
AC Alternating current
ACQUIRE Advanced control of the quadrupole ion trap for isotope ratio

experiments
(AEI)cong Ion signal intensity per pg of congener injected
AGC Automatic gain control
ALICE Ultraviolet imaging spectrometer
am Characteristic curves of a cosine-type function of order m
amol Attomole
amu Atomic mass unit
amu/s Mass scan rate
An, An

0 Weighting factors, arbitrary coefficients
APXS Alpha proton X-ray spectrometer
ARC Automatic reaction control
a, b Constants in the general equations for electrode surfaces 
a0 Trapping parameter for the digital ion trap
a0, b1 Characteristic curves
ax Acceleration of an ion in the x direction
ax, ay, az, ar, au Trapping parameter in the x, y, z, r, and u directions, respectively

xxv
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B Magnetic field intensity
BAD Boundary-activated dissociation
bm Characteristic curves of a sine-type function of order m

c Speed of light
C A fixed potential applied to all the electrodes so as to float the

device
C2n,u Coefficient of ion motion amplitude
CAD Collision-activated dissociation
CCD Charge-coupled device
CCLRC Council for the Central Laboratory of the Research Councils
CDMS Control and data management system
CE Capillary electrophoresis
CF Collision factor
CI Chemical ionization
CID Collision-induced dissociation
CIT Cylindrical ion trap
ÇIVA/ROLIS Rosetta lander imaging system
C0 Constant proportional to AC voltage
CONSERT Comet nucleus sounding experiment by radiowave transmission
COSAC Cometary sampling and composition experiment
COSIMA Cometary secondary ion mass analyser
CRM Charge residue model
CW Chemical warfare

d Positive voltage fraction of an asymmetric rectangular waveform 
Da Mass in daltons
DAC Digital-to-analog converter
DC Direct current
DIT Digital ion trap
D
—

DIT Pseudopotential well depth for the digital ion trap 
DMMP Dimethyl methyl phosphonate
DMNB Diaminonitrobenzene
DNT Dinitrotoluene
DOS Disk operating system
D
—

r Pseudopotential well depth acting along the r direction
dring Distance between a point on the ring electrode and the asymptote
dendcap Distance between a point on an end-cap electrode and the asymp-

tote
dx Half-distance between the x electrodes
dy Half-distance between the y electrodes
D
—

z Pseudopotential well depth acting along the z direction

e, e0 Electronic charge
e Base of natural logarithms
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E Ion kinetic energy
E Electric potential
EBE Triple sector instrument with electrostatic (E) and magnetic (B)

sectors 
EC Relative kinetic energy of colliding particles in center-of-mass

frame
ECD Electron capture dissociation
EI Electron ionization
Ek Kinetic energy
Ek,max Maximum kinetic energy
Ek,min Minimum kinetic energy
EL Total kinetic energy of colliding species in laboratory frame
Emax Maximum kinetic energy
E(total) Effective total ion kinetic energy
�E(z)� Average ion kinetic energy in the z direction
ESI Electrospray ionization
ESQUIRE Bruker ion trap mass spectrometer
eV Electronvolt, unit of energy

f Frequency expressed in Hz
F Force acting upon an ion
FAST Forced asymmetric trajectory
FC-43 Mass calibration compound (see PFTBA)
fg Femtogram
FIM Field interpolation method
(Fiso)cong Sum of the fractional abundances of two mass-selected ions
FM Flight module
fmol Femtomole
FNF Filtered noise field
FWHM Full width at half maximum

gi Degeneracy of the population of level i
GIADA Grain impact analyser and dust accumulator
GC Gas chromatography
GC/MS Gas chromatography combined with mass spectrometry
GC/MS/MS Gas chromatography combined with tandem mass spectrometry
GMT Greenwich mean time

h Signal height
h Hamiltonian function
h(2) Hamiltonian function representing kinetic and potential energies
h� Hamiltonian function representing a perturbing potential
h� Signal height at infinite time
H6CDD Hexachlorodibenzo-p-dioxin 
H7CDD Heptachlorodibenzo-p-dioxin 
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HCT High-ion-capacity (or high-charge) ion trap
h
.
0 Initial rate of increase of signal height

HPLC High-performance liquid chromatography
HRGC High resolution gas chromatography
HRMS High resolution mass spectrometry
Hx Hexapole rod assembly
Hz hertz

i Square root of minus one
i Electron beam current
ICC Ion charge control
ICR Ion cyclotron resonance
ICDR Ion cyclotron double resonance
i.d. Inner diameter
Ie Electron beam intensity
IEM Ion evaporation model
IRMPD Infrared multiphoton dissociation
ISIS Integrated system for ion simulation
IT Ion tunnel
ITD Ion trap detector
ITD 700 Finnigan MAT ion trap detector
ITD 800 Finnigan MAT ion trap detector
ITMS Finnigan MAT ion trap mass spectrometer
ITS-40 Finnigan quadrupole ion trap instrument
ITSIM Ion Trajectory SIMulation program
IQ1 First interquadrupole aperture
IQ2 Second interquadrupole aperture
IQ3 Third interquadrupole aperture
IUPAC International Union of Pure and Applied Chemistry

J joule
j An integer

k Boltzmann constant
k An integer
k1, k2, etc. Rate constants
kHz Kilohertz
kJ Kilojoule
kV Kilovolt

L Ionization path length
l An integer
lA Length of the SCIEX linear ion trap
lB Length of the Thermo Finnigan linear ion trap
LC Liquid chromatography
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LC/MS Liquid chromatography combined with mass spectrometry
LCQ Deca 3-D Liquid Chromatograph/Thermo Finnigan quadrupole ion trap
LHS Left hand side
LMCO Low-mass cutoff
LIT Linear ion trap

m Ion mass
m An integer
ma to mb Range of variation of parameter m
m, m� Slopes of asymptotes
m1, m2, etc. Masses of ions
M1, M2, etc. Masses of ions
MA Program for direct integration of the Mathieu equation
MALDI Matrix-assisted laser desorption ionization
mbar Millibar
Mbyte, MB Megabyte
MDS Medical Diagnostic Services
meV Millielectronvolt
MFI Multifrequency irradiation
MFP Mean-free-path
MHz Megahertz
mi Relative ion mass
micro-CIT Cylindrical ion trap with radius <1 mm
MIDAS Micro-imaging dust analysis system
MIMS Membrane introduction mass spectrometry
mini-CIT Miniature cylindrical ion trap
MIRO Microwave instrument for the Rosetta orbiter
mn Mass of background neutral atom or molecule
m0 Mass/charge ratio of the “genuine” ion
m/∆m Mass resolution
MODULUS Methods Of Determining and Understanding Light elements from

Unequivocal Stable isotope compositions
mol Mole
MOSFET Metal-oxide-semiconductor field-effect transistor
MOWSE MOlecular Weight SEarch
mPa Millipascal
MPAe Max-Planck-Institut für Aeronomie
MRFA A tetrapeptide, methionine-argenine-phenylalanine-alanine
MRM Multiple-reaction monitoring
ms Millisecond
MS Mass spectrometry
MS Mass scan
MS-30 Kratos double-focusing mass spectrometer
MS/MS Tandem mass spectrometry involving one stage of mass selection

followed by ion activation and mass analysis
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MS/MS/MS Tandem mass spectrometry involving two stages of mass selec-
tion, each followed by ion activation, and mass analysis following
the second stage of ion activation

MS3 MS/MS/MS
MSn Tandem mass spectrometry involving (n-1) stages of mass selec-

tion, each followed by ion activation, and mass analysis following
the final stage of ion activation

mTorr Millitorr
MUPUS MUlti-PUrpose Sensor for surface and subsurface science
MW, M Molecular weight
m/z Mass/charge ratio

n Order of the multipole
n Number of parameters
n An integer
nr An integer
nz An integer
N Order of the resonance
N Total number of ions in an ensemble
N Ions per cm3

N2D,A Ion capacity of the SCIEX linear ion trap
N2D,B Ion capacity of the Thermo Finnigan linear ion trap
N3D Ion capacity of the 3-D quadrupole ion trap
N�, Nmax Maximum ion density
NB Nitrobenzene
Ncong Number of molecules per pg of congener
ng Nanogram
NG Nitroglycerine
ni Number of ions having energy εi

NICI Negative ion chemical ionization
NIST National Institute of Standards and Technology
nmol Nanomole
ns Nanosecond
NT Nitrotoluene

o An integer
o-, m-, and p- Ortho, meta, and para
O8CDD Octachlorodibenzo-p-dioxin 
o.d. Outer diameter
OSIRIS Optical, spectroscopic and infrared remote imaging system

p An integer
p Pressure of neutral molecules
p Number of protons
P A potential in the ion trap
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P Absolute probability
P Any ion property
P Probability of an ion suffering a collision
Pa Pressure in pascals
PCB Polychlorinated biphenyl compound
PCDD Polychlorodibenzo-p-dioxin 
P5CDD Pentachlorodibenzo-p-dioxin 
PCDF Polychlorodibenzofuran
P5CDF Pentachlorodibenzofuran
PDMS Poly(dimethylsiloxane)
PETN Pentaerythritol-tetranitrate
PFTBA Perfluorotri-n-butylamine
pg Picogram
Pinf Informing power
pmol Picomole
Pn Legendre polynomial of order n
Pn Pixel number n
PICI Positive ion chemical ionization
PTFE Polytetrafluoroethylene

q0 Trapping parameter for the digital ion trap
Q0 RF-only quadrupole ion guide
Q1 First quadrupole mass analyzer
Q2 Second quadrupole mass analyzer
QC Quadrupole collision cell
QIT Quadrupole ion trap
QITMS Hypothetical amino acid pentamer Q-I-T-M-S
QM Qualification model
QMF Quadrupole mass filter
QUISTOR QUadrupole Ion STORe
qx, qy, qz, qr, qu, Trapping parameter in the x, y, z, r, and u directions, respectively
qx,max Maximum qx value for stable ion trajectories

r Field radius of a rod array
r0 Radius of the inscribed circle of the rod array
r0, r1, r2 Radial dimensions of Beaty’s readily machinable ion trap
r1 Radius of ring electrode of a cylindrical ion trap
R2 Measure of the linearity of a series of points
r2D,A Radius of the inscribed circle of the SCIEX linear ion trap
r2D,B Radius of the inscribed circle of the Thermo Finnigan linear ion

trap
r3D Radius of the ring electrode of a quadrupole ion trap
rad Radian
rc Radius of ring electrode of cylindrical ion trap
RDX Cyclotrimethylenetrinitramine, an explosive compound
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RF Radio-frequency
R(g) Constant resolution of a capillary GC column
RIT Rectilinear ion trap
R(m) Mass resolution
rmax Maximum radial excursion
rmin Minimum radial excursion
ROMAP Rosetta lander magnetometer and plasma monitor
ROSINA Rosetta orbiter spectrometer for ion and neutral analysis
RPC Rosetta Plasma Consortium
Rsample Ratio of given isotopes in a sample 
RSI Radio science investigation
Rstandard Ratio of given isotopes in a standard 

[S] Sample concentration
Si Number of measurable steps for a given quantity
SCIEX SCIentific EXport
SD2 Sample drill and distribution system
SESAME Surface electrical, seismic and acoustic monitoring

experiments
SFI Single-frequency irradiation
SFM Secular-frequency modulation
SI International system of units
SID Surface-induced dissociation
SIMION ION and electron optics SIMulation program 
SIS Selected-ion storage
SMA Shape memory alloy
S(m) Ion intensity range
S/N Signal/noise ratio
SPQR Simulation Program for Quadrupolar Resonance
STP Standard temperature and pressure
SWIFT Stored waveform inverse Fourier transform

tn Time after n time increments, each of duration ∆t
T Temperature
T Time in primary and secondary mission phases
T Period of asymmetric rectangular waveform
T4CDD Tetrachlorodibenzo-p-dioxin
T4CDF Tetrachlorodibenzofuran
td Delay of midpoint of DC pulse
Th thomson, a measure of the mass/charge ratio
Th/s Mass/charge ratio scanning rate in thomsons per second
TIC Total ion current
TNT Trinitrotoluene
Torr Pressure in torr
tr Retention time
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TSQ Triple-stage quadrupole mass spectrometer
TSWF Period of the square-wave potential
tw Peak width

u One of the coordinates x, y, and z
u Unit atomic mass
umax Maximum displacement in the u direction
u. Velocity in the u direction
�u.max� Average of the maximum ion velocity in the u direction
U DC voltage
U� Amplitude of the DC component of the tickle potential
u1(ξ), u2(ξ) Two linear independent solutions
UHV Ultra-high vacuum

v An integer equal to or greater than zero
V Volt
V1 Positive voltage component of a rectangular waveform
V2 Negative voltage component of a rectangular waveform
V� Amplitude of the RF component of the tickle voltage
VAC Amplitude of AC voltage
vC Velocity of the center of mass
Vd Amplitude of DC pulse
Vf Final amplitude of RF voltage
VFAE Potential applied to field-adjusting electrode
VG Vacuum Generators
vi Ion velocity
Vi Initial amplitude of RF voltage
VIRTIS Visible and infrared mapping spectrometer 
vn Neutral particle velocity
V0-p Zero-to-peak amplitude of an oscillating potential
Vp-p Peak-to-peak amplitude of an oscillating potential
vr, vR Relative velocity of an ion and a neutral gas atom
Vring Amplitude of the RF potential applied to the ring electrode of a

CIT
VRF Amplitude of the RF voltage
Vrms Root-mean-square voltage
vx,t Velocity of an ion in the x direction at time t

W watt
wd Width of DC pulse
W
—

z Kinetic energy of an ion oscillating in a pseudopotential well of
depth D�z

zendcap Height of a point on an end-cap electrode above the radial axis
zring Height of a point on the ring electrode above the radial axis
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Z Secular displacement along the z axis
z0 Half the separation distance of the endcap electrodes in a QIT
z0, z1, z2 Axial dimensions of Beaty’s readily machinable ion trap
z1 Half the separation distance of the end-cap electrodes in a CIT
ZE Zero enrichment
zmax Maximum axial excursion
zmin Minimum axial excursion

α Angle of the asymptote to the radial plane
α Polarizability
α Ratio of number of ions detected to number of ions formed
α0 Electronic polarizability
βx, βy, βz, βr, βu Secondary trapping parameter in the x, y, z, r, and u directions,

respectively
γ RF phase angle
�, �� Constants of integration
δ Differential isotope ratio
δ Micromotion associated with trajectory ripple
∇ First differential
∇2 Second differential
∆ar, ∆az Shifts in the a values
δm Mass displacement 
δm Smallest distinguishable increment in the parameter m
∆m Width of a mass peak measured at half-height
∆(m/e) Mass shift
∆rH Standard enthalpy change of reaction
∆t Integration step size
∆U Effective DC voltage increment
ε Emittance of the beam ellipse
εi, εj, etc. Energy of an allowed level
ε0 Permittivity of a vacuum
ε(%) Percentage trapping efficiency
(ηCID)cong CID efficiency for each chlorocongener
θ Azimuth
λ, σ, γ Weighting constants for the x, y, and z directions, respectively
µ Characteristic exponent
µ Reduced mass of ion and target
µA Microamp 
µL Microliter
µm Micrometer
µmax Maximum excursion
µs Microsecond
ξ A dimensionless quantity equal to Ω t/2
ξ0 Initial phase of RF potential
ξ0

� Initial phase of the tickle potential
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ρ, θ, φ Spherical polar coordinates
ρmax Theoretical space charge-limited ion density
σ Cross-sectional area
σcong Congener electron impact ionization cross section
τ Half period of the secular oscillation
τ–i Mean ion lifetime
φ Potential
φ Elevation
φaux Auxiliary potential
φendcap Potential applied to the endcap electrode(s)
φi Repulsive electrostatic potential within an ion ensemble
φ0 Electric potential difference between rod pairs
φ0, φring Potential applied to the ring electrode
φx pair, φy pair Electric potential applied to a rod pair
φx,y,z Potential at a coordinate position (x, y, z)
φ0 Electric potential difference between rod pairs
Φ0

E Potential applied in phase to the endcap electrodes
Φ0

R Potential applied to the ring electrode
ψ Trapping potential
ωu,n Secular frequency in direction u and of order n
ωT Tickle frequency (See Ω�)
Ω Radial frequency of the RF potential
Ω� Frequency of the RF component of the tickle potential
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INTRODUCTION 35

2.1. PRELUDE

A gentle introduction is presented to the theory and application of the quadrupole
mass filter (QMF) and the quadrupole ion trap (QIT) instruments. This presentation
of the theoretical treatment or derivation flows through three stages. First, the gen-
eral expression for the potential is modified by the Laplace condition. Second, it 
is recognized that the structure of each quadrupolar device is constrained by the
requirement that the hyperbolic electrodes share common asymptotes. Third, the
derivation is based on a demonstration of the equivalence of the force acting on an
ion in a quadrupole field and the force derived from the Mathieu equation; this
equivalence permits the application of the solutions of Mathieu’s equation to the
confinement of gaseous ions. For the quadrupole ion trap, no assumption is made a
priori concerning the ratio r0/z0.

2.2. INTRODUCTION

In electric- and magnetic-sector mass spectrometers, static fields are applied so as to
produce a constant force on the ions under study and to transmit a given ion species
through the instrument. Under these circumstances of constant acceleration, the ion
trajectories are well defined and easily calculated. Quadrupole devices, however, are
dynamic instruments in which ion trajectories are influenced by a set of time-depend-
ent or dynamic forces that render their trajectories somewhat more difficult to predict.
Ions in such quadrupole fields experience strong focusing in which the restoring
force, which drives the ions back toward the center of the device, increases linearly
with displacement from the origin. Hybrid mass spectrometers are instruments in which
two or more analyzers of differing types are combined in any constructive order.

As noted in Chapter 1, the motion of ions in quadrupole fields is described math-
ematically by the solutions to a second-order linear differential equation described by
Mathieu in 1868 [1]. The equations governing the motion of ions in quadrupole fields
have been treated in an introductory fashion [2–4] and in detail [5–9]. The relevant
mathematics have been examined by McLachlan [10]. From Mathieu’s investigation
of the mathematics of vibrating stretched skins, he was able to describe solutions in
terms of regions of stability and instability. We can apply these solutions and the con-
cepts of stability and instability to describe the trajectories of ions confined in quadru-
pole devices and to define the limits to ion trajectory stability: for stable solutions the
displacement of the ion periodically passes through zero, whereas for unstable solu-
tions the displacement increases without limit to infinity. To adopt the solutions to the
Mathieu equation, we must verify that the equation of motion of an ion confined in a
quadrupole device can be described by the Mathieu equation.

The path that we shall follow is to equate an expression for a force (mass � accel-
eration) in Mathieu’s equation with an expression that gives the force on an ion in a
quadrupole field. This comparison, which is laid out below in simple mathematical
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terms, allows us to express the magnitudes and frequencies of the potentials applied
to the electrodes of quadrupolar devices, the sizes of these quadrupolar devices, and
the mass/charge ratio of ions confined therein in terms of Mathieu’s trapping param-
eters au and qu, where u represents the coordinate axes x, y, and z. On this basis, we
shall adopt the idea of stability regions in au, qu space in order to discuss the
confinement, and limits thereto, of gaseous ions in quadrupole devices.

The following treatment is intended to provide a common base for the under-
standing of the mathematics and physical theory of quadrupole devices. While such
an understanding is not a prerequisite for the operation of quadrupolar devices, it is
essential for an appreciation of the capabilities and performance of the two-dimen-
sional QMF and linear ion trap (LIT), and the three-dimensional QIT. Furthermore,
the effort required for comprehension of the theory is well within the capability of
the average chemistry graduate. It is hoped that this treatment will serve as a guide
to the novitiate and as an aide memoire to the researcher.

We commence by considering an expression for the electric potential within a
quadrupolar device, that is, between the electrodes. When this expression is subjected
to the Laplace condition, the quadrupole field in each direction can be derived, in turn,
for each of the two-dimensional QMF and the three-dimensional QIT. An expression
for the force within a two-dimensional quadrupole field is derived and is compared
with the corresponding expression from the Mathieu equation. Similarly, an expression
for the force within a three-dimensional quadrupole field is derived and is compared
with the corresponding expression from the Mathieu equation. In this manner, the sta-
bility parameters for each of the QMF and the QIT are derived. Stable solutions to the
Mathieu equation are examined. By examination of stability criteria, we proceed to a
discussion of regions of stability and instability in which we develop stability dia-
grams. Particular attention is devoted to the QIT stability diagram closest to the origin
in stability parameter space. Finally, a rigorous treatment of the general expression for
the potential is presented so as to complete the theory of quadrupole instruments. This
approach permits an introduction to the contributions of fields of higher order than
quadrupole, that is, hexapole and octopole, and acts as a preparation for Chapter 3.

In a logical mathematical approach to the theory of quadrupolar devices, one
should begin with an examination of the field in one dimension and proceed to exam-
ine two- and three-dimensional devices. Previously, the lowly two-dimensional
QMF has been given relatively scant treatment [5] because of late the central inter-
est of readers was the QIT. However, the QMF and quadrupole rod arrays play
important roles in modern mass spectrometers both in pure quadrupole devices, such
as the triple-stage quadrupole, and in hybrid instruments with, for example, a time-
of-flight analyser. In addition, the emergence of commercial LITs using one or more
quadrupole rod arrays requires that a more detailed examination be presented here
so as to supplement the discussion of LITs in Chapter 5.

2.3. THEORY OF QUADRUPOLAR DEVICES

The theory presented here is based on the behavior of a single ion in an infinite, ideal
quadrupole field in the total absence of any background gas. As a single ion is rarely
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of great value and background gases cannot be excluded totally, in reality the theory
of ion containment must be considered along with the dynamical aspects of ion
behavior presented in the following chapter.

The term quadrupolar refers to the fact that the potential at a point within such a
device depends upon the square of the distance from the origin of reference and not
the fact that the QMF comprises an array of four rod-shaped electrodes!

In a quadrupolar device described with reference to rectangular coordinates, the
potential φx, y, z at any given point within the device can be expressed in its most gen-
eral form as

φx, y, z � A(λx2 � σ y2 � γ z2) � C (2.1)

where A is a term independent of x, y, and z that includes the electric potential
applied between the electrodes of opposing polarity (an RF potential either alone or
in combination with a DC potential), C is a “fixed” potential (which also may be an
RF potential either alone or in combination with a DC potential) applied effectively
to all the electrodes so as to “float” the device, and λ, σ, and γ are weighting con-
stants for the x, y, and z coordinates, respectively. It can be seen from Eq. (2.1) that
in each coordinate direction the potential increases quadratically with x, y, and z,
respectively, and that there are no “cross terms” of the type xy, and so on. This prop-
erty of Eq. (2.1) has important implications for the treatment of the motion of ions
within the field, in that we can consider the components of motion in the x, y, and z
directions to be independent of each other.

In an electric field, it is essential that the Laplace condition

∇2φx, y, z � 0 (2.2)

be satisfied; that is, the second differential of the potential at a point be equal to zero,
where

∇2 � �
∂
∂
x

2

2
� � �

∂
∂
y

2

2
� � �

∂
∂
z

2

2
�. (2.3)

Once the quadrupole potential given in Eq. (2.1) is substituted into the Laplace equa-
tion (2.2), we obtain

∇2φ � �
∂
∂

2

x
φ
2

� � �
∂
∂y

2φ
2

� � �
∂
∂z

2φ
2

� � 0. (2.4)

The partial derivatives of the field are found as

�
∂
∂
φ
x
�� �

∂
∂
x
�(Aλ x2) � 2Aλx (2.5)
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and

�
∂
∂x

2φ
2

� � 2λA. (2.6)

Likewise

�
∂
∂

2

y
φ
2

� � 2σA and �
∂
∂z

2φ
2

� � 2γ A. (2.7)

Substitution of Eqs. (2.6 and 2.7) into Eq. (2.4) yields

∇2φ � A(2λ � 2σ � 2γ) � 0. (2.8)

Clearly, A is nonzero; therefore we obtain

λ � σ � γ � 0. (2.9)

An infinite number of combinations of λ, σ, and γ exist which satisfy Eq. (2.9);
however, the simplest that have generally been chosen in practice are, for the two-
dimensional QMF and the LIT,

λ � �σ � 1 γ � 0 (2.10)

and for the cylindrically symmetric three-dimensional QIT,

λ � σ � 1 γ � �2. (2.11)

2.3.1. The Quadrupole Mass Filter (QMF)

Substituting the values in Eq. (2.10) into Eq. (2.1) gives

φx, y � A(x2 � y2) � C. (2.12)

To establish a quadrupolar potential of the form described by Eq. (2.12), we have to
consider a configuration comprising two pairs of electrodes having hyperbolic cross
sections formed according to equations of the general type

�
x
x

2

2

0

� � �
a
y2

2
� �1 (2.13)

for the x pair of rod electrodes and

�
b
x2

2
� � �

y
y2

2
0

� ��1 (2.14)

for the y pair of rod electrodes corresponding, respectively, to the conditions x � � x0

when y � 0 and y � � y0 when x � 0. Equations (2.13) and (2.14) describe two
complementary rectangular hyperbolas and, in order to establish a quadrupolar
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potential, it is a condition that the hyperbolas share common asymptotes even though
it is not a requirement that x0 � y0, as was demonstrated by Knight [11] also to be the
case for the analogous derivation of the potential within a QIT (see later). Using
standard mathematical procedures, it is easy to show that the slopes of the asymp-
totes of Eqs. (2.13) and (2.14) are m � � a/x0 and m� � � y0/b, respectively. Since,
as we have noted already, Eqs. (2.13) and (2.14) are rectangular hyperbolas, the
asymptotes will therefore have slopes of � 45°, so that m � m�� �tan 45° � �1,
whence a � � x and b � � y.

In practice, all the commercial mass filters described to date and using hyperbolic
electrodes have been constructed symmetrically according to the condition

x0 � y0 � r0 (2.15)

where r0 is the radius of the inscribed circle tangential to the inner surface of the elec-
trodes. It is easy to demonstrate mathematically that, under these conditions, the
asymptotes bisect the gaps between adjacent electrodes; as a result, the quality of 
the quadrupolar potential will be maintained at greater distances from the origin, even
though the electrode surfaces are truncated at some point, rather than extending (ide-
ally) to infinity. Thus from Eq. (2.15) the equations for the electrode surfaces become

x2 � y2 � r 2
0 (2.16)

for the x pair of electrodes and

x2 � y2 � �r 2
0 (2.17)

for the y pair of electrodes.

2.3.1.1. QMF with Round Rods On a further practical aspect of the construction
of QMFs, it should be noted that most modern instruments use arrays of round rods
to reduce costs and to simplify construction. When circular rods of radius r are used,
a good approximation to a quadrupole field can be obtained when the radius of each
rod is made equal to 1.148 times the desired r0 value [12]. Thus, for example, when
using round rods of �

1
4

� in. diameter, they must be mounted so that r0 � 2.766 cm.
Recently, Gibson and Taylor [13] have questioned this assertion and have claimed
that it is not possible to give a single figure for r/r0 because the results are influenced
to a small extent by the form of the ion beam entering the QMF. They found that a
value in the range r � 1.12 � r0 to r � 1.13 � r0 produces the best performance.

2.3.1.2. The Structure of the QMF A QMF comprised of circular rods is shown in
Figure 2.1. Each pair of opposite rods is electrically connected, thereby establishing
a two-dimensional quadrupole field in the x–y plane. The ions enter and travel in the
z direction. While traveling in the z direction, the ions also oscillate in the x–y plane,
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due to the potentials applied to the rods. This oscillation is a property of the
mass/charge ratio of a given ion species. Therefore, ions of a specific mass/charge
ratio will all react equally to the electric potentials imposed by the quadrupole assem-
bly. Under appropriate electrical conditions, ions of a single mass/charge ratio will have
a stable trajectory for the entire length of the quadrupole. A QMF can be operated so
as to transmit either all ions or only a specific range of mass/charge ratios and to focus
them at the exit aperture. The ions transmitted impinge subsequently onto the detector.

An electric potential, φy pair is applied to the vertical rod pair in Figure 2.1 and φx pair

is applied to the horizontal rod pair such that the pairs of rods are out of phase with
each other. Two points should be noted here: first, each rod (or electrode) in a rod
array is either in phase or out of phase with the remaining three rods and, second,
the potential along the z axis of the rod array is zero.

2.3.1.3. Quadrupolar Potential As noted earlier, the actual quadrupolar potential
to which an ion is subjected, φ0, is given by the difference between the potentials
applied to the x pair and the y pair of electrodes. Thus

φ0 � φx pair � φy pair. (2.18)

Considering now, say, the x pair of electrodes, since the potential must be the same
across the whole of the electrode surface, we can write that when y � 0, x2

0 � r 2
0, so

that substituting in Eq. (2.12) we have

φx pair � A(r 2
0) � C. (2.19)

Likewise we have

φy pair � A(�r 2
0) � C (2.20)
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Figure 2.1. Quadrupole mass filter. The ions enter and travel in the z direction, while oscil-
lating in the x–y plane. The oscillation is controlled by the DC (U) and RF (V) potentials
applied to each pair of rods. Only those ions with stable trajectories at the selected U and V
values will travel the length of the QMF and be detected.
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so that from Eqs. (2.18), (2.19), and (2.20) we find

φ
0
� 2Ar 2

0 (2.21)

∴ A � �
2
φ
r
0
2
0

� . (2.22)

Hence Eq. (2.12) becomes

φx, y
� �

2
φ
r
0
2
0

� (x2 � y2) � C (2.23)

whence we note that at the origin (x � 0, y � 0) we have

φ0, 0 � C. (2.24)

If the electrode structure is floated at zero (ground) potential, then C � 0, so that 
Eq. (2.23) becomes

φx, y � �
2
φ
r
0
2
0

� (x2 � y2) (2.25)

which is the expression for the potential often found in standard texts.
We proceed now to examine the motion of an ion when subjected to the potential

given by Eq. (2.25). If we consider first the component of motion in the x direction,
then putting y � 0 in Eq. (2.25) gives

φx, 0 � �
φ
2

0

r
x
2
0

2

� (2.26)

so that the electric field at the point (x, 0) is

��
d
d
φ
x
��y

� �
φ
r
0
2
0

x
�. (2.27)

As a result, the force acting on an ion, Fx, at a point (x, 0) is given by

Fx � �e��
d
d
φ
x
��y

� �e �
φ
r
0
2
0

x
� (2.28)

where the negative sign indicates that the force acts in the opposite direction to
increasing x. Since force � mass � acceleration, from Eq. (2.28) we can write

m��
d
d

2

t
x
2

�� � �e �
φ
r
0
2
0

x
�. (2.29)

Let us now consider a real system in which

φ0 � 2(U � V cos Ωt) (2.30)

where V is the zero-to-peak amplitude of a RF potential oscillating with angular fre-
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quency Ω (expressed in radians per second) and �U is a DC voltage applied to the x
pair of electrodes while a DC voltage of �U volts is applied to the y pair of electrodes.
Thus from Eqs. (2.29) and (2.30)

m��
d
dt

2

2

x
�� � � 2e �

(U�V
r
c

2
0

os Ωt)x
� (2.31)

which may be expanded to

�
d
dt

2

2

x
� � ���

2
m
e
r
U

2
0

� ��
2eV

m
c
r
o

2
0

s Ωt
��x. (2.32)

2.3.1.4. The Mathieu Equation The canonical or commonly accepted form of the
Mathieu equation is

�
d
dξ

2u
2

� � (au � 2qu cos 2ξ)u � 0 (2.33)

where u is a displacement, ξ is a dimensionless parameter equal to Ωt/2 such that Ω
must be a frequency as t is time, and au and qu are additional dimensionless stability
parameters which, in the present context of quadrupole devices, are in fact “trapping”
parameters. It can be shown by substituting ξ � Ωt/2 and using operator notation to find

�
d
d
t
�� �

d
d
ξ
t
� �

d
d
ξ
�� �

Ω
2
� �

d
d
ξ
� (2.34)

so that

�
d
d
t

2

2
� � �

d
d
ξ
t
� �

d
d
ξ
� ��

d
d
t
��� �

Ω
4

2

� �
d
d
ξ
2

2
� (2.35)

that we can write

�
d
d

2

t
u
2

� � �
Ω
4

2

� �
d
dξ

2u
2

� . (2.36)

Substitution of Eq. (2.36) into Eq. (2.33), substituting Ωt for 2ξ, and rearranging
yield

�
d
d

2

t
u
2

� � � ��
Ω
4

2

�au � 2 � �
Ω
4

2

�qu cos Ωt�u. (2.37)

We can now compare directly the terms on the right-hand sides of Eqs. (2.32) and
(2.37), recalling that u represents the displacement x, to obtain

� ��
2
m
e
r
U
2
0

� ��
2eV

m
c
r
o

2
0

s Ωt
��x � � ��

Ω
4

2

�ax � 2 � �
Ω
4

2

�qx cos Ωt�x (2.38)

whence one deduces the relationships

ax ��
m

8
r
e
2
0

U
Ω2
� (2.39)
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and

qx � �
m
�

r
4
2
0

e
Ω
V

2
0

� . (2.40)

When this derivation is repeated to obtain the force on an ion in the y direction in
a QMF, one finds that ax � �ay and qx � �qy; this relationship is obtained because
λ � �σ � 1. The au, qu trapping parameters are particularly interesting because they
are functions of the magnitude of either the DC voltage or the RF voltage applied to
a quadrupolar device, the RF frequency (in radians per second), the mass/charge
ratio of a given ion species, and the size (r0) of the device; that is, the trapping
parameters are functions of the instrumental parameters that govern the various oper-
ations of a quadrupole device. Other parameters of interest, βu and ωu, can be derived
from the au, qu trapping parameters. Both βu and ωu describe the nature of the ion
trajectories and are considered later in more detail: βu is a complex function of au

and qu, and ωu is the so-called secular frequency of the ion motion in the u direction.

2.3.1.5. Regions of Stability of the QMF The solutions to the Mathieu equation
are now accessible to us and can be interpreted in terms of ion trajectory stability
(and instability) in each of the x and y directions, of confinement within the totality
of the quadrupole field (when conditions correspond simultaneously to ion trajectory
stability in each of the x and y directions), and of the characteristic fundamental sec-
ular frequencies of ion motion in the x and y directions. Because the fields in the
QMF are uncoupled, one need examine the solutions to the Mathieu equation in one
dimension only. The solutions obtained for one dimension only can then be com-
bined using the appropriate values of λ and σ.

The primary concern in our utilization of a QMF lies with the criteria that govern
the stability (and instability) of the trajectory of an ion within the field, that is, the
experimental conditions that determine whether an ion moves in a stable trajectory
within the device or is ejected from the device and either lost or detected externally
(as in a LIT, discussed in Chapter 5). The boundaries between stable and unstable
regions of the stability diagram correspond to those values of au and qu for which the
parameter βu is an integer, that is, 0, 1, 2, 3, . . . . These limits have been shown to cor-
respond to combinations of cosine and sine elliptic series (see later).

For these values, the solutions to the Mathieu equation are periodic but unbound,
and they represent, in practical terms, the point at which the trajectory of an ion
becomes unbound. Stable, bound solutions for the Mathieu equation in the x direc-
tion are obtained when the a, q parameters lie within the region composed of multi-
ple lines shown in Figure 2.2. This region, which is located in the vicinity of the
origin, is bounded by the characteristic curves a0 and b1 for which βu � 0 and βu � 1,
respectively. The values of these characteristic curves [10] are given by

a0 � � �
q
2

2

�� �
1
7
2
q
8

4

� � �
2
2
3
9
0
q
4

6

� � ��� (2.41)
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and

b1 � 1�q � �
q
8

2

�� �
6
q
4

3

�� �
15

q
3

4

6
� � ��� . (2.42)

Within this stable region are shown the iso-βu lines that correspond to the set of au,
qu points that have the same value of βu.

In Figure 2.3 are shown additional regions of stability and instability in au, qu

space. In Figure 2.4, these additional stability regions are identified with each of the
x and y directions. The x stable regions shown in Figure 2.4a are obtained by multi-
plying the regions shown in Figure 2.2 by unity and the y stable regions shown in
Figure 2.4b are obtained by multiplying those regions by �1; this difference
between the two sets of curves reflects the values of the weighting constants λ and
σ (λ � 1, σ � �1, γ � 0) for the two-dimensional quadrupole device. Figures 2.3
and 2.4 are shown in a simplified fashion in that only the positive values are shown
along the qu axis because symmetry exists about the au axis. Regions in which the
values of au and qu represent stable solutions to the Mathieu equation are shaded; for
those regions that are not shaded, the solutions to the Mathieu equation are unstable.

Presented in Figure 2.5 is the Mathieu stability diagram [1] in one dimension of
(au, qu) space showing the regions delineated by characteristic numbers of a cosine-
type function (am) of order m and a sine-type function (bm) of order m. This diagram
is labeled in the terminology used by McLachan [10]. The boundaries of even order
are symmetric about the au axis, but the boundaries of odd order are not; however,
the diagrams themselves appear to be symmetric about the au axis.

A diagram that represents ion trajectory stability (and instability) regions in both the
x and y directions can be constructed by overlapping parts (a) and (b) of Figure 2.4, as
shown in Figure 2.6. Here, four stability regions labeled A, B, C, and D are identified;
regions A and D lie on the qu axis and are symmetric about this axis while regions 
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Figure 2.2. Mathieu stability region for u direction closest to origin, plotted in (au, qu) space.
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Figure 2.4. Graphical representation of three Mathieu stability regions: (a) x stable, as in
Figure 2.3; (b) y stable. The y-stable region is obtained as �1 times the x-stable region.

(a) (b)

Figure 2.3. Three Mathieu stability regions (with alternating instability regions) in u direc-
tion closest to origin, plotted in (au, qu) space.

Stable

Unstable

Unstable

Unstable

Stable

au

qu

B and C are disposed symmetrically away from the qu axis. When one envisages the
overlap of Figure 2.5 with the inverse of Figure 2.5, it is clear that there are many
regions of stability, though most of them are not accessible at this time [5, 14–17].
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Figure 2.5. Mathieu stability diagram in one dimension of (au, qu) space. The characteristic
curves a0, b1, a1, b2, . . . divide the plane into regions of stability and instability. The even-order
curves are symmetric about the au axis, but the odd-order curves are not. The diagram itself,
however, appears to be symmetric about the au axis.
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Figure 2.6. Mathieu stability diagram in two dimensions (x and y). Regions of simultaneous
overlap are labeled A, B, C, and D.
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We shall focus upon stability region A. Region A, as is shown in Figure 2.7, is
bounded by the characteristic curves for which βx � 0, 1 and βy � 0, 1; thus within
this region of stability 0 	 βx 	1 and 0 	 βy 	 1. Often, only the upper part of this
diagram is shown because stability region A is symmetric about the qu axis. For an
ion to have a stable trajectory in a quadrupole rod array, its ax, qx coordinates must
lie within the diamond-shaped region shown in Figure 2.7. When an ion’s ax, qx coor-
dinates lie within stability region A, its ay, qy coordinates must necessarily lie also
within stability region A.

2.3.1.6. Mass Selectivity of the QMF When a quadrupole rod array is operated
with an RF potential only, all ax, qx coordinates must lie on the qx axis because all
values of ax are zero, that is, U � 0 in Eq. (2.39). In this RF-only mode of operation,
the rod array acts in a “total-ion” mode as all ions above a fixed mass/charge ratio
are transmitted through the device provided that their properties upon entry to the

Figure 2.7. Boundaries of stability region A in au and qu for QMF. The boundaries represent
the limits in au and qu for stable ion trajectories and satisfy the Mathieu equation. The stabil-
ity diagram is symmetric about the qu axis. Conventionally, the stability diagram in ax, qx

space is presented. Usually, only the upper part of this stability diagram is depicted.
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device are appropriate for transmission. Normally, the RF potential is either fixed or
increased incrementally (as shown in Figure 2.8) so as to enhance the efficiency of
transmission of ions of higher mass/charge ratio.

The mass selectivity of the QMF is established by varying the magnitudes of the
DC (U) and AC or RF (V) voltages (Figure 2.9) applied at a constant ratio to each
pair of rods. One pair of rods (x–z plane) is connected to a positive DC voltage, U,
along with an RF voltage, V cos Ωt. The second pair of rods (y–z plane) is connected
to a negative DC voltage, �U, and a RF voltage, �V cos Ωt, which is equal in ampli-
tude but of opposite phase to that applied to the other pair of rods (x–z plane). The
difference between these applied voltages is given by

φ0 � 2(U � V cos Ωt). (2.30)

The use of two potentials affects ions of various mass/charge ratios in different
fashions. In the x–z plane, the RF potential will greatly affect light ions. These ions
will oscillate in phase with the RF drive potential and the amplitude of oscillation
will increase until the ion is lost either via contact with the rods or ejection from the
quadrupole rod assembly. Heavier atoms are less affected by the RF drive, remain-
ing near the center of the quadrupole rod assembly, and are emitted through the exit
aperture at the downstream end of the quadrupole rod array. Thus the field in the x–z
plane acts as a high-mass pass filter. In contrast, in the y–z plane, both heavy and
light atoms are drawn toward the negative DC potential of the rods; however, light
atoms are refocused toward the center by the RF drive and maintain stable trajecto-
ries. Thus the field in the y–z plane acts as a low-mass pass filter. Therefore, by selec-
tion of an appropriate DC/RF ratio, the two filters can be overlapped such that only
ions within a small range of mass/charge ratios maintain stable trajectories and reach
the detector. By ramping both the DC and RF potentials with a constant ratio of U/V,

Figure 2.8. RF amplitude ramp. To scan a selected mass region, the RF potential which is
applied to each pair of rods is ramped (increased at a constant rate), changing the amplitude
but not the frequency.
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an entire mass spectrum of mass/charge ratios can be scanned. A mass spectrum is
defined by the American Society for Mass Spectrometry (www.asms.org) as a
spectrum obtained when a beam of ions is separated according to the mass/charge
ratios of the ionic species contained within it.

Alternately, the upper part of the stability diagram shown in Figure 2.7 can be dis-
played in U, V space as shown in Figure 2.10. In U, V space, there is a stability dia-
gram for each ion species; diagrams for ions of mass/charge ratio M1, M4, and M6 are
shown in this figure, where M1 	 M4 	 M6. Thus the U, V coordinates at the apices
for each of the ions in Figure 2.10 correspond to the ax, qx coordinates at the upper
apex in Figure 2.7. Hence during operation of a QMF where the U and V amplitudes
are close to those corresponding to the apex for M4 in Figure 2.10, only M4 ions will
be transmitted and detected. The angled line in Figure 2.10 is the operating line or
scan line. When U and V are increased at a constant ratio, the scan line passes close

Figure 2.9. Upper: ramping of both DC and RF potentials applied to rods in the x–z plane,
which act as the high-mass pass filter. Lower: ramping of both negative DC and RF potentials
applied to rods in y–z plane, which act as the low-mass pass filter. The upper and lower dia-
grams are mirror images and are therefore 180° out of phase from each other.
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to the apex for each ion in order of increasing mass/charge ratio. In practice, rela-
tively few ions will be transmitted when the scan line is close to the apex but the
mass resolution will be high in that few, if any, other types of ions will be transmit-
ted. As the slope of the scan line is reduced, ion signal intensity increases but at the
expense of mass resolution.

Discussion of the secular frequencies of ions in a QMF is presented in the fol-
lowing treatment of the QIT.

2.3.2. The Quadrupole Ion Trap (QIT)

The QIT is an extraordinary device that functions both as an ion store in which
gaseous ions can be confined for a period of time and as a mass spectrometer of large
mass range, variable mass resolution, and high sensitivity. As a storage device, the
QIT confines gaseous ions, either positively charged or negatively charged, in the
absence of solvent. The confining capacity of the QIT arises from the formation of
a trapping potential well when appropriate potentials are applied to the electrodes of
the ion trap.

That the basic theory of operation of quadrupole devices was enunciated almost
100 years before the QIT and the related QMF were invented by Paul and Steinwedel
[18] is a shining example of the inherent value of sound basic research. The pio-
neering work of the inventors was recognized by the award of the 1989 Nobel Prize
in Physics to Wolfgang Paul [19], together with Norman Ramsay and Hans Dehmelt.

2.3.2.1. The Structure of the QIT As noted in Chapter 1, the QIT mass spec-
trometer consists essentially of three shaped electrodes that are shown in open

50 THEORY OF QUADRUPOLE INSTRUMENTS

Figure 2.10. Superimposed stability diagrams in U, V space for ions in order of increasing
mass/charge ratio. By ramping the DC and RF potentials appropriately, only the peak of each
individual stability diagram will be intersected. Therefore, the ions will be transmitted selec-
tively from the QMF, with the ions of lowest mass/charge ratio being transmitted first.
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array in Figure 2.11. Two of the three electrodes are virtually identical and, while
having hyperboloidal geometry, resemble small inverted saucers; these saucers are
the so-called end-cap electrodes and each has one or more holes in the center. One
end-cap electrode contains the “entrance” aperture through which electrons and/or
ions can be gated periodically while the other is the “exit” electrode through
which ions pass to a detector. The third “ring” electrode has an internal hyper-
boloidal surface: in some early designs of ion trap systems, a beam of electrons
was gated through a hole in this electrode rather than an end-cap electrode (see
Chapter 1). The ring electrode is positioned symmetrically between two end-cap
electrodes, as shown in Figures 1.2 and 2.12; Figure 2.12a shows a photograph of
an ion trap cut in half along the axis of cylindrical symmetry while Figure 2.12b
is a cross section of an ideal ion trap showing the asymptotes and the dimensions
r0 and z0, where r0 is the radius of the ring electrode in the central horizontal plane
and 2z0 is the separation of the two end-cap electrodes measured along the axis of
the ion trap.

The electrodes in Figure 2.12 are truncated for practical purposes, but in the-
ory they extend to infinity and meet the asymptotes shown in the figure. The asymp-
totes arise from the hyperboloidal geometries of the three electrodes. The
geometries of the electrodes are defined so as to produce an ideal quadrupole
potential distribution that, in turn, will produce the necessary trapping field for
the confinement of ions.

Figure 2.11. Three electrodes of QIT shown in open array.
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2.3.2.2. Electrode Surfaces We have already seen that for the cylindrically sym-
metric QIT the values of λ, σ, and γ given in Eq. (2.11) satisfy the Laplace condi-
tion [Eq. (2.2)] when it is applied to Eq. (2.1). Thus we have

φx, y, z � A(x2 � y2 � 2z2) � C. (2.43)

52 THEORY OF QUADRUPOLE INSTRUMENTS

Figure 2.12. Quadrupole ion trap: (a) photograph of ion trap cut in half along axis of cylindrical
symmetry; (b) schematic diagram of three-dimensional ideal ion trap showing asymptotes and
dimensions r0 and z0.
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To proceed, we must convert Eq. (2.43) into cylindrical polar coordinates employing
the standard transformations x � r cos θ, y � r sin θ, z � z. Thus Eq. (2.43) becomes

φr, z � A(r2 � 2z2) � C. (2.44)

It should be noted that in making this transformation the angular orientation of the x–y
coordinate plane is lost. The effect of this is that when the equations of motion of the
ions are developed in a manner analogous to that presented earlier for the QMF there is
an implicit assumption that each ion possesses zero angular velocity around the z axis.

We can now follow the procedure adopted by Knight [11] and write the equations
for the electrode surfaces in generalized forms as

�
r
r 2

2
0

� � �
a
z2

2
� �1 (ring electrode) (2.45)

and

�
b
r2

2
� � �

z
z2

2
0

� ��1 (end-cap electrode). (2.46)

It should be remembered that when plotted out these equations represent cross sec-
tions through the electrodes which, of course, possess cylindrical symmetry around
the z axis. In terms of their respective geometric forms, the ring electrode is a sin-
gle-sheet hyperboloid and the pair of end-cap electrodes comprises a double-sheet
hyperboloid. As with the QMF, we note the conditions r � � r0 when z � 0 and
z � � z0 when r � 0. From Figure 2.12b we recall that 2r0 is the innermost diameter
of the ring electrode and 2z0 is the closest distance between the innermost surfaces
of the end-cap electrodes; a and b are geometric quantities which will be evaluated
shortly.

Following standard mathematical procedures we can deduce that the slopes of the
asymptotes of the ring electrode are

m � � �
r
a

0

� (2.47)

and those of the end-cap electrodes are

m′ � � �
z
b

0�. (2.48)

As in the previous treatment of the mass filter, we note that in order to establish a
quadrupolar field the ring and the end-cap electrodes must share common asymp-
totes, so that m � m�, and from Eqs. (2.47) and (2.48) we can write

a2b2 � r 2
0z 2

0 . (2.49)
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Hence substituting for a2 in Eq. (2.45) for the ring electrode we obtain

�
r
r

2

2

0

� � �
r
z

2
0

2

z
b

2

2

0

� �1 (2.50)

thus

r2 � r 2
0 ��

z
z

2b
2
0

2

� . (2.51)

Since the value of the potential given by Eq. (2.44) must be a constant across the
electrode surfaces, we can establish conditions under which φr, z is independent of 
r and z by the following procedure, in which we replace r2 in the term r2 �2z2 to
obtain, for the ring electrode,

r 2 � 2z2 � r 2
0 � �

z
z

2b
2
0

2

� �2z2

� r 2
0 ��

z 2(b2

z
�
2
0

2z 2
0)� . (2.52)

Similarly for the end-cap electrodes we have, from Eq. (2.46),

r2 � �
z
z

2b
2
0

2

� � b2 (2.53)

r2 � 2z2 ��
z2(b2

z
�
2
0

2z 2
0)� � b2. (2.54)

Thus φr, z becomes constant when b2 � 2z 2
0 � 0

∴ b2 � 2z 2
0 (2.55)

and therefore from Eq. (2.49) we have

a2 � �
1
2

�r 2
0 . (2.56)

Hence the equations for the electrode surfaces now become

�
r
r2

2
0

� � �
2
r
z
2
0

2

� �1 (ring electrode) (2.57)

and

�
2
r
z

2

2
0

� � �
z
z

2

2

0

� � �1 (end-cap electrode). (2.58)

Also from Eqs. (2.47) and (2.48), equating the gradients of the asymptotes, we obtain

m � � �
r
a

0

�� � � m′ � ��
z
b
0� � �

� � �
�
1
2�

� . (2.59)

z0�
�2�z0

r0�
�2�r0
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This relationship corresponds to the asymptotes having an angle of 35.264° with
respect to the radial plane of the ion trap.

2.3.2.3. Quadrupolar Potential As in the case of the QMF presented earlier, we
must now proceed to evaluate the constants A and C in the general expression for the
potential within the ion trap, Eq. (2.44). By analogy with Eq. (2.18) we define a
quadrupolar potential φ0 in terms of the difference between the potentials applied to
the ring and the pair of end-cap electrodes,

φ0 � φ ring � φ endcaps. (2.60)

Recalling that r � � r0 when z � 0 and z � � z0 when r � 0, substitution into Eq.
(2.44) gives

φring � A(r 2
0) � C (2.61)

and

φendcaps � A(�2z 2
0) � C (2.62)

so that from Eq. (2.60)

φ0 � A(r 2
0 � 2z 2

0) (2.63)

whence

A � �
r 2

0 �

φ0

2z 2
0

� (2.64)

and therefore from Eq. (2.44)

φr, z ��
φ0

r
(

2
0

r
�

2�

2
2
z2

0

z2)
�� C. (2.65)

As with the QMF, we proceed to evaluate the constant C by taking account of the
potentials actually connected to the electrodes of opposing polarity. However,
whereas in the mass filter equal and opposite potentials are applied to the x pair and
the y pair of electrodes, respectively, in the QIT the end-cap electrodes are normally
held at ground (i.e., zero) potential while a unipolar RF potential and any DC volt-
age are applied to the ring electrode only. Thus Eq. (2.65) becomes

φ0, z
0
� φ endcaps � �

φ0

r
(
2
0

0
�

�

2
2
z
z
2
0

2
0)� � C � 0

and

∴  C � �
r

2
2
0 �

φ0

2

z

z

2
0

2
0

� (2.66)
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whence

φr, z ��
φ0

r
(

2
0

r2

�

�

2
2
z2

0

z2)
���

r2
0

2
�

φ0

2
z2

0

z2
0

�. (2.67)

From Eq. (2.67) we see that the potential at the center of the ion trap (0, 0) is no
longer zero but is at a potential equal to a fraction [2z 2

0/(r
2
0 � 2z 2

0)] of that applied to
the ring electrode.

While this mode of connecting the potentials does not affect the motion of the
ions within the ion trap, which still “see” an electric field developed by a quadrupo-
lar potential, it does have the effect of halving the maximum value of mass/charge
ratio for ions that may be stored in (and ejected from) the ion trap compared to the
situation where equal and opposite potentials are applied to the ring and the pair of
end-cap electrodes [see also Eq. (2.75) below]. Having set the pair of end-cap elec-
trodes at ground potential, we must now define the value of φ0 in terms of the real-
system potentials applied to the ring electrode. Thus we have

φ0 � (U � V cos Ωt) (2.68)

where the quantities are defined in the same manner as those in Eq. (2.30). In doing
this, it should be noted that the factor 2 is absent from the right-hand side of Eq.
(2.68) when compared to Eq. (2.30); this situation arises from the “asymmetric” con-
nection of the potentials to the electrodes of the ion trap, in contrast to the method
of connection employed in the mass filter. Substituting from Eq. (2.68) into 
Eq. (2.67) therefore gives

φr, z � � . (2.69)

As with the QMF, the components of the ion motion in the radial (r) and the axial
(z) directions may be considered independently, so for the axial direction we can
write, by analogy with Eqs. (2.28) and (2.29),

Fz � �e��
d
d
φ
z
��r

� e�
r 2

0

4
�

φ0

2
z
z 2

0
�

� m��
d
d

2

t
z
2

��. (2.70)

Hence from Eq. (2.68) we have

m��
d
dt

2

2

z
����

4e(U
r
�

2
0 �

V
2
co
z2

0

s Ωt)z
� (2.71)

which may be expanded to give

�
d
d

2

t
z
2

� � ��m(r 2
0

4
�

eU
2z 2

0)
� ��

m
4e

(
V
r2

0

c
�

os
2
Ω
z2

0)
t

��z. (2.72)

2(U � V cos Ωt)z2
0���

r 2
0 � 2z 2

0

(U � V cos Ωt)(r2 � 2z2)
���

r 2
0 � 2z2

0
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As with the mass filter, we recognize the similarity of Eq. (2.72) with the Mathieu
equation (2.33):

�
d
dξ

2u
2

� � (au � 2qu cos 2ξ)u � 0

so that using the transformations given in Eqs. (2.34), (2.35), and (2.36) and replac-
ing u by z, we can write

��m(r 2

4

0

e
�

U
2z2

0)
���

m
4e

(
V
r2

0

c
�

os
2
Ω
z2

0)
t

��z � � ��
Ω
4

2

�az�2 � �
Ω
4

2

�qz cos Ωt�z (2.73)

whence one deduces the relationships

az � ��
m(r2

0

1
�

6e
2
U
z 2

0)Ω2
� (2.74)

and

qz ��
m(r2

0 �

8eV
2z2

0)Ω2
� . (2.75)

When this derivation is repeated for the radial component of motion at a fixed value
of z, one finds that

az � �2ar and qz � �2qr (2.76)

again arising from the values of λ, σ, and γ inserted into the general equation (2.1)
when it is applied to the QIT.

So far in this formulation of the motion occurring within the ion trap we have
made no assumption concerning the relationship between the dimensions r0 and z0.
Historically we see that ever since the early descriptions of the ion trap [20, 21] the
relationship

r 2
0 � 2z2

0 (2.77)

has been selected as a requirement for forming the ideal quadrupolar potential dis-
tribution. Furthermore, we note that with the identity given in Eq. (2.77) the asymp-
totes with the gradients � 1/�2� [Eq. (2.59)] will pass through the coordinates �r0,
�z0. Knight [22] has shown that in practical ion trap systems with truncated elec-
trodes, under the conditions of Eq. (2.77), the asymptotes bisect the gaps between
the ring electrode and the end-cap electrodes at high values of r and z, thereby min-
imizing the contributions to the potential of higher order terms (see also the
Appendix to this chapter and Chapter 3). It should be noted that inserting the rela-
tionship given in Eq. (2.77) into Eq. (2.67) shows that under the conditions where
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the end-cap electrodes are held at earth potential the potential at the center of the ion
trap is equal to half that applied to the ring electrode.

2.3.2.4. An Alternative Approach to QIT Theory An alternative approach to the
derivation of the potential in a QIT is given in Ref. 9, Vol. 1, Chapter 2; we present
a shortened version of this approach here. This approach has the advantage of intro-
ducing components of the trapping potential of order higher than quadrupolar. A
solution of Laplace’s equation in spherical polar coordinates (ρ, θ, φ) for a system
with axial symmetry (such as is the case for the QIT) is obtained from the theory of
differential equations and has the general form

φ (ρ, θ, ϕ) � φ0 �
∞

n�0
An �




r 2
0

n

� Pn(cos θ) (2.78)

where An are arbitrary coefficients and Pn(cos θ) denotes a Legendre polynomial. When
ρnPn(cos θ) is expressed in cylindrical polar coordinates, Eq. (2.79) is obtained as

φr, z � φ0�A2�
r2

2
�

r2
0

2z2

� � A3�
3r2z

2
�

r3
0

2z3

� � A4�
3r4 � 24

8
r
r

2

2
0

z2 � 8z4

�

� A5 � A6 �. (2.79)

The values of n � 0, 1, 2, 3, 4, 5, 6 correspond to the monopole, dipole, quadrupole,
hexapole, octopole, decapole, and docecapole components, respectively, of the
potential field φ. Higher-order field components such as hexapole and octopole can
play important roles in the operation of modern ion trap mass spectrometers (see
Chapters 3 and 8).

2.3.2.5. Regions of Ion Trajectory Stability Quadrupole ion trap operation is con-
cerned with the criteria that govern the stability (and instability) of the trajectory of
an ion within the field, that is, the experimental conditions that determine whether
an ion is stored within the device or is ejected from the device and either lost or
detected externally.

The solutions to Mathieu’s equation are of two types: (i) periodic but unstable and
(ii) periodic and stable. Solutions of type (i) are called Mathieu functions of integral
order and form the boundaries of unstable regions on the stability diagram. The
boundaries, which are referred to as characteristic curves or characteristic values,
correspond to those values of the new trapping parameter βz that are integers, that is,
0, 1, 2, 3, . . . ; βz is a complex function of az and qz to which we shall return. The
boundaries represent, in practical terms, the point at which the trajectory of an ion
becomes unbounded.

Solutions of type (ii) determine the motion of ions in an ion trap. The stability
regions corresponding to stable solutions of the Mathieu equation in the z direction
are shaded and labeled z stable in Figure 2.13a. The stability regions corresponding
to stable solutions of the Mathieu equation in the r direction are shaded and labelled
r stable in Figure 2.13b; it can be seen that they are doubled in magnitude along the

5r6 �90r4z2 �120r2z4 � 16z6

����
16r 6

0

15r4z � 40r2z3 � 8z5

���
8r 5

0
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THEORY OF QUADRUPOLAR DEVICES 59

ordinate and inverted, that is, multiplied by �2. It is seen from Eq. (2.76) that
az � �2ar and qz � �2qr, that is, the stability parameters for the r and z directions
differ by a factor of �2.

Ions can be stored in the ion trap provided that their trajectories are stable in the r
and z directions simultaneously; such trajectory stability is obtained in the region
closest to the origin, that is, region A in Figure 2.14 analogous to Figure 2.6. Regions
A and B are referred to as stability regions; region A is of the greatest importance at
this time (region B remains to be explored) and is shown in greater detail in Figure
2.15. The coordinates of the stability region in Figure 2.15 are the Mathieu parame-
ters az and qz. Here, we plot az versus qz rather than using the general parameters au

versus qu in order to avoid confusion. In Figure 2.15, the βz � 1 stability boundary
intersects with the qz axis at qz � 0.908; this working point is that of the ion of lowest
mass/charge ratio [i.e., low-mass cutoff (LMCO), as discussed below] that can be
stored in the ion trap for given values of r0, z0, V, and Ω.

2.3.3. Secular Frequencies

A three-dimensional representation of an ion trajectory in the ion trap, as shown in
Figure 2.16, has the general appearance of a Lissajous curve or figure-of-eight 

Figure 2.13. Graphical representation of three Mathieu stability regions: (a) z stable, as in
Figure 2.3 for x stable regions; (b) r stable. The r-stable region is obtained as �2 times the 
z-stable region.

(a) (b)
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composed of two fundamental frequency components, ωr, 0 and ωz, 0 of the secular
motion [23]. The description “fundamental” implies that there exist other higher-
order (n) frequencies and the entire family of frequencies is thus described by ωr, n

and ωz, n. These secular frequencies are given by

ωu, n � (n � �
1
2

��u)Ω 0 � n 	 ∞ (2.80)

and

ωu, n � �(n � �
1
2

�βu)Ω � ∞ 	 n 	0 (2.81)

where

βu �	(a
u�
�
1
2� q
u

2)
 (2.82)

for qu	 0.4. It should be noted that while the fundamental axial secular frequency 
ωz, 0 is usually given in units of hertz in the literature and referred to simply as ωz it
should be expressed in radians per second. At this time, the higher-order frequencies
are of little practical significance.
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Figure 2.14. Mathieu stability diagram in (az, qz) space for QIT in both r and z directions.
Regions of simultaneous overlap are labeled A and B. While the axes are labeled au and qu,
the diagrammatic representation shown here shows the ordinate and abscissa scales in units of
az and qz, respectively.
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It should be noted further that the definition of βu given in Eq. (2.82) above 
is only an approximation, known as the Dehmelt approximation (see also Chapter 3).
A precise value of βu is obtained from a continued fraction expression in terms of au

and qu, as shown later in the complete solution to the Mathieu equation.
The resemblance of the simulated ion trajectory shown in Figure 2.16 to a roller

coaster ride is due to the motion of an ion on the potential surface shown in Figure
2.17. The oscillatory motion of the ion results from the undulations of the potential
surface that can be envisaged as a rotation of the potential surface. The simulation of
the ion trajectory was carried out using the ITSIM simulation program [24], while
the potential surface was generated [25] from Eq. (2.79) by calculating φr , φ, z for

Figure 2.15. Stability diagram in (az, qz) space for region of simultaneous stability A in both
r and z directions near origin for three-dimensional QIT; the iso-βr and iso-βz lines are shown
in the diagram. The qz axis intersects the βz � 1 boundary at qz � 0.908, which corresponds to
qmax in the mass-selective instability mode. Conventionally, the stability diagram in (az, qz)
space is presented.
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Figure 2.16. Trajectory of a trapped ion of m/z 105. The initial position was selected randomly
from a population with an initial Gaussian distribution [full width at half maximum (FWHM)
of 1 mm]; qz � 0.3; zero initial velocity. The projection onto the x–y plane illustrates planar
motion in three-dimensional space. The trajectory develops a shape that resembles a flattened
boomerang. (Reprinted from the International Journal of Mass Spectrometry and Ion
Processes, vol. 161, M. Nappi, C. Weil, C. D. Cleven, L. A. Horn, H. Wollnik, R. G. Cooks,
“Visual representations of simulated three-dimensional ion trajectories in an ion trap mass
spectrometer,” Fig. 1, 77–85 (1997), with permission from Elsevier.) 
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A2
0 � 1 and all of the other coefficients equal to zero for increment steps of 1 mm in

both radial and axial directions.
Some of the secular frequencies defined by Eqs. (2.80) and (2.81) are illustrated

in Figure 2.18. In this figure are shown the results of a power spectral Fourier analy-
sis of the trajectory of an ion of m/z 100 calculated using ITSIM [24]. The essential
trapping parameters were r0 � 10 mm, z0 � 7.071 mm, Ω/2π � 1.1 MHz, qz � 0.40,
and the background pressure was zero. The ion’s fundamental axial secular fre-
quency, ωz, 0, is of interest because it is the axial motion of an ion that is excited 
during axial modulation (see Chapter 4); this frequency, βzΩ/2, was observed 

Figure 2.18. Power spectral Fourier analysis of trajectory of ion of m/z 100 calculated using
ITSIM. The essential trapping parameters were r0 � 10 mm, z0 � 7.071 mm, Ω/2π � 1.1 MHz,
qz � 0.40, and the background pressure was zero. The data were collected at intervals of 100
ns for 1 ms: (a) axial frequencies; (b) radial frequencies. The magnitude of the frequency
band is plotted on a logarithmic scale and shows the intensity of each harmonic lower by sev-
eral orders of magnitude from the fundamental secular frequency. Note that the radial posi-
tion data were obtained from r ��x2���y2�, and not from either x or y; thus the radial
fundamental secular frequency is observed at βrΩ rather than βrΩ/2. (Reprinted from the
Journal of Mass Spectrometry, vol. 34, M. W. Forbes, M. Sharifi, T. R. Croley, Z. Lausevic,
R. E. March, “Simulation of ion trajectories in a quadrupole ion trap: A comparison of three
simulation programs,” Fig. 13, 1219–1239 (1999). © John Wiley & Sons Limited.
Reproduced with permission.)
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at 160.91142 kHz and is in close agreement with that shown in the left-hand side
(LHS) of Figure 2.18a. Also shown here are two sets of complementary frequencies
corresponding to Ω � βzΩ/2 and 2Ω � βzΩ/2. In Figure 2.18b, where the radial fre-
quencies are shown, the central feature is the RF drive frequency Ω; also shown are
two sets of complementary frequencies corresponding to Ω � βrΩ and 2Ω � 2βrΩ,
the harmonic frequencies βrΩ, 2βrΩ, and 3βrΩ, and the set of frequencies corre-
sponding to 2Ω and 2Ω � βrΩ.

2.3.4. Calculations

On many occasions, while working with a QIT, it becomes necessary to calculate
some of the ion-trapping parameters, such as qz, the LMCO value (see below), βz,
and the secular frequency ωz. In modern ion trap instruments, these calculations can
be carried out using the accompanying software, but it is instructive to examine the
manner in which each of the following parameters is calculated.

Let us consider an ion of butylbenzene (m/z 134) in a normal stretched ion 
trap that has a ring electrode of radius r0 � 1.00 cm and with z0 � 0.783 cm (cor-
responding to an electrode spacing, 2z0, of 15.66 mm) and under the following
conditions:

U � 0
V � 757 V(0-p) at 1.05 MHz
Ω � 2πf � 2π �1.05 �106 rad s�1

m � 134 Da � 134 �10�3 kg mol�1

Avogadro’s number � 6.022 � 1023 mol�1

2.3.4.1. qz and LMCO From Eq. (2.75), we recall that qz � 8eV/m(r0
2�2z0

2)Ω2.
Thus

qz �

� 0.450

We have now calculated that m/z 134 has a qz value of 0.450 under these 
conditions, but what is the LMCO value at qz slightly less than 0.908? Because
m � qz � const at constant V from Eq. (2.75), the LMCO value can be calcu-
lated as

(LMCO)(0.908) � (m/z 134)(0.450)

Rearranging,

LMCO � (m/z 134)(0.450)/(0.908)
� m/z 66.4

8(1.602 � 10�19C)(757 kg m2 s�2 C�1)(6.022 � 1023 mol�1)
��������
(134 � 10�3 kg mol�1)[(1.000 � 1.226) � 10�4 m2](2π � 1.05 � 106 s�1)2
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That is, with a potential of 757 V(0-p) applied to the ring electrode, only those ions of
m/z  66.4 will be stored. The potential V to be applied to the ring electrode to effect
a given LMCO is given as

V � � (11.40 � LMCO)V(0-p)

This calculation is particularly useful when an ion is to be fragmented and one wishes
to know the low mass/charge limit for fragment ions stored, that is, the LMCO.

2.3.4.2. ββz From Eq. (2.82), we see that βz is given approximately by (qz
2/2)1/2; thus,

when qz � 0.450, βz � 0.318. However, we have exceeded the limit of the Dehmelt
approximation relating qz and βz and so the calculated value of βz is high by about 5%.
For m/z 1340, where qz � 0.0450 such that the above approximation is valid,
βz � 0.0318.

2.3.4.3. ωωz From Eq. (2.80), the fundamental axial secular frequency ωz (or, more
properly, ωz, 0) is given by βzΩ/2; thus, when βz � 0.318 and Ω � 2π � 1.05 � 106 rad
s�1, ωz � 1.049 � 106 rad s�1 or, more conventionally, ωz � 167 kHz; ωz is correspond-
ingly high by about 5%. However, for m/z 1340, ωz � 16.7 kHz.

2.3.4.4. Mass Range The upper limit of the mass range is given by the mass/
charge ratio having a qz value of, let us say, exactly 0.900 when the maximum 
RF amplitude is applied to the ring electrode. From Eq. (2.75) it is seen that
m � qz/V � const; this constant can be evaluated from the above expression for 
qz as 0.0797. With qz � 0.900 and V � 7340 V(0-p), the mass range is found as 650 Da.

2.3.5. The Complete Solution to the Mathieu Equation

The complete solution to the Mathieu equation (2.33) is composed of two linear
independent solutions, u1(ξ) and u2(ξ), such that

u � Γu1(ξ) � Γ�u2(ξ) (2.83)

where Γ and Γ� are constants of integration that depend upon the initial conditions
of position u0, velocity u0, and RF phase ξ0. A corollary of Floquet’s theorem states
that there will always exist a solution to Eq. (2.83) of the form

u(ξ) � eµnϕ (ξ) (2.84)

where µ is a constant and ϕ has period π. The functions u1 and u2 are chosen to be
even and odd, respectively, such that

u1(ξ) � u1(�ξ); u2(ξ) � �u2(ξ). (2.85)

LMCO � 757V(0-p)
���

m/z 66.4
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Thus we can write

u(ξ) � Γeµξϕ (ξ) � Γ�e�µξϕ (�ξ). (2.86)

From Fourier’s theorem, a periodic function may be expressed as an infinite sum of
exponential terms so that we may write

ϕ(ξ) ��
∞

n��∞
C2n exp(2niξ) and ϕ (�ξ) ��

∞

n��∞
C2n exp(�2niξ ) (2.87)

so that Eq. (2.86) becomes

u(ξ) � Γeµξ �
∞

n��∞
C2n, u exp(2niξ) � Γ′e�µξ �

∞

n��∞
C2n, u exp(�2niξ ). (2.88)

The C2n, u coefficients are factors that describe the amplitudes of ion motion and
depend only on au and qu.

The term µ is referred to as the characteristic exponent and may be real, imagi-
nary, or complex; its value determines the type of solution to the Mathieu equation,
and it may be expressed as µ � α � iβ.

The solutions are of two types:

(i) stable where µ remains finite as ξ increases, and

(ii) unstable where µ increases without limit as ξ increases.

Only solutions where α � 0 are possibly stable; if α � 0, then one of the terms eµξ or
e�µξ will tend to infinity as ξ increases; thus such solutions must be unstable.

These four possibilities and their consequences have been summarized by
Dawson [5] as follows:

1. µ is real and not zero; here, one of the terms eµξ or e�µξ will increase without
limit, and the solution is not stable.

2. µ is complex; with this condition, the solutions are not stable.

3. µ � im, where m is an integer; here, the solutions are periodic but unstable.
These solutions are called Mathieu functions of integral order and form 
the boundaries between stable and unstable regions on the stability diagram.
The boundaries are referred to as characteristic curves or characteristic 
values.

4. µ � iβ, that is, imaginary, and β is not a whole number. These solutions are
periodic and stable.

From the constraint that α must be zero, the solution of the Mathieu equation
becomes

u(ξ) � Γ �
∞

n��∞
C2n exp(2n � β)iξ � Γ′ �

∞

n��∞
C2n exp�(2n � β)iξ (2.89)
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and with substitution of the trigonometric identity

exp iθ � cos θ � i sin θ (2.90)

the expression for stable solutions becomes

u(ξ) � A �
∞

n��∞
C2n cos(2n � β)ξ � B �

∞

n��∞
C2n sin(2n � β)ξ (2.91)

where

A � (Γ � Γ�) and B � i(Γ � Γ�). (2.92)

The differential of Eq. (2.91) gives an expression for the ion velocity in the quadru-
pole field

�
d
d
u
t
�� A �

∞

n��∞
C2n(2n � β ) sin(2n � β )ξ � B �

∞

n��∞
C2n(2n � β ) cos(2n � β )ξ (2.93)

that is useful for simulation studies.

2.3.6. Secular Frequencies

Two series of frequencies are described by ωr, n and ωz, n, as in Eqs. (2.80) and (2.81).
These secular frequencies are obtained readily from Eq. (2.93) when we recall that
ξ � �

1
2

�Ωt and u � r, z. As the magnitudes of the C2n, u coefficients fall off rapidly as n
increases, the higher-order frequencies are of little practical significance.

As discussed previously, it should be noted that the definition of βu given in Eq.
(2.82) is only an approximation; βu is defined precisely by a continued-fraction
expression in terms of au and qu, as shown in the equation

qu
2

β 2
u � au�

(βu �2)2� au�

qu
2 (2.94)

�

(βu �2)2� au� .

2.4. CONCLUSIONS

The theory of ion trap operation differs from those of other mass spectrometers and
presents an exciting challenge to the mass spectrometry community; it is hoped that

qu
2

����
(βu�4)2�au��(βu�6)

q
2�

u
2

au�
…�

qu
2

����
(βu �4)2 � au��(βu�6)

q
2�

u
2

au�
…�
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this introduction to quadrupole ion trap mass spectrometry will be useful to those
wishing to overcome this barrier and will enable them to enjoy the delights of this
nascent branch of mass spectrometry.

APPENDIX

One of the most original and valuable contributions to the ion trap literature was the
1983 paper by Knight [11]. Up to that time, it was generally accepted that the ring
electrode and end-cap electrode geometries are constrained by the relation between
r0, the ring electrode intercept, and z0, the end-cap electrode intercept, according to
r0 � �2�z0. Knight showed that there are no constraints upon r0 and z0 and that RF
ion traps of all geometries are described by a single stability diagram if the Mathieu
equation parameters are defined properly. In his development of the most general
treatment of the QIT potential, Knight introduced a constraint that the two hyper-
boloids (end-cap electrodes as one hyperboloid and ring electrode as an other) have
the same asymptote. The slope of the common asymptote was shown to be 1/�2�,
independent of r0 and z0, and thus the angle of the asymptote above the r axis is
35.26° for all QITs. Knight wrote, “A simple geometric calculation shows that the
asymptote of the r0 � �2�z0 trap bisects, at high values of r and z, the ring elec-
trode–end-cap electrode gap.”

In preparing this chapter, the authors decided to carry out this simple geometric
calculation for their own satisfaction. The task consumed an inordinate amount of
time and the objective was not achieved. Eventually, it was decided to approach 
Dr. Knight and to request his geometric calculation. To his credit, Dr. Knight
responded readily to our request, so readily that we suspect he spent much of his
President’s Day holiday weekend at the task. The calculation shown below may or
may not be the same as that carried out some 20 years previously, but it is similar.
The calculation is certainly not simple and, while it is not difficult, it is somewhat
devious!

Although when Knight’s paper first appeared it tended to be cited as possibly
being a sort of perfectionist refinement, in fact, now that most practical commer-
cial traps have “stretched” geometries where r 2

0 	 2z 2
0, the use of his extended

equations to evaluate au and qu is essential, even as an approximation when the
equations for the electrode surfaces are still of the form specified for the
“unstretched” version.

Proof That the Asymptote of a QIT Bisects the Ring Electrode to End-Cap
Electrode Gap at High Values of r and z if r0 �� ��2��z 0�� First consider the ring elec-
trode, as shown in Figure 2.19. A point on the ring electrode with coordinates (r, z)
is distance d from the asymptote, measured perpendicular to the asymptote. From the
equation for the ring electrode,

�
r
r

0
2

2

�� �
2
r
z

0
2

2

� � 1 (2.95)
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the height of the ring electrode above the radial axis, zring, is

zring �	�
r2


�
2


r 2


0�
� �
�

r

2�
�	1
�
�

r
r

2

2
0�
. (2.96)

As Ref. 11 shows, the asymptote has the equation z � (1/�2�)r, independent of r0 and
z0. Therefore the height of the asymptote above the radial axis is r/�2�. Thus, at radial
distance r, the vertical distance between the electrode and the asymptote, ∆z, is

∆ z � �
�

r
2�

� � zring � ��
�

r
2�

� � �
�

r
2�

�	1
�
�
r
r

0
2

2

�
� � �
�

r
2�

��1 �	1
�
�
r
r

0
2

2

�
�. (2.97)

Figure 2.19 shows that d � ∆z cos θ, where θ is the angle of the asymptote. Because
the slope of the asymptote is 1/�2�, meaning that tan θ � 1/�2�, it follows that 
cos θ � 	�

2
3

�
. Thus at radial distance r, the spacing between the ring electrode and the
asymptote, dring, is

dring � ∆z cos θ �	�
2
3

�
∆z � �
�

r
3�

��1 �	1
�
�
r
r

0
2

2

�
�. (2.98)

This is an exact expression.
The treatment of the end-cap electrode is similar (see Figure 2.20), but this time

∆z � zendcap � r / �2�. The end-cap electrode equation is

�
2
r
z

2

2
0

� � �
z
z

2

2

0

�� � 1 (2.99)

Ring electrode
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Figure 2.19. Geometric construction for determination of distance dring between ring elec-
trode and asymptote in QIT.
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from which we can write

zendcap �	�
r2


�

2
2
z 2


0�
� �
�

r
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�	1
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�
2
r
z

2

2
0�
. (2.100)

Thus at radial distance r, the spacing between the end-cap electrode and the asymp-
tote, dendcap, is

dendcap � ∆z cos θ �	�
2
3

�
∆z � �
�

r
3�

��	1
�
�
2
r
z

2

2
0�
 �1�. (2.101)

This is also an exact expression.
Now consider the situation in which r and z are “large,” meaning that r0 / r 		1

and z 0/r 		1. We can use the binomial approximation (1� x)1/2�1� �
1
2

�x if x 		1
to write
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and
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In general, dring � dendcap. However, if r0 � �2�z0, then r 2
0 � 2z2

0 and we find that

dring � �
2�

r 2
0

3�r
� � �

2�
2z2

3�
0

r
� � �

�
z2

3�
0

r
� � dendcap . (2.104)

Thus the asymptote bisects the electrode gap if r0 � �2�z0.
The degree to which this is true can be tested by using the exact expressions for

dring and dendcap. Table 2.1 shows the difference ∆d � dring � dendcap as a fraction of the
gap spacing dgap � dring � dendcap. The end-cap electrode is always closer to the
asymptote, but the difference has dropped to less than 3% by r � 3r0 and to 1% at
r � 5r0.
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Figure 2.20. Geometric construction for determination of distance dendcap between end-cap
electrode and asymptote.
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1.1. INTRODUCTION

The three-dimensional radio-frequency (RF) quadrupole ion trap (QUISTOR), which
forms the subject of this book, is only one of a family of devices that utilize path sta-
bility as a means of separating ions according to the ratio mass/charge-number (m/z).
The later chapters are concerned with the theory, dynamics, computer modeling,
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operational aspects, and applications of the quadrupole ion trap in its various forms
(including the recently introduced “linear ion trap”), but as a prelude to these more
detailed considerations, we examine first the early historical development of the ion
trap leading up to its emergence as a commercial instrument. The aim is to provide
the reader with a fairly general account containing a level of explanation sufficient for
the understanding of the story as it unfolds.

The original public disclosure, filed in 1953, of the quadrupole ion trap, which it
described as “still another electrode arrangement,” is to be found in the same patent
[1] as that in which Paul and Steinwedel, working at the University of Bonn, first
described the operating principle of the quadrupole mass spectrometer. However, the
same ideas were also put forward in that year by Post and Heinrich [2] for a “mass
spectrograph using strong focusing principles” and by Good for “a particle contain-
ment device” [3]. Evidently these proposals were stimulated through the publication
by Courant et al. in the previous year [4] of the theory of strong focusing of charged
particle beams using alternating gradient quadrupole magnetic fields. Yet the strong-
focusing technique had been discovered two years earlier by N. C. Christofilos [see
5], an electrical engineer working in Athens, Greece. Despite his applications for
patents and submission of a report on his work to the University of California
Radiation Laboratory, his work was overlooked at that time. The principle of using
strong-focusing fields for mass analysis was recognized by Wolfgang Paul [6] and
his colleagues at the University of Bonn, and the first detailed account of the opera-
tion of a quadrupole ion trap appeared in the thesis of Berkling [7] in 1956.

1.2. PRINCIPLES OF OPERATION

The geometry of the quadrupole mass spectrometer is shown in Figure 1.1a, which
is reproduced from the original patent [1]. The analyzer consists of a parallel array
of four rod electrodes mounted in a square configuration. The ideal geometry (see
below) dictates that each electrode should be hyperbolic in cross section, but, in
practice, for ease of manufacture, round cylindrical rods often are employed, with
the spacing optimized to approximate the ideal electric field [8]. The field within the
analyzer is created by coupling opposite pairs of rods together and applying RF and
direct-current (DC) potentials between the pairs (see Figure 1.1b [9]). Ions created
within the source are injected through the parallel array, and under the influence of
the fields they describe complex trajectories. Some of these trajectories are unstable
in that they tend toward infinite displacement from the center so that the ions are lost,
for example, through collision with an electrode. Ions that are successfully trans-
mitted through the analyzer are said to possess stable trajectories, and these are
recorded on the detection system. For a given interelectrode spacing 2r0, the path sta-
bility of an ion with a particular value of m/z depends on the amplitude of the RF
drive potential (V), the magnitude of its frequency Ω, and the ratio of the amplitudes
of the RF and DC (U) potentials. When U � 0, a wide band of m/z values is trans-
mitted, and as the value of the ratio U/V is increased, the resolution increases so that
at the stability limit only a single value of m/z corresponds to a stable trajectory,

2 HISTORICAL REVIEW OF THE EARLY DEVELOPMENT OF QUADRUPOLE ION TRAP
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resulting in the transmission and collection of ions of a single mass/charge ratio. In
this way the quadrupole mass spectrometer acts as a mass filter, rather than as an
energy or momentum spectrometer, and is referred to hereafter as a quadrupole mass
filter. A mass spectrum may be generated by scanning the values of U and V with a
fixed U/V ratio and constant drive frequency or by scanning the frequency and hold-
ing U and V constant. An introductory description of the operation of the quadrupole
mass filter is to be found in Chapter 2 and in the standard text by Dawson [10].

The RF quadrupole ion trap is related directly to the quadrupole mass filter in that
it can be visualized as being a solid of revolution generated by rotating the hyperbolic
rod electrodes about an axis perpendicular to the z axis and passing through the 
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Figure 1.1. The quadrupole mass spectrometer, now known as the quadrupole mass filter.
(a) The arrangement of four electrodes A, A, B, B of hyperboloidal shape which serve to cre-
ate a cylindrically symmetric field, the electrodes being arranged at a distance r0 from the x
axis. (b) Schematic arrangement of the quadrupole mass filter. (Reproduced with permission
from P. F. Knewstubb, Mass Spectrometry and Ion-Molecule Reactions, Cambridge
University Press, Cambridge, 1969. Figure 1.1 from Quadrupole Storage Mass Spectrometry,
by R. E. March, R. J. Hughes, J. F. J. Todd, Wiley-Interscience, 1989.)
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centers of two opposing rods. This rotation of the electrodes results in one pair of rods
joining up to form a doughnut-shaped ring electrode and the other two forming
end-cap electrodes which are moved closer together, as illustrated in an early model
of the ion trap shown in Figure 1.2a [11]; a cross-sectional view of the electrode
structure is shown in Figure 1.2b. The system is axially symmetric, and for ideal field
geometry within the trap the surfaces should again be hyperbolic. The field is gener-
ated by applying the RF and DC voltages between the ring electrode and the pair of
end-cap electrodes, but, as will be seen later, it is generally more convenient to main-
tain the end-cap electrodes at ground potential and simply supply power to the ring
electrode. The resulting field geometry and the potential φ at any point (x, y, z) within
the device are given in Chapter 2. The internal radius of the ring electrode is now r0.

From a consideration of the force F acting upon an ion, the equations of motion
in the x, y, and z directions may be derived [see Eqs. (2.43)–(2.77)]. The absence of
cross terms of the type xy, yz in the derived equations of motion means that the com-
ponents of motion in each of the mutually perpendicular directions may be treated
independently. At this stage, however, we pause to note that whereas the equations
of motion are identical for x and y, there is a reversal of sign in the equation gov-
erning motion in the z-direction and a factor of 2 has been introduced. The opposite
sign reflects the fact that the phase of the RF potential applied to the ring (x, y) is
180° out of phase with that experienced in the axial (z) direction, and the factor 2
results from the application of the Laplace condition that the rate of change of field
gradient should be uniform throughout the trap volume (�2φ � 0). The form of the
potential relates to the most commonly used form of trap geometry, in which we set
r2

0 � 2z2
0, where 2z0 is the closest distance between opposing end-cap electrodes; a

general form of the field potential has been described by Knight [12], and in this
present work the Knight formulation has been used extensively throughout.

Each of the equations of ion motion is an example of the Mathieu equation [see
Eq. (2.33)] [13, 14], the general form of which is characterized by the parameters au

and qu. The subscript u refers to motion in either the radial (xy) plane or the axial (z)
direction due to the cylindrical symmetry of the quadrupole ion trap. The parameters
ar, az, qr, and qz are related to the experimental variables U, V, m/z, r0, and Ω. The
parameters au and qu are functions of U and V, respectively, which refer to the ampli-
tudes of the potentials developed between the ring and end-cap electrodes.

A fundamental property of the Mathieu equation is that the values of the parameters
au and qu determine whether the solutions are stable, that is, whether the displacement
passes periodically through zero, or whether the displacement increases without limit to
infinity (i.e., unstable). These two conditions are described in terms of stability dia-
grams plotted in (au, qu) space, and for the ion trap we must consider two sets of over-
lapping diagrams such as to represent simultaneous stability of motion in the radial and
axial directions. Various overlapping regions may be obtained, but the one of most direct
relevance to the operation of the trap is that closest to the origin in (au, qu) space. Only
those ions having au, qu coordinates lying within the four boundaries of the stability dia-
gram will remain in stable trajectories within the device. The stability region is subdi-
vided by the so-called iso-βr and iso-βz lines, and these define the characteristics of the
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Figure 1.2. The three-dimensional quadrupole ion trap with rotational symmetry about the 
z axis. (a) The electrode structure required to produce three-dimensional rotationally sym-
metric quadrupole fields used in quadrupole ion trap. Note that with this early ion trap the
electrons were injected through the ring electrode; on modern instruments the electrons or
externally created ions are normally injected through one or more holes in an end-cap elec-
trode. (Reproduced from P. H. Dawson and N. R. Whetten, The three-dimensional quadrupole
ion trap, Naturwissenschaften 56 (1969), 109–112. Copyright Springer-Verlag (GmbH).) 
(b) Cross-sectional view of quadrupole ion trap electron structure. (Figure 1.2 from
Quadrupole Storage Mass Spectrometry, by R. E. March, R. J. Hughes, J. F. J. Todd, Wiley-
Interscience, 1989.)
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ion trajectories in the radial and axial directions, respectively (see Figure 2.15). The 
derivation of the parameter βu, which is related to au and qu, is to be found in Chapter
2, and it is sufficient here to note how the nature of the ion motion may change quite
dramatically as the values of βr and βz are altered. The importance of these effects in
terms of the operation of the ion trap will become evident at a later stage.

1.3. UTILIZATION OF THE QUADRUPOLE ION TRAP

So far we have considered only the underlying principles of the means by which ions
may be stored within the quadrupole ion trap. We now proceed to trace the various
early applications of the device, concentrating mainly on its use as a mass spectrome-
ter or as an ion storage source employed in conjunction with an external mass analyzer.
However, there are other avenues of development, in particular its use for studying the
spectroscopy of trapped ions, and while this topic is essentially peripheral to the theme
of this book, several useful concepts concerning the physics of the system have
emerged from this work. For its use as a mass spectrometer one clearly has to provide
means both for the creation of ions and for their detection, and it is the development
of the latter which has characterized the history of the ion trap over the past 50 years.
Indeed, the milestones in the development of the ion trap for mass spectrometric appli-
cations may be divided into three distinct periods, as suggested in Table 1.1.

1.3.1. Early Mass-Selective Modes of Operation

The first methods employed for the detection of ions were based on the principle of
mass-selective detection, in which the presence of ions in the trap was recorded through
sensing the motion of the ions by means of circuitry connected between the end-cap
electrodes. This was followed by mass-selective storage, in which the positive ions were
ejected through holes in the end-cap electrodes into an electron multiplier; this method
was extended further by interposing a mass analyzer between the trap and the detector
to give a tandem arrangement that permitted the external mass analysis of stored ions. It
is perhaps significant that up to this stage ion trap mass spectrometers were not actually
available as commercial instruments, probably reflecting the complexity of the systems
and the fact that they did not appear to offer any appreciable advantage over other types
of analytical mass analyzers. More recently, we have seen the use of mass-selective axial
ejection as the means of generating mass spectra, and it is this technique that has led to
the dramatically increased interest in ion trap instruments; this topic is considered in
greater detail at the end of this chapter and, indeed, forms the main subject of this book.

1.3.1.1. Mass-Selective Detection This means of mass-selective ion detection was
presented briefly by Paul and Steinwedel in the original ion trap patent [1], wherein
they indicated that, while ions which possess unstable trajectories and thus impinge
upon the electrodes represent an ohmic charge in the high-frequency circuit, ions
with stable orbits are inductive charges since they do not contribute to the flow of
current. The stable ions add to the inductive load of the system, and their presence
may thus be detected by means of power-measuring devices.

6 HISTORICAL REVIEW OF THE EARLY DEVELOPMENT OF QUADRUPOLE ION TRAP
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UTILIZATION OF THE QUADRUPOLE ION TRAP 7

TABLE 1.1. Milestones in the Mass Spectrometric Development of the 
Quadrupole Ion Trap

Year Milestone

Mass-Selective Detection

1953 First disclosure (Paul and Steinwedel)
1959 Storage of microparticles (Wuerker, Shelton, and Langmuir)
1959 Use as a mass spectrometer (Fischer)
1962 Storage of ions for RF spectroscopy (Dehmelt and Major)

Mass-Selective Storage

1968 Ejection of ions into an external detector (Dawson and Whetten) 
Use as a mass spectrometer (Dawson and Whetten)

1972 Combination of QUISTOR with quadrupole mass filter for analysis of ejected 
ions (Todd, Lawson, and Bonner)

Characterization of the trap, chemical ionization (CI), ion/molecule kinetics,
etc. (Todd et al.)

1976 Collisional focusing of ions (Bonner, March, and Durup)
1978 Selective ion reactor (Fulford and March)
1979 Resonant ejection of ions (Armitage, Fulford, Hoa, Hughes, March, Bonner,

and Wong)
1980 Use as GC detector (Armitage and March)
1982 Multiphoton (IR) dissociation of ions (Hughes, March, and Young)

Mass-Selective Ejection

1984 Disclosure of ion trap detector (ITD) (Stafford, Kelley, Syka, Reynolds, and
Todd)

1985 Ion trap mass spectrometer (ITMS) (Kelley, Stafford, Syka, Reynolds, Louris,
and Todd)

1987 MS/MS, CI, photo dissociation, injection of ions, mass-range extension, etc. 
Fourier transform quadrupole ion trap (Syka and Fies)

1984, 1988 Deliberate addition of contributions from nonlinear field using stretched 
geometry and nonhyperbolic electrode surfaces (Kelley, Stafford, Syka,
Taylor, Franzen)

1989 Extension of mass/charge range via resonant ejection (Kaiser, Louris, Amy,
Cooks)

1990 High-resolution mode of operation (Schwartz, Syka, Louris)
1994, 1998 Linear ion traps (Schwartz, Senko, Syka, Hager)
1997 Use of ion/molecule reactions in isotope ratio measurements (Barber, Wright,

Morse, Pillinger. Kent, Todd)
2002 Digital ion traps (Ding)

The precise means of achieving this nondestructive ion detection was described in
the pioneering publications by Paul et al. [15] and by Fischer [16] and made use of the
circuit shown in Figure 1.3. The main source of RF power was a 500-kHz generator
coupled to the ring electrode, upon which was superimposed a DC voltage which could
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be swept with a sawtooth waveform. Ions were created continuously by an electron
beam injected through one of the end-cap electrodes (and collimated by means of
Helmholtz coils), and the secular motion of the ions along the axis of the trap was then
detected by the resonant absorption of power from an auxiliary generator oscillating at
150 kHz, the output of which was applied across a 5-MΩ resistor and across half the
pure resistance of a resonator. For resonance to occur, the au, qu coordinates of the ions
were slowly swept through the βz � 0.6 line on the stability diagram. At resonance, the
voltage developed was proportional to the resistance of the resonator and inversely pro-
portional to the attenuation, such that the presence of ions led to the appearance of a 
y deflection on an oscilloscope display. Fischer [16] succeeded in recording a mass
spectrum of krypton; however, the mass range and resolution of the instrument were
severely limited. A further drawback was that the heavier ions were present in the trap
during the detection of the lighter species, but not vice versa, so that the conditions
under which the ions were detected changed during the scan. Yet another problem was
that through the use of continuous ionization the ion density was almost certainly at
the space charge limit of saturation, although Fischer suggested that at lower pressures
the resolving power should increase through the increased mean collision time with
neutral species. The lowest detectable partial pressure was reported to be �3 � 10�6

Pa, equivalent to �2 � 104 ions cm�3 in the trap.
Some eight years after Fischer’s work, Rettinghaus [17] described an alternative

means for operating the ion trap utilizing mass-selective detection. The trap was fabri-
cated with spherical electrode surfaces (r0 � 12 mm, z0 � 8.5 mm), and ions were 
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Figure 1.3. Circuit used by Fischer [16] for detection of ions using damping of an auxiliary
RF circuit tuned to the fundamental frequency of ion motion. (Reproduced by permission of
General Electric Corporate Research and Development. Figure 1.3 from Quadrupole Storage
Mass Spectrometry, by R. E. March, R. J. Hughes, J. F. J. Todd, Wiley-Interscience, 1989.)
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created at low pressure (3 � 10�7 Pa) by injecting a long-duration (5s) pulse of elec-
trons through an aperture in the ring electrode. The main drive frequency was 1.6 MHz,
and the “detection” and “comparison” circuits were first balanced in the absence of
ions in the trap. The spectrum was then generated by scanning the RF amplitude V
along the az � 0 line (i.e., zero applied DC potential, U � 0 or the qz axis) such that
when the operating point for each m/z value crossed the βz � 0.5 line the secular
motion of the ions oscillating at 0.41 MHz came into resonance with the detection cir-
cuit. It was noted that with a longer ionization time the relative intensities of the higher
masses decreased, and this was ascribed by Rettinghaus to the effects of space charge
causing discrimination against these species. Space charge is in fact a very important
consideration in ion trap operation, since it limits the ion concentration which may be
achieved. As first noted by Fischer [16], the presence of this charge acts so as to defo-
cus the ions in all directions and is manifested as a shift in the boundaries of the sta-
bility diagram. The effects of space charge are considered in more detail in Chapter 3.

Another feature observed by Rettinghaus [17] in the mass spectra of background
gases was the appearance of a peak at m/z 29. This peak was ascribed to the species
COH� formed through ion/molecule reactions occurring between CO� and hydro-
carbon molecules present in the background. Evidence for this mechanism was pre-
sented in the form of a plot of the signal intensity due to m/z 29 divided by the ratio
of the sum of the signal intensities due to m/z 29 plus m/z 28; this ratio showed an
approximately sixfold increase with storage time over a range of 0–7 min and is
reproduced in Figure 1.4. This is the first recorded observation of ion/molecule reac-
tions within an ion trap; such processes have been the subject of much subsequent
study. Other secondary effects occurring within quadrupole ion traps were noted by
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Figure 1.4. Ratio of signal intensity due to m/z 29 to sum of signal intensities due to m/z 28
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Burnham and Kleppner [18] at about this time (1968), but no detailed account of
their work seems to have appeared.

The main aim of Rettinghaus’ investigation was to examine the potential of the
ion trap for use as a partial-pressure gauge in ultrahigh vacuum systems, and he
reported that it was possible to detect partial pressures as low as 10�11 Pa, corre-
sponding to approximately four ions in the trap. The longest trapping time (half-life
of the ion concentration) observed was about 20 min. However, the mass discrimi-
nation observed proved difficult to control, and there seemed to be little commercial
advantage to be gained over the quadrupole residual gas analyzers that were being
manufactured at that time.

Until relatively recently this appeared to be the end of the history of quadrupole
ion trap operation using in situ mass-selective detection, but lately there has been
renewed interest in this approach. Syka and Fies [19, 20] demonstrated the feasibil-
ity of implementing Fourier transform techniques to transient ion image currents by
producing mass spectra obtained in this manner from an ion trap. Essentially, the
scheme is to excite the resonances of ions having a broad range of m/z values at a
specific value of βz and then to perform a Fourier transformation on the output from
the receiving circuit coupled between the end-cap electrodes. Studies to date indicate
that this mode of detection does not offer any advantages over other mass spectro-
metric modes of operating the ion trap; the relatively prolonged image current decay
transients require low pressure, thereby negating a strength of the ion trap which is
to yield mass spectra of high quality at elevated pressures. Goeringer et al. [21]
employed image current detection to demonstrate multiple remeasurement of the
same population of ions held in an ion trap at a pressure of �10�4 Torr; the efficiency
of ion remeasurement was �99%. The potential of broadband Fourier transform ion
trap mass spectrometry has been explored also by Cooks and co-workers [22, 23].

1.3.1.2. Mass-Selective Storage The middle to late 1960s saw a major renewal of
interest in the ion trap and, at this stage, the history of its development really begins
to follow two parallel branches. On the one hand, spectroscopists, led by H. G.
Dehmelt at the University of Washington, Seattle, saw the RF quadrupole ion trap as
a means of enabling a wide variety of gas-phase spectroscopic experiments to be per-
formed with simple atomic and molecular ions. This early work was summarized by
Dehmelt in two important reviews [24, 25], and these have acted as significant stim-
uli for further work on the physical characterization of the ion trap as an ion source
and as a mass spectrometer. More recent work [26–30] has been reviewed by
Schuessler [31] and Wineland et al. [32, 33]. The other branch of development, as a
mass analyzer, originates from the realization by Dawson and Whetten [34–36] that
ions could be ejected efficiently from the trap through holes in one of the end-cap
electrodes onto the first dynode of an electron multiplier or into a “channeltron” and
thus be detected externally, thereby avoiding many of the difficulties associated with
mass-selective detection.

In order to use the ion trap as a mass spectrometer, the method of mass-selective
storage was developed. The idea follows closely the operating principle of the quadru-
pole mass filter and involves selecting a working region of the stability diagram where
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only ions with a single value of m/z possess stable trajectories and hence are stored.
The circuit and associated timing sequence employed by Dawson and Whetten [37]
are shown in Figures 1.5a and 1.5b, respectively. Ions were created by admitting a
beam of electrons from a filament via a gating electrode through holes in one of the
end-cap electrodes. This ionization pulse lasted �5 ms, after which the ions were
stored for a delay time of 25 µs before being extracted into the multiplier by means
of a pulse applied to the other end-cap electrode. Mass selection occurred during the
delay time, and to generate a mass spectrum the amplitudes of the DC and RF fields

UTILIZATION OF THE QUADRUPOLE ION TRAP 11

Signal processor

Output
stage

Gate pulse

Current–voltage
converter

Output signal

Diode

Filament
potential

X–Y
Recorder

Beam
pulse

Cap
pulse

Amplifier

High voltage
supply

1MHz RF/DC
Scanning

power supply

X–Y
Recorder

(a )

(b)

Preamp

Ion storage period
 5 MS Ion detection

period

80 V

40 V

0–

0–

0–
Beam
pulse

Cap
pulse

Gate
pulse

Ion storage
period

25µs
3µsDealay time

+
+
−

Figure 1.5. (a) Circuit employed by Dawson and Whetten [37] for detection of ions by mass-
selective ion storage. (b) Timing sequence for the circuit. (Reproduced by permission of
General Electric Corporate Research and Development. Figure 1.8 from Quadrupole Storage
Mass Spectrometry, by R. E. March, R. J. Hughes, J. F. J. Todd, Wiley-Interscience, 1989.)

References pp. 25–33.

c01.qxd  7/20/2005  12:00 PM  Page 11



were scanned slowly at constant U/V. With a total duty period of �5 ms the maximum
repetition frequency was approximately 200 Hz, with the signal duration being in 
3-µs bursts. Thus, to avoid the loss of intensity that would otherwise result from the
averaging of the output and to eliminate the detection of the excess of ions present
during the storage and detection periods (see Figure 1.5b), a “boxcar detector” system
was incorporated into the signal-processing circuit. Compared to the earlier mass
spectra produced employing mass-selective detection, the quality of the data obtained
with this new method of operation was excellent. An example of the recording of
peaks in the mass spectrum of background gases is shown in Figure 1.6.

The idea of detecting ions by ejecting them from the trap really represents a water-
shed in the development of the device for mass spectrometric applications, and within
a short space of time various other groups of workers, including Harden and Wagner
[38, 39], Dawson and Lambert [40], Mastoris [41], and Sheretov and co-workers
[42–48], reported further developments and refinements of this method.

1.3.2. Ion Loss Processes

The sensitivity of any mass spectrometer is determined directly by the fraction of the
ions formed from a given quantity of sample and which, after analysis, reaches the
detector. For mass analyzers based upon principles involving beam transport, for
example, magnetic sector, time of flight, or quadrupole, this is clearly related to the
transmission characteristics of the analyzer. With the ion trap the corresponding
parameter is the rate of ion loss during the period between creation and detection,
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and it is hardly surprising, therefore, that considerable attention has been paid to
the study of this phenomenon. Ion loss may occur through a number of different
processes.

1.3.2.1. Unstable Trajectories There are essentially two types of unstable trajec-
tories:

1. Intrinsically (mathematically) unstable trajectories, where the au, qu coordi-
nates for a given ionic species equate with a working point that lies outside the
stability boundary. The trajectory is unbounded, so that the ion is rapidly
removed from the trap; this mechanism is, of course, the means by which
mass-selective storage is achieved wherein unwanted ions are ejected from the
ion trap.

2. Quasi-unstable trajectories, where the mathematical conditions for stability
exist but nevertheless the ion is lost because the limit of excursion of the ion
exceeds the internal dimensions of the device. Such an ion might, for example,
have been formed very near one of the electrode surfaces and/or have a
significant initial velocity.

1.3.2.2. Interactions The occurrence of ion/neutral molecule collisions and ion/ion
interaction processes may lead to the charged species developing unstable orbits. A
number of different kinds of effects are important here: for example, depending upon
the nature of the species, ion/neutral collisions may variously lead to damping, elas-
tic scattering, inelastic scattering, charge transfer, and ion/molecule reactions.

In scattering collisions one can visualize an ion with a stable trajectory being sud-
denly deflected such that its new situation is effectively one of having an unfavorable
initial starting position and/or initial velocity; in addition there may be a transfer of
kinetic energy (i.e., velocity) from one coordinate direction to another so that the orig-
inal simple assumption relating to the independence of the three components of motion
no longer applies. Such collisions have been the subject of a number of studies [49–52]
in which it has been shown that the relative masses of the ion and the neutral species
are critical in determining whether the ion trajectory is destabilized (when the neutral
mass is heavier than that of the ion) or stabilized (when the neutral mass is less than
that of the ion). Indeed, the latter effect plays a crucial role in improving the perform-
ance of the modern ion trap mass spectrometers [53] through the influence of momen-
tum-moderating collisions with helium buffer gas, which, by reducing the kinetic
energies of the ions and causing the trajectories to “collapse” toward the center of the
trap, improves dramatically both the sensitivity and resolution of the device. The the-
ory, dynamics, and modeling of the ion trap mass spectrometer are discussed in detail
in Chapters 2, 3 and 4, respectively. Collisional cooling has also been important in the
uses of RF quadrupole ion traps for the study of the spectroscopy of trapped ions.

In the case of charge transfer, an ion in a stable trajectory is removed and a new
one, probably with effectively zero initial velocity, is created. Whether or not this
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new species will remain stable again depends upon the precise operating conditions
at the time of the event as well as upon the m/z value of the product ion. Provided
the conditions are chosen correctly, charge transfer does not necessarily lead to ion
loss; for example, low-pressure kinetic studies on argon–methane mixtures have
shown that within experimental error the rate of loss of Ar�. is exactly balanced
by the rate of formation of CH3

� and CH2
� [54, 55]. March and co-workers [56, 57]

reported on detailed experiments and the theoretical modeling of systems such
as Ar�. � Ar, where it has been shown that such interactions can again lead to the
migration of ions toward the center of the trap, thus improving the storage efficiency
of the device. The influence of collisions on the motion of trapped ions is considered
in greater detail in Section 3.4.

The problems associated with ion/ion scattering are probably less easy to discuss
and may be visualized as giving rise to two different kinds of effects. On the one
hand, at the microscopic level of individual collisions, a pair of like-charged ions
will repel one another, possibly leading to either or both of them developing unsta-
ble trajectories. This effect will clearly become more important as the concentration
of ions within the trap is increased, for example, by lengthening the ion creation
period. Attempts have been made to quantify the process of ion/ion scattering in
terms of the kinetic approach described below. On the other hand, the theory of ion
containment within the trap, described above and in Chapter 2, is based on the
assumption that there is only a single ion in the trap. As the ion concentration
increases, the trapping potentials are modified by a defocusing effect due to the space
charge, which has the effect of modifying the locations of the boundaries of the sta-
bility diagram. The importance of space charge perturbation was first recognized by
Fischer [16] and again has been examined in more detail by other workers. A more
detailed account of the effects of space charge is included in Chapter 3.

Reference was made to the idea that ion scattering could be considered in terms
of a kinetic approach. The first such approach was employed by Fischer [16], who
determined a mean ion lifetime τ�i by observing how the signal height h varied as the
ionization time was increased. Thus over a period of 5–20 µs (depending upon the
electron beam current) the signal was found to first increase linearly and then reach
saturation, corresponding to level h∞. The equation

τ�i � (1.1)

then gave a value for τ�i, where h
�

0 is the rate of increase of the signal with time over
the initial linear period.

The problem was considered subsequently by Dawson and Whetten in terms of a
rate law analogous to those employed in chemical kinetics, and this approach was also
adopted by other workers [39, 58, 59]. Consider the situation where the trap contains
N ions cm�3 then during the creation period the rate of change of N with time must
represent the difference between the rate of creation of ions and the rate of their loss:

�
d
d
N
t
� � k1p � (k2N

2 � k3Np) (1.2)

h∞
�
h
.

0
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where p is the pressure of neutral molecules, k1 is a rate constant for ion creation, k2

the rate constant for loss by ion/ion scattering, and k3 the rate constant for loss by
ion/neutral scattering. In practice, a typical plot of N versus t is obtained by increasing
progressively the length of the ionization period, allowing a short period for the quasi-
unstable ions to be rejected, and then ejecting the ions into the detector by pulsing an
end-cap electrode.

To evaluate the rate constants, we can simplify Eq. (1.2) by imposing certain sets
of conditions. Thus over the initial linear period we can put N � 0 so as to obtain

�
d
d
N
t
�� k1p (1.3)

from which k1 may readily be found for a given value of p. Similarly, if we work under
saturation conditions (N � N∞), then we have that dN/dt � 0, so Eq. (1.2) becomes

k1p � k2N∞
2 � k3N∞p. (1.4)

Operating at relatively high pressure allows us to assume that k3p �� k2N, so that
k3 may be found from

k3 � . (1.5)

The value of k2 may now be obtained using a curve-fitting routine on the first deriv-
ative of the buildup plot of N versus t. An alternative approach, which is more pre-
cise, is to monitor the decay in the value of N after the electron beam has been
switched off. Thus

�
d
d
N
t
� � �(k2N

2 � k3p). (1.6)

Further details of these two methods and comparisons of different sets of results
have been published elsewhere [55, 58]. A typical set of data for Ar�. ions published
by Todd and co-workers [60] is given in Table 1.2, from which one can deduce the
following rates of ion loss:

k2N 2 � 2.9 � 1010 cm�3 s�1 (ion/ion scattering)

k3Np � 4.2 � 109 cm�3 s�1 (ion/neutral scattering)

Thus under these conditions it would appear that ion/ion scattering is slightly the
more dominant effect, although ion/neutral scattering will become progressively
more important as the value of N falls. Dawson et al. [61] deduced that in their trap
ion/neutral scattering was the major ion loss mechanism above 10�6 Pa in the mass-
selective storage mode, whereas Harden and Wagner concluded that the correspon-
ding pressure was �10�4 Pa [39].

k1
�
N∞
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1.3.2.3. Nonlinear Resonances So-called nonlinear resonances constitute another
mechanism for ion loss. Because of deliberate or unintentional imperfections in the
quadrupole field due, for example, to nonideal electrode spacing or nonperfect
surfaces, there may exist higher order terms for the expression for the potential in
addition to the ideal second-order form of the potential. These effects were first con-
sidered by von Busch and Paul [62] in relation to the behavior of the mass filter, and
a detailed application to the ion trap has been presented by Whetten and Dawson
[63]. An in-depth treatment of this topic is beyond the scope of this brief history, but
essentially what happens is that at certain values of βr and/or βz the ion motion comes
into resonance with the applied field, resulting in unstable trajectories. In Figure 1.7
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TABLE 1.2. Typical Ion Loss Parameters for Ar��.

from an Ion Trap

r0 1.0 cm
Pressure 32 mPa
Drive frequency 0.762 MHz
V 140 V (zero to peak)
qz 0.59
N∞ 1.04 � 107 cm3

k1 1.05 � 1013 cm3 Pa�1 s�1

k2 2.7 � 10�4 cm3 s�1

k3 1.3 � 105 Pa�1 s�1

Figure 1.7. Stability diagram for quadrupole ion trap showing resonance lines caused by
third- and fourth-order distortion. The points represent experimental measurements. The prin-
cipal resonance dips fall on the theoretically predicted curves. (Reproduced, with permission,
from P. H. Dawson, Quadrupole Mass Spectrometry and Its Applications, Elsevier Science
Publishers B.V.)
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are shown the predicted resonance lines for third- and fourth-order distortions of the
ion trap. Evidently a number of these lines converge at the lower apex, and this has
been found to correlate well with the extensive peak splitting which may sometimes
he observed when the device is operated in the mass-selective storage mode. Further
detailed consideration of nonlinear resonances is given in Chapters 3, 7, and 8.

1.3.2.4. Self-Emptying A final means of ion loss from the low-pressure trap,
which is even less well characterized than that of nonlinear resonances, is “self-emp-
tying.” Thus both Fischer [16] and Whetten and Dawson [63] observed that at high
ion concentrations (continuous ionization) the ion signal was oscillatory. Fischer
attributed this to the effects of space charge causing a shift in the position of the res-
onance lines within the stability diagram so that ions were removed, leading to a
reduction in the space charge and relaxation of the resonance line back to its former
position. Because of the continuous creation of ions, this cycle was then repeated,
with a frequency of 50–1000 Hz depending upon the operating conditions. In the
experiments described by Whetten and Dawson it was found that when the (az, qz)
working points were close to the βz � �

1
2

� or �
2
3

� lines, the output of the detector exhib-
ited an oscillatory character, the period of which (�6 � 10�4 s) was inversely pro-
portional to the ionization rate (which was changed by varying the gas pressure or the
electron current) and was proportional to the square of the frequency of the applied
RF power. The phenomenon was explained on the basis of the idea that the ions are
able to gain additional energy from plasma oscillations of the charge cloud.

1.4. THE LOW-PRESSURE QUISTOR–QUADRUPOLE COMBINATION

The ability of the ion trap to store ions with a wide range of m/z values in the RF-only
mode prompted Todd and co-workers to utilize the low-pressure trap as the ion source
for a quadrupole mass filter in a series of experiments designed originally to study the
fragmentation behavior of metastable ions. Thus, in this early form of tandem instru-
ment, ions could be created by electron ionization, trapped for a defined period of time
(along with any product ions from metastable decay reactions), and then pulse ejected
into the quadrupole mass filter for mass analysis. This development led to the creation
of the name QUISTOR (QUadrupole Ion STORe) [64], and this tandem instrument has
proved to be an excellent vehicle for characterizing the physical aspects of ion trap
operation as well as for studying the kinetics of ion/molecule reactions. Ionization was
effected by pulsing in a beam of electrons through a hole in the ring electrode such that
after a defined storage time the application of appropriate pulses to either or both of
the end-cap electrodes caused the ion packet to be ejected from the ion trap into the
quadrupole mass filter. The “detection pulse” corresponded to the opening of the
amplifier gate of a “boxcar” detector circuit whose function was to eliminate spurious
background signals arising from unstable ions ejected during the creation and storage
periods and to retrieve the signal pulses, which would otherwise be averaged out over
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the complete duty cycle. A typical repetition frequency was 100 Hz. Depending upon
the particular experiment being conducted, the quadrupole mass filter could be set to
transmit a specific value of m/z or scanned slowly to generate a mass spectrum of the
ejected ions.

Early results showed that despite the presence of RF voltages applied to the
QUISTOR, the trap behaved like a conventional ion source when used for the deter-
mination of the ionization energy of helium [58]. Ion/molecule reactions could read-
ily be investigated by recording the mass spectra of the ejected ions as a function of
the storage time, and it was found that with a pressure of �10�2 Pa of methane and
storage times in the range of 0–3 ms the distribution of primary and secondary ions
closely resembled those obtained with conventional ion sources operating at around
130 Pa pressure. This led to the demonstration that analysis by chemical ionization
could easily be performed with the QUISTOR [65], and detailed investigations of the
reactions of CH5

� ions with water and with ammonia were carried out [66]. The rate
constant values obtained in this latter work made use of data [67] for the reaction

CO2
�. � 	2 → CO2H

� � H. (1.7)

for calibration purposes and suggested average ion kinetic energies in the 1–3-eV
range which were consistent with calculations based on the pseudopotential well
model proposed by Dehmelt [24] and considered in more detail in Chapter 3. The
reaction represented by Eq. (1.7) is also employed in the measurement of isotope
ratios using the ion trap as part of the Rosetta mission to characterize a comet (see
Chapter 9).

The investigation of charge transfer effects has led to important increases in our
understanding of the processes occurring within the ion trap. The first system stud-
ied was the reaction Ar�. � CH4, and excellent data for Ar/CH4 ratios in the range
1.0 : 0.1 to 1.0 : 3.4 were obtained [54]. Subsequently, in a study of the variation in
the ratios of detected currents for Ar�. and Ar2� ions formed in the QUISTOR from
argon under a variety of conditions, March and co-workers [56] invoked charge
transfer as a process which leads to the selective migration of ions toward the center
of the trap from which ions are extracted more efficiently. An alternative explanation
advanced by Todd et al. [68] was based on the premise that space charge–induced
shifts in the βz � 0 boundary of the stability diagram would affect the stability of the
two ionic species differently; however, in an extremely elegant subsequent experi-
mental and theoretical study of mixtures of neon and carbon dioxide, the March
group [69] demonstrated unequivocally the importance of ion migration, both for
ions formed from these species and from the compound d6-dimethyl sulfoxide.

Mention has already been made of the nonideal behavior of the ion trap that can
be caused by space charge–induced defocusing of the ion cloud. Todd and co-work-
ers [70] examined these effects in some detail using a technique in which the appli-
cation of accurately measured DC and RF potentials to the ring electrode of a
low-pressure trap allowed them to determine the precise working points at which the
trapping of specific types of ions became possible. The results of these experiments
indicated that distortion from the theoretical (single-ion) diagram becomes more
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pronounced as the value of m/z is reduced. When the data were replotted in terms of
U–V coordinates, it was found that the lower apex (i.e., the operating region
employed in the mass-selective storage mode) for each of the ions did indeed lie on
a scan line, but one that had a positive intercept (of �8.0 V) along the az axis. This
is equivalent to a net defocusing potential acting along the axis of the trap. Todd et
al. [71] have discussed their observations of space charge–induced effects in terms
of the pseudopotential well model [24] and in relation to theoretical treatments given
by Fischer [16] and Schwebel et al. [72] (see Chapter 3 for a more extensive discus-
sion of this topic).

Progress in the study of ion/molecule reactions occurring within the ion trap was
aided significantly by two important developments in technique: the selective ion
reactor [73] and QUISTOR resonance ejection, both of which were developed by the
group at Trent University. In the first of these, which was based on an original idea
published by Bonner [74], a single reactant ion species may be isolated by applying
appropriate DC pulses to the end-cap electrodes during the ion creation period, thus
rendering unstable the trajectories of all ions except those of the selected precursor.
So far this approach has not been used extensively, although a variant of the method
is now employed in certain operating modes associated with mass-selective ejection
(see Chapters 3 and 7).

QUISTOR resonance ejection (QRE) [75] utilizes a technique originally
employed by Paul et al. [76] in their use of a quadrupole ion trap for the separation
of isotopes, namely, the application of supplementary electric fields to energize
ions mass selectively and thereby render unstable the trajectories of specific ion
species. In the case of the QUISTOR this is effected by applying a low-amplitude
alternating-current (AC) potential between the end-cap electrodes (in fact only one
end-cap electrode need be energized since the other is held at earth during the stor-
age period). By this method it has been possible to undertake a number of different
types of investigations. For example, the rate constant for partial charge transfer reac-
tions such as Ar2� → Ar�. may readily be found by first resonating out primary Ar�.

ions formed during the ionization period and then monitoring changes in the Ar2�

and Ar�. signal levels as the reaction period is increased. In the same manner, the
coupling of reactant and product species involved in ion/molecule reactions may be
demonstrated [77–79] in a way similar to the ion cyclotron double-resonance (ICDR)
technique [80], and it has proved possible to initiate endothermic ionic processes and
demonstrate a rate dependence upon amplitude of the resonant energy supplied [75].
In practice, it is found that the precise frequency at which a given ion comes into res-
onance deviates from that predicted theoretically, and this is analogous to the space
charge–induced shifts in the stability boundaries noted earlier. By studying this effect
in detail, Fulford et al. [75] were able to deduce that under their operating conditions
with 2-propanol as the sample the saturation ion density was 6.4 � 1012 m�3, which
compared well with other literature values. This technique of resonant excitation has
been applied to the study of collision-induced dissociation processes with the ion
trap operating in the mass-selective mode [81] (see Chapters 3 and 7).
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1.5. EARLY STUDIES OF THE THEORETICAL ASPECTS 
OF LOW-PRESSURE ION TRAP OPERATION

Initial attempts to model the behavior of quadrupole devices relied on the calcula-
tion of individual trajectories, assuming specific initial conditions of displacement,
velocity, and phase angle of the RF drive potential at which the ions were formed,
and the earliest work by Paul et al. [15, 76] relied upon finding analytical solutions
to the equations of motion. Subsequently Lever [82] and Dawson and Whetten [34]
used numerical integration of the Mathieu equation with the help of the fourth-order
Runge–Kutta equation.

Two important advances which led to a considerable simplification of the com-
putations were the use of matrix techniques, first applied by Richards et al. to the
case of a quadrupole analyzer driven by a square wave [83], and the treatment of the
ion motion by the methods of phase space dynamics, pioneered by Baril and Septier
[84]. The detailed derivation of the expressions used in these techniques is beyond
the scope of this historical survey, and the reader is referred to other sources [10, 85].

The major advantage of the phase space representation is that it is easy to envis-
age the behavior of the ensemble of ions at a specified phase angle with respect to the
motion in a given direction: for stability all the values of the u, u· coordinates must lie
on or within an appropriate ellipse, and all those ions with values outside the bound-
ary will be rejected. In this case the ellipse is termed an acceptance ellipse, and its
area, proportional to the acceptance ε, represents the range of initial conditions that
the system will accept. An alternative interpretation is that a focusing system will only
transmit a beam of particles whose values of u and u· are bounded by the ellipse, in
which case ε is representative of the emergent beam and is called the emittance of the
beam ellipse. For the QUISTOR–quadrupole combination there should ideally be
phase space matching between the two components so that there will be optimum
transmission when the emittance of the beam ellipse of ions ejected from the
QUISTOR exactly coincides with the acceptance of the ellipse for the quadrupole.
Such phase space matching has not been investigated for the QUISTOR–quadrupole
system, although it has been considered for normal ion source–quadrupole mass filter
combinations [86] and for tandem quadrupole systems [87]. Obviously, for a full
description of the behavior of the ion trap, one must consider ellipses corresponding
to the components of motion in the orthogonal x, y, and z directions; whereas the first
two are in fact identical, motion in the z direction will be out of phase by half a cycle,
and the value of umax will be given by z0.

Matrix methods, based upon phase space dynamics, were employed by Dawson
and Lambert, who performed a detailed study of the behavior of the ion trap operat-
ing in the mass-selective storage mode [40]. In particular, they extended Fischer’s
earlier work [16] on the efficiency of trapping under various conditions and showed
that radially-directed electron beams should be more effective in this regard than axi-
ally-directed ionization. They also demonstrated how ions formed with significant
kinetic energies would be confined less efficiently than those with zero velocity; this
work suggested that light ions such as H2

�. and He�. would be very difficult to trap.
The efficiency of trapping light ions was also investigated by Baril [88], and the 
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ability of the trap to confine multiply charged ions formed by sequential ionization
was studied by Schwebel and co-workers [72, 89] and Baril [88].

Two further important contributions by Dawson included a description of how the
phase space approach could be utilized to determine velocity distributions of the
stored ions [90] and an analysis of the effects of collisions in terms of ways in which
the modified velocity distributions could be represented by changes in the ellipse
parameters [91]. In the first of these papers, it was assumed that if all points within
a given phase space ellipse are occupied uniformly, then the number of ions having
a particular velocity u· will be proportional to the width of the ellipse at that u· value;
the average velocity may then be found by suitable integration. This treatment was
extended subsequently by Todd et al. [92] and the results compared with calculations
of velocities derived from the pseudopotential well model and one using a smoothed
general solution of the Mathieu equation. Todd and co-workers [93] also adapted
Dawson’s velocity distribution approach to the calculation of the spatial distribution
of ions (neglecting space charge and migration effects) and showed how the cylin-
drical volumes containing the ions varied with the phase angle of the RF drive poten-
tial for different values of the parameters au and qu. With this treatment it was
possible to offer an explanation for the shape of the total-pressure curve which is
traced out when the ejected ion signal is plotted against the value of qu at the time at
which the ions are created and stored (au � 0).

Other investigations included (1) an appraisal of the accuracy of the pseudopo-
tential well model in terms of phase space dynamics (where it was shown that only
at very low qu values (with au � 0), did the majority of the u, u· coordinates lie simul-
taneously within the relevant ellipses for both models [94]) and (2) a time-of-flight
analysis of ions ejected from the trap by the application of narrow withdrawal pulses
which were synchronized with a specific phase angle of the RF drive potential [95,
96]. In the latter experiments it was shown that the velocities of the fastest ions
corresponded to those with the calculated maximum velocity traveling toward the
detector at the moment of ejection. Perhaps the most significant result of the phase-
synchronized pulse-ejection experiments was to show that the optimum phase angle
for ejection of the ions coincides with the time at which the velocities of the bulk of
the ions in the radial phase are directed toward the z axis [71].

A comparative survey of recent methods employed for the simulation of ion tra-
jectories in the quadrupole ion trap in given in Chapter 4.

1.6. RESEARCH ACTIVITIES WITH THE QUADRUPOLE ION TRAP

Concurrently with the characterization of the quadrupole ion trap, modeling of ion
trajectories both with and without collisions with neutrals, and the development of
theoretical treatments of ion trajectory behavior, a miscellany of research activities
with the ion trap was being pursued. The variety of these activities was due, in part,
to the appreciation of three further aspects of ion trap behavior. First, the number of

References pp. 25–33.

c01.qxd  7/20/2005  12:00 PM  Page 21



ion/neutral collisions can be controlled, and the effects of such collisions are the
quenching of an ion’s internal energy and modification of its trajectory, particularly
with respect to the maximum excursion from the center of the ion trap. Collisional
focusing of the ion ensemble in this manner permitted ready illumination of virtu-
ally the entire ion cloud by a laser beam. Second, laser beam irradiation of the ion
cloud caused not only photodissociation of ions but also trapping of photoproduct
ions. Thus ions created in the trap, either by photodissociation (predominantly by
multiphoton absorption, thus far) or by unimolecular fragmentation of metastable
ions, may be trapped and mass analyzed. Third, while the field at the center of the
ion trap is vital for prolonged storage of ions, the shapes of the electrodes to which
the field-forming potentials are applied are not so critical. Thus it is possible to cre-
ate ion-confining fields with a cylindrical ion trap wherein a cylindrical “barrel”
electrode and two planar end-cap electrodes are substituted for the hyperboloidal
electrodes of the quadrupole ion trap.

The focusing effects of ion/neutral collisions upon a trapped ion ensemble were
shown dramatically by Dehmelt and co-workers [97, 98], thus supporting the argu-
ment of Bonner et al. [56] for collisional migration of ions. This focusing effect on
trapped ions in collision with a light buffer gas was also pursued in great detail by
André and co-workers [99, 100] and is vital to the subsequent commercial develop-
ment of the ion trap [101]. In addition to inelastic collisions, reactive ion/molecule
collisions were studied with particular emphasis on ion/molecule equilibria for the
determination of proton affinities [102] and the chemistry of gaseous ions [103].

Laser irradiation has been employed extensively for sideband cooling of trapped
ions by the groups of Dehmelt [104] and Wineland et al. [30, 105]. Though laser cool-
ing, RF spectroscopy, and frequency standards (wherein the frequency of laser-
induced light from ions confined in an ion trap may be used as an ultraprecise time
standard) are beyond the scope of this volume, the line of demarcation is not firm. We
have attempted to acknowledge particularly those contributions from pure physics to
our understanding of the ion trap as it is applied to chemical problems. Two examples
will serve to illustrate the point: the visible focused ion cloud shown by Dehmelt and
co-workers [97, 98] and the laser probing of confined ions by Desaintfuscien and co-
workers [106]. The former confirmed the focusing action due to ion collisions with a
light gas, while the latter mapped the ion density as a function of working point, both
with and without collisions; knowledge of spatial distribution and ion density is vital
to the interpretation of ion signals in chemical applications. Laser-induced
fluorescence from trapped ions has been employed in the determination of radiative
lifetimes of trapped molecular ions of HCl�. and HBr�. [107] and in the investigations
by Mahan, O’Keefe, and co-workers [108–111] of excited fragment ions formed in
excited states by electron impact. Infrared multiphoton dissociation of trapped pro-
ton-bound dimer ions derived from aliphatic alcohols has been pursued by March and
co-workers [112, 113] using a CO2 continuous-wave laser, and the technique has been
extended to photodissociation of protonated species for isomer differentiation [114].

The development of cylindrical ion traps [115–117] and the characterization of
such devices [118–121] were followed rapidly by the utilization of these ion traps
for RF spectroscopy [122]. Microtraps of modified geometry [123–125] have been
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used also for RF spectroscopy. Lifshitz and co-workers, in their studies of metastable
ions fragmenting in the millisecond time range, have employed an ion trap with
cylindrical geometry combined with a quadrupole mass filter as a means of obtain-
ing time-resolved photoionization mass spectra [126, 127].

In tracing this history of the ion trap, we have seen that the interplay of theory and
experiment has led to a greater understanding of the chemical and physical processes
which take place within the device. Indeed, these investigations have continued with
extensive theoretical work on the means by which one may trap, in the QUISTOR,
ions generated externally and injected into the QUISTOR [128–131], and experi-
mental studies [132, 133] which include conversion of an ion to a Rydberg state so
that as a neutral species the ion may enter the ion trap wherein it is reionized [134].
Wanczek and co-workers used a cylindrical QUISTOR to trap ions formed by elec-
tron ionization of carbon dioxide clusters present in a supersonic beam [135–137]
and, using a mass-selective technique, investigated cluster ion decay in the millisec-
ond time range. However, as noted above, it is perhaps significant that up to this point
in time the ion trap had still not been developed commercially. A detailed account of
recent research utilizing cylindrical ion traps and microtraps is given in Chapter 6.

Although there had been early thoughts about the viability of the ion trap as a
commercial mass spectrometer [138] and there was evidence that the trap could be
employed for the enhancement of weak mass spectral peaks [139] and as a success-
ful detector for use with a gas chromatograph [140], there were several factors work-
ing against its adoption as a routine analytical instrument. Specifically, it did not
appear to offer any marked advantages over the existing instrumentation in relation
to applications which were current in the mid-1970s. In addition, the technology was
relatively unknown and appeared to be complex, especially regarding the efficient
ejection of ions from the trap and the associated control systems for optimizing the
performance of the electronic circuits. However, in 1980 and 1981 the position
changed dramatically, with the discovery at Finnigan MAT [101] of an alternative
means of generating mass spectra with the trap (which both simplified the operation
and overcame the problems of ion ejection) and the advent of relatively inexpensive
microcomputers such as the IBM PC and its successors.

1.7. MASS-SELECTIVE AXIAL EJECTION

In its most basic form, the operation of the ion trap in the mass-selective ejection
mode employs the remarkably simple idea that if the working point (az, qz) lying
within the stability diagram (i.e., corresponding to a trapped ion) is moved along a
“scan line” which intercepts either the βz � 0 or βz � 1 boundary, then the trapped
ion will rapidly develop axial instability and be ejected from the ion trap into a suit-
ably positioned detector. In practice, the easiest way of achieving axial instability is
to supply the ring electrode of the trap with RF power only, so that the scan line
becomes coincident with the qz axis [53]. The cycle of operation commences by 
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creating ions with a pulse of electrons while the RF amplitude is held at a constant
value; the RF amplitude is then ramped linearly so that the az, qz values of the ions
are moved to the βz � 1 boundary, whereupon the ions are ejected in increasing order
of m/z value, as indicated by the points marked m1, m2, and m3 in Figure 1.8.

While the quality of the mass spectrum thus obtained is generally tolerable, it
emerges that the presence of a light buffer gas, for example helium, within the trap
has a considerably beneficial effect upon the mass spectrum in terms of resolution
and sensitivity. Theoretical modeling [141, 142] suggests that this is because the
moderating collisions cause the ions to migrate toward the center of the trap in a
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Figure 1.8. Stability diagram for the quadrupole ion trap plotted in (az, qz) space (see text for
definitions). The points marked m1, m2, and m3 (m1
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manner similar to the effects associated with charge transfer processes discussed
earlier, so that on ejection they are better “bunched,” both axially, which improves
the resolution, and radially, which improves the ejection efficiency and hence the
sensitivity. A further benefit of the migration effect is that the motion of the ions is
less susceptible to field imperfections near the electrodes, so that the manufactur-
ing tolerances are less stringent than those necessary for quadrupole mass analyz-
ers. This, together with the small size and the use of sophisticated software, has led
to a veritable explosion in the use of ion trap mass spectrometers, especially in gas
chromatography/mass spectrometry (GC/MS) and liquid chromatography (LC)/MS
applications, where multiple stages of MS/MS using the tandem-in-time methodol-
ogy have provided uniquely useful information. Furthermore, new generations of
commercial ion traps, based upon the electrode configuration of the linear quadru-
pole mass filter (see Chapter 5), have begun to appear, offering mass spectroscopists
a bewildering choice of technology and variety of experimentation. These topics are
considered in greater detail in later chapters of this book.

1.8. CONCLUSION

The quadrupole ion trap is an extraordinary device that functions both as an ion
store, in which gaseous ions can be confined for a period of time, and as a mass spec-
trometer of considerable mass range and variable mass resolution. As a storage
device, the ion trap acts as an “electric field test tube” for the confinement of gaseous
ions, either positively charged or negatively charged, in the absence of solvent; the
confining capacity arises from the formation of a trapping potential well when
appropriate potentials are applied to the electrodes of the ion trap. In is simplest
form, an ion trap permits the study of the spectroscopy and the chemistry of trapped
ions; as a mass spectrometer, when combined with various ion selection and scan-
ning techniques, the elucidation of ion structures by the use of repeated stages of
mass analysis known as tandem mass spectrometry has added a new dimension to
the armory of analytical techniques, especially in the biosciences. With the advent of
new methods by which ions can be formed in the gas phase, from polar as well as
from covalent molecules, and introduced subsequently into an ion trap, the range of
applications of the quadrupole ion trap mass spectrometer, and from new generations
of instruments evolving from it, is enormous.
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3.1. INTRODUCTION

In Chapter 2 we developed a generalized approach to the theory of ion motion occur-
ring within quadrupole devices, and this treatment was subsequently applied to the
quadrupole mass filler (QMF) and linear ion trap (LIT), each of which utilizes a two-
dimensional field, and to the quadrupole ion trap (QIT), in which ions are confined
three dimensionally. This general approach to the theory provided a vehicle for the
introduction of the Mathieu equation, the trapping parameters au and qu, and the con-
cept of stable and unstable ion trajectories as well as a discussion of the parameter βu

and the associated secular frequency ωu for each independent component of the ion
motion; supporting specimen calculations were given for qz, the low mass cut-off
value (LMCO), βz, ωz, and the upper limit of the mass range of stored ions. Finally, a
more rigorous alternative approach to the derivation of the potential within an ion trap
was considered together with an account of the general solution of the Mathieu equa-
tion.

However, as was clearly stated (Section 2.3), the whole of the treatment given in
Chapter 2 is based on the assumption that we are examining the behavior of a single
ion in an infinite, ideal quadrupole field in the total absence of any background gas.
Clearly, in most applications a single ion is rarely of great value and background
gases cannot be excluded totally; in reality, therefore, the theory of ion containment
must be considered along with the dynamical aspects of ion behavior, including the
effects arising from the presence of other trapped ions (i.e., space charge), the exis-
tence of higher order (nonquadrupole) field components and collisional effects, both
with the background and with deliberately added neutral gases. Furthermore, in prac-
tice, it is obviously necessary to create ions within the quadrupole field or to inject
them from an external source and, in most applications, to eject them for detection.
Other possible experiments may make use of the ability to excite resonantly the
motion of ions mass-selectively through the application of additional potentials oscil-
lating with frequencies that match one or more of the secular frequencies ωu, n.

All these topics are considered in this chapter under the general heading “dynam-
ics of ion trapping.” First we consider a simplifying approximation to the theory of
containment that assumes that the motion of the ions can be described in terms of
their being trapped within a pseudopotential well. This approximation allows us, in
turn, to develop models that predict the maximum number of ions that may be stored
within an ion trap and to make estimates of the kinetic energies of ion motion. From
here we examine the influence of higher order field components and the effects of
nonlinear resonances on the motion of the ions, together with such phenomena as
black holes and mass shifts.

3.2. THE PSEUDOPOTENTIAL WELL MODEL

Examination of the ion trajectory modeled in Figure 2.16 shows that the motion can
be regarded as being a combination of a low-frequency (“secular”) oscillation super-
imposed upon which is a high-frequency ripple. It was this characteristic that led
Wuerker et al. [1] to formulate an approach that was later extended by Dehmelt [2] to
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become what is now known as the pseudopotential well model. Essentially, at low
values of βu, it is assumed that, by neglecting the high-frequency ripple, the motion
of ions along the u coordinate can be approximated to that of a charged particle under-
going simple harmonic motion in a parabolic potential well. By relating the depth of
this well to the trapping parameters au and qu, and thus to the experimental operating
conditions of the device, it is possible to derive estimates of the density of trapped
ions and to evaluate their kinetic energies (in the absence of collisional effects). The
treatment that follows is based on the derivation reported by Todd et al. [3].

Let us consider initially the axial (z) motion of the ion; we may rewrite the
Mathieu equation (2.33) as

�
d
dξ

2z
2

��� (az � 2qz cos 2ξ)z (3.1)

where

az � ��
m(r 2

0

1
�

6e
2
U
z 2

0)Ω2
� [Eq. (2.74)]

and

qz ��
m(r 2

0 �

8e
2
V
z 2

0)Ω2
� . [Eq. (2.75)]

If we now substitute for the value of the displacement z a combination of the secular
displacement, Z, and the micromotion associated with the ripple as δ, then we can write

z � Z � δ. (3.2)

Building in two further assumptions, that δ �� Z and dδ/dt �� dZ/dt, Eq. (3.1) can
now be approximated to

�
d
dξ

2δ
2

� �� (az � 2qz cos 2ξ )Z. (3.3)

Making the further assumptions that az �� qz and Z is constant over a period of the
RF oscillation, Eq. (3.3) integrates to

δ � �
�

2
qzZ
� cos 2ξ (3.4)

so that substitution for δ into Eq. (3.2) gives

z � Z � �
q
2
zZ� cos 2ξ (3.5)

whence Eq. (3.1) becomes

�
d
d
ξ
2z

2
� � � azZ � �

azq
2

zZ� cos 2ξ � 2qzZ cos 2ξ � q2
zZ cos2 2ξ. (3.6)
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Since the acceleration d2δ/dξ2 resulting from the application of the RF “drive” poten-
tial when averaged over a period of the RF drive is zero, the acceleration of the
secular motion averaged over the same period is

��
d
dξ

2Z
2

��
av

� �π
1

���

0
�
d
d
ξ
2z

2
� dξ. (3.7)

Integration of Eq. (3.7) between these limits, and using the relationship given in 
Eq. (2.36) to convert into units of time gives, therefore,

�
d
d

2

t
Z
2
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2
z���

Ω
4

2

� Z. (3.8)

Equation (3.8) corresponds to a simple harmonic motion with the general form

�
d
d
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zZ (3.9)

where

βz � �az � �
q

2

2
z��

1/2

(3.10)

and the secular frequency ωz is given by

ωz � �
1
2
�βzΩ. (3.11)

It should be noted that Eq. (3.10) is identical to the expression for the Dehmelt
approximation given in Eq. (2.82).

Taking Eq. (3.8) under the special conditions of az � 0 (i.e., no DC potential
applied between the ring and the end-cap electrodes) and substituting for qz from
Eq. (2.75), we have
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which may be written as
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Here dD�z / dZ is the electric field due to a “pseudopotential” D�z acting in the z direc-
tion such that
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which on integrating between Z � 0 and Z � z0 gives
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by substitution for V from Eq. (2.75). An exactly analogous treatment of the motion
in the r direction gives

D�r ��
m(r 2
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e
�
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Partial substitution from Eq. (2.75) for qz in Eq. (3.15) gives
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whence if r 2
0 � 2z 2

0 [Eq. (2.77)]
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8
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Similarly, it may be shown that under these conditions
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1
8

�Vqr. (3.19)

From Eqs. (3.15) and (3.16) we can now immediately compare the relative values
of D�z and D�r and find that
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4
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z
2
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whence we see that for the “standard” configuration of r 2
0 � 2z2

0 [Eq. (2.77)]

D�z � 2D�r. (3.21)

Thus we deduce that under the conditions of the Dehmelt approximation, that is,
for low values of qz (��0.4, see below), the ions can be treated as though they were
trapped in a pseudopotential well of the form illustrated in Figure 3.1, for which the
profiles in the r and z directions are shown in Figure 3.2.

It is instructive to consider a test of this derivation of the pseudopotential well
model by asking the following question: if we apply a positive DC potential U to the
ring electrode, under what conditions might the trajectories become unstable so that
the ions will be ejected from the trap along the z direction? Since we are working
with an ion trap in which the end-cap electrodes are held at ground potential, we
must employ Eq. (2.67) in order to determine the effective defocusing potential φ0, 0,
which is equal to the depth of the pseudopotential well D�z, that is, D�z � φ0, 0. Putting
r � z � 0 and φ0 � U in Eq. (2.67) gives

φ0, 0 ��
r 2

0

2
�

Uz
2

2
0

z 2
0

� (3.22)
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so that on rearranging Eq. (2.74) in order to obtain an expression for U

U � ��
m(r 2

0 �

16
2
e
z 2

0)Ω2

�az (3.23)

we can deduce that

φ0, 0 � ��
mz

8

2
0

e
Ω2

�az. (3.24)

Consequently, on equating this expression for φ0, 0 with that for D�z given in Eq.
(3.15) and simplifying, we find that

az � � �
1
2
�q2

z (3.25)

which, when substituted into Eq. (3.10), gives βz � 0. In other words, the addition of
a positive, defocusing, potential to the ring electrode sufficient to oppose the trapping
effect of the pseudopotential well in the axial direction when the ion trap is operating
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Figure 3.1. Representation of pseudopotential well for confining ions within an ion trap hav-
ing r2

0 � 2z2
0 when operated in RF-only mode (az � 0). Sections through the well in the r–z

plane are elliptical. (Reprinted from Mass Spectrometry Reviews, Vol. 10, J. F. J. Todd, “The
ion trap mass spectometer—Past, present and future (?),” Fig. 14, pages 3–52 (1991). © John
Wiley & Sons Limited. Reproduced with permission.)
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at a given value of the trapping parameter qz will cause ion ejection at the correspon-
ding point az on the βz � 0 boundary of the stability diagram shown in Figure 2.15.

3.2.1. Specimen Calculation of the Pseudopotential Well Depth D��z

The depth of the pseudopotential well in the z direction for a trap in which r 2
0 � 2z2

0

and with U � 0 may be estimated from Eq. (3.18):

D�z � �
1
8
�Vqz

Thus for Ar�· ions trapped according the conditions listed in Table 1.2, that is, m/z
40 but at qz � 0.38 with a drive potential V � 90 V0-p, we have

D�z � �
1
8
�(0.38)(90) � 4.3 V

3.2.2. Some Applications of the Pseudopotential Well Model

Apart from the well model offering a fairly simple mental picture of the manner in
which ions are held within the QIT, there have been two particular applications that

THE PSEUDOPOTENTIAL WELL MODEL 79

Figure 3.2. Parabolic pseudopotential well in the r- and z-directions for ion trap having
r 2

0 � 2z2
0 when operated in RF-only mode (az � 0). Symbols D�r and D�z indicate the depths of

the wells and ωr and ωz represent the fundamental frequencies of secular oscillations in the
radial and axial direction, respectively. (Reprinted from Dynamic Mass Spectrometry, Vol. 4,
D. Price and J. F. J. Todd (Eds.), G. Lawson, J. F. J. Todd, R. F. Bonner, “Theoretical and
experimental studies on the quadrupole ion storage source,” Heyden and Son, Fig. 22,
pages 39–81 (1976). © John Wiley & Sons Limited. Reproduced with permission.)
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have afforded more quantified answers concerning the properties of the QIT: what is
the maximum number of ions that can be stored under a given set of operating con-
ditions and what is the range of the kinetic energies of the trapped ions? While the
latter question is now more effectively answered by the various simulation methods
described in Chapter 4, historically it was the pseudopotential well approach that
provided the first clues about ion “temperatures.” These two applications are now
considered below.

3.2.2.1. Estimation of the Effects of Space Charge

Introduction We have already noted above, and especially in Chapter 2, that one of
the underlying assumptions when deriving the equations of motion of ions within
quadrupole devices is that there is only a single ion moving under the influence of the
electric field. In most practical applications there are, of course, very many ions to
consider, and because of coulombic interactions, each of these will influence the
behavior of the others. Indeed, it is probably self-evident that there must be a maxi-
mum space charge limit to the number of ions that can be confined within the quadru-
pole field. For the QMF operating as an analytical instrument, the instantaneous
density of ions injected into the field from the ion source is always very low so that
effects of space charge on the performance of the analyzer can usually be ignored,
although this was not the case in the development of a large-scale QMF as an isotope
separator [4]. For the LIT and the QIT very different conditions apply as we create
ions “internally” or inject them from an external source, and in Chapter 1, Eq. (1.4),
we have already met this concept in terms of the “saturation conditions” where
N � N∞. The ensuing discussion concentrates predominantly on the QIT; a compari-
son of the capacities of the QIT and the LIT is given in Chapter 5.

As with many aspects of ion trap behavior, the influence of space charge on ion
trajectory stability was first considered by the Bonn group in 1959 in a paper under
the authorship of Fischer [5]. He noted that if it is assumed that the space charge is
distributed uniformly over the whole of the trapping field, then this acts as an
effective DC voltage increment, ∆U, which causes shifts in the a values, ∆ar and ∆az.
These shifts, in turn, lead to displacements of the boundaries of the stability diagram
as well as to predicted shifts in the working points (au, qu) and consequently of the
secular frequencies. A similar effect has been discussed by Schwebel et al. [6] and
Sheretov et al. [7]. Todd et al. [3] carried out an extensive series of experimental
determinations of the shifts of the boundaries of the stability diagrams for different
ions, under the influence of varying amounts of space charge, in order to estimate the
numbers of trapped ions, and Schuessler [8] used the shift in secular frequencies to
estimate the ion number, as was also done by Fulford et al. [9].

Dehmelt [2] was the first person to formulate a detailed model for the treatment
of space charge and the equilibrium temperature of the stored ion cloud, based upon
his pseudopotential well approach; direct simulations by Ghosh and co-workers [10,
11] showed the influence of the initial injection density on the initial periods of the
motion and the stability of ions in the trap. Studies of charge exchange reactions
[12–14] and investigations of the collisional cooling with a buffer gas [2, 15, 16]
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took account of momentum transfer to calculate ion trajectories and showed that the
distributions of the ions depended strongly on the environment of the ionic popula-
tion. More recently, two detailed publications by Marshall and co-workers [17, 18]
have provided detailed analyses of the space charge distributions in traps, the latter
paper being of especial interest because it compares the behavior of the Paul trap
with that of the Penning (ion cyclotron resonance (ICR) trap) and the combined trap
(which comprises a Paul trap with a superimposed axial magnetic field).

In the account which follows, we first derive an expression for the space charge–
limited ion density based upon the pseudopotential well model, as originally formu-
lated by Dehmelt [2], but with the refinement utilized in Chapter 2, namely that no
assumption is made a priori concerning the r0:z0 ratio; we then compare the results
of this treatment with the computations presented in Ref. 18.

Estimation of Space Charge by Means of the Pseudopotential Well Model The model
of ion trapping in a pseudopotential well is somewhat artificial in that the well does not
actually exist until an ion is held in a stable trajectory within the ion trap! Every ion
that is placed subsequently in the ion trap must modify the fields experienced by those
ions already present: eventually the space charge limit is reached when the trapping
potential ψ is balanced by the repulsive electrostatic potential φi arising within the ion
ensemble. If we assume that this trapping potential is in fact provided by the pseudopo-
tential derived above, then from the Poisson relation we can write

[Electrostatic potential, φi] � [Pseudopotential, ψ] � const (3.26a)

such that

�∇2φi � ∇2ψ � 4πρmax (3.26b)

where ρmax is the theoretical space charge–limited ion density.
Let us assume that the ion trap is being operated with zero DC bias between the

electrodes, that is, U � 0, and that the ions are confined within an inscribed cylin-
drical volume within the ion trap where the radius of the cylinder is r0 and the height
of the axis is 2z0. If we assume that the pseudopotential acting in each of the x and
y directions is D�r and that acting in the z direction is D�zr, then we can express the
pseudopotential ψx, y, z acting at a point (x, y, z) as

ψx, y, z � �
D�

r 2
0

r�(x2 � y2) � �
D�

z 2
0

z z2. (3.27)

Thus

∇ψ � �
D�

r 2
0

r�(2x � 2y) � �
2D�

z 2
0

zz� (3.28)
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and

∇2ψ � �
4
r
D�

2
0

r�� �
2
z
D�

2
0

z� (3.29)

which, on substituting for D�r from Eq. (3.21), gives

∇2ψ � �
3

z

D�

2
0

z�. (3.30)

Equating this with Eq. (3.26b) gives

ρmax � �
4

3

π
D�

z
z
2
0

�� (3.31)

or

Nmax ��
4π

3D�

ez
z

2
0

�. (3.32)

Substitution for D�z from Eq. (3.15) gives

Nmax � �
π
3

� �
m(r 2

0�

V
2

2

z2
0)

2Ω2
� (3.33)

or, on making the substitution from Eq. (2.75),

Nmax ��
8πe(r

3
2
0

V
�2z2

0)
�qz (3.34)

or, repeating the substitution, we have

Nmax � �
64

3
π

� �
m

e
Ω
2

2

�q 2
z . (3.35)

Hence, we see from Eq. (3.33) that when operating the ion trap at a fixed drive poten-
tial V and fixed frequency Ω the maximum number of stored ions, Nmax, of a given
species is inversely proportional to their mass and independent of their charge; con-
versely, when working at a fixed value of qz the value of Nmax is directly proportional
to the mass of the ion and inversely proportional to the square of its charge.

Specimen Calculation of the Maximum Ion Density Nmax The maximum ion den-
sity is given by Eq. (3.35):

Nmax � �
64

3
π

� �
m

e
Ω
2

2

�q 2
z

so that, again taking some of the conditions given in Table 1.2 for the trapping of Ar+ ·
ions such that m/z is 40 at qz � 0.38 with a drive frequency of 0.762 MHz, we have

Nmax � �
64

3
π

�

� 0.45 	 107 cm�3

(40 g mol�1)(2π 	 0.762 	 106 s�1)2(0.38)2

������
4.803 	 10�10 g1/2cm3/2s�1)2(6.022 	 1023 mol�1)
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which is, somewhat fortuitously, in good agreement with the experimental value of
N
 (�1.04 	 107 cm�3 at qz � 0.59) reported in Table 1.2 [19].

Recent Discussions on Space Charge In their comparative study of the equilibrium
ion density distribution in the Penning, Paul, and combined ion traps, Li et al. [18]
considered the case where the standard dimensional relationship

r 2
0 � 2z 2

0 [Eq. (2.77)]

applied and, for the Paul trap, the operating pressure was in the range 10�6–10�3 Torr
with the end-cap electrodes held at zero potential. Under these conditions it was
argued that, because of the frequent ion-neutral collisions, the ions reached thermal
equilibrium quite rapidly. Two extreme sets of conditions were therefore examined:
the high temperature–low density limit and the low temperature–high density limit. In
the former it was argued that the ion–ion Coulomb interaction energy is much less
than the ion kinetic energy and that the ion density distribution is therefore Gaussian
and determined by the ion-trapping field and the ion temperature. Calculated density
distributions for singly charged ions of mass 2000 amu under conditions of qz � 0.38
are shown in Figure 3.3 for the radial (upper) and axial (lower) directions for three
different temperatures. When the equivalent calculations applied to the Penning (ICR)
and the Paul traps are compared, it is found that in the former the radial ion density
distribution lies closer to the z axis and is less sensitive to changes in temperature than
in the latter, whereas the reverse situation applies in respect of the axial distributions.

With regard to the conditions of low temperature–high density, the ion kinetic
energy is much less than the ion–ion Coulomb interaction energy and the ion den-
sity distribution determines the maximum possible ion density in the trap. In explor-
ing this high-ion-density case, the authors drew upon the pseudopotential well model
derived above, in which the maximum ion density distribution represents a balance
between the Coulombic forces and the force from the trapping potential, as formu-
lated in Eq. (3.25). In doing this they invoked the Dehmelt approximation in which
qz � 0.4 and determined the value of Nmax using the expression

Nmax ��
4πm

3V
r4

0Ω2
� (3.36)

which is derived from Eq. (3.33) by substituting for z 2
0 from Eq. (2.77). Computed

maximum ion densities expressed as a function of the drive potential V for a range
of high-mass ions are shown in Figure 3.4. As noted above, under this formulation
the maximum ion densities depend upon V, Ω, and m but not on the ion charge. This
independence of the ion charge was also found to apply to the Penning trap, where
it was shown that the value of Nmax is given by

Nmax � �
8π

B
m

2

c2
� (3.37)

in which B is the magnetic field intensity and c is the speed of light.
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Practical Consequences of Space Charge In terms of the applications of the ion
trap as an analytical mass spectrometer, control of the trapped ion density is
extremely important. This is because space charge can cause a significant departure
from ideal behavior, an effect that becomes especially important when there is a
requirement for the system to be able to provide routine, reproducible, and quantita-
tive analytical data. As far as mass-selective operation of the trap is concerned, space
charge may cause shifts in the peak positions, and hence mass assignments, as well
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Figure 3.3. Plots showing radial (top) and axial (bottom) ion density spatial distributions at
thermal equilibrium in a quadruple ion trap (r2

0 � 2z2
0) in limits of high temperature and low

ion density. (Reprinted by permission of Elsevier from “Comparison of equilibrium ion den-
sity distribution and trapping force in Penning, Paul, and combined ion traps,” by G.-Z. Li,
S. Guan, and A. G. Marshall, Journal of American Society for Mass Spectrometry, Vol. 9,
pages 473–481, Copyright 1998, by the American Society for Mass Spectrometry.) 
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as peak broadening and consequent loss of resolution. In addition, at high sample
pressures, reactions between the ions and neutral molecules may cause significant
spectral changes (e.g., via “self-chemical ionization”) so that the spectra could
change substantially during the elution of a chromatographic peak. These problems
were especially apparent with the early commercial instruments, where it was found
that there could be a significant mismatch between the electron ionization (EI) mass
spectra recorded with the ion trap compared to those obtained with “standard”
instruments and held in mass spectral library collections.

The problems are essentially twofold. First, high sample concentrations combined
with significant trapping times of, say, several milliseconds lead to the occurrence of
ion/molecule reactions, thus changing the identities of the ions being analyzed and
also causing a loss of quantitative response. Second, the buildup of ion density within
the ion trap can lead to space charge effects, substantially modifying the electric fields
to which the ions are being subjected (thereby causing, e.g., shifts in the secular 
frequencies of the ions and hence the apparent positions of the iso-β lines and the
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Figure 3.4. Plots showing the maximum ion density in a quadrupole ion trap (r 2
0 � 2z2

0) as a
function of the RF drive potential at thermal equilibrium and in the limits of low temperature
and high ion density. (Reprinted by permission of Elsevier from “Comparison of equilibrium
ion density distribution and trapping force in Penning, Paul, and combined ion traps,” by 
G.-Z. Li, S. Guan, and A. G. Marshall, Journal of American Society for Mass Spectrometry,
Vol. 9, pages 473–481, Copyright 1998, by the American Society for Mass Spectrometry.) 
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boundaries of the stability diagram), resulting in changes in the mass/charge ratio
assignments of the ions.

The situation may be viewed rather more quantitatively as follows [20]. The
number of ions (N ) formed in the trap by electron ionization is given by

N � k[S ]it (3.38)

where k is a constant from which we see that there should be a linear dependence of
N upon the sample concentration [S], the electron beam current i, and the duration of
the ionization period t. Thus in a GC/MS application, for example, as the value of [S]
changes during the elution of a component of the analyte, there will be linearity of
response between the ion trap signal and the sample concentration only when the
ideal behavior described by Eq. (3.38) is maintained. The limits of ideality are gov-
erned by the considerations represented by Figure 3.5, where it is evident that outside
the clear rectangle (the “ideal” region) there are shaded areas where space charge
effects and ion/molecule reactions will become appreciable. The easiest way in which
to remain within the ideal region as the value of [S] changes is to alter the ionization
time in a controlled manner using the method of automatic gain control (AGC)
[20–22]. The idea is to incorporate two ionization stages into the scan function, as
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Figure 3.5. Ion trap response with automatic gain control (AGC) showing the region
(unshaded) where ions created from the sample should not experience space charge effects
and/or ion/molecule reactions, which would otherwise distort the mass spectral performance.
(Reprinted from Mass Spectrometry Reviews, Vol. 10, J. F. J. Todd, “The ion trap mass spec-
trometer – Past, present and future (?),” Fig. 22, pages 3–52 (1991). © John Wiley & Sons
Limited. Reproduced with permission.)
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indicated in Figure 3.6. A scan function is a diagram showing the temporal variations
of the various potentials applied during the course of an ion trap experiment. The
duration of application of each of the potentials is indicated normally along with the
duration of each “cooling” period (see also below). The first “test” ionization time is
of fixed duration, for example, 200 µs, after which ions formed from the background
gases (typically up to m/z 45) are removed by rapid mass-selective ejection and dis-
carded, and the remaining analyte ions are detected without further mass analysis by,
for example, reducing the value of V to zero or rapidly stepping V to a very high value
so as to eject the ions without any resolution. The “total ion” signal measured in this
“prescan” is then used to calculate the optimum ionization time, which is then set
automatically before effecting the second, “analytical,” stage of the function in order
to avoid the effects noted above. This procedure occurs each time the scan function is
repeated, and the resulting ionization times are recorded along with spectral intensi-
ties in order to normalize the data before retrieval.

This approach is clearly an extremely elegant method, in which a degree of
“machine intelligence” is employed, and has enabled ion trap mass spectrometry to be
established as a standard quantitative analytical method. Similar control over the ion
population is, of course, necessary when the ions have been created externally and
injected into the ion trap or where the analyte ions have been created internally by
means of an ion/molecule reaction, that is, chemical ionization (see below and Chapter
7). In the Finnigan ion trap documentation, this technique has been termed automatic
reaction control (‘ARC’); essentially the same kind of approach has been employed by
Bruker in its ESQUIRE range of instruments under the name ion charge control (ICC).

For the LIT (see Chapter 5), there is clearly a need to control the space charge
also, and a recent patent by Hager describes, according to Claim 1 of the patent
(Ref. 23, Col. 6):
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Figure 3.6. The AGC scan function and representations of the associated ion signals.
(Reprinted from Mass Spectrometry Reviews, Vol. 10, J. F. J. Todd, “The ion trap mass spec-
trometer – Past, present and future (?),” Fig. 23, pages 3–52 (1991). © John Wiley & Sons
Limited. Reproduced with permission.)
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A method of setting a fill time for a mass spectrometer including a linear ion trap the
method comprising:

(a) operating the mass spectrometer in a transmission mode; (b) supplying ions to the
mass spectrometer; (c) detecting ions passing through at least part of the mass spec-
trometer in a preset time period to determine the ion current; (d) from a desired maxi-
mum charge density for the ion trap and the ion current determining a fill time for the
ion trap; (e) operating the mass spectrometer in a trapping mode to trap ions in the ion
trap, and filling the ion trap for the fill time determined in step (d); and (f ) obtaining an
analytical spectrum from ions trapped in the ion trap.

3.2.2.2. Ion Kinetic Energies One of the advantages of the pseudopotential well
model is the ease with which it provides an estimate of the kinetic energies of the
trapped ions. Recalling that Z represents the secular displacement of an ion along the
z axis of the ion trap and that the secular frequency for simple harmonic oscillation
within the well is ωz [see Eq. (3.9)], then in the absence of collisions an ion with the
maximum allowable velocity and the maximum displacement, z0 would approxi-
mately follow the path

Z(t) � z0 sin ωzt. (3.39)

Hence

Z�(t) � z0ωz cos ωzt (3.40)

so that combining Eqs. (3.10) and (3.11) in order to derive an expression for ωz and
assuming that az � 0, we obtain

Z�(t) � �
z

2
0

�
qzΩ

2�
� cos ωzt (3.41)

which gives a maximum value of the velocity in the z direction as

Z�(tmax) � u�max(z) � �
z

2
0

�
qzΩ

2�
� (3.42)

corresponding to the condition of cos ωzt � 1.
The average value of the velocity, �u�z	, is obtained from

�u�	 ��
�τ

0
u�

�
z

τ

0

(

d

t)

t

dt

� (3.43)

where τ is the half period of the secular oscillation π/ωz, to give

�u�z	 � �
z

�
0q

2�
zΩ
π

� (3.44)
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which is equivalent to a mean kinetic energy of

�
1
2
� m�u�z	2 � �E(z)	 ��

mz

4

2
0q

π

2
z
2

Ω2

� . (3.45)

Combining Eq. (3.45) with Eq. (3.15) gives

�E(z)	� �
π
4

2
�eD�z. (3.46)

Similarly, since Emax� �
1
2
�m�u�max	

2, combining Eq. (3.42) with Eq. (3.15) gives the
maximum kinetic energy for motion along the z axis as

Emax(z) � eD�z (3.47)

To calculate the total ion energy, we must take account of both the radial and
axial components of motion. If we follow the assumption made in Chapter 2, in
which we state that any given ion possesses zero angular momentum around the z
axis, then we can consider that any individual ion has a two-dimensional trajectory,
so that the effective total kinetic energy is derived by adding the radial and axial
components together, that is,

E(total) � E(r) � E(z). (3.48)

The values of the average radial kinetic energy, �E(r)	, and the maximum radial
kinetic energy, Emax(r) may be found by applying the foregoing derivations 
but using the equations relevant to the radial component of motion to obtain,
respectively,

�E(r)	 � �
π
4

2
�eD�r (3.49)

and

Emax(r) � eD�r (3.50)

thus giving

�E(total)	 � �
π
4

2
�e(D�r � DD�z) (3.51)

and

E(total)max � e(D�r � DD�z). (3.52)

Recalling the relationship between D�r and DD�z given in Eq. (3.20), Eqs. (3.51) and
(3.52) become

�E(total)	 � �
π
4

2
�eD�z ��

4
r
z

2
0
2
0

� �1� (3.53)

PSEUDOPOTENTIAL WELL MODEL 89

References pp. 125–132.

c03.qxd  7/20/2005  12:07 PM  Page 89



and

E(total)max � eD�z ��
4
r
z

2
0
2
0

� �1�. (3.54)

Hence for the standard configuration, in which r 2
0 � 2z 2

0 [Eq. (2.77)], we have

�E(total)	 � �
π
6

2
�eD�z (3.55)

and

E(total)max � �
3
2
� eD�z . (3.56)

Specimen Calculations of Mean and Maximum Total Ion Kinetic Energies Taking
the sample calculation given previously, in which the value of D�z was found to be
4.3 V using Eq. (3.18), then substitution of this quantity into Eqs. (3.55) and (5.56)
gives values for �E(total)	 and E(total)max as 2.6 and 6.5 eV, respectively.

This model for calculating ion kinetic energies is clearly somewhat crude: it con-
siders only the fundamental component of the secular motion of the ions [compare 
Eq. (2.80)] and also really applies only within the limits of the Dehmelt approximation
(qz � 0.4). Invoking this approximation is equivalent to saying that we should ignore
any possible contribution at any instant arising from the high-frequency component of
the ion’s motion due to the applied RF drive potential. Nevertheless, the approach does
provide an easy means of estimating the ion kinetic energy from the operating param-
eters of the ion trap, as opposed to using more complex simulation techniques (see
Chapter 4). In an early detailed study of the methods for estimating the kinetic ener-
gies of trapped ions, Todd et al. [24] compared the above calculation based upon the
pseudopotential well model with results derived from computing the individual ion tra-
jectories and from the use of phase space dynamics: generally, the resulting ion kinetic
energies agreed to within a margin of approximately �50%. The method of phase
space dynamics affords a means of considering the entire ensemble of trapped ions (in
a collision-free environment and in the absence of space charge) and provides an excel-
lent way of visualizing the spatial and velocity distributions of the trapped ions at
different phase angles of the applied RF drive potential [25]. Essentially, at any RF
phase angle, all ions with stable trajectories must lie on or within an elliptical bound-
ary plotted in (u, u�) space: The instantaneous orientation of an ellipse relative to the
coordinate axes is determined by the value of the phase angle, but the area (or emit-
tance) remains constant, corresponding to conservation of the total number of ions
within the quadrupole field. Over a complete RF cycle there will be an infinite number
of ellipses, so that normally one considers a family of ellipses plotted at intervals of,
say, one-quarter of a cycle. Of some interest to the present discussion is a comparison
of the overlap between a family of phase space ellipses and the corresponding time-
invariant ellipse for the simple harmonic motion described by the pseudopotential well
model for different values of the trapping parameter qz (with az � 0) [26].
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3.3. HIGHER ORDER FIELD COMPONENTS AND 
NONLINEAR RESONANCES

In the introduction to this chapter we noted that the underlying theory of quadupole
devices as derived in Chapter 2 was predicated on the basis that we were consider-
ing an ideal system, containing a single ion. In the previous section we have consid-
ered the effects that ion interactions may have on the practical behavior of the ion
trap mass spectrometer and have seen how the pseudopotential well model affords a
simple means of estimating both the maximum number of ions that may be confined
and approximate values for the kinetic energy of the trapped ions.

In this section we shall examine how the practical behavior of real systems is
dependent upon certain electrical and geometrical limitations, in particular that the
RF drive potential may not be strictly sinusoidal, the fact that the electrode surfaces
do not extend to infinity (i.e. they are truncated), that there may be inaccuracies in
the spacing between the electrodes, and that there may be imperfections in the
shapes and precision of the electrode surfaces. This last-mentioned limitation is
clearly exacerbated by the need to have one or more holes through the electrodes in
order to admit electrons or ions and/or to eject the ions for detection, a situation that
may also lead to field penetration arising from potentials applied to electrodes exter-
nal to the ion trap. We shall note that there may be local regions of instability embed-
ded within the stability diagram where ions are not trapped, the so-called “black
holes” or “black canyons.” These effects arise from the presence of superimposed
higher order field components, resulting in the occurrence of nonlinear resonances.
We shall see also that these nonidealities may lead to so-called “mass shifts”
whereby the mass spectrum of the ejected ions exhibits peaks that do not appear to
have the correct assignment of m/z. However, in anticipation of Chapters 7 and 8, we
shall find also that, as with many discoveries in science, once the origin of this unde-
sirable behavior was determined and characterized, the relevant theory has been used
to advantage in improving the performance of ion trap mass spectrometers.

In discussing this particular topic, the material has been deliberately divided into
separate parts that are contained within different chapters of the book. The follow-
ing account looks at the historical background and underlying theory of nonlinear
resonances and describes how their influences on the motion of the trapped ions 
and on the phenomenon of mass shifts have been explored, while, as indicated
above, Chapters 7 and 8 concentrate upon the beneficial aspects of these resonance
effects, demonstrating how they have been deliberately designed into modern ion
trap instruments.

3.3.1. Historical Background

As with many fundamental aspects of ion trap behavior, the discovery and basic under-
standing of the existence of nonlinear resonance effects, initially with the QMF, can be
traced back to the work of Wolfgang Paul and his research group at Bonn. One of
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Paul’s earliest applications of the mass filter was as a separator for stable isotopes 
and, in particular, a report by von Busch and Paul [27] describes a system comprising
2-cm-diameter rod electrodes of length 3 m and r0 � 1.5 cm driven with a potential
oscillating at 2.6 MHz that was used to enrich 25Mg from a naturally occurring mixture
of 24Mg, 25Mg, and 26Mg. Apart from describing how this process could be effected by
applying supplementary AC voltages of the appropriate frequencies between the x pair
of electrodes, to remove selectively 24Mg and 26Mg (i.e., the first example of the appli-
cation of resonant ejection), the authors also reported that there were additional fields
(referred to by them as “an additional quadrupole field”) that yielded “interference
fields” at certain zones within the stability envelope. These were considered to be
mathematically anologous to the betatron oscillations of protons observed in a syn-
chrotron [28]. When ions moved into resonance with these fields, they were ejected
with exponentially increasing amplitudes, as opposed to the linear increase of ampli-
tudes observed with the application of supplementary voltages to the rod electrodes, an
effect that was seen to be advantageous in improving the resolution.

These effects were explored in greater detail by von Busch and Paul in an accom-
panying paper [29] which showed that plots of ion current versus q exhibited reso-
nance “dips.” By applying a supplementary AC potential of variable frequency
between the x pair of electrodes, it was possible to demonstrate that, when a � 0, the
minima occurred at points corresponding to βx � βy values of �

1
3

�, �
1
2

�, and �
2
3

� and that
other resonances were also observed when a  0. Drawing upon the work of
Hagedorn [30], Hagedorn and Schoch [31], Schoch [32], and Barbier and Schoch
[33], von Busch and Paul [29] were able to characterize this behavior mathemati-
cally in terms of “interference potentials” arising from superimposed multipole
fields. It was noted that, although deviations from the ideal field might not normally
be detectable, they can become apparent under conditions when the resonance
effects arise from the presence of these small interference potentials: this behavior
was considered to be similar to that observed in circular accelerators with alternat-
ing field gradients. A further effect which was also noted [29] is that interferences
may arise when the RF drive potential contains minor traces of subharmonics, as
might occur, for example, if the output frequency is derived by a frequency-doubling
process within the signal generator.

The first attempt to extend the discussion of nonlinear resonance effects to the
three-dimensional QIT was by Dawson and Whetten [34], who had observed peak
splitting in mass spectral peaks obtained using the mass-selective storage method
of operation [35]. While this paper offers an early insight into this aspect of ion
trap behavior, Wang and Franzen [36, 37] have argued that, in part, the conclusions
are erroneous, arising from an incorrect extension of the two-dimensional model
based upon the synchrotron to the three-dimensional ion trap with cylindrical sym-
metry about the z axis. Dawson and Whetten also examined nonlinear resonance
effects in the QMF and in the monopole mass spectrometer [38]. The treatment of
ion motion in two-dimensional multipole fields was examined in depth by
Friedman et al. [39], and a detailed study of these systems was carried out by
Szabo [40] and Hägg and Szabo [41–43]; Davis and Wright have reported upon the
computer modeling of fragmentation processes in multipole collision cells [44].
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3.3.2. Fundamental Aspects of Nonlinear Resonances

The aim of this section is to provide the reader with a “feel” for the underlying
physics of nonlinear resonances, without attempting to provide mathematically rig-
orous derivations. This approach is based mainly upon the seminal work of Jochen
Franzen and Yang Wang and their colleagues, and reference should be made to their
publications for a full and detailed account of this somewhat complex material 
[36, 37, 45–47].

3.3.2.1. Multipole Fields We begin by taking as our “reference” system an ideal
quadrupole field that has been developed by applying a potential

φ0 � (U � V cos Ωt) [Eq. (2.68)]

whose oscillating component is a pure sinusoidal waveform, to an ion trap in which
the geometry is defined by

r 2
0 � 2z 2

0. [Eq. (2.77)]

Expressed in spherical coordinates (where ρ is the distance from the origin and θ and
ϕ are angles), the generalized potential φ (ρ, θ, ϕ) at a point whose coordinates are
(ρ, θ, ϕ) is given by [48]

φ (ρ, θ, ϕ) � φ0 

∞

n�0
An �

ρ
rn

0

n

�Pn(cos θ) [Eq. (2.78)]

in which r0 is a scaling factor (i.e., the internal radius of the ring electrode), the val-
ues of An are weighting factors, and the expressions Pn are Legendre polynomials of
order n. Due to the assumed rotational symmetry about the z axis of the trap, the
potential does not in fact depend upon the angle ϕ.

Considering only the quadrupole term, that is, n � 2, with all values n  2 equal
to zero, and converting to cylindrical polar coordinates in which we replace ρ2 by
r2 � z2, the value of P2 (cos θ) takes the form

P2(cos θ) ��
r2

2
�

ρ
2
2

z2

� (3.57)

so that Eq. (2.78) becomes

φr, z � φ0 A2�
r 2

2
�

r
2
2
0

z 2

�. (3.58)

This is essentially the same form as Eq. (2.65) written with r 2
0 � 2z 2

0 and without
the constant potential at the center of the ion trap [which would be equated with
the term in which n � 0 in Eq. (2.78)]. If we replace r2 by x2 � y2 in Eq. (3.58), it
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should be noted that, as with Eq. (2.65), Eq. (3.58) also satisfies the Laplace 
condition

∇2φx, y, z � 0. [Eq. (2.2)]

The full expansion of Eq. (2.78) in cylindrical coordinates, taking values from
n � 2 to n � 6, is

φr, z � φ0 �A2�
r 2

2
�

r 2
0

2z 2

� �A3�
3r 2z

2r
�

3
0

2z 3

� � A4�
3r 4 � 24

8
r
r

2

2
0

z 2 � 8z4

�

� A5 � A6 �
[Eq. (2.79)]

Again it is a necessary condition that each term in Eq. (2.79) satisfies the Laplace
condition, Eq. (2.2), and as noted above, this can be verified by replacing r2 with
x2 � y2. For example the term for n � 3 becomes

φx, y, z � φ0A3�
3x2z �

2
3
r
y

3
0

2z � 2z3

� (3.59)

whence, following Eq. (2.4),

∇2φx, y, z � φ0A3�
6z � 6

2
z
r 3

�

0

12z
� � 0. (3.60)

The reader may care to verify this condition for the remaining terms in Eq. (2.79)
and thus discover the reason for the apparently random set of coefficients for the
different terms in r and z.

As noted in Chapter 2, the successive terms in Eq. (2.79) represent the presence
of quadrupole (n � 2), hexapole (n � 3), octopole (n � 4), decapole (n � 5), and
dodecapole (n � 6) components to the potential, in proportions according to the
respective weighting factors An. Thus the number of poles is equal to 2n, and the
multipoles are classified as being either “even” for even values of n or “odd” for odd
values of n. It will also be seen that in Eq. (2.79) the sum of the exponents to which
r and z are raised equals the value of n in each respective term. A further point of
some significance is that whereas for the even multipoles the exponents of the terms
in r and z are symmetrical and all the exponents are even [e.g., for the octopole
expression (n � 4) there are terms in r4, r2z2, and z4], for the odd multipoles the expo-
nents of the terms in r and z are nonsymmetrical, the exponents of z are all odd, and,
in particular, there are no terms of the form rn.

The effect of this difference can be seen from Figures 3.7a and 3.7b. These show
the potential surfaces within the ion trap cavity for the pure hexapole and pure octo-
pole terms, respectively, and were obtained by plotting the appropriate terms in 
Eq. (2.79) with the value of φ0 held constant; similar types of plots may be obtained
for the decapole (n � 5) and dodecapole (n � 6) terms [49]. These potential surfaces

5r 6 � 90r 4z 2 � 120r 2z 4 � 16z 6

����
16r 6

0

15r 4z � 40r 2z 3 � 8z5

����
8r 5

0
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should be compared with that for the pure quadrupole potential given in Figure 2.17.
Figure 3.7b reveals both the rotational and planar symmetry of the octopole poten-
tial, whereas the hexapole potential (Figure 3.7a) is clearly asymmetric, a feature
that Wang et al. [37] have argued was ignored by Dawson and Whetten [34] in their
early discussion of nonlinear resonances in the ion trap, as noted previously. 
It should be emphasized at this point that Figures 3.7a and 3.7b show the pure 

HIGHER ORDER FIELD COMPONENTS AND NONLINEAR RESONANCES 95

Figure 3.7. (a) Graph showing surface for a hexapole potential plotted according to Eq.
(3.59). (b) Graph showing surface for an octopole potential plotted according to third term on
right-hand side of Eq. (2.79). (Reprinted from Rapid Communications in Mass Spectrometry,
Vol. 9, W. Mo, M. L. Langford, J. F. J. Todd, “Investigation of ‘ghost’ peaks caused by nonlin-
ear fields in the ion trap mass spectrometer,” Figs. 3 and 4, pages 107–113 (1995). © John Wiley
& Sons Limited. Reproduced with permission.)
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hexapole and octopole potentials, respectively, and two-dimensional configurations
utilizing these higher order potentials are employed as ion guides in certain com-
mercial ion sources and in tandem mass spectrometers; however, in an ion trap pos-
sessing the field imperfections outlined earlier in this section, the resulting
contributions from these higher order multipoles to the main quadrupole trapping
potential within the QIT may be of the order of only a few percent (see, e.g., Chapter
8). Furthermore, depending upon the precise electrode configuration, the contribu-
tions of the different higher order terms may be “positive” or “negative,” as reflected
in the values of the corresponding factors An in Eq. (2.79).

The impact of the presence of higher order multipole fields on the behavior of 
the ion trap has been well summarized in a concise form by Wang et al. [37] in the
following comparison between the behavior of ions in a trap subjected to a pure
quadrupole driving potential and one in which there are superimposed weak multi-
pole electric fields.

Pure Quadrupole Potential

• The ion movement in the axial (z) direction is completely decoupled from 
that in the perpendicular radial (r) direction, as evidenced by the absence of
“cross terms” of the form rz in the expression for the quadrupole potential,
Eq. (3.58).

• The RF field amplitude varies in a linear manner with distance from the cen-
ter in the r and z directions of the cylindrical coordinates, as determined by
the first differential, ∇φ, of Eq. (3.58), and has only one parameter describ-
ing the periodicity. In this context, the pure quadupole device might be
termed a “linear” ion trap, although, as discussed in Chapter 5, this expres-
sion is now applied in a totally different context to describe ion traps that are
based on the linear electrode configuration associated with two-dimensional
QMFs.

• The stability of ion trajectories of a given mass/charge ratio in an infinitely
large quadrupole field does not depend on their initial starting conditions (posi-
tion and velocity); it depends only on the field parameters. In practice, however,
with fields confined by the dimensions of the electrode structure, this is not
necessarily true.

• Only the two mass-related trapping parameters a and q of the DC and RF fields,
respectively, determine whether the solution for the ion movement is stable or
whether the oscillations of the ions increase their amplitude without limit to
infinity. This condition is expressed by the well-known stability diagrams for
QITs (see Chapter 2).

• If the parameters a and q are kept inside the stability region of the stability dia-
gram, in the absence of any auxiliary AC potentials applied between the end-cap
electrodes, the ions perform stable secular oscillations in the r and z directions,
respectively, with frequencies lower than half that of the driving voltage applied
to the ion trap, and can be described by the so-called iso-βr and iso-βz lines,
which map onto the stability region.
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• The frequency of the secular oscillation of an ion is independent of its dis-
placement from the center.

If we now superimpose weak multipole fields (e.g., hexapole, octopole, decapole,
dodecapole, and higher order fields), the resulting nonlinear field ion traps exhibit
some effects which differ considerably from those of the linear field trap.

Addition of Multipole Potentials

• The components of the RF field amplitude arising from the higher order multi-
poles are nonlinear in the r and z directions of the cylindrical coordinates; this
is seen from the expressions for ∇φ in respect of the terms in Eq. (2.79) for
n � 2, where now the dependence of the field varies with r and/or z raised to
powers greater than 1.

• For multipoles higher than or equal to hexapoles, the secular frequencies of
oscillation are no longer constant for constant field parameters; they now
become amplitude dependent.

• The ion trajectories in the r and z directions become amplitude dependent and
are now coupled because of the existence of cross terms of the form rz in the
expressions for the higher order multipole potentials.

• Several types of nonlinear resonance conditions exist for each type of multipole
superposition, forming resonance lines within the stability region of the stability
diagram (see below). These are the nonlinear resonances that were first detected
by von Busch and Paul [29].

• Contrary to many experimental observations (see below), the trajectories of ions
with nonlinear resonances do not always exhibit instability. They take up energy
from the RF drive field and thus increase their secular oscillation amplitude.
Because of the amplitude dependence of the secular frequency, this frequency
now drifts out of resonance, resulting in a kind of beat motion. The maximum
amplitude of the secular oscillation, in this case, is dependent on the initial condi-
tions (location and speed) of the ions at the beginning of the resonance (see also
Chapter 8).

To understand the origin of the phenomenon of nonlinear resonances, Franzen and
co-workers [37, 47], following the approach of Hagedorn [30], developed a general
treatment of the trapping potential by making use of Hamilton’s equations, in which
they employed a Hamiltonian function h which was split into a function h(2) repre-
senting kinetic energy and potential energy arising from the basic quadupolar com-
ponent and a perturbing part h� describing the potential energy due to the higher
order multipole components:

h � h(2) � h�. (3.61)
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From this, the equation of motion of the ions in Cartesian coordinates in, for exam-
ple, the x direction is expressed as

�
∂
∂
ξ
2x

2
� � [ar � 2qr cos(2ξ)]x � r2

0(ar � 2qr cos 2ξ)��
∂
∂
φ
x
′

�� (3.62)

where the term ∂φ�/∂x refers to the electric field resulting from the superimposed mul-
tipole components and ξ � Ωt/2. When, in Eq. (2.79), An � 0 for n � 2, the right-hand
side of Eq. (3.62) becomes zero, and the normal Mathieu equation (2.33) associated
with the basic quadupole potential results. Expressions similar to Eq. (3.62) are obtained
for the motion in the y and z directions. Note that, as with the derivation of the expres-
sion for the pure quadrupole potential in Chapter 2 [Eq. (2.44)], the angular velocity,
and hence the angular momentum, of ions around the z axis is assumed to be zero.

In the ensuing treatment, the Hamiltonian functions for the linear (quadrupole)
and nonlinear (multipole) components are transformed such that the resulting func-
tions, when expanded into a Taylor series and rearranged, lead to an expression in
which the denominator has the form

2v � {βr[(j � k) � (l � m)] � βz(o � p)} (3.63)

where v is an integer greater than or equal to 0 and the integers j � k � l � m �
o � p � n, with n � 2, j, k, l, m, o, p � 0, and 0 � βr, βz � 1 for the first region of the
Mathieu stability diagram (see Figure 2.15). If the condition

{βr[(j � k) � (l � m)] � βz(o � p)} � 2v (3.64)

is satisfied, then the denominator term referred to above becomes zero, and the
Hamiltonian expression in the nonlinear canonical transformation (the perturbing
part, noted above) becomes infinity, resulting in a nonlinear resonance.

The practical consequences of the mathematical condition expressed in Eq. (3.64)
may be viewed as follows. If we make the substitutions

nr � ( j � k) � (l � m) (3.65)

and

nz � o � p (3.66)

then Eq. (3.64) becomes

nrβr � nzβz � 2v. (3.67)

Recalling from Eqs. (2.80) and (2.81) that the fundamental components of the secu-
lar frequencies are ωr � βrΩ/2 and ωz � βΩ/2, Eq. (3.67) becomes

nrωr � nzωz � vΩ. (3.68)

Thus Eq. (3.68) reveals that a nonlinear resonance may occur when the sum of an
integral number of secular frequencies matches a multiple of the fundamental drive
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frequency Ω; this corresponds to a resonance between overtones of the secular fre-
quencies and the sideband frequencies of the main sinusoidal drive potential. It should
be noted that, although Eq. (3.68) [and hence Eq. (3.67)] is a necessary condition for
the occurrence of a nonlinear resonance, it is possible, under certain circumstances,
for the condition to be satisfied yet no resonance effect to be observed (see later).

The generality of Eq. (3.68) allows us to consider five possible resonance condi-
tions, depending upon the values of v, nr and nz; these conditions have been classified
by Hagedorn [30] and extended by Franzen et al. [47] as follows.

1. Pure Coupling Resonance. For v� 0, the term with the RF drive frequency ω
vanishes, and nr and nz must have different signs. Energy cannot be taken up
from the RF drive field. There is only energy exchange between the oscilla-
tions in the r and z directions. The amplitudes of the secular oscillations in
both directions fluctuate anticyclically between minima and maxima.

For v � 1, the following categories exist:

2. Sum Resonance Condition. Here nr and nz have the same sign, and energy is
taken up from the quadrupole RF drive field in both directions at the same time.

3. Difference Resonance Condition. Here nr and nz have different signs: the ion
motion in the r and z directions is coupled and energy is exchanged between both
directions. A smaller amount of energy may be taken up from the RF drive field.

4. The z-Direction Resonance Condition. When nr equals zero, energy is taken up
from the RF drive field in the z direction only. Under certain circumstances, an
ion cloud can leave the ion trap through one or more small holes in the center
of one of the end-cap electrodes.

5. The r-Direction Resonance Condition. When nz equals zero, energy is taken up
from the RF drive field in the r direction. In an ion trap, the ions may hit the
equator of the ring electrode.

If we define a new parameter N, the order of the resonance (which is to be dis-
tinguished from the order of the multipole, n), by the relationship

N � |nr| � |nz| (3.69)

then it has been shown [37, 47] that there is a maximum of 2N resonance lines for a
given value of N and there can exist only resonance lines of order N, N � 2, N � 4, . . .
for the Nth equation. The strongest resonance lines for a multipole of order n occur
for N � n, with weaker lines at N � n �2, n � 4, . . . .

Table 3.1 lists the possible direction and sum resonance lines for the hexapole and
the octopole derived from Eq. (3.67) with v � 1. However, as noted above, certain res-
onance lines may not exist even though the relationship in Eq. (3.68) is satisfied. It may
be shown [37, 47] that, because of the rotational symmetry of the trapping potential,
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resonance lines will not exist when nr, as defined by Eq. (3.65), is odd on account of
the Hamiltonian becoming zero. Consequently, some of the resonance lines, shown in
parentheses in Table 3.1, should not be observed; one of these (3βr � 2) was erro-
neously postulated in the pioneering work of Dawson and Whetten [34]. Figure 8.6
shows how the remaining “permitted” resonance lines listed in Table 3.1 map onto the
stability diagram. For an account of a highly detailed experimental study showing very
large numbers of nonlinear resonance lines, the reader is directed to the work of Alheit
et al. [50]; interestingly, in this investigation certain nonlinear resonance lines that are
“forbidden” under the Franzen analysis were observed, and it was concluded that this
indicated that the ion trap employed did not have perfect rotational symmetry.

Further discussion of the principal resonance lines observed for the superimposed
hexapole and the octopole fields, as listed in Table 3.1, is given in Chapter 8, illus-
trating especially how their existence has been tailored to the design of ion trap mass
spectrometers with improved performance. This section concludes with a brief
account of some experimental studies where the existence of nonlinear resonances
gave rise to certain unexpected, and generally undesirable, results that, nevertheless,
led to a greater understanding of this phenomenon.

3.3.2.2. Experimental Observations of Effects Arising from Nonlinear Resonances
in the Quadrupole Ion Trap Mass Spectrometer With the exception of the mass
shift phenomenon (see below), possibly the first reported observation of effects attrib-
utable to the influence of nonlinear resonances on the appearance of the spectrum
from an ion trap mass spectrometer operating in the mass-selective ejection mode is
that by Todd et al. [51] in an investigation into alternative scan modes aimed at
extending the mass/charge ratio range of the commercial instrument available at the
time (650 Th*). These new scan modes were effected by superimposing either a fixed
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TABLE 3.1. Possible Nonlinear Resonance Lines for
Hexapole and Octopole Fields Corresponding to 
Condition N � n

Multipole nr nz Line

Hexapole (n � 3) 3 0 (3βr � 2)
0 3 3βz � 2
1 2 (βr � 2βz � 2)
2 1 2βr � βz � 2

Octopole (n � 4) 4 0 4βr � 2
0 4 4βz � 2
2 2 2βr � 2βz � 2
1 3 (βr � 3βz � 2)
3 1 (3βr � βz � 2)

Note: For definitions, see text. Lines in parentheses are not observed
in practice on account of circumstances outlined in text.

*The unit Thomson (Th) is defined as a footnote to Table 3.2 and in Chapter 5.
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or a variable DC potential upon the RF drive potential so as to afford the means of
crossing a stability boundary at a value of qz significantly below 0.908.

One particular experiment, the reverse scan, involved, first, increasing the RF
potential so as to place the qz value (with az � 0) of the ion of lowest m/z value of inter-
est just inside the βz � 1 boundary (i.e., qz � 0.908); second, superimposing a positive
DC potential on the ring electrode so as to move the (az, qz) working point down the sta-
bility diagram; and, finally, linearly reducing the DC and RF amplitudes with a con-
stant ratio between them so that the resulting scan line (marked A in Figure 3.8)
intersected the βz � 0 boundary. As a result, ions were ejected for detection in order of
decreasing mass/charge ratio. However, it was noted that sharp peaks, corresponding
to the rapid, spurious, ejection of ions, occurred prematurely, that is, before the (az, qz)
coordinates for ions of known mass encountered the βz � 0 boundary.

Further experiments in which a reverse scan was performed in the absence of a
superimposed DC potential (i.e., simply scanning the value of qz from high to low
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Figure 3.8. Stability diagram for the quadrupole ion trap showing the scan line for the
“reverse scan;” the arrows indicate the sequence of changes in the trapping parameters (az, qz)
as the scan is effected. (Reprinted from International Journal of Mass Spectrometry and Ion
Processes, Vol. 106, J. F. J. Todd, A. D. Penman, and R. D. Smith, “Alternative scan modes
for mass range extension of the ion trap,” pages 117–136, Copyright 1991, with permission
from Elsevier.)
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value) followed by a conventional forward analytical scan, showed that known ions
that were ejected sharply during the reverse scanning section disappeared from the
normal mass spectrum recorded during the analytical scan. It was found that this
occurred when the (az, qz) working point crossed the βz � 0.5 line, corresponding to
ion ejection through interaction with an octopole nonlinear resonance. This effect
was only observed during a reverse scan and not during a normal forward scan, that
is, as the RF amplitude was increasing. The observation of this spurious ejection of
ions was attributed to the fact that, during a reverse scan, the ion energy and oscilla-
tion amplitude are decreasing as the RF amplitude is being reduced: this situation
places the ions, on average, at greater distances from the center of the trap, where
they are more susceptible to the influence of the nonlinear electric fields, which
increase rapidly with increasing r and z (see above). It was noted that the occurrence
of the spurious peaks during reverse scanning was highly dependent upon the scan
rate and upon the helium buffer gas pressure (see also below). Because this spurious
effect was not observed during the forward scan, it was not considered to be a prob-
lem in operating the commercial ion traps under the normally specified buffer gas
conditions, a point to which further reference is made below.

Possibly the most celebrated manifestation of ion losses from the ion trap mass
spectrometer caused by nonlinear resonances is the black hole phenomenon first
reported by Guidugli and Traldi [52]. In these experiments, it was found that dur-
ing MS/MS in the ion trap (with zero applied DC potential to the ring electrode),
when the product ions had m/z values that fell at qz � 0.78, their intensities dropped
practically to zero. In this preliminary report, the results were discussed empirically
in terms of investigations relating to the origin of the ions (comparing fragment ions
formed directly by EI with the same ions formed by multiple MS/MS experiments),
as well as examining the effects of changing the values of different operating param-
eters: “delta tune” values, tickle time, tickle energy, and buffer gas pressure.

The black hole effect was confirmed by Morand et al. [53], who showed that
[M–Cl]� ions formed by collision-activated dissociation (CAD) of 1,2-dichlorobenzene
parent ions showed a sharp loss of intensity near qz � 0.78; they noted that this loca-
tion in the stability diagram corresponded to βz � �

2
3

�, that is, where the fundamental
component of the secular frequency is one-third that of the main RF drive frequency.
They found another black hole at qz � 0.64 (i.e., βz � �

1
2

�) and suggested that the ion
loss was due to ejection by the overtone of the fundamental frequency. It was noted
that the phenomenon was absent for trapped ions not produced by collisional exper-
iments; this led to the suggestion that the initial preparation of the ion population is
a prerequisite to the observation of the effect, possibly involving the displacement of
the ion from the center of the device. This conclusion was supported by observations
noted during other experiments on the injection of ions from an external source [54].

A further combined, in-depth, investigation of black holes was carried out col-
laboratively by the groups of Traldi and Todd, working in Padova and in Canterbury,
respectively [55]. Making use of the method of ‘dynamically programmed scans’,
developed in Canterbury [56], in which one or more parameters controlling the oper-
ation of the ion-trap can be systematically varied between successive cycles of ion-
ization, ion selection, resonant excitation and spectral acquisition [57], it was
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possible to show that the black hole observed near to az � 0, qz � 0.78 was in fact a
“black canyon,” following the βz � �

2
3

� hexapole non-linear resonance line (see Figure
1 in reference [55] and Figure 8.6). In all, three black canyons were observed, coin-
cident with the βz � �

1
2

� (one observation) and βz � �
2
3

� (two observations) iso-β lines. In
agreement with the work of Morand et al. [53] cited above, it was noted that simply
tickling a fragment ion formed by EI of the parent sample molecule over a range of
values of qz did not indicate the presence of a black hole, whereas forming the same
fragment ion via collisional dissociation of the parent ion at various values of qz con-
dition did reveal a black hole when the qz-value of the fragment ion coincided with
one of the non-linear resonance lines.

In a further series of experiments, the authors effected collisional dissociation of
the selected parent ion by applying quadrupolar resonant excitation, rather than the
conventional dipolar excitation [58]. Experimentally, the difference between these two
techniques is that whereas in the latter bipolar auxiliary AC signals, out-of-phase by
180°, are applied, one to each end-cap electrode, in the former a single AC signal is
coupled to both end-cap electrodes in parallel (see also below). Simulation studies
[59] have shown that under the conditions of quadrupolar excitation the application
of a tickle voltage at a frequency ωT equal to βzΩ/2 causes radial excitation of the ion
motion, while doubling the frequency ωT to βzΩ causes predominantly axial excita-
tion. Thus it was found that applying quadrupolar excitation at ωT � βzΩ/2 to the par-
ent ion at m/z 148 from 1,2-dichlorobenzene to form m/z 111 showed no evidence of
a black hole at qz � 0.78, whereas increasing the quadrupolar tickle frequency to βzΩ
did reveal the existence of a black hole at this value of qz. These results suggest that
for the ejection of the ions via nonlinear resonant excitation, at least on the βz � �

2
3

� line,
it is necessary that the prior excitation process have been along the z axis of the ion
trap. Similar results were obtained by utilizing boundary-activated dissociation [60],
in which the parent ions are collisionally activated through excitation of their radial
motion by holding the parent ions close to the βr � 0 boundary for a period of time
(e.g., 100 ms; see also below).

In a very comprehensive theoretical and experimental investigation, Eades et al.
[61] examined the effects of storing ions for long periods of time at different nonlinear
resonance points. This work arose initially from the observation that peculiarities in
CI mass spectra could be observed when the reagent ion was held at a working point
that coincided with a nonlinear resonance line. In particular, the mass-selected
reagent ion concentration could fall simply because of ejection of the ions before
they had reacted with the analyte. Intriguingly, however, another phenomenon was
observed, namely the conversion of the reagent ion into another species via colli-
sion-induced dissociation brought about by nonlinear resonant excitation. For exam-
ple, the mass-selected C2H5

� (m/z 29) ion formed from methane was found to
undergo collisional dissociation to C2H3

� (m/z 27), which then reacted with more CH4

to give C3H5
� (m/z 41). This effect was verified both by monitoring the relative

amounts of m/z 27, 29, and 41 as a function of the value of qz at which the C2H5
� was

held (for 50 ms) (see, e.g., Figure 2 in Ref. 61) and through the differing chemistries
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of the reactions of C2H5
� and C3H5

� with n-butylbenzene. Thus C2H5
� favors proton

transfer, whereas C3H5
� undergoes hydride abstraction. These results therefore con-

tain a note of caution for those persons utilizing CI, in terms of ensuring that the con-
ditions under which the reagent ions are stored do not coincide with effects arising
from nonlinear resonances. Indeed, Eades et al. [61] delineate six sets of conditions
under which ion displacement from the center of the ion trap, and hence exposure to
nonlinear fields, may occur: high ion population (space charge) causing ion–ion
repulsions; absence of buffer gas requiring a longer time for ions to cool to the cen-
ter of the trap (see below); resonance excitation causing increased axial and/or radial
motion (see below); injection of ions near the end-cap or ring electrodes; ion forma-
tion near the end-cap or ring electrodes (e.g., laser desorption near the ring elec-
trode); and application of DC voltages which alter axial and/or radial motion.

In a separate study, Mo et al. [49] characterized the appearance of “ghost” peaks
observed during the conventional forward analytical scan of an ion trap mass spec-
trometer. These experiments were carried out with (a) a “normal” ITD with “stretched”
geometry (see below) and (b) a trap having further stretched geometry, effected by loos-
ening the assembly bolts. Initially with (a) it was found that additional spurious peaks,
of the form seen during the reverse-scanning experiments described above, were
observed at m/z values equal to 0.87m0, where m0 is the m/z value of the “genuine” ion
in the trap; this observation corresponded to ejection at the qz value for the hexapole
resonance βz � �

2
3

�. On further stretching to z0 � 7.96 mm (compared to z0 � 7.83 mm for
the normal stretched trap), other ghost peaks at 0.67m0 (caused by the octopole reso-
nance at βz � �

1
2

�) and at 0.60m0 (caused by the dodecapole resonance at 2βz � βr � 1)
were seen. Verification of these assignments as ghost peaks was carried out by (i) reso-
nantly exciting at the ghost peak m/z value and observing that the ghost peak ion inten-
sity was unaffected and (ii) resonantly exciting at m0, when it was found that both the
intensity of m�

0 and its ghost peak were diminished together. Further experiments
showed that ghost peaks disappeared above a certain helium buffer gas pressure, sug-
gesting greater concentration of the ions at the center of the trap as a result of collisional
cooling and, therefore, not subject to nonlinear field effects (compare also the work of
Eades et al. [61] described above). It was noted that the octopole ghost peak was
quenched at a higher buffer gas pressure than the hexapole ghost peak, reflecting the
differing respective dependences of the strengths of these higher order fields upon dis-
tance from the center of the trap. It was also found that tickling at the value of m0 dur-
ing the normal forward analytical scan enhanced the appearance of the ghost peaks for
that ion, again showing the influence of displacing the ions from the center of the trap;
as may be anticipated, this resonance enhancement of the ghost peak could be reversed
by increasing the buffer gas pressure.

Again, this work highlights a practical issue arising with the use of ion trap mass
spectrometers, namely the importance of proper cleaning of the ion trap followed by
reassembly to precisely the correct dimensions.

3.3.2.3. Nonlinear Field Effects in Quadrupole Mass Spectrometers and Linear Ion
Traps The foregoing account indicates that, despite the fact that the original discov-
ery of nonlinear resonance effects arose in the study of the behavior of the QMF, the
most intensive theoretical and experimental investigations have been associated with
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the QIT. For the QMF, the avowed aim of design engineers has been to construct elec-
trode assemblies to exacting mechanical tolerances in order that the contributions from
higher order field components are, as far as is possible, minimized [62]. In contrast to
this, recent work by Douglas and co-workers [63, 64] has shown how, by analogy with
the ion trap, the deliberate inclusion of contributions from nonlinear octopole fields to
the quadrupole field within the mass filter and the LIT leads to enhanced performance.

Sudakov and Douglas [63] examined two methods of adding relatively small
octopole fields to the main quadrupole field of quadrupoles and LITs with cylindri-
cal rods. The first, “stretching” the quadrupole by moving two rods out from the axis,
was found to produce a combination of higher order fields with similar magnitudes
in which the octopole field was not necessarily the greatest component. The quadru-
pole field strength changed significantly, and a large potential appeared on the axis.
The second method utilized rod pairs of different diameters and was found to add
octopole components of up to several percent while all other higher order fields
remained small. An axis potential was also added, but only to the extent of a few per-
cent of the RF voltage and approximately equal to the strength of the octopole field.
The axis potential could be removed by moving the larger rod pair out from the axis
or by applying an unbalanced RF potential to the two pairs of electrodes.

In the second, more detailed, study Ding et al. [64] examined the performance of
QMFs made with round rods with added octopole fields in the range 2.0–4.0%.
These added fields were much greater than those normally added to conventional rod
sets by mechanical tolerances or construction errors and were generated by making
one pair of rods greater in diameter than the other pair. For positive ions, a resolu-
tion at half-height of only about 200 was found to be possible if the negative DC out-
put of the quadrupole power supply was connected to the smaller diameter rods. If
the positive DC output of the quadrupole power supply was connected to the smaller
rods, the resolution improved dramatically; for example, a resolution at half height
of 5800 was observed with a rod set with 2.6% added octopole field. For negative
ions the best resolution was obtained with the polarity of the DC reversed, that is,
with the negative DC applied to the smaller rods.

These findings are totally unexpected when considered against the accepted engi-
neering requirements noted above [62], which are based on the argument that to
obtain high mass resolution with a QMF, the contributions from higher order multi-
pole fields must be kept as small as possible. Thus it was found that for instruments
that require a rod set that can be used both as a linear trap and as a mass filter (see
Chapter 5), employing differently sized pairs of rod electrodes may afford improved
trap performance while still being capable of providing conventional mass analysis.
Linear ion traps using superimposed higher order multipole fields have also been
described by Londry et al. [65] and Franzen and Weiss [66].

3.3.2.4. Mass Shifts

Preamble One of the most important features of any analytical instrument is that 
it consistently and reproducibly indicates the correct value of the parameter being
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measured to a precision within the agreed performance specification. In the case of
mass spectrometers the two items of data recorded are the mass/charge ratios and the
associated abundances of the ions formed from the sample being investigated; of these
two measurements, the latter is clearly of little use if the former value is “shifted” from
its true value for some reason. This section is concerned with the observation of mass
shifts in the commercial version of the QIT, a phenomenon that gave rise to a great
saga in the history of ion trapping. This is a tale of a scientific conundrum that led to
deep despair among those involved at a critical stage of product development; this
despair was alleviated only by an arbitrary modification of the instrument that was kept
as a close industrial secret for some years and revealed eventually in an unscheduled
announcement at a scientific meeting. Once the secret was announced, the wider mass
spectrometry community joined in the search for an explanation of mass shifts.

Shifts in Observed Mass/Charge Ratios During the summer of 1984, a staff mem-
ber at Finnigan Corporation realized that something was wrong with the mass spec-
trum of nitrobenzene produced with the ion trap mass spectrometer [67]: the
molecular positive ion mass peak appeared consistently at m/z 122 rather than at m/z
123. Other colleagues in the project team confirmed this observation, and various
explanations were considered, for example, that the shift in mass was due to the
occurrence of one or more of ion/molecule reactions, that line spreading had occurred
due to space charge (see previous discussion of this topic), and that some error
existed in the display and acquisition software. However, the project’s system
chemist, Dennis Taylor, felt that the data could be trusted and, therefore, he looked
for another explanation. He acquired several mass spectra of codeine, which has a
fragment ion at m/z 124 and, therefore, could be compared directly with the nitroben-
zene molecular ion. However, m/z 124 from codeine was found to be assigned cor-
rectly. This observation indicated strongly that there were no errors in either the scan
generation or spectral acquisition and display software. Further work showed that,
while the majority of a multitude of compounds did not exhibit any irregularity in
their mass spectra, a small number of compounds did exhibit a mass shift and the
mass shifts exhibited could be either positive or negative. The most extreme case to
be found was that of the molecular ion of pyrene that sometimes exhibited a mass
shift of almost 1 Th, so that this ion was observed at m/z 203, rather than m/z 202. In
Table 3.2 is presented a summary of the mass shifts identified by Dennis Taylor
while using an ion trap having the theoretical geometry [67].

Inevitably there was much discussion and activity at Finnigan Corporation in an
effort to explain and to understand the observed mass shifts in order to produce a
marketable instrument. Paul Kelley experimented with the tilting of one of the end-
cap electrodes; such modification would introduce odd-order field terms that should
not affect the ion ejection process and, indeed, no change in behavior of the ion trap
was observed. He then decided to displace outward both end-cap electrodes by the
extraordinary amount of 0.75 mm, a little more than 10% of the value of z0. Upon
examination of the mass spectrum of nitrobenzene in the “spaced-out” ion trap, Paul
Kelley found that the molecular ion of nitrobenzene was exactly where it ought to
be, at 123 Th, and that of pyrene was also at 202 Th! This result produced a profound
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sense of relief in all who were involved with ion trap development. Spaced-out ion
traps were assembled and shipments of the Finnigan ITD 700 began in late 1984.

Prior to commencing shipments, which under U.S. and European patent conven-
tion (EPC) patent law would constitute public disclosure, the filing of a patent appli-
cation was considered in order to protect the knowledge relating to the modification
of the ion trap geometry. It was argued that knowledge of the modification was of lit-
tle or no use to users but could be of great value to competitors. On advice of
Finnigan’s corporate patent counsel, it was decided to retain knowledge of the
modification of the electrode geometry as a trade secret.

WORKING IN THE DARK One of the problems that comes with maintaining secret such
a modification is that one must perpetuate a myth that no such modification has been
made. In 1988, Diethard Bohme and Ray March purchased an ion trap detector, a
Finnigan MAT ITD 800 [68]. They discarded the gas chromatograph and invited 
a graduate student, Xiaomin Wang, to modify the ITD so as to extend the mass range
of the instrument and to carry out resonant excitation of selected ion species. The
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TABLE 3.2. Summary of Mass shifts for Ions from a Variety of Compounds as
Observed with Ion Trap Having Theoretical Geometrya

Parent Compound Calculated m/z (/Th)b Mass Shift [∆ (m/z)]c

Nitrobenzene 123 �0.5
Codeine 124 0.0
Pyrene 202 �0.7
Anthracene 178 �0.5
Hexachlorobenzene 282 �0.5
Hexachlorobutadiene 258 0.0

223 �0.5
Perfluorotributylamine (FC-43) 69 0.0

100 0.0
119 �0.2
131 0.0
219 0.0
264 0.0

Source: Table 1 from J. E. P. Syka, in R. E. March and J. F. J. Todd (Eds.), Practical Aspects of
Ion Trap Mass Spectrometry, Vol. I, CRC Press, Boca Raton, FL, 1995, Chapter 4, p. 190.
Copyright 1995 by CRC Press LLC. Reproduced with permission of CRC Press LLC in the for-
mat Other Book via Copyright Clearance Center.
a Theoretical geometry means hyperbolic electrodes and r 2

0 � 2z2
0 with r0 � 1 cm.

b The unit Thomson is defined as 1 Th � 1 u/e0, where u is the atomic mass unit and e0 the elemen-
tary charge. [From R. G. Cooks, A. L. Rockwood, Rapid Commun. Mass Spectrom. 5 (1991) 93.]
c The signs of the mass shifts have been reversed from the original publication to comply with
the recent definition of mass shift [79] as the true mass of the ion minus the measured mass;
hence ions that are ejected early (and have a measured lower mass/charge ratio) are assigned a
positive chemical mass shift.
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modification of the instrument progressed well and the mass range was doubled with
little problem [69]. However, for the resonant excitation of selected ion species, Wang
found that the calculated fundamental axial secular frequencies were 10–12% lower
than the experimental values. The problem remained unresolved for about a year and
was the source of considerable frustration. Physical measurement of the interelec-
trode spacing for the end caps was not a trivial task and, indeed, there was no need to
check the geometry because the literature abounded with assurances that

r 2
0 � 2z 2

0. [Eq. (2.77)]

THE SECRET REVEALED In the spring of 1992, Randall K. Julian, Jr., of Graham Cooks
laboratory at Purdue University, measured the relevant interelectrode spacing and dis-
covered that some modification to the geometry had been made. It was in the summer
of that year that the mass spectrometry community learned [70] that early problems of
mass assignment with the ion trap had been resolved by “stretching” the separation of
the end-cap electrodes. Figure 3.9a shows a cross-sectional view of an ideal QIT where
the interelectrode spacing is given by Eq. (2.77); also shown here are the two common
asymptotes to the hyperbolas given in Eqs. (2.57) and (2.58) that describe the ring and
end-cap electrodes, respectively. The value of r0 is 1 unit. Figure 3.9b shows the cor-
responding view of the Finnigan stretched ion trap; the end-cap electrodes have the
same shape as in Figure 3.9a [and Eq. (2.58)] and have been moved apart by some
10.8%. Note that the increase in separation in Figure 3.9b is some 30% of z0 for clar-
ity of presentation. Also shown in Figure 3.9b are the shifted asymptotes for the end-
cap electrodes. An alternative arrangement that was available to Finnigan was to
reshape the electrodes using the stretched value of z0, but this was not done. The theo-
retical shapes of the end-cap electrodes appropriate to the end-cap electrode separation
are shown in Figure 3.10; the heavy lines depict the cross section of an ideal ion trap
and the light lines show that of an ion trap for which the hyperbolas have been calcu-
lated using Eqs. (2.57) and (2.58) with z0 � 0.70711 	 110.6% � 0.78206 units and
r0 � 1 unit. The width of the ring electrode hyperbola is increased while those of the
end-cap electrodes are decreased. To our knowledge such an ion trap has not in fact
been constructed, but it is entirely possible that it would have a performance similar to
that of the stretched ion trap. It should be possible to calculate ion secular frequencies
that would compare well with experimental values.

STRETCHED ION TRAP Because the value of z0 had been increased by some 10.6%,
the relationship between r0 and z0, as given by Eq. (2.77), no longer held true and, in
turn, neither did the calculated values of qz and βz. A working estimate of the value
for qz in the spaced-out or stretched ion trap, as it came to be known after 1992, is
given by

qz ��
m(r2

0 �

8e
2
V
z2

0)Ω2
� . [Eq. (2.75)]

Both the Finnigan ITD 800 and the Finnigan ITMS mass spectrometers used 
a stretched ion trap, as did the Varian Saturn GC/MS instrument when it became
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Figure 3.9. Comparison of an ideal quadrupole ion trap and a stretched ion trap: (a) A cross-
sectional view of an ideal quadrupole ion trap where the inter-electrode spacing is given by
r2

0 � 2z2
0 showing the two common asymptotes to the hyperbolae, the value of r0 is 1 unit. (b)

The corresponding cross-sectional view of the Finnigan stretched ion trap where the endcap
electrodes have the same shape as in (a) and have been moved apart. The increase in separa-
tion in (b) is some 30% of z0 for clarity of presentation. Also shown here are the shifted
asymptotes for the end-cap electrodes.
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available in 1991. Although the mass shift problem had been solved on a practical
basis, mass shifts had not been eliminated entirely.

Physicochemical Properties and Mass Shifts In 1991, Cooks and co-workers [71]
reported that significant mass shifts were found with the ITMS instrument when
using axial modulation for mass range extension (see Chapter 2 and below). It was
found that the mass shifts were dependent on the frequency and the amplitude of the
supplementary voltage applied between the end-cap electrodes; mass peaks were
shifted to lower apparent masses, and the mass shifts were observed to be as much
as 60 Th for ions of �22,000 Th.

Traldi and co-workers reported in a series of papers [72–74] that mass shifts could
be detected also, if only to a minor extent, in the usual mass range (650 Th) of the
ITMS instrument. At low qz values, strong mass shifts were observed; the magnitude
of the mass shift diminished with increasing qz value and became constant for qz � 0.4.

After extensive investigation of the effects of space charge, ion/molecule reac-
tions, and so on, no explanation was forthcoming for an observed difference 
of 0.1 Th in the mass/charge ratios of the isobaric molecular ions of o- and 
p-trifluoromethylbenzonitrile [75]. Perhaps the origin of mass shifts could be related
in terms of a physicochemical property of the ions under the influence of the RF
field(s) present in the ion trap. Experiments were performed to verify whether such

110 DYNAMICS OF ION TRAPPING

Figure 3.10. Comparison of an ideal quadrupole ion trap and a stretched ion trap where the
electrodes have been re-shaped: the heavy lines depict cross-section of an ideal quadrupole
ion trap where the inter-electrode spacing is given r2

0 � 2z2
0; the light lines depict the cross-

section of an ion trap for which the hyperbolae have been calculated using Eqs. (2.57) and
(2.58) with z0 � 0.70711 	 110.6% � 0.78206 units and r0 � 1 unit.
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interactions existed between isomeric (and isobaric) molecular ions of o-, m-, and 
p-chloronitrobenzene and the supplementary AC, or “tickle” voltage. Following isola-
tion of each of the molecular ions in turn and irradiation by a tickle voltage of increas-
ing amplitude, it was found that the molecular ion signal intensity of the para isomer
was reduced to 10% of the initial value using a tickle voltage amplitude of 1800 mV.
The corresponding amplitudes for reduction of the signal intensities for the meta and
ortho isomers were 1900 and 2200 mV, respectively.

In all experiments involving isomeric disubstituted benzene compounds, the mag-
nitudes of the mass shifts were invariably in the order ortho � meta � para. Traldi
and co-workers concluded that polarizability was the only property that could
account for different mass shifts for isobaric ions having the same composition but
differing in structure. Such a conclusion was consistent with an experimentally
observed increase in mass shift magnitude with increasing analyte dipole moment.
In Figure 3.11 are shown the mass displacements δm for a series (�) of alkylbenzene
molecular ions of the form [C6H5–Y]� as a function of the electronic polarizability
α0 [76]; the solid line shows the variation of mass displacement with electronic
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Figure 3.11. Mass displacements, δm, as a function of the electronic polarizability, α0. For
(�) alkylbenzene compounds of form [C6H5–Y]� ions. (Reprinted from Organic Mass
Spectrometry, Vol. 28, O. Bortolini, S. Catinella, P. Traldi, “Estimation of the polarizability of
organic ions by ion trap measurements,” pages 428–432 (1993). © John Wiley & Sons
Limited. Reproduced with permission.) For (�) substituted benzene compounds (Reprinted
from Organic Mass Spectrometry, Vol. 29, O. Bortolini, S. Catinella, P. Traldi, “Evaluation of
dipole moments of organic ions in the gas phase,” pages 273–276 (1994). © John Wiley &
Sons Limited. Reproduced with permission.)  The Y-substituents are shown. The solid line
shows variation of mass displacement with electronic polarizability for positively-charged
molecular ions from alkylbenzene compounds.
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polarizability for [C6H5–Y]� ions. The Y substituents are shown. Also shown in this
figure are the mass displacements δm for the molecular ions of a series (◊) of substi-
tuted benzene compounds as a function of the electronic polarizability α0 [77].

Additional support for this hypothesis came from the experimentally observed
behavior of isobaric ions (differing in structure) in a QMF [78]. Clear differences were
found in the mass shifts for different isomers, proving that the mass displacement
effect is a general phenomenon that occurs when ions experience a quadrupole field.

Mass Shifts Explained? In the preceding paragraphs we have seen how stretching
the ion trap geometry away from the ideal relationship

r 2
0 � 2z2

0 [Eq. (2.77)]

afforded a means of correcting for the observed mass shift phenomenon, yet it appears
that compound-dependent, or “chemical,” mass shifts may still be observed with cer-
tain commercial stretched ion trap mass spectrometers. In a recent extremely elegant
and detailed study, Plass et al. [79] have provided a comprehensive description of the
chemical mass shift phenomenon and explained its origin. A mass shift is observed
when an ion of a particular m/z value is ejected before or after its expected point as
defined by the scanning parameter of the ion trap, for example, amplitude of the RF
drive potential. As indicated in a footnote to Table 3.2, the mass shift is defined [p. 239
of Ref. 79] as the true mass of the ion minus the measured mass, so that an ion ejected
early (and hence having a lower mass/charge ratio assigned to it) is defined as having
a positive mass shift. Thus it was found that delays in ion ejection times can result from
the presence of higher order components caused by field imperfections (see previously)
in the vicinity of the holes in the end-cap electrodes; furthermore, the precise ejection
conditions may be modified in a compound-dependent fashion by the influence of elas-
tic and inelastic collisions between the ions and the buffer gas atoms. Generally elas-
tic collisions shorten the ejection delay and remove the peak splitting caused by
nonlinear field components, and since the differences in collision cross sections for
ions of similar masses are typically small, the changes in ejection delay are similar and
manifest as very small chemical mass shifts. On the other hand, if inelastic collisions
with the buffer gas lead to dissociation of polyatomic ions during the ejection delay
caused by the nonlinear fields, then large chemical mass shifts may be observed.

From this work, it is concluded that the addition or subtraction of higher order
field components to the fundamental quadrupolar field may deliberately remove or
enhance the occurrence of chemical mass shifts, and, in the case of the latter, exper-
iments may be designed that permit the measurement of physicochemical properties
of ions together with the capability to distinguish between isomeric species.

3.4. MOTION OF TRAPPED IONS

One aspect that is crucial to the successful operation of the QIT mass spectrometer is
an appreciation of the parameters that influence the motion of the trapped ions under
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certain specified conditions; of special importance is the presence, either intentional
or unintentional, of background gas within the trap volume. On the one hand, “elas-
tic” collisions may dampen (i.e., “cool”) the kinetic energies of the ensemble of ions
and cause migration toward the center of the trap. In addition the ions may experience
“reactive” collisions through the occurrence of ion/molecule (or even ion/ion) reac-
tions with suitable reagent species or, when energetically permitted, undergo charge
transfer reactions with their colliding partners. On the other hand, resonant excitation,
generally through the application of an auxiliary AC voltage (usually to the end-cap
electrodes), may increase the kinetic energy of mass-selected ions to an extent where,
depending upon the amplitude of the auxiliary AC signal and the background gas
pressure, sufficient kinetic energy may be imparted to the ions during resonant exci-
tation so as to cause their ejection from the trap. Alternatively, “inelastic” collisions
of the ions may occur, resulting in their internal excitation and subsequent CAD; such
processes are clearly of potential value in tandem mass spectrometry experiments.
These topics have already been mentioned at various stages in the preceding discus-
sion: the aim of this section is to examine briefly the various processes in their own
right in order to enhance the reader’s understanding of these important effects.

3.4.1. Collision Processes: Collisional Cooling

Historically, the first real physical demonstration of the effect of collisions with
background gases in an ion trap is in the pioneering work of Wuerker et al. [1], who
studied the containment of charged microparticles. Thus it was observed that with
background pressures in the range of 5 	 10�4–1	 10�3 Torr the violent motion of
the particles was dissipated so that static “crystal arrays” were formed. These arrays
could be “melted” and “recrystallized” by changing the frequency of the RF drive
potential and the background pressure: the lower the pressure, the longer it took for
a static array to reestablish itself. The formation of crystal arrays of electrically
charged metallic microparticles suspended in a trap operating at standard atmos-
pheric pressure was also observed by Whetten [80].

The first mathematical description of the collisions of trapped ions was presented
by Dehmelt [2] and Major and Dehmelt [81]. For the present discussion, the key
results of this work relate to the different collisional effects that depend upon the rel-
ative mass of the ion, mi, and the mass of the background neutral atom or molecule
with which it is colliding, mn. Two extreme sets of conditions were considered: when
mi/mn ��1, the neutral species behave as fixed scattering centers, leading to RF heat-
ing; when mi/mn ��1, assuming that the background particles are relatively cold, the
collisions essentially result in viscous drag which lowers the mean kinetic energy of
the ions as a function of time. In this latter case, which clearly applies to the ion trap
mass spectrometer operating with helium as a buffer gas, the micromotion is inter-
rupted by the collisions, but only slightly modified in phase and amplitude, while any
secular motion is damped out exponentially. The effect of the damping of the secular
motion is to cause the ions to migrate toward the center of the trap.
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Dawson and Whetten [82] reported upon a series of experiments in which they
observed how the addition of neon gas over the pressure range 7 	 10�9–2 	 10�6 Torr
increased the storage capabilities for Hg� ions by measuring the signal resulting from
the pulse ejection of ions after a preselected trapping time. It should be noted that
although there was no mass selection step built into these experiments, it was assumed
that the ion signal was in fact due to mercury ions because the charge exchange reac-
tion between Ne and Hg� does not occur normally as it is highly endothermic. Similar
results were reported by Blatt et al. [83] in a study that showed how the intensity of the
fluorescence radiation emitted by trapped Ba� ions increased by a factor of 300 over a
pressure range of 5 	 10�8–5 	 10�6 Torr background pressure of helium. Helium was
chosen as the buffer gas because, as noted above, the large mass difference between He
and Ba leads to viscous drag on the ion motion, resulting in longer storage times. By
contrast, Dawson and Lambert [84], using an ion trap in the mass-selective storage
mode [85], observed the N�

2
� ion peak intensity from nitrogen as a function of added

helium, argon, or carbon dioxide, with the nitrogen pressure held at 5 	 10�5 Torr.
They found that after an initial rise above a pressure of �10�4 Torr of added gas the
signal decayed exponentially with a rate constant that increased with the mass of the
added gas, presumably due to increased scattering of the ions.

In experiments of a rather different kind, based upon using the ion trap (QUISTOR)
as the ion source for a QMF in the manner described by Todd and co-workers [86],
March and co-workers [87], using a Monte Carlo simulation model, showed that
charge transfer between ions and neutral atoms of the same mass leads to migration to
the center of the trap with a reduction in kinetic energy. Specifically, this work sug-
gested that the migration rate is higher at higher values of qz, so, for example, Ar2� ions
migrate faster than Ar�. ions under the same trapping conditions. This migration
toward the center of the trap and reduction of the kinetic energy, resulting in a greater
extraction efficiency of the ions when using pulse ejection, satisfactorily explained the
unexpectedly high intensity ratios of the Ar2� and Ar�. ion signals. Subsequent
research by Doran et al. [14] extended this study to include charge exchange reactions
of Ne�� and CO�

2
� ions in neon and carbon dioxide and confirmed this model for the

migration of ions.
The advantages of using helium as a buffer gas at �10�3 Torr to improve both the

resolution and, simultaneously, the sensitivity in the ion trap when used in the mass-
selective ejection mode are fully evidenced in the original paper on this instrument
by Stafford et al. [88] and are clearly indicated in the corresponding landmark patent
for this invention [89]. Normally in mass spectrometry, as in other fields of meas-
urement, resolution and sensitivity work in opposition to one another: an increase in
one parameter is invariably accompanied by a decrease in the value of the other.
Furthermore, it is generally understood that the background pressure within mass
spectrometer analyzers should be kept as low as possible in order to minimize the
probability of collisions: here, the pressure of helium should ideally be maintained
at a value some 1000 times greater than the “norm”!

The explanation given for this improved performance of the ion trap mass spec-
trometer [88] focused on three consequences arising from the viscous damping
effect of the collisions between the ions and the helium buffer gas atoms. (1) The
ion trajectories are caused to collapse to the center of the trap in both the radial
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and axial directions, so that ions spend most of their time near the center and are
not therefore subject to any nonlinear fields (see earlier) arising from field imper-
fections due to mechanical errors, holes in the electrodes, and so on. (2) Normally,
as the amplitude of the RF drive potential is increased, the maximum displacement
will increase, but the buffer gas damping effect opposes this, except when the ion
trajectories actually become unstable in the axial direction; in the radial direction,
the ions are still tightly bunched and can pass through the exit holes in the end-cap
electrodes. (3) In a collision with a low-mass damping atom gas there is a small
change in momentum of the ion, and therefore no significant scattering, and hence
there are no abrupt changes in direction, as might be the case if the ion collided
with a high-mass species, such as a sample or other background gas molecules.

Not surprisingly, much work has been directed toward improving our understand-
ing of the role of buffer gas in optimizing the performance of ion trap mass spectrom-
eters through the phenomenon of collisional cooling. For a concise account of this
topic the reader is referred to the survey by Brodbelt [90]. For example, experiments
have shown how changing the helium buffer gas pressure affects the detection
efficiency of benzene molecular ions by cooling the ions down so that they are located
near the center of the trap, as noted above; collisional cooling rate constants have been
determined, showing that there is an essentially linear collisional cooling rate up to a
pressure of �0.7 mTorr of helium. The linearity of collisional cooling rate with helium
pressure indicates that the absolute number of collisions required to maximize the sig-
nal remains relatively constant at different buffer gas pressures. Further studies com-
pared the ejected ion current at different qz values without cooling and with cooling for
a period of 100 ms and showed that in the latter series of experiments the benzene ion
signal was some three to four times greater than that observed without cooling, with
greater signal enhancement being observed with increasing values of qz up to �0.7.
The application of supplemental resonant excitation (see below) also shows the effects
of cooling at different helium pressures, and, in particular, the effects of collisional
cooling on collision-activated dissociation processes have been explored (see also
below). The reader is also referred to the discussion of the effect of buffer gas pressure
on the appearance of ghost peaks, discussed earlier in this chapter.

3.4.2. Collision Processes: Trapping Injected Ions

The first commercial instruments based on the principle of mass-selective ejection
employed “internal” ionization, that is, the analyte ions were created inside the trap-
ping volume by means of electron or chemical ionization. However, it soon became
apparent that for increased analytical versatility, using both these two methods and
other ionization techniques such as electrospray ionization and matrix-assisted laser
desorption ionization (MALDI), the capability to trap externally generated ions was
essential. In his pioneering publication, Fischer [5] pointed out that, on the basis of the
underlying theory of ion containment, it was self-evident that for successful trapping
the ion must be formed from a molecule in the space between the electrodes and it
should be impossible to trap ions that enter the field from outside. Kishore and Ghosh
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[91] proposed a method whereby ions are injected into an ion trap while the RF drive
potential is set at zero followed by rapidly increasing the amplitude to an appropriate
value after a suitable delay. Todd et al. [92] employed a method based upon phase space
analysis to support this approach and considered alternative means for directing the
ions into the trapping volume. This method of gating the RF potential during ion injec-
tion was also considered by O and Schuessler [93–95]. However, the key to success-
fully trapping ions injected from an external source lies in the use of a buffer gas to
remove their excess energy via collisional cooling, a method first described by March
and co-workers [96, 97], who employed a system in which an ion trap was mounted in
the detector housing of a Kratos MS-30 double-focusing mass spectrometer.

The first systematic study of the injection of ions into a QIT mass spectrometer
operating on the principle of mass-selective ejection is that by Louris et al. [98] in
which the effects of several different damping gases were compared. Two separate
sets of experiments on the axial injection of ions were performed, one in which vari-
ous organic compounds were ionized by means of an external EI source and the other
in which metallic surfaces were mounted in a laser desorption ionization source. An
elaborate series of tests showed that the ions under study were indeed being formed
externally and successfully contained within the trapping volume. One important
observation arose from a series of experiments in which ions of different mass were
injected into the ion trap at different amplitudes of the RF drive potential, namely that
the higher the mass/charge ratio value, the lower the threshold value of qz at which
ions may be trapped.

In explaining these observations, the authors drew on the model of pseudopoten-
tial wells developed by Dehmelt [2] and Major and Dehmelt [81] (originally devel-
oped for conditions in the absence of collisions, see above). The effect is probably
best viewed in terms of Eq. (3.15):
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Rearranging this expression, we have
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where W�z represents the kinetic energy of the ion oscillating within a pseudopo-
tential well of depth D�z . If we assume that all ions of the same charge are injected
with the same kinetic energy, independent of their mass, and that they must be
collisionally cooled so that their kinetic energy in the z direction is less than W�z, then
for a fixed value of the drive frequency Ω

qz ∝��
m
1

�. (3.71)

This inverse square-root dependence [Eq. (3.71)] appeared to be compatible with the
experimental data. Further studies suggested that neon is about as good as helium for
promoting trapping, but with argon and xenon the signals were only 10–20% as
intense as with helium.
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In a more recent very detailed investigation, Quarmby and Yost [99] carried out a
combined modeling and experimental study of the injection of ions formed by the
electrospray technique into the QIT. Using the SIMION 6.0 program [100] to model
the details of the end-cap electrodes, they showed that the holes weaken the RF trap-
ping field near the holes, an important effect when the ions have large axial trajecto-
ries, as during ion injection. The holes were found also to cause RF field penetration
out toward the incoming ions, which may thereby be accelerated or decelerated as
they approach the trap depending upon the phase of the RF drive potential. In the
main, this field penetration was found to increase the percentage of ions trapped,
especially with slower moving high-mass ions. Generally, good agreement was
obtained between experimental and modeled results for the percentage of trapped
ions as a function of qz at the time of injection for high-mass ions.

A key aspect of this work was that it showed that helium buffer gas is essential to
stop externally injected ions over a narrow range of phase angles; however, at most of
the phase angles of the RF drive potential, it is impossible to trap the injected ions at all.
Making allowance for end-cap holes in the model suggested that ions may be trapped
over two RF phase angles; however, in practice, only one favorable phase angle was
observed. These apparently favorable phases correspond to conditions under which, in
the absence of buffer gas, the ions may undergo many oscillations before being ejected.
These ions were termed pseudostable ions and were first noted in modeling studies per-
formed by O and Scheussler [101]. Computations by Quarmby and Yost [99] showed
such ions may travel as far as 1500 mm before ejection and that, in the presence of
buffer gas, there are sufficient collisions for the ion to be cooled and trapped.

3.4.3. Resonant Excitation

So far in this section we have considered how collisional cooling of the ions can
reduce their kinetic energy and cause the ions to migrate toward the center of the ion
trap. Fortunately it is found that, although the amplitudes of the secular motions of
the ions in the axial and radial directions are reduced, the frequencies of oscillation
remain essentially the same. This means that the equations

ωu, n � (n � �
1
2
�βu)Ω 0 � n � ∞ [Eq. (2.80)]

ωu, n � � (n � �
1
2
�βu)Ω � ∞ � n � 0 [Eq. (2.81)]

remain valid, and taking the fundamental frequency (n � 0) for the axial component
of motion (u � z), Eq. (2.80) becomes the well known expression (3.11):

ωz� �
1
2
�βzΩ. [Eq. (3.11)]

As a consequence, if we can apply an additional, “supplementary,” oscillating electric
field along the axis of the ions trap with a frequency equal to ωz, it should be possible
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to couple resonantly with the fundamental secular frequency of those ions that have the
correct value of βz. In an ideal quadrupole field and in the absence of any collisional
effects, these ions will therefore receive additional energy, their trajectories will
expand, and ultimately they will collide with or pass through holes in one of the end-
cap electrodes. Since βz is directly related to the trapping parameters az and qz [by Eq.
(2.82)], under specified conditions of U, V, and Ω this resonant excitation process will
only affect those ions having a particular mass/charge ratio. This process is the same
as that employed by von Busch and Paul [27] to mass selectively eject 24Mg� and 26Mg�

from a QMF in order to enrich 25Mg, as described earlier in this chapter. Sample cal-
culations of ωz are given in Chapter 2, from which it is evident that typically they fall
into the tens to hundreds of kilohertz range; the additional oscillating signal with which
resonant excitation is effected is frequently termed a supplementary AC potential, or
more colloquially a tickle potential (voltage).

This supplementary AC potential may be connected to the ion trap in a variety of
ways. The most common method is dipolar coupling, in which the two outputs from a
bipolar AC supply are applied, one to each end-cap electrode. Monopolar coupling
occurs when a single AC signal is connected to one end-cap electrode, while the other
end-cap electrode is held at a constant potential, usually zero. While the additional
electric fields to which the trapped ions are subjected are different for these two meth-
ods of applying the supplementary oscillating electric field, it is possible to excite
selectively the axial secular motion of the ions, according to foregoing equations. The
third method is either to connect a single AC potential to both end caps in parallel or,
alternatively, to superimpose it upon the RF drive potential applied to the ring elec-
trode. In either case, the additional field has a quadrupolar symmetry and, as noted pre-
viously in this chapter, simulation studies [59] have shown that it is possible to excite
either the radial or the axial secular motion of the ions, depending upon the magnitude
of the tickle frequency, ω T, applied. It should be noted that, although the impression
given by the above account is that the resonant excitation process should occur sharply,
at a specified frequency, in fact, the observed resonances can be broad, resulting from,
among other things, local space charge effects within the trapped ion cloud and the
influence of nonlinear field components which cause the frequency of the secular
motion to change as the ion moves further away from the center of the trap (see above).

Earlier in this section, when introducing the topic of resonant excitation, it was
implied that the ion trajectories would grow only to a point where the ions either are
lost on the electrodes or are ejected in the absence of collisions with background gas.
In practice, provided the amplitude of the supplementary AC signal is sufficient, typ-
ically around 3–6 V, ions will be successfully ejected from the trap. At lower AC
amplitudes, depending upon the pressure, collisions with the buffer gas atoms will
cause the ions to be retained within the trap but may possibly lead to CAD [alterna-
tively called collision-induced dissociation (CID)]. The discussion which follows
will concentrate upon the application of a supplementary AC potential to effect res-
onant ejection; CAD resulting from resonant excitation is considered later.

3.4.3.1. Resonant Excitation: Ion Ejection We have seen from the foregoing
account that ions of a given charge number may be mass-selectively ejected from the
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ion trap by the superposition of a supplementary AC potential of the appropriate fre-
quency on the main RF trapping field. This form of resonant excitation is generally
achieved in a monopolar or dipolar fashion by means of suitable connections to the
end-cap electrodes, so as to effect excitation of the ion trajectories along the axis of
the trap. All commercial QIT mass spectrometers currently employ resonant ion
ejection at one or more points within their duty cycle of operation.

Historically, the first application of resonant excitation to the modern QIT mass
spectrometer was the use of axial modulation to improve the spectral quality of the
RF-only mass-selective ejection of ions [102]. In the basic mode of operation, as the
amplitude of the RF drive potential applied to the ring electrode is increased linearly,
the values of qz of the trapped ions increase and move sequentially across the βz � 1
stability boundary, whereupon the ions are ejected for detection. However, it is found
that the presence of ions of higher mass/charge ratio in the ion trap can cause peak
broadening of the ejected ions, especially if the masses are closely separated. This
loss of signal quality can be regained through axial modulation, in which a supple-
mentary AC signal of approximately 6 Vp-p is applied at a frequency slightly less than
half of the frequency of the RF drive potential. The choice of this frequency follows
from Eq. (3.11), in which the value of βz selected is slightly less than unity. As a con-
sequence, just as the ions are being ejected, their secular motion enters into reso-
nance with the supplementary field so that the ions are energized as they suddenly
“come into step” and are therefore much more tightly bunched as they are ejected,
thereby substantially improving the spectral resolution.

From applying the axial modulation signal at the βz � 1 stability boundary, it is a
small step to consider reducing the frequency of the supplementary AC signal to a
value at which ions having a lower value of βz will enter into resonance: provided
that the amplitude of the AC signal is sufficiently high, resonant energy absorption
will cause unstable trajectories to develop, resulting in the ions being ejected from
the trap and detected. In this way, the mass/charge ratio range of the ion trap mass
spectrometer may be increased. For example, if 650 Th is the maximum mass/charge
ratio that can be ejected at βz � 1, then operating at, say, βz � 0.1 will increase the
mass/charge ratio range to 6500 Th; to generate a mass spectrum under these condi-
tions, an axial modulation frequency of one-twentieth of the RF drive frequency
would be applied while ramping linearly the amplitude of the RF drive potential so
as to successively bring the ions of increasing mass/charge ratio into resonance. Ion
ejection is brought about at fixed values of βz and qz [see Eq. (2.82)] and we note
from Eq. (3.17) that at constant qz the depth of the pseudopotential well, D�z, trapping
the ions increases linearly with the amplitude V of the RF drive potential. Thus,
during a scan, ions about to be ejected are trapped in increasingly deeper potential
wells. As a result, it is found that increasing the amplitude of the supplementary AC
signal during scanning improves the efficiency of ion ejection. A further discussion
on axial modulation and mass range extension is included in Chapter 8, which also
contains details of the use of combined dipolar and nonlinear fields to improve mass
spectrometer performance.
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The discussion immediately above has been concerned with the use of resonant
excitation to improved mass spectral quality through the use of axial modulation. A
further use of a supplementary AC field is to eject preferentially unwanted ions as a
prior step to some other experiment within the ion trap, for example, tandem mass
spectrometry. Thus a suitable combination of supplementary AC frequency and lim-
ited scanning of the amplitude of the RF drive potential offers a means of removing
ions having mass/charge ratios below or above that of the selected precursor ion.
Perhaps a more sophisticated means of achieving precursor ion isolation is to
employ the method of filtered noise fields (FNFs), developed by Kelley [103]. Here
a broadband supplementary AC power supply is programmed to provide a signal
comprising many frequency components over a specified range but containing one
or more “notches” where the amplitude at that frequency is zero, corresponding to
the mass/charge ratio(s) of ions that it is desired to retain in the trap. Application of
a notch filter can be especially valuable during ion accumulation when, for example,
there are interfering background ions resulting from solvent, matrix, or column bleed
or from the air, as might be the case when ions are being admitted from an atmos-
pheric glow discharge source. Further details of the use of FNFs and other tech-
niques for ion selection may be found in the publication by Goeringer et al. [104]
and the account by Yates et al. [105] (see also SWIFT, Sections 5.3.4 and 6.3.3.4).

3.4.3.2. Resonant Excitation: Collision-Activated Decomposition From the pre-
ceding sections we have seen how both the cooling of the kinetic energy of the
trapped ions by collisions with low-mass buffer gas atoms and the resonant excita-
tion of the motion of mass-selected ions can significantly improve the sensitivity and
resolution of the QIT mass spectrometer. In this section we consider how these col-
lision and excitation processes may be combined to cause dissociation of specified
precursor ions as part of a tandem mass spectrometry experiment.

We noted earlier that in order to eject ions at the typical helium buffer gas pres-
sures employed in the ion trap mass spectrometer (�10�3 Torr) supplementary AC
amplitudes of approximately 6 Vp-p are employed. However, if low-amplitude tickle
voltages of approximately a few hundred millivolts are applied for, say, 10 ms, then it
may be found that the selected ions have dissociated to form product ions of lower
mass/charge ratio which have been trapped and may be analyzed by the normal mass-
selective ejection scanning method. This procedure therefore forms the basis of a tan-
dem-in-time mass spectrometry/mass spectrometry (MS/MS) analytical method
[106]. Ions are first created within or injected into the ion trap, a precursor ion is
selected by one of the methods described earlier, the isolated ion is collisionally dis-
sociated by resonant excitation, and the resulting product ions are then ejected mass
selectively for detection. Indeed, further product ion isolation and dissociation steps
may be incorporated into the duty cycle to effect sequential MSn capability.

The internal excitation energy required for CAD is typically of the order of
5–6 eV, so the question arises as to how applying a supplementary AC amplitude of,
say, 200 mV during resonant excitation can impart so much internal energy to the
precursor ions. Two possible answers are that either very many low-energy collisions
with the buffer gas cause the ions to become excited progressively through a series
of intermediate states until the decomposition threshold energy is reached or there
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are fewer higher energy collisions of ions that have become excited translationally
through interaction with the RF drive potential.

If the latter explanation is accepted, then one can envisage a complex interplay
between low-energy elastic collisions and high-energy inelastic collisions of ions with
buffer gas atoms. Thus, the application of the tickle voltage forces the mass-selected
ions away from the center of the trap to displacements near the boundary of the trap-
ping volume. If the buffer gas pressure is insufficiently large or the tickle amplitude is
too great, these ions will, of course, be resonantly ejected from the trap and lost (see
above) unless elastic “stopping” collisions analogous to those that permit the trapping
of externally injected ions ensure that they remain confined. However, these resonantly
“displaced” ions are now at values of r and z where they are subjected to the intense
oscillating electric fields associated with the RF drive potential and, at the correct
phase angle, will be accelerated to kinetic energies of up to several tens of electron-
volts (see specimen calculations earlier in this chapter). Thus high-energy inelastic col-
lisions with the buffer gas atoms can then lead to significant internal excitation.
Obviously, for any given mass-selected ion this cycle of events may occur many times,
so that the final excited state before decomposition may still be reached through a suc-
cession of intermediate excited states. At the same time, elastic collisions with buffer
gas atoms may cool the accelerated ion before it has acquired sufficient kinetic energy
to undergo a successful inelastic collision, and indeed a long-lived internally excited
ion may possibly undergo collisional deexcitation with a buffer gas atom.

This model for the collisional activation of ions by resonant excitation appears to
be consistent with a number of general observations. (a) The efficiency of conversion
of a precursor ion into its product ion(s) is generally much higher (up to 100% in
some cases) compared to that observed with the same species in a conventional tan-
dem-in-space instrument, for example, a triple-quadrupole mass spectrometer. This
observation is consistent to there being a multicollision/ion accumulation environ-
ment within the trap, in contrast to the single-collision regime within the collision
cell of a triple-stage quadrupole mass spectrometer. (b) To a first approximation, in
tandem mass spectrometry with the ion trap the efficiency of conversion is often
determined by the product of the tickle amplitude and tickle duration, sometimes
called the fluence [58], rather than by the amplitude and duration separately. 
(c) Higher energy dissociation processes are favored at lower buffer gas pressures, as
for example illustrated by observing the ratio of the yields of [m/z 91]/[m/z 92] from
the collisionally activated n-butylbenzene precursor ion [90] (although longer cool-
ing times may be necessary to compensate for the loss of sensitivity at lower pres-
sures, see above). This last observation is consistent with the model that the precursor
ions may acquire greater kinetic energy for conversion in an inelastic collision when
the probability of “interfering” elastic buffer gas collisions occurring is lower.

The mass of the collision gas may have a significant impact on the internal energy
available for dissociation and the corresponding efficiency of conversion from pre-
cursor into product ions. The effect of the mass of the background neutral species
relative to that of the ion has already been considered in the discussion on collisional
cooling, earlier in this chapter. Here, it was noted, from the work of Major and
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Dehmelt [81], that collisions with high-mass neutral atoms or molecules could lead
to ion scattering. On the other hand, the relative masses of the colliding partners may
have a significant effect on the energy available for conversion to internal excitation
as a result of an inelastic collision. This can be seen from the following simple treat-
ment of collision energies.

3.4.3.3. Collision Energies Consider a bimolecular “hard-sphere” collision (i.e.,
ignoring intermolecular forces) between an ion of mass mi having velocity vi with a
neutral atom of mass mn and velocity vn. In the so-called laboratory (i.e., experi-
mental) frame of reference, the total kinetic energy of the colliding species, EL, is
given by

EL � �
1
2
�miv

2
i � �

1
2
�mnv

2
n
. (3.72)

Now the total kinetic energy of the system can be considered to comprise two
components: (a) the overall kinetic energy of motion of the center of mass of the col-
liding particles and (b) the relative kinetic energies of the two particles along the line
of centers joining the two particles (that also passes through the center of mass).
From the principle of conservation of momentum, the momentum of the center of
mass equals the sum of the momenta of the two colliding species, so we can write

(mi � mn)vC � mivi � mnvn (3.73)

where vC is the velocity of the center of mass. Also we can write

vR � vi � vn (3.74)

in which vR is the relative velocity of the ion and the neutral gas atom. Hence from
Eqs. (3.73) and (3.74) we have

mn(vi � vR) � mivi � (mi � mn)vC . (3.75)

An expression for EL [defined in Eq. (3.72)] may now be obtained in terms of vR and
vC by using the substitutions

vi � vC ��
mn

m
�

n

mi
�vR (3.76)

from Eq. (3.75) and

vn � vC ��
mn

m
�

i

mi
�vR (3.77)

from Eqs. (3.74) and (3.76), such that

EL ��
1
2

�mi �vC ��
mn

m
�

n

mi
�vR�

2
� �

1
2

�mn �vC ��
mn

m
�

i

mi
�vR�

2

. (3.78)
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Upon squaring each of the velocity terms in Eq. (3.78), the cross terms in vCvR can-
cel and, collecting terms in v 2

C and v 2
R, one obtains

EL � �
1
2

�(mi � mn)v
2
C� �

1
2

� �
m

m

i �
im

m
n

n
�v 2

R
. (3.79)

In Eq. (3.79), the first term on the right-hand side represents the kinetic energy of 
the center of mass, which in the absence of external forces is constant, whereas the
second term corresponds to the relative kinetic energy of the colliding particles, EC,
within the moving center-of-mass frame of reference. In terms of any chemical con-
sequences of the collision between the two species, it is the quantity EC that is of
interest. Hence we can write

EC � �
1
2

� �
m

m

i �
im

m
n

n
�v 2

R
. (3.80)

Let us consider the special case where the initial kinetic energy of the ion is con-
siderably in excess of that of the thermal kinetic energy of the neutral atom, so that,
as an approximation, we can assume that the latter species is at rest, that is, vn � 0.
From Eq. (3.72), recalling that now vR � vi, we therefore have

EL � �
1
2
�miv

2
R (3.81)

which, upon substitution into Eq. (3.80), gives

EC � EL�mi

m
�

n

mn
�. (3.82)

Consequently, under these conditions, the fraction of the initial kinetic energy of
the energetic ion that is partitioned into the center-of-mass energy is essentially
determined by the mass of the neutral gas atom. If it is assumed that, as a result of
the collision, a fraction of the center-of-mass energy EC is converted into internal
excitation energy of the ion, then Eq. (3.82) suggests that, for a given value of EL,
the degree of internal excitation will increase as the mass of the neutral gas species
increases. Thus, if all the available center-of-mass kinetic energy is converted to
internal energy, when mi � 100 and mn � 1, this represents only �1% of the original
laboratory kinetic energy, whereas if the neutral species has mn � 40, then �29% of
the value of EL may be available to internally excite an ion of the same mass.

Several groups have examined the effects of increasing the mass of the buffer gas;
these studies have generally taken the form of either adding a small percentage of
the higher mass species to the normal buffer gas pressure of helium or pulsing a burst
of high-mass gas to a system operating with helium at the normal helium pressure
during only the resonant excitation stage of the duty cycle. Recently, Glish and co-
workers [107] have reported upon an extensive study in which they compared the
performance of three different ion trap systems working with helium, air, and argon
as “pure” buffer gases; the instruments were the Finnigan ITMS and LCQ and the
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Bruker Esquire ion traps. Although there were some initial difficulties in directly
obtaining comparable measurements of the buffer gas pressures in the different
experimental arrangements, they found that the use of argon increased the sensitiv-
ity and the CID efficiency but significantly reduced the resolution. Attempts were
made to compare the relative activation and cooling rates with the three gases; it was
found that the Esquire trap operated more effectively with argon than did the ITMS,
whereas the LCQ model approached Esquire performance when the argon pressure
was reduced and the value of βz at which resonant ejection was applied was lowered
to βz � �

2
3

�. It was found that, to achieve the same efficiency of CAD, it was necessary
to use a higher tickle voltage with argon than with helium, which suggests that argon
is better than helium at cooling via elastic collisions or more efficient at collisionally
“quenching” already excited ions inelastically. The authors [107] attributed the
improved performance of the Esquire ion trap with heavier buffer gas to the more
efficient and faster ion ejection process that is thought to be achieved by combining
the use of dipolar resonant excitation with the presence of the hexapole nonlinear
resonance “line” that exists at βz � �

2
3

�. Overall, it is not immediately clear why one
would want to replace helium by a heavier gas, given the distinct loss of resolution
noted above, unless there were some other significant advantage. This could, for
example, be the need to try to access higher energy states of the precursor ion
through improved collisional energy transfer (see above) or the use the ion trap in a
field application where it may be desirable to rely on air as the buffer gas.

Tandem mass spectrometry with the ion trap is considered further in Chapter 7,
and the reader is also referred to other detailed accounts that abound in the litera-
ture [108].

3.4.4. Boundary-Activated Dissociation (BAD)

So far we have considered the application of a supplementary AC potential to one or
both of the end-cap electrodes to effect resonant excitation as being the only means
of causing CAD. However, in 1991 Paradisi et al. [109] noted that if an ion was iso-
lated selectively in the ion trap and then the RF and DC amplitudes of the drive
potentials adjusted so that the (az, qz) working point of the ion lay just inside either
the βr � 0 or the βz � 0 boundaries, fragment ions appeared which could 
be trapped (provided that their mass/charge ratios were above the corresponding
value of the LMCO) and then analyzed by the normal mass-selective instability scan.
It was concluded that, as the working point approached a region of instability, the
kinetic energy of the ion increased such that CAD occurred in a manner akin to the
conventional resonant excitation method described above. Numerous quantitative
tests were carried out using both helium and argon as the buffer gas. As noted above,
argon was found to give more extensive fragmentation than was helium; indeed, it
was noted that at certain (az, qz) coordinates, away from the boundaries, fragmenta-
tion was found when using argon whereas none was observed with helium, again
suggesting that the cooling collisions with the heavier gas may be able to deposit
sufficient internal energy to exceed the threshold for dissociation. In practical terms,
BAD does not appear to have become widely used as an analytical technique, possi-
bly because of the difficulty of establishing the correct operating conditions on
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commercial instruments; however, the effect has been well characterized and the
reader is directed to Ref. 110 for further details.

3.4.5. Surface-Induced Dissociation

Another technique, also dating from 1991, is that of surface-induced dissociation
(SID), developed by Lammert and Cooks [111]. The method, which follows from
previous work by the Cooks group on SID using other types of mass spectrometers,
employs a short (�5-µs), fast-rising (�20-ns-rise-time), high-voltage DC pulse
(e.g., 325 V) which is applied to the end caps of a standard QIT. This method is in
contrast to the application of the supplementary AC potential normally used to
excite resonantly and to dissociate ions in the trap (see above). The effect of the DC
pulse is to cause previously mass-selected precursor ions to become rapidly unsta-
ble in the radial direction and subsequently to collide with the ring electrode.
Sufficient internal energy is acquired in this collision to cause high-energy frag-
mentations of relatively intractable molecular ions such as pyrene and benzene. The
product ions are then captured within the trapping field and analyzed by the con-
ventional mass-selective ejection mode. Simulation studies showed that the surface
collisions occur at kinetic energies in the range of tens to hundreds of electron-
volts. Results obtained with the pyrene molecular ion (m/z 202) showed low yields
(ranging from 0.2 to 3% of the precursor ion intensity) of fragment ions at m/z 122,
150, 151, 174, and 175. These results contrast with normal CAD via resonant exci-
tation, in which the only processes observed corresponded to losses of H. and H2.
Other studies showed that the appearance energies for m/z 122 and 150 are 17 and
11 eV, respectively, indicating the high levels of internal excitation that are possible
with the SID technique.

3.5. CONCLUSION

In the study of the QIT, it is of importance to have a degree of understanding of the
theory of ion trap operation and an awareness of the applications of the ion trap as
discussed in later chapters. It is even of value to understand the possibilities for sim-
ulation of ion behavior as an adjunct to experimentation. However, it is vital that one
has some understanding of what is going on in the ion trap, that is, the dynamics of
ion trapping as have been discussed in this chapter.

REFERENCES

1. R. F. Wuerker, H. Shelton, R. V. Langmuir, Electrodynamic containment of charged par-
ticles, J. Appl. Phys. 30 (1959) 342–349.

2. H. G. Dehmelt, Radiofrequency spectroscopy of stored ions I: Storage, in D. R. Bates
(Ed.), Advances in Atomic and Molecular Physics, Vol. 3, Academic, New York, 1967,
pp. 53–72.

REFERENCES 125

c03.qxd  7/20/2005  12:07 PM  Page 125



3. J. F. J. Todd, R. M. Waldren, R. E. Mather, The quadrupole ion store (QUISTOR). Part
IX. Space-charge and ion stability. A. Theoretical background and experimental results,
Int. J. Mass Spectrom. Ion Phys. 34 (1980) 325–349.

4. M. F. Finlan, R. F. Sunderland, J. F. J. Todd, The quadrupole mass filter as a commer-
cial isotope separator, Nucl. Instrum. Methods 195 (1982) 447–456.

5. E. Fischer, Die dreidimensionale Stabilisirung von Ladungsträgern in einem
Vierpolfeld, Z. Phys. 156 (1959) 1–26.

6. C. Schwebel, P. A. Möller, P. T. Manh, Formation et confinement d’ions multicharges
dans un champ quadrupolaire a haute fréquence, Rev. Phys. Appl. 10 (1975) 227–239.

7. E. P. Sheretov, V. A. Zenkin, V. F. Samodurov, Three-dimensional accumulation quadru-
pole mass spectrometer, Zh. Tekh. Fiz. 43 (1973) 441.

8. H. A. Schuessler, Physics of atoms and molecules, in W. Hanle and H. Kleinpoppen
(Eds.), Progress in Atomic Spectroscopy, Part B, Plenum, New York, 1979, p. 999.

9. J. E. Fulford, D.-N. Hoa, R. J. Hughes, R. E. March, R. E. Bonner, R. F. Wong,
Radiofrequency mass selective excitation and resonant ejection of ions in a three-dimen-
sional quadrupole ion trap, J. Vac. Sci. Technol. 17 (1980) 829–835.

10. P. K. Ghosh, A. P. Chattopadhyay, Ion stability and many particle interactions in a
QUISTOR, Int. J. Mass Spectrom. Ion Phys. 46 (1983) 75–78.

11. A. P. Chattopadhyay, P. K. Ghosh, QUISTOR: A study of many particle systems, Int. J.
Mass Spectrom. Ion Phys. 49 (1983) 253–263.

12. D. C. Burnham, D. Kleppner, Practical limitations of the electrodynamic ion trap, Bull.
Am. Phys. Soc. Ser. II 11 (1968) 70.

13. R. F. Bonner, R. E. March, The effect of charge exchange collisions on the motion of
ions in three-dimensional quadrupole electric fields. Part II. Program improvements and
fundamental results, Int. J. Mass Spectrom. Ion Phys. 25 (1977) 411–431.

14. M. C. Doran, J. E. Fulford, R. J. Hughes, Y. Morita, R. E. March, R. F. Bonner, Effects
of charge-exchange reactions on the motion of ions in three-dimensional quadrupole
electric fields. Part III. A two-ion model, Int. J. Mass Spectrom. Ion Phys. 33 (1980)
139–158.

15. H. G. Dehmelt, Radiofrequency spectroscopy of stored ions I: Spectroscopy, in 
D. R. Bates (Ed.), Advances in Atomic and Molecular Physics, Vol. 5, Academic, New
York, 1969, pp. 109–154.

16. F. Vedel, J André, Influence of space charge on the computed statistical properties of
stored ions cooled by a buffer gas in a quadrupole rf trap, Phys. Rev. A 29 (1984)
2098–2101.

17. S. Guan, A. G. Marshall, Equilibrium space charge distribution in a quadrupole ion trap,
J. Am. Soc. Mass Spectrom. 5 (1994) 64–71.

18. G.-Z. Li, S. Guan, A. G. Marshall, Comparison of equilibrium ion density distribution
and trapping force in Penning, Paul, and combined ion traps, J. Am. Soc. Mass Spectrom.
9 (1998) 473–481.

19. R. E. March, R. J. Hughes, J. F. J. Todd, Quadrupole Storage Mass Spectrometry, Wiley
Interscience, New York, 1989.

20. G. C. Stafford, D. M. Taylor, S. C. Bradshaw, J. E. P. Syka, M. Uhrich, Enhanced sen-
sitivity and dynamic range on an ion trap mass spectrometer with automatic gain con-
trol (AGC). Proc. 35th Ann. ASMS Conf. on Mass Spectrometry and Allied Topics,
Denver, CO, May 24–29, 1987, pp. 775–776.

126 DYNAMICS OF ION TRAPPING

c03.qxd  7/20/2005  12:07 PM  Page 126



21. G. C. Stafford, Jr., D. M. Taylor, S. C. Bradshaw, Method of mass analysing a sample,
European Patent 0,237,268 (1991).

22. G. C. Stafford, Jr., D. M. Taylor, S. C. Bradshaw, Method of increasing the dynamic
range and sensitivity of a quadrupole ion trap mass spectrometer, U.S. Patent 5,107,109
(1992).

23. J. W. Hager, Method of reducing space charge in a linear ion trap mass spectrometer,
U.S. Patent 6,627,876 (2003).

24. J. F. J. Todd, R. M. Waldren, R. F. Bonner, The quadrupole ion store (QUISTOR). Part
VIII. The theoretical estimation of ion kinetic energies: A comparative survey of the
field, Int. J. Mass Spectrom. Ion Phys. 34 (1980) 17–36.

25. R. M. Waldren, J. F. J. Todd, The use of matrix methods and phase-space dynamics of
the modelling of RF quadrupole-type device performance, in D. Price and J. F. J. Todd
(Eds.), Dynamic Mass Spectrometry, Vol. 5, Heyden, London, 1978, pp. 14–40.

26. J. F. J. Todd, D. A. Freer, R. M. Waldren, The quadrupole ion store (QUISTOR). Part XI.
The model ion motion in a pseudo-potential well: An appraisal in terms of phase-space
dynamics, Int. J. Mass Spectrom. Ion Phys. 36 (1980) 185–203.

27. F. von Busch, W. Paul, Isotope separation by an electrical mass filter, Z. Phys. 164
(1961) 581–587.

28. G. Lüders, Über den einfluss von fehlern de magnetischen feldes auf die betatron-
schwingungen in synchrotron mit starker stabilisierung, Suppl. Nuovo Cimento (Series
X) 2 (1955) 1075–1146.

29. F. von Busch, W. Paul, Non-linear resonances in the electric mass filter as a consequence
of field errors, Z. Phys. 164 (1961) 588–594.

30. R. Hagedorn, Stability and Amplitude Ranges of Two Dimensional Non-Linear Oscillations
with Periodical Hamiltonian Applied to Betatron Oscillations in Circular Particle
Accelerators, Part I: General Theory and Part II: Applications, CERN Reports 57-1 (1957).

31. R. Hagedorn, A. Schoch, Stability and Amplitude Ranges of Two Dimensional Non-
Linear Oscillations with Periodical Hamiltonian Applied to Betatron Oscillations in
Circular Particle Accelerators, Parts III: Non-Linear Resonance Curves and Maximum
Amplitudes for 3rd Order Subresonance, CERN Reports 57-14 (1957).

32. A. Schoch, Theory of Linear and Non-Linear Perturbations of Betatron Oscillations in
Alternating Gradient Synchrotrons, Appendix I: Equations of Motion in Alternating
Gradient Synchrotrons, CERN Reports 57-021 (1957).

33. M. Barbier, A. Schoch, Study of Two-Dimensional Non-Linear Oscillations by Means of
an Electromechanical Analogue Model, Applied to Particle Motion in Circular
Accelerators, CERN Reports 58-5 (1958).

34. P. H. Dawson, N. R. Whetten, Non-linear resonances in quadrupole mass spectrometers
due to imperfect fields I. The quadupole ion trap, Int. J. Mass Spectrom. Ion Phys. 2 (1969)
45–59.

35. P. H. Dawson, N. R. Whetten, Ion storage in three-dimensional, rotationally symmetric,
quadrupole fields. II. A sensitive mass spectrometer, J. Vac. Sci. Technol. 5 (1968)
11–18.

36. Y. Wang, J. Franzen, The non-linear resonance QUISTOR. Part 1. Potential distribution
in hyperboloidal QUISTORs, Int. J. Mass Spectrom. Ion Processes 112 (1992) 167–178.

37. Y. Wang, J. Franzen, K. P. Wanczek, The non-linear resonance ion trap. Part 2. A gen-
eral theoretical analysis, Int. J. Mass Spectrom. Ion Processes 124 (1993) 125–144.

REFERENCES 127

c03.qxd  7/20/2005  12:07 PM  Page 127



38. P. H. Dawson, N. R. Whetten, Non-linear resonances in quadrupole mass spectrometers
due to imperfect fields. II. The quadrupole mass filter and the monopole mass spectrom-
eter, Int. J. Mass Spectrom. Ion Phys. 3 (1969) 1–12.

39. M. H. Friedman, A. L. Yergey, J. E. Campana, Fundamentals of ion motion in electric
radio-frequency multipole field, J. Phys. E Sci. Instrum. 15 (1982) 53–61.

40. I. Szabo, New ion-optical devices utilizing oscillatory electric fields. I. Principle of oper-
ation and analytical theory of multipole devices with two-dimensional electric fields,
Int. J. Mass Spectrom. Ion Processes 73 (1986) 197–235.

41. C. Hägg, I. Szabo, New ion-optical devices utilizing oscillatory electric fields. II.
Stability of ion motion in a two-dimensional hexapole field, Int. J. Mass Spectrom. Ion
Processes 73 (1986) 237–275.

42. C. Hägg, I. Szabo, New ion-optical devices utilizing oscillatory electric fields. III.
Stability of ion motion in a two-dimensional octopole field, Int. J. Mass Spectrom. Ion
Processes 73 (1986) 277–294.

43. C. Hägg, I. Szabo, New ion-optical devices utilizing oscillatory electric fields. IV.
Computer simulations of the transport of an ion beam through an ideal quadrupole,
hexapole, and octopole operating in the RF-only mode, Int. J. Mass Spectrom. Ion
Processes 73 (1986) 295–312.

44. S. C. Davis, B. Wright, Computer modelling of fragmentation processes in radio frequency
multipole collision cells, Rapid Commun. Mass Spectrom. 4 (1990) 186–197.

45. J. Franzen, Simulation study of an ion cage with superimposed multipole fields, Int. J.
Mass Spectrom. Ion Processes 106 (1991) 63–78.

46. Y. Wang, J. Franzen, The non-linear ion trap. Part 3. multipole components in three
types of practical ion trap, Int. J. Mass Spectrom. Ion Processes 132 (1994) 155–172.

47. J. Franzen, R.-H. Gabling, M. Schubert, Y. Wang, Nonlinear ion traps, in R. E. March
and J. F. J. Todd (Eds.), Practical Aspects of Ion Trap Mass Spectrometry, Vol. 1, CRC
Press, Boca Raton, FL, 1995, Chapter 3.

48. J. D. Jackson, Classical Electrodynamics, 3rd ed., Wiley, New York, 1999, Chapter 3.

49. W. Mo, M. L. Langford, J. F. J. Todd, Investigation of “ghost” peaks caused by non-lin-
ear fields in the ion trap mass spectrometer, Rapid Commun. Mass Spectrom. 9 (1995)
107–113.

50. R. Alheit, D. Kleineidam, F. Vedel, M. Vedel, G. Werth, Higher order non-linear reso-
nances in a Paul trap, Int. J. Mass Spectrom. Ion Processes 154 (1996) 155–169.

51. J. F. J. Todd, A. D. Penman, R. D. Smith, Alternative scan modes for mass range exten-
sion of the ion trap, Int. J. Mass Spectrom. Ion Processes 106 (1991) 117–136.

52. F. Guidugli, P. Traldi, A phenomenological description of a black hole for collisionally
induced decomposition products in ion-trap mass spectrometry, Rapid Commun. Mass
Spectrom. 5 (1991) 343–348.

53. K. L. Morand, S. A. Lammert, R. G. Cooks, Concerning “black holes” in ion-trap mass
spectrometry, Rapid Commun. Mass Spectrom. 5 (1991) 491.

54. J. D. Williams, H.-P. Reiser, R. E. Kaiser, Jr., R. G. Cooks, Resonance effects during ion
injection into an ion trap mass spectrometer, Int. J. Mass Spectrom. Ion Processes 108
(1991) 199–219.

55. F. Guidugli, P. Traldi, A. M. Franklin, M. L. Langford, J. Murrell, J. F. J. Todd, Further
thoughts on the occurrence of “black holes” in ion-trap mass spectrometry, Rapid
Commun. Mass Spectrom. 6 (1992) 229–231.

128 DYNAMICS OF ION TRAPPING

c03.qxd  7/20/2005  12:07 PM  Page 128



56. A. D. Penman, J. F. J. Todd, D. A. Thorner, R. D. Smith, The use of dynamically pro-
grammed scans to generate parent-ion tandem mass spectra with the ion-trap mass spec-
trometer, Rapid Commun. Mass Spectrom. 4 (1990) 108–113.

57. A. M. Franklin, J. F. J. Todd, Dynamically programmed scans, in R. E. March and 
J. F. J. Todd (Eds.), Practical Aspects of Ion Trap Mass Spectrometry, Vol. 3, CRC Press,
Boca Raton, FL, 1995, Chapter 11.

58. R. E. March, A. W. McMahon, F. A. Londry, R. J. Alfred, J. F. J. Todd, F. Vedel,
Resonance excitation of ions stored in a quadrupole ion trap. Part 1. A simulation study,
Int. J. Mass Spectrom. Ion Processes 95 (1989) 119–156.

59. R. E. March, F. A. Londry, R. L. Alfred, A. D. Penman, J. F. J. Todd, F. Vedel, M. Vedel,
Resonance excitation of ions stored in a quadrupole ion trap. Part 2. Further simulation
studies, Int. J. Mass Spectrom. Ion Processes 110 (1991) 159–178.

60. C. Paradisi, J. F. J. Todd, P. Traldi, U. Vettori, Boundary effects and collisional activa-
tion in a quadrupole ion trap, Org. Mass Spectrom. 27 (1992) 251–254.

61. D. M. Eades, J. V. Johnson, R. A. Yost, Nonlinear resonance effects during ion storage
in a quadrupole ion trap, J. Am. Soc. Mass Spectrom. 4 (1993) 917–929.

62. W. E. Austin, A. E. Holme, J. H. Leck, The mass filter: design and performance, in 
P. H. Dawson (Ed.), Quadrupole Mass Spectrometry and Its Applications, Elsevier:
Amsterdam, 1976. Chapter VI. Reprinted as an “American Vacuum Society Classic” by
the American Institute of Physics. (ISBN 1563964554)

63. M. Sudakov, D. J. Douglas, Linear quadrupoles with added octopole fields, Rapid
Commun. Mass Spectrom. 17 (2003) 2290–2294.

64. C. Ding, N. V. Kononkov, D. J. Douglas, Quadrupole mass filters with octopole fields,
Rapid Commun. Mass Spectrom. 17 (2003) 2495–2502.

65. F. Londry, B. A. Collings, W. R. Stott, Fragmentation of ions by resonant excitation in a
high order multipole field, low pressure ion trap, U.S. Patent Application No.
2003/0189171 (2003).

66. J. Franzen, G. Weiss, Nonlinear resonance ejection from linear ion traps, U.S. Patent
Application No. 2004/0051036 (2004).

67. J. E. P. Syka, Commercialization of the quadrupole ion trap, in R. E. March and 
J. F. J. Todd (Eds.), Practical Aspects of Ion Trap Mass Spectrometry, Vol. 1, CRC Press,
Boca Raton, FL, 1995, Chapter 4; J. E. P. Syka, The geometry of the finnigan ion trap:
History and theory, paper presented at the Ninth Asilomar Conference on Mass
Spectrometry, September 1992.

68. R. E. March, Quadrupole ion trap mass spectrometry: A view at the turn of the century,
Int. J. Mass Spectrom. 200 (2000) 285–312.

69. X. Wang, D. K. Bohme, R. E. March, Extension of the mass range of a commercial ion
trap using monopolar resonance ejection, Can. J. Appl. Spectrosc. 38(2) (1993) 55–60.

70. J. Louris, unscheduled announcement on ion trap geometry, at the 40th Ann. ASMS
Conf. on Mass Spectrometry and Allied Topics, Washington, DC, May 31–June 5, 1992.

71. R. E. Kaiser, R. G. Cooks, G. C. Stafford, J. E. P. Syka, P. H. Hemberger, Operation of
a quadrupole ion trap mass spectrometer to achieve high mass/charge ratios, Int. J. Mass
Spectrom. Ion Processes 106 (1991) 79–115.

72. P. Traldi, O. Curcuruto, O. Bortolini, Mass displacement in ion trap mass spectrometry:
A unique and valuable tool in ion structural studies, Rapid Commun. Mass Spectrom. 6
(1992) 410–412.

REFERENCES 129

c03.qxd  7/20/2005  12:07 PM  Page 129



73. O. Bortolini, S. Catinella, P. Traldi, Mass displacements in ion trap mass spectrometry:
Can they be related to electronic properties of the substitutent groups of the ions under
investigation? Org. Mass Spectrom. 27 (1992) 927–928.

74. P. Traldi, D. Favretto, S. Catinella, O. Bortolini, Mass displacements in quadrupole field
analysers, Org. Mass Spectrom. 28 (1993) 745–751.

75. O. Bortolini, P. Traldi, Evaluation of the polarizability of gaseous ions, in R. E. March
and J. F. J. Todd (Eds.), Practical Aspects of Ion Trap Mass Spectrometry, Vol. II, CRC
Press, Boca Raton, FL, 1995, Chapter 4.

76. O. Bortolini, S. Catinella, P. Traldi, Estimation of the polarizability of organic ions by
ion trap measurements, Org. Mass Spectrom. 28 (1993) 428–432.

77. O. Bortolini, S. Catinella, P. Traldi, Evalutation of dipole moments of organic ions in the
gas phase, Org. Mass Spectrom. 29 (1994) 273–276.

78. P. Traldi, D. Favretto, Mass displacements in a quadrupole mass filter: A tool for evalu-
ation of intrinsic dipole moments of ionic species, Rapid Commun. Mass Spectrom. 6
(1992) 543–544.

79. W. R. Plass, H. Li, R. G. Cooks, Theory, simulation and measurement of chemical mass
shifts in RF quadrupole ion traps, Int. J. Mass Spectrom. 228 (2003) 237–267.

80. N. R. Whetten, Macroscopic particle motion in quadrupole fields, J. Vac. Sci. Technol.
11 (1974) 551–518.

81. F. G. Major, H. G. Dehmelt, Exchange-collision technique for the rf spectroscopy of
stored ions, Phys. Rev. 170 (1968) 91–107.

82. P. H. Dawson, N. R. Whetten, The three-dimensional quadrupole ion trap, Natur-
wissenschaften 56 (1969) 109–112.

83. R. Blatt, U. Schmeling, G. Werth, On the sensitivity of ion traps for spectroscopic appli-
cations, Appl. Phys. 20 (1979) 295–298.

84. P. H. Dawson, C. Lambert, High-pressure characteristics of the quadrupole ion trap,
J. Vac. Sci. Techonol. 12 (1975) 941–942.

85. P. H. Dawson, J. W. Hedman, N. R. Whetten, A simple mass spectrometer, Rev. Sci.
Instrum. 40 (1969) 1444–1450.

86. R. F. Bonner, G. Lawson, J. F. J. Todd, Ion-molecule reactions studies with a quadrupole
ion storage trap, Int. J. Mass Spectrom. Ion Phys. 10 (1972) 197–203.

87. R. F. Bonner, R. E. March, J. Durup, Effect of charge exchange reactions on the motion
of ions in three-dimensional quadrupole electric fields, Int. J. Mass Spectrom. Ion Phys.
22 (1976) 17–34.

88. G. C. Stafford, Jr., P. E. Kelley, J. E. P. Syka, W. E. Reynolds, J. F. J. Todd, Recent
improvements in an analytical application of advanced ion trap technology, Int. J. Mass
Spectrom. Ion Processes 60 (1984) 85–98.

89. G. C. Stafford, P. E. Kelley, D. R. Stephens, Method of mass analyzing a sample by use
of a quadrupole ion trap, U.S. Patent 4,540,884, Claim 17 (1985).

90. J. S. Brodbelt, Effects of collisional cooling on detection, in R. E. March and J. F. J. Todd
(Eds.), Practical Aspects of Ion Trap Mass Spectrometry, Vol. 1, CRC Press, Boca Raton,
FL, 1995, Chapter 5.

91. M. N. Kishore, P. K. Ghosh, Trapping of ions injected from an external source into a
three-dimensional RF quadrupole field, Int. J. Mass Spectrom. Ion Phys. 29 (1979)
345–350.

130 DYNAMICS OF ION TRAPPING

c03.qxd  7/20/2005  12:07 PM  Page 130



92. J. F. J. Todd, D. A. Freer, R. M. Waldren, The quadrupole ion store (QUISTOR). Part
XII. The trapping of ions injected from an external source: A description in terms of
phase-space dynamics, Int. J. Mass Spectrom. Ion Phys. 36 (1980) 371–386.

93. C.-S. O, H. A. Schuessler, Confinement of pulse-injected external ions in a radiofrequency
quadrupole ion trap, Int. J. Mass Spectrom. Ion Phys. 40 (1981) 53–66.

94. C.-S. O, H. A. Schuessler, Confinement of ions injected into a radiofrequency quadru-
pole ion trap: pulsed ion beams of different energies, Int. J. Mass Spectrom. Ion Phys.
40 (1981) 67–75.

95. C.-S. O, H. A. Schuessler, Confinement of ions injected into a radiofrequency quadru-
pole ion trap: Energy-selective storage of pulse-injected ions, Int. J. Mass Spectrom. Ion
Phys. 40 (1981) 77–86.

96. M. Ho, R. J. Hughes, E. Kazdan, P. J. Mathews, A. B. Young, R. E. March, Isotropic col-
lision induced dissociation studies with a novel hybrid instrument. Proc. 32nd Ann.
ASMS Conf. on Mass Spectrometry and Allied Topics, San Antonio, TX, May 27–June
1, 1984, p. 513–514.

97. J. E. Curtis, A. Kamar, R. E. March, U. P. Schlunegger, An improved hybrid mass spec-
trometer for collisionally activated dissociation studies. Proc. 35th Ann. ASMS Conf. on
Mass Spectrometry and Allied Topics, Denver, CO, May 24–29, 1987, pp. 237–238.

98. J. N. Louris, J. W. Amy, T. Y. Ridley, R. G. Cooks, Injection of ions into a quadrupole
ion trap mass spectrometer, Int. J. Mass Spectrom. Ion Processes 88 (1989) 97–111.

99. S. T. Quarmby, R. A. Yost, Fundamental studies of ion injection and trapping of elec-
trosprayed ions on a quadrupole ion trap, Int. J. Mass Spectrom. 190/191 (1999) 81–102.

100. D. J. Dahl, SIMION 3D Version 6.0, Idaho National Engineering Laboratory Chemical
Materials and Processes Department, Lockheed Idaho Technologies Company, Idaho
Falls, ID, 1995.

101. C.-S. O, H. A. Scheussler, Confinement of ions created externally in a radio-frequency
ion trap, J. Appl. Phys. 52 (1981) 1157–1166.

102. D. B. Tucker, C. H. Hameister, S. C. Bradshaw, D. J. Hoekman, M. Weber-Grabau, The
application of novel ion trap scan modes for high sensitivity GC/MS. Proc. 36th Ann.
ASMS Conf. on Mass Spectrometry and Allied Topics, San Francisco, CA, June 5–10,
1988, pp. 628–629.

103. P. E. Kelley, Mass spectrometry method using notch filter, U.S. Patent 5,134,286 (1992).

104. D. E. Goeringer, K. G. Asano, S. A. McLuckey, D. Hoekman, S. W. Stiller, Filtered noise
field signals for mass-selective accumulation of externally formed ions in a quadrupole
ion trap, Anal. Chem. 66 (1994) 313–318.

105. N. A. Yates, M. M. Booth, J. L. Stephenson, Jr., R. A. Yost, Practical ion trap technology:
GC/MS and GC/MS/MS, in R. E. March and J. F. J. Todd (Eds.), Practical Aspects of Ion
Trap Mass Spectrometry, Vol. III, CRC Press, Boca Raton, FL, 1995, Chapter 4.

106. J. N. Louris, R. G. Cooks, J. E. P. Syka, P. E. Kelley, G. C. Stafford, Jr., J. F. J. Todd,
Instrumentation, applications and energy deposition in quadrupole ion trap MS/MS
spectrometry, Anal. Chem. 59 (1987) 1677–1685.

107. R. M. Danell, A. S. Danell, G. L. Glish, R. W. Vachet, The use of static pressures of
heavy gases within a quadrupole ion trap, J. Am. Soc. Mass Spectrom. 14 (2003)
1099–1109.

108. R. E. March and J. F. J. Todd (Eds.), Practical Aspects of Ion Trap Mass Spectrometry,
Vol. III, CRC Press, Boca Raton, FL, 1995.

REFERENCES 131

c03.qxd  7/20/2005  12:07 PM  Page 131



109. C. Paradisi, J. F. J. Todd, P. Traldi, U. Vettori, Boundary effects and collisional activa-
tion in a quadrupole ion trap, Org. Mass Spectrom. 27 (1992) 251–254.

110. P. Traldi, S. Catinella, R. E. March, C. S. Creaser, Boundary excitation, in R. E. March
and J. F. J. Todd (Eds.), Practical Aspects of Ion Trap Mass Spectrometry, Vol. 1, CRC
Press, Boca Raton, FL, 1995, Chapter 7.

111. S. A. Lammert, R. G. Cooks, Surface-induced dissociation of molecular ions in a
quadrupole ion trap mass spectrometer, J. Am. Soc. Mass Spectrom. 2 (1991) 487–491.

132 DYNAMICS OF ION TRAPPING

c03.qxd  7/20/2005  12:07 PM  Page 132



4
SIMULATION OF ION TRAJECTORIES
IN THE QUADRUPOLE ION TRAP

4.1. Introduction

4.2. Recent Applications of Simulations

4.3. Theoretical Background
4.3.1. Numerical Integration of the Mathieu Equation
4.3.2. Calculation of Electrostatic Fields

4.3.2.1. Direct Method
4.3.2.2. Matrix Field Interpolation

4.3.3. Computer Simulation Programs
4.3.3.1. ITSIM
4.3.3.2. ISIS
4.3.3.3. SIMION
4.3.3.4. Dialogue and Operating Platform
4.3.3.5. Electrode Design
4.3.3.6. Scan Functions and User Programs
4.3.3.7. Ion Definition
4.3.3.8. Calculation of an Ion Trajectory
4.3.3.9. Data Collection and Display
4.3.3.10. Collision Models

4.3.4. Comparison of Simulators
4.3.4.1. Single-Ion Trajectories in a Collision-Free System
4.3.4.2. Collisional Cooling
4.3.4.3. Ion Injection

4.4. Conclusions

References

133

Quadrupole Ion Trap Mass Spectrometry, Second Edition, By Raymond E. March and John F. J. Todd
Copyright © 2005 John Wiley & Sons, Inc.

c04.qxd  7/20/2005  12:08 PM  Page 133



4.1. INTRODUCTION

An early stimulus to calculate the trajectory of an ion in a QIT was the attractive pho-
tomicrograph of Wuerker et al. [1] showing a charged macroparticle of aluminum
dust that had executed a Lissajou-like figure-of-eight (or infinity symbol) trajectory
in the r–z plane. A 2:1 Lissajous trajectory was observed upon which was superim-
posed the drive frequency Ω. Application of a small auxiliary potential across the end-
cap electrodes permitted visual measurement of the resultant frequency of ion motion
in the z direction in resonance with the applied potential. Initially, it was reported [1]
that ion motion was violent and mixed up; however, when the background pressure
was increased to several micrometers, thus dissipating the initial particle kinetic
energy, the particles were seen to take up stable arrays. Here was proof that the tra-
jectory of an ion could sample the major part of the storage volume of an ion trap as
it moved in three dimensions in response to the applied RF field, that increased ion
trajectory excursions in the z direction occurred as a result of ion axial resonance, and
that ion trajectories were modified by ion/neutral collisions. An objective was then to
calculate the trajectory so that the simulated trajectory looked like (or at least resem-
bled) the behavior of the charged macroparticle trajectory.

There are several aspects to the simulation of ion trajectories. The simplest simu-
lation is to calculate the trajectory of a single ion in an ideal quadrupole field in the
absence of buffer gas, as is shown in Figure 4.1. The three-dimensional trajectory
indicated with an arrow is, indeed, a rippled Lissajou figure of which the outline
resembles a boomerang. The figures-of-eight are seen more clearly in the trajectory
projections onto the x–z and y–z planes. The trajectory projection onto the x–y plane
is an ellipse. Figure 4.1 demonstrates the problem of the presentation of the great deal
of data obtained in the simulation of the trajectory; while all of the information is con-
tained in the trajectory indicated with an arrow in Figure 4.1, comprehension of the
data requires planar projections, as shown together with, for example, temporal vari-
ations of ion excursions and kinetic energies in each of the x, y, and z directions.

The single ion trajectory simulation can be repeated for any az, qz coordinate or
working point within (or beyond) the stability diagram. Resonance excitation (or
“tickling”) of ions can be explored by the addition of a supplementary AC potential
to the RF drive potential. Application of, say, a negative-going supplementary poten-
tial to the RF drive potential applied to the ring electrode is equivalent electrically to
the application of a positive-going supplementary potential to each of the end-cap
electrodes. Resonant excitation carried out in this manner is described as quadrupo-
lar excitation and can be simulated readily. Such is not the case for dipolar excita-
tion, where equal though out-of-phase supplementary potentials are applied to each
of the end-cap electrodes (see below). The next major problem is to incorporate the
effects of ion/neutral collisions so as to simulate the collisional process of momen-
tum dissipation and concomitant ion focusing to the center of the ion trap.
Thereafter, resonant excitation and resonant ejection may be simulated. All of the
above simulation stages may be repeated within a quadrupole field that is no longer
ideal in that higher-order terms are present due to electrode imperfections and trun-
cation, and to the presence of orifices for injection and ejection of charged species.
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The next logical step is to repeat the above simulations in traps of different geome-
try such as cylindrical ion traps.

While much useful information can be gleaned from the study of single ion trajec-
tories, the investigation of spatial and energy distributions requires consideration of the
advent of enhanced computational facilities that permit the simultaneous calculation of
the trajectories of more than 600,000 ions. In such calculations, a wide range of
mass/charge ratios can be accommodated so as to permit the simulation of mass spec-
tra and ion kinetic energy distributions. Simulation of the trajectories of a large num-
ber of ions permits the evaluation of space-charge effects. Ion trajectories through
complete instruments, from ion source through the ion trap to the detector, can now be
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Figure 4.1. Two- and three-dimensional representations of trajectory of an ion (m/z 100) at
qz � 0.2 for a period of 125 µs generated by SIMION 3D. The three-dimensional trajectory (indi-
cated by arrow) is projected on each of the x–y, x–z, and y–z planes. Macromotion (Lissajous
figure) and micromotion (minute oscillation) components of ion’s trajectory are clearly visible.
(Reprinted from the Journal of Mass Spectrometry, vol. 34, M. W. Forbes, M. Sharifi,
T. R.  Croley, Z. Lausevic, R. E. March, “Simulation of ion trajectories in a quadrupole ion trap:
A comparison of three simulation programs,” Plate 1, 1219–1239 (1999). © John Wiley & Sons
Limited. Reproduced with permission.)
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simulated together with the in-trap processes of charge exchange, chemical ionization,
cluster ion formation (as in proton-bound dimers), and ion fragmentation.

Simulation studies prior to 1983 have been discussed in Chapter 3, Section 3.2 of
the first edition of this work [2]. Here, we present an introduction to the theory
underlying the various types of ion trajectory simulations that may be carried out,
from ion trajectories in a pure quadrupole field in the absence of collisions with neu-
tral particles to relatively complex simulations of resonantly-excited ion trajectories
in nonideal ion traps in the presence of buffer gas.

4.2. RECENT APPLICATIONS OF SIMULATIONS

There has been little activity in the development of new simulation programs because
the use of commercial packages for the calculation of ion trajectories has largely pre-
cluded research in this area. An excellent review of the application of simulations to
the understanding of the QIT has been given in Ref. 3. The Cooks group has carried
out multiparticle simulations [4], a simulation study of nondestructive detection of
ions in a QIT using a DC pulse to force coherent ion motion [5], and a multiparticle
simulation of ion injection under the influence of helium buffer gas using short injec-
tion times and DC pulse potentials [6]. Yoshinari [7] has carried out a numerical
analysis of the behavior of ions injected into an ion trap, and the March group has
reported a comparison of three simulation programs, ITSIM, SIMION, and ISIS (see
below) for the calculation of ion trajectories in an ion trap [8]. André and co-workers
have carried out simulation studies of a new operating mode for a QIT [9]. A simula-
tion study of the effect of geometric aberration, space charge, dipolar excitation, and
damping on ion axial secular frequencies in a nonlinear Paul trap has been reported
by Sevugarajan and Menon [10]. A user program for SIMION has been developed for
the simulation of ion trajectories in a digital ion trap (see Chapter 8). Three-dimen-
sional random ion/neutral collisions were modeled with a Maxwellian velocity distri-
bution for the buffer gas. A mass-selective ion ejection scan method is described and
simulated, where both the trapping quadrupole field and the dipolar excitation field
are driven digitally and their frequencies are scanned proportionally. In addition, sim-
ulation studies were carried out of the influence of space charge, duty cycle modula-
tion as an alternative ejection scan method, and ion injection into the ion trap [11].

4.3. THEORETICAL BACKGROUND

The calculation of ion trajectories within an ideal quadrupole field and quadrupolar
excitation of ion trajectories can be carried out by direct integration of the Mathieu
equation. To proceed beyond this stage to the calculation of ion trajectories in an ion
trap wherein the field is nonideal or to simulate the resonant excitation of ion trajecto-
ries by dipolar excitation, it is necessary to calculate the field throughout the ion trap.
Once the means to calculate the field have been achieved, ion trajectories can be cal-
culated for a wide variety of ion traps and under a range of conditions. Approaches
must be developed for the simulation of collisions of an ion with neutral species and
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later for the simulation of ion–ion interactions. Once these developments have been
made, simulations can be extended to ensembles of many ions for the simulation of,
for example, mass spectra.

4.3.1. Numerical Integration of the Mathieu Equation

It is possible to calculate the trajectory of a charged particle in an ideal quadrupole
field by numerical integration of the Mathieu equation. This method offers the
advantage that the details of the trajectory can be calculated directly at any point in
time with great accuracy. Such simulation studies are carried out generally for the
condition where the RF drive potential is applied to the ring electrode and the end-
cap electrodes are grounded. Because the simulation of resonance excitation in
quadrupolar mode involves the simple addition of the auxiliary potential to the RF
drive potential, resonantly-excited ion trajectories can be calculated directly by
numerical integration of the Mathieu equation also.

In the calculation of an ion trajectory in an ideal QIT of known dimension r0, one
must define the initial positions of ion position and velocity (x, y, z, x�, y�, z�), the RF
drive amplitude (zero-to-peak) V of phase ξ0 and radial frequency Ω,
and the mass m of the singly-charged ion. Once the initial conditions have been deter-
mined, the ionic parameters az, qz, βz, C2n, A, and B may be calculated, as described
in Chapter 2. A simulation program for quadrupolar resonance, such as SPQR 
[12, 13], assumes that the potential applied to the ring electrode, ΦR

0, is of the form

ΦR
0 � U � V cos(Ωt � �0) (4.1)

and the potential applied in phase (quadrupolar mode) to the end-cap electrodes, ΦE
0 ,

is of the form

ΦE
0 � U′ � V′(Ω′t � �′0) (4.2)

where U� is zero and V� is the amplitude of the tickle voltage of frequency Ω� and
of phase ξ′0. The potential obtained is a form of Eq. (2.79):

Φ(r, φ, z) � A0
0 � A0

1z � A0
2 (�

1
2

�r2 � z2) � A0
3z (�

3
2

�r2 � z2) � A0
4 (�

3
8

�r4 � 3r2z2 � z4) � � � �
(4.3a)

where the values n � 0, 1, 2, 3, 4 correspond to the monopole, dipole, quadrupole,
hexapole, and octopole components, respectively, of the potential field Φ. When 
Eq. (4.3a) is expressed in Cartesian coordinates, one obtains

Φ(x, y, z) � A0
0 � A0

1z � A0
2[�

1
2

�(x2 � y2) � z2] � A0
3z[�

3
2

�(x2 � y2) � z2]

� A0
4[�

3
8

� (x4 � 2x2y2 � y4) � 3z2(x2 � y2) � z4] � � � �. (4.3b)
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By substitution of the potential from Eq. (4.3b) into Eq. (4.4) and analogous equa-
tions in y and z [14],

�
d
dt

2x
2

� �� �
m
e
� �

∂
∂
φ
x
� (4.4)

the equations of motion for a singly-charged positive ion, expressed in Cartesian
coordinates, are obtained as

�
d
dt

2x
2

� � �
m
e
�[A0

2 � 3A0
3z � A0

4(�
3
2

�x2 � �
3
2

�y2 � 6z2)]x � 0 (4.5)

�
d
dt

2y
2

�� �
m
e
�[A0

2 � 3A0
3z � A0

4(�
3
2

�x2 � �
3
2

�y2 � 6z2)]y � 0 (4.6)

and

�
d
dt

2z
2

�� �
m
e
�[A0

1 � 2A0
2z � �

3
2

�A0
3(x2 � y2 � 2z2) � 6A0

4(x2 � y2 � �
3
2

�z2)]z � 0. (4.7)

Ion trajectories are calculated by numerically integrating Eqs. (4.5)–(4.7) for which
the three second-order differential equations are cast in the form of six first-order
differential equations; for example, Eq. (4.5) can be expressed as

�
d
d
x
t
�� x� and �

d
d
x
t

�
�� � �

m
e
�[A0

2 � 3A0
3z � A0

4(�
3
2

�x2 � �
3
2

�y2 � 6z2)]x. (4.8)

The resulting set of six first-order differential equations are solved using the
Bulirsch–Stoer method for numerical integration with adaptive step size and energy
control [15]. With this technique, it is possible to take large time steps of the order
of one cycle of the RF drive potential. In general, large time steps can be used dur-
ing relatively uninteresting segments of a simulation while smaller time steps, rang-
ing from one-twentieth to one-fiftieth of an RF cycle, are used for segments where
details of the ion’s motion are sought.

In this manner, many informative simulations can be carried out that will show
the wide variety of ion trajectories, resonance excitation, relative efficiencies of res-
onance excitation at different frequencies, ion isolation at the upper apex of the sta-
bility diagram, and differentiation between ion trajectories that are unstable and
those for which the maximum excursions exceed the dimensions of the device. From
the theoretical treatment above, it can be seen that regardless of the percentage of
hexapole and octupole field components that are present in the field within the ion
trap, an analytic, differentiable expression can be expressed that describes exactly
the potential for quadrupolar auxiliary-potential application. This condition does not
hold for the monopolar and dipolar resonance excitation modes; that is, a closed
expression cannot be obtained for the force experienced by an ion within the ion trap
when subjected to either monopolar or dipolar resonance excitation.

4.3.2. Calculation of Electrostatic Fields

For the simulation of ion trajectories in a nonideal quadrupole ion trap of specified
geometry and deviations of the electrodes from ideality (by virtue of electrode 
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truncation, electrode perforations, etc.), the electrostatic potential at each point in the
ion trap must be determined. The two methods by which such determinations can be
made are the direct method of electrostatic field calculation and the interpolation of
the potential using overrelaxation techniques.

4.3.2.1. Direct Method The direct method is by far the faster of the two methods
in that direct calculation of electrostatic fields acting on an ion at every time step can
be made by modern PCs equipped with high-speed processors while sacrificing little
computational time. The direct method uses a multipole expansion to calculate the
electric field. Potentials applied to the ring electrode (Φ0) and any auxiliary potential
(Φaux) have the general form given by Eqs. (4.1) and (4.2), respectively. For a sym-
metrical electrode configuration such as the QIT, an expression for the potential
Φ(ρ, θ, φ) in spherical polar coordinates [Eq. (2.78)] becomes

Φ(r, φ, z) � A0
0 � A0

1z � A0
2 [�

1
2

�r2 � z2] � A0
3z [�

3
2

�r2 � z2]

� A0
4 [�

3
8

�r4 � 3r2z2 � z4] � � � � [Eq. (4.3a)]

upon expansion of Eq. (2.78) and expression in cylindrical polar coordinates. As pre-
viously described for the A0

n constants, the values n � 0, 1, 2, 3, 4 correspond to the
monopole, dipole, quadrupole, hexapole, and octopole components, respectively, of
the potential field Φ. For a pure quadrupole field, the constants A0

3 and A0
4 are zero;

A0
1 is also zero when the applied auxiliary potential is in quadrupolar mode (as

opposed to the dipolar or monopolar mode). ITSIM makes all calculations of the
potential using the direct method such that all of the higher-order fields associated
with the nonlinear stretched ion trap (see Chapter 3) and dipolar auxiliary fields can
be conquered.

The significance of Eq. (4.3a) is that the electric potential (E) at any point in 
the ion trap can be determined from the negative gradient of the electric potential Φ:

E � ��Φ (4.9)

Eρ � �[A0
2ρ � 3A0

3ρz � A0
4(�

3
2

�ρ3 � 6ρ z2)] (4.10)

Ez � �[A0
1 � 2A0

2z � 3A0
3z2 � A0

3 � 3A0
3z2 � 2A0

4(3ρ2z � 2z3)]. (4.11)

4.3.2.2. Matrix Field Interpolation A second method of field calculation is
known as matrix field interpolation wherein the electrostatic forces in an ion trap are
calculated by an indirect method. The basic process involves the software creating,
in memory, a three-dimensional matrix. Each member of the array corresponds to a
potential (P) in the ion trap. Once the matrix has been established, the potential array
must be refined in that the potential on each nonelectrode pixel in the array is calcu-
lated. The method by which the potential is refined is an iterative process known as
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the overrelaxation method. The potential on each nonelectrode pixel must satisfy the
Laplace condition [16] that the electrostatic gradient must be zero for all pixels in
the array. The electrostatic potential at each pixel is interpolated from its nearest
neighbors in the array, as is illustrated in Figure 4.2.

Typically, for the QIT having cylindrical symmetry, there are five unique types of
pixels, arising from their location and the geometry of the ion trap:

1. points on the electrodes;

2. interior points that are equally spaced from the neighboring points, as in
Figure 4.2;

3. points adjacent to an electrode;

4. points on the symmetry axis that are equally spaced from the neighboring
points; and

5. points on the symmetry axis that are also adjacent to an electrode.

In contrast, SIMION [17] identifies six types of pixels:

1. interior points,

2. left/right-edge points,

3. interior axis points,
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Figure 4.2. Electrostatic potential at pixel P0 is calculated from potentials on each neighboring
pixel (P1–P6). In each iteration of the overrelaxation method, every pixel in array is calculated
as for P0 and iterations continue until the voltage calculated for every P0 changes by less than
the specified value. (Reprinted from the Journal of Mass Spectrometry, vol. 34, M. W. Forbes,
M. Sharifi, T. R. Croley, Z. Lausevic, R. E. March, “Simulation of ion trajectories in a quadru-
pole ion trap: A comparison of three simulation programs,” Fig. 5, 1219–1239 (1999). © John
Wiley & Sons Limited. Reproduced with permission.)
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4. corner axis points,

5. upper corner points, and

6. top-edge points.

The gradient on each pixel in the array is calculated in one step of the overrelax-
ation process and the changes made in each step are propagated to the next iteration.
This process continues until all of the pixels come into equilibrium and do not
change by more than a given potential gradient, the “convergence objective”. At this
stage, the electrostatic field at each point in the ion trap is known and can be used to
calculate the trajectory of an ion.

4.3.3. Computer Simulation Programs

Three computer programs have been used extensively for the calculation of ion
trajectories; these programs are ION and electron optics SIMulation package
(SIMION) [17], Ion Trajectory SIMulation (ITSIM) [18], and Integrated System for Ion
Simulation (ISIS) [14]. ITSIM and ISIS are self-contained packages that were designed
for and are restricted to simulations of ion trajectories within quadrupolar devices, par-
ticularly the QIT. SIMION 3D is a versatile software package that allows the user to
simulate ion trajectories in virtually any electrostatic or magnetic field. It was designed
initially for the study of ion optics and was developed later for application to the QIT.

4.3.3.1. ITSIM ITSIM was developed in the laboratory of R. G. Cooks at Purdue
University and has been used with great success in developing three-dimensional visual
representations of ion trajectories [19] in addition to phase space and Poincaré plots.
ITSIM appeared originally for a DOS-based PC environment but has since been made
available in a Windows platform with an enhanced user interface and extended simula-
tion capability. ITSIM has been used also for the study of the effects of helium buffer
gas, RF phase angle and DC pulse potentials on ion-trapping efficiency during ion injec-
tion [20], as well as the trajectories of ions undergoing DC and resonant excitation [4].

4.3.3.2. ISIS ISIS was developed in the laboratory of R. E. March at Trent University
from a series of modules for calculating ion trajectories; these modules included a pro-
gram for the direct integration of the Mathieu equation (MA), the field interpolation
method (FIM), and a simulation program for quadrupolar resonance (SPQR) [14, 21].
ISIS has been used extensively in the study of kinetic energy effects [22–24] and DC
and RF fields [25] during axial modulation as well as the method of mass-selective iso-
lation [26] and frequency absorption analyses of resonantly excited ions [27].

4.3.3.3. SIMION In that SIMION was based on the study of ion optics, it has been
applied widely for the examination of ion trajectories in ion sources and beam
instruments. SIMION has the means for the creation of custom electrode geometries
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controlled by user programs, that is, algorithms developed by the user to control the
potentials applied to the electrodes. Charged particle trajectories through a concate-
nation of custom-designed electrodes can be modeled directly by SIMION which
can take into account electrode truncation, holes in electrodes, and field penetration
through such holes. SIMION has been used for the simulation of ion behavior in a
number of devices, including QMFs [28], time-of-flight mass spectrometers [29],
ion cyclotron resonance mass spectrometers, and QITs [29]. Doroshenko and Cotter
have used SIMION extensively in their studies of ion injection [30] into a QIT, as
have Arkin and Laude in comparisons of the axial electric fields generated by the
hyperbolic, hybrid, and cylindrical ion traps [31]. In addition, SIMION has been
shown to be powerful for modeling ion optics or lenses whereby externally-created
ions are guided from an ion source such as an electrospray ionization apparatus (see
Chapter 8) into an ion trap. Both simple Einzel lenses with static DC voltages [32]
and complex ion funnels with RF voltages have been studied [33].

4.3.3.4. Dialogue and Operating Platform Although all three programs run on
conventional PCs and all are computationally rigorous, the most noticeable
differences between SIMION 6.0, ITSIM 4.1 and ISIS are their characteristics in
user platform. Each of the programs performs at a different rate and has different dis-
play functions. The time required to complete a given simulation varied significantly,
with the dominating factor being the number of ions in the simulation. ITSIM and
SIMION permit simultaneous calculations of the trajectories of ensembles of ions
while ISIS performs successive single-ion trajectories. While clouds of thousands of
ions can be simulated, in practice, SIMION will run at an acceptable rate of only
some 100–200 ions.

ITSIM was written in C�� and makes use of Windows 32-bit memory-sharing
capabilities [18]. ITSIM 4.1 combines input files for ion definition, voltage pro-
gramming, simulation run time, and data output into a user-friendly visual interface
that allows simulations to be run easily through single input and executable files.
ITSIM allows the user both to define all of the experimental conditions prior to run-
ning the simulation and to change parameters during a simulation. ITSIM is a true
multiparticle simulator and can be used to characterize both single-ion trajectories
and those of large ensembles of ions in timely fashion.

ISIS runs in a DOS-based environment and the simulation parameters are com-
piled from a series of input files for scan functions, ion definition, and data output
options. There is no option to view ion trajectory data online or in real time. The var-
ious modules of ISIS were written in either BASIC or FORTRAN [14] and are com-
piled separately.

SIMION 6.0 differs from ITSIM and ISIS in both design and user format. It offers
an interactive dialogue in a DOS-based environment, but it is driven by a graphical
user interface (GUI) of layered menus with mouse-activated buttons to guide the
user from one option to another. While SIMION requires that the user must develop
his or her own electrode designs and must write algorithms for the control of volt-
ages and simulating collisions, it has the versatility to model virtually any type of
mass spectrometer.
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4.3.3.5. Electrode Design SIMION requires the user to create custom electrode
geometries whereas ITSIM and ISIS are self-contained packages capable of calculat-
ing ion trajectories in the ideal, stretched (see Chapter 3), and cylindrical ion trap
geometries. ITSIM 5.0 allows externally-generated ions to fly into the ion trap volume
through holes in end-cap electrodes and permits the simulation of ion trajectories when
ions are ejected through such holes and strike a plane of detection [34–36].

The first component of SIMION’s electrode design involves producing a structure
that approximates the shape and dimensions of a real QIT. Tools are available to cre-
ate various geometric shapes, so once the dimensions of the ion trap are known,
accurate hyperbolic electrodes can be created as given in Eqs. (2.45) and (2.46) for
the ring and end-cap electrodes, respectively.

The second component of SIMION’s electrode design is the continuity of the sur-
face; while rigorous hyperbolas can be drawn, it is the resolution of the pixel array
that determines the precision of the electrode surface. Each pixel consumes 10 bytes
of conventional random access memory (RAM) such that a three-dimensional cubic
array 100 	 100 	 100 (106) pixels will be used and 10 Mbytes of RAM allotted in
memory. Roughness in electrode design translates into roughness in the calculated
field and may introduce a significant source of error into the calculated ion trajectory.

For the comparison [8] of the performances of ITSIM, ISIS, and SIMION (see
below), the desired QIT geometry was created in SIMION, as illustrated in Figure 4.3.
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Figure 4.3. Electrode array created in SIMION to construct QIT. Electrodes 1 and 3 are
entrance and exit end-cap electrodes, respectively; electrode 2 is ring electrode and electrode 4
is the ion gate used to inject ions into ion trap. The two-dimensional array was reflected through
the y axis to generate a three-dimensional structure. (Reprinted from the Journal of Mass
Spectrometry, vol. 34, M. W. Forbes, M. Sharifi, T. R. Croley, Z. Lausevic, R. E. March,
“Simulation of ion trajectories in a quadrupole ion trap: A comparison of three simulation pro-
grams,” Fig. 3, 1219–1239 (1999). © John Wiley & Sons Limited. Reproduced with permission.)
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Four two-dimensional electrodes were created: two hyperbolic end-cap electrodes with
holes at the center (electrodes 1 and 3), one hyperbolic ring electrode (electrode 2), and
one conical ion gate at the entrance of the left end-cap electrode (electrode 4). The
potential array was 900 pixels wide by 450 pixels high, reflected through the y axis,
then rotated about the y axis to yield a three-dimensional array 900 	 900 	 900 pix-
els. The design in Figure 4.3 was scaled (a SIMION option) by a factor of 4 mm/90
pixels in arriving at the ideal ion trap geometry specified as r2

0 � 2z2
0 with r0� 10 mm.

Figure 4.4 is a schematic of the complete SIMION electrode array and shows a
magnified view of the individual pixels comprising the electrodes; the electrodes of the
ion trap have a resolution of 0.0444 mm per grid unit, as determined by the scaling fac-
tor. The significance of the grid resolution becomes apparent when the electrostatic
fields in the ion trap are calculated.

Whereas ions can exist only within the bounds of the ion trap with ITSIM (Version
4.1) and ISIS, ions can be created outside of the ion trap with SIMION. Figure 4.4
illustrates how ions can be created at the mouth of the ion optic or gate and guided
through the entrance end-cap electrode for subsequent confinement, that is, a simu-
lation of external ion creation followed by ion injection and ion confinement.
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Figure 4.4. Analysis of the electrode resolution obtained in a SIMION electrode array fol-
lowing application of a scaling factor of 0.0444 mm/pixel. Pixel size corresponds to precision
of 0.002 in. Note that the ratio of r0 to z0 has been distorted to accommodate enlargement of
the electrode structure. (Reprinted from the Journal of Mass Spectrometry, vol. 34,
M. W. Forbes, M. Sharifi, T. R. Croley, Z. Lausevic, R. E. March, “Simulation of ion trajec-
tories in a quadrupole ion trap: A comparison of three simulation programs,” Fig. 4,
1219–1239 (1999). © John Wiley & Sons Limited. Reproduced with permission.)
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4.3.3.6. Scan Functions and User Programs Once the electrostatic potential
matrix has been completed, the simulators apply the voltages to the electrodes in
order to realize an operating mode of an instrument. While all three programs can
be made to perform the same tasks, ITSIM and ISIS are designed with built-in,
time-dependent modules tailored specifically to allow the user to perform complex
manipulations, whereas SIMION requires the user to write user programs to con-
trol the voltages.

ITSIM is the most user friendly of the three programs and offers three options for
voltage programming in the main menu. The RF drive voltage may be programmed
with variable frequencies and amplitude ramping so as to simulate the basic mass-
selective operation of the ion trap. The AC potentials may be applied with variable
amplitude and frequency for performing axial modulation (see Chapter 3) and
monopolar, dipolar, and quadrupolar excitation. In addition, DC potentials are avail-
able for the simulation of DC pulsing and DC trapping.

The voltage programming entails the construction of a scan table in which the
user specifies the amplitude, frequency, and duration of application; a schematic of
such a scan table wherein the temporal variation of all of the necessary potentials is
portrayed is described as a scan function (see Chapter 6, Figure 6.4). The preferred
units of time, voltage, and frequency can be adjusted such that the amplitude of the
RF drive voltage can be programmed as a real voltage, for example, VRF � 789.6 V0-p;
as a function of the qz value for a given ion species, for example, qz � 0.3 for m/z
100; or as a function of the LMCO (see Chapter 2) that gives the lower limit for
mass/charge ratio of ions that may be confined.

ISIS follows a voltage programming method that is similar to that of ITSIM. The
user defines separate modules in the overall scan function—the segment zero and 
the current segments. When there are no changes over the course of a simulation, the
current segment zero will be rerun successively for the duration of the simulation. A
different current segment module must be defined for each change in the trapping
parameters. The segment files are ASCII text code and they can be adjusted either
through the ISIS interface or directly. ISIS uses the basic International System of
units (SI) for all input parameters and the voltages are assigned in terms of qz values
for the given ion under the specific trapping conditions.

SIMION requires that all dynamic voltages applied to the ion trap electrodes be
controlled from user programs, that is, algorithms similar to BASIC code that cal-
culate and apply the voltages. The user programs are called at the beginning of a run
when the user decides to “Fly’m,” SIMION’s descriptor for initiating a simulation.
SIMION alone permits the user to adjust any or all of the variables during the flight.
For SIMION to perform scan functions in a manner comparable to those of ITSIM
and ISIS, a number of modifications were implemented; a complete record of the
user program is given in the Supplementary Material to Ref. 8. SIMION accepts and
returns values in the user program in units of atomic mass units, volts, electron-volts,
millimeters, and microseconds; any conversion to other conventions must be incor-
porated in the user program.
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4.3.3.7. Ion Definition The identity of an ion is defined by the parameters mass (m),
charge (e), initial position (x, y, z), initial velocity in Cartesian coordinates (x�, y�, z�) or
polar three-dimensional coordinates (kinetic energy Ek, azimuth θ, elevation φ), time
of creation (t), and cross-sectional area (σ). Of these parameters, SIMION and ISIS
consider all but σ. Because ITSIM can simulate ion/neutral collisions with a hard-
sphere collision model, σ must be defined for each ion.

The three methods for defining ion properties of exact ion definition, uniform ion
distribution, and randomized distributions are all possible with the three simulation
packages. For each package, the exact ion definition method requires the user to input
individually the coordinates, velocities, masses, and so on, for each ion. In ITSIM and
SIMION, groups of ions can be saved for reuse later. Figure 4.5a, in which any ion prop-
erty (P) is specified precisely for each ion, can characterize the exact definition of ions.

In SIMION’s Define dialogue, exact ions can be defined using the Define Ions
Individually option. A large number of ions can be created and the ion trajectories
are simulated in the order in which they were defined, allowing the user to observe
individual trajectories and the effects of altering initial properties. Exact distributions
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Figure 4.5. Histograms illustrating exact ion definition: (a) user inputs value of a given ion
property P for each ion separately; (b) method of uniform distribution, whereby an equal num-
ber of ions will have a particular value for given property and number of ions is distributed
evenly across range of values; (c) Gaussian distribution of ion properties; (d ) Boltzmann dis-
tribution of ion properties. Any property P can be generated using a Gaussian distribution in
ITSIM and kinetic energies of ions can be created from a Maxwell–Boltzmann distribution 
in ISIS. (Reprinted from the Journal of Mass Spectrometry, vol. 34, M. W. Forbes, M. Sharifi,
T. R. Croley, Z. Lausevic, R. E. March, “Simulation of ion trajectories in a quadrupole ion
trap: A comparison of three simulation programs,” Fig. 6, 1219–1239 (1999) © John Wiley &
Sons Limited. Reproduced with permission.)
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of ions can also be created in ITSIM where the ions are defined in families and the
user may specify the number of ions in each family. Exact ions can also be specified
in ISIS and a file is created for each ion. Exact ion definition is a tedious process. It
is often more efficient to create distributions of ions by another method.

A second method for creating ensembles of ions is the uniform definition of ions
and is illustrated in Figure 4.5b. SIMION provides an option to Define Ions by
Groups in which any or all of an ion’s properties can be incremented to create a uni-
form group. For example, defining the first ion and specifying a mass increment of
1 unit can create an ensemble of 11 ions of mass/charge ratios 95–105 with identi-
cal positions, velocities, and so on. SIMION allows the user to randomize ion prop-
erties such as ions’ positions, kinetic energies, initial cone angle (SIMION’s term for
direction), and time of birth.

In ISIS, groups of ions can be defined in the Edit an Ion dialogue by allowing the
user to maintain a certain default set of parameters (mass, charge, velocity) while the
variable parameter is adjusted incrementally.

ITSIM has adopted a somewhat different method for generating a uniform distri-
bution of ions. In the Ion Generation Parameters dialogue, the user is prompted to
define families of ions with a specified number of members. A high and low value
for each of x, y, z, x�, y�, z� and time of birth can be specified and the ions will be dis-
tributed uniformly throughout the specified ranges. For example, 10 ions can be cre-
ated over one RF base cycle by specifying a start time (low value) of 0 s and an end
time (high value) of 9.0909 	 10�7 s. The ion generator uses a random-number seed
to determine the distribution of the variable property for the ion ensemble. For a
small number of ions, the ensemble will not necessarily be evenly populated but,
as larger ensembles are created, the distribution tends to approximate the form of
Figure 4.5b to a greater extent.

A third method of ion creation generates ions with properties varied according to
a Gaussian distribution, as illustrated in Figure 4.5c, or a Maxwell–Boltzmann-like
distribution, as shown in Figure 4.5d. ISIS includes a function by which the initial
kinetic energies of an ensemble of ions can be generated from a Boltzmann distri-
bution of energies. Real populations of ions under set conditions will have energies
that can be described by the function

ni� . (4.12)

The number of ions ni with energy εi is related to the total number of ions in the
ensemble (N), the temperature (T), the energy of the allowed levels (εj), and the
degeneracy of the population of level j (gj). Such a treatment is perhaps the most accu-
rate thermodynamic means for generating ensembles of ions with realistic energies.
ITSIM is capable of generating ions with any or all of their initial positions (x, y, z)
and/or velocities (x�, y�, z�) fitted to a Gaussian distribution. A Gaussian distribution is
helpful when more realistic groups of ions are desired: for example, a beam of ions
focused by an ion lens prior to injection into an ion trap and an ion ensemble after an

Ne�εi /kT

��
�j

gje
�εj /kT
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initial cooling period [37–40]. This latter example obviates simulation of ionization
and cooling processes. It would be unrealistic, for example, to specify an ensemble of
ions starting in the same radial plane with velocities in the axial direction only
because, in practice, nearly all of the ions will have some component of radial veloc-
ity as they pass the end-cap electrode. Thus the Gaussian distribution can be used to
generate a group of ions with x and y velocities fitted to a Gaussian curve by specify-
ing high and low limits, the mean velocity, and the standard deviation; then, by over-
lapping the two distributions, a hypothetical population of ions with x and y velocities
could be generated. The majority of the ions will not have substantial components of
kinetic energy in the radial plane (as would be expected when an effective ion lens is
used), but the deviations from ideality associated with a real chemical system have
not been ignored. Figure 4.6 illustrates a hypothetical population of ions that would
be generated with a symmetrical variation of radial velocities.

4.3.3.8. Calculation of an Ion Trajectory The trajectory of an ion is calculated by
numerical integration of Newton’s equations of motion at specified time intervals for
the duration of the simulation. This process is carried out in two stages. First, the ion’s
initial position is used to determine the electrostatic forces (E) acting upon the ion at
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Figure 4.6. Representation of the population of ions with radial velocities varied according to
Gaussian distribution. The range of velocities is limited by a minimum (�2000 ms�1) and a max-
imum (2000 ms�1) and is centered about the mean velocity (0 ms�1). In this example, the stan-
dard deviation was assigned a value of 1000 ms�1. (Reprinted from the Journal of Mass
Spectrometry, vol. 34, M. W. Forbes, M. Sharifi, T. R. Croley, Z. Lausevic, R. E. March,
“Simulation of ion trajectories in a quadrupole ion trap: A comparison of three simulation pro-
grams,” Fig. 7, 1219–1239 (1999). © John Wiley & Sons Limited. Reproduced with permission.)
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the time t at which the calculation is made. The forces are then used to determine the
ion’s new acceleration (ax, ay, az). Second, a numerical integration is performed to
determine the ion’s position at the next calculation time, t � ∆t, such that the ion’s
current velocity (vx, t, vy, t, vz, t) is adjusted by the acceleration terms to yield three new
velocity terms (e.g., vx,(t�∆t)) and the ion flies in a straight line. A standard fourth-order
Runge–Kutta algorithm is used for all three software packages, although ITSIM
allows the user to select fifth- and eighth-order Runge–Kutta algorithms, both of which
support automatic error control and step size adjustment. Two types of error, round-
off error and truncation error, are present in a Runge–Kutta algorithm, but steps can
be taken to minimize the contribution of either one [14].

While completion of the two stages constitutes one integration step, it is the mag-
nitude of the time interval ∆t, or integration step size, that determines the quality of
the ion’s trajectory. When ∆t is too large, the calculated path of the ion can be
extremely rough and the trajectory will not show minute oscillations or components
of ion motion that may occur between tn and tn � 1. Conversely, when ∆t is made
excessively small, beyond the point at which significant data are captured, then the
simulation will run more sluggishly and round-off errors begin to mount. Hence
there is an optimum integration time for which simulations run at an acceptable rate
while accurate trajectories are calculated. Both ISIS and ITSIM have adjustable
static integration times; an integration time of 10 ns has been found to return accept-
able results.

In contrast, SIMION has an built-in algorithm that adjusts automatically the inte-
gration time at each step. One disadvantage of static integration times is illustrated by
the following analogy. When driving on a rough road with steep hills, the control of
vehicle speed should be based on driver reaction time to unforeseen obstacles. In this
manner, when a steep downward slope is approached, the vehicle’s momentum will
be sufficiently low that the vehicle remains on the road and is not propelled over the
edge of the road. In the same way, an ion trajectory simulator can blindly propel an ion
over a large potential barrier and miss an important component of an ion’s motion.
To obviate this problem, SIMION calculates one integration step ahead and, if the ion’s
kinetic energy is found to change by more than an allowed amount, the integration
step size is halved.

4.3.3.9. Data Collection and Display When direct comparisons of computational
abilities are to be made, it is convenient to extract and to manipulate the experimen-
tal data obtained. In addition, real-time visual representations of ion trajectories can
prove to be useful in helping to characterize the motions of ions in the ion trap. ITSIM
and SIMION have several options for viewing ion trajectory data during a simulation,
whereas the ISIS package supports only a graphical user interface. ITSIM has the
more advanced graphical user interface for analyzing ion properties in novel forms.
Display options include spatial and kinetic energy distributions with time, voltage
scan functions, two-dimensional animations, phase space (variation of the ion’s
velocity in a given direction with its position), and Poincaré plots that strobe the ion’s
velocity and position at a predefined frequency.
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A second means for analyzing simulation data is to capture various properties of the
ion (time, position, velocity, etc.) at specified intervals. All three software packages are
capable of capturing simulation data for each ion at every integration step or at larger
time intervals. The data are written to a file in comma- or tab-delimited ASCII format
such that they can be imported into spreadsheet or scientific graphing software pack-
ages. SIMION allows the capture of numerical data for each ion flown in a multiparti-
cle simulation, whereas ITSIM will write the data for one ion at a time. Thus, single-ion
trajectories must be run if the user wishes to export data for an ion ensemble.

A major concern when analyzing extracted data is that the files can become
extremely large for a short experimental run. For example, a typical quadrupole ion
trap will perform an analytical scan in a time frame of some hundreds of milliseconds.
For an ion trajectory calculation using an integration time of 10 ns, a simulation using
only one ion would generate 100 000 records ms�1 in a data file. Hence an effort must
be made to decrease the quantity of data collected without diminishing significantly
the trajectory quality. It has been determined that the error introduced by presenting
data at 100-ns intervals was considered insignificant, particularly when compared
with the advantage of decreasing the volume of data.

4.3.3.10. Collision Models Operation of a QIT requires the presence of a buffer
gas, normally helium. When ions are permitted to attain large radial orbits, few ions
will be transmitted successfully through the holes in an end-cap electrode and strike
a detector during an analytical scan. Kinetic cooling of ions can be induced with the
introduction of a relatively high pressure (10�3 Torr) of helium; ions suffer collisions
and lose kinetic energy so that the ion cloud is focused near the center of the ion trap.
As noted previously, one of the first illustrations of kinetic cooling was published by
Wuerker et al. [1] and shows particles of aluminum dust trapped under the influence
of a quadrupolar electrostatic field. At high background pressures, the motions of the
particles were seen to crystallize and to migrate slowly toward the center of the ion
trap while maintaining stable trajectories.

A number of collisional models have been proposed, but ion velocities in a QIT
are extremely variable such that no dominant collision model has emerged thus far.
The models that have been studied include a biased random-walk statistical model
[41], a three-dimensional, ion/neutral, hard-sphere collisional model [29], an inelas-
tic molecular dynamics model [42], and a Monte Carlo, high-energy model [43]. The
two essential criteria for a collision model are that the properties of a buffer gas
(nature, velocity, pressure) must be approximated [44] and the model should not be
excessively taxing on simulation time.

ISIS utilizes a collision model based on the Langevin collision theory while ITSIM
is equipped with both hard-sphere and Langevin collision models. In contrast, one of
SIMION’s demonstration user programs includes a somewhat less refined velocity-
damping model. Londry et al. have discussed in detail the theory [14] and effects [26]
of collisional cooling (see Chapter 3). Julian et al. [4] have pointed out that, at low ion
velocities, the Langevin collision model will best approximate collisions whereas at
higher velocities a hard-sphere model affords a more accurate approach.

Langevin Collision Model For the Langevin collision model, the probability (P) of
an ion suffering a collision can be calculated as a function of its charge (e), the
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permittivity of a vacuum (ε0), the polarizability of the buffer gas (α), the reduced
mass of the ion and target (µ), the pressure of the buffer gas (p), the Boltzmann con-
stant (k), the temperature (T), and the step size (dt):

P � �
2
e
ε0

� ��
µ
α

�� �k
p
T
� dt. (4.13)

The energy transfer parameter that governs the ion energy gain or loss in a collision
is a function of the velocities of the colliding partners and a randomly-selected scat-
tering angle (p. 271 in Ref. 3); however, the probability that a collision will occur is
independent of velocity, as Eq. (4.13) indicates.

Hard-Sphere Collision Model The hard-sphere collision model in ITSIM is a
velocity-dependent treatment of the probability of a collision occurring in unit time
wherein the velocity is scaled by a time-dependent collisional damping term (A); the
probability of a collision is calculated as follows [45]:

P � �
σ
k
v
T
rp� dt (4.14)

where σ is the collision cross section, vr is the relative velocity between an ion and
a buffer gas atom, p is the buffer gas pressure, k is the Boltzmann constant, T is the
buffer gas temperature, and dt is the step size.

Collision Factor SIMION uses a different method to calculate collision probabil-
ity. At each integration, the distance that an ion has traveled is calculated from the
ion’s velocity (v) and the time step (t). A factor called the mean-free path (MFP) is
then used to calculate a collision factor [(CF) as in Eq. (4.14)]:

CF � 1 � e�vt/MFP. (4.15)

The calculated velocity-dependent CF is compared with a random number between
zero and one; when the random number is 
CF, a collision occurs and the ion’s
velocity is adjusted in accordance with Eq. (4.15) to obtain the new velocity, vnew:
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ff
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e

e
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where mion and mbuffer are the masses of the ion and buffer gas, respectively.

4.3.4. Comparison of Simulators

Comparison of the three simulators was carried out using identical ions in a colli-
sion-free system followed by examination of the ions’ spatial (radial and axial) vari-
ations with time, kinetic energy (Ek) variations with time, and secular frequencies. In
a further comparison, identical ions were subjected to collisional cooling followed
by examination of ion kinetic energy variation with time. Finally, a comparison was
made of 16 ions injected into an ion trap from an external ion source.
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4.3.4.1. Single-Ion Trajectories in a Collision-Free System The trajectory of a
single defined ion in an ion trap was calculated by each simulator for a period of
25 µs. The data were collected at an output increment of 10 ns because the duration
of the simulation was short and an exact comparison was sought. In Table 4.1 is
presented a summary of the trapping parameters together with the initial ion proper-
ties for the simulations. In Table 4.2 are presented some numerical results. That these
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TABLE 4.1. Summary of Trapping Parameters and
Initial Ion Properties Used for Simulation of Single-Ion
Trajectory

Parameter Value

r0, z0 (mm) 10.00, 7.071
f (MHz) 1.1
γ (rad) 0
qz, az 0.400, 0.000
PHe (Torr) 0
m/z (Th) 100
x, y, z (mm) 0.500, 0.500, 0.500
x�, y�, z� (ms�1) 0.000, 200.000, �100.000
Output increment (µs) 0.01

Source: Reprinted from the Journal of Mass Spectrometry, vol. 34,
M. W. Forbes, M. Sharifi, T. R. Croley, Z. Lausevic, R. E. March,
“Simulation of ion trajectories in a quadrupole ion trap: A compar-
ison of three simulation programs,” Table 1, 1219–1239 (1999). 
© John Wiley & Sons Limited. Reproduced with permission.

TABLE 4.2. Numerical Simulation Results for Single-Ion Comparison

Parameter a SIMION ITSIM ISIS

Integration time (µs) 0.007 0.01 0.01
zmin (mm) �1.0631 �1.0206 �1.0100
zmax (mm) 1.0421 1.0264 1.0000
ωz (kHz) 161.1 161.1 161.0
rmin (mm) 0.1791 0.1786 0.1740
rmax (mm) 1.1477 1.1475 1.1390
ωr (kHz) 78.7 78.4 78.4
Ek,min (eV) 0.0050 0.0054 0.0050
Ek,max (eV) 1.6089 1.5251 1.5298

Source: Reprinted from the Journal of Mass Spectrometry, vol. 34, M. W. Forbes,
M. Sharifi, T. R. Croley, Z. Lausevic, R. E. March, “Simulation of ion trajectories in a
quadrupole ion trap: A comparison of three simulation programs,” Table 2, 1219–1239
(1999). © John Wiley & Sons Limited. Reproduced with permission.
aThe subscripts max and min refer to the maximum and minimum values of a particular
parameter over the course of the simulation.

c04.qxd  7/20/2005  12:08 PM  Page 152



basic calculations enjoy such a high degree of agreement is a tribute to those who
spent so many hours writing, testing, and honing the three simulator packages.

Axial and Radial Variations The temporal variations of the selected ion’s axial and
radial excursions from the center of the ion trap are shown in Figures 4.7a and b,
respectively. There is remarkably little difference between the three ion trajectories.
The most notable differences are observed in the regions of the curves where the ion’s
motion underwent a change of direction. The ion trajectory calculated by SIMION
showed deviations from those of ITSIM and ISIS; these deviations may be indicative
of the differences in computational methods. The differences between the trajectories
at the maxima and minima in both the r and z directions were �0.1 mm in all cases.
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Figure 4.7. Simulation of a single-ion trajectory (m/z 100 at qz � 0.4 and collision free) by
each of SIMION, ITSIM, and ISIS. Simulation was run for 25 µs. (a) Overlaid plots of axial
position with time. (b) Overlaid plots of radial position with time. Details of the trapping
parameters and initial ion properties are given in Table 4.1 and the results of the simulations
are given in Table 4.2. (Reprinted from the Journal of Mass Spectrometry, vol. 34,
M. W. Forbes, M. Sharifi, T. R. Croley, Z. Lausevic, R. E. March, “Simulation of ion trajec-
tories in a quadrupole ion trap: A comparison of three simulation programs,” Fig. 11,
1219–1239 (1999). © John Wiley & Sons Limited. Reproduced with permission.)
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Ion Kinetic Energy Variation In Figure 4.8 are shown three overlapping plots of the
temporal variations of the ions’ kinetic energies. It is quite extraordinary that virtually
no differences among the kinetic energies calculated by the three simulators were
observed.

The minor differences between the trajectory calculated by SIMION and those
calculated by ITSIM and ISIS are attributed to the matrix calculation method employed
by SIMION. There is no conclusive evidence to indicate that the matrix method was
responsible for these minor differences; rather it is by a process of elimination that
the interpolation method is identified as the source of the minor trajectory differences.
Great effort had been expended in the construction of the electrode geometry in
SIMION in order to minimize sources of error associated with the field interpolation
method (e.g., resolution of the array, refining process).

Conversely, a drawback of the direct-calculation method is that it does not con-
sider discontinuities in the electrode surfaces. A grid resolution of 0.002 in. in the
SIMION electrode structure is comparable to the precision with which electrodes can
be machined for real instruments [3]. However, the electrodes in a real instrument are
relatively small, the surfaces are truncated, and holes are drilled through the end-cap
electrodes, so it is suggested that the matrix method may give more realistic results if
the effects of such discontinuities are significant. Quarmby and Yost [46] have
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Figure 4.8. Plot of the kinetic energy variation with time of a single ion calculated by each
of SIMION, ITSIM, and ISIS for the conditions in Figure 4.7. Maximum kinetic energy
attained by the ion was ∼1.5 eV. (Reprinted from the Journal of Mass Spectrometry, vol. 34,
M. W. Forbes, M. Sharifi, T. R. Croley, Z. Lausevic, R. E. March, “Simulation of ion trajec-
tories in a quadrupole ion trap: A comparison of three simulation programs,” Fig. 12,
1219–1239 (1999). © John Wiley & Sons Limited. Reproduced with permission.)
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reported that end-cap perforations can weaken the local RF-trapping field and ions
having large axial excursions are susceptible to this distortion of the field. Although
the trajectories of SIMION appear to stand apart from those of ITSIM and ISIS, it
should not be concluded that SIMION calculations are any more or less accurate than
those of ITSIM and ISIS.

Frequency Analysis Frequency analysis of the ion’s trajectory calculated by each
program was carried out. For ITSIM and SIMION simulations from which numeri-
cal data were obtained, a power spectral Fourier transform frequency analysis was
performed on both the axial and radial data to elucidate ωz and ωr. For ISIS, the ion’s
frequencies were calculated manually; the times at which an ion passed a particular
position were recorded and the average of the differences between each pair of points
was used to determine the secular frequency. Plots of the power spectra of the radial
and axial frequencies of the ion trajectory simulated by ITSIM are presented in
Figure 2.18. The results in Table 4.2 indicate that, again, there is a remarkable degree
of agreement in that the calculated secular frequencies ωz and ωr were shifted by
�0.01% from the theoretical values.

4.3.4.2. Collisional Cooling As discussed in Chapter 3, collisional cooling of ions
confined in a QIT is essential in order to obtain high mass resolution and sensitivity.
Because SIMION treats ion/neutral collisions in a unique manner, a comparison is
made first of ITSIM with ISIS and then collisional cooling with SIMION and with
ITSIM is compared.

Comparison of ITSIM with ISIS The trajectory of a single ion of m/z 100 was sim-
ulated in both ITSIM and ISIS for 1 ms so as to compare the effects of collisional
cooling using the Langevin collision model. The ion’s initial conditions are given
in Table 4.3. The higher than normal bath gas pressure used here to reduce
computational time did not impair the simulation [14]. The results generated by
ISIS and by ITSIM [8] showed the trends in condensation of ion motion and reduc-
tion of ion kinetic energy to be in good agreement. From these two calculations, it
can be extrapolated that an ensemble of ions filling much of the ion trap volume
would be condensed to a small ion cloud near the center of the ion trap and having
low kinetic energy. The similarity of the models is illustrated by the observation
that the ITSIM simulation involved 151 collisions while that of ISIS involved 149
collisions.

Comparison of SIMION with ITSIM A comparison, similar to that above, has been
made between the velocity-damping model of SIMION and the hard-sphere model
of ITSIM; the simulation parameters are given in Table 4.3. The results generated by
SIMION and by ITSIM [8] showed the expected trends in condensation of ion
motion and reduction of ion kinetic energy. The MFP setting for SIMION (40) was
found to approximate the effects of a pressure of helium buffer gas of 15 mTorr in
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ITSIM using a collisional cross section σ � 50 Å2. The major difference arises from
the limitation of SIMION’s model in that ion energy increase from a collisional
encounter is not allowed. Although the hard-sphere model induces a more rapid
decline in ion kinetic energy as a result of the first 15 or so collisions with ITSIM,
ion kinetic energy after 100 or so collisions with SIMION was excessively low.

4.3.4.3. Ion Injection There is an enormous experimental advantage to be gained
by trapping ions generated externally to the ion trap and injected subsequently into
the ion trap [47] (see Chapter 8). However, the relatively low efficiency of ion ejec-
tion and subsequent ion confinement have stimulated a number of simulations of this
process. Doroshenko and Cotter [30] have used SIMION 6.0 to study in great detail
the effects of ion kinetic energy and RF phase angle (γ) on the trapping efficiency,
as have He and Lubman [29]. Weil et al. [6] used ITSIM to show the influence of
various pressures of helium buffer gas and pulsed DC potentials on the trapping
efficiency of injected ions.

DC Pulse on the Exit End-Cap Electrode Enhanced trapping efficiency of extern-
ally-generated ions can be achieved by the application of a DC pulse to the exit end-
cap electrode [8]. In a simulation carried out with ITSIM, 20 ions of m/z 100 were
created in the vicinity of the entrance end-cap electrode of the ion trap immediately
prior to the application of a �250 DC pulse for1 µs. No collisions were simulated.
During the pulse, the motion of the ion ensemble acquired a degree of coherence and
ion kinetic energy maxima ranged from 35 to 130 eV. Once the pulse was removed,
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TABLE 4.3. Summary of Initial Properties and Trapping
Parameters Used for Comparisons of Collisional Cooling

Parameter a Value

m/z (Th) 100
x, y, z (mm) 0, 0, 0
(x�, y�, z�) (ms�1) 982.227, �694.57, 694.57
PHe (mTorr) 15
α (Å3) 0.20495
T (K) 493.0
MFP (SIMION) 40
qz, az 0.400, 0.000
f (MHz) 1.100

Source: Reprinted from the Journal of Mass Spectrometry, vol. 34,
M. W. Forbes, M. Sharifi, T. R. Croley, Z. Lausevic, R. E. March,
“Simulation of ion trajectories in a quadrupole ion trap: A compar-
ison of three simulation programs,” Table 3, 1219–1239 (1999). 
© John Wiley & Sons Limited. Reproduced with permission.
aPressure, polarizability and temperature apply to the collision mod-
els used in ITSIM and ISIS, whereas the MFP factor applies to
SIMION.
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ion kinetic energy maxima were generally less than 35 eV; all of the ions were
confined within the ion trap during the simulation period of 10 µs and the motion
coherence was retained.

Trapping Efficiency as a Function of RF Phase Angle γ A series of simulations using
ITSIM were run for ensembles of 105 ions of m/z 100 in an investigation of the effects
of RF phase angle γ at creation on the percentage trapping efficiency ε in a collisional
system. Ensembles of ions were run at kinetic energies of 10, 80, and 300 eV, described
as low, intermediate, and high, respectively. In each simulation, the ions were created
uniformly over one RF cycle of duration 0.9091 µs, commencing at t � 0. Ions were
created on the z axis at z � �7.070 mm and were directed along the z axis with uniform
distributions (�0.6 mm) in the x and y directions. The z velocities were exactly 4000,
12,000, and 30,000 ms�1 with uniform distributions of x and y velocities (�3000 ms�1).
Ion/neutral collisions were simulated using the Langevin collision model at a pressure
of 15 mTorr of helium. A DC pulse of �250 V was applied to the exit end-cap electrode
for 0.5 µs from t � 1.5 µs to t � 2.0 µs. The duration of the simulation was 10 µs. On
average, some 278 ions were injected over each degree of the RF cycle.

For ions of low and intermediate kinetic energy, some 14–35% of ions can be
trapped; however, no ions having kinetic energies of 300 eV were trapped. For ions of
low kinetic energy, the RF phase angle window during which ions could be trapped
was 5π/4–3π/2 rad, that is, only one-eighth of an RF cycle. For ions of intermediate
kinetic energy, ions could be trapped during two windows of equal width from 0 to
2π/5 rad and 8π/5 to 2π rad, that is, about one-third of an RF cycle.

Trajectory Calculations for Injected Ions A simulation of the injection of ions located
initially well upstream of the entrance end-cap electrode was carried out based on the
electrode arrangement shown in Figure 4.4. An array of 16 ions was created at the
mouth of the ion optic in Figure 4.4 and was directed with a kinetic energy of 25 eV
parallel to but not coincident with the z axis. SIMION can calculate ion trajectories both
outside and inside the ion trap, while ITSIM (Version 4.1 but not Version 5.0) and ISIS
are restricted to trajectory simulations inside the ion trap. Thus, ion trajectories were
calculated by SIMION initially until each ion passed through the entrance end-cap
electrode whereupon the ion properties were captured; subsequent trajectories were
calculated by SIMION (with MFP � 40), ITSIM, and ISIS using the captured ion prop-
erties as initial conditions. Ion trajectories within the ion trap were calculated for 50 µs.

Because the trajectory of each ion was calculated by each simulator, a compari-
son can be made of the fate (ejected, ✗; trapped, ✓) of each ion as determined by
each simulator. In Table 4.4 is given a summary of the fates of each ion together with
the percentage trapping efficiency, ε(%), for each simulator. The three simulators
indicated that the same eight were trapped and the same two ions were ejected; for
the remaining six ions there was disagreement among the simulators. The differences
in the observed trapping efficiencies are hardly significant given that a number of
factors could have contributed to the outcome of the simulation.
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4.4. CONCLUSIONS

The field of ion trajectory simulation is now well advanced and the SIMION Version
6.0 and ITSIM Version 5.0 simulation packages are used with confidence. From a
comparison of the performance, design, and operation of the ion trajectory simulators
SIMION-3D, ITSIM, and ISIS, it was found that there are many similarities and some
differences. The greatest similarity was observed for the simulation of a single ion in
a collision-free system; the calculated spatial trajectory components, kinetic energies,
and secular frequencies were virtually identical. The results of the ion injection sim-
ulations under collisional conditions are indicative of the complexity that can be intro-
duced readily into simulations. Random effects such as collisions of ions with buffer
gas atoms (or molecules) and accumulated calculation errors together with the different
approaches to field calculation are believed to have contributed to the differences in
ion-trapping efficiency.

SIMION is the simulator of choice for the simulation of ion trajectories in hybrid
instruments and in custom-designed assemblies of electrodes. For the QIT, ITSIM is
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TABLE 4.4. Summary of Fates of Each Ion for 50-µs
Simulations of Ion Injection

SIMION ITSIM ISIS

Ion Fatea Fateb Fatec

1 ✓ ✓ ✓
2 ✗ ✓ ✓
3 ✗ ✗ ✗

4 ✓ ✓ ✓
5 ✓ ✓ ✓
6 ✓ ✓ ✗

7 ✓ ✓ ✓
8 ✗ ✗ ✗

9 ✓ ✓ ✓
10 ✓ ✓ ✓
11 ✓ ✓ ✓
12 ✓ ✗ ✗

13 ✓ ✓ ✓
14 ✗ ✓ ✓
15 ✗ ✓ ✓
16 ✗ ✓ ✓

Source: Reprinted from the Journal of Mass Spectrometry, vol. 34,
M. W. Forbes, M. Sharifi, T. R. Croley, Z. Lausevic, R. E. March,
“Simulation of ion trajectories in a quadrupole ion trap: A compar-
ison of three simulation programs,” Table 5, 1219–1239 (1999). 
© John Wiley & Sons Limited. Reproduced with permission.
aPercentage trapping efficiency, ε(%), is 62%.
bPercentage trapping efficiency, ε(%), is 81%.
cPercentage trapping efficiency, ε(%), is 75%.
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the best choice on the basis of computational speed for running multiparticle simu-
lations and user friendliness.
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5.1. INTRODUCTION

The conventional views concerning operation of two- and three-dimensional quadru-
pole instruments were that the former are used for transmission of ions with or with-
out mass selection while the latter are used for ion trapping and subsequent mass
selection. Since 1983, the two-dimensional QMF has been eclipsed to some extent by
the high versatility and performances of successive generations of three-dimensional
QITs. Yet the development of two-dimensional quadrupole instruments has continued
apace such that present-day QMFs have a mass range from 2–4000 Th* with unit mass
resolution. Furthermore, in triple-stage quadrupole mass spectrometers, the transmis-
sion of ions from one rod array to the next can be optimized by suitable adjustment of
the amplitude and phase of the RF drive voltage applied to each rod array. With the
advent of atmospheric pressure ionization sources came the challenge of improving ion
transmission from the ion source, through a series of chambers of successively lower
pressure, and into the first analyzing QMF. Two-dimensional RF-only quadrupole rod
arrays are used extensively as ion pipes for the transmission of ions through each pres-
sure region. Thus, in a present-day triple-stage quadrupole mass spectrometer there
may be as many as three RF-only ion pipes, the first QMF with Brubaker [1, 2] lenses
before and after, the RF-only quadrupole collision cell, and the second QMF with
Brubaker lenses before and after also, for a total of 10 rod arrays. Originally, a
Brubaker lens consisted of four short rods located immediately upstream of a QMF and
to which only RF voltages were applied. In a later version [3], appropriate DC voltages
were applied to the four short rods ahead of the mass filter in order to nullify partially
the DC fringing fields; such lenses are used widely for enhanced ion transmission.
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*In this work, we have drawn upon many publications wherein the authors have ascribed the unit of thomson
(Th) to the mass/charge ratio of an ion. In deference to this common usage that has become acceptable to edi-
tors of mass spectrometry journals, we have used the unit of thomson here. However, we are mindful that the
unit of thomson has yet to be recognized by the International Union of Pure and Applied Chemistry (IUPAC).

c05.qxd  7/20/2005  12:09 PM  Page 162



Two areas of development of two-dimensional quadrupole instruments are dis-
cussed here: the first area is the development of LITs wherein ions are confined within
a two-dimensional quadrupole field and ejected mass selectively subsequently; the
second area concerns the development of ion tunnels for the efficient transmission of
ions in a pressure region.

5.1.1. History

The early years of QMF development [4] and the basic patents belong to the Paul
group at the University of Bonn [5]. One of the accomplishments of von Zahn, a
member of the Paul group, was the construction of a mass filter 5.82 m in length in an
attempt to achieve a mass resolution of the order of 16,000 [6]; another of von Zahn’s
accomplishments was the first publication on the monopole [7]. The development of
quadrupole devices was pursued feverishly during the 1960s [8] because of the
demand for compact, simple, partial-pressure analyzers for upper atmosphere and
space research. Brubaker [1–3] dominated the mass filter field during this period by
virtue of his studies and design innovations. However, in 1969, it was suggested [9]
that a continuing but slower development of quadrupole devices might be expected.

In 1959, Langmuir and co-workers reported on their development of an ion trap
based on a six-electrode structure with cubic geometry [10, 11]; the trap consisted of
six planar sheets of metal. Later versions of this type of ion trap consisted of sets 
of six annuluses [12, 13]. This type of structure is introduced here because a variation
of this structure has been proposed as a rectilinear ion trap that is discussed later.

5.1.1.1. Mass Discrimination It had been recognized by Brubaker [1] and Dawson
[14] that mass discrimination in the mass filter, wherein the transmission efficiency
of high-mass ions is less than that of low-mass ions, is due to the effect of the trans-
verse components of the fringing fields at the entrance and exit to the mass filter. The
Brubaker lens [1–3] was intended to reduce such mass discrimination. Of course, ion
acceptance into an RF-only quadrupole rod array is greater than that into a QMF to
which RF and DC voltages are applied.

5.1.1.2. Variable Retarding Field In 1972, Brinkmann reported [15, 16] on the
application of a variable retarding field located behind (or downstream) of the exit
aperture of a mass filter operated in the RF-only mode. The retarding field was
induced by the application of a variable DC voltage to a hemispherical mesh elec-
trode; behind the mesh was a funnel-shaped detector. Because the mass filter was RF
only such that it worked as a high-pass filter, there was virtually zero loss of ions of
high mass number. Mass separation of the ions contained in the RF-only rod array
was achieved by analysis of ion energies that are influenced strongly by the longitu-
dinal components of the exit fringing field.

Brinkmann considered that ions at the exit to the quadrupole field have different
energies according to their working point in the stability diagram. As the amplitude of
the RF drive potential is increased, the LMCO (see Chapter 2) of the mass filter and
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the qx value for a given ion species increase also. As the qx value for a given ion species
approaches qx, max (and the LMCO approaches the mass/charge ratio of the given ion
species), ion trajectories grow rapidly so that ions reach the fringing field region away
from the mass filter axis and gain kinetic energy in the fringing field where the field
strength has its maximum value. The variable retarding field can be set to transmit only
those ions of relatively high kinetic energy. Because of the linear relation between the
RF voltage amplitude and the LMCO, the kinetic energy gained increases linearly with
ion mass. At 500 Th, a resolving power greater than 1000 was obtained.

5.1.1.3. Spectroscopic Studies Two-dimensional RF multipole ion traps have been
used for many years for spectroscopic studies [17–19], but such studies are beyond
the scope of this work.

5.1.1.4. Resonant Ejection Although resonant ejection of ions confined in a QIT
[20] is carried out routinely, relatively few reports of resonant excitation and/or ejec-
tion of ions flowing through a quadrupole rod set have been made. Paul et al. [21]
applied an auxiliary field to a QMF operated close to the RF-only mode in order to
achieve high resolution in an isotope separator. Watson et al. [22] selectively ejected
ions in the range m/z 54 to m/z 196 from an RF-only quadrupole collision cell of a
tandem quadrupole mass spectrometer. The ions, which were confined for �500 ms,
were ejected using an auxiliary potential amplitude of � 500 mV. Cousins and
Thomson [23] have demonstrated fragmentation of m/z 609 in the quadrupole colli-
sion cell corresponding to MS3 and MS4 using resonance excitation square-wave
modulated to 4 Hz combined with background subtraction. March et al. [24] have
investigated the resonance excitation leading to fragmentation of NaI cluster ions in
the range m/z 172 to m/z 2872 in a modified quadrupole collision cell of a Quattro
LC triple-stage quadrupole (TSQ) mass spectrometer (Micromass, Manchester, UK).
Parenthetically, most commercial TSQ instruments are fitted with hexapole collision
cells for enhanced transmission. However, the application of a supplementary poten-
tial to one or more rods of a hexapole rod array does not induce excitation of ion
motion. When a quadrupole rod array prepared by Micromass was substituted as the
collision cell, in place of the original hexapole collision cell, no change in transmis-
sion for MS/MS operation with Glu-fibrinopeptide B was observed [24].

5.2. LINEAR ION TRAP

Two new ion trap mass spectrometers were reported recently that make use of the
basic structure of a QMF, that is, of an assembly of four rods in a parallel array, for
ion trapping, ion trajectory manipulation, and mass-selective ion ejection. These new
instruments make use of the ion-trapping properties of two-dimensional quadrupole
fields and are described as LITs.

5.2.1. Thermo Finnigan Linear Ion Trap

The Thermo Finnigan LIT was first disclosed publicly [25] in 1995 in U.S. Patent
5,420,425, filed on May 27, 1994. In an article published online on April 26, 2002
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[26], this new LIT instrument was described by J. C. Schwartz, M. W. Senko, and
J. E. P. Syka of Thermo Finnigan as a two-dimensional QIT mass spectrometer.
With the Thermo Finnigan LIT, mass-selective ion ejection from the LIT occurs
radially.

5.2.1.1. Advantages of a Linear Ion Trap The principal advantage of a LIT is that
a greater number of ions can be confined in the physically larger device than can be
confined in a three-dimensional QIT. Thus the onset of space charge repulsion and
accompanying loss of mass resolution and change in mass assignment is experienced
only at greater ion loading of the trapping device. Virtually all of the useful operating
characteristics of the three-dimensional QIT are retained in the LIT, that is, collisional
focusing, resonant excitation and ejection, multiple stages of mass selectivity for tan-
dem mass spectrometry (MSn), axial modulation, and variation of mass resolution as
a function of mass-selective ion ejection scanning rate.

5.2.1.2. Description of the Thermo Finnigan Linear Ion Trap The Thermo
Finnigan LIT [26], shown schematically in Figure 5.1, is based on an LCQ QIT mass
spectrometer platform in which the ion beam travels from left to right. The QIT of the
LCQ has been replaced by three quadrupole rod arrays wherein the rods have hyper-
bolic geometry. An ion beam from an electrospray source is directed through a heated
capillary and two successive rod arrays (or ion pipes), through a front lens, and into
a LIT composed of three sections of quadrupole hyperbolic rod arrays with
r0 � 4 mm. Radial confinement of ions is effected by the RF trapping potential well
in the center section and axial confinement by DC potentials applied to the front and
rear lenses. The basic design of the LIT is shown in Figure 5.2, where the front and
rear sections are of length 12 mm and the center section is of length 37 mm. An RF
potential at 1 MHz was applied to the LIT, and an auxiliary AC potential was applied
in dipolar mode across the rods in the x direction of the center section.
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Figure 5.1. Schematic diagram of the Thermo Finnigan LIT mass spectrometer. The ion beam
travels from left to right. Typical operating pressures are given. (Reprinted by permission of
Elsevier from “A two-dimensional quardupole ion trap mass spectrometer,” by J. C. Schwartz,
M. W. Senko, J. E. P. Syka, Fig. 5, Journal of the American Society for Mass Spectrometry, 13
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In this two-dimensional version of the three-dimensional LCQ instrument, mass-
selective ion ejection is accomplished by radial resonant excitation of the stored
ions from the center section. For the ions to impinge upon an external detector, a
0.25-mm-high slot was cut along the middle 30 mm of the center section of one rod,
as shown in Figure 5.2. A standard detector system of conversion dynode and elec-
tron multiplier was mounted in front of the slot shown in Figure 5.2. Incompatibility
between the form of present detectors and the axially extended beam of rectangular
cross section must be addressed. (See also the Appendix to this chapter.)

5.2.2. MDS SCIEX Linear Ion Trap

The MDS SCIEX LIT mass spectrometer was first disclosed publicly [27] in 2001
in U.S. Patent 6,177,668, filed on June 1, 1998. In an article published online on
February 4, 2002 [28], James W. Hager described the LIT mass spectrometer as
being a totally new approach to ion confinement and to mass-selective ion ejection.
In the MDS SCIEX instrument, mass-selective ion ejection occurs axially through
coupling of radial and axial motion in the exit fringing field. In addition, ion trap-
ping in the MDS SCIEX instrument can occur either in the pressurized collision cell
region or in a low-pressure quadrupole rod array downstream of the collision cell.

5.2.2.1. Description of the MDS SCIEX Linear Ion Trap The MDS SCIEX instru-
ment shown schematically in Figure 5.3 is based on a triple-stage quadrupole mass
spectrometer wherein, normally, the ion beam travels from left to right. Ions are focused
collisionally close to the axis in Q0, mass selected in Q1, and collisionally dissociated
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center section. (Reprinted by permission of Elsevier from “A two-dimensional quardupole ion
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to fragment ions in Qc. A product ion mass spectrum of the precursor ion is obtained
from a mass scan of Q2. Ions generated by an Ionspray source travel through a coun-
tercurrent curtain gas, an orifice, and into a differentially-pumped interface region
maintained at a pressure of 2 Torr. Ions pass through a skimmer and into an RF-only
quadrupole ion guide (Q0) wherein the pressure is maintained at 7 � 10�3 Torr. The rods
of Q0 are 120 mm in length and they are coupled capacitively to the RF drive voltage
of Q1 so that the transmission through Q0 can be optimized for the ion species mass
selected in the mass analyzer Q1. IQ1 is the first interquadrupole aperture that separates
the Q0 chamber from the analyzer chamber. Immediately downstream of IQ1 is an RF-
only Brubaker lens (quadrupole) of length 24 mm coupled capacitively to the RF drive
voltage of Q1 and followed by the RF/DC quadrupole mass filter Q1 of length 127 mm.

The collision cell, Qc, is a quadrupolar array of round rods of length 127 mm
enclosed in a pressurized container to which the collision gas, normally nitrogen, is
introduced. Collision gas escapes through the orifices of diameter 3 mm in the aperture
lenses IQ2 and IQ3; the ambient collision gas pressure in Qc is determined by the
admission of gas, the conductances of IQ2 and IQ3, and the combined pumping speed
of the turbomolecular pumps. The collision cell Qc is coupled capacitively to the sec-
ond QMF, Q2, wherein the rods are of length 127 mm also. All quadrupole rod arrays
were composed of round rods fabricated with a field radius r of 4.17 mm. Downstream
of Q2 are located two lenses; the first lens has a mesh-covered aperture of diameter
8 mm and the second lens has a clear aperture of diameter 8 mm. The mesh-covered
lens is referred to as the exit lens. The detector is shown in Figure 5.3.

5.2.2.2. Ion Trapping in Collision Cell Qc When Qc is operated as a LIT, an RF
drive voltage of 1 MHz is applied directly to Qc and Q2 was coupled capacitively to

LINEAR ION TRAP 167

Curtain plate

Orifice plate

Skimmer

Q0 Q1 QC Q2

IQ1 IQ2 IQ3
Exit
lens

N2 Gas

Ion spray

1 atm 0.5 Torr
7×10−3 Torr

4×10−4 Torr

Brubaker
lens

Deflector
electrode

Detector

Figure 5.3. Schematic diagram of the SCIEX LIT mass spectrometer. Ion trapping can be
wrought in either Qc or Q2. Apparatus is based on the ion path in the triple-stage quadrupole
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it; when Q2 is operated as a LIT, the arrangement is reversed. An auxiliary AC poten-
tial is added to the RF drive voltage and can be applied in quadrupolar fashion to the
rod arrays of either Qc or Q2 so as to excite ions at secular frequencies. Because the
same polarity of the auxiliary AC potential is applied to a pair of opposite rods, the
excitation is termed quadrupolar [29].

Ions are trapped radially in the LIT Qc by the trapping potential well created from
the RF potential applied to the rod array similar to the trapping of ions in a three-
dimensional ion trap. The trapping potential well is active whenever an RF potential
is applied. Ions are prevented from passing axially through the rod array by DC bias
potentials applied to the aperture plates, IQ2 and IQ3. Thus, a linear ion-trapping
potential resembles a bathtub having a parabolic cross section and near-vertical ends.
Ions are admitted over a period of time while IQ2 is “open” and IQ3 is “closed”; IQ2

is then closed to complete the trap. The efficiency of trapping approaches 100%
because of the high acceptance of ions into a linear trap that does not have a quadru-
pole field along the z axis. Ions enter the LIT close to the zero-field centerline of the
device and encounter a series of momentum-dissipating collisions with nitrogen col-
lision gas at a pressure of 4 �10�4 Torr. Ion radial kinetic energy is reduced to a level
corresponding to less than the radial potential well depth and ion axial kinetic energy
is reduced prior to encountering the end electrodes.

5.2.2.3. Mass-Selective Axial Ion Ejection The position of the deflection or con-
version electrode above the Y-shaped detector at the right-hand side (RHS) of the
instrument shown in Figure 5.3 indicates that the emerging mass-selected ion beam
has been ejected axially from Qc and transmitted through Q2. It was found that the
presence of an auxiliary quadrupole or AC field applied to bring about radial reso-
nant excitation effected axial ion ejection when the ion radial secular frequency
matched that of the auxiliary AC field. Near the exit aperture of the LIT, ion radial
and axial motions become coupled as ions traverse the fringing field, resulting in
enhanced axial kinetic energy and axial ejection. Ions having large radial amplitudes
(and higher kinetic energies) near the exit aperture are affected to a greater degree
than those confined near the axis of the trap. The dynamics of axial ion ejection have
been examined in greater detail recently using a combination of analytic theory and
computer modeling [30].

5.2.2.4. Ion Accumulation in Q0 Let us examine once more the apparatus shown in
Figure 5.3, where Q0 is an RF-only quadrupole in which the ion beam is focused col-
lisionally close to the axis so as to enhance the transmission of ions from Q0 through
IQ1 and into Q1, which is an RF/DC QMF. With the application of a positive DC
potential to IQ1, ions can be accumulated in Q0 so as to enhance the subsequent flow
rate of ions into Q1. Here, Q1 can act mass selectively in order to determine the pre-
cursor ion species for transmission to Qc, where ions can be confined and subjected
to resonant dissociation and the product ions can be ejected axially and mass selec-
tively as described above. In this MS/MS experiment where collision-induced disso-
ciation (CID) is brought about by resonant excitation in Qc, Q2 serves merely to
transmit the product ions at low pressure to the detector.
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5.2.2.5. CID by Variation in Precursor Ion Axial Kinetic Energy An alternative
arrangement is for the ions to be passed from Q1 to Qc in such a fashion that ions fall
through a potential difference so that CID occurs in Qc by virtue of the preselected
ion kinetic energy. The nascent product ions together with undissociated precursor
ions are accumulated in the LIT Qc, then scanned out mass-selectively to the detec-
tor. This MS/MS experiment utilizes variation in precursor ion axial kinetic energy
in the execution of CID.

5.2.2.6. Ion Trapping in RF-Only Quadrupole Mass Filter Q2 In yet a further
arrangement made possible by the serendipitous selection of the original experimen-
tal breadboard platform, ions are again passed from Q1 to Qc in such a fashion that
ions fall through a potential difference so that CID occurs in Qc by virtue of the pre-
selected ion kinetic energy. Here, the nascent product ions together with undissoci-
ated precursor ions pass through Qc, which acts as a standard collision cell; ions pass
into the LIT Q2, which is operated at RF only and with suitable DC potentials applied
appropriately to IQ3 and the exit lens. Ions are accumulated in the LIT Q2. Upon the
application in quadrupolar mode of an auxiliary AC potential to the pair of rods in the
x direction, the ions confined in Q2 are excited radially and, in the fringing field at 
the exit of Q2, are ejected axially and mass-selectively. The LIT Q2 is not pressurized
directly and the ambient pressure in Q2 is established by the leakage of gas from Qc

and the conductance of the pumping system. This MS/MS experiment utilizes the first
two stages of a standard triple-stage quadrupole mass spectrometer employed in the
normal fashion together with a quadrupolar trapping device with all of its inherent
performance capabilities, such as MSn impeded only, perhaps, by the relatively low
ambient pressure. This hybrid instrument is identified as the low-pressure LIT.

5.2.3. Ion Confinement Theory

To appreciate the performance capabilities of a quadrupolar LIT, let us recall from
Chapter 2 some aspects of the theory of the confinement of charged particles in a
quadrupole trapping field. Ions stored in a LIT are subject to a two-dimensional
quadrupole field where the potential φ at any point (x, y) is expressed as

φx, y � �
2
φ
r
0
2
0

�(x2 � y2) [Eq. (2.25)]

where φ0 is given as 2(U � V cos Ωt) in Eq. (2.30), where U is the DC component
(and is zero in the LIT), V is the zero-to-peak amplitude of the RF potential, r0 is the
radius of the inscribed circle to the rod array, Ω is the radial frequency of the RF
potential, and t is time. The qx trapping parameter expressed in terms of experimen-
tal properties is given by

qx �� �
m

4
r
e
2
0

V
Ω2
�. [Eq. (2.40)]
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The two-dimensional stability diagram that is shown in Figure 2.7 is obtained from
the solutions to the Mathieu equation and is similar in shape to the upper part of the
stability diagram for the QIT. The stability diagram is composed of a continuum of
iso-βu lines, where βu is a complex function of au and qu. From βu is derived the spec-
trum of resonant frequencies, ωu, n, that characterize radial ion motion,

ωu, n � (n � �
1
2

� βu)Ω [Eq. (2.80)]

which, for the x direction and n � 0, can be written as

ωx � �
1
2

�βxΩ . (5.1)

Thus ions trapped in a LIT can be excited resonantly by the application of an auxil-
iary AC potential to some of the rods of the rod array. Ions excited thus can be caused
to dissociate following collisions with nitrogen gas molecules and, in the limit, can be
driven radially from the LIT. This situation is similar to that in the QIT in that ions
can be ejected mass-selectively to as to isolate a given species in the LIT. Resonant
excitation of isolated ions can lead to ion dissociation and subsequent storage of prod-
uct ions. The cycle of ion isolation and CID can be repeated several times.

5.2.4. Ion Trap Capacities

A simple model proposed by Campbell et al. [31] for the comparison of ion trap
capacities was based on the ratio of trapping volumes such that

N2D, A : N2D, B : N3D � (πr 2
0l)A : (πr 2

0l)B : �
4
3
π
�z3

0 (5.2)

where N2D, A, N2D, B, and N3D are the ion capacities in the SCIEX, Thermo Finnigan,
and QIT instruments, respectively; (πr 2

0l)A, (πr 2
0l)B, and 4πz 3

0 /3 are the trapping vol-
umes of the same instruments, respectively. On the basis of values given above and
z0 � 0.707 cm, the ratio N2D, A : N2D, B : N3D � 4.7 : 1.0 : 1. However, when the volumes
of the trapped ion clouds subjected to collisional focusing in each instrument are
considered,

N2D, A : N2D, B : N3D � (πr 2
2Dl)A : (πr 2

2Dl)B : � lA : lB : �
4r

3
3D� (5.3)

where r2D, A � r2D, B � r3D � 1.0 mm based on ion tomography experiments [32] with
the QIT, the ratio N2D, A : N2D, B : N3D � 95 : 22 : 1. However, when r2D, A and r2D, B are
each taken to be one-tenth of the respective values of r0 and r3D is taken as 60% of
the FWHM (1.1 mm) of the radially averaged axial distribution at z � 0 [32], the
ratio is changed to N2D, A : N2D, B : N3D � 58 : 13 : 1. The difference in RF frequencies
for the LITs (1 MHz) and the three-dimensional ion trap (0.76 MHz) has been
ignored here. This ratio is close to the ratio (18 : 4 : 1) of lA : lB : z0, which begs the
question as to whether the ion capacity of a LIT is directly proportional to its length.
The answer is assuredly positive provided that variation in electrode spacing is
negligible. However, the subsequent question is concerned with the efficiency with
which ions can be ejected and detected in mass-selective ejection.

4πr3
3D

�
3
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5.2.5. Characteristics of Linear Ion Trap Operation

The characteristics of LIT operation examined here are, in turn, trapping efficiency,
mass discrimination, ion isolation, ion activation, tandem mass spectrometry, spectral
space charge limit, ion ejection, enhanced mass resolution, and sensitivity.

5.2.5.1. Trapping Efficiency Determination of the efficiency with which ions may
be trapped in a two-dimensional quadrupolar device requires measurement both of
the ions flowing through the device per unit time and of the ions ejected under mass-
independent ejection conditions. The efficiency with which ions may be trapped in a
two-dimensional quadrupolar device is dependent upon the qx value upon entry, ion
kinetic energy upon entry, and gas pressure within the device. Assuming no ion losses
during axial ejection, mass-independent ion ejection indicates that the efficiency of
ion trapping ranges from zero at qx � 0.14 to approximately 29% at qx � 0.2 to �17%
as the LMCO (or limit of stability or βx �1) is approached [26]. The form of the vari-
ation of the trapping frequency with the injection value of qx is similar to that
observed for ions created in situ in a QIT [33, 34]. In Figure 5.4, obtained at an injec-
tion value of qx � 0.40, it is seen that the trapping efficiency for ions having 5 eV in
the laboratory system varied from 58% at a Qc pressure of 1.0 �10�4 Torr to �95%
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at a pressure of 1.7 �10�3 Torr. Although the trapping efficiency in Qc is reduced as
ion kinetic energy upon entry is increased [28], the data of Figure 5.4 show that the
trapping efficiency in Qc is high for ions with 5–15 eV of kinetic energy over the pres-
sure range 1�10�4–17 �10�4 Torr, and these data augur well for the performance of
LITs. There is evidence that the onset of trapping is pressure dependent and extends
to lower qx values for ions of m/z �1000.

5.2.5.2. Mass Discrimination In the injection of ions along the z axis into a LIT as
shown in Figures 5.2 and 5.3, there is minimal RF field in the z direction, unlike the
three-dimensional ion trap. For the application of a single RF amplitude correspon-
ding to a LMCO of 100 Th, a wide mass range from 150 to 2000 Th can be trapped
simultaneously with high efficiency. Thus, mass discrimination during the ion injec-
tion and ion trajectory stabilization processes is very much reduced in a linear com-
pared to a three-dimensional ion trap.

5.2.5.3. Ion Isolation Ion isolation has been demonstrated as in the three-dimen-
sional ion trap such that the 13C isotope of the peptide methionine-argenine-pheny-
lalanine-alanine (MRFA) at m/z 525.3 was isolated to � 95% efficiency [26].

5.2.5.4. Ion Activation Activation of ions isolated in a LIT is carried out at
qx � 0.25, which is a compromise for efficient fragmentation (�74%) and a relatively
large fractional (72%) mass range for confinement of product ions.

5.2.5.5. Tandem Mass Spectrometry Tandem mass spectrometry can be achieved
by repeated cycles of isolation and activation using procedures similar to those used
for MSn in the QIT.

5.2.5.6. Spectral Space Charge Limit When the onset of space charge perturbation
is defined as a shift in apparent mass by 0.1 Th, the corresponding ion density is found
[28] to be �460 ions/mm3, which compares well with the value of �400 ions/mm3 for
the three-dimensional ion trap [35]. It is not surprising that the onset of space charge
perturbation occurs at a common ion density in quadrupolar devices under similar oper-
ating conditions. Hager has described a method [36] for reducing space charge in an
LIT; this method is essentially analogous to the automatic gain control used in the QIT.

5.2.5.7. Ion Ejection Mass-selective ion ejection was observed with an efficiency of
44% relative to the number of ions detected under mass-independent ion ejection con-
ditions, yielding an overall efficiency of 12.7% [26]. In a study employing 5-eV ions
of m/z 609 from reserpine, mass-selective axial ejection with an auxiliary AC poten-
tial of 480 kHz and 5.1 Vp-p yielded an extraction efficiency of 8% at 5.0 �10�4 Torr
to 18% at 1.2 �10�3 Torr [28]. This result has been interpreted in terms of the length
of the extraction region in the vicinity of the exit aperture; 18% of the length of the
LIT, 12.7 cm, yields an extraction length of 2.3 cm or 5.5r0. The question posed ear-
lier concerning a practical limit to the length of a LIT may have been answered by
this result; perhaps the useful length of a two-dimensional ion trap is some 2.3–3 cm
only. For axial ion ejection, the ejected ion signal intensity was observed to increase
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some threefold as the auxiliary AC frequency was increased from 334 kHz
(qx � 0.451) to 762 kHz (qx � 0.844) [28].

5.2.5.8. Enhanced Mass Resolution Mass spectra with enhanced mass resolution
can be obtained with LITs as for the three-dimensional ion trap [37] by reduction of
the mass scanning rate and axial modulation amplitude. When ion signals due to
three different charge states of melittin were observed from a LIT, only a single scan
was required for a mass spectrum, whereas the same observation from a three-
dimensional ion trap necessitated signal averaging: it was estimated that a 10-fold
increase in the number of ions was obtained from the linear compared to the three-
dimensional device [26]. At a scanning rate of 5 Th/s, a mass resolution (m/∆m) of
�6000 measured at half maximum was observed for the protonated reserpine mole-
cule [28]. The mass spectrum that shows wide baseline separation of isotopic peaks
was recorded with an auxiliary frequency of 450 kHz applied to the Qc of Figure 5.3.

5.2.5.9. Sensitivity A measured trapping efficiency of 29% [38] indicates that
the sensitivity of the LIT should be some six times higher than that of the three-
dimensional ion trap, where the efficiency is �5% [39]. The additional sensitivity
translates into lower detection limits. A fivefold improvement in the detection limits
of a LCQ Deca three-dimensional ion trap has been demonstrated with a LIT [26].
An observed extraction efficiency of 18% at a pressure of 1.2 �10�3 Torr in Qc in
combination with the calculated ratio of N2D, A : N3D � 58 : 1 indicates that the LIT
may be some 0.18 � 58 � 10 times more sensitive than a three-dimensional device.
When the higher trapping efficiency and ion capacity of the LIT are compared with
those of the QIT, it is seen readily that the LIT has the capability to become a highly
sensitive scanning mass spectrometer.

5.2.6. Low-Pressure Linear Ion Trap, Q2

The principal difference between the Qc LIT and the low-pressure Q2 LIT is the oper-
ating pressure; Qc is pressurized to 5 �10�3 Torr and Q2 has an ambient pressure of
�3 �10�5 Torr. An auxiliary AC potential is applied in quadrupolar mode and, within
the exit fringing field, coupling of radial and axial motion leads to axial mass-selective
ejection. The trapping efficiency for the low-pressure Q2 LIT was determined to be
�45% for ions of m/z 609 having kinetic energies in the range 5–15 eV; the efficiency
decreased to �30% as the ion kinetic energy was increased to 45 eV [28]. For a cal-
culated target thickness of 3.8 �10�5 Torr.cm, the trapping efficiencies are somewhat
more than may be expected and the relative insensitivity of trapping efficiency to ion
kinetic energy is advantageous. The gas plume emerging from Qc at a pressure greater
than ambient pressure in Q2 may enhance trapping efficiency. Mass-selective ejection
from Q2 was found to be �20% for ions having kinetic energies of 5–40 eV upon
entry to Qc. The variation of trapping efficiency with the qx value on admission to Q2

is similar in form to that for Qc, but the overall efficiency for admission to Q2 is higher.
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Let us compare the product ion mass spectrum of protonated reserpine obtained
from the low-pressure Q2 LIT with those obtained when the apparatus of Figure 5.3
is employed as a standard triple-stage quadrupole mass spectrometer and when Qc

acts as a LIT [28]. The conventional triple-stage quadrupole product ion mass spec-
trum obtained at a collision energy of 33 eV with a 10-pg/µL solution shows a range
of fragment ions to m/z 174. The base peak of m/z 195 was observed at a signal
intensity of 1375 counts/s. The corresponding product ion mass spectrum observed
from the Qc LIT with an auxiliary AC frequency of 480 kHz and mass scan rate of
1000 Th/s shows the middle range (m/z 350–450) fragment ions having higher rela-
tive signal intensities; the base peak of m/z 195 was observed at a signal intensity of
15,700 counts/s, that is, some 11 times more intense. The corresponding product ion
mass spectrum obtained with the low-pressure Q2 LIT (shown in Figure 5.5) was
observed with an auxiliary AC frequency of 816 kHz and mass scan rate of 5200 Th/s;
a 100-pg/µL solution was used. The relative fragment ion intensities in the mass spec-
trum were very similar to those obtained with the Qc LIT and the base peak, m/z 195,
was observed at a signal intensity of 70,000 counts/s; correcting for the different solu-
tion concentrations, the base-peak intensity corresponded to some 7000 counts/s for
a 10-pg/µL solution. The product ion mass spectrum obtained with the low-pressure
Q2 LIT was some 5 times more intense than that obtained with the standard triple-
stage quadrupole mass spectrometer for solutions of equal concentration. The 50%
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peak widths were somewhat mass dependent in that they ranged from �0.35 Th at
m/z 174 to �0.50 Th at m/z 609. Greater mass resolution could be obtained at lower
mass scan rates such that a mass resolution of �6000 was observed for m/z 609 at a
mass scan rate of 100 Th/s.

An interesting characteristic of the low-pressure Q2 LIT is a dramatic reduction
in the susceptibility to space charge compared with the Qc linear and quadrupole
ion traps. Product ion mass spectra obtained at ion fluxes that were varied over a
factor of 104 (1.93 �102 and 2.26 �106 counts/s) exhibited a centroided mass shift
of only �0.02 Th. It is suggested that a greater radial distribution of ions is per-
mitted in the low-pressure Q2 LIT due to the reduced frequency of ion/neutral 
collisions.

In a further comparative experiment of the performances of the low-pressure Q2

LIT and a triple-stage quadrupole mass spectrometer, the mass analyzers were oper-
ated at a constant mass scanning rate of 1000 Th/s for the determination of product
ion mass spectra of protonated reserpine from a 100-pg/µL solution. The two mass
spectra were acquired for the same period of time and were virtually identical with
respect to ion relative intensities. However, not only was the low-pressure Q2 LIT
mass spectrum some 16 times more intense than that acquired from the triple-stage
instrument, but the mass resolution and the signal/noise ratio of the former instru-
ment were superior to those observed with the latter instrument.

5.3. RECTILINEAR ION TRAP

A rectilinear ion trap (RIT) has been constructed and characterized [40]. An RIT com-
bines the advantages of a LIT with the geometric simplicity of a cylindrical ion trap
(CIT), as shown in Figure 5.6. This figure, created by Cooks of Purdue University, is
a visual summary of this book. From the original mass filter having hyperbolic elec-
trodes [5], there is the simplification to round rods, then the addition of a DC trapping
field (to either hyperbolic or round rods) to affect the LITs discussed above. The geom-
etry of the LITs can be simplified to arrive at the RIT trap discussed here, which in turn
is related to the six-electrode cubic structure constructed with six planar sheets of
metal proposed by Langmuir et al. [11]. It is of interest that an RIT could be operated
as a three-dimensional ion trap by applying the same RF drive potential to all four sides
and grounding the end plates. Similarly, the six-electrode cubic structure could be
operated as a LIT by the application of V to two opposite sides and �V to the remain-
ing two sides, with the end plates grounded.

From the original QIT having hyperbolic electrodes [5], there is the elongation to
the stretched ion trap (see Chapter 3), the application of a rectangular waveform for
the digital ion trap (see Chapter 8), and the simplification of geometry to the CIT
(see Chapter 6). In turn, the addition of a DC trapping field to the CIT leads to the
RIT.
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5.3.1. RIT Structure

The simple geometry, as shown in Figure 5.7, consists of three electrode pairs (x, y,
and z directions). The x, y electrodes are rectangular plates of high aspect ratio (as
for quadruple rods) in that the length, 40 mm, is some 4–5 times the width and they
are arranged in a rectangular array. Centrally located on each x electrode is a 
15-mm � 1 mm slit through which ions can be ejected onto a detector. There is a rec-
tangular plate at each end of the x, y electrodes; these plates form the z electrodes.
Ion trapping is accomplished by the application of an RF potential across the x, y
pairs. Normally, DC potentials only are applied to the z electrodes. Thus, an RIT is
similar to a LIT wherein the quadrupole rod array has been replaced by a rectangu-
lar arrangement of flat plates.

An interesting feature of the RIT is the relative ease with which the essential
dimensions of the RIT can be modified to explore variation in RIT performance.
That is, the magnitude of the half-distance between the x electrodes (dx) and that
between the y electrodes (dy) can be varied independently so as to permit exploration
of the effects of both physical size and the ratio of dx : dy; this degree of flexibility for
the RIT is similar to that for the CIT. An optimized RIT has been constructed with
dx � 5.0 mm and dx � 3.8 mm.

5.3.2. Optimization of the RIT Geometry

Optimization of the RIT geometry consisted of plotting the electric field as a function
of dx, dy, and dx : dy for a number of devices using the program CreatePot, written in
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the laboratory of R. G. Cooks, which automatically calls up functionality from
Poisson/Superfish [41]. Generally, the fields were similar to those for the QIT and
CIT. The same CreatePot program was used to calculate the higher-order fields for the
various RIT geometries, as had been carried out for the CIT (Chapter 6) [42]. For the
optimized RIT with dx � 5.0 mm and dx � 3.8 mm, quadrupole field coefficient
A2 � 0.6715, octopole field coefficient A4 � 0.0832, and dodecapole field
coefficient A6 � �0.1260. The positive octopole coefficient is desirable because a
negative octopole coefficient can cause ejection delays leading to chemical mass
shifts [43].

5.3.3. Stability Diagram

The stability diagram is an important characteristic of a quadrupole device, and the
RIT presented an opportunity for the investigation of the variation of the stability
diagram for the RIT as a function of the ratio dx : dy. The method involved was essen-
tially that used by Todd et al. [44]. A selected ion species, of m/z 105, was isolated at
several values of the RF drive potential amplitude, Vp-p, from which the corresponding
values of qx can be determined. At each qx value, a DC potential, �U, was applied
and increased until the ion ejection signal disappeared. For a given qx value, the mag-
nitudes of the �U and U potentials determined the ax and �ax boundary values,
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respectively, of the stability diagram. The complete stability diagram can then be
plotted either in U, V space or as shown in Figure 5.8 in ax, qx space by expressing
the values of U and Vp-p in terms of ax and qx. It is shown in Chapter 2 that

ax ��
m

8
r
e
2
0

U
Ω2
� [Eq. (2.39)]

and

qx � . [Eq. (2.40)]

The RIT stability diagram of Figure 5.8b, for which dx � dy � 5.0 mm, is symmetric
about the qx axis, just as is the stability diagram for the QMF; the upper part of the
stability diagram resembles closely that shown in Figure 2.7. The two apexes are
observed at ax � �0.59, qx � 0.70; the qx axis is intersected by the βx � βy � 1 sta-
bility diagram boundaries at qx � 0.86, which is remarkably close to the correspon-
ding value of qx � 0.9 for the QMF. The RIT stability diagram of Figure 5.8a, for
which dx � 5.0 mm, dy � 3.8 mm, is markedly asymmetric and resembles a truncated
stability diagram for a QIT, as shown in Figure 2.15. The βx � βy � 0 stability dia-
gram boundaries in Figure 5.8a that emerge from the origin are similar to those of
Figure 5.8b. The βx � βy � 1 stability diagram boundaries have been shifted to lower
qz values and the shift for the βx � 1 stability boundary is greater than that for the
βy � 1 stability boundary, with the result that the former intersects with the qz axis at
qz � 0.78. A result of having dx � dy appears to be that the secular frequencies ωy are
shifted to higher values.
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5.3.4. RIT Performance

The optimized RIT, when operated in the mass-selective instability mode with reso-
nance excitation at 444 kHz, produced a mass spectrum for perfluorotributylamine
showing ion signals from m/z 69 to m/z 502; there was little noise, the valleys
between ion signals from ions of low mass/charge ratio reached close to zero, and
the peaks were observed with good, though not quantified, mass resolution. A com-
parative study of mass-selective instability and resonance excitation at 444 kHz and
resonant excitation at a lower frequency of 388 kHz (away from the βx � 1 stability
boundary) was carried out with 1,3-dichlorobenzene. The mass spectrum obtained at
388 kHz showed peak intensities some four times those obtained at 444 kHz. When
ions are brought into resonance at 388 kHz, by ramping the RF potential amplitude,
ions come into resonance with ωx before they would come into resonance with ωy,
and so they are ejected preferentially in the x direction. However, the ejection of only
one-quarter of the ions at a qx value close to qx, max which is less than qy, max is not
readily explained by this argument.

The MS2 capability of the optimized RIT has been demonstrated using acetophe-
none. The molecular ion of m/z 120 was isolated, then dissociated to form m/z 105.
This capability was demonstrated using each of RF/DC isolation and of SWIFT
(stored waveform inverse Fourier transform) isolation. The SWIFT method
described by Guan and Marshall [45] was calculated using the ion trap simulation
program ITSIM research version [46]. Similarly, MS/MS was demonstrated using
the primary fragment ion of m/z 105 and its dissociation to form m/z 77. (See also
FNF, Section 3.4.3.1.)

The MS/MS/MS capability of the RIT is demonstrated with reference to the mass
spectra for acetophenone shown in Figure 5.9. From the electron impact mass spec-
trum of acetophenone (top frame), the molecular ion of m/z 120 was isolated (sec-
ond frame) using combined RF and DC potentials. Following a cooling period, the
qz value for molecular ions was adjusted to 0.61 and the ions were excited resonantly
with 232 kHz at 500 mV0-p. The fragment ion of m/z 105 observed as a product ion
of m/z 120 (third frame) was isolated using combined RF and DC potentials.
Following a second cooling period, the qz value for ions of m/z 105 was adjusted to
0.64 and the ions were excited resonantly with 251 kHz at 225 mV0-p. The final frame
shows the product ion, m/z 77, from m/z 105 as a result of MS/MS/MS.

5.4. STACKED-RING SET

In 1969, Bahr, Gerlich, and Teloy [47] introduced an RF device that consisted of a
stack of ring electrodes, like washers, for the storage or transmission of ions. The
RF potential applied to each ring was 180° out of phase with that applied to its two
adjacent rings such that the potential sign alternated down the stack. The stacked
ring could act as an ion pipe or ion guide. Ions traveling at constant speed along the
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axis of the ring stack are subjected to periodic potential oscillations somewhat akin
to the time-varying potentials obtained when RF voltages are applied between adja-
cent rods of a quadrupole, hexapole, or octopole rod array. The first RF-only
stacked-ring device was used by Bahr et al. [47] to study rate coefficients of
ion/molecule interactions at thermal energies.

5.4.1. Electrostatic Ion Guide

Guan and Marshall reported on the operation of an ion guide using electrostatic poten-
tials rather than RF potentials [48]. The oscillating electric potential of the stacked-
ring ion guide focuses ions by exerting a field gradient force on the ions so as to direct
ions to the central axis where the field is weakest. The radial pseudopotential well for
the ion guide is steep sided (the radial pseudopotential ∝er), thus producing a broad
electric field-free region in the center. In comparison, the radial pseudopotential well
for a quadrupole field is less steep at the sides (the radial field is parabolic, that is, ∝r2)
with a minimum only at the central axis. The radial pseudopotential well for an octo-
pole field is less steep (the radial field is ∝r 6) than that of the stacked-ring ion guide
but steeper than that of the quadrupole field; it has a central field-free region that is
smaller than that of the radial pseudopotential well. The application of DC voltages
rather than high-amplitude RF voltages is convenient for an external ion source
Fourier transform ion cyclotron mass spectrometer, for which ion detection is vulner-
able to electrical noise in the same frequency range. A disadvantage of the stacked-
ring ion guide is the requirement for high ion axial kinetic energy in order to avoid
ion trapping in the shallow pseudopotential well between adjacent ring electrodes.

5.4.2. Ion Tunnel

In 2001, Giles and Bateman reported the application of a stacked-ring ion guide, shown
in Figure 5.10, as an ion transmission device at intermediate pressures [49]. Each ring
electrode of the ion tunnel is 0.5 mm thick and the interelectrode separation is 1 mm. An
ion tunnel of length 100 mm will consist of 67 ring electrodes. The RF potential applied
to each ring was 180° out of phase with that applied to its two adjacent rings such that
the potential sign alternated down the ion tunnel. As discussed above (see the introduc-
tion), there is a need for highly efficient ion pipes for the transmission of ions through
various pressure regions when using an atmospheric pressure ionization source.

5.4.2.1. Transmission Efficiency The transmission of ions through an ion tunnel
was investigated as a function of ambient pressure, RF frequency, mass/charge ratio
(i.e., transmission window), and the interelectrode separation, and the observations
were compared with those obtained with a hexapole rod assembly. A limiting factor
was the breakdown voltage; at a pressure of 3.8 mbars (�3 Torr, given that 1 Torr �
1.33 mbars) and an RF frequency of 0.8 MHz, electrical breakdown occurred at some
385 Vp-p. A change of RF frequency to 2.1 MHz did not affect the breakdown limit,
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which varied almost insignificantly when the RF frequency was increased to
2.1 MHz, when the interelectrode separation was increased to 2.25 mm, and when a
hexapole rod assembly was substituted for the ion tunnel. The transmission window
was much reduced with an interelectrode separation of 2.25 mm compared with that
for an interelectrode separation of 1 mm.

In Figure 5.11 is shown a transmission efficiency comparison of the ion tunnel
(IT) and a hexapole rod assembly (Hx) at an RF frequency of 0.8 MHz and at two
pressures, approximately 2 and 3 Torr. The comparison is given for four ion species
of m/z 152, 472, 964, and 2034. For each ion species at a pressure of 3 Torr, the trans-
mission efficiency of the ion tunnel (IT, 3 Torr) exceeds (100 cf. 60) that of the hexa-
pole rod assembly (Hx, 3 Torr). Transmission efficiency is reduced generally at the
lower pressure of 2 Torr, yet the transmission efficiency of the ion tunnel (IT, 2 Torr)
remains superior to that of the hexapole rod assembly (Hx, 2 Torr). Thus, in the pres-
sure region of 2–3 Torr, an ion tunnel is preferable to a hexapole rod assembly.

5.4.2.2. Charge State Discrimination A limiting factor in MS/MS can be the
inability to identify a precursor ion, such as a molecular ion in an electron impact
mass spectrum (see Chapter 7) or a peptide precursor ion (see Chapter 8). While a
large proportion of peptide products from a tryptic digest of a protein have two or
more charges by which their recognition is enhanced, low levels of peptide ions may
be obscured by more intense singly-charged background ions. Wildgoose et al. [50]
reported observations of the abundance of doubly- and triply-charged ions relative to
that of singly-charged ions following their accumulation in an RF ion tunnel for up
to 100 ms at pressures in the range 1.6–2.8 mbars (1.2–2.1 Torr).

A stacked ion guide, or ion tunnel, was employed as an ion storage device and cou-
pled to a quadrupole/collision cell/time-of-flight mass spectrometer. The ion tunnel is
shown in Figure 5.10. In a flow system, the ion tunnel confines ions radially and
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reduces ion losses during transmission to the mass-selective QMF. When a potential
of �10 V is applied to a gate electrode downstream of the ion tunnel, ions can be
stored in the RF guide. Upon removal of the �10 V potential, ions are extracted for
mass analysis in either the QMF or the time-of-flight mass spectrometer. When a mix-
ture of 0.1-ng/µL solutions of gramicidin-S [M�2H]2� of m/z 571.36 and leucine
enkaphalin [M�H]� of m/z 556.28 was infused continuously from an electrospray
source and the pressure in the RF guide was set to 2.8 mbars, mass spectra were
obtained with zero storage and with 58 ms of storage in the trapping RF guide. The
mass spectra showed a clear enhancement of the ratio of doubly-charged to singly-
charged ions after 58 ms of storage. The singly-charged ion intensity was reduced
by more than an order of magnitude while that of the doubly-charged ion was reduced
by some 15%, leading to overall enhancement of the above ratio.

Upon repeating the experiment with renin substrate [M�3H]3� of m/z 586.98 in
place of gramicidin-S [M�2H]2� but at a shorter storage time of 18 ms, a similar
enhancement of the ratio of triply-charged to singly-charged ions was observed. In
Figure 5.12 are shown the normalized intensities of triply-charged renin substrate
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permission of Waters Corporation.)
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and singly-charged leucine enkephalin ions. In both cases the singly-charged ion
intensity reduces more rapidly than the multiply-charged ion intensity. Charge dis-
crimination has been observed previously in pseudopotential wells; for example, the
variations in the ratio of intensities of Ar2�/Ar�. in a QIT [34] bear a striking simi-
larity to the normalized intensities shown in Figure 5.12. Thus with an appropriate
storage time and pressure, the enhanced transmission of ions with two or more
charges relative to that of singly-charged ions can provide a means of improving
detection limits for low-level analysis of proteins.

The time-averaged radial force directed to the center of the RF guide is proportional
to z2/m and is greater for ions of the same mass m with higher charge states z or ions of
the same substance with lower mass/charge ratios. Smith and coworkers [51] have
reported the radial stratification of ions as a function of mass/charge ratio in a quadru-
pole ion guide in the presence of buffer gas. Ions of the same substance but with
different mass/charge ratios, after sufficient cooling in a quadrupole rod set containing
a buffer gas, congregate in separate concentric layers; ions with higher mass/charge
ratios occupy layers with larger radii and are more easily lost by collision with the rods.

5.5. CONCLUSIONS

A factor common to the LIT, the RIT, and the IT is that each employs a two-dimensional
trapping field for the confinement and/or transmission of ions. The versatilities of these
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new developments offer new opportunities for the application of mass spectrometry. In
addition, each new development appears to offer enhanced efficiencies for ion detection.

There are a number of advantages to be gained from the operation of a quadrupo-
lar ion-trapping device that has been extended longitudinally with respect to a three-
dimensional QIT. Not only is the physical size of the ion-trapping volume increased
in such a device with concomitant enhancement of ion confinement capability, but
the facility with which externally-generated ions can be admitted and confined in the
quadrupolar ion-trapping device and ejected subsequently in a mass-selective man-
ner trumpets a novel instrument of both high sensitivity and high mass resolution. In
these early days in the development of LITs, it is nevertheless clear that such instru-
ments will find increasing application in the mass spectrometric examination of a
wide range of compounds.

The high flexibility of the RIT structure, which is similar to that of the CIT (see
Chapter 6), will permit rapid characterization of this device. Finally, the IT appears
to offer a modestly superior alternative to multipole rod assemblies for the efficient
transmission of ions through regions of relatively high pressure in instruments that
are coupled with atmospheric pressure ion sources.

APPENDIX

A new hybrid instrument, the Finnigan LTQ FTTM, comprising an LIT coupled with
a Fourier transform ion cyclotron resonance (FTICR) mass spectrometer has been
announced by Thermo Electron Corporation (http://www.thermo.com/ms). The
MSn capability of the LIT is used concurrently with the high resolution and accurate
mass determination capabilities of the ICR on the LC timescale. The LIT and ICR
components are combined linearly; ions are ejected axially from the LIT through ion
guides into the ICR for an initial low-resolution (R�25,000) mass scan. Ions of
highest abundance (predominantly doubly-charged ions in the case of peptide analy-
sis) are identified and mass-selected subsequently for MS/MS in the LIT using both
radial detectors. Concurrent with MS/MS of the identified doubly-charged ions in
the LIT, a high mass resolution (R�100,000 at m/z 400) mass spectrum of primary
ions is obtained from the ICR. The ICR performs 50 Fourier transform full scans per
minute during which the LIT performs 150 data-dependent MS/MS scans. Accurate
mass determination is also possible on product ions formed by CID in the LIT; addi-
tionally, alternative activation modes, such as IRMPD and ECD, can be applied to
mass-selected ions trapped in the FT ICR cell. Sub-femtomole on-column sensitiv-
ity is claimed for this unique system
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INITIAL STUDIES OF A CYLINDRICAL ION TRAP 189

6.1. INTRODUCTION

The ability to confine charged species to a specified element of space is of great
importance for the examination of charged species, the study of their reactions with
neutral species and with photons, and the determination of the mass/charge ratio of
such species. The CIT has been derived as a simplified version of a Paul trap or QIT
to affect such confinement of charged species. Two early reports [1, 2] described the
operation with oscillatory fields of ion storage devices fabricated crudely from wire
mesh. The fields at the electrodes of such devices are clearly different from those
derived from electrodes with continuous surfaces, yet ion storage was observed
when mesh electrodes were used. It was surmised that, because the fields at the cen-
ter of each of the mesh and continuous electrode devices may not differ significantly,
similar fields at the center of a device may be obtained by using barrel and planar
electrodes to form an ion trap of cylindrical geometry.

Simplicity of fabrication of CITs permits ready investigation of their ion-confining
properties as functions of size and geometry. The general direction of research into
CITs has been the study of small ion traps, described as miniature ion traps, for the
confinement of a single ion or for application as sophisticated tandem mass spec-
trometers. In a further development, multiple CITs have been mounted in an array.
While the operating conditions for a QIT of usual size with r0 �1 cm can be trans-
ferred virtually unchanged (except for matching of the impedance of the device to the
RF drive potential circuit) to a CIT of the same magnitude, this situation does not hold
when the magnitude of the cylindrical device is reduced. In such a case, the drive fre-
quency required for the smaller cylindrical device must be appreciably higher in order
to realize a trapping potential well of sufficient magnitude to permit excitation of
confined charged species.

6.2. INITIAL STUDIES OF A CYLINDRICAL ION TRAP

In 1962, Langmuir et al. [3] obtained a patent for a CIT that was, to all intents and pur-
poses, an ion trap configured as the inscribed cylinder to a three-dimensional QIT, as
shown in Figure 6.1. The equations given in the patent for the electric fields and for ion
motion were identical with those for the QIT having hyperbolic electrodes. It is not
clear whether a device was fabricated, but no experimental details of the performance
of such a device were given. Benilan and Audoin [4] first gave a detailed description
of the theory of ion containment in a CIT; their treatment considered the application of
an RF potential to each planar end-cap electrode and the cylinder barrel was grounded.

6.2.1. Operation of a CIT

Bonner et al. [5] described the construction of a CIT having r1 �1 cm and r 1
2 �2z 1

2

and, in so doing, showed that the cylindrical device is easier to construct than a
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QIT having hyperbolic electrodes and that variation of the ratio r1 : z1 is relatively
facile. They reported the confinement of ions from the observation of self-chemi-
cal ionization of methane and presented a numerical analysis of the potential dis-
tribution within the ion trap. They commented further that ion storage was
achieved at a lower RF potential than for a QIT and that extraction of stored ions
may be more efficient in the cylindrical device. Mather et al. [6] determined
stability diagrams for a number of ionic species confined within three ion traps
having cylindrical geometry and reported on the first analysis of the mass-selective
storage mass spectrum of n-hexane. Fulford et al. [7] described the operation of 
a CIT as a reactor for the study of ion/molecule reactions and reported on the
application of resonant ion ejection to the elucidation of ion/molecule reaction
mechanisms.

Figure 6.1. Comparison of geometries and operating modes for the three-dimensional quadru-
pole ion trap (QUISTOR) and a cylindrical ion trap: (a) QUISTOR, r 2

0 � 2z2
0; (b) “inscribed”

cylindrical ion trap, r 2
1 � 2z2

1. (Reprinted from Quadrupole Storage Mass Spectrometry by 
R. E. March, R. J. Hughes, J. F. J. Todd, © Wiley-Interscience 1989. Reprinted with permis-
sion  of John Wiley & Sons, Inc.)
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6.2.2. Further Development of the CIT

Much of the early work was reviewed in Chapter 5 of the first edition of Quadrupole
Storage Mass Spectrometry [8]. Further development of the CIT, except for the the-
oretical work of Jardino and co-workers [9] and the photodissociation experiments
of Mikami et al. [10–12], was stalled until after the commercialization of the QIT.
Jardino and co-workers examined the effective potential of a CIT and the spatial
symmetry and harmonicity of that potential. They found that the potential is not per-
fectly spherically symmetrical as in the case of the hyperbolic QIT. Nevertheless,
they concluded that greater ion densities can be achieved and a greater total number
of ions confined in a CIT than in one possessing quadrupole geometry, as had been
reported earlier [5]. Mikami et al. [10–12] used a relatively large CIT (r0 � 2 cm,
z0 �1.4 cm) for two-color laser spectroscopy in conjunction with supersonic molec-
ular beams. Ions generated by multiphoton ionization of chlorobenzene were stored
for 10 ms or more, then photodissociated by radiation from a dye laser. Recently, Lee
et al. [13] investigated the characteristics of a CIT; they reconfirmed that, contrary
to a QIT, the stability space in a CIT is dependent upon the position of an ion.

6.2.3. Miniature Ion-Trapping Devices

From a survey of the literature, it would appear that for an ion trap to be described as
miniature the radius of the ring or barrel electrode should be �10 mm; when the radius
is �1 mm, such traps are described as submillimeter or micro ion traps. Miniature
devices have been designed and optimized for specific applications [14, 15].

6.2.3.1. Stored-Ion Spectroscopy Neuhauser et al. [14], in their study of stored-ion
spectroscopy, constructed a submillimeter ion trap because they needed to optimize
simultaneously ion density and laser irradiation of the ion cloud. Due to the
difficulties of machining such small electrodes, high-accuracy electrodes of spherical
form were machined. At the heart of their apparatus was a small ion trap with hemi-
spherical end-cap electrodes and a ring electrode of circular cross section; the latter
was slightly deformed elliptically to produce an effective trapping potential for a sin-
gle Ba� ion. The theory of ion motion in such an ion trap has been discussed at some
length by O and Schuessler [16]. Note that the deliberate introduction here of a degree
of asymmetry to improve performance of the ion trap is similar to the optimization of
the rectilinear ion trap, as discussed in Chapter 5, by decreasing the separation of the
y plates relative to that of the x plates. An excellent review of the various trapping
devices used for stored-ion spectroscopy has been given by Dehmelt [17].

6.2.3.2. Readily Machined Ion Traps An alternative geometry for a small ion trap
that was examined theoretically by Beaty [15] was employed by Wineland and co-
workers [18, 19] in their study of laser-cooled Hg� ions; the dimensions of their ion
trap were r0 � 445 µm and z0 � 312 µm. The RF drive frequency was 21 MHz. Beaty
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considered a geometry in which the electrodes could be machined with simple lathe
cuts. A cross-sectional view of the ion trap is shown in Figure 6.2; the end-cap elec-
trodes have cylindrical symmetry with conical boundaries. The dimensions z0, z1, z2,
r1, and r2 are relative to r0 and denote the degree of variation of this particular geom-
etry; the magnitude of r0 defines the size of the ion trap. Using a computational
method [20], Beaty obtained values of z0 through r2 for which the fourth- and sixth-
order anharmonic contributions to the potential vanished, and a close approximation
to the ideal (quadrupole) field could be achieved in the central region of the ion trap.

6.3. MINIATURE CYLINDRICAL ION TRAPS (MINI-CITs)

Once the discovery of mass-selective axial ejection had been exploited with the QIT,
thoughtful reflection on the application of the same technology to CITs, and partic-
ularly to cylindrical miniature ion traps, led to a resurgence of interest in this field.
Mass analysis using the mass-selective axial instability scan in a CIT mass spec-
trometer was described first by Wells et al. [21]. Multiple-stage mass analysis has
been demonstrated in a mini-CIT [22]. The performance of the CIT was similar to
that of a commercial QIT fabricated with hyperbolic electrodes: sequential product
ion scans to MS3 were demonstrated, baseline resolution of adjacent mass/charge
ratios was observed, and the range of the CIT was comparable to that of a hypothet-
ical QIT to which the CIT was inscribed.

Figure 6.2. Readily machinable and variable electrode structures having the same general
topology as ideal electrodes. (Reprinted from “Simple electrodes for quadrupole ion traps,” by
E. Beaty, Journal of Applied Physics, 61 (1987), 2118–2122. Reprinted with permission of the
American Institute of Physics.)
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6.3.1. Driving Force

The principal driving force for the development of CITs has been the increasing
importance of field-portable analytical instrumentation [23–25] for in situ analysis of
toxic pollutants and detection of chemical warfare (CW) agents [26, 27]. The detec-
tion and identification of CW agents is a problem in trace organic analysis of great
challenge and relevance. An analytical device appropriate to this challenge must pos-
sess the following performance criteria: (i) high sensitivity for low-level detection
and quantitation limits, (ii) high specificity (that translates as tandem mass spec-
trometry to MS3 for a CIT) for detection and identification of target compounds, (iii)
good precision and accuracy (that translates as good mass resolution for a CIT), (iv)
high speed of analysis (short scan function and high ramping rate for a CIT), (v) con-
tinuous operation in real time and in situ, and (vi) low weight, compact, and battery
powered for extended periods. A CIT can be fabricated readily from a polished metal
cylinder with an internal radius of a few millimeters and two discs with suitable per-
forations for admission of electrons or ions and for ejection of ions. Such an ion trap
is capable of storing an adequate mass range of charged species [21], can be oper-
ated as a mass spectrometer with tandem MS capabilities, and has good sensitivity.

6.3.2. Miniaturization

Once a physically small ion trap has been selected, miniaturization of the necessary
power supplies is facilitated by the lower demands of the small trap, particularly the
drive RF amplitude, that scale with the size of the CIT. The performance of a CIT
depends strongly on its geometry [28]. Patterson et al. [29] have described the con-
struction and performance of a mini-CIT mass spectrometer that had a mass/charge
ratio range of �250 Th and was capable of tandem mass spectrometry. The choice
of CIT size was a compromise between increasingly severe relative field faults as 
the size was decreased and increasing power consumption and weight of the instru-
ment as the size was increased. The compromise was a cylindrical barrel of internal
radius r0 of 2.5 mm and the separation of the end-cap electrode disks was 5.77 mm.
A schematic representation of the ion source, ion optics, CIT, and detector is shown
in Figure 6.3. The length of the cylindrical barrel was 4.21 mm because the distance
between the cylindrical barrel and each end-cap electrode was 0.78 mm, defined by
the thickness of delrin spacers. The end-cap electrode spacing was adjusted to
5.77 mm so as to add a small octopolar field (see Chapter 3) to that of the CIT in
order to compensate for the field defects that arose due to the perforations of 2 mm
diameter in the end-cap electrodes.

To achieve a mass/charge ratio range of �250 Th with these electrode dimen-
sions, a maximum drive RF voltage amplitude of 800 V0-p oscillating at 2 MHz was
employed. For a typical tandem mass spectrometer experiment, these experimental
parameters correspond to irradiation of m/z 250 at, say, qz � 0.4 (because 352 V0-p is
applied to the barrel electrode of the CIT) to yield a product ion mass spectrum 
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from m/z 110 to m/z 250; this range of fragment ions is reasonable. The next fac-
tor to consider is the pseudopotential well depth for m/z 250 at qz � 0.4 in order to
determine whether the pseudopotential well is sufficiently deep to permit resonance
excitation leading to CID. The trapping depth D�z of the pseudopotential well (see
Chapter 3) is given as

D�z � �
1
8
�V0-pqz [Eq. (3.18)]

such that D�z � 352 V0-p � 0.4/8 � 17.6 eV, that is, more than sufficient for CID.

6.3.3. Portable Miniature CIT

The mini-CIT mass analyzer described by Patterson et al. [29] accounts for �1% of
the total volume and weight of the instrument and thus the major miniaturization effort
was directed to the ancillary components. The weight of the version 5 mini-CIT [29]

Figure 6.3. Schematic representation of the ion source, ion optics, CIT, and detector.
Filament, mounting hardware, and gate electrode are based on those used in Finnigan ITS-40
instrument. (Reprinted by permission from “Miniature cylindrical ion trap mass spectrometer,”
by G. E. Patterson, A. J. Guymon, L. S. Riter, M. Everly, J. Griep-Raming, B. C. Laughlin,
Z. Ouyang, R. G. Cooks, Analytical Chemistry 74 (2002), 6145–6153, Fig. 3. Copyright
(2002) American Chemical Society.)
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was 55 kg, including the computer and battery pack, and measured �45 � 60 � 71 cm;
a smaller version 7 instrument of 16 kg and measuring 28 � 70 � 18 cm has been con-
structed also. Some 20 kg of version 5 was due to the system battery.

6.3.3.1. Vacuum System Vacuum systems are normally large and heavy and con-
sume a lot of power. However, in a mini-CIT, the oscillation amplitude of an ion at a
given secular frequency is smaller than in an ion trap of standard size. As a result, not
only do ions experience fewer collisions with buffer gas per RF cycle at a given pres-
sure but these collisions occur with a diminished collision energy. Therefore, it is pos-
sible to operate a mini-CIT at a higher pressure than is normal and the pumping
requirements are reduced. Turbomolecular pumps were chosen to evacuate the system
because they can operate in any orientation to yield the required pumping speed and
ultimate vacuum. The necessary secondary backing pumps used were KNF Neuberger
(Trenton, NJ) four-stage diaphragm pumps because they are oil free, can be used in
any orientation, and are available in small packages. This type of pump, which is
capable of providing �400 mTorr at a flow rate of 13 L/min, is 14 � 14 � 30 cm and
consumes �15 W of power in the absence of sample. Once again, a standard vacuum
manifold was used; in this case, the manifold was taken from a Finnigan
(ThermoFinnigan, San Jose, CA) ITS-40 ion trap mass spectrometer because it had
appropriate flange connections and sufficient gas and electrical feedthroughs.

6.3.3.2. Ionization Source Electron impact (EI) ionization was employed for the
investigation of volatile compounds and a standard EI filament assembly from an
ITS-40 instrument was used. The filament power supply was a 24-V variable-current
power unit that provided �4 A of current and had trim pots for control of the bias
voltage and emission current. The entire circuit, including power unit and test points,
is enclosed in a 5 � 5 � 1-cm volume. A gate electrode provides a means for arresting
the electron flow into the CIT during ion cooling and mass analysis.

6.3.3.3. Detector System The higher operating pressure of the mini-CIT than that
of the QIT is advantageous for CIT operation but is a cause for concern with respect
to the possible shortening of the lifetimes of the filament, vacuum pumps, and detec-
tor. A channel electron multiplier detector from K and M Electronics (West
Springfield, MA) was chosen because it is small (3.6 � 0.6 cm) and can operate at a
pressure of 7 � 10�4 Torr. Initially [29], the detector was mounted axially, as shown
in Figure 6.3; later, in version 7, an off-axis mounting was used. Because the detec-
tor output is below the noise floor of standard digitization circuits, the output must
be fed into a preamplier. The unit selected was a Keithley Instruments (Cleveland,
OH) model 427 current amplifier; this instrument has variable gain control from 104

to 1011 that permits the monitoring of very high level events such as multiplier gat-
ing and very low level events such as ion signals of low abundance. The variable time
constant of the preamplifier permitted a choice between peak width and sensitivity.
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6.3.3.4. Waveform Generation The five waveforms used in the operation of the mini-
CIT (and for almost every other type of QIT) are the drive RF potential for 
the confinement of ions, the RF amplitude modulation potential, an arbitrary waveform
for the isolation of selected ion species in the ion trap, an AC potential for ion excitation
in tandem mass spectrometry (MS/MS and MS/MS/MS) experiments, and a single fre-
quency potential for resonant ejection of ions in mass-selective axial ejection. Each of
these potentials is independent of the other potentials and must be generated and applied
separately. The drive RF potential applied to the ring or barrel electrode is obtained from
a crystal oscillator circuit operated at a single frequency of 2000 MHz. The amplification
circuit is frequency tuned to a single frequency. The RF amplitude modulation potential
for modulation of the drive RF potential is obtained from an arbitrary waveform.

The remaining potentials are applied normally to the end-cap electrodes. The
waveform used for ion isolation is calculated using the SWIFT (stored waveform
inverse Fourier transform) method described by Guan and Marshall [30]. The wave-
form is calculated such that ranges of ion species can be ejected resonantly but the
frequencies corresponding to the secular frequencies of ions to remain in the ion trap
are set to zero. The waveform used for ion excitation leading to CID can be varied
but is set normally to correspond to qz � 0.4, as discussed above. Typical AC ampli-
tudes used in the mini-CIT are �2 V0-p. The application of a single frequency poten-
tial for resonant ejection (or axial modulation) of ions in mass-selective axial
ejection is to eject ions rapidly and to improve mass resolution [31]. The potential is
applied in dipolar mode to the end-cap electrodes and corresponds to some value of
qz on the qz axis; all three electrodes are held at the same DC level so that az for all
ions is zero. The frequency used for resonant ejection was an octopole resonance that
caused rapid ejection of ions with the production of narrow peaks in the mass spec-
trum [32]. The choice of the ejection qz value determines directly the degree of mass
range extension [33]. See also FNF, Section 3.4.3.1.

In a typical experiment, the SWIFT potential is applied following a cooling
period once ionization has been terminated; then a further cooling period is followed
by application of the CID excitation potential. The SWIFT pulses are calculated
using the ITSIM [34] ion trajectory simulation program. The card used for waveform
generation for the end-cap electrodes has 16 MB of memory so that it may store all
three of the waveforms. The arbitrary waveform is split into two wires and one of the
potentials is inverted so as to provide dipolar excitation. The waveform circuits can
be floated with respect to ground in order to reduce ion kinetic energy where neces-
sary, such as when a glow discharge source is used.

6.3.3.5. Control Software Virtually all of the electronics required custom-soft-
ware control. The user interface was also custom designed. Many of the required
components were purchased from National Instruments Corporation, and so it was
possible to take advantage of National Instruments’ proprietary programming lan-
guage, LabVIEW, for which they provide support. Because LabVIEW drivers are
available for all of the components purchased from National Instruments, much of
the basic software/firmware was prewritten.

The user interface was designed to run within the LabVIEW program window and
the data are displayed automatically as the average of a user-selected number of scans.
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The instrument panels are addressed in three subwindows that permit control of the
waveforms and potentials applied to all three electrodes as well as the ionization param-
eters and data acquisition. The subwindow by which the barrel electrode waveforms are
controlled permits user-defined timing sequences and application of user-selected wave-
forms independent of the sequences employed in the other two subwindows. For exam-
ple, the software has a built-in ramp function available for the ion ejection event; when
the RF amplitude at the start and stop points of the RF ramp is inputted by the user, the
corresponding ramp length and ramp rate are obtained. Such independence permits
much higher flexibility than is available in commercial ion trap control software.

In Figure 6.4 is shown a typical timing diagram or scan function by which an EI
mass spectrum may be obtained. A scan function is a diagram showing the temporal
relationships of the various potentials applied during the course of an ion trap exper-
iment. The duration of application of each of the potentials is indicated along with the
duration of each cooling period. The SWIFT waveform is indicated schematically as
a square wave with an interposed slot that corresponds to the secular frequency of the
ion species to be isolated. The CID waveform is shown as a single-frequency sine

Figure 6.4. Timing diagram or scan function for miniature CIT. Gate electrode is opened
concurrently with application of drive RF potential at t � 5 ms. Gate electrode permits elec-
trons to enter CIT during 20 ms for ionization of compound present at low pressure and closed
again. Amplitude of drive RF potential determines LMCO of ion trap. At conclusion of cool-
ing period of 5 ms to permit ion ensemble to form ion cloud, drive RF amplitude is lowered
(normally) so as to establish qz value of �0.4 for ion isolation and CID. Ion isolation wave-
form is applied at t �30 ms for �10 ms; then after 2–3 ms, ion activation waveform is applied
for CID. Following further cooling period of 5 ms, analytical ramp of drive RF commences.
Also shown in scan function is multiplier bias that ensures operation of multiplier during mass
analysis period only. (Reprinted by permission from “Miniature cylindrical ion trap mass
spectrometer,” by G. E. Patterson, A. J. Guymon, L. S. Riter, M. Everly, J. Griep-Raming,
B. C. Laughlin, Z. Ouyang, R. G. Cooks, Analytical Chemistry 74 (2002), 6145–6153, Fig. 5.
Copyright (2002) American Chemical Society.)
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wave. The analysis waveform is shown as a fixed-frequency sine wave increasing in
amplitude at a constant rate.

6.3.4. Mini-CIT System Performance

This examination of system performance is limited to verification of the linearity of
the mass calibration scale; investigation of the efficiencies of ion isolation, ion exci-
tation for CID (MS/MS), and MS/MS/MS; and determination of the experimental
conditions that either promote or diminish mass resolution.

6.3.4.1. Mass Calibration In Figure 6.5 are shown two mass spectra obtained with
mini-CITs using perfluorotri-n-butylamine (PFTBA or FC-43), a mass calibrant used

Figure 6.5. Mass spectra obtained from PFTBA with two miniature CITs: (a) lower mass
range obtained with version 5 miniature CIT, correlation coefficient (R2) of 0.9999 calculated
for this mass spectrum; (b) higher range mass spectrum, also of PFTBA, obtained with ver-
sion 7 miniature CIT. (Reprinted by permission from “Miniature cylindrical ion trap mass
spectrometer,” by G. E. Patterson, A. J. Guymon, L. S. Riter, M. Everly, J. Griep-Raming,
B. C. Laughlin, Z. Ouyang, R. G. Cooks, Analytical Chemistry 74 (2002), 6145–6153, Fig. 7.
Copyright (2002) American Chemical Society.)
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commonly in mass spectrometry. The low-range mass spectrum in Figure 6.5a was
obtained with version 5 mini-CIT using a scan function similar to that shown in
Figure 6.4 with the isolation and CID periods omitted. The indicated pressure of
PFTBA was 4 �10�6 Torr. The drive RF amplitude established a LMCO of �48 Th
initially and, during the analysis period, it was ramped to �250 Th in 15 ms, giving a
ramp rate of �13,500 Th/s. The resonance ejection frequency was 700 kHz at an
amplitude of �5 V0-p. The ion signal intensity data were imported to an Excel spread-
sheet program for calculation of the linearity of the calibration. The expected peaks
in this mass range were observed together with the expected base peak of m/z 69 
(CF3

�). The mass calibrations were linear with R2 � 0.9999. The higher range mass
spectrum of PFTBA in Figure 6.5b was obtained using the smaller version 7 mini-
CIT. Again, the expected peaks in this mass range were observed, particularly the base
peak, m/z 131 (C3F5

�), in addition to some background peaks, for example, m/z 197.

6.3.4.2. Tandem Mass Spectrometry In Table 6.1 are shown the results from some
representative experiments in which mass spectra were obtained and, subsequently,
product ion mass spectra were obtained by MS/MS and MS/MS/MS [29]. Ion
species are identified by their mass/charge ratio; the intensity of each peak is given
in parentheses and in units of volts so that the absolute performance of the instru-
ment may be appreciated. In the MS column are listed the components of single-
stage mass spectra obtained from p-nitrotoluene, acetophenone, methyl salicylate,
and dimethyl methyl phosphonate (DMMP) in the absence of bath/buffer or collision
gas. DMMP is an important precursor and an impurity in G nerve agents (cholinesterase
inhibitors) of the organophosphate family that includes Tabun, Sarin, Soman, and VW.
It is a widely used simulant for phosphorus ester CW agents and has been examined
previously by ion trap mass spectrometry [35, 36].

The major peaks observed in the single-stage mass spectrum from p-nitrotoluene
are shown in the MS column; the base peak is m/z 137 and the observed peak inten-
sity was 4.8 V. Also shown in the MS column are the single-stage mass spectra for
acetophenone, methyl salicylate, and DMMP. The mass spectra are in good agree-
ment with published data, except for that of DMMP. The mass spectrum observed
here is similar to that observed from a QIT by Riter et al. [37] and shows the same
ions as given in the National Institute of Standards and Technology (NIST) mass
spectrum [38]; however, the base peak in the mini-CIT mass spectrum was observed,
in the absence of collision gas, to be the molecular ion, m/z 124. In the presence of
helium collision gas, the base peak became the fragment ion m/z 109 while the ion
of m/z 94 is the base peak in the NIST mass spectrum.

The third and fourth columns show data from MS/MS experiments. The column
labeled MS/MS Isolation gives the peak heights of ions after isolation with the
SWIFT waveform but prior to CID. Normally, in an MS/MS experiment, one does
not observe ion signals corresponding to the isolated ion (prior to CID) because such
an observation requires ejection of the isolated ion species from the CIT. Once the
isolated ions have been ejected, no ions remain for CID! Thus, the results shown in
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the third and fourth columns were obtained from two experiments with each
compound. For each of the four compounds examined, only the ion of highest
mass/charge ratio was subjected to isolation. For p-nitrotoluene, the m/z 137 ion has
an intensity of 4.6 V following isolation. Thus, in this case, the isolation procedure
using 0.04 V amplitude, 270–300 kHz, and 4 ms isolation time has an efficiency of
96%. Immediately below 137 (4.6) is shown the intensity (0.4 V) of m/z 121 that
remained in the mini-CIT along with m/z 137 after isolation. The signal intensity of
m/z 121 constitutes a percentage residual ion abundance of 8%. The m/z 120 ion
from acetophenone shows an isolation efficiency of 77% and percentage residual ion
abundance of 17%. The m/z 152 ion from methyl salicylate shows an isolation

200 CYLINDRICAL ION TRAP MASS SPECTROMETER

TABLE 6.1. Single-Stage MS, MS/MS, and MS/MS/MS Spectra of p-Nitrotoluene,
Acetophenone, Methyl Salicylate, and DMMPa

MS/MS MS/MS/MS

Compound MSb Isolationb Dissociationc Isolationb Dissociationc

p-Nitrotoluene 137 (4.8) 137 (4.6) 137 (2.0) 121 (0.5) 121 (0.5)
121 (0.4) 121 (2.0) 107 (0.08)

107 (0.2) 91 (0.1)
91 (0.3)

121 (1.1)
107 (1.4)

91 (1.2)
Acetophenone 120 (1.3) 120 (1.0) 120 (0.4) 105 (0.6) 105 (0.4)

105 (0.2) 105 (0.7) 77 (0.06)
105 (2.0) 77 (0.06)
77 (1.2)

Methyl salicylate 152 (1.4) 152 (1.1) 152 (0.2) 152 (0.06) N/A
120 (0.7) 120 (0.6)
92 (0.1)

120 (0.9)
92 (0.7)

DMMP 124 (1.0) 124 (1.7)c 124 (0.7) N/A N/A
79 (0.2) 94 (0.1)

79 (0.5)
109 (0.2)

94 (0.4)
79 (0.8)

Source: Reprinted by permission from “Miniature cylindrical ion trap mass spectrometer,” by 
G. E. Patterson, A. J. Guymon, L. S. Riter, M. Everly, J. Griep-Raming, B. C. Laughlin, Z. Ouyang,
R. G. Cooks, Analytical Chemistry 74 (2002), 6145–6153, Table 1. Copyright (2002) American Chemical
Society.
aAll data were obtained from pure samples of the compounds. In all cases, the data are given as mass/
charge ratio with the peak height given in volts in parentheses.
bNo bath or buffer or collision gas.
cHelium was used as the bath/buffer/collision gas.
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efficiency of 79% and percentage residual ion abundance of 0%. These results are
very encouraging.

In the column labeled MS/MS Dissociation are presented the components of the
product ion mass spectrum of each of the ions isolated previously. For example, CID
of m/z 137 from p-nitrotoluene yields a residual ion signal intensity of 2.0 V for m/z
137 and intensities of 2.0, 0.2, and 0.3 V for m/z 121, 107, and 91, respectively. Thus
the attenuation of the molecular ion of m/z 137 is 56% (corresponding to a dissoci-
ation efficiency of 44%). The total ion intensity of the components of the product ion
mass spectrum of m/z 137 is 4.5 V so that, when compared with the total ion inten-
sity (including that for m/z 121) at completion of the isolation stage, 5 V, it yields an
overall ion retention efficiency during CID of 90%. The conditions employed for
CID of p-nitrotoluene were excitation at 0.05 V at 270 kHz for 51 ms. Similar disso-
ciation and ion retention efficiencies were observed for the other compounds.

The fifth and sixth columns show data from MS/MS/MS experiments that permit
evaluation of the efficiencies of the isolation and CID procedures and retention of total
ion charge. For example, in the case of p-nitrotoluene, the intensity of m/z 121 in the
MS/MS Dissociation column is 2.0 V and in the MS/MS/MS Isolation column is
0.5 V. Thus the isolation efficiency here is 25%. Collision-induced dissociation of m/z
121 with 0.003 V at 300 kHz for 51 ms does not change the intensity of m/z 121, as
shown in the sixth (and last) column, thus yielding zero dissociation efficiency; how-
ever, two fragment ions are observed at low intensity, m/z 107 at 0.08 V and m/z 91 at
0.1 V, signifying an ion retention in excess of 100%. Acetophenone provides an
almost ideal example of an MS/MS/MS experiment. From the fourth and fifth
columns, it is seen that the isolation efficiency for m/z 105 is 86% and, from the fifth
and sixth columns, the dissociation efficiency is 33% while the ion retention efficiency
is 77%. The MS3 product ion mass spectrum shows unchanged m/z 105 and a single
fragment ion of m/z 77. The overall efficiency of the formation of m/z 77, through two
repeated processes of isolation and CID, from m/z 120 is 5%. With complete dissoci-
ation of m/z 120 and m/z 105, which is possible with ion traps, the overall efficiency
could be increased to 19%; this MS3 achievement is remarkable for a mini-CIT.

6.3.4.3. Limit of Detection and Mass Resolution The limit of detection for the
CW simulant methyl salicylate was estimated as 1 pg. The mass spectrum obtained
from methyl salicylate vapor was recorded over 1 s and yielded a single peak corre-
sponding to the molecular cation at m/z 152; the signal/noise ratio was 7 : 1.

6.4. MEMBRANE INTRODUCTION MASS SPECTROMETRY

The application of a permeable membrane for the introduction of volatile com-
pounds to a mass spectrometer has been combined with a mini-CIT for air analy-
sis and for aqueous solution analysis [39]. Miniaturized membrane inlet systems
were designed to the scale of a mini-CIT, as shown in Figure 6.6, so as to reproduce
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Figure 6.6. Miniature membrane inlet systems fabricated to fit a mini-CIT mass spectro-
meter: (a) internal MIMS system used for air analysis; (b) external MIMS system used for
water analysis. In each case, the PDMS membrane is in a tubular configuration. (Reprinted by
permission from “Analytical performance of a miniature cylindrical ion trap mass spectrom-
eter,” by L. S. Riter, Y. Peng, R. J. Noll, G. E. Patterson, T. Aggerholm, R. G. Cooks,
Analytical Chemistry 74 (2002), 6154–6162, Fig. 1. Copyright (2002) American Chemical
Society.)
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many of the features of a direct-insertion membrane probe [40]. The miniature
membrane introduction mass spectrometry (MIMS) system shown in Figure 6.6a
was fabricated from two stainless tubes [1.65 mm outside diameter (o.d.), 1.0 mm
internal diameter (i.d.)] of length 8 cm with 2 cm exposed to the vacuum; the tubes
were inserted through holes 6 mm apart drilled into a blank stub and welded in
place. The tubes were connected inside the vacuum by a loop of poly(dimethyl-
siloxane), PDMS, of length 4 cm with a surface area of 0.75 cm2. External air was
passed through the steel tubing and PDMS membrane; volatile compounds in the
air sample permeated the membrane and passed into the mini-CIT where they could
be ionized and analyzed. In Figure 6.7 is shown a mass spectrum of air sampled
online while a cough drop (active ingredient menthol) was held 3 cm from the mem-
brane inlet of the mini-CIT mass spectrometer. The labeled peaks in Figure 6.7 are
characteristic of menthol.

A second MIMS inlet system described previously [41] was coupled to a mini-CIT
via a vacuum feedthrough. A cross-linked PDMS tube 3.5 cm in length, 0.64 mm i.d.,
and 1.19 mm o.d. was used as the permeable membrane. Aqueous solutions were
passed through the permeation tube in the direction shown in Figure 6.6b. Helium
was flowed countercurrently to the solution direction to sweep the permeating com-
pounds from the inlet to the mini-CIT for mass analysis.
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6.5. MINIATURE CYLINDRICAL ION TRAP ARRAY

In some of those areas where mass spectrometry has become the analytical technique
of choice, there exist needs to screen large numbers of samples as quickly as possi-
ble. The demands for high throughput occur in combinatorial synthesis [42], in pro-
teomics where there is a need to monitor proteins and peptide mixtures [43], in
industrial process monitoring [44], and in the emerging field of metabolomics [45].
One solution to the problem of high throughput is to use a multiplexed inlet system
with a multiplexed mass spectrometer having an equal number of parallel sample
channels. To this end, the simultaneous trapping of ion clouds in miniature ion traps,
with each ion trap of a different size and where the size dictates a specific mass trap-
ping range, has been proposed [28]. A high-throughput CIT array mass spectrome-
ter has been developed and tested [46–48], where each mini-CIT is of the same size.

In this array, there are four mini-CITs having barrel electrodes of 2.5 mm i.d., as
discussed above. Each CIT has its own inlet system and filament assembly together
with a small (2-mm-diameter) electron multiplier, all within a common vacuum man-
ifold and with a single set of control electronics. An array of identical mini-CITs has
been characterized previously as a single-channel mass spectrometer [49]. In addi-
tion, sample ions are generated externally to the mini-CIT and transported through an
Einzel lens into each mini-CIT, as shown in Figure 6.8 for two of the four parallel

Figure 6.7. Mass spectrum of air sampled online while a cough drop (active ingredient men-
thol) is held 3 cm from membrane inlet of mini-CIT mass spectrometer. The labeled peaks are
characteristic of menthol. (Reprinted by permission from “Analytical performance of a minia-
ture cylindrical ion trap mass spectrometer,” by L. S. Riter, Y. Peng, R. J. Noll, G. E. Patterson,
T. Aggerholm, R. G. Cooks, Analytical Chemistry 74 (2002), 6154–6162, Fig. 4. Copyright
(2002) American Chemical Society.)
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channels. The instrument provides a mass/charge ratio range of approximately 
m/z 50–500. The average peak width is 0.3 Da/charge, yielding a mass resolution
(m/∆m) of 1000 at m/z 300. Because each channel has its own inlet system, the com-
pounds examined in the four channels may differ from each other. In Figure 6.9 
are displayed the results of a high-throughput experiment [48] in which three of the 
four channels were operated simultaneously; acetophenone, bromobenzene, and 
1,3-dichlorobenzene were introduced into channels 1, 2, and 3, respectively. Channel
4 was idle. Helium pressure was �1 �10�4 Torr, and resonance ejection was
employed with an amplitude of 5 Vp-p at 700 kHz. The mass spectra required 100 ms
of ionization and the total emission current was �20 µA. The successful operation of
this array of mini-CITs is a remarkable achievement.

6.6. FIELD APPLICATIONS OF MINI-CITs

A mini-CIT is currently under development as a portable explosives’ detector mass
spectrometer for use in the field [50, 51]. The instrument employs a Teledyne
Discovery 2 ion trap mass spectrometer that has been modified by the substitution of
a mini-CIT for the usual ion trap and by augmentation of the RF drive frequency to
2.1 MHz. The mini-CIT is similar to that described by Badman and Cooks [52] in
that r0 � 2.5 mm and z0 � 2.35 mm. Resonant ejection of ions is accomplished with
a forced asymmetric trajectory (FAST) signal. The current mass range of the instru-
ment is 40–550 Th, which is best scanned in two sections, 50–250 and 250–550 Th.
When combined with a gas chromatograph, the dynamic range of the mini-CIT was
determined for a fixed ionization period by measurement of the area under the chro-
matographic peak for a range of concentrations of o-nitrotoluene; a linear response
was observed for the range 500–10 ng. In Figure 6.10 is a total ion current chro-
matographic trace obtained with the mini-CIT and showing separation and
identification of each of 12 explosives and related compounds injected as a mixture

Figure 6.8. Schematic representation of two of the four parallel analysis channels in the 2 � 2
array of mini-CITs. (Reprinted by permission from “High-throughput miniature cylindrical
ion trap array mass spectrometer,” by A. M. Tabert, J. Griep-Raming, A. J. Guymon,
R. G. Cooks, Analytical Chemistry 75 (2003), 5656–5664, Fig. 2. Copyright (2003) American
Chemical Society.)
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Figure 6.10. Total ion current trace showing peaks due to 12 explosive compounds and related
compounds separated by gas chromatography. Each peak represents the total ion charge of mass
spectra obtained from a cylindrical ion trap. Compounds are as follows: NB, nitrobenzene; o-NT,
ortho-nitrotoluene; DMNB, diaminonitrobenzene; m-NT, meta-nitrotoluene; p-NT, para-nitro-
toluene; NG, nitroglycerine; 2,6-DNT, 2,6-dinitrotoluene; 2,4-DNT, 2,4-dinitrotoluene; 
3,4-DNT, 3,4-dinitrotoluene; TNT, trinitrotoluene; PETN, pentaerythritol-tetranitrate; RDX.
(From S. N. Cairns, J. Murrell N. J. Alcock; S. R. Dixon, P. A. Cartwright, M. D. Brookes,
D. M. Groves, presented at the Sixteenth International Mass Spectrometry Conference,
Edinburgh, UK, 2003, Poster 08064. © British Crown copyright, DSTL, Published with the per-
mission of the Controller of Her Majesty’s Stationery Office.)
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Figure 6.9. Mass spectra obtained from a high-throughput experiment during which three
channels of the four-channel array instrument were used to analyze three different compounds
simultaneously: (1) acetophenone; (2) bromobenzene; (3) 1,3-dichlorobenzene; (4) idle.
(Reprinted by permission from “High-throughput miniature cylindrical ion trap array 
mass spectrometer,” by A. M. Tabert, J. Griep-Raming, A. J. Guymon, R. G. Cooks,
Analytical Chemistry 75 (2003), 5656–5664, Fig. 7. Copyright (2003) American Chemical
Society.)
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in solution onto the gas chromatographic column. The tandem mass spectrometry
efficiency, defined as the ratio of fragment ion to precursor ion signal intensities, of
30–40% has been achieved using n-butylbenzene. The mini-CIT has a variable scan
rate from 1000 to 20000 amu/s.

6.7. MICRO ION TRAPS

The development of micro ion traps, where the critical dimensions are in the sub-
millimeter range, is becoming an area of great interest. In the achievement of specific
objectives, such as the study of a single ion or the utilization of micro ion traps with
microfabricated electrospray ion sources, efforts must be made to optimize the field
within the device to the task in hand.

6.7.1. Single-Ion Study

A micro-CIT has been designed for laser interrogation of a single ion of Ca� in a
metrology application [53]. Here, strong confinement was required in order to access
the Lamb–Dicke regime; for an ion trap wherein the barrel electrode radius is of the
order of 1 mm, this could be achieved only with a high confinement or drive frequency.
The micro-CIT used here [53] is of particular interest because it has no apparent end-
cap electrodes and it uses two pointed positioning electrodes, as shown in Figure 6.11;
the positional electrodes bring about small corrections in the storing potential. The
micro-CIT has an open Paul–Straubel structure [54–56] for easy visualization of the
confined charged particles and access for the laser beams. The barrel electrode has
r1 � 0.7 mm and an overall height of 2z1� 0.85 mm. The two compensation electrodes
are flat rings, 13 mm in diameter, with centered openings of diameter 10.5 mm covered
by a fine mesh. Each of these electrodes is 5.5 mm from the trap center and they screen
the trapping volume from stray electrical fields. For a confining potential of 700 Vrms

at a frequency of 11.6 MHz, a potential well depth of 9.2 eV is realized for qr � 0.1.

6.7.2. Optimization of Micro Ion Traps

Recent reports of microfabricated electrospray ion sources enhance the possibilities
for combining electrospray ionization with miniature mass spectrometers [57, 58],
though such a combination has not been reported thus far. Several geometries for
miniature ion traps are amenable to microchip construction methods, for example,
the planar sandwich of three electrodes used by Brewer et al. [59] and the multiple-
electrode structure of Wang and Wanczek [60]. The effects of ion trap geometry have
been examined by Hartung and Avedisian [61]. Kornienko et al. [26] have explored
the possibility of performing mass spectrometry with submillimeter ion traps of
cylindrical geometry. In the selection of the geometry of an ion-trapping device, the
principal criterion is the generation of a quadrupole field at the device center when
one or more RF potentials are applied to the electrodes. The fraction of the applied
potential from which the field is generated is, however, geometry dependent. For a
CIT, Kornienko et al. [27] have calculated both the ratio of octopole to quadrupole
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coefficients (r 0
2C4/C2) and the coefficient of the quadrupole contribution to the poten-

tial (r 0
2C2/Vring) versus z0/r0, as shown in Figure 6.12. For values of z0/r0 less than 0.8,

the quadrupole component is a larger fraction of the applied potential than that for
an ideal quadrupole ion trap having the same value of r0.

Multipole fields of order higher than quadrupolar can have significant effects on
the operation of ion traps [62]. Wells et al. [21] showed that the octopolar field of a
CIT changes sign as z0/r0 is varied; thus it may be possible to choose an appropriate
CIT geometry such that the influence of the octopolar component is optimized. From
Figure 6.12 it is seen that, for the z component of the octopolar field to be in the same
direction as the quadrupolar field (i.e., r 0

2C4/C2 → positive), the value of z0/r0 should
be greater than 0.83. Under this condition, ion secular frequency will increase with
trajectory amplitude and mass resolution will be enhanced. For their submillimeter
CIT, Kornienko et al. [27] chose r0 � 0.5 mm and 2z0 �1.0 mm and employed an RF
potential oscillating at 5.80 MHz; they achieved a mass range of 30–400 Da.

6.8. CONCLUSIONS

Much progress has been achieved recently in the development of CITs as field-
portable analytical instruments. The major problems associated with miniaturization

Figure 6.11. View of a miniature CIT showing the two circular compensation electrodes with
large apertures covered by fine mesh and two pointed positioning electrodes. (Reprinted from
“Characterization of a miniature Paul–Straubel trap,” by C. Champenois, M. Knoop,
M. Herbane, M. Houssain, T. Kaing, M. Vedel, F. Vedel, European Physics Journal D15
(2001), 105–112, Fig. 1. Reprinted with permission of Springer-Verlag GmbH.)

Z axis
1 mm

References pp. 208–210.
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of power supplies and vacuum pumps have been recognized and are being surmounted
at this time. While the in situ analysis of trace organic toxic pollutants and the detec-
tion of chemical warfare agents using mini-CITs are problems of great challenge and
relevance, perhaps the greatest advances involving CITs will lie in the applications of
micro ion traps in combination with microfabricated electrospray ion sources.
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7.1. INTRODUCTION

The first commercial ion trap mass spectrometer was the ITD700 instrument that was
described by the manufacturer as an “ion trap detector” for a gas chromatograph.
Under computer control, the ITD700 was capable of acquiring full-scan mass spectra
over a mass range of �20–650 Th, with a scan rate of 5555 Th/s [1]. In 1983, the ion
trap detector was presented by Finnigan MAT Corporation of San Jose, California, at
the Pittsburgh Conference on Analytical Chemistry, held in Atlantic City [2]. Data
obtained with the ion trap detector were presented subsequently at the Thirty-First
Annual Conference of the American Society for Mass Spectrometry [3] held in
Boston, Massachusetts, and at the Thirteenth Annual Meeting of the British Mass
Spectrometry Society [4]. A publication [5] during the same year described the appli-
cation of new ion trap technology as an economical detector for gas chromatography.

Prior to 1983, it was not possible to purchase an operating QIT. All of the research
carried out with the QIT during three decades from the time of the original public
disclosure [6] until 1983 was accomplished with home-made devices fashioned in
industrial and university workshops. After 1983, research involving home-made devices
continued for about 7–10 years only. The commercialization of the QIT has been dis-
cussed in Chapter 3 and has been described in detail elsewhere [7]. Although there
had been some early thoughts about the viability of a commercial analytical instru-
ment based upon ion trap technology [8], the linkage between university research and
an industrial, entrepreneurial corporation was made at the Twenty-Seventh Annual
Conference of the American Society for Mass Spectrometry held in Seattle,
Washington, in 1979. George Stafford of Finnigan MAT Corporation attended a lec-
ture given by Ray March on the characterization and application of the QIT [9];
among the applications discussed in this lecture were the use of the QIT as a detector
for a gas chromatograph [10] and the use of resonant ion ejection for the study of
ion/molecule reactions in a QIT [11]. Stafford became interested in ion traps and,
after some reflection, had an idea that represented an entirely new strategy for the use
of the QIT in mass analysis.
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7.2. GAS CHROMATOGRAPHY

Gas chromatography is used widely for compound identification in the analysis of
mixtures of volatile organic compounds from a variety of chemical classes, such as
acids, bases, alcohols, ketones, esters, hydrocarbons, and halogenated compounds.
Conventionally, identification of a specific compound by GC is based on the ability of
one or more chromatographic columns to resolve chromatographically one or more
components of interest and, using one of a number of detectors, to measure accurately
the retention time and signal intensity of each component. While many advances have
been made in GC in recent years with the advent of capillary columns, coelution of
components continues to require additional and separate gas chromatographic analysis.

7.2.1. Gas Chromatography/Mass Spectrometry

The combination of mass spectrometry with gas chromatography, GC/MS, is clearly
advantageous and superior to conventional GC alone. Unencumbered by the technical
difficulties and financial challenges encountered in trying to realize a functioning
GC/MS instrument, let us consider the advantages to be gained [12].

7.2.1.1. Information Theory The concepts of information theory have been
applied by Fetterolf and Yost [13] to tandem mass spectrometry and can be extended
to include GC also. Because the range of each experimentally-variable parameter
and the ion signal intensity is limited in time, space, and magnitude, these ranges
may be represented by a finite numerical value that is known as the informing power,
Pinf. The informing power of an analytical procedure, as defined by Kaiser [14], can
be expressed in terms of “binary digits,” or bits, and is given by

Pinf ��
n

i�1

log2 Si (7.1)

where n is the number of parameters or quantities to be determined, such as elution
time or mass number, and Si is the number of measurable steps for a given quantity. If
m is the variable parameter and δm is the smallest distinguishable increment in m, then
the number of steps of m is given by m/δm, which in mass spectrometry is the mass res-
olution R(m). By substituting into Eq. (7.1) and allowing for the variation in the param-
eter m, the summation can be replaced with an integral evaluated from ma to mb, as in

Pinf ��mb

ma

R(m) log2 S(m)�
d
m
m
�. (7.2)

However, when the resolution R(m) is constant and S(m) is fixed by the detection
system, Eq. (7.2) may be simplified to yield

Pinf � R(m) log2 S(m) ln ��
m
m

b

a
��. (7.3)
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The informing power is a figure of merit for an instrument. The informing power may
be increased by improving any of the three terms in Eq. (7.3), say the mass resolution or
the mass range (ma–mb), and by the addition of another resolution element such as a gas
chromatograph or a second mass spectrometer. In tandem mass spectrometry, a second
mass analyzer enters as a resolvable parameter. Following the derivation of Eq. (7.2),
Fitzgerald and Winefordner [15] have shown that for two resolvable parameters

Pinf ��y
b

ya

�x
b

xa

R(x)R(y) log2 S(x, y) �
d
x
x
� �

d
y
y
�. (7.4)

7.2.1.2. Informing Power in Mass Spectrometry In the cases of the QIT and the
QMF, it is the minimum resolution element δm that is constant rather than the reso-
lution R(m). For unit mass resolution, δm �1. The informing power may then be
expressed as

Pinf � �
δ
1
m
� log2 S(m) �m

b

ma

dm (7.5)

such that

Pinf �1� log2 S(m) � (mb � ma). (7.6)

For a QIT with a mass range of 10–650 Th and an ion intensity range of 212 bits,
Pinf �1�12 � 640 �7.7 �103 bits.

For a QIT combined with GC, Eq. (7.4) becomes

Pinf � �
δ
1
m
� log2 S(m)�m

b

ma

dm R(g) �gb

ga

�
d
g
g
� (7.7)

where R(g) is the constant resolution of a capillary GC column with 1.0 �105 theo-
retical plates (N) and the period of analysis is 1 h; there is a delay of 3 min to permit
elution of solvent. The parameter R(g), defined as the ratio of retention time tr to
GC peak width tw, is given by (N/5.54)1/2 so that Pinf for GC/MS is given by

Pinf �7.7 �103 ��
5
1
.
0
5

5

4
��

1/2

ln ��31
6
8
0
0
0

�� � 3.1�106 bits (7.8)

so the informing power of the QIT (7.7 �103 bits) has been increased by a factor of
402 by coupling with a gas chromatograph to yield an informing power of 3.1�106

bits. The converse holds also that the informing power of a gas chromatograph
(4.02 �102 bits) will be increased by a factor of �7700 by coupling with a QIT such
as the ITD.

7.2.1.3. Informing Power in Tandem Mass Spectrometry For a GC/MS/MS
instrument, the informing power is simply the product of the informing power of a
GC/MS instrument and that of a second mass analyzer. Therefore Pinf for
GC/MS/MS is 3.1 � 106 � 103 � 3 � 109. Note that the informing power of the sec-
ond mass analyzer is only �13% of the first mass analyzer due to (i) the reduction 
in the ion intensity range S(m) of ions issuing from the first analyzer and (ii) the
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reduction in mass of a fragment ion with respect to its precursor ion mass. An ion
species transmitted through the first mass analyzer and into the second mass ana-
lyzer cannot exhibit in the second mass analyzer an ion signal intensity greater than
the original ion signal intensity.

In tandem mass spectrometry, experimental variables associated with CID such as
resonant frequency, amplitude, and duration of resonant excitation are other potential
resolution elements. In addition to these measurable experimental parameters, other
variables that are procedural in nature, such as chemical ionization, selection of pos-
itive or negative ions, and the choice of reactive collisions, can be used to increase the
informing power of tandem mass spectrometry. However, the inability to scan these
variables continuously makes it difficult to express these effects on informing power.

7.2.1.4. The State of the GC Market In 1987, it was estimated that, of approxi-
mately 220,000 gas chromatographs in North America, less than 5% were coupled
to a mass spectrometer. There were several reasons for this situation. First, the pres-
sure of the carrier gas at the outlet of a GC column is some orders of magnitude
higher than the normal operating pressure of a mass spectrometer; various coupling
devices combined with additional pumping were required to effect the GC/MS com-
bination. Second, mass spectrometers were relatively more complex instruments
than were gas chromatographs and required a knowledgeable operator; thus upgrad-
ing a gas chromatograph to a gas chromatograph/mass spectrometer could require a
change of personnel. Third, the generation of one to three mass spectra per second
created a major problem in data handling. Fourth, the capital cost of a mass spec-
trometer was considerably greater than that of a gas chromatograph; therefore to
upgrade a gas chromatograph to a gas chromatograph/mass spectrometer constituted
an appreciable investment.

In 1983, the ion trap detector was marketed at a significantly lower cost than the
prevailing costs for mass spectrometers and offered such simplicity of operation 
as to obviate the requirement for personnel with long-term mass spectrometric
experience.

7.2.1.5. Carrier Gas In conventional GC, a common carrier gas that sweeps volatile
compounds through the GC column is helium and, when a gas chromatograph is cou-
pled to a mass spectrometer, much of the helium carrier gas must be pumped away;
such is not the case for the ion trap detector. As discussed in Chapter 3, not only does
helium play a critical role in the ion trap detector in that it serves to focus ions at 
the center of the ion trap but optimal ion focusing occurs at an ambient pressure 
of helium of �10�3 Torr. A pressure of this magnitude would be anathema in nor-
mal mass spectrometry where the required pressure range is a factor of �10�3–10�4

lower in order to preserve collision-free conditions for gaseous ions during flight in
a magnetic or electrostatic field. A heated transfer line coupled the gas chromato-
graph to the ion trap via an open-split interface. The effluent from the gas chro-
matograph flowed through this interface and into an incompletely sealed QIT. The
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resulting pressure of helium in the ion trap was close to the optimal magnitude for col-
lisional focusing in the ion trap; additional helium was added through the open-split
interface for optimization of the helium pressure. The exit of the GC column protrudes
slightly into the electrode structure of the QIT so that helium will flush background
gases out of the ion trap. The pumping requirements for the ITD were modest.

7.2.2. The ITD Instrument

The ITD as developed by Kelley, Stafford, and Stevens [16] is shown schematically
in Figure 7.1. Shown is the electrode assembly consisting of a ring electrode and two
end-cap electrodes in cross section as well as the dimensions r0 and z0 and their rela-
tionship. The spacing between each end-cap electrode and the ring electrode is deter-
mined by the thickness of an interposed flat-ring ceramic spacer, as shown in Figure
7.1. A further function of the ceramic spacers is to seal incompletely the interior of
the ion trap; a degree of sealing is necessary to maintain the required pressure of
helium while the incompleteness of the seal allows the GC effluent to escape from
the ion trap interior. An RF drive potential is applied to the ring electrode while the
end-cap electrodes are grounded. An electron gun, consisting of a filament and gat-
ing lens, is shown above the upper end-cap electrode. The upper end-cap electrode
has a small perforation through which the gated electron beam passes. The lower
end-cap electrode has several perforations in a pepper-pot formation through which
ions are ejected onto the electron multiplier. Later, the lower end-cap electrode had
but a single perforation. Ion signals are amplified and stored. A microcomputer pro-
vides instrument control and data acquisition.

The ITD is compact and was designed to couple with any commercially available
capillary gas chromatograph and to interface with an IBM PC data system for con-
trol and storage of data. A wide variety of software was included with the ITD that
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Figure 7.1. Schematic diagram of ion trap detector.
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permitted spectral library searches, quantitation, plotting of chromatograms, mass
spectra, and control of the ITD.

7.2.2.1. Mass Analysis by Mass-Selective Instability The mass-selective instabil-
ity mode of operation of the QITs, which revolutionized the use and application of
these devices, has been discussed in Chapter 3. The mass-selective instability tech-
nique of Kelley, Stafford, and Stevens [16] relied on external detection of mass-
selective, axial ejection of ions whose trajectories had become unstable. The
simplicity, speed, and mass resolution of the mass-selective instability technique
coupled with the structural simplicity of the QIT permitted the application of mass
spectrometric techniques over an extraordinarily wide range of fields [17].

In general terms the new mode of operation was as follows: DC and RF voltages
U and V cos Ωt are applied to the three-dimensional quadrupole electrode structure
such that ions over the entire mass/charge range of interest could be trapped within
the field imposed by the electrodes. Normally, U � 0 V and the RF potential is
applied to the ring electrode. Ions are created within the quadrupole field by a short
burst of electrons from the gated filament, where the gating action is achieved by the
imposition of appropriate DC potentials to the lens in Figure 7.1. After a brief stor-
age time, the amplitude of the RF potential is increased at the rate of 55,500 V0-p/s
such that, for example, the mass range of 50–250 Th is ejected in �37 ms. When the
amplitude of the RF potential is increased, the working point qz on the qz axis of each
ion species increases until it attains a value close to 0.908, whereupon the trajectories
of ions of consecutive values of m/z become unstable as ion axial excursions exceed
the dimensions of the ion trap. These ions pass out of the trapping field through one
or more perforations in the exit end-cap electrode and impinge on a detector, such as
an electron multiplier. The detected ion current signal intensity as a function of time
corresponds to a mass spectrum of the ions that were trapped initially.

7.2.2.2. Mode of Operation In Figure 7.2 is shown a scan function that depicts the
sequence used to perform mass analysis. A scan function is a visual representation of
the temporal variation of DC and RF potentials applied to electrodes of the ion trap
assembly and the ion signals detected. In the simplest variant of this new method, the
ring electrode is driven at an initial RF voltage Vi and at a fixed frequency such that
all ions in the m/z range of interest may be trapped within the imposed quadrupole
field. No DC voltage is applied between the ring and end-cap electrodes (U � 0) so
that the confining field is purely oscillatory, that is, RF only. With this arrangement,
the locus of all possible working points (az, qz) maps directly onto the qz axis on the
stability diagram (Figures 1.8 and 2.5). A number of ion trap parameters for the ITD
in the mass-selective axial instability mode are given in Table 7.1.

The initial ion trap operating RF voltage Vi and frequency are chosen such that all
ions of interest have specific masses greater than the LMCO (see Chapter 2); usually,
the LMCO is set at m/z 50. With the ion trap electrodes maintained at this initial volt-
age and frequency, the filament is switched on and a positive voltage applied to the
gate electrode to permit the electron beam to enter the quadrupole field region. After a
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time interval, typically 1 ms, the electron beam is switched off, and ionization within
the trapping field ceases. It is during the ionization period that molecules eluting from
a gas chromatograph will be ionized. In Figure 7.2 the ionization period is shown as
5 ms; this period is too long when the density of molecules eluting from a gas chro-
matograph is moderately high and too many ions are formed. In these circumstances,
the duration of the ionization must be reduced to the typical value. The problem of
matching the duration of the ionization period to the molecular density was overcome
by the introduction of automatic gain control (AGC), as discussed in Chapter 3.

Ion species created in the trapping field region and whose values of m/z are less than
the LMCO are lost within a few RF cycles (1 µs/cycle). Ions created in the trapping

TABLE 7.1. ITD Parameters for Mass-Selective Axial Instability Mode

Radio frequency, 1.0 MHz
Radius of ring electrode (r0), 10.00 mm
Half-separation of end-cap electrodes (z0), 7.83 mm
Ring electrode hyperbolic profile with r0 �10.00 mm
End-cap electrode hyperbolic profile with z0 �7.07 mm
Ionization time, 1.0 ms
RF voltage, 6 kV (zero to peak)
Equivalent RF voltage scan speed, 5555 Th/s
Helium pressure, 0.1 Pa
Electron multiplier gain, 1�105

Mass range, 20–650 Th

Analysis

RF voltage

Gate electrode

Multiplier bias

Time interval (ms)

5 110 5

Ion signal

Ionization Ionization

Figure 7.2. Operation of QIT in mass-selective mode. Scan function showing sequence of oper-
ations for obtaining electron impact mass spectrum with QIT in mass-selective axial instability
mode. (Copyright 1985 Finnigan Corporation. All rights reserved. Reprinted with permission.
Figure 6.3 from Quadrupole Storage Mass Spectrometry, by R. E. March, R. J. Hughes,
J. F. J. Todd, © Wiley-Interscience, 1989.)
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field region and having trajectories that are so large as to cause the ion to impinge on
the electrodes are lost also, usually within a few hundred RF cycles. Therefore, several
hundred RF cycles after termination of ionization, few such ions are leaving the trap-
ping field and striking the detector behind the lower end-cap electrode in Figure 7.1.
The multiplier is “switched off” during the ionization and ion-settling processes.

For the ions remaining in the trapping field the next step, as shown in Figure 7.2,
is to ramp the magnitude of the trapping field potential amplitude V cos Ωt to Vf and,
simultaneously, to bias negatively the multiplier, that is, the detector is “switched
on” so that positive ions may reach the detector. The ramping of the RF potential
amplitude and the switching of the detector are depicted schematically in Figure 7.2.
As the applied RF voltage is increased from Vi to Vf, at a rate of approximately 185
µs/Th, the lower limit of the range of masses that may be trapped, that is, the LMCO,
is increased proportionally:

��
m
z
��LMCO

f
� �

(m/z)

V
LM

i

CO
i
Vf

� . (7.9)

Hence, as the applied RF voltage amplitude increases, stored ions develop unstable
trajectories in order of increasing value of m/z. During this voltage sweep, trajectory
instability develops only in the axial direction of motion. Because ions have been
focused collisionally as a result of ion/helium collisions to the center of the ion trap,
axial trajectory instability causes the ions to move along the axis of cylindrical sym-
metry. A significant fraction (but �50%) of the ions pass through the perforation in
the exit end-cap electrode and strike the detector.

The sweep rate of the RF voltage was chosen so that ions of consecutive values of
m/z develop trajectory instability at the rate at which ions depart from the trapping field
region. The time–intensity profile of the signal detected at the electron multiplier cor-
responds to a resolved mass spectrum of the ions stored originally within the trapping
field, as shown in Figure 7.2. When the mass range of interest is extensive, say a range
of 595 Th, the total scan time is 110 ms, as shown in Figure 7.2. In a mass scan from
m/z 55 to m/z 650, any m/z 650 ions will have spent at least 110 ms in the trapping field
and, during this period, ion/molecule reactions may occur that modify the mass spec-
trum. Subdividing the mass range into four smaller mass ranges and adding the result-
ing mass spectra can reduce the effects of such modification (see Ref. 12, p. 145).
Segmented scans were introduced to overcome the problems of excessive ionization
during a fixed ionization period of 1 ms; during each scan segment, the RF level could
be optimized so that the mass spectra obtained would resemble more closely the stan-
dard library EI mass spectra. Later, the duration of ionization was optimized using
AGC (see Chapter 3), rather than the RF level [18]. Eventually, ion trap performance
was improved to the point where a single scan acquisition could be made.

7.2.2.3. A Remarkable Achievement The observation of a mass spectrum in this
manner was a remarkable achievement, yet the ITD was an even more remarkable
instrument. Direct-current power supplies were incorporated into the construction of
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the ITD, presumably for operation of the ITD away from the qz axis, yet they were
not accessible in normal operation. However, it was relatively simple to incorporate
a further degree of computer control that permitted use of the DC power supplies and
to add an auxiliary supplementary potential that could be applied to one or both end-
cap electrodes. In this manner, resonant excitation (see Chapter 3) of ions could be
demonstrated in a Finnigan MAT model 800 ITD and mass range extension achieved
by resonant ion ejection at a value of qz less than 0.908 [19–21].

7.2.3. Ion Trap Mass Spectrometer, ITMS

In the 1980s, Finnigan introduced the ITMS as a multipurpose research instrument
to encourage the development and characterization of new ion trap capabilities. The
ion trap electrode assembly, electronics, and GC/MS transfer-line interface were
similar to the Finnigan ITD700 and ITD800 instruments. The ion trap assembly was
housed in a relatively large rectangular multiport UHV vacuum system that permit-
ted additional hardware. Hardware supplied with the ITMS included a probe lock, a
heated solids probe, and a programmable DC power supply and frequency synthe-
sizer. Examples of the high-performance features studied using the ITMS include
tandem mass spectrometry [22, 23], ion injection [24, 25], chemical ionization 
[26, 27], mass range extension [28, 29], and high-mass resolution [30, 31]. Although
some GC/MS/MS studies with an ITMS have appeared [22, 32–35], the ITMS was
not ideally suited for such studies because the AGC and automatic reaction control
(ARC, see Chapter 3) routines had not been integrated into the scan editor software
that is used to create MS/MS scan programs.

7.2.4. SATURN Model I Ion Trap Detector

The Varian SATURN model I ion trap detector was virtually identical to the Finnigan
ITS40 instrument, even to the inclusion of inaccessible DC power supplies; one
important addition was the incorporation of a waveform generator for the applica-
tion of AC potentials to the end-cap electrodes. Modification of the standard form of
computer control of this model permitted MSn, variation of the mass scan rate over
six orders of magnitude, and the observation of enhanced mass resolutions of
0.8 �107 and 1.2 �107 for m/z 414 and m/z 614, respectively [36]. These examples
are given to illustrate the enormous capability of the physical ITD instrument. It is
relatively unimportant that the normal mode of operation was limited by the manu-
facturer’s software; as instrument development proceeded, the range of options
available to customers increased also and upgrading of instruments was possible.

7.2.5. SATURN Model 4000 GC/MS System

The commercial success of the QIT as a mass detector for a gas chromatograph has
permitted the continued development of this instrument. These developments consist
of the operation of the ion trap as a tandem mass spectrometer in conjunction with
positive-ion chemical ionization, including selective-reagent chemical ionization,
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negative-ion chemical ionization, selected-ion monitoring, injection of externally-
generated ions into the ion trap, multiresonance ion ejection techniques, and variable
mass resolution. It is beyond the scope and purpose of this book to present an exhaus-
tive comparison of ion trap instruments that are available commercially; rather we
focus attention on one particular instrument as being somewhat representative of the
choice of instruments available and illustrative of the developments accomplished
recently. Here we focus on the SATURN model 4000 GC/MS system. For further
information on the Varian SATURN model 4000 GC/MS system, the reader is directed
to www.varianinc.com. For information on the GC/MS instruments offered by
Finnigan, the reader is directed to www.finnigan.com and www.thermo.com/
ms_chrom and to www.agilent.com for information on the GC/MS instruments
offered by Agilent.

The ion trap in the Varian SATURN model 4000 is slightly smaller than in earlier
models. The radius of the inscribed circle tangential to the inner surface of the ring
electrode, r0, is 7.07 mm, as compared to 10 mm for the ion trap detector; the sepa-
ration of each end-cap electrode from the center of the ion trap, z0, is 7.82 mm. This
value for z0 is virtually unchanged from that in the original Finnigan (and Varian)
stretched ion trap. The three electrodes are of hyperbolic geometry and Eqs. (2.57)
and (2.58) are the equations for the ring electrode and for the end-cap electrode sur-
faces, respectively. The slopes of the asymptotes of the ring electrode and of the end-
cap electrodes are given by Eqs. (2.47) and (2.48) such that the asymptotes have an
angle of 35.26� with respect to the radial plane of the ion trap. Because the asymp-
totes bisect the gaps between adjacent electrodes, the quality of the quadrupolar
potential will be maintained at greater distances from the origin (see Section 2.3.1).

Thus the surfaces of the electrodes of the Varian ion trap are defined by their
respective r0 and z0 values and by Eqs. (2.57) and (2.58). The cross section of the
Varian ion trap is similar to that shown in Figure 2.12b, wherein the asymptotes and
the dimensions r0 and z0 are identified. It should be noted that for the ion trap cross-
section shown in Figure 2.12b the surfaces of the electrodes are defined by the r0

value and by Eqs. (2.57) and (2.58); however the z0 value is constrained by Eq. (2.77)
such that z0 is equal to r0/�2�. The cross section of the Varian ion trap is similar also
to the ion trap cross section depicted with light lines in Figure 3.10. Note also that
the surfaces of the electrodes shown in the ion trap cross section depicted with
light lines in Figure 3.10 have been calculated using Eqs. (2.57) and (2.58) with
z0 � 0.70711�110.6% � 0.78206 unit and r0 �1 unit. The geometry of the commer-
cial ion trap electrodes has been modified so as to introduce an octopole component
into the trapping field to enhance mass resolution [37] (see Section 8.6.1). Higher-
order fields can be obtained by increasing the separation between the end-cap elec-
trodes while maintaining ideal hyperbolic surfaces [38].

The RF drive potential is applied at a frequency of 1.05 MHz and the mass/charge
ratio range of the ion trap is to m/z 1000. The ramp rate of the RF drive potential
amplitude is adjustable so that some variation in mass resolution can be achieved;
the standard rate for mass scanning is 5000 Th/s and the maximum scan rate is
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10,000 Th/s. Automatic gain control is employed to control the ion density within the
ion trap. The principal developments in the SATURN model 4000 GC/MS system
concern the location and type of ion creation and the method of ion ejection; each is
discussed in turn.

7.2.5.1. Ion Creation The original method of ionization used in the SATURN
model I ion trap detector, that is, electron impact within the ion trap (described as in
situ EI or internal EI), is retained in the SATURN model 4000 instrument. Electron
impact ionization of the eluent from a gas chromatograph permits the observation of
both the mass spectrum (GC/MS) of the eluting compound and a product ion mass
spectrum (GC/MS/MS) of a selected ion species. With the addition of an external ion
source, three further modes of ionization can be employed; these modes are external
electron impact ionization, positive-ion chemical ionization (PICI), and negative-ion
chemical ionization (NICI). In each case, ionization in the external ion source is fol-
lowed by injection of ions through an Einzel lens into the ion trap whereupon the ion
trap can be operated in both GC/MS and GC/MS/MS modes. Thus the additional
external ion source permits greater flexibility among ionization modes and permits
both GC/MS and GC/MS/MS operation with each mode.

The PICI mode allows the selection of a specific reactant ion for chemical ioniza-
tion from a chemical ionization reagent. The specific reactant ion may be a primary
ion or a secondary ion (formed by ion/molecule reaction) that is selected according to
either the proton affinity of the associated Brønsted base relative to that of a target
molecule or the binding energy of the specific reactant ion to a target molecule (see
Section 7.2.6.1). Injection of the specific reactant ion into the ion trap is followed by
either protonation of the target molecule or formation of an adduct ion with the tar-
get molecule. In each case, the specificity of the reaction of the specific reactant ion
leads to high sensitivity for the detection and identification of the target molecule.
Specific negative reactant ions are formed by electron capture within the external ion
source and are injected into the ion trap subsequently. The most common mode of
ionization by a specific negative reactant ion is proton abstraction from a target mol-
ecule M to form M�.. The external ion source permits the utilization of pulsed ion-
ization that can lead to enhancement of sensitivity.

The entire range of ionization modes and scanning modes can be activated during
a single run. This degree of flexibility within a single run is illustrated in Figure 7.3,
which shows the use of EI and CI combined with a mass scan (MS), a product ion
mass scan (MS/MS), and selected-ion storage (SIS).

7.2.5.2. Ion Ejection A new method for ion ejection is employed that takes advan-
tage of an asymmetric trapping field to improve the mass scanning performance of
the ion trap [39–42] (see Section 3.3.2.3). In the normal operation of an ion trap, a
buffer gas such as helium is used to dampen the ion trajectories to the center of the
ion trap (see Section 3.4) so that the ion cloud is focused there. When a supplemen-
tary oscillating potential is applied to excite the ions (and, in the limit, to eject them),
it is imperative that the excitation field has a finite strength at the ion cloud location
in order to displace the ions from the center of the ion trap. For example, parametric
resonant excitation by a supplementary quadrupolar field causes ion amplitudes to
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increase axially when the ion frequency is one-half of the supplementary quadrupole
frequency [43]. However, parametric resonant excitation, which has been investi-
gated theoretically [43, 44], is ineffectual because of the vanishing strength of the
supplementary field at the geometric or mechanical center of the ion trap. Yet the
radial pseudopotential well for a quadrupole field is of parabolic form, that is, ∝r2

(see Section 5.4.1) and so assumes a nonzero value a short distance from the center
of the ion trap. Thus, to take advantage of parametric resonant excitation in an effi-
cient manner, the ion cloud must first be moved away from the geometric center of
the ion trap.

An asymmetric trapping field is generated by the application of an alternating
potential out of phase to each end-cap electrode and at the same frequency as that of
the RF drive potential applied to the ring electrode. This trapping field dipole com-
ponent causes the center of the trapping field to move away from the geometric cen-
ter toward one of the end-cap electrodes. The addition of the dipole component causes
the center of the trapping field to move toward the end-cap electrode that has the trap-
ping field dipole component in phase with the RF drive potential applied to the ring
electrode. The cross section of the Varian ion trap is shown in Figure 7.4; the trapping
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EI/MS

CI/MS
EI/SIS

CI/MS/MS

EI/MS/MS
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minutes

12.5 15.0 17.5

Figure 7.3. Total ion current obtained from single gas chromatographic run during which the
ion trap detector was operated in five different mass spectrometric modes: segment 2, EI ion-
ization followed by mass scan; segment 3, EI ionization followed by product ion mass spec-
trum; segment 4, chemical ionization followed by mass scan; segment 5, chemical ionization
followed by product ion mass spectrum; segment 6, EI ionization followed by selected ion
storage. (Copyright 2004 Varian Inc. All right reserved. Reprinted with permission. Figure
“Flexibility within a single run” from Varian Inc. gcms4000.dpf.)
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field dipole component on the upper end-cap electrode is in phase with the RF drive
potential, and so the trapping field center is displaced toward the upper end-cap elec-
trode. The trapping field center, indicated by a sloping arrow in Figure 7.4, is located
at the intersection of the field asymptotes shown in Figure 7.4; the geometric asymp-
totes that are not shown in this figure intersect at the zero value of the radial scale.
The radial direction in Figure 7.4 is indicated by a horizontal arrow (r) and the axial
direction in the lower half of the ion trap is indicated by a vertical arrow (�z). Not
only does the ion cloud move in the same direction as does the trapping field center,
that is, toward the upper end-cap electrode, but resonant ejection of the components
of the ion cloud through the upper end-cap electrode is now favored. Because the ions
are ejected exclusively through the upper end-cap electrode and strike a detector
behind the electrode, the number of ions detected is twice the number detected when
the trapping and geometric centers coincide.

A second-order effect of the application of the trapping field dipole component 
is the superimposition of a substantial hexapole field [25, 45]. The resulting multipole
trapping field has a nonlinear resonance at βz� �

2
3

� [46–48]. Because the ions are already
displaced from the geometric center of the ion trap by the asymmetric trapping field,
the hexapole resonance has a finite value at the new location of the ion cloud.

−2 −1.5 −1 −0.5 0 0.5 1 1.5 2

Upper end-cap electrode

Lower end-cap electrode

Ring
electrode 
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electrode

cm
–z
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Trapping field center

Figure 7.4. Cross-sectional diagram of electrodes in the Varian SATURN 4000 QIT showing
trapping field center displaced by 15% from geometric center. Trapping field asymptotes only
are shown in this figure and trapping field center is located, as indicated, at intersection of
these asymptotes (r0 �7.07 mm, z0 �7.82 mm). Asymmetric trapping field is produced by
application of �1.15 V on lower end-cap electrode, �0.85 V on upper end-cap electrode, and
�1.0 V on ring electrode. (Reprinted from the International Journal of Mass Spectrometry,
Vol. 190/191, M. Splendore, E. Marquette, J. Oppenheimer, C. Huston, G. Wells, “A new ion
ejection method employing an asymmetric trapping field to improve the mass scanning per-
formance of an electrodynamic ion trap,” Fig. 1, pp. 129–143 (1999), with permission from
Elsevier.)
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Similarly, at this location, a parametric resonance attributed to a supplementary
quadrupole field will also have a nonzero value. Finally, the addition of a supplemen-
tary dipole field at this location will cause dipolar resonant excitation. All three
fields have nonzero values at the operating point of βz � �

2
3

� and, therefore, a triple-
resonance condition exists. An ion that is moved to the displaced trapping field
center and has an operating point of βz � �

2
3

� will be in resonance with and will absorb
power nonlinearly from three fields simultaneously (see Sections 3.3.2.2 and 8.6.1).
The amplitude of ion axial motion also increases nonlinearly and the ion is ejected
rapidly from the ion trap with improved mass resolution. Due to the rapidity of ion
ejection, there are fewer collisions of ions with buffer gas hence, mass resolution is
enhanced for ions that do not have a low dissociation threshold.

7.2.6. Chemical Ionization

It was discussed above that ion/molecule reactions can occur in the QIT that modify
the mass spectrum. These modifications may be the results of reactions between pri-
mary ions and their neutral precursor. Because such reactions occur, it is possible to
choose a type of ion/molecule reaction that will be advantageous in the examination
of the effluent from a gas chromatograph. For example, a particularly useful type of
ion/molecule reaction is CI where a specified reagent ion will transfer a proton to a
molecule that has a higher proton affinity than does the deprotonated reagent ion. In
early studies with the QUISTOR–quadrupole mass filter combination, it was demon-
strated that analysis by CI could be performed easily [49]. Upon ionization and stor-
age in the QUISTOR, a 400 : 1 mixture of CH4 and CH3OH yielded a dominant peak
due to protonated methanol (CH3OH2)

� formed by proton transfer from CH5
� to

CH3OH.

7.2.6.1. Chemical Ionization Mass Spectral Mode A CI reagent gas, for example,
CH4, is introduced at a pressure of 1.3 mPa. Parenthetically, the application of CI in
other types of mass spectrometers at that time required a much higher pressure of
CH4, around 1 Torr, which required an additional specific pumping system to main-
tain the normal low pressure for collision-free flight of ions. The mean residence
time of primary ions in the ion source was �1 µs. The much lower pressure of CH4

used in the ITD was sufficient because the reaction time was longer. The extent of
reaction, that is, of proton transfer, is dependent on the product of reagent pressure
and reaction time. The product of reagent pressure and reaction time in other mass
spectrometers (133 Pa �1 µs) is equal to that (1 mPa �100 ms) in a QIT; therefore
the extent of reaction in each instrument is virtually identical.

The procedure for acquiring an EI mass spectrum in the presence of CI reagent
gas is as illustrated in Figure 7.2 and by the identical sequence A, B, and C in Figure
7.5. The magnitude of the RF potential amplitude indicated by A permits the storage
of sample ions of interest during the ionization period. The RF level is then increased
rapidly, B, to the level appropriate for the selected low mass at which the scan is to
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commence. Sequence C represents the scan of the RF voltage during which an EI
mass spectrum such as that shown in Figure 7.6 is acquired.

In Figure 7.6a is shown an EI mass spectrum of nicotine, molecular weight (MW)
162, obtained with the ITD using the sequence shown in Figure 7.2. The base peak is
the ion species of m/z 84, and there is extensive fragmentation. The addition of methane
reagent gas does not alter the EI mass spectrum within the mass range shown in Figure
7.6a when the sequence shown in Figure 7.2 is followed. Electron ionization mass
spectra may be obtained thus in the presence of CI reagent gas provided the initial RF
voltage amplitude establishes an LMCO in excess of the molecular ion of the CI
reagent gas.

To obtain a CI mass spectrum, that is, to operate the ion trap in the CI spectral
mode, the sequence of operations A�, B�, C�, and D� as shown in Figure 7.5 is fol-
lowed. The RF amplitude is set initially at A� (a value lower than A and therefore a
lower LMCO) and held constant for a period of 10–20 ms so as to permit the for-
mation and storage of primary ions of the CI reagent. Primary ions, for example,
CH4

�., react with methane to form secondary ions:

CH4
�. � CH4 → CH5

�� CH3
. . (7.10)

Ionization Analysis

RF voltage

Gate electrode

Multiplier bias

EI ion signal

CI ion signal
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Figure 7.5. Operation of the ion trap in the mass-selective axial instability mode in the presence
of chemical ionization reagent gas. Sequence of operations for obtaining either electron impact
or chemical ionization mass spectra. Stages A–C and A�–D� are discussed in text. Note that the
multiplier bias is synchronized with the analytical scan in each case. (Copyright 1985 Finnigan
Corporation. All rights reserved. Reprinted with permission. Figure 6.8 from Quadrupole Storage
Mass Spectrometry, by R. E. March, R. J. Hughes, J. F. J. Todd, © Wiley-Interscience, 1989.)
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The RF amplitude is increased to B� so as to eject low-mass primary ions and to per-
mit CH5

�, a secondary reagent ion, to react by proton transfer with neutral sample
molecules, M:

CH5
�� M → MH�� CH4. (7.11)

Rapid ramping of the RF amplitude C� to the voltage corresponding to the selected
low-mass limit mi for the CI mass spectrum is followed by a normal RF voltage ramp
D� to the end of the mass range of interest, mf . The upper limit for a CI mass spec-
trum is usually greater than that for an EI mass spectrum to allow for addition prod-
ucts, such as [M � CH4]H

�.
The time sequence shown in Figure 7.5 includes an extended pause in the sequence

of events that permits the reaction of CH5
� with neutral nicotine to proceed. The

methane CI mass spectrum obtained thus is shown in Figure 7.6b. The base peak is due
to protonated nicotine of m/z 163. While the accompanying degree of fragmentation is
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Figure 7.6. Mass spectra derived from nicotine: (a) EI mass spectrum acquired in presence
of methane reagent gas; (b) methane chemical ionization mass spectrum. (Copyright 1985
Finnigan Corporation. All rights reserved. Reprinted with permission. Figure 6.9 from
Quadrupole Storage Mass Spectrometry, by R. E. March, R. J. Hughes, J. F. J. Todd, © Wiley-
Interscience, 1989.)

References pp. 246–249.

c07.qxd  7/20/2005  12:12 PM  Page 227



reduced, it is sufficient for the extraction of structural information of the nicotine pre-
cursor. Under these conditions, the molecular weight of the neutral molecule M is
obtained readily from the mass/charge ratio of the base peak, which is protonated nico-
tine, that is, MH�, together with some information on the structure of M. The frag-
mentation of nicotine shown in Figure 7.6b arises from the exothermicity of the proton
transfer process from CH5

� to nicotine. The proton affinity of nicotine is appreciably
greater than that of methane, and reaction exothermicity leads to fragmentation of the
product species in which a new bond is formed [50].

When methane is replaced by ammonia as the CI reagent, the extent of fragmen-
tation is reduced appreciably as there is now only a small energy difference in the
proton affinities of ammonia and nicotine and reaction exothermicity is low. This
effect is shown in Figure 7.7, where about 82% of the total charge now resides in the
MH� species of m/z 163. The dearth of fragmentation yields little information of
structural value but, as virtually the entire charge resides in one highly characteris-
tic species, ammonia CI is a sensitive method for the quantitative determination of
nicotine.

7.2.6.2. Chemical Ionization with Specific Reagent Ions A wide variety of reagent
ions of the type AH� can be used as CI agents. For example, a problem arose in the
determination of two coeluting polychlorinated biphenyl (PCB) compounds, congener
77 (3,3�,4,4�-tetrachlorobiphenyl) and congener 110 (2,3,3�,4�,6-pentachlorobi-
phenyl), where congener 77 is much more toxic than is congener 110 but, in environ-
mental samples, congener 110 is present at greater concentration. In an attempt to
determine the amount of each congener by CI, several CI reagent ions were examined;
these reagents included C4H9

� from isobutene, C3H5
� from each of methane and ethyl-

ene, and C2H5
� from methane. Reagent C2H5

� is obtained from methane by the reaction
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Figure 7.7. Chemical ionization mass spectrum of nicotine using ammonia as reagent gas.
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CH3
�� CH4 → C2H5

��H2. (7.12)

Only the reagent ion C2H5
� obtained from methane forms [M�H]� ions with each

congener, and the similarity of CI efficiencies of the two congeners permits obser-
vation of [M�H]� ions from each congener with almost equal facility [51].

To isolate reagent ions such as C2H5
�, a SIS waveform with a frequency notch

window must be applied after the reaction period during which reagent ions C2H5
�

were formed. The SIS is a multifrequency waveform with a single notch (containing
no frequencies) centered on the fundamental secular frequency of the selected
reagent ion. The frequency notch was 	2 kHz from the secular frequency and the
SIS waveform was applied at an amplitude of 10 Vp-p for 1 ms. This waveform causes
the ejection of all ions with secular frequencies outside the frequency notch, leaving
only the selected CI reagent ion species in the ion trap to react subsequently with
PCB molecules eluting from the GC column. This technique for the isolation of
C2H5

� reagent ions was applied also to a study of CI of 60 PCBs [52]. A review of
the wide variety of CI reagent ion systems has been given elsewhere [50].

7.2.7. Tandem Mass Spectrometry

When two mass spectrometers are coupled together, the whole is greater than the
sum of the two parts. J. J. Thomson [53] demonstrated clearly the veracity of this
statement when he built a special instrument in which a beam of positive ions passed
successively between the poles of two perpendicular magnets. In addition to the
field-free region preceding both magnets, a second field-free region between the
magnets presented a novel opportunity for a mass-selected ion to undergo a collision
with background gas; charged products of this encounter could then be mass selected
in the field of the second magnet. Tandem mass spectrometry came about thus, yet
some 60 years were to pass before it was applied to the analysis of mixtures [54] and
as a probe for structure determination of ions in the gas phase [55]. In tandem mass
spectrometry, which was given the acronym MS/MS [56, 57], the achievable sensi-
tivity in terms of signal/noise ratio is enhanced in comparison with single-stage mass
spectrometry, or MS. While the ion signal intensity in MS/MS is reduced both in the
fragmentation stage, that is, in CID following the first stage of mass selectivity, and
in transmission through the second stage of mass selectivity, the reduction in noise
level is greater. Thus in MS/MS the separate roles of electronic noise and chemical
noise are more clearly differentiated. The considerable reduction in chemical noise
as a direct result of the introduction of a second independent resolving element
brings about a lower detection limit for the tandem mass spectrometric configuration
despite the accompanying loss of ion signal intensity.

The first comprehensive review of the state of the art of tandem mass spectrom-
etry appeared in 1983, concurrently with the announcement of the Finnigan MAT
ion trap detector [2–5]. This review [58], to which approximately 50 of the leading
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practitioners contributed, describes the general types of MS/MS applications that
may be pursued with the instrumentation available at the time of writing. The first
MS/MS studies using a commercial ion trap system (the ITMS) were reported in
1987 by Louris et al. [59].

7.2.8. Scan Function for Tandem Mass Spectrometry

In GC coupled with single-stage MS, the cycle of ionization, mass analysis, and emp-
tying of the ion trap as shown in the scan function of Figure 7.2 is run repetitively each
second or each fraction of a second depending on the mass range of the mass analysis
scan. The many EI mass spectra obtained thus are stored for examination later. It is pos-
sible to sum the numbers of ions of each species in each mass spectrum to obtain a total
ion charge and to plot this sum against elution time to yield a total ion current (TIC)
for the GC/MS run. A TIC plot is an informative presentation of the data, and appro-
priate software permits the recall of the mass spectrum for any given elution time in the
TIC plot or a plot of the temporal variation of a given ion species can be obtained. All
of this type of information can be obtained from a single, simple scan function.

In Thomson’s MS/MS experiments, an ion was mass selected in the first magnetic
field and dissociated by a collision with background gas, and the product ions of this
encounter were mass analyzed by the field of the second magnet, yet the coupling of
such an MS/MS procedure to GC is not trivial. It is relatively facile to create a sin-
gle scan function for MS/MS and to apply this scan function to the effluent from a
GC, as shown in Figure 6.4; however, the ion species isolated in the first mass-selec-
tive stage is fixed within this scan function. In Chapter 8 there is an example of the
recognition (by appropriate software) of doubly-charged ions of a peptide and auto-
matic selection of such ions for examination by MS/MS. Recognition of these ions
is based on the dominance of their relative signal intensity.

In GC/MS/MS, where primary ions are formed by electron impact and the prin-
cipal candidate for examination by MS/MS is the molecular ion, one cannot rely on
recognition based upon molecular ion signal intensity because it is frequently low.
In a QIT where the effluent from a gas chromatograph is directed into the trapping
volume, ions are created by electron impact and confined. Once the ions have been
allowed to cool, the next task is to isolate a selected ion species; once the species has
been isolated, the remaining ions are subjected to resonant excitation so as to disso-
ciate all of the trapped ions and to trap as many as possible of the fragment ions
formed. The stored fragment ions, or product ions, are mass analyzed using the nor-
mal mass-selective axial instability scan. Let us examine this situation using a spe-
cific example of the determination of dioxins and furans.

7.3. TANDEM MASS SPECTROMETRIC DETERMINATION OF 
DIOXINS AND FURANS

This brief description of the development of the QIT for tandem mass spectrometry is
illustrated by reference to the determination of dioxins and furans. The power and
limitation of the ion trap using but a single scan function are discussed. Determination
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of dioxins and furans requires the utilization of many scan functions not only for iso-
lation of molecular ions from the various congener groups, tetrachloro-, pentachloro-,
and so on, but also for the isolation of coeluting isotopically-labeled compounds added
to the original sample. The demand for multiple scan functions was met through rapid
development of appropriate software. Much of the new software that came online in
the 1990s could be loaded and used on QIT instruments with little modification, if any,
of ion trap hardware. The original ITD was well constructed and could be shown to be
extremely versatile given appropriate software.

At the point in this discussion when the stage is reached that the ion trap func-
tions as a tandem mass spectrometer, attention will be directed to the tuning of the
instrument, the isolation of mass-selected ion species, and resonant excitation of the
isolated ion species. This chapter will then conclude with a comparison of the per-
formance of the QIT with those of a triple-stage quadrupole (TSQ) tandem mass
spectrometer and a high-mass-resolution tandem sector instrument of reverse geom-
etry. The comparison is made with respect to dioxins.

The molecular ion cluster for, say, 2,3,7,8-tetrachorodibenzo-p-dioxin (2,3,7,
8-T4CDD) is composed of several peaks due to the presence of naturally-occurring
13C and 37Cl isotopes. The molecular ion of greatest ion signal intensity is m/z 322,
[C12H4Cl3

37ClO2]
�.. Upon CID, this ion species loses the radical COCl. to form a

product ion of m/z 259 as shown in

[C12H4Cl3
37ClO2]

�. → [C11H4Cl2
37ClO]�� COCl.. (7.13)

(m/z 322) (m/z 259)

There are 15 isomeric T4CDDs and in each molecular ion cluster the ion of greatest
ion signal intensity is m/z 322. In the absence of retention time data, it is not possible
to distinguish between the 15 isomeric T4CDDs. Initially with a modified ITD, it was
possible to use only one scan function for the determination of a single congener
group (i.e., tetra) in a single chromatographic run. Any congener group could be
selected but, once selected, that congener group was the only group examined with the
scan function. In 1994, a rapid screening technique carried out with a QIT operated
tandem mass spectrometrically (MS/MS) was reported for the detection and quantita-
tion of T4CDDs [60, 61]. One microliter of an extract from a clam was injected onto
a DB-5 fused silica capillary column (J&W Scientific, Folsom, CA) and the single
scan function appropriate to Eq. (7.13) was used repeatedly throughout the GC run.

In Figure 7.8 is shown a comparison of two chromatograms of TCDD isomers from
a clam extract; the chromatograms were obtained by a QIT and by high-resolution
mass spectrometry (HRMS). The upper chromatogram shows the original ion signals
for m/z 259 obtained by MS/MS with the QIT where m/z 322 was isolated initially;
the lower chromatogram (HRMS) shows the original ion signals as obtained in the sin-
gle-ion monitoring (SIM) mode for [M�2]�. molecular ions of m/z 321.8936. The
variations in relative peak signal intensities of 12 T4CDDs in each chromatogram are
seen to be remarkably similar; this observation was quite extraordinary considering
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the significant differences between the two types of instrument and, particularly, with
respect to the CID process in the QIT. From inspection of Figure 7.8(upper), it could
be concluded either that the available CID energy exceeded the highest activation
energy for loss of COCl. from among the congeners or that the T4CDDs have a com-
mon activation energy for loss of COCl. from each T4CDD congener. The latter con-
clusion is favored because, in practice, it has been found that when the CID conditions
are tuned for a given congener within a group, for example, 1,2,3,4-T4CDD, these
optimized CID conditions are entirely suitable for the remaining congeners in that
group. This observation made possible the use of a single QIT scan function (with
constant resonant excitation conditions) for the CID of each congener group.

A further restriction imposed by the software at that time (a single scan function
only) was the inability to perform quantitation with internal standards that coeluted
chromatographically with their native analytes. Software advances overcame these
restrictions such that it is possible now to deconvolute mass spectra generated from
analytes that coelute chromatographically [62, 63]. When operated in the MS/MS
mode, the ion trap is now capable of multiple-reaction monitoring (MRM) of product
ions from tetra- to octa-polychlorodibenzo-p-dioxins (PCDDs) and polychlorodiben-
zofurans (PCDFs) in a single chromatographic acquisition [64]. An MS/MS method
for the ultratrace detection and quantitation of the tetra- to octa-PCDDs/PCDFs with
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Figure 7.8. Two chromatograms for tetrachlorodibenzo-p-dioxins obtained from clam
extract. Upper chromatogram shows original ion signals for m/z 259 obtained by MS/MS with
QIT; lower chromatogram (HRMS) shows original ion signals as obtained in SIM mode for
[M�2]�. molecular ions of m/z 321.8936. Variations in relative abundances of T4CDDs in
each chromatogram are seen to be remarkably similar. Chromatographic retention times (min)
correspond to ion trap data. (Reprinted from Organic Mass Spectrometry, Vol. 29, “Rapid
screening technique for tetrachlorodibenzo-p-dioxins in complex environmental matrices by
gas chromatography/tandem mass spectrometry with an ion trap detector,” by J. B. Plomley,
C. J. Koester, R. E. March, upper half on Figure 6, pp. 372–381 (1994). © John Wiley & Sons
Limited. Reproduced with permission.)
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isotopic dilution techniques has now been developed [65]. The sensitivity of the ion
trap MS/MS technique at that time (500 fg/µL instrumental detection limit with a sig-
nal/noise ratio of 5 : 1) was shown to be comparable to that of TSQ.

7.3.1. Tuning of the Mass Spectrometer

For the detection of extremely low concentrations (e.g., 
500 fg/µL) of PCDDs and
PCDFs, the optimization of all instrumental parameters is important. Martinez and
Cooks reported [66] that ion signal strength in the TSQ is affected by the nature of
the collision gas (e.g., He, Ar), the collision gas pressure (the number of collisions
that the precursor ion undergoes within the collision chamber, or target gas thick-
ness), the collision energy (the duration of the interaction between the precursor ion
and collision gas), electron energy (proportional to the initial internal energy of the
precursor ion), the potential of the third quadrupole with respect to that of the sec-
ond quadrupole, the design of the collision cell (RF voltage and the restrictive
interquadrupole aperture of the second quadrupole), and the type of detector. For the
QIT, ion signal strength is affected by the nature and pressure of the collision gas,
the RF potential during CID, and the supplementary RF potential amplitude, fre-
quency, and duration of application.

Perfluorotributylamine (PFTBA) is used commonly for the optimization of
MS/MS parameters when analyzing organic compounds and is introduced at a low
partial pressure into the ion source of a HRMS to obtain “lock” mass/charge ratios.
The fragmentation of PFTBA under CID conditions does not parallel the behavior
of all analytes because, according to the quasi-equilibrium theory [67], the pattern
and degree of fragmentation of the precursor ion are dependent on its internal
energy. Excitation by collision can form a series of precursor ions with a distribution
of internal energies. Kenttämaa and Cooks [68] concluded that, by using breakdown
graphs, parameters such as collision energy and collision gas pressure have signifi-
cant effects on precursor ion internal energy and, therefore, its pattern of dissocia-
tion. In principle, parameters that affect precursor ion internal energy can be set to
direct fragmentation toward the desired fragmentation, such as the loss of COCl. (or
COCl. � 2 COCl.) in the case of PCDDs and PCDFs. Catlow et al. [69] have shown
that the optimum collision energy and collision gas pressure for one reaction will
almost certainly not be the optimum values for another reaction of that or any other
precursor ion. This observation implies that the optimization of a particular frag-
mentation reaction using the analyte of interest is critical in order to obtain the max-
imum possible ion signal strength.

7.3.2. Ionization

The scan function employed for the MS/MS determination of T4CDDs ionized by
electron impact is shown in Figure 7.9, wherein the abscissa represents time and the
ordinate represents the amplitudes of the voltages. Neither axis is to scale. Voltage
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amplitudes vary from 1–2 V to �3000 V0-p. The durations of application of poten-
tials are given in the text except for that of the analytical RF ramp; a ramp from m/z
165 to m/z 280 is accomplished in 21.5 ms. The LMCO value was set to m/z 160 dur-
ing the ionization period A. A total ion number target was set for the AGC algorithm;
with a filament emission current of 50 µA, the maximum ionization time employed
was 20 ms.

7.3.3. Isolation of Mass-Selected Ion Species

Supplementary alternating voltages or waveforms were applied to the end-cap elec-
trodes in dipolar fashion [60]; such waveforms are employed for ion isolation, ion
excitation, and axial modulation. Precursor ion isolation is performed in two stages,
corresponding to coarse isolation and fine isolation. A coarse-isolation waveform is
imposed for ejection of all ions except those selected; the waveform consists of 
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Figure 7.9. Schematic representation of the scan function for MS/MS determination of
T4CDD. (Reprinted from the International Journal of Mass Spectrometry and Ion Processes,
Vol. 165/166, M. Splendore, J. B. Plomley, R. E. March, R. S. Mercer, “Tandem mass spec-
trometric determination of polychlorodibenzo-p-dioxins and polychlorodibenzofurans in a
quadrupole ion trap using multi-frequency resonant excitation,” Fig. 1, pp. 595–609 (1997),
with permission from Elsevier.)
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multiple frequencies that cover the range 3.7–513.5 kHz with a 1-kHz notch that cor-
responds to the secular frequency of the molecular ions to be isolated (see Figure 6.4).
This waveform is imposed during ionization (A) and prolonged after the cessation of
ionization during period B so as to ensure ejection of unwanted ions. For T4CDD
shown in Figure 7.9, the notch is centered at 174.5 kHz for m/z 320 and m/z 322 with
a qz value of about 0.45. The amplitude of the coarse-isolation waveform is 20 V0-p for
all groups (except for hepta-chlorocongeners, where the amplitude is 30 V0-p).

Fine isolation is achieved by ramping the RF amplitude until the LMCO is just
less than m/z 320, at which point ions of lower mass/charge ratios are ejected; ion
ejection is facilitated by the concurrent application of an axial modulation with an
amplitude of 3 V0-p. The RF amplitude is decreased slightly, and ions with m/z � 322
are ejected upon application of a 5-ms broadband waveform of amplitude 30 V0-p

(C ). The strategy for high mass ejection is rationalized on the basis that, as qz

increases, the difference in ωz, 0 between successive masses increases. Therefore, the
risk of precursor ion ejection by waveform C is minimized at large qz values.

Once the isolation of the selected ion species (m/z 320 and m/z 322 for T4CDD in
Figure 7.9) is completed, the RF amplitude is reduced to obtain a qz value of 0.4 for
the selected ion with the higher mass/charge ratio. For T4CDD, a qz value of 0.4 for m/z
322 corresponds to a LMCO value of m/z 140.

7.3.4. Resonant Excitation of Isolated Ion Species

In all of the scan functions used in this study, CID was carried out at a qz value of
0.4 for the isolated species (or one of the isolated species). At this qz value, an ade-
quate range of product ions can be stored and the same waveforms, modified as
needed, can be used for CID of a wide range of isolated ion species. There are four
possible modes by which CID can be effected: (i) single-frequency irradiation (SFI),
(ii) multifrequency irradiation (MFI), (iii) secular-frequency modulation (SFM), and
(iv) nonresonant excitation [70]. Single-frequency irradiation is performed at a fixed
value of qz by the application of a supplementary AC signal across the end-cap elec-
trodes in a dipolar fashion. It is the simplest form of resonant excitation and is sim-
ilar to axial modulation in that a single frequency is employed. Secular-frequency
modulation involves small increments and reductions of the RF drive potential
amplitude applied to the ring electrode such that ions move into and out of resonance
with an applied single-frequency waveform. Because modulation of the RF ampli-
tude introduces small changes in qz and corresponding changes in βz, the net result
is a sweep of frequency ωz, 0 over a narrow range (e.g., 1 or 2 kHz). Multifrequency
irradiation involves the application between the end-cap electrodes of a waveform
that consists of several frequency components while the value of the trapping param-
eter qz is held constant. Modes (ii)–(iv) are less labor intensive during CID tuning
because the task of empirically matching an applied single-frequency sinusoidal
waveform to the secular frequency of an ion is obviated. Additionally, any shifts in
ion secular frequency due to space charge effects, the stretched geometry of the ion
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trap, the imprecision of the waveform frequency calibration procedure, and ion axial
excursion from the ion trap center are compensated for with modes (ii)–(iv).

The MFI waveform employed for CID is composed of 13, 15, or 17 frequency
components spaced at intervals of 500 Hz and covering a band of frequencies in the
range 6–8 kHz. A constant MFI waveform amplitude can be applied for each group
of native and labeled isomers because, as shown in Figure 7.8, the dissociation of
each congener group has a common energy of activation. The amplitudes were, for
example, 2.45 V0-p for T4CDD, 2.55 V0-p for T4CDF, 2.65 V0-p for P5CDD and
H6CDD, and 3.00 V0-p for O8CDF; all had a bandwidth of 6 kHz. In each scan func-
tion, the MFI band is centered on 153.6 kHz, corresponding to a qz value of 0.4.
Under these conditions, the MFI waveforms were sufficient to dissociate fully the
isolated molecular ions in 10 ms, whereas fragment ion capture efficiencies were
comparable to those reported previously [71].

7.3.5. Analytical RF Ramp

The preselected retention time windows were 20–27 min for T4CDF and T4CDD and
27–34 min for P5CDF and P5CDD. Following CID, specified mass ranges were scanned
for fragment ions from each chlorocongener. The mass ranges were 165–280 Th for
T4CDF and T4CDD and 195–315 Th for P5CDF and P5CDD. Within these mass ranges,
the product ions of all fragmentation channels, save that of chlorine atom loss, could be
monitored. The analytical ramp was scanned at 5555 Th/s; axial modulation was carried
out with amplitude of 3 V0-p and at a frequency of 485 kHz. The electron multiplier was
biased at a voltage of �1800 V to provide an ion signal gain of 105.

7.4. COMPARISON OF THREE MASS SPECTROMETRIC METHODS

A comparison is presented of the performances of three mass spectrometers of high
specificity in the determination of dioxin/furan congeners. The three instruments used
in this study were a triple-sector EBE (E, electrostatic; B, magnetic) mass spectrom-
eter operated at HRMS, a QIT mass spectrometer, and a TSQ mass spectrometer. The
QIT and TSQ instruments were operated in tandem mass spectrometric mode. A mix-
ture of tetra- to octa-chlorodibenzo-p-dioxins (T4-O8CDD) containing in all seven
dioxin congeners was used for much of this study. The factors considered in this com-
parison were the tuning of each instrument, the preparation and comparison of cali-
bration curves, the 2,3,7,8-T4CDD detection limit for each instrument, ion signals due
to H6CDDs obtained with each instrument from two real samples (air and pyrolyzed
polychlorinated phenols), average relative response factors, and ionization cross sec-
tions. For each dioxin congener, the response factor is expressed relative to that for
the O8CDD congener while the electron impact ionization cross section is expressed
relative to that for the T4CDD congener. The relative ionization cross sections for 
T4-O8CDD from HRMS and the QIT and for T4-P5CDD from the TSQ are in good
agreement and show an overall decrease of some 10–20% with increasing degree of
chlorine substitution; the variation among three H6CDD congeners is identical in each
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case. With the TSQ, lower relative ionization cross sections for H6-O8CDD are
ascribed to mass-dependent fragment ion scattering in the RF-only collision cell [72].

7.4.1. Instruments

For the determinations of dioxins/furans by high-resolution gas chromatography
(HRGC)/HRMS, a VG Autospec (Vacuum Generators, Altringham, UK) triple-sec-
tor instrument of EBE geometry linked to the gas chromatograph by a direct capil-
lary interface was used and was operated at a resolving power of 10 000 (10%
valley). The gas chromatograph was a Hewlett-Packard 5890-II equipped with a
splitless injection system and temperature programming. An OPUS data system was
used for the collecting, recording, and storing of all MS data. For the determinations
of dioxins/furans by TSQ, a Finnigan MAT TSQ 70 triple-stage quadrupole mass
spectrometer (Finnigan MAT, San Jose, CA) linked to the gas chromatograph via a
direct capillary interface was used. The gas chromatograph was a Varian 3400
equipped with a splitless injection system and temperature programming. The col-
lecting, recording, and storing of MS data used an ICIS II data system. The resolu-
tion of the first and third quadrupoles was set to unit mass resolution. The second
QMF (RF only) was used to perform CID of the two mass-selected molecular ions
isolated consecutively in the first QMF [73]. Argon was used as the collision gas. For
the determinations of dioxins/furans by QIT, a Varian Saturn 3D GC/MS/MS instru-
ment equipped with a waveform generator and linked to a gas chromatograph via a
direct capillary interface was used. The gas chromatograph was a Varian 3400
equipped with a splitless injection system and temperature programming. The Saturn
software version 5.2 that was used for data acquisition is compatible with the multi-
ple-scan-function software Ion Trap Toolkit for MS/MS 1.0 (Varian
Chromatography Systems, Walnut Creek, CA). Ion Trap Toolkit software permits the
determination of approximately 200 scan functions that can be recalled in a speci-
fied time sequence.

7.4.2. Operational Conditions

Multiple-frequency resonant excitation in the presence of helium buffer gas was used to
perform CID of mass-selected or isolated molecular ions [74, 75]. All three gas chro-
matographs had capillary columns of fused silica, 60 m in length, 0.25 mm i.d., J&W,
DB-5 stationary phase, and 0.25 µm film thickness. (DB-5 is a trademark of J&W
Scientific, now part of Agilent Technologies, http://www.chem.agilent.com.)

The electron energy was 35 eV in HRMS, 22–30 eV in TSQ, and between 50
and 100 eV in QIT. Because the QIT operates with a time-varying voltage, the
resultant distribution of electron energies depends on the RF phase upon entry of
the electrons. Calculations have suggested an average electron energy of about
50 eV in the QIT when operated at a LMCO of 20–30 Th [76]. In this work, the
LMCO varied from 128 to 183 Th such that a linear extrapolation of the above cal-
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culations would suggest electron energies appreciably higher than 50 eV. The life-
time of electrons of energy �100 eV in the QIT is relatively short, and the ioniza-
tion cross section has begun to decrease for such electrons; thus, their contribution
to ionization will be minor. Because the observed mass spectra do not differ sig-
nificantly from those obtained with 70-eV electrons, it is reasonable to assume that
the distribution of electron energies does not exceed 50–100 eV. The source tem-
perature was 280�C in HRMS and 245�C in TSQ, and the manifold temperature in
the QIT was 240�C.

7.4.3. Product Ions Monitored

In Table 7.2 are listed the ions monitored in each mass spectrometric method for T4CDD
and P5CDD; M�. is the molecular ion with all 35Cl atoms, and [M � 2]�. is the molecu-
lar ion with a single 37Cl atom. In each method, the two most abundant molecular ions
were isolated and/or selected. In HRMS, the ions selected were 
the ions detected. In TSQ, the monitored fragment ions were those that resulted from
the loss of COCl. upon CID of the mass-selected ions. In QIT, the monitored fragment
ions were those that resulted from the loss of COCl. and 2COCl. upon CID of the mass-
selected ions. For HRMS and TSQ, the approved methods called for the observation of
ions at two mass/charge ratios; for QIT, there is no approved method and thus additional
ion species were monitored to increase sensitivity and selectivity. Selectivity is
enhanced when a confirmatory ion is monitored with the requirement that its signal
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TABLE 7.2. Ion Species Monitored from T4CDDs and P5CDDs in Each Mass
Spectrometric Method

HRMS (MS) TSQ (MS/MS) QIT (MS/MS)a

T4CDD

[M]�. � [M�2]�. [M-COCl.]� [M-COCl.]�� [M�2-CO37Cl.]� m/z 257
m/z 320 m/z 322 � [M�2-CO37Cl.]� [M�2-COCl.]� m/z 259

m/z 257 [M-2(COCl.)]�.

[M�2-COCl.]� � [M�2-C2O2Cl37Cl]�. m/z 194

m/z 259
[M�2-2(COCl.)]�. m/z 196

P5CDD

[M]�. � [M�2]�. [M-COCl.]� [M-COCl.]�� [M�2-CO37Cl.]� m/z 291
m/z 354 m/z 356 �[M�2-CO37Cl.]� [M�2-COCl.]� m/z 293

m/z 291 [M-2(COCl.)]�.

[M�2-COCl.]� � [M�2-C2O2Cl37Cl]�. m/z 228

m/z 293
[M�2-2(COCl.)]�. m/z 230

aIn QIT, the [M]�. and [M�2]�. ions of, for example, T4CDD are isolated along with the [M�1]�. ion,
C11

13CH4O2Cl4
�. which, on dissociation by loss of 13COCl., yields m/z 257. Because m/z 257 is one of the

mass/charge ratios that are monitored and there is a probability of 1 in 12 that 13COCl. will be lost from
the [M�1]�. ion, the calculated fraction of the molecular ion cluster isolated includes a fractional contri-
bution from the [M�1]�. ion.
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intensity, relative to that of a selected ion, is observed to fall within a narrow specific
range. The average signal ratio of the detected fragment ion signals that resulted from
the loss of COCl. and 2COCl. for each dioxin investigated is approximately 2 : 1 in favor
of the loss of COCl.. However, because the fragmentation channel that involves the loss
of 2COCl. is used in HRMS and TSQ for confirmation, it was decided to include the
consideration of this channel in the tuning procedure for QIT. A standard solution that
contained 1000 pg of each of six dioxin congeners (2,3,7,8-T4CDD, 1,2,3,7,8-P5CDD,
1,2,3,4,7,8-H6CDD, 1,2,3,6,7,8-H6CDD, 1,2,3,7,8,9-H6CDD, and 1,2,3,4,6,7,8-
H7CDD) and 2000 pg of O8CDD was used for all three methods. The furan congener,
for which specimen calibration plots obtained with HRMS, QIT, and TSQ are pre-
sented, was 2,3,4,7,8-P5CDF.

7.4.4. Calibration

In each case, the instrument was mass calibrated with PFTBA. The TSQ was first
mass calibrated in the Q1 MS mode, in the Q3 MS mode, and finally in the MS/MS
mode. Once mass calibration was complete, a tetrachloro-dioxin/furan congener on
a direct-insertion probe was introduced into the ion source and used for tuning. The
precursor ion is first optimized in the Q1 MS mode, and the instrument is switched
to the MS/MS mode and collision gas is allowed to enter the collision quadrupole.
For a given fixed collision gas pressure, the ion collision energy is varied and the
fragment ion signal intensities monitored. From these data, a breakdown graph of
fractional ion abundance versus ion energy similar to that shown in Figure 7.10a
can be constructed. It is seen that, at a collision energy in the vicinity of 25 eV, the
ion current due to the [M–COCl.]� species (�) attains a maximum relative value
(recall that it is the total ion current at each collision energy that is plotted on the
ordinate of this figure). Additional graphs can be constructed for other collision gas
pressures to obtain the optimum collision gas pressure and ion energy for a selected
fragment ion channel. At the optimum collision gas pressure (�3 � 10�3 Torr) for
fragmentation of 2,3,7,8-T4CDD, the collision energies were set to optimize the ion
signal strength for fragment ions that arise from loss of COCl. for the 2,3,7,8-sub-
stituted congeners in each group; these values ranged between 18 and 27 eV in the
laboratory frame. Chromatograms obtained with PFTBA tuning and dioxin/furan
congener tuning, which are shown elsewhere [77], show clearly that the
signal/noise ratio for dioxin/furan fragment ions is much improved with specific
dioxin/furan congener tuning.

7.4.5. Resonant Excitation

For the QIT, the pressure of the helium collision gas is optimized (�10�3 Torr) with
respect to the peak widths of the PFTBA ions used as mass markers. Resonant exci-
tation was carried out at a fixed value of the qz trapping parameter (qz � 0.4) for the
isolated ion species of higher mass/charge ratio. The waveform employed for CID
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with MFI is discussed above [65]. A constant MFI waveform amplitude was applied
for 10 ms for each group of congeners; the amplitude varied from 2.65 to 3.10 V0-p

for the dioxins, and for the 2,3,4,7,8-P5CDF, it was 3.60 V0-p. The optimized condi-
tions for each congener group were obtained from breakdown graphs of fractional
ion abundance versus supplementary RF waveform amplitude at a fixed duration of
irradiation, similar to that shown in Figure 7.10b. The scale of the abscissa in Figure
7.10b corresponds to the amplitude for each frequency component of the MFI wave-
form. The suffixes 0-p and p-p refer to the amplitude of a sinusoidal waveform and
correspond to zero to peak and peak to peak, respectively. Note the similarity in
Figures 7.8a and b in that both plots show the higher threshold required for obser-
vation of the 2COCl. loss channel relative to the threshold for loss of COCl.. Note
also that the plots differ with respect to the behavior of the COCl. loss channel (�)
at high collision energy and high waveform amplitude; in TSQ (Figure 7.10a), the
nascent fragment ion formed by loss of COCl. undergoes further fragmentation as a
result of either internal excitation or collisions, whereas in QIT (Figure 7.10b), the
same fragment ion is neither internally excited nor resonantly excited and reaches a
plateau in relative abundance at a high waveform amplitude.
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Figure 7.10. Breakdown graphs: (a) percent total ion current versus ion collision energy, as
used for TSQ tuning; (b) percent total ion current versus supplementary RF waveform ampli-
tude, as used for tuning QIT. (Reprinted from the International Journal of Mass Spectrometry,
Vol. 197, R. E. March, M. Splendore, E. J. Reiner, R. S. Mercer, J. B. Plomley, D. S. Waddell,
K. A. MacPherson, “A comparison of three mass spectrometric methods for the determination
of dioxins/furans,” Fig. 3, pp. 283–297 (2000), with permission from Elsevier.)
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7.4.6. Comparisons of Performances

The performances are compared with respect to ion signals at low concentration,
detection of H6CDD in real samples, and ionization cross sections.

7.4.6.1. Ion Signals at Low Concentration Examples of the ion signals obtained
with each instrument using gas chromatographic separation for low concentrations of
2,3,7,8-T4CDD are shown in Figure 7.11. Note that the top trace (HRMS) was obtained
with an amount 50 times the detection limit; the middle trace (TSQ) was obtained 
with an amount some 7 times the detection limit; and the bottom trace (QIT) was
obtained with an amount some 5 times the detection limit.

7.4.6.2. Real Samples Two examples are given of the determination by HRMS,
TSQ, and QIT of H6CDDs in real samples; the first example is a sample of ambient
air (Figure 7.12), while the second is a sample obtained following the pyrolysis of
polychlorinated phenols and is shown in Figure 7.13; in each figure, the last three 
congeners to elute are 2,3,7,8-tetra chloro-containing congeners. The agreement
among the chromatograms in Figure 7.12 with respect to peak relative signal intensi-
ties and peak resolution is quite good with the exception of the first peak; here, the
QIT shows some tailing of the peak. In Figure 7.13, again agreement is good with
respect to peak relative signal intensities (note that the peak relative signal intensities
in Figure 7.13 differ from those of Figure 7.12), but the QIT has failed, on this occa-
sion, to resolve the peak that is centered at �16.88 and is resolved by HRMS and TSQ.

7.4.7. Ionization Cross Sections

For HRMS, the observed ion signal intensity per picogram of material injected for
each chlorocongener, (AEI)cong, is related directly to the electron impact ionization
cross section, σcong, as given by

(AEI)cong � Ie L(Fiso)congσcong Ncongα (7.14)

where (AEI)cong, expressed as an area, is the sum of the ion signal intensities of the two
mass-selected molecular ions for each chlorocongener as reported in Table 7.2, Ie is
the electron beam intensity, L is the ionization path length, (Fiso)cong is the sum of the
fractional abundances of the two mass-selected ions, Ncong is the number of molecules
per picogram of congener in the HRMS ion source, and α is a fraction corresponding
to the ratio of the number of ions detected to the number of ions formed in the ion
source. To a first approximation, α can be assumed to be constant over the mass range
examined, though this assumption is possibly an oversimplification for HRMS and
undoubtedly an oversimplification of a complex process for the TSQ, vide infra. To
effect a comparison among the HRMS and TSQ beam methods with the QIT pulsed
method, each (AEI)cong value was normalized to that for T4CDD for each of the three
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Figure 7.11. Ion signals obtained with each instrument for low concentrations of 2,3,7,
8-T4CDD: (a) HRMS, 0.5 pg injected in 1 µL, signal intensity sum due to m/z 320 and 322
shown; (b) TSQ, 1.0 pg injected in 1 µL, signal intensity sum due to m/z 257 and 259 shown;
(c) QIT, 0.5 pg injected in 1 µL, signal intensity sum due to m/z 257, 259, 194, and 196 shown.
Signal/noise ratios for HRMS and QIT are comparable and lower than that for TSQ (as
expected for higher concentration injected in TSQ) (Reprinted from the International Journal
of Mass Spectrometry, Vol. 197, R. E. March, M. Splendore, E. J. Reiner, R. S. Mercer,
J. B. Plomley, D. S. Waddell, K. A. MacPherson, “A comparison of three mass spectrometric
methods for the determination of dioxins/furans,” Fig. 4, pp. 283–297 (2000), with permission
from Elsevier.)

HRMS 0.5 pg T4CDD

TSQ MS/MS 1.0 pg T4CDD

QIT MS/MS 0.5 pg T4CDD
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Figure 7.13. Chromatographs obtained by HRMS, TSQ, and QIT of H6CDDs showing presence
of several H6CDDs in a sample obtained following pyrolysis of polychlorinated phenols. Note
that one ion species only is monitored in each case. (Reprinted from the International Journal of
Mass Spectrometry, Vol. 197, R. E. March, M. Splendore, E. J. Reiner, R. S. Mercer,
J. B. Plomley, D. S. Waddell, K. A. MacPherson, “A comparison of three mass spectrometric
methods for the determination of dioxins/furans,” Fig. 6, pp. 283–297 (2000), with permission
from Elsevier.)
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Figure 7.12. Chromatographs obtained by HRMS, TSQ, and QIT showing presence of sev-
eral H6CDDs in ambient air. Note that one ion species only is monitored in each case.
(Reprinted from the International Journal of Mass Spectrometry, Vol. 197, R. E. March, M.
Splendore, E. J. Reiner, R. S. Mercer, J. B. Plomley, D. S. Waddell, K. A. MacPherson, “A
comparison of three mass spectrometric methods for the determination of dioxins/furans,”
Fig. 5, pp. 283–297 (2000), with permission from Elsevier.)
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methods; the resulting relative ionization cross section (σcong/σT4CDD) for each dioxin
congener examined was calculated according to
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Similar expressions can be obtained for (σcong/σT4CDD)TSQ and (σcong/σT4CDD)QIT. It
should be noted that the signal intensity (AEI) is expressed in counts per picogram
and Ncong was calculated using the expression
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For the tandem mass spectrometric methods TSQ and QIT, the fragment ion sig-
nal intensities (ACID)cong are equal to the product of the observed ion signal intensity
for each chlorocongener, (AEI)cong, and the CID efficiency for each chlorocongener,
(ηCID)cong, as shown in the equation

(ACID)cong � Ie � L � (Fiso)cong � σ cong � Ncong �η(CID)cong � α (7.17)

where (ηCID)cong is defined as the ratio of the detected fragment ion signal intensities
for each congener to the ion signal intensities of the mass-selected ions prior to CID.

Each (ACID)cong value was normalized to that for T4CDD and the following ratio
was computed for each dioxin congener:
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where MS/MS refers to both TSQ and QIT. Equation (7.18) is an expression for the
relative ionization cross section, (σcong/σT4CDD)MS/MS, for each dioxin congener and
for each MS/MS method.

The relative performances of the three mass spectrometric methods can be com-
pared on the basis of congener-specific relative ionization cross sections, σcong/σT4CDD,
obtained by HRMS, QIT, and TSQ. In Figure 7.14 are plotted the values of σcong/σT4CDD

for each dioxin congener. On the abscissa in Figure 7.14 are shown the congeners
examined; the lines have been drawn merely to facilitate recognition of the datum
points obtained with each method.

As may be expected, the data obtained by the three methods are generally quite
similar except for the marked decrease with TSQ in passing from P5CDD to the con-
geners of higher degree of chlorine substitution due possibly to a decrease in α. For
HRMS and QIT there is a decrease of some 10–20% in the normalized ionization
cross section as the degree of chlorination increases, since there is but a small
increase of the correlated ionization energy; theoretical calculation [62] has shown
an increase of the ionization energy of about 100 meV as the degree of chlorine 

(ACID)cong � (Fiso)T4CDD � (ηCID)T4CDD � NT4CDD
�����(ACID)T4CDD � (Fiso)cong � (ηCID)cong � Ncong

1�10�12(g) � 6.022 �1023(molecules/mol)
������

MWcong(g/mol)�22,414 (cm3)

(AEI)cong (Fiso)T4CDD NT4CDD
���(AEI)T4CDD (Fiso)cong Ncong
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substitution increases. Despite the enormous differences between the HRMS, TSQ,
and QIT instruments, the ion signals observed in each instrument can be related
directly to the ionization efficiency, or cross section, for each congener in the ion
sources of the three instruments. The close agreement among HRMS and QIT val-
ues of σcong/σT4CDD among the three H6CDD congeners is of interest, particularly
since the same trend is exhibited by TSQ.

7.5. CONCLUSIONS

Gas chromatography coupled with the QIT or TSQ for tandem mass spectrometry or
with a single-stage high-resolution mass spectrometer affords a method of high
specificity and high sensitivity for the determination of compounds of interest. The
determination of dioxins/furans by GC/MS/MS constitutes a severe test of the capa-
bilities of the QIT combined with GC.

The QIT has been compared with two other mass spectrometers with respect to their
performance as mass detectors coupled with GC for the determination of dioxins/furans.
While the HRMS detection limit for T4CDD is lower than that of TSQ and QIT, there
is evidence that all interferences are not eliminated by high mass resolution alone; thus
there is also a need for instruments that achieve high specificity by tandem mass spec-
trometric operation. The relative ionization cross sections for T4-O8CDD from both
HRMS and QIT and for T4-P5CDD from TSQ are quite close; in addition, the variation
among three H6CDD congeners is identical for the three methods. For TSQ, the values
of the relative cross sections for H6CDD, H7CDD, and O8CDD congeners are somewhat

CONCLUSIONS 245

Figure 7.14. Relative ionization cross section (σcong/σT4CDD) for seven dioxin congeners
obtained from (•) 27 QIT determinations, (°) 24 HRMS determinations, and (♦) 34 TSQ
determinations. (Reprinted from the International Journal of Mass Spectrometry, Vol. 197,
R. E. March, M. Splendore, E. J. Reiner, R. S. Mercer, J. B. Plomley, D. S. Waddell,
K. A. MacPherson, “A comparison of three mass spectrometric methods for the determination
of dioxins/furans,” Fig. 9, pp. 283–297 (2000), with permission from Elsevier.)
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lower than those obtained for HRMS and QIT, and this behavior may be explained in
terms of mass-dependent fragment ion scattering in the RF-only collision cell.
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9.1. INTRODUCTION

At precisely 07:17 Greenwich mean time (GMT) on Tuesday March 2, 2004, an
Ariane-5 rocket carrying the Rosetta “comet chaser” was launched at Kourou in
French Guyana: the mission, to characterize the comet Churyumov-Gerasimenko,
otherwise known as 67P. Although this event captured the fleeting attention of the
media at the time, what was not particularly apparent is that one of the instruments
with which this survey will be carried out is a mini–chemical laboratory, MODULUS,

Quadrupole Ion Trap Mass Spectrometry, Second Edition, By Raymond E. March and John F. J. Todd
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material for this chapter.
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that includes a GC/MS system incorporating an ion trap mass spectrometer specially
designed for isotope ratio measurements.

The purpose of this chapter is to give an account of this highly unusual applica-
tion of the ion trap and, in particular, to explore some of the technical and design
considerations of a system that is fully automated yet is not due to reach its sample
until 2014! While reading the description that follows, the reader may care to reflect
on the fate of this lonely ion trap during its journey covering hundreds of millions of
miles, effectively frozen in time since the earliest stages of the development program
began in 1994! Most mass spectroscopists would expect to have utilized three or four
new generations of instruments in a 20-year period and would not normally have to
wait two decades to (hopefully) see their first analytical mass spectrum! Nor would
they expect to have to incorporate an age distribution table into the initial funding
application in order to demonstrate that at least some members of the original team,
who know how to control the system and to interpret the data signals, will still be in
place when the analyses are carried out.

9.2. THE ROSETTA MISSION

The name Rosetta was taken from the Rosetta stone, a slab of volcanic rock, now in
the British Museum, that was found in the village of Rashid (Rosetta) in the Nile
delta in Egypt by French soldiers in 1799. The stone is covered with carved inscrip-
tions in ancient Greek, together with Egyptian hieroglyphic and Demotic. Only
Greek could be translated at the time and, by comparing the three sets of characters,
scholars were able to decipher the meaning of the various symbols, thereby unlock-
ing the secrets of 3000 years of ancient history. In the same way, this space mission
seeks to take a range of physical and chemical measurements from a comet that is
4600 million years old, even older than the planets in our solar system, in order to
try and find clues as to how our Earth was formed. Both the Rosetta project and the
Rosetta stone provide the key to unravelling history by comparing the known with
the unknown. Hopefully, this twenty-first-century endeavor will offer some of the
answers to the question of how life on Earth started.

Rosetta resembles a large aluminum box of dimensions 2.8 � 2.1 � 2.0 m and
has two 14-m-long solar panels with a total area of 64 m2. It comprises two main
components: an Orbiter and a Lander. On arrival at its destination in May 2014,
Rosetta will orbit 67P in order to map the surface (which is approximately equal
in area to that of London Heathrow Airport!) in order to determine a suitable site
for the Lander to target during its descent in November 2014. In addition to con-
taining the main command and communications module, the Orbiter’s payload
includes the following 11 experiments, all controlled by different research groups.

• The Ultraviolet Imaging Spectrometer (ALICE) will analyze gases in the coma
and tail and measure the comet’s production rates of water and carbon monox-
ide or dioxide. It will provide information on the surface composition of the
nucleus.
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• Comet Nucleus Sounding Experiment by Radiowave Transmission (CONSERT)
will probe the comet’s interior by studying radio waves that are reflected and
scattered by the nucleus.

• The Cometary Secondary Ion Mass Analyser (COSIMA) will analyze the char-
acteristics of dust grains emitted by the comet, such as their composition and
whether they are organic or inorganic.

• The Grain Impact Analyser and Dust Accumulator (GIADA) will measure the
number, mass, momentum, and velocity distribution of dust grains coming from
the comet nucleus and from other directions (reflected by solar radiation pressure).

• The Micro-Imaging Dust Analysis System (MIDAS) will study the dust envi-
ronment around the comet and provide information on particle population, size,
volume, and shape.

• The Microwave Instrument for the Rosetta Orbiter (MIRO) will determine the
abundances of major gases, the surface outgassing rate, and the nucleus sub-
surface temperature.

• The Optical, Spectroscopic and Infrared Remote Imaging System (OSIRIS) is a
wide-angle camera and narrow-angle camera that will obtain high-resolution
images of the comet’s nucleus.

• The Rosetta Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA) will
determine the composition of the comet’s atmosphere and ionosphere, the
velocities of electrified gas particles, and reactions in which they take part.

• The Rosetta Plasma Consortium (RPC) will measure the physical properties of
the nucleus, examine the structure of the inner coma, monitor cometary activ-
ity, and study the comet’s interaction with the solar wind.

• Radio Science Investigation (RSI), using shifts in the spacecraft’s radio signals,
will measure the mass, density, and gravity of the nucleus, define the comet’s
orbit, and study the inner coma.

• The Visible and Infrared Mapping Spectrometer (VIRTIS) will map and study
the nature of the solids and the temperature on the surface of the nucleus as well
as identify comet gases, characterize the physical conditions of the coma, and
help to identify the best landing sites.

The Lander structure consists of a baseplate, an instrument platform, and a polyg-
onal sandwich construction, all made of carbon fiber. Some of the instruments and
subsystems are beneath a hood that is covered with solar cells. An antenna transmits
data from the surface to Earth via the Orbiter. The Lander carries the following fur-
ther nine experiments, including a drilling system to take samples of subsurface
material; the payload of the Lander is about 21 kg.

• The Alpha Proton X-ray Spectrometer (APXS), when lowered to within 4 cm of
the “ground,” will detect α particles and X-rays that will provide information
on the elemental composition of the comet’s surface.

References p. 307.
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• The Rosetta Lander Imaging System (ÇIVA/ROLIS) is a charge-coupled
device (CCD) camera that will obtain high-resolution images during descent
and stereo panoramic images of areas sampled by other instruments. Six iden-
tical microcameras will take panoramic pictures of the surface, and a spec-
trometer will study the composition, texture, and albedo (reflectivity) of samples
collected from the surface.

• Comet Nucleus Sounding Experiment by Radiowave Transmission (CONSERT)
will probe the internal structure of the nucleus: radio waves from CONSERT
will travel through the nucleus and will be returned by a transponder on the
Lander.

• Cometary Sampling and Composition experiment (COSAC) is one of two
evolved gas analyzers. It will detect and identify complex organic molecules
from their elemental and molecular composition.

• The Evolved Gas Analyser (MODULUS Ptolemy) is the second evolved gas
analyzer and will obtain precise measurements of stable isotope ratios of the
light elements H, C, N, and O in their various forms within material sampled
from the comet subsurface, surface, and near-surface atmosphere.

• The Multi-Purpose Sensor for Surface and Subsurface Science (MUPUS) will
use sensors on the Lander’s anchor, probe, and exterior to measure the density
and thermal and mechanical properties of the surface.

• The Rosetta Lander Magnetometer and Plasma Monitor (ROMAP) is a magne-
tometer and plasma monitor that will study the local magnetic field and the
comet/solar wind interaction.

• The Sample Drill and Distribution system (SD2), which will drill more than
20 cm into the surface, will collect samples and deliver them to different ovens
for evolved gas analysis by COSAC and Ptolemy and microscope inspection by
CIVA/ROLIS.

• The Surface Electrical, Seismic and Acoustic Monitoring Experiments
(SESAME) use three instruments to measure properties of the comet’s outer lay-
ers: the Cometary Acoustic Sounding Surface Experiment will measure the way
sound travels through the surface, the Permittivity Probe will investigate its
electrical characteristics, and the Dust Impact Monitor will measure dust falling
back to the surface.

Integration of these 20 very different experiments into a single operation is clearly
a highly complex matter. Each separate system must be capable of functioning under
automated control and of being brought into or out of use according to a strictly pre-
determined schedule when the cometary encounter commences (see also below).
Furthermore, communication with the instrumentation has to be coordinated through
a scientific command center and then through mission control using special software
and cannot be carried out directly by the individual research groups from their own
institutions. In the case of MODULUS Ptolemy (which receives its instructions via
command systems on the Lander, which in turn is instructed from the Orbiter), the
scientists in their laboratories at the Open University at Milton Keynes in the United

294 AN ION TRAP TOO FAR? ROSETTA MISSION TO CHARACTERIZE A COMET
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Kingdom are almost five steps removed from direct control of their mass spectrom-
eter and associated equipment. Added to this complexity, the transfer time for sig-
nals over the 500 million miles separation between Earth and Rosetta at the time of
the encounter will be of the order of 50 min!

Following the launch into a tightly specified flight path, the timeline for the mis-
sion is as summarized in Table 9.1. The fly-by stages are a means by which the space
module gains speed, rather like a child swinging around a lamp post when running
down a street, so that Rosetta will eventually reach the velocity of the comet (up to
135,000 km/h). The landing process itself will present some significant hazards to
the mission: because the comet is so small, and hence its gravitational field so weak,
there is a danger that the Lander will simply bounce off the surface. The legs of the
Lander contain a damping system to absorb most of the kinetic energy on contact,
and harpoons will be fired into the surface in order to anchor the system.

Further details of Rosetta’s journey may be found at http://www.esa.int/
export/esaMI/Rosetta/, and information about the actual launch is available 
at http://www.arianespace.com/site/news/mission_up_153.html. It
should, perhaps, be noted that originally it was intended that Rosetta would target
another comet, 46P/Wirtanen, in 2011, with a launch date in January 2003. However,
because of the failure of the preceding Ariane-5 flight in December 2002 the opera-
tion was delayed and the precise time window required for the trajectory was thereby
missed. Consequently, a new target (i.e., 67P) was chosen and the whole project repro-
grammed; the additional cost of the delay has been estimated at 70 million Euros!

9.3. THE MODULUS PTOLEMY EXPERIMENT

The name MODULUS stands for Methods Of Determining and Understanding Light
elements from Unequivocal Stable isotope compositions. It was concocted by Colin
Pillinger and his coinvestigators of the Planetary and Space Sciences Research
Institute at the Open University in the United Kingdom in honor of Thomas Young,

TABLE 9.1. Time Sequence for Rosetta Mission

Date Event

March 2, 2004 Launch of Rosetta
March 2005 First Earth gravity–assisted fly-by
February 2007 Mars gravity–assisted fly-by
November 2007 Second Earth fly-by
November 2009 Third Earth fly-by
May 2014 Comet Churyumov-Gerasimenko rendezvous maneuver
November 2014 Landing on comet
December 2015 Escorting comet; end of mission

References p. 307.
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the English physician turned physicist who was the initial translator of the Rosetta
Stone and whose name is best known by the measure of elasticity, Young’s modulus.
In the original research plan it was intended to develop two versions of the 
MODULUS instrument, Ptolemy and Berenice: as noted above, the former is part of
the package of experiments on the Lander, while the latter was intended to examine
(and thus provide a comparison with) the volatile species surrounding the comet as
part of the research conducted by the Orbiter. In the event, only Ptolemy ultimately
flew, and elements of the proposed Berenice science were incorporated into the
Ptolemy instrument. Genealogists may be interested to note that Berenice and
Ptolemy were subjects of the inscriptions on the Rosetta stone.

9.3.1. Stable Isotope Ratio Measurements for Light Elements

The underlying aim of the Ptolemy experiment is to determine the degree of iso-
topic enrichment (or depletion) of D (i.e., 2H), 13C, 15N, 17O and, 18O in cometary
samples relative to specified standard reference materials. These measurements will
yield data on the respective degrees of isotopic fractionation that have occurred,
which should in turn provide information about the temperature regime within which
the samples were formed as well as give indications of the sources from which the
samples were derived. To determine relative isotopic abundances, samples of solid
material taken by the SD2 system, mentioned earlier, from the body of the comet
(which has been described as being like a dirty snowball!) will be subjected to
stepped pyrolysis in ovens according to preprogrammed protocols so as to generate
evolved gases at predetermined temperatures that will then be converted (if neces-
sary) chemically into compounds such as H2, O2, CO2, and N2. The resulting mix-
tures will then be separated and isotopically assayed by GC/MS using an ion trap
mass spectrometer.

The isotope ratios are measured as the differential values according to the delta
notation of Urey [1]:

δ (rare isotope) ���Rsamp

R
le

s

�

tand

R

ar

s

d

tandard
�� � 1000‰ (9.1)

where R is the ratio of intensities for (D/H), (13C/12C), (15N/14N), (17O/16O),
(18O/16O), and so on. As a result, all the determinations on the sample data must be
directly compared with contemporary measurements on appropriate standard “on-
board” reference materials that have been calibrated to an agreed international stan-
dard. In this way, compensation can be made for any systematic fractionation
effects in the instrumentation in order to maximize the accuracy and precision of
the data.

9.3.2. The Ion Trap Mass Spectrometer as the Instrument of Choice

Normally, to obtain the most accurate and precise isotope ratio measurements on a
single gaseous compound, one would choose a magnetic-sector instrument, prefer-
ably with a dual inlet system designed for contemporaneous assays of the sample
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and of the standard reference material. However, since the total payload and physi-
cal space available were severely limited, given all the other instrumentation being
carried by Rosetta and the associated power requirements, alternative instruments
had to be considered. The small size and simplicity of construction of the ion trap,
the fact that it functions on the basis of a single parameter control (i.e., the ampli-
tude of the RF drive potential), and its tolerance to moderately high pressures
(�10�3 mbar) of helium (which is employed as the GC carrier gas as well as for the
actuation of the pneumatic valves of the GC injection valves) made this the obvious
mass analyzer of choice. Fortuitously, the working pressure of the ion trap is of the
same order as the maximum value anticipated in the region of the comet: at initial
encounter the ambient pressure is expected to be around 10�7 mbar, but this is pre-
dicted to rise to �10�3 mbar at point of closest solar approach. A further advantage is
that the ion accumulation time can be adjusted to allow the buildup of ions from the
minor isotopes, thus increasing the precision of their measurement. In the final design,
a nonstretched ion trap (r0 � 8.0 mm; 2z0 � 11.3 mm) having grounded end-cap elec-
trodes has been employed, operating at a nominal RF drive frequency of 0.6 MHz and
amplitude variable between approximately 25 and 300 V0-p; the exact frequency will
be determined by a self-tune feature, which selects the most appropriate frequency
depending upon the ambient temperature and hence tuning of the RF circuit. These
parameters offer a mass/charge ratio range of 12–150 Th, allowing both general
sample characterization (e.g., from water to xenon) and isotope ratio measurement.
The scan function is under software control and is built up segment by segment,
allowing the scientist to tailor scan functions for each of the planned analyses. To
reduce complexity and power demands and indeed mass, there is no provision for
DC isolation or resonant excitation experiments. Similarly, though the ionization
time is preselectable in the range 0.1–5 ms, there is no provision for AGC (see
Chapter 3). Although this may appear to suggest a very basic ion trap system, rem-
iniscent of the original Finnigan ITD 700 instrument, compared to current state-of-
the-art instruments, it should be remembered that this is a highly specific application
upon which considerable research effort has been expended in terms of determining
the precise operating conditions, sample amounts, and so on, to achieve the desired
level of performance. It should also be noted that the Ptolemy ion trap is operating
at rather low mass/charge ratios (isotopic analyses are conducted at m/z � 50) com-
pared to laboratory instruments targeted at organic analyses. Perhaps it is therefore
not surprising that the optimum design for fulfilling this unique application did not
follow conventional wisdom derived from a knowledge of analytical organic mass
spectroscopy.

The electrodes are fabricated from aluminum, cut away to reduce the mass, and
the overall external dimensions of the analyzer are 60 mm diameter � 70 mm height
(see Figure 9.1). To minimize power consumption and provide some redundancy in
this vital area, ionization is effected by a beam of electrons generated from a 3 � 1
array of microstructures etched from a silicon wafer; each of the microfabricated
units comprises an array of 40 � 40 nanotips [2] and ion detection is accomplished

References p. 307.
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using a novel type of spiral ceramic electron multiplier operating in the pulse-count-
ing mode and developed by the Max-Planck-Institut für Aeronomie (MPAe), Lindau,
Germany. The mass of the analyzer assembly (electrodes plus ion source and detector)
was 75 g; including electronics and structural items the ion trap weighed less than
500 g. An illustration of the flight version of the ion trap with its associated 
ionizer, detector, and electronic circuits is shown in Figures 9.2a and b.

The supply of helium, used variously as the carrier gas, actuator for the pneu-
matic valves, and ion trap buffer gas, is Grade 6 helium (i.e., 99.9999% pure)
admixed with argon (Grade 6) to a dilution ratio of 100 ppm (Ar/He). The reason

Figure 9.1. Photograph of assembled electrodes of flight model (FM) of Ptolemy ion trap.
The electrodes are fabricated from aluminum; the electron source and detector are each
mounted on supports, one of which is shown above upper end cap. Total mass of electrode
assembly together with ion source and detector is 75 g. (Copyright The Central Laboratory of
the Research Councils, reproduced with permission.)
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for the inclusion of argon is twofold: first, it is used to aid mass calibration of the
ion trap (providing a well-defined signal at m/z 40) and, second, it is employed in
the measurement of D/H ratios (see below). The helium/argon supply is contained
within two independent gas tanks of a “sealed-for-life” design fabricated from tita-
nium using an all-welded construction. Each tank has an internal volume of 30 cm3

and is filled to a pressure of 50 bars, giving a total volume of gas of 30 liters at stan-
dard temperature and pressure (STP). Once Ptolemy arrives on site, the gas will be
released in the gas management system by puncturing each vessel using a frangible
pillar and Shape Memory Alloy (SMA) actuator and in-line particulate filter, all
built into the base of each pressure vessel. Although under the conditions of use
there will be no need for conventional vacuum pumping (see earlier), chemical
“getter” pumps will be employed, for example, calcium oxide to remove carbon
dioxide. The entire Ptolemy instrument, comprising the sample collection system,

Figure 9.2. (a) Isometric photograph of the FM of the Ptolemy ion trap with its associated 
electronic circuits but with shielding container removed. (Copyright The Central Laboratory of
the Research Councils, reproduced with permission.) (b) Isometric photograph of the FM of
the Ptolemy ion trap with its associated electronic circuits, showing the lower half of shielding
container and gas vent pipe. (Copyright The Central Laboratory of the Research Councils,
reproduced with permission.)
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gas-handling and sample-processing units, gas chromatograph, ion trap mass spec-
trometer, electronic units, and control/data management system, occupies a volume
of approximately 250 � 330 � 110 mm, weighs 4.5 kg, and consumes less than
10 W of electrical power. Figure 9.3 shows the flight model with the gas tanks fitted
but with the cover removed. As with all the instruments carried on Rosetta, Ptolemy
has been vibration tested and designed to withstand temperature variations of �55
to �70�C during its flight to the comet. All the control routines for the entire oper-
ation of the mass spectrometer and associated analytical procedures are prepro-
grammed into EEPROMS, since once the measurements commence, there will be
no opportunity for interactive real-time interpretation and response to the data being
obtained. However, the EEPROMS can be reprogrammed in flight prior to the
encounter or between experimental periods should this be necessary (see also
below).

For the mission there are essentially three versions of Ptolemy: the actual flight
model (FM) that forms part of the Rosetta package now in space, an identical
qualification model (QM) mounted in a high-vacuum system (10�7 mbar) in the lab-
oratory and upon which analytical procedures can be checked and replicated prior
to sending signals to the FM version in Rosetta, and a ground-based electronic sim-
ulator reference model with which one can test the transfer of signals prior to their
being sent to ensure that the correct instructions are being transmitted.

Figure 9.3. Isometric photograph of the FM of the complete MODULUS Ptolemy system with
one cover removed to reveal the components of the “mini-laboratory.” The complete system
(with cover) has mass of 4.5 kg and consumes less than 10 W of power. (Copyright The Central
Laboratory of the Research Councils, reproduced with permission.)
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9.3.3. Sample Processing and Isotope Ratio Measurements

9.3.3.1. Ion Trap Operation From the preceding discussion we have seen that
early in the planning stage it was determined that the QIT mass spectrometer offered
considerable advantages over other alternative analyzers, for example, magnetic-
sector, time-of-flight, and quadupole mass filter. However, at this time (1995–1998)
there were no literature reports on the use of the ion trap for isotope ratio determi-
nations. An intensive program was undertaken, therefore, to fully characterize and
evaluate this novel application [3, 4].

Key figures of merit in relation to isotope ratio determinations are the abundance
sensitivity, accuracy, and precision associated with the measurements. The abundance
sensitivity is a measure of the extent to which the mass spectral peak tail from a lighter
major isotope contributes to the height of the adjacent peak arising from the minor
isotope, for example, the contribution made by the peak at m/z 44 (12C 16O2

�.) to 
the peak at m/z 45 (13C 16O2

�.) in carbon dioxide. Ideally, for a minor isotope of 
1% abundance, the contribution to the measured intensity from the major isotope
should be �0.01%. This parameter is clearly determined by the resolution of the
mass spectrometer. The accuracy is a measure of the ability of the instrument to
determine the “true” isotopic ratio of the sample. In the present application, this fac-
tor is not regarded as being highly critical since, as noted above, comparisons are
being made contemporaneously with calibrated reference samples. Of much greater
importance is the precision, which is determined by the reproducibility of the meas-
urements. This parameter may be determined by the zero-enrichment (ZE) tech-
nique, whereby many repeat measurements are made of the same isotopic ratio and
then Eq. (9.1) is applied to each pair of consecutive ratios, in which the nth ratio is
taken as being Rstandard with respect to the (n�1)th ratio as Rsample. Ideally the value
of δ(ZE) should be zero. Thus for, say, 50 repeat measurements of R one would
obtain 49 values of δ(ZE), and the precision can then be evaluated from the standard
error of the mean of the set of consecutive measurements. While with a terrestrial
magnetic-sector isotope ratio mass spectrometer one would hope to achieve preci-
sions corresponding to one standard deviation of much better than �1‰, for the
Rosetta mission a precision of �5‰ was specified as being acceptable. Hence the
characterization and optimization of the ion trap mass spectrometer were carried out
with �5‰ as the target level of performance.

The initial experiments were carried out with a standard Finnigan MAGNUM ion
trap combined with a Varian Model 3400 gas chromatograph equipped with a Model
1075 split/splitless injector. “Pure” samples of gases were admitted via a “sniffer”
system at a rate of approximately 1 nmol/s, and the peak intensity ratios determined
for mass/charge ratio values 29/28 for nitrogen, 33/32 and 34/32 for oxygen, and
45/44 and 46/44 for carbon dioxide. Numerous experiments were carried out to
explore the effects of helium buffer gas pressure and space charge on the quality of
the data obtained, but essentially the measured isotope ratios showed extremely low
accuracy, with some values being in error by more than 100% compared to the
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expected values! The problem appeared to stem from at least three fundamental
issues: insufficient resolution of the QIT, insufficient number of digital steps (DAC
steps) controlling the RF drive amplitude across the mass spectral peaks, and the
occurrence of ion/molecule reactions within the ion trap.

To overcome the first two, instrumental inadequacies, a new instrument control sys-
tem and associated software were developed, called ACQUIRE (Advanced Control of
the Quadrupole ion trap for Isotope Ratio Experiments); this allowed the scan speed to
be reduced to 2000 Th/s (i.e., about three times slower than that of the standard trap)
and the number of DAC steps to be increased from around 8 to 23 for each “mass unit.”

While these modifications gave substantially improved mass spectral resolution
and peak shapes, they did not address the remaining serious problem, namely the
fact that the ions being studied were effectively “changing mass” through the occur-
rence of ion/molecule reactions with background gases, especially water, within the
ion trap. For example, the CO2

�. ion will react with H2O according to

CO2
�.�H2O → CO2H

� � OH. (9.2)

with an ergicity ∆rH � �65 kJ/mol [5]. As a result, depending upon the degree of
conversion, the ion peak at m/z 45 will contain unknown proportions of 12CO2H

� and
13CO2

�.. Inevitably, without being able to resolve the “doublet” at m/z 45, the “meas-
ured” proportion of 13C in the sample will be significantly exaggerated. In analogous
reactions with H2O, CO�. forms COH� (∆rH � �137 kJ/mol) and N2

�. forms N2H
�

(∆rH � �186 kJ/mol). On the other hand, the corresponding reaction of O2
�. with

H2O is not thermodynamically favorable (∆rH � �224 kJ/mol).
One possible solution to this problem in the Ptolemy instrument would be to

attempt to remove all hydrogen-containing species from the trap. But given that the
major constituent of the comet is ice, this was regarded as being impractical. The
alternative approach, which was adopted in the flight system, has been to attempt to
force complete protonation of each of the isotopic species by adding hydrogen gas
to the helium buffer gas stream. Isotope ratios may then be measured on the proto-
nated ions, thereby eliminating the isobaric interferences.

Reactions analogous to those described in reaction (9.2) with H2O occur with H2:

M�.� H2 → MH� � H. (9.3)

for M�.� CO2
�. (∆rH � �128 kJ/mol), CO�. (∆r H � �200 kJ/mol), and N2

�.

(∆rH � �249 kJ/mol); with O2
�. the reaction is again thermodynamically unfavorable

(∆rH � �161 kJ/mol).
In the initial investigations using the modified MAGNUM ion trap mass spec-

trometer controlled by the ACQUIRE system [3], pure hydrogen was used in place
of helium as the buffer gas at a flow rate of �1 ml/min. Substantially improved iso-
tope ratio data were obtained: isotope ratios within �18‰ for (m/z 46)/(m/z 45) and
�55‰ for (m/z 47)/(m/z 45) of the “theoretical” values for CO2 were obtained using
47-nmol amounts of sample, with precisions determined by the ZE technique of
�4‰ and �5‰, respectively.
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In the flight model of the system, hydrogen gas from a reservoir cylinder is added
to the helium buffer gas stream when nitrogen, carbon monoxide, and carbon dioxide
are being assayed. Because of their lack of reactivity toward hydrogen, isotopic
measurements using oxygen ions are carried out on the nonhydrogenated O2

�.

species. To conserve both power and space, the dimensions and frequency of the RF
drive potential were reduced from the standard values employed on the MAGNUM
instrument (r0 � 10.00 mm, 2πΩ � 1.05 MHz) to those noted above (8.00 mm and
0.6 MHz, respectively).

So far this account has not included reference to the fourth element of interest to
the Rosetta mission, namely the determination of isotopic ratios in hydrogen; this is,
of course, a measurement that is of special importance in characterizing cometary
water. Normally, in a terrestrial laboratory using magnetic-sector instruments for iso-
topic work, the ratio of D/H is found by converting the water into hydrogen gas and
then measuring the intensities of the m/z 2 and 3, corresponding to H2

�. and HD�.,
respectively. However, the sensitivity of ion traps falls off at low mass/charge ratios;
furthermore, hydrogenation reactions of the kind noted above lead to the facile for-
mation of H3

� and H2D
� at m/z 3 and 4, respectively. Since the helium buffer gas will

also yield ions at m/z 4 (i.e., 4He�.), there is clearly scope for considerable inaccura-
cies in such measurements, and an alternative approach must be adopted when using
the ion trap mass spectrometer.

Hence a second novel technique for utilizing ion/molecule reactions to aid iso-
tope ratio measurements was proposed. Fortunately, the reactions

Ar�.� H2 → ArH� � H. (∆rH � �144 kJ/mol) (9.4)

and

Ar�.� H2O → ArH� � OH. (∆rH � �81 kJ/mol) (9.5)

are both thermodynamically permitted, so that deuterium and hydrogen can be assayed
in terms of the ratio of the intensities of the ArD� and ArH� ions at m/z 42 and 41,
respectively. It should be noted that ions from the minor isotopes of argon, namely
36Ar�. and 38Ar�., will form adducts with H and D at m/z 37, 38, 39, and 40, but these
will not cause isobaric interferences with the measured ions at m/z 41 and 42. As
mentioned above, in Ptolemy the source of argon used for these experiments is the
high-purity helium/argon buffer gas mixture.

9.3.3.2. Sample Processing and Analysis The analytical procedures make use of a
series of chemical reactors connected by a compact manifold containing miniature
solenoid-activated shut-off valves and pressure transducers. The reactors are essen-
tially ceramic tubes containing solid-state chemical reagents and have a heating ele-
ment coiled round the outside capable of reaching 1000�C using 5 W of power. The
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304 AN ION TRAP TOO FAR? ROSETTA MISSION TO CHARACTERIZE A COMET

system is highly compact in order to minimize mass and to eliminate dead volumes.
A reaction may typically be the oxidation of carbonaceous material to form carbon
dioxide using a supply of oxygen generated on-board by heating a mixture of
CuO/Cu2O; essentially this would take the form of a stepped combustion analysis to
determine the isotopic compositions of organic materials, such as polymers and
macromolecules. Other reactors contain adsorbent materials (see below), drying
agents or reagents for generating fluorine (see below), and carbon dioxide. Cylinders
containing reference gases are also connected to the manifold. A schematic diagram
of the experimental system is shown in Figure 9.4.

A typical analytical procedure might be as follows. A solid sample acquired via
the SD2 drilling system is placed in an oven, evacuated and heated (with or without
added oxygen) to the first temperature step, and held constant for 5 min. Evolved
sample gases are released into the static gas manifold system, excess oxygen
removed reactively, and the volatiles exposed optionally to a drying agent to remove
water. Further treatments are possible, for example, selective removal of active gases
using a “getter,” and the remaining gases then admitted directly to the ion trap mass
spectrometer or passed into one of three parallel GC column systems for separation
prior to isotope ratio analysis. Following this mass analysis step, the sample oven is
once again evacuated and the temperature increased to that of the next step and the
above procedure repeated.

Two further modes of analysis are possible: near-surface volatile measurement
and fluorination to release oxygen from silicate-rich material (possibly the remains
of a sample that has been previously pyrolyzed as above). For the measurement of
the near-surface volatiles, ambient gases are “trapped” using a carbon molecular
sieve, Carbosphere, contained within one of the ovens that is then heated to release
the gases for analysis as indicted previously. For the fluorination experiments, a sup-
ply of fluorine is generated by means of the inert solid compound Asprey’s Salt,
K2NiF.KF, which when heated to 250�C yields F2; this in turn is admitted to the oven
containing the solid sample whereupon it reacts to displace [O] from the silicate to
produce O2.

As noted above, there are three GC channels whose operation may be summa-
rized as follows:

Channel A: A Varian Chrompack Ultimetal CP-Sil 8CB column whose function
is to provide general analysis of evolved gases.

Channel B: A Varian Chrompack Ultimetal PoraPLOT Q column in line with
two reactors containing Rh2O3 reactor molecular sieve drying agent. This
arrangement separates gases such as CO2, CO, CH4, and N2, while CO and CH4

are converted to CO2; a complex set of procedures allows carbon, oxygen, and
nitrogen isotope ratios to be determined.

Channel C: A Varian Chrompack Ultimetal Molsieve 5-Å column plus associ-
ated reactors which is used to determine the isotopic composition of water. The
H2O is converted to H2 and CO: The CO gives the 16O/17O/18O composition of
water and the H2 provides the D/H ratio, as described above.

c09.qxd  7/20/2005  12:28 PM  Page 304



F
ig

ur
e 

9.
4.

Sc
he

m
at

ic
 d

ia
gr

am
 o

f 
M

O
D

U
L

U
S 

Pt
ol

em
y 

ex
pe

ri
m

en
ta

l s
ys

te
m

. (
C

op
yr

ig
ht

 b
y 

th
e 

O
pe

n
U

ni
ve

rs
ity

,r
ep

ro
du

ce
d 

w
ith

 p
er

m
is

si
on

.)

H
el

iu
m

 c
ar

ri
er

 g
as

 
d

el
iv

er
y 

an
d

co
n

tr
o

l s
ys

te
m

 

S
am

p
le

 in
le

t 
p

ip
e

S
ta

ti
c 

g
as

 m
an

if
o

ld
sy

st
em

3 
x 

G
as

ch
ro

m
at

o
g

ra
p

h
y

co
lu

m
n

s 

Io
n

 t
ra

p
m

as
s

sp
ec

tr
o

m
et

er

P
to

le
m

y 
sa

m
p

le
o

ve
n

C
o

m
et

 N
u

cl
eu

s 

S
am

p
le

 d
ri

ll 
an

d
 

d
is

tr
ib

u
ti

o
n

 s
ys

te
m

(S
D

2)
  

G
C

 in
je

ct
o

r 
va

lv
e

H
yd

ro
g

en
 g

as
 

d
el

iv
er

y 
an

d
 

co
n

tr
o

l s
ys

te
m

F
lo

w
-t

h
ro

u
g

h
 

ch
em

ic
al

 r
ea

ct
o

rs

D
ir

ec
t 

an
al

ys
is

 c
h

an
n

el

S
ta

ti
c 

ch
em

ic
al

re
ac

to
rs

 

Is
o

to
p

ic
 r

ef
er

en
ce

st
an

d
ar

d
s 

H
ea

t

V
en

t 
to

sp
ac

e 

F
lo

w
-t

h
ro

u
g

h
 

ch
em

ic
al

 r
ea

ct
o

rs

305

c09.qxd  7/20/2005  12:28 PM  Page 305
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9.3.3.3. Operational Sequence at Cometary Encounter Shortly after landing, the
Control and Data Management System (CDMS) on the Lander instructs Ptolemy to
undergo a series of operational and survival checks before entering the Safe Mode. The
time sequence of the encounter is divided into two major mission phases, where the aim
is to take those measurements judged to be of the highest levels of scientific priority.

During the primary mission phase immediately after landing, which corresponds
to the period T (=0) to T � 65 h, Ptolemy has been allocated two 6-h operational win-
dows: the first in the period T � 15 min to T � 12 h, the second in the period from
T � 55 h to T � 65 h. The first time window will be used to perform the highest pri-
ority science, namely analysis of a cometary surface sample using a sequence called
the Science 1 mode (see below). The second time window will be used for the sec-
ond priority science project, that is, the analysis of the comet’s atmosphere (using
the Science 2 mode). The detailed modes comprise a sequence of instructions in a
look-up table stored within the Ptolemy software and are outlined below.

The secondary mission phase corresponds to T � 65 h to T � 100 h, in which a
sample will be taken at the greatest possible depth below the surface of the comet
and analyzed using the Science 1 mode (see below). When all the other instruments
on board the Lander have met their objectives, the Science 3 mode will be imple-
mented, namely oxygen isotope analysis of silicates using the fluorination procedure
mentioned previously. Further experiments may then be carried out according to 
the nature of the initial results, and it is planned to continue the analysis of the
cometary atmosphere at approximately weekly intervals, depending upon the rate of
usage of helium from the storage tanks.

Typical operational modes are summarized as follows, although it is possible that
the precise details of the experiments will be modified during the flight period as
work continues on the QM version of Ptolemy based in the laboratory.

The Science 1 sequence:

Load sample into oven.

Heat oven to �50�C: Dry sample and analyze CO, CO2, and N2.

Heat oven to �100�C: Analyze H2O and dry sample, CO, CO2, and N2.

Heat oven to �400�C: Dry sample, CO, CO2, and N2.

Prepare oxygen, admit to oven, and heat to �400�C: Analyze CO2.

Heat oven to �800�C: Dry sample and analyze CO, CO2, and N2.

Prepare oxygen, admit to oven, and heat to �800�C: Analyze CO2.

The Science 2 sequence:

A sample from the cometary atmosphere is adsorbed on to Carbosphere con-
tained within one of the ovens.

Heat oven to �200�C.

Analyze N2 isotopes.

Analyze water isotopes.

Dry sample.

Analyze reference gas isotopes.
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GC analysis.

Analyze isotopes of CO and CO2.

9.3.4. Summary and Conclusions

The aim of this chapter has been to show how the ion trap mass spectrometer has
been adapted to obtain precise stable isotope ratio measurements. Furthermore, the
instrument has been combined with a miniaturized and ruggedized automated chem-
ical laboratory capable of working entirely under automated control in the ultimate
remote hostile environment. The world of mass spectrometry will watch with bated
breath to see whether Ptolemy is successful in performing its mission; in the mean-
time much of the technological spin-off from this program must surely have an abun-
dance of practical applications in real-world applications, where small-scale portable
instruments have a vital role to play?
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A, coefficient, 37
A, coefficient, 67
ar, 4, 5, 59
au, 4, 21, 74, 75
au-axis, 44, 46
az, 59
An, 58
ar, definition, 57
au, definition, 36
ax, definition, 42
ay, definition, 43
az, definition, 57
au, qu, 36, 43
(au, qu) space, 4, 36, 44–46
(ax, qx) space, 47
az, qz, 281
(az, qz) plane, 265
(az, qz) space, 60, 61, 178
Abscissa, 230, 240, 244, 285
Abundance sensitivity, 301
AC potential, 220
Acceleration 

constant, 35
term, 149

Acceptable rate, 149
Acceptance ellipse, 20
Accumulated calculation error, 158
Accuracy, 193, 301
Acetophenone, 179, 180, 199–201, 204, 205
Acids, 213
ACQUIRE, 302

Activation energy, 232, 236
Adduct formation, 222
Adjacent peaks, 256, 257
Adjacent ring, 179, 181
Adjacent ring electrodes, 181
Adjacent rods, 181
Admission of electrons, 193
Admission of ions, 185, 193
AGC, See Automatic gain control
ARC, See Automatic reaction control
Agilent, 221
Air, 202, 203, 236
Air analysis, 201
Air sample, 202
Alanine, 261
Alcohols, 213
Algorithm, 142, 145, 149
ALICE, 292
Alkali halides, 252
Allowed levels, 147
Aluminum dust, 134, 150
Ambient air, 241, 243
Ambient pressure, 169, 173, 181, 215
American Chemical Society, 255, 256, 263
American Institute of Physics, 192
American Society for Mass Spectrometry, 49,

165, 166, 182 
conference, 212, 273–276, 278

Amino acid, 261, 275–277
sequence, 278

Ammonia, 228
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Amplification circuit, 196
Amplitude of ion oscillation

hyperbolic growth, 270
linear growth, 270

Amplitude modulation, 196
Analysis waveform, 197
Analyte solution, 255
Analytic theory, 168
Analytical

instrumentation, 192
procedure, 213, 304
protocol, 234
ramp, 197, 234, 236
scan, 150, 226
technique of choice, 203

Analytical Chemistry, 194, 197, 198, 200,
202–205, 255, 256, 263

Anathema, 215
Ancillary components, 194
Angiotensin I, 260, 261
Angled view, 166
Angular frequency, 41
Angular momentum, 98
Angular velocity, 53, 98
Anharmonic contributions 

fourth-order, 192
second-order, 192

Animated displays, 149
Anions, See Negative ions
Annual Meeting of the British Mass Spectrometry

Society, 212 
Annules, 163
Apex isolation, 138
Aperture, 167, 168, 182, 207, 282, 283
Applied potential, 207, 280
APXS, 293
Aqueous solution analysis, 201, 202
Ar2+, 184
Argon, 233, 237
Ariane 5 rocket, 291, 295
Array(s), 36, 39, 40, 47, 48, 51, 134, 139, 140,

144, 157, 162–164, 176, 189, 203
cubic, 143, 144
filament, 204
hexapole, 181
octopole, 181
parallel, 164
quadrupole, 181. See also Quadrupole rod array
resolution, 154

ASCII, 150
comma or tab-delimited, 150
text code, 145

Asprey’s salt, 304
Aspect ratio, 176

Asymmetric rectangular waveform, 280
Asymmetric trapping field, 222–224
Asymptote, 51, 53, 57, 69, 108, 269

angle, 39, 55, 69, 221
common, 35, 39, 68, 109, 221, 269
gradient, 57, 269

Atmospheric pressure, 185
Atmospheric pressure ion sources, 281, 283–286
Atmospheric pressure ionization, 162, 181, 185
Atmospheric sampling glow discharge ionization,

255
Atomic mass units, 145, 257
Automatic error control, 149
Automatic gain control (AGC), 172, 218–221, 234

electron ionization (EI) mass spectrum, 86, 219
Automatic reaction control (ARC), 87, 220
Automatic selection, 230
Auxiliary AC frequency, 172–174, 233

multifrequency irradiation (MFI), 235, 236, 240
nonresonant excitation, 235
secular frequency modulation (SFM), 235
single-frequency irradiation (SFI), 235
sweep, 235

Auxiliary AC voltage, 96, 145, 165, 168–170,
172, 196, 222, 234, 235, 267

Auxiliary oscillating fields, 164, 225
Auxiliary RF amplitude, 145, 164, 172, 204, 233,

240
Auxiliary RF duration, 145, 233, 234
Auxiliary RF potential, 134, 137–139, 165, 223, 280
Avogadro’s number, 64
Axial 

dipolar field, 224
direction, 224
direction of motion, 219
displacement, 151, 153, 155
distribution, 170
ejection, 168, 169, 172
electric field, 142
excitation, 272
excursion, 153, 155, 223, 236, 266
instability, 115
kinetic energy, 155
modulation, 63, 119, 120, 141, 145, 165, 173,

196, 234–236, 256, 258, 280
modulation frequency, 256
mounting, 195
oscillation, 235
parametric resonance, 222, 223, 225
position, 151, 153, 155
secular frequency, See Secular frequency, axial
symmetry, 58
velocity, 148, 157

Axis of cylindrical symmetry, 53, 219
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Axis potential, 105
Azimuthal kinetic energy, 146

B, coefficient, 67
βr, 4, 63, 64
βu, 6, 43, 44, 60, 61, 74
βu definition, 67 
βz, 4, 58, 118
βz, calculation of, 64, 65
Ba+, 191
Background gas, 36, 37, 216, 229, 230. 

See also Buffer gas
Background ion, 182
Background pressure, 63, 134, 150, 155
Background subtraction, 164
Base peak, 174, 199, 226–228, 263
Baseline resolution, 192
Bases, 213
BASIC, 142, 145
Bath gas, See Buffer gas
Bathtub, 168
Battery pack, 195
Battery power, 193
Beam 

axially-extended, 166
ellipse, 20
supersonic, 23

Beam-type mass spectrometer, 141, 229
Beat 

amplitude, 271
asymmetric, 270
motion, 97
oscillations, 271
structure, 267, 269

Berenice, 296
Betatron oscillations, 92
Bias voltage, 195

negative, 219
Binary digits, 213
Binding energy, 222
Biomolecules, 251, 252, 254

multiply-charged, 261
biopolymers, 261

Bits, 213
Black canyons, 91, 103
Black holes, 74, 91, 102
Boltzmann constant, 151
Boltzmann distribution, 146, 147, 256
Bond scission, 262
Boomerang, 62, 134
Boundary 

βr = 0, 124
βz = 0, 101, 124
βz = 1, 101

Boundary activated dissociation (BAD), 124
Boundary value, 177
Bovine insulin, 283, 285
Boxcar detector, 12, 17
Bradykinin, 285, 287
Breakdown electrical, 182
Breakdown curve, See Energy resolved mass

spectra
Breakdown voltage, 181
Broad-band excitation, 234
Broad-band waveform ejection, 234, 235
Bromobenzene, 204, 205
Brønsted base, 222
Brubaker lens, 162, 163, 167
Bruker Daltonics, 254, 264
Bruker-Franzen Analytik GmbH, 268, 273–276,

278
Buffer gas, 13, 22, 24, 80, 104, 113, 134, 136, 141,

150, 184, 199, 200, 222, 237, 298, 301, 303
atom, 151, 158
collision, 121, 158, 195, 222
mass, 123, 151
nature, 150
polarizability, 151
pressure, 102, 104, 114, 115, 121, 150, 151,

155, 156, 195
temperature, 151
velocity, 150

Bulirsch-Stoer method, 138
Bunched ions, 25, 115, 117
n-Butylbenzene, 64, 206

C, coefficient, 37, 55
C++, 142
C2n, coefficients, 67
C2n,u, 67
Ca+, 206
CAD, See Collision-activated dissociation;

Collision-induced dissociation 
Calculated path, 149
Calculation time, 149
Calculations, See Sample calculations
Calibration compounds, 179, 198, 199, 233, 239
Calibration curve, 236
Capillary

gas chromatograph, 216
heated, 165

Capillary column, 213, 214, 237
Capillary electrophoresis (CE), 251, 252, 286
Capillary needle, 263
Capital cost, 215
Carrier gas, 215
Cartesian coordinates, 98, 137, 138, 146
Cations, 252
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CDMS, See Control and data management system
Center of device, See Quadrupole device center
Center of mass 

energy, 123
frame of reference, 122

Central axis, 181
zero-field, 168

Ceramic spacers, 216
CH3OH, 225
CH4, 225, 226. See also Methane
Channeltron electron multiplier, 10
Characteristic curves, 43, 46, 47, 58, 66
Characteristic exponent, 66
Characteristic species, 228
Charge, 146, 150

inductive, 6
ohmic, 6

Charge exchange, 136
reaction, 80, 114

Charge state discrimination, 182, 184
Charge state-specific, 261
Charge states, 173, 182, 184
Charge transfer reactions, 25
Charged particle trajectories, 142
Charged particles, See Microparticles
Charged species, 189, 193, 229
Chemical ionization, 7, 136, 215, 220, 222,

225–229. See also CI
efficiency, 229
mass shifts, 112
mass spectral mode, 225–228
mass spectrum, 226–228
negative ion, 221, 222
positive ion, 220, 222
reagent gas, 226–228
reagent ion, 227–229
selective reaction, 222
selective reagent, 220, 222, 225
self, 85, 225
system, 148

Chemical warfare (CW) agents, 193, 208
Chemical warfare (CW) simulant, 201
Chlorine atom loss, 236
Chlorine substitution, 236, 244, 245
Chlorobenzene, 191
Chlorocongener, 236, 241, 244
Cholinesterase inhibitors, 199
Chromatogram, 231, 232, 243

comparison of, 231, 241
plotting, 217

Chromatographic peak, 85
Chromatographic peak area, 204
CI, See Chemical ionization
CI ion signal, 226

CI/MS, 223
CI/MS/MS, 223
CI scan function, 226
CID, See Collision-induced dissociation
Circuit, receiving, 10
Circular cross section, 191
Circular rods, 39
ÇIVA/ROLIS, 294
Clam extract, 231, 232
Cluster ions, 136, 164
Clusters, 23
CO2 clusters, 23
Coelution, 213, 228, 229, 231, 232
Coherent ion motion, 136, 156
Cole, Richard, 252
Collision, 150, 170, 229

cell, 162, 164, 166, 167, 169, 183, 233, 237,
246

cell design, 233
cross-section, 151, 156
with electrode, 184, 219
energy, 122, 174, 195, 233, 239, 240
factor, 151
free, 136, 151–153, 158, 215, 225
gas, 167, 168, 199, 200, 233, 239
gas nature, 233
gas pressure, 167, 239
hard-sphere, 122
hexapole cell, 164
model, 150, 151, 156
probability, 150, 151
processes, 113, 115
quadrupole cell, 164
simulation, 142

Collision-activated decomposition (CAD), 103,
118, 124

Collision-induced dissociation (CID), 168, 169,
194, 196, 199, 201, 215, 229–233, 235–238,
251, 255, 275, 284

efficiency, 201, 244
energy, 232
mass spectrum, See Product ion mass spectrum
optimized, 232
tuned, 232
waveform, 197, 234

Collisional
activation, 121, 165
conditions, 158
cooling, 13, 80, 113, 115–117, 130, 150, 151,

155, 156
cross-section, 156
damping, 134, 151, 222
effects, 75, 134
encounter, 156
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excitation, 165
focusing, 7, 22, 165, 166, 168, 170, 216, 219,

255
fragmentation, 165, 166, 230
migration, 22
system, 157

Collisions, 155
elastic, 113, 121
inelastic, 113, 121
ion/neutral, 134, 136, 151, 155, 158, 175, 225,

233
momentum exchange, 134, 168
reactive, 215

Combined dipolar and nonlinear fields, 119
Comet

Churyumov-Gerasimenko (67P), 291, 297
Wirtenan (46P), 295 

Combinatorial synthesis, 203
Commercial development, 253, 254
Commercial dynamics, 253
Commercial instrument manufacturers, 252–255
Commercial ion trap, 212, 261, 284
Commercial ion trap instruments, 212, 230, 251
Compact, 193
Comparison circuit, 9
Comparison of simulators, 136, 140, 143,

151–158
collisional cooling, 156
computational abilities, 149
geometries, 190
ITSIM with ISIS, 155, 156
operating modes, 190
SIMION with ITSIM, 155, 156

Compensation, 282
Complex function, 170
Complex matrices, 254
Compound identification, 213
Computational facilities, 135
Computational method, 153
Computational speed, 158
Computational time, 139, 155
Computer control, 212, 220
Computer modeling, 168
Computer simulation, See Simulation
Concentric layers, 184
Concept of 

instability, 35
stability, 35

Conceptual evolution, 176
Cone angle, 147
Conference of American Society for Mass

Spectrometry and Allied Topics, 182, 183, 184
Confinement capacity, 50
Confining field, 217

Confirmatory ion, 238
Congener, 229, 232, 239, 244, 245
Congener 77, 228
Congener 110, 228
Congener in a group, 232, 236
Congener groups, 231, 232, 235, 240
Conical boundaries, 192
CONSERT, 293, 294
Continued fraction expression, 61, 67
Control and data management system (CDMS),

306
Control electronics, 203
Control software, 196
Conventional view, 162
Convergence objective, 141
Conversion dynode, 166, 168
Conversion efficiency, 121
Cooling, 150, 151, 184, 195, 196

period, 87, 148, 179, 196, 197
process, 148

Coordinates
Cartesian, 98, 137, 138, 146
cylindrical, 94, 97
cylindrical polar, 53, 58, 93
spherical polar, 58, 93, 139, 146

Correlation coefficient, 198, 199
COSAC, 294
COSIMA, 293
Cosine elliptic series, 43, 44
Cough drop, 202, 203
Coulombic interaction energy, 83
Coupling

capacitive, 167
devices, 215
dipolar, 118
monopolar, 118
quadrupolar, 118

CRC Press, 259, 260, 265, 266, 268, 269, 271
CreatePot, 176, 177
Cross-section, 223

rectangular, 166
Cross-sectional

area, 146
diagram, 224, 225

Cross terms, 97
Crystal oscillator circuit, 196
Crystalline array, 134
C-terminus, 262
Cutoff mass, See Low-mass cutoff
Current, amplifier, 195
Curtain gas, 167
Curtain plate, 167
Custom designed, 158
Custom electrode geometry, 141–143
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Cylinder barrel, 189, 193
Cylindrical coordinates, 94, 97
Cylindrical geometry, 190, 193
Cylindrical ion trap, 22, 23, 135, 142, 143,

175–177, 185, 189–206
array, 204
construction, 189, 193
further development, 191, 193
geometry, 190, 206, 207
initial studies, 189
inscribed cylinder, 189
ion containment theory, 189
mass range, 192, 203
mass spectrometer, 192
miniature, 192
operation, 189
performance, 193, 199
stability diagram, 190

Cylindrical polar coordinates, 53, 58, 93
Cylindrical symmetry, 38, 53, 140

D
_

r, 77
D
_

z, 76, 77, 89
sample calculation of, 79

DAC steps, 302
Damping collisions, 113, 136, 150, 151, 222
Damping gas, See Buffer gas
Damping model, 150
Damping term, 151
Data

acquisition, 197, 216
collection, 149
display, 149
files, 150
handling, 215
output, 142, 152

Daughter ions, See Product ions
DB-5 fused silica capillary column, 231
DC 

bias potential, 168
excitation, 141
field amplitude, 49
fringing field, 162
negative, 48, 49
potential, 37, 40, 48, 141, 145, 165, 168, 169,

176, 177, 183, 196, 217
power supply, 219, 220
pulse, 280

rapid, 125, 136, 141, 145, 156, 157
ramp, 48–50
trapping, 145, 175, 176
voltage, 41, 42, 55, 162, 163, 181

DC/RF, 48, 49
isolation, 179, 180

Decapole, 267
potential, 94
term, 58

Define dialogue, 147
Define ions individually, 147
Deflector electrode, 167, 168
Degeneracy, 147
Degree of asymmetry, 191
Degree of flexibility, 222
Dehmelt approximation, 61, 65, 76, 77, 83, 90.

See also Pseudopotential well
Delta tune, 102
Delrin spacers, 193
Departure of ions, 219
Design innovation, 163
Detection, 193
Detection circuit, 9
Detection efficiency, 170
Detection levels, 173, 233
Detection limit, 184, 201, 229, 233, 236, 245, 278
Detection pulse, 17
Detector, 135, 150, 165–169, 176, 193, 194, 204,

233, 255, 285
array, 204
channel electron multiplier, 195
funnel-shaped, 163, 168
for gas chromatography, 212, 213
impinge upon, 219, 224

Dialogue, 142, 147
Diaminonitrobenzene, 205
Diaphragm pumps, 195
Diatomic molecules, 256
1,3-Dichlorobenzene, 179, 204, 205
Digital algorithm, 280
Digital ion trap, 7, 136, 175, 278, 280–287

concept, 280
confinement of ions, 281
development, 286
digital circuitry, 280
digital control, 282
digitizing rate, 258
electrodes, 282
field adjustment, 282
forward mass scan, 284, 286, 287
frequency scan, 282
geometry, 283,
ion ejection, 282
low-mass cutoff (LMCO), 282
pseudopotential well depth, 283, 284
resolution, 284–287
reverse mass scan, 284, 286, 287
simulations, 281
sinusoidal voltage, 281
square wave potential, 281, 283
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square wave potential period, 281, 282
stability parameters, 281
theoretical analysis, 281
trapping ability, 282
trapping parameters, 281, 282

Digitization circuits, 195
Dimensionless parameter ξ, See ξ
Dimethyl methyl phosphonate (DMMP), 199,

200
2,4-Dinitrotoluene, 205
2,6-Dinitrotoluene, 205
3,4-Dinitrotoluene, 205
Dioxins, 230–245
Dipolar 

auxiliary field, 139, 165, 266
excitation, 134, 136, 138, 145, 196, 269–271,

280, 281
excitation voltage, 235
field, 119, 270
frequency, 272, 280
mode, 196, 234, 256
resonant excitation, 225

Dipole 
component, 223, 267
excitation, 280
field, 136, 225, 266, 267, 271
frequency, 268, 270
resonance, 268, 269
term, 58, 137, 139

Direct capillary interface, 237
Direct-insertion membrane probe, 202
Direct-insertion probe, 239
Direct method, 139, 154
Discs, 193
Discontinuity, 154
Display functions, 142
Display options, 149
Dissociation, 170, 230
Dissociation efficiency, 201
Dissociation threshold, 225
Distribution, uniform, 146, 147
Distribution of variable property, 147
Dodecapole 

coefficient, 177
field, 267
potential, 94
resonance, 104 
term, 58
weight, 270

Dominant ion intensities, 230
DOS-based PC, 141, 142
Double resonance excitation, 270
Doubly-charged, 182, 183, 230, 259, 264, 274,

275, 278

Drive potential, 282
Driver reaction time, 149
Driving force, 193
Duration of application, 145, 234
Duty cycle, 280
Duty cycle modulation, 136
Duty period, 12
Dye laser, 191
Dynamic, 35

range, 286
Dynamic voltage, 145
Dynamically programmed scans, 102

ξ, definition, 42
Edit an ion, 147
EEPROMS, 300
Efficiency of 

boundary activated dissociation (BAD), 122
conversion, 121
ion dissociation, 201
ion excitation for MS/MS, 198, 201
ion excitation for MS/MS/MS, 198, 201
ion injection, 156
ion isolation, 198
ion transmission, 163

Effluent, 215, 216, 226
EI, See Electron ionization 
Einzel lens, 142, 203, 204, 222
Ejected ions, 157
Ejection of ions 

into an external detector, 7, 10
spurious, 101

Ejection time, 285
Elastic collision, 112, 121
Electric field, 56

axial, 142
Electric field test tube, 25
Electric potential, 40, 139, 142
Electric potential expression, 36, 37
Electrical noise, 181
Electrode 

arrangement, 157
assembly, 158, 216, 278
design, 142, 143
design roughness, 143
discontinuity, 154
field adjusting, 282, 283
geometry, 51, 68, 141, 154, 191
geometry errors, 134
hemispherical, 163
machining, 154
mesh, 163
pair, 176
plates, 176
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Electrode (Continued)
resolution, 144
shaped, 50
spacing, 170, 182

nonideal, 68, 139, 282
structure, 41, 154, 192, 221, 286
surfaces, 39, 40, 52–54, 68, 143, 145, 189, 270

nonhyperbolic, 7
thickness, 182
truncation, 39, 51, 57, 134, 139, 142, 154, 282.

See also Truncated, electrode
Electrodes, 50, 140, 154, 206

adjacent, 39, 221
barrel, 189, 191, 196, 197, 203, 206
compensation, 207
cylindrical rods, 39 
cylindrical ion trap, 193
end, 168
end-cap electrodes, 5, 108. See also End-cap

electrodes
end-cap perforation, 134, 139, 193, 282
end-cap separation, 64, 282
field adjusting, 282
high-accuracy, 191
holes in, 134, 142, 143, 154
hyperboloidal, 36, 38, 39, 51, 53, 68, 143, 189
ideal hyperbolic, 35, 192
planar end-caps, 189
positioning, 206, 207
radius, r0, See r0

readily-machinable, 191, 192
ring, 51, 53, 108, 191
rod, differently sized pairs of, 105
rod-shaped, 37
round rods, 39, 175
separation, 53, 191, 193
six, 175
small, 191
spacing, 109
spherical, 8, 191
stretched, 64, 68. See also Stretched
two-dimensional, 144
wire mesh, 189

Electron 
beam, 51, 217, 218
burst, 217
capture, 222
energy, 233, 237, 238
energy distribution, 237, 238
entrance end-cap electrode, 51, 144
flow, 195
gun, 216
ionization (EI), 85, 179, 195, 222, 225, 230
lifetime, 238

multiplier, 10, 166, 203, 216, 219, 236, 298
volt, 145

Electron ionization (EI) 
ion signal, 226, 241
mass spectrum(a), 179, 182, 197, 218, 223,

225–227, 230
MS/MS, 223
selected ion storage (SIS), 222

Electronic polarizability, 111, 112
Electrospray ionization (ESI), 117, 142, 206, 251,

252–287
advent, 252
axial modulation, 256
characteristics, 252
charge residue model, 252
charge state, 256
computer algorithm, 258
deconvolution program, 258
droplet formation, 252
early exploration, 254–256
evolution, 252
extended mass range, 258, 259–261
instrument configuration, 255
ion evaporation model, 252
ion/molecule reactions, 261
mass spectrum, 256, 259–261
MAX ENT, 258
molecular weight, 256
MSn of peptides and proteins, 261–264
multiply-charged mass spectra, 258–260
Nobel Prize in Chemistry, 202, 252
nonlinear resonances, 264–266
positive ion MS/MS, 263, 264
processes, 252
protein digest, 274, 275
recent applications, 264–270
review, 252
scan variation, 228, 259–261
source, 165, 183, 206, 222, 254, 255, 274

Electrostatic field, 138, 141, 215
calculation, 139, 144

Electrostatic force, 148
Electrostatic gradient, 140
Electrostatic ion guide, 181
Electrostatic potential, 81, 140, 181
Electrostatic potential matrix, 145
Element of space, 189
Elementary charge, 257
Elevation, 146
Elsevier, 234, 240, 242–244
Eluent, 222
Eluting molecules, 218, 222, 273
Elution, 275
Elution rate, 258
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Elution time, 213, 230
Emission current, 195, 204
Emittance, 20
Emittance ellipse, 20
End-cap electrode, 5, 51, 53–58, 68–71, 108, 134,

137, 143, 144, 148, 154, 196, 217, 220, 223,
234, 235, 256, 266, 268, 269, 280

absence of, 206
asymptote, 51, 53–55, 57, 70, 221, 269
both, 220
cross section, 216
cylindrical symmetry, 192
discontinuities, 154
displaced, 106
electron entrance, 51, 143
entrance, 156, 157, 282
equation, 69, 270
exit, 282, 283
extraction, 283
hemispherical, 191
holes, 51, 134, 142–144, 150, 154, 272
hyperboloid profiles, 51, 68, 144, 282
ion entrance, 148, 255
ion exit, 51, 143, 156, 157, 217, 219, 255
lower, 219, 224
perforation, 155, 193, 216, 217, 219
planar, 189, 193
separation, 51, 68–71, 193, 221, 282, 284
single perforation, 216
symmetric displacement, 68–71
tilting, 106
upper, 216, 224

End plate, 175
Energy control, 138
Energy discrimination, 135
Energy level, 147
Energy-resolved breakdown curves, 239
Energy-resolved mass spectra, 233, 240
Energy transfer parameter, 151
Enhanced mass resolution, See Mass resolution,

enhanced
Enolase, 274–277
Entirely new strategy, 212
Environmental matrices, 232
Environmental samples, 228
Equations of ion motion, 53, 138
Equations of motion 

three dimensional, 35, 53
two dimensional, 35, 53

Equilibrium temperature, 80
Equipotential lines, 282
Error source, 143, 154
Esquire™ ion trap, 124
Esters, 213

Ethylene, 228
European Physics Journal, 207
Even multipole field, 94
Expectation value, 277, 278
Evolution of ion trapping structure, 176
Excel spreadsheet program, 150, 199
Excessive ionization, 219
Excitation. See also Coupling

axial, 103
dipolar, 103
field, 222
potential, 196
quadrupolar, 103
radial, 103

Exit aperture, 40, 48, 163, 168, 172
Exit fringing field, 166, 173
Exit lens, 167, 169
Exothermicity, 228
Experimental data, 149, 189
Explosive compounds, 205, 206

identification, 206
separation, 206

External detection, 217
External detector, 10, 40, 43, 58
External ion injection, 144, 221, 251, 284–287
External ion source, 151, 181, 222, 286
Externally-generated ions, 142–144, 151, 156,

185, 203, 221
Extracted data, 150
Extraction efficiency, 172, 173
Extraction potential, negative, 282
Extraction region, 172

Fabricated, 189, 193
Fabrication, 189
Family of ions, 147
Fate, 157, 158
Fenn, John, 252
Field 

adjusting electrode, 282, 283, 285, 286
calculation, 158
center, 189
correction, 206
defects, 193
distortion, 155
faults, 193, 285
free region, 181, 229
gradient force, 181
imperfections, 16, 74, 115, 189
instrument, 204, 217
interpolation method, 141, 154
nonideal, 136
multipole, 206, 282
optimization, 206
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Field (Continued)
oscillator, 189, 217
penetration, 142
portable, 193, 207
quadrupole, 217
radius, 167
roughness, 143
static, 35
stray, 203
uncoupled, 43

Figure of eight, 59, 134
Figure of merit, 214
Filament, 194, 216, 217

array, 204
assembly, 195, 203
emission current, 234
power supply, 195

Filtered noise field (FNF), 120, 196
Finite numerical value, 213
Finite strength, 222
Finnigan, 221
Finnigan Corporation, 218, 228
Finnigan ion trap, ITS-40 instrument, 194, 195,

220, 229
Finnigan MAT Corporation, 212, 226, 227, 237
First-order differential equation, 138
Fixed frequency sine wave, 197
Flavonoid glycosides, 252
Flight model (FM), 300
Floquet’s theorem, 65
Flow rate, 195
Fluence, 121
Fly-by, 295
FNF, See Filtered noise field
Focus ions, 215, 222
Focusing effects, 22
Force

acting on an ion, 35
dynamic, 35
electrostatic, 139
time-dependent, 35

Forced asymmetry trajectory (FAST), 204
Forward scan, 284–287
Four-channel array, 204, 205
Fourier 

analysis, 63
theorem, 66
transform, 7, 10, 155, 179, 181

Fourth-order Runge-Kutta algorithm,
See Runge-Kutta algorithm

Fractional abundance, 241
Fragment ion, 65, 167, 174, 179, 180, 194, 215,

230, 236, 238, 240, 262
capture efficiency, 236

channel, 239
intensity, 206, 244
nascent, 240
scattering, 246

Fragmentation, 226–228, 233
channel, 239, 240
directed, 235
efficiency, 172
extent of, 228, 233
nomenclature, 262, 263
pattern, 233
scattering, 237
stage, 229

Frame of reference
center of mass, 122
laboratory, 122

Frequency 
absorption analysis, 141
analysis of calculated trajectories, 63, 155
components, 236
doubling, 92
notch window, 229
predefined, 149
scan, 136, 282, 284, 285
scan rate, 285
single notch, 229
synthesizer, 220
tuned, 196

Fringing field, 163, 164, 166, 168, 169
Full width half maximum (FWHM), 261, 272,

282
Fundamental 

axial secular frequency, 60, 65
frequency, 60

overtone of, 102
oscillations, See Secular motions
secular frequency, 43, 63, 229

Furans, 230–245
Fused silica, 237

G nerve agents, 199
Gas chromatograph, 23, 204, 214, 215, 218, 220,

222, 237, 253, 301
Hewlett-Packard 5890-II, 237
Varian 3400, 237

Gas chromatograph detector, 212
Gas chromatograph/mass spectrometer, 215,

301
Gas chromatographic

acquisition, 232
capillary, 231
column, 206, 213, 229
effluent, 225, 229, 230
outlet, 215
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run, 223, 231
separation, 241

Gas chromatography, 205, 213–223, 245, 254.
See also GC

high resolution, 237
Gas chromatography/mass spectrometry,

See GC/MS
Gas chromatography/tandem mass spectrometry,

See GC/MS/MS
Gas plume, 173
Gas pressure, 171
Gas-phase ions, 252
Gaseous ion, 253, 261

confinement, 35, 36, 50, 182–184
flight, 215

Gate electrode, 144, 183, 194, 195, 197, 216–218,
226

Gated electron gun, 216
Gated filament, 217
Gating action, 217
Gating lens, 216
Gaussian curve, 148
Gaussian distribution, 62, 146–148
GC, 214

column exit, 216
conventional, 215

GC channels, 304
GC effluent, 216, 230
GC market, 215
GC/MS, 25, 213–215, 221, 222, 230
GC/MS transfer line interface, 220
GC/MS/MS, 214, 220, 222, 230, 232
Geometric aberration, 136
Geometric center, 223, 224
Geometric shape, 143, 175
Geometry dependent, 206
Getter, 304
Ghost peaks, 104
GIADA, 293
Glow discharge source, 196
Glu-fibrinopeptide, 164
Glutamine, 261
Glycine, 261
Gradient, 141
Gramicidin-S, 183, 184
Graphical representation, 59
Graphical user interface, 142, 149
Grid resolution, 144, 154
Group of ions, 146

Halogenated compounds, 213
Hamilton function, 98
Hard sphere collision model, 146, 150, 151, 155
Hardware, 194

Harmonic frequency, 63, 64
H6CDD, 236, 237, 241, 242, 245
1,2,3,4,7,8-H6CDD, 239
1,2,3,6,7,8-H6CDD, 239
1,2,3,7,8,9-H6CDD, 239
H7CDD, 245
1,2,3,4,6,7,8-H7CDD, 239
Heated solids probe, 220
Heated transfer line, 215
Helium, 141, 150, 199, 200, 202, 215, 216, 222,

223, 237, 255
Helium pressure, 155–157, 204, 216, 239
Hepta-chlorocongeners, 235
Hewlett-Packard, 237
n-Hexane, 190
Hexapole, 267

ion trap, 264
nonlinear resonance, 103, 264, 265, 267, 270,

272
potential, 94, 95
resonance, 224, 266–268, 270, 272
resonance ejection scan, 268
resonance line, 100, 124
rod array, 181, 182
term, 58, 137, 139

Hexapole field, 36, 365, 266
4%, 270, 271
components, 138
ion ejection, 267
superimposed, 264, 265, 270
superposition, 270
theory, 264–266

Hg+, 191
High-ion-capacity trap (HCT), 264, 270–278, 286
High-mass pass filter, 48, 49, 163
High mass resolution, 155, 164, 220
High order 

fields, 271, 286
multipole components, 58

High performance features, 220
High-performance liquid chromatography

(HPLC), 251, 255
High pressure region, 185
High pressure source, 185
High resolution, See Mass resolution
High resolution mass spectra, See Mass resolution
High resolution mass spectrometry (HRMS), 232,

233, 236–245. See also Mass spectrometry,
high-resolution

ion source, 241
High resolution mode of operation, 7
High speed processor, 139
High throughput, 203–205
High throughput platform, 254
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Higher order field, 36, 139, 177, 282
field components, 58, 91, 96, 134
frequencies, 60, 67

Higher power field components, 57
Histogram, 146
Historical account, 1, 7, 91
Home-made devices, 212
Horse heart myoglobin, 283, 285
Horse skeletal muscle myoglobin, 256, 258
HRMS, See High resolution mass spectrometry
Hybrid

instrument, 35, 158, 169
mass spectrometer, 35, 142

Hydrocarbons, 213
Hyperbola(s), 39, 143

complementary, 38
rectangular, 38, 39

Hyperbolic
cross sections, 38, 165
electrode, 190, 192, 270, 282
electrode structure, 68, 108, 221, 270
functions, 267
ion trap, 142, 175, 176, 191
manner, 272
rod array, 165, 175

Hyperbolic angle, 268, 269
modified, 268–270

IBM PC, 216
ICIS II data system, 237
Ideal geometry, 144
Ideal quadrupole field, 134, 136, 137, 192
Ideal quadrupole ion trap, 52, 109, 137, 143, 207.

See also Quadrupole ion trap
Ideal quadrupole potential distribution, 51, 57
Image currents, 10
Impedance, 189
In situ analysis, 208, 193
In situ ion detection, 193
Increment, 63, 147, 149, 152, 213
Indirect method, 139
Inductive

charge, 6
load, 6

Industrial process monitoring, 203
Industrial secret, 106
Inelastic collision, 113, 121
Information theory, 213, 214
Informing power, 213–215
Infrared absorption spectrometers, 253
Infrared multiphoton dissociation (IRMPD),

See Multiphoton dissociation
Infrared spectroscopy, 256
Initial conditions, 62, 137, 142, 146, 147, 150,

153, 155, 157, 217

Initial position, 148
Initial property, 147, 152, 156
Injected, 156, 157
Injected ions, 7, 115–117, 157, 221. See also Ion

injection
Inlet system, 203, 204
Input parameter, 145
Inscribed circle, 169, 190, 221
Inscribed cylinder, 192
Instability region, 35, 43–47, 58, 59, 124

embedded in stability diagram, 91
Instrument, 237

control, 216
panels, 197
parameters, 233
tuning, 236
upgrading, 220
volume, 194
weight, 194

Insulin, protonated, 273, 274
Integrated system for ion simulation (ISIS), 136,

141–147, 149, 150, 153–158
Integration step, 149, 150
Integration step size, 149
Integration time, 149, 150

adjustable static, 149
optimum, 149
static, 149

Intensity ratio, 184
Interactive dialogue, 142
Interelectrode separation, 181, 182
Interface, 216

open/split, 215, 216
region, 167

Interference, 245
fields, 92
potentials, 92

Internal energy, 125, 233, 240
distribution, 233

Internal excitation, 121, 123, 125, 240
Internal standard, 232
International Journal of Mass Spectrometry, 224,

234, 240, 242–244
International Journal of Mass Spectrometry and

Ion Processes, 62
International Mass Spectrometry Conference,

16th, 205
International System of Units (SI), 145
International Union of Pure and Applied

Chemistry (IUPAC), 162
Interpolation method, 154
Interposed slot, 197
Interquadrupole aperture, 167–169, 233
Inverse Fourier transform, 179
Investment, 215
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Ion abundance, 285, 287
Ion acceleration, 149
Ion acceptance, 163, 168
Ion accumulation, 168, 169, 182, 287
Ion activation, 171, 172
Ion axial excursion, 155, 217
Ion axial kinetic energy, 134, 181
Ion beam, 39, 49, 147, 165–168, 229
Ion behavior, 37, 142
Ion capacity, 172, 173, 272, 273, 286
Ion charge control (ICC), 87, 272, 273
Ion chemistry, 22
Ion cloud, 150, 155, 170, 191, 197, 203,

222–224, 272
preexcitation, 272

Ion confinement, 36, 43, 51, 144, 157, 164–166,
185, 190, 196, 230, 278, 280

axial, 165
radial, 165
strong, 206
theory of, 169

Ion containment theory, 35, 37
Ion creation, 147, 157, 217, 251

external, 142, 144, 221
internal, 221

Ion current signal intensity, 217
Ion cyclotron double resonance (ICDR), 19
Ion cyclotron resonance, 142, 181
Ion definition, 142, 146

exact, 146, 147
in groups, 147
uniform, 147

Ion density, 191, 222, 273
limit, 83
maximum, 82
saturation, 172

Ion detection, 58, 181, 185, 251
nondestructive, 136

Ion displacement, 35, 222
Ion distribution, 146, 147

spatial, 84, 90
velocity, 21, 90

Ion ejection, 10, 43, 48, 56, 58, 118, 134, 136,
143, 171, 172, 176, 185, 193, 216, 222–225,
230, 234, 266–273, 283

axial, 168, 224, 235
delay, 177
dipolar excitation, 282
directed, 179, 224, 270, 271
direction of, 224
efficiency, 10, 170, 172, 224
fast, 196, 225, 271
multiresonance, 221, 229, 235, 270, 271
radial, 165, 170
rate, 171

resonance, See Resonance ejection
sharp, 270, 272
signal, 177
spurious, 101, 102
unidirectional, 224, 270–272

Ion ejection scan, fast, 270
Ion energy 

analysis, 163
gain, 151, 156
loss, 151
variation, 154

Ion ensemble, 142, 147, 148, 150, 155–157
Ion entry, 182
Ion excitation, 196, 222, 234
Ion excursion, temporal variation, 134, 184
Ion exit, 182
Ion extraction, 183, 190
Ion flight, 145, 225
Ion flow rate, 168, 171
Ion flux, 175
Ion focusing, 134, 181, 215, 219
Ion fragmentation, 136, 164, 179
Ion frequency, 155
Ion funnel, 142
Ion gate, 144
Ion generation, 147, 156, 191, 251, 286
Ion generation parameters, 147, 148
Ion guide, 179, 181, 182
Ion/helium collisions, 219
Ion identification, 273
Ion initial positions and velocities, 62, 137
Ion injection, 115, 134, 136, 141, 142, 147, 151,

156–158, 168, 172, 220, 222, 251
energy, 171

Ion intensity range, 214
Ion internal energy(ies), 255
Ion/ion

interaction, 13
reaction, 113, 261
scattering, 14, 15

Ion isolation, 138, 170–172, 177, 179, 180,
196–199, 230, 234, 235, 275

coarse, 234
fine, 234, 235

Ion kinetic energy(ies), 88, 134, 149, 156, 157,
169, 171–174, 196

axial, 168, 169
diminution, 155
distribution, 135, 146
high, 157
intermediate, 157
low, 157
maximum, 89, 90, 156, 157
mean, 90
radial, 168
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Ion kinetic energy(ies) (Continued)
temporal variation, 134, 154
total, 89

Ion lens, 142, 147, 148
Ion lifetime, mean, 14
Ion loading, 165
Ion loss, 15, 43, 163, 171, 183, 184

parameters, 16
processes, 12

Ion mass, 151
Ion migration, 18, 113, 150
Ion/molecule 

collision, 151, 158
equilibria, 22
interactions, 181
mechanisms, 190
reaction(s), 9, 13, 18, 86, 106, 110, 113, 190,

212, 219, 222, 225, 227, 261, 302
reaction chamber, 190

Ion momentum, 255
Ion motion, 41, 56, 61, 138, 149, 153, 189, 264,

283
axial, 63, 134, 155, 225
coherent, 136, 156, 157
component, 149
coupling, 166, 168, 173
damping, 134, 136, 155
decoupled, 96
frequency, 63, 134
radial, 63, 170
spectrum, 63
stable, 58
theory, 41, 58, 191
in three-dimensional field, 56, 58, 61, 134, 264,

266
in two-dimensional field, 41

Ion movement, 96
Ion/neutral 

collisions, 13, 22, 134, 146, 150, 155, 157
scattering, 15

Ion number, 142, 146, 165, 191
Ion optics, 141, 142, 144, 157, 193, 194
Ion oscillation, 39, 40, 61
Ion path, 167
Ion pipe, 162, 165, 179, 181
Ion population, 148
Ion position, 149, 191

axial variation, 151
captured, 157
radial variation, 151

Ion properties, 146, 147, 149, 150, 157
defining, 146

Ion recognition, 230
Ion remeasurement, 10

Ion resonance, 134, 269
Ion resonance ejection, See Resonance ejection
Ion retention efficiency, 201
Ion selection

negative, 215
positive, 215

Ion settling, 219
Ion signal, 216, 231, 242, 243
Ion signal gain, 236
Ion signal intensity, 172, 174, 183, 199, 213, 215,

229, 231, 233, 241, 272, 273
Ion, single, behavior of, 74
Ion source, 135, 141, 142, 162, 193, 194, 225,

233, 238
external, 151, 185

Ion species, 164, 167, 182, 199, 217, 226, 230
Ion spray, 167
Ion storage, 56, 58, 59, 179, 190

capacity, 254, 269, 272–278
device, 183, 189

Ion store, 50
Ion temperature, 80
Ion tomography, 170
Ion trajectory, 43, 136, 149, 153, 155, 157, 164,

217, 222
calculations, 61, 63, 81, 134–136, 138, 141,

148–150, 157
easily calculated, 35
excursion, 134, 138, 219, 222
instability, 35, 43, 58, 217
manipulation, 134
quality, 149, 150, 155
simulation, 61–63, 134–139, 141, 143, 147,

153–155, 158, 266–271
simulator, 149, 158
stability, 35, 40, 43, 48, 58, 59, 172
stability region, 58
three-dimensional representation, 59, 62, 134,

135, 141
unbounded, 58
unstable, 138, 219
well-defined, 35

Ion transmission, 48–50, 135, 162, 168, 229
enhanced, 162

Ion trap. See also Quadrupole ion trap
assembly, 217, 220
axis, 168, 172
capacity, 170, 220, 264, 272
center, 56, 71, 150, 155, 206, 215, 219, 221,

223, 224, 236, 255, 267, 272
combined, 85
commercially available, 212
commercially available software, 197
control, 217
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cross-sectional view, 5, 51, 52, 192, 221
cubic geometry, 163, 175
detector (ITD), 212, 215, 216, 220–223,

225–227
digital, 136, 175
dimensions, 191, 217
electrode assembly, 51, 220
electrode material, 297
electrode structure, 51, 52, 68
electrodynamic, 224
electronics, 220
enormous capability, 220
exterior, 157
GC/MS, 213–223
geometry, 68, 163, 189, 206, 221, 283

nonstretched, 297
readily-machined, 191

hardware, 231
hyperbolic angle, See Hyperbolic angle
interior, 157, 216
instruments, 64, 221
limitations, 230
linear, See Linear ion trap (LIT)
literature, 68
mass spectra, See Mass spectra
mass spectrometer, 7, 58, 62, 212, 220, 230,

251, 255, 296. See also ITMS
mass spectrometry, 199

coupled with liquid chromatography,
250–287

modified, 231
nonideal, 136
nonstretched, 297
operations, 162
parameters, 217, 218
performance, 191, 219, 230
photograph, 53
rectilinear, See Rectilinear ion trap
simulation program, See ITSIM
six-electrode structure, 165, 175
size, 189
stretched, 64, 143, 175, 221, 235, 269, 280. 

See also Stretched ion trap
technology, 212
theory of operation, 50–67
truncated, 39, 51, 57
volume, 143, 155, 185. See also Trapping volume

Ion trapping device, 206
Ion trapping efficiency, 141, 156, 158, 168
Ion trapping properties, 164
Ion tunnel, 163, 181–185
Ion velocities, 67, 147, 149–151
Ion vibrational energy, 255
Ionic parameters, 137

Ionization 
continuous, 8, 17
in situ, 218, 219, 222, 226, 230, 233, 235

cross section, 236–238, 241, 244, 245
efficiency, 245
energy, 244

Ionization parameters, 197
Ionization path length, 241
Ionization period, 11, 204, 218, 219, 225, 234

duration, 218, 219, 233
Ionization pulse, 11
Ionization source, 162, 195
Ionization time, 86
Ionization volumes, 204
Ions

by groups, 147
generated externally, 142, 143
metastable, 17, 23
monitored, 238, 239
motion of, 112
multiply-charged, 184, 252, 258
multiply-protonated, 254, 257, 258
nascent, 240
negative, See Negative ions
number of, 147, 173
realistic groups, 147
resonantly excited, 141. See also Resonance

excitation
too many, 218

IRMPD, See Multiphoton dissociation,
ISIS, See Integrated system for ion simulation
Iso-β, 85
Iso-β lines, 85
Iso-βr lines, 4, 61, 96
Iso-βu lines, 44, 170
Iso-βz lines, 4, 61, 96
Iso-25 nipple, 202
Isobutene, 228
Isolated ion, 199, 201, 230
Isolation efficiency, 172, 200, 201
Isolation procedure, 200
Isolation stage, 201
Isoleucine, 261
Isomer differentiation, 22, 112
Isomeric T4CDDs, 231
Isotope dilution technique, 232
Isotope ratio measurements, 7, 296, 297, 301, 303
Isotope ratios, 260

theoretical, 260, 261
Isotopes, 172, 231, 238

pattern, 257
separation of, 80, 92, 164, 173, 257

Isotopic cluster, 232
Isotopic distribution, 259
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Isotopic reference standards, 305
Isotopically-labeled, 231
ITDTM, See Mass spectrometer
Iterative process, 139, 141
ITMS, See Mass spectrometer
ITS 40TM, See Mass spectrometer
ITSIM, 61–63, 136, 139, 141–151, 153–158, 179,

196
version 4.1, 157
version, 5.0, 157, 158

J & W Scientific, 231, 237
John Wiley & Sons, 167, 171, 174, 253, 281,

283–287
Journal of the American Society for Mass

Spectrometry, 165, 166
Journal of Mass Spectrometry, 63, 135, 140, 143,

144, 146, 148, 153, 154, 281, 283–287

K and M Electronics, 195
Keithley Instruments, 195
Ketones, 213
Kinetic approach to ion loss, 14, 15
Kinetic cooling, 150
Kinetic energy, 75, 146, 158

acquisition, 164
distribution, 149
effects, 141
initial, 147
loss, 150
pseudopotential well, in, 116
sample calculation of, 90
variation, 151

KNF Neuberger, 195
Knight formulation, 4
Knight’s equation, 68–71

Laboratory reference frame, 122, 171
LabView, 190
Lambe-Dicke regime, 207
Lander, 292, 293
Langevin collision model, 150, 151, 155, 157
Langevin collision theory, 150
Laplace condition, 4, 35–37, 52, 94, 140
Laplace equation, 94, 158
Laser beam, irradiation, 203
Laser cooling, 191
Laser desorption, 104
Laser interrogation, 206
Laser irradiation, 191
Laser spectroscopy, two-color, 191
LC/MS, 25
LCQ™ ion trap, 124
Legendre polynomial, 58, 93

Lens, 165, 216, 217, 255
Leucine enkaphalin, 183, 184
Library mass spectra, 217
Limit of detection, 201
Limit of stability, 171
Linear ion trap (LIT), 2, 7, 36, 38, 43, 74, 87, 88,

164–176, 254, 286
advantages, 165
capability, 36
characteristics, 171, 185
development, 163
length, 172
low-pressure, 169, 173
nonlinear field effects, 104
performance, 36, 169, 172
sensitivity, 173

Linear relationship, 285
Linear response, 204
Liquid chromatography (LC), 254, 258, 274, 275,

278
column, 258, 273
multidimensional, 278
one-dimensional, 278

Lissajous curve, 59
Lissajous’ figures, 134, 135
Lock mass, 233
Locus, 217
Longitudinal components, 163
Longitudinal extension, 185
Low-level analysis, 184
Low-level detection, 193
Low-mass cutoff (LMCO), 59, 64, 65, 74, 124,

145, 163, 164, 171, 172, 197, 199, 217–219,
226, 227, 234, 235, 237, 282

Low-mass ions, 163
Low-mass pass filter, 48, 49
Low-order multipole fields, 264
Low pressure, 166, 173
Lower limit, 219

Machine intelligence, 87
Macromotion, 135
Macroparticle, 134

trajectory, 134
Magnetic and electric sectors, 35, 231
Magnetic field, 81, 141, 215, 229, 230
Magnetic poles, 229
Magnetic sector instruments, 35, 231
MALDI, See Matrix-assisted laser desorption 

ionization
Major peaks, 199
Manifold temperature, 238
Mascot program, 277
Mass, 146, 184
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Mass analysis, 183, 192, 195, 202, 212, 217, 218,
226, 230, 234

multiple stage, 192
RF scan, 48
scan, 48, 167

Mass analyzer, 167
first, 214, 215
mini-CIT, 194
second, 214, 215

Mass assignments, 165
accuracy, 277, 286
change, 165

Mass calibration, 198, 199, 239
Mass calibration scale, 198, 285
Mass/charge ratio (m/z), 36, 40, 43, 47–50, 56,

59, 65, 145, 147, 162, 164, 179, 181, 184,
189, 192, 199, 200, 228, 233, 235, 238, 239,
251, 256–258, 262, 272, 273, 284–286

assignment of, 86
interval, 258
range, 204, 217, 221, 251, 256, 263

Mass detector, 220, 254
Mass difference, 257
Mass discrimination, 163, 171, 172
Mass displacement (δm), 111
Mass increment, 147
Mass markers, 239
Mass number, 213
Mass range, 50, 65, 172, 193, 199, 204, 207, 212,

214, 217, 219, 226, 227, 230, 241, 258, 274,
282

extension, 7, 196, 220, 254, 256, 258–261,
274

high, 282
nominal, 251, 258
normal, 258, 261, 263

Mass resolution, 50, 163, 165, 173, 175, 179,
185, 193, 196, 198, 201, 204, 207, 213, 217,
257–259, 261, 272–274, 285–287

degraded, 284
enhanced, 171, 173, 175, 220, 225, 254, 259,

270
high, 164, 231, 273, 282, 283, 285
unit, 174
variation, 165, 221

Mass scale, 282
Mass scan, 219, 273, 280, 282–284

forward, 285
rate, 165, 173–175, 258, 272–274, 282, 283,

286
rate variation, 220
in reverse, 284, 285
segmentation, 219
UltraScan mode, 272–275

Mass scanning
performance, 222
range, 274

Mass selected, 229, 230
Mass selected ion, 229
Mass selection, 166, 167
Mass-selective axial ejection, 6, 23, 166, 168,

172, 173, 192, 196, 217, 230
Mass-selective axial instability, 217, 218, 226
Mass-selective detection, 6, 7

in situ, See In situ ion detection
Mass-selective ion ejection, 7, 87, 119, 136,

163–166, 169, 170, 173, 185
Mass-selective instability

ejection, 136, 170
mode, 61, 217, 280
scanning method, 136, 217

Mass-selective ion, 238
isolation, 141, 231, 234, 235
storage, 6, 7, 92, 114, 190

Mass-selective mode, 218
Mass-selective operation, 145, 162, 165, 230
Mass selective stability mode, 179
Mass-selective storage, mass spectrum, 190
Mass selectivity, 47, 48, 229

multiple stages, 165
Mass separation, 163
Mass shift, 74, 91, 105–107, 172, 272, 273, 282

centroided, 174
chemical, 177
definition, 112
effect, 110
negative, 106
positive, 106, 112

Mass spectrum(a), 179, 183, 196–199, 201–205,
212, 215, 217, 219, 225, 238, 273–275, 278,
279, 284, 285

deconvolution of, 232
resolved, 219

Mass spectral library, 219
Mass spectrometer, 50, 142, 201, 215, 225

Bruker Esquire 300 plus ion trap, 28, 124, 272,
273

Bruker/Franzen Esquire, 254
Bruker Daltonics Esquire HCT, 254
chemical-biological, 269
coupled, 230, 279
digital ion trap, 281, 283–286. See also Digital

ion trap
electric sector instrument, 35
Finnigan ITS-40 ion trap, 195
Finnigan MAT 700 ITD, 212, 220
Finnigan MAT 800 ITD, 220
Finnigan MAT ITD, 253
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Mass spectrometer (Continued)
Finnigan MAT ITMS, 7, 124, 220
Finnigan MAT MAGNUM, 301, 302
Finnigan MAT TSQ-70, 237
ion cyclotron resonance, 142, 181
magnetic sector instrument, 35
MDS SCIEX linear ion trap, 166, 167, 254
Micromass Quattro LC triple-stage quadrupole,

164
multiplexed, 203
portable explosives’ detector, 204
reflectron time-of-flight, 277
Teledyne Discovery 2 ion trap, 204, 214
Thermo Finnigan LCQ, 124, 165, 254, 286
Thermo Finnigan LCQ Deca, 173, 286
Thermo Finnigan LCQ Deca XP MAX, 254, 286
Varian Saturn 3D GC/MS/MS, 237
VG Autospec triple sector, EBE, 237

Mass spectrometric detector
modes, 223
techniques, 217

Mass spectrometry, 68, 203, 206
community, 67
high resolution (HRMS), 231
journals, 162
quadrupole, See Quadrupole mass spectrome-

try, theory
Mass spectrum, 49, 173–175, 199, 201, 202, 222
Mass tolerance, 277
Mathieu equation, 4, 47, 57, 280

canonical form, 42
complete solution, 61, 65–67
force derived from, 35, 36
general form, 42
general solution, 42–47
introduction, 35
numerical integration, 136–138, 141
parameters, 36, 59, 68
solutions, 35, 43, 44, 58, 59, 65–67, 170

Mathieu stability diagram, 46. See also Stability
diagram

Mathieu stability region, 44, 59
Matrix-assisted laser desorption ionization

(MALDI), 115, 252, 273, 282–284, 286
Matrix field interpolation, 139
Matrix science, 277
Matrix techniques or methods, 145, 154
Maximum radial displacement, 88
Maxwell-Boltzmann distribution of velocities,

136, 146, 147
MDS SCIEX, linear ion trap, 166–175
Mean-free path, 151
Mean velocity, 148
Measurable steps, 213

Mellitin, 173, 263
Membrane, 202

inlet, 202, 203
Membrane introduction mass spectrometry

(MIMS), 201–203
Menthol, 202, 203
Mesh-covered aperture, 167, 206, 207, 282, 283
Mesh electrode, 163, 189
Metabolite identification, 254
Metabolite structural elucidation, 254
Metabolomics, 203
Metal cylinder, 193
Metal sheets, 163, 175
Metastable ions, See Ions, metastable
Methane, 190, 226–229
Methionine, 261
Metrology application, 206
MFP, See SIMION MFP setting
Microchip construction methods, 206
Microcomputer, 216
Microfabricated electrospray ion source, 206, 208
Micro-imaging dust analysis system (MIDAS),

293
Micro ion traps, 23, 191, 206–208

optimization, 206–208
Micromass, 164
Micromotion, 75, 113, 135
Microparticles, 75, 113, 206
Microtraps, See Micro ion traps
MIDAS, See Micro-imaging dust analysis system
Migration of ions, 18, 113
Milestones in the development of the QIT, 7
Miniature cylindrical ion trap, 192–201

array, 203–205
dynamic range, 204
field applications, 204–206
mass calibration, 198, 199
miniaturization, 193, 194
operating pressure, 195
power supplies, 207
system performance, 198
variable scan rate, 206

Miniature cylindrical ion trap size, 203
Miniature ion trap, 189, 191

devices, 191
filament assembly, 203
geometrics, 206
inlet system, 203
mass spectrum, 199
portable, 194

Miniaturized laboratory, 307
Miniaturized membrane inlet system, 201, 202
MIRO, 293
Mirror image, 49
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Mission phase
primary, 306
secondary, 306

Mixture analysis, 213, 229
Mnemonic, NBYC, 262
Mode of operation, 217
Model

inelastic ion/neutral collisions, 150
ion trap capacity, 170

Modeling calculations, See Simulation
Modulation, 234
Modules, See Simulation, module
MODULUS, 291, 294
Molecular beams, supersonic, 191
Molecular cation, 201
Molecular dynamics, 150
Molecular ion, 179, 180, 182, 199, 226, 230–232,

235, 238
attenuation, 201
cluster, 231, 238
density, 218
isolated, 236–238, 241
isolation, 231
signal intensity, 230

Molecular weight, 226, 228, 251, 257–259, 262,
277

Momentum
conservation of, 122
transfer, 81

Momentum-moderating effect, 134, 168
Monopolar excitation, 138, 145
Monopole, 163

mass spectrometer, nonlinear resonance effects
in, 92

term, 58, 137, 139
Monte Carlo, 150

high-energy model, 150
simulations, 114

MOSFETs, 280
Mouse-activated buttons, 142
MOWSE score, 277
MRFA, 172
MRM, See Multiple reaction monitoring
MS-FIT program, 277, 278
MS/MS, See Tandem mass spectrometry
MS/MS/MS, 164, 179, 180, 192, 200, 201

achievement, 201
isolation, 201
product ion mass spectrum, 201

(MS)4, 164
(MS)n, 120, 165, 169, 172, 220, 254, 261, 263
Multifrequency waveform, 229, 234, 235
Multiparticle simulations, 135, 136, 142, 150, 158
Multiphoton absorption, 22

Multiphoton dissociation, infrared, 7
Multiphoton ionization, 191
Multiple cylindrical ion traps, 189
Multiple electrode structure, 206
Multiple reaction monitoring (MRM), 232
Multiple stages of mass analysis, 192
Multiplexed inlet system, 203
Multiplier bias, 197, 218, 226
Multiplier gating, 195
Multiply-charged ions, See Ions, multiply-charged
Multiply protonated biomolecules, 256–260,

274–286
Multipole(s),

even, 94, 269
odd, 94
order of, 94
superimposed, 92

Multipole collision cells, 92
Multipole components, 270
Multipole expansion, 139
Multipole field, 93, 224

even, 264
higher, 267
low-order, 264
odd, 264
order, 267
superimposed, 92
superposition, 264, 269
three dimensional, 264–266
weights, 270

Multipole potentials, addition of, 97
Multipole rod assembly, 185
Multiport UHV vacuum system, 220
MUPUS, 294

NaI, 164
Nanotips, 297
Nascent product ion, 169
National Institute of Standards and Technology

(NIST), 199
National Instruments Corporation, 196
Native analytes, 232
Nearest neighbor, 140
Negative gradient, 139
Negative ions, reactant, 222
Negative phase, 282, 283
Negative voltage duration, 280
New bond, 228
New velocity, 151
Newton’s laws of motion, 148
Nicotine, 226–228
Nitrobenzene, 205
Nitrogen, 167, 168, 170
Nitroglycerine, 205
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m-Nitrotoluene, 205
o-Nitrotoluene, 205
p-Nitrotoluene, 199–201, 204, 205
Nobel Prize for Physics in 1989, 50
Noise, 179

chemical, 229
electronic, 229
floor, 229
level reduction, 229

Nonelectrode pixel, 139
Nonlinear field, 115

combined with dipolar field, 119
Nonlinear hexapole resonance, 264–266
Nonlinear ion trap, 139, 265, 266, 268–278
Nonlinear power absorption, 225
Nonlinear resonance, 16, 74, 91, 93, 97

effects, 92, 100
hexapole, 264–266, 272
octopole, 102, 264–266
z-type, 268–270

Nonlinear trap, 265
Nonlinearity, 225, 264, 265, 268, 269
Nonzero value, 223, 225
Normalized intensities, 184
North America, 215
Notch, 235
N-terminus, 262
Number of ions, See Ions, number of
Number of members, 147
Number of scans, 196
Numerical analysis, 190
Numerical data, 150, 155
Numerical integration, 148, 149

O8CDD, 236, 237, 239, 245
O8CDF, 236
Octodecapole, 267
Octopole, 264–266, 269
Octopole field, 36, 181, 193, 207, 265–267

2%, 268, 270, 271
coefficient, 177, 206, 208
components, 138, 207, 221, 270
ion trap, 264–266
negative, 177
nonlinear resonance, 102, 264–266
positive, 177, 267
resonance, 196, 266, 268, 270
resonance lines, 100, 104
resonance quenching, 267
rod array, 165, 181
sign, 207
superimposed, 268–270
superposition, 268, 269
term, 58, 137, 139

weight, 270
z-resonance, 269

Octopole potential, 94
Odd multipole, 94
Off-axis detector, 195
Ohmic charge, 6
Open University, 294
Operating line, See Scan line
Operating mode, 145, 190
Operating platform, 142
Operating point, 225
Operating pressure, 167, 173, 215
Operational conditions, 237, 238
Operator 

knowledgeable, 215
notation, 42

OPUS data system, 237
Orbiter, 292–294, 296
Order higher than quadrupole, 207
Ordinate, 233
Organic explosive, See Explosive compounds
Organic Mass Spectrometry, 232
Orifice, 167
Orifice plate, 167
Origin, 221
Oscillating frequency, 267
Oscillating potential, 181
Oscillation

amplitude, 48, 195, 267–269, 272
frequency, 267
minute, 149

OSIRIS, 293
Out-of-phase, 134, 179, 181. See also

RF out-of-phase
Output increment, 152
Overall efficiency, 201
Overlaid plots, 153
Overrelaxation, 139–141
ω, 8
ωr, definition, 155
ωs, 100
ωT, 118
ωu, 43, 60
ωz, 60, 74, 117
ωu, calculation of, 64, 65
ωz, definition, 155
ωr,0, 60, 63
ωu,n, 60, 74, 117
ωz,0, 60

Parabolic potential well, 223
Parallel channels, 203, 204
Parameter change, 142, 147
Parametric resonance, 222, 223, 225
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Parent ion, 257
Partial pressure, 233
Partial pressure analyzer, 163
Particle motion, 150
Patent, 163, 164, 166, 189, 253, 280
Paul group, 163
Paul ion trap, 81, 85, 189

nonlinear, 136
truncated, 270

Paul-Straubel structure, 206
Pause, extended, 227
P5CDD, 236, 238, 244, 245
1,2,3,7,8-P5CDD, 239
P5CDF, 236
2,3,4,7,8-P5CDF, 239, 240
PC, See Personal computer
PCB, See Polychlorinated biphenyl
PDMS, See Poly(dimethylsiloxane)
Peak

height, 199
intensity, 179, 199, 241
resolution, 241
separation, 259
tailing, 241
width, 175, 195, 196, 204, 278

Penetration, 282
Penning trap, 81, 85
Pentachloro-, 231
Pentaerythritol-tetranitrate (PETN), 205
Pepper-pot formation, 216
Peptide, 172, 230, 261, 262, 277

data, 278
hypothetical, 261
mixture, 203
sequence determination, 254

Peptide ions, 182, 254, 273, 274
doubly-charged, 274
fragmentation nomenclature, 262
fragments, 274, 275
identification, 273
products, 182

Peptide mass
calculated, 277
experimental, 277
fingerprint, 277

Peptide sequencing, 274–278
de novo, 275–279, 286

Performance, comparison, 143, 231, 236–245
Perfluorotributylamine (PFTBA), 179, 198, 199,

233, 239
Period, 280, 284
Period of analysis, 214
Periodic function, 66
Periodic potential oscillations, 181

Permeable membrane, 201, 202
Permeating compounds, 202
Permeation tube, 202
Permittivity of a vacuum, 151
Personal computer (PC), 139, 142
Phase and phase angle, See RF potential
Phase shift, 268, 269
Phase space, 149

analysis, 116
dynamics, 20, 90
ellipse, 90
matching, 20
plots, 141
representation, 20

Phosphorus ester CW agents, 199
Photodissociation, 7, 22, 191
Photomicrograph, 134
Photon, 189
Physical size, 185, 193
Physicochemical properties, 110, 112
Pittsburgh Conference on Analytical Chemistry,

212
Pixel, 140, 141, 143, 146
Planar sandwich, 206
Planar sheets, 163, 175, 191
Plane of detection, 143
Plasma oscillations, 17
Plate, rectangular, 176
Plot, overlaid, 153
Poincaré plot, 141, 149
Poissson equation, 81
Poisson/Superfish program, 177
Polar coordinates

cylindrical, 93
spherical, 93

Polarizability, 151, 156
electronic, 111, 112

Pole, 62, 229
Pole pair, 62
Polychlorinated biphenyl (PCB), 228, 229

congener 77, 228
congener 110, 228

Polychlorinated phenols, 236, 241, 243
Polychlorodibenzofurans (PCDF), 232–234

octa-, 232
tetra-, 232

Polychlorodibenzo-p-dioxins (PCDD), 232–234
octa-, 232
tetra-, 232

Poly(dimethylsiloxane) (PDMS), 202
Polytetrafluoroethylene (PTFE), 202
Population of ions, 148

hypothetical, 148
Population level, 147
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Portable, 194
analytical instrument, 207
explosives’ detector, 204

Positive 
ions, 263
voltage duration, 280

Potential
applied, 40, 134, 197, 206, 208
barrier, 149
difference, 169
distribution, 190
duration of application, 234
effective, 191
electrostatic, 139, 140
field, 58, 139
frequency of, 36
general expression, 35, 36
gradient, 141
harmonicity of, 191
magnitude of, 36
offset, 233
penetration of, 282
at a point, 37, 139
repulsive, 251
sign, 179, 181
surface, 61, 62
time-varying, 181
well, 50, 165
well depth, 168, 206

Power consumption, 193, 195
Power spectrum, 155
Power supply, miniaturization, 207
Practical Aspects of Ion Trap Mass Spectrometry,

259, 260, 265, 266, 268, 269, 271
Precision, 193, 301
Precursor ion, 167–169, 182, 233, 239

intensity, 206
internal energy, 233
isolation, 234, 235
mass, 215

Pre-isolation waveform, 234
Prescan, 87
Pressure, 156

operating, 165
Pressure range, 215
Pressure region, 162
Pressurized, 166
Price/performance ratio, 264
Primary fragment ion, 179
Primary ion, 222, 225–227, 230
Probability 

absolute, 277
score, 277

Probe lock, 220

Product ion, 168, 170, 172, 179, 227–230, 232,
235, 236, 238, 251, 262

Product ion mass spectrum, 167, 174, 175, 193,
199, 201, 222, 263, 175, 278, 279

Property, 147
Protein, 182, 184, 278

digest, 274, 275, 278
identification, 277
identity, 277
mixture, 203, 278

Proteomics, 203
Proton 

abstraction, 222
affinity, 22, 222, 225, 228
transfer, 225, 227, 228

Protonated molecule, 222, 225, 263, 282, 284,
285

doubly-, 282, 284, 287
Protonated species, 252
Protonation, 222

most probable degree, 257
site of, 262

Proton-bound dimer ions, 136
Pseudopotential, 76, 81
Pseudopotential well, 74, 77, 78, 90, 184, 194

depth, 119, 194, 283, 284, 286
model, 19, 75–79, 81, 116
variation, 284

Pseudostable ions, 117
Ptolemy, 294, 296
Public disclosure, 212
Pulsed ion creation, 222
Pulsed ion injection, 222
Pulsed method, 241
Pumping requirements, 195, 225
Pumping speed, 167
Purdue University, 108, 141, 175
Pure quadrupole field, 62, 136, 139, 268, 269
Pure quadrupole potential, 96

qmax, 164, 179
qr, 4
qu, 4, 43, 74, 75
qz, 4
qu-axis, 44, 47
qx-axis, 178
qz-axis, 59, 217, 220, 272
qz, calculation, 64
qz, constant, 283
qr, definition, 57
qu, definition, 36
qx, definition, 43
qy, definition, 43
qz, definition, 57
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QITMS, hypothetical amino acid pentamer,
261–263

QRE, See QUISTOR resonant ejection
Quadruply-charged ion, 259
Quadrupolar device, 141, 169, 172, 177, 185
Quadrupolar excitation, 134, 136, 145, 168
Quadrupolar field, 37, 43, 53, 150, 207, 269, 270,

280, 282
auxiliary, 222
coefficient, 177, 206, 208
region, 217

Quadrupolar mode, 137, 139, 169, 173
resonant excitation, 103

Quadrupolar potential, 221
Quadrupole, 267

collision cell, 164
component, 207, 270
device, 36, 37, 43, 163
device center, 35, 184, 222
device size, 36
geometry, 191
RF only, 168
rod array, 36, 167

Quadrupole field, 36, 136, 163, 169, 181, 206, 223
in each direction, 36
force on an ion in, 35
motion of ion in, 35, 62, 67
pure, 268

Quadrupole instrument
three-dimensional, 162
two-dimensional, 162

Quadrupole ion guide, 167, 184
Quadrupole ion store, See QUISTOR
Quadrupole ion trap (QIT), 1, 38, 50, 52, 55,

57–62, 64, 75, 134–136, 139–145, 149, 150,
152, 153, 155–158, 162, 164, 165, 170, 172,
175–177, 184, 185, 189, 190, 192, 195–197,
199, 207, 214, 222–226, 229–234, 236–245,
251, 254, 261, 263, 266, 272, 274, 278, 281,
283, 284, 286

application, 35
capability, 36
center, 71, 134
characteristics, 165
commercial, 212
commercial success, 220
commercialization, 191, 212
continued development, 220
coupled with electrospray ionization, 252–278
cross-sectional view, 5, 51
development, 230
electrode structure, 216
historical account, 1, 7, 57, 91, 162
hypothetical, 192

ideal, 109, 207
incompletely sealed, 215
mass spectrometer, 165, 166
mass spectrometry, 68
nonideal, 139
nonstretched, 139
performance, 36, 231, 254
pioneers, 50
rotational symmetry, 265
structural simplicity, 217
structure, 35, 50, 51, 69
theory, 35, 58–68
tuning, 231, 233

Quadrupole mass analyzer, 175. See also
Quadrupole mass filter

Quadrupole mass filter (QMF), 3, 36–40, 43, 44,
47–50, 55–57, 74, 91, 112, 142, 162–164,
167–169, 175, 176, 178, 183, 214, 237, 251,
280

application, 35
axis, 164
capability, 36
center, 48
entrance, 163
exit, 163
history, 163
mass discrimination, 163
nonlinear resonance effects in, 92
performance, 36, 39
RF-only, 169
structure, 35, 39, 40
theory, 35, 38

Quadrupole mass spectrometer
electrodes, 36, 68–71
field, 37
nonlinear field effects, 104

Quadrupole mass spectrometry, theory, 35
Quadrupole order, 207
Quadrupole potential, 37–40, 55, 56, 94
Quadrupole rod, 176
Quadrupole rod array, 48, 162–166, 176, 184
Quadrupole rod assembly, 48
Quadrupole Storage Mass Spectrometry, 190,

191, 253
Quadrupole term, 58, 137, 139
Qualification model (QM), 300
Quality, 150
Quantitation, 217, 232
Quantitation limits, 193
Quantitative determination, 228
Quasi-equilibrium theory, 233
QUISTOR, 1, 17, 18, 199, 225

quadrupole combination, 7, 17, 20, 114, 225
resonance ejection (QRE), 19
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r0, 4, 35, 39, 43, 51, 191, 216
r0 /z0 ratio, 4, 35, 81
Radial 

amplitude, 168
confinement, 183
direction, 224
distribution, 148, 170, 175
displacement, 151, 153, 155
excursion, 153
force, 184
ion trapping, 168, 183
kinetic energy, 155
orbit, 150
plane, 148, 269
position, 63, 151, 153, 155
potential well, 181, 223
potential well depth, 168
stratification, 184
velocity, 148, 157

Radical loss, 232, 233, 239, 240
Radio science investigation (RSI), 293
Random access memory, 143
Random effects, 158
Random number, 151
Random number seed, 147
Random selection, 151
Random walk, 150
Range 

of fields, 217
of masses, 219

Rapid Communications in Mass Spectrometry,
167, 171, 174, 208

Rapid screening technique, 231, 232
Rate coefficient, 181
Ratio enhancement, 183, 184
Ratio r1:z1, 190
Reaction exothermicity, 228
Reaction period, 229
Reaction time, 225
Reactions, ion/molecule, 189
Reactor(s), 190, 303, 305
Reagent ion, 225

deprotonated, 225
isolation of, 229

Real instruments, 154
Real population, 147
Real time, 142, 149, 193
Realistic energy, 147
Receiving circuit, 10
Rectangular coordinates, 37
Rectangular waveform, 175
Rectilinear ion trap (RIT), 163, 175–180, 185

geometry, 176
modification of dimensions, 176

optimized, 176, 177, 179, 191
performance, 176, 179
structure, 176

Reduced mass, 151
Reference material, standard, 297
Refining process, 154
Refroidissement, See Ion kinetic energy,

diminution
Region of instability, 35, 36, 44, 124
Region of stability, 35, 36, 44
Region, field-free, 229
Relative abundance, 232
Relative kinetic energy, 122
Relative phase, 280
Relative response factor, 236
Relative signal intensity, 230, 231
Relative velocity, 122, 151
Remeasurement, 10
Renin substrate, 184, 259
Repulsive force, 262
Research instrument, 220

multipurpose, 220
Reserpine, 171, 172, 272, 273

protonated, 173–175
Residence time, 225
Residual ion abundance, 200, 201
Resolution, 2, 105, 114

constant, 214
element, 214, 215, 229
of pixel array, 143, 154

Resolving power, 8, 164, 237
Resonance, 179, 225, 235, 264, 266, 267, 287

condition, 99
coupling, 99
double, 270
energy, 19
frequency, 199, 215, 267
ion ejection, 199, 220
lines, 16, 97, 99
quenching, 267
nonlinear, 264–266

Resonance ejection, 7, 134, 164, 165, 196, 204, 224
mass spectra, 284

Resonance excitation, 134, 136–138, 141,
164–166, 168, 170, 179, 180, 189, 194, 196,
201, 215, 220, 222, 230, 231, 235, 239, 240,
268, 282, 284

abatement, 267
amplitude, 215
constant amplitude, 232
duration, 215
field, 280
multifrequency, 234, 237
parametric, 222

340 SUBJECT INDEX

bindsub.qxd  7/20/2005  2:27 PM  Page 340



Resonant absorption, 8
dissociation, 168
ejection, See Resonance, ejection
excitation, 103, 108, 113, 117–121, 124, 164
ion ejection, 190, 285

Restoring force, 35
Retarding field, 163

variable, 163, 164
Retention 

of ion charge, 201 
time, 213, 232
time data, 231
time window, 236

Review, 191
Reverse geometry, 231
Reverse scans, 101, 104, 284, 285–287
RF 

amplitude, 48, 49, 65, 145, 181, 197, 227
base cycle, 147
cycle(s), 157, 195, 218, 219
device, 179
field, 134, 136, 141, 155, 172
field calculation, 136
frequency, 41, 48, 145, 165, 170, 171, 181,

182, 217, 256
guide, 183, 184
level, 219, 225
level optimization, 219
low amplitude, See Auxiliary RF potential
multipole ion traps, 164
only, 162, 163, 167, 168, 181, 217, 237, 246
only mode, 47, 164, 237
phase, 48, 137, 141, 156, 157, 162, 237
phase angle window, 157
potential, 37, 40, 41, 48, 55, 56, 65, 142, 162,

163, 168, 169, 176, 182, 189, 190, 206, 207
potential well, 165
radial drive frequency, 137
ramp, 48–50, 179, 180, 197, 219, 227, 235, 283
ramp speed, 193, 197, 199, 217, 221
tunnel, 182
unipolar, 55

RF/DC, See DC/RF
RF drive

circuit, 189
frequency, 48, 64, 134, 145, 167, 169, 189,

191, 204, 206, 221, 268–270, 272, 280
linear field, 76
potential, 48, 76, 137, 138, 196, 197, 223, 224,

251, 256, 281
RF drive voltage, 145, 167, 168, 181, 216–218,

221, 226, 233, 278
amplitude, 49, 65, 217, 219, 280
amplitude ramp, 145, 227, 280

amplitude scan, 217
potential, 43, 48, 134, 175, 216
sweep, 219, 226
sweep rate, 219

RF spectroscopy, 22
Ring electrode, 5, 9, 51, 53–57, 64, 65, 68, 69,

71, 134, 137, 143, 179, 181, 216, 223, 224,
255, 269, 278, 280, 282, 285

cross section, 216
equation, 69, 270
flat, 206
hyperboloid profile, 51, 53, 68, 144, 269, 270
radius, 191, 221

Ring stack, 181
ROMAP, 294
Rod array, 36, 37, 39, 40, 47, 48, 162–165, 168–170
Rod electrode, 38, 40, 162, 166, 167, 196, 217, 235
Rod pair, 38–40, 42, 48, 49, 169
Rod radius, 39
Roller coaster, 61
Rosetta

mission, 291
stone, 292
time sequence, 295

Rosetta Plasma Consortium (RPC), 293
ROSINA, 293
Rotational symmetry field, 100
Rough road, 149
Round-off error, 149
Round rod, 39, 175
Royal Swedish Academy of Sciences, 252
RPC, See Rosetta Plasma Consortium
RSI, See Radio science investigation
Runge-Kutta algorithm

eighth-order, 149
fourth-order, 149
fifth-order, 149

Runge-Kutta method, 20
Rydberg state, 23

Salt step gradient, 278
Salts, 252
Sample, 202

concentration, 85
environmental, 228
ions, 203
ion storage, 225
large numbers of, 203
molecules, 227
processing and analysis, 303
real, 236, 241

Sample calculations, 64, 65, 79, 90
Sarin, 199
Saturation conditions, 80
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SaturnTM

Model I Ion Trap Detector, 220, 222
Model 4000 GC/MS system, 220–224

Sawtooth voltage, waveform, 8
Scaling factor, 144
Scan direction, 285, 286
Scan editor software, 220
Scan function, 142, 145, 149, 193, 197, 199, 217,

218, 230, 231, 233–236. See also
Timing sequence

automatic gain control (AGC), 87
data-dependent, 254
multiple, 231, 237, 287
single, 230–232

Scan line, 23, 49, 50
Scan method, UltraScan, 278
Scan mode, 222
Scan rate, 212, 221, 287. See also Scan speed

fast, 258, 259
reduction, 259–261
variable, 206, 258–261
variation, 165

Scan, reverse, 101, 104, 284–287
Scan speed, 285

fast, 270
reduced, 259, 260

Scan table, 145
Scan time, 219, 285
Scattering angle, 151
Schematic diagram, 167, 182, 216
Schematic representation, 194, 204, 234, 261,

262, 281
Science 1 mode, 306
Science 2 mode, 306
Science 3 mode, 306
Scientific graphing software, 150
SCIEX LIT mass spectrometer, 167, 170
SD2 drilling system, 294, 304
Second-order effect, 224
Secondary ion, 222, 226
Section, 166

center, 165, 166
front, 165, 166
rear, 165, 166

Sector instruments, 35
Secular frequency, 43, 50, 59, 63, 67, 74, 102,

118, 151, 155, 158, 168, 195, 196, 207, 223,
229, 235, 266, 270, 280, 282

amplitude, 63
axial, 60, 63, 136, 155, 223
calculated, 155
complementary, 64
fundamental, 60, 63

radial, 63, 64, 155, 168
shift, 85, 97, 178

Secular motion 
axial, 155, 223
radial, 155

Secular oscillation, 74, 96, 97
amplitude, 223
frequency, 272
Fourier analysis, 63, 155

Segment, 223
current, 145
files, 145
zero, 145

Segmented scan, 297
Selected ion, 153, 177, 196, 222, 225, 255
Selected ion monitoring, 221
Selected ion storage (SIS), 222
Selected reagent ion, 229
Selective ion reactor, 7
Selectivity, 238
Self-chemical ionization (self-CI), 85, 190
Self-emptying, 17
Sensitivity, 50, 155, 173, 193, 195, 233, 251, 263,

274, 286
enhanced, 114, 171, 185, 229
high, 193, 222, 245

Separation science, 251
Serine, 261
SESAME, 294
Shape memory alloy (SMA) actuator, 299
SID, See Surface induced dissociation
Signal averaging, 173
Signal to noise ratio, 175, 201, 229, 233, 239,

259, 274, 275
SIM, See Single ion monitoring
Similarity of simulator models, 155
SIMION, 117, 136, 140–147, 149–151, 153–158

3D, 135, 141, 158
electrode array, 144
MFP factor, 156
MFP setting, 155, 157
version 6.0, 158

Simple harmonic motion, 76, 90
Simple lathe cuts, 191
Simulant, 199, 201
Simulated 

collisions, 142
ion oscillations, 61, 62, 134, 135
mass spectra, 135, 137

Simulation, 150, 152, 153, 157
applications, 136
capability, 141
data, 150
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duration, 148
ion injection, 157
ion trajectory, 61, 63, 134–136, 138, 140, 143,

149, 155
module, 141, 142, 145, 153
multiparticle, 136
program, 63, 135, 136, 141, 142, 146, 155
program comparison, 136, 140, 143, 151–158
program description, 141–151
resonance excitation, 137
results, 63, 152, 153, 155, 156
review, 136
simulation run time, 142, 150, 153, 155, 157
simultaneous calculation, 142
studies, 67, 125, 136, 137, 156

Simulation program for quadrupole resonance
(SPQR), 137, 141

Simulator, 145, 152, 154, 157, 158
Simultaneous trapping, 203
Sine elliptic series, 43, 46
Single frequency potential, 196
Single frequency sine wave, 197
Single ion, 36, 189, 191, 206
Single ion monitoring (SIM), 231, 232
Single ion trajectory, 135, 142, 147, 152–156, 158
Single scan, 173, 222, 223
Single scan acquisition, 219
Singly charged positive ion, 137, 138, 182–184,

257
SIS waveform, 229
Skimmer, 167
Slit, 176
Slot, 166
Soft desorption ionization methods, 252
Software, 64, 216

advances, 232
development, 231
Ion Trap Toolkit, 237
package, 141, 149, 150, 153

Solvent, 50
Soman, 199
Sources of error, 154
Space charge, 9, 14, 83, 136

avoidance, 287
consequences of, 84
control of, 87
effects, 17, 80, 85, 86, 110, 135, 235, 272
element of, 189
estimation of, 81
induced shift, 9, 18
limit of ion density, 80, 81
limit of saturation, 165, 171, 172
perturbation, 14, 165, 172, 273

repulsion, 165
susceptibility, 175

Space research, 163
Spaced out, ion trap electrode geometry, 106,

107. See also Stretched
Spatial density distribution, 21
Spatial distribution, 135, 149
Spatial symmetry, 191
Spatial trajectory components, 158
Specific ion reactor, See Selective ion reactor
Specific reactant ions, 222
Specificity, 193, 236, 245
Specified intervals, 150
Specimen calculations, See Sample calculations
Spectral, library search, 217
Spectroscopic studies, 164
Spectroscopy, 10
Spherical polar coordinates, 58, 93, 139, 146
Spherical symmetry, 191
Splitless injection system, 237
SPQR, See Simulation program for quadrupolar

resonance
Spurious

ion ejection, 101, 102
peaks, 102

Square wave, 20, 197
Square-wave modulation, 164
Stable, 2, 74
Stable region, 28, 35, 44, 59, 66
Stable solution, 36, 66
Stable trajectory, 2, 150
Stability, 66
Stability boundary, 43, 59, 66, 79, 179
Stability criteria, 36, 66, 280
Stability diagram, 4, 16, 18, 23, 36, 43–46, 49,

60, 61, 97, 134, 138, 163, 170, 177, 217,
270, 280. See also Stability region

apex (apices), 49, 50, 178
boundaries, 43, 44, 58, 59, 61, 66, 178, 272
boundary shift, 80, 178
for cylindrical ion trap, 190
local regions of instability, 91
for quadrupole ion trap, 24, 58, 60, 61, 68, 170
for quadrupole mass filter, 47, 49
for rectilinear ion trap, 177, 178
superimposed, 50
truncated, 178
in (U,V) space, 49, 178

Stability parameters, 36, 59
space, 191

Stability region, 15, 36, 44, 46, 47, 58–60, 66,
264, 265. See also Stability diagram

Stack, 179
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Stacked-ring device, 181, 182
Stacked-ring set, 179, 181
Stainless tubes, 202
Standard deviation, 148
Standard solution, 239
Statistical model, 150
Steel tubing, 202
Steep hill, 149
Steep slope, 149
Step size, 138, 151
Step size adjustment, 149
Stepped heating, 304
Steps, number of, 213
Stimulus, 134
Storage time, 184, 217
Storage volume, 134
Stored ion number, 82
Stored ion spectroscopy, 191
Stored ions, 166, 219
Stored waveform, 179
Stretched. See also Spaced out

end-cap separation, 64
geometry, 7, 68, 104, 106, 107, 109, 235, 284
ion trap, 64, 108, 139, 143, 175
skins, 35

Strong focusing, 2, 35
Structure, 228
Structure determination, 229
Structural information, 228
Submillimeter cylindrical ion trap (mini-CIT), 207
Submillimeter ion trap, See Micro ion trap
Submillimeter range, 206
Subwindows, 197
Summary of fates, 157, 158
Superimposed stability diagrams, 50
Supersonic beam, 23
Supplementary 

AC voltage (potential), 111, 118, 120, 124, 125
material, 145
oscillating field, 117
oscillating potential, 119. See also Auxiliary

potential; Tickle, voltage
tickle potential, 134, 164, 220
voltage, 110, 111

Surface area, 202
Surface-induced dissociation (SID), 125
SWIFT, 179, 196, 197, 199
Switching circuit, 280
Symmetric variation, 148
Symmetry axis, 140
Symmetry of potential, 95
Symmetry, rotational, 100
Synchronization, 226
Synchronized pulse-ejection, 21

Synchrotron, 92
Synthetic polymers, 252
Syringe, 255
System battery, 195

Tabun, 199
Tanaka, Koichi, 252
Tandem mass spectrometry (MS/MS), 7, 25, 120,

164, 165, 168, 169, 171, 172, 179, 182, 193,
196, 197, 199, 213–215, 220, 223, 229–245,
273, 277, 283

applications, 229
auto, 278
dissociation, 201
efficiency, 206
optimization, 233
review, 229
scan programs, 220
sensitivity, 286

Tandem quadrupole mass spectrometer, 164, 189
Target compounds

detection, 193, 222
identification, 193, 222

Target gas, 151
Target molecule, 222
Target thickness, 173, 235
Taylor series, 98
T4CDD, 231, 232, 235, 236, 238, 241, 244, 245

1,2,3,4-, 232
2,3,7,8-, 231, 236, 239, 241, 242
detection, 231
quantitation, 231, 233, 234

T4CDF, 236
Temperature, 151, 156
Temperature programming, 237
Temporal variation, 145, 153, 154, 217, 230,

234
Tetrachlorodibenzo-p-dioxin, 231, 232

2,3,7,8-(T4CDD), 231
Theoretical plates, 214
Theory of quadrupolar devices, 36–38, 50
Theory of quadrupole ion trap, 50–64
Thermal energy, 181
Thermo Finnigan, 165, 195
Thermo Finnigan linear ion trap, 164–166, 170
Thomson, J. J., 162, 230, 257
Three-dimensional collision model, 150
Three-dimensional ion trap, 162, 168, 172, 173,

175
cylindrical symmetry, 38
LCQ instrument, 165, 166, 236, 254, 280
quadrupole field, 36
quadrupole ion trap, 35, 36, 189
structure, 217
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Three-dimensional matrix, 139
Three-dimensional space, 62
Three electrode structure, 51, 52, 206
Threonine, 261
Threshold, 240
Tickle, 134, 137

amplitude, 121
duration, 121. See also Tickle, time
energy, 102 
phase, 137
time, 102
voltage, 111, 118, 121

Tickle frequency, 118, 137, 145
variation, 145

Time, 149, 150, 169, 217, 233, 285
Time-averaged forces, 184
Time of birth, 147
Time constant, variable, 195
Time of creation, 146
Time-dependent collisional damping term, 151
Time-of-flight (TOF) 

analysis, 21
analyzer, 36, 142, 183

Time function 
complex, 280
exponentially-varying, 280
imaginary, 280
linearly-varying, 280
real, 280

Time-intensity profile, 219
Time interval, 148, 149, 218
Time sequence, 227, 237
Time standard, 22
Time steps, 138, 139, 151
Timing sequence, 11, 197. See also Scan function
Total ion charge, 205, 228, 230
Total ion chromatogram, 278, 279
Total ion current (TIC), 204, 205, 223, 230, 239,

240
Total ion mode, 47
Total ion number, 234
Total ion signal, 87, 201
Total pressure curve, 21
Toxic pollutants, 193, 208, 228
Trace contaminant monitoring, 208
Trace organic analysis, 208
Trade secret, 107
Trajectory 

amplitude, 207
calculation, 157
individual, 135, 142, 147, 154
instability, 115, 219
intrinsically unstable, 13
minor differences, 154

projection, 61, 62
quasi-unstable, 13
roughness, 149
simulation, 61, 62, 135, 154, 158
single ion, See Single ion trajectory
stability, 115
stable, 40, 67
in three-dimensional quadrupole field, 35, 62,

135, 154, 155
in two-dimensional quadrupole field, 35, 47
unstable, 13, 119

Trajectory visualization, 135
Transfer-line interface, 220
Transmission efficiency, 163, 181–183
Transmission of ions, 162–164, 179, 181,

183–185
Transmission mode, 88
Transmission window, 181, 182
Transverse components, 163
Trap center, 56, 71, 150, 155, 222, 223
Trapped ions, 157, 169, 278
Trapping 

ability, 282
dipole component, 223, 224
displaced center, 225
efficiencies, 156–158, 171–173, 251
field, 51, 155, 217–219, 221, 223
field asymptotes, 224
field center, 223, 224
geometric asymptotes, 224
mode, 88
parameters, 42, 43, 63, 64, 145, 152, 153, 156,

169, 239
volume, 116

Trapping potential, 14
components, 58
effective, 191
low, 282
rectangular waveform, 281, 284
well, 50, 168, 189, 194
well depth, 194, 283, 284, 286

Trapping volume, 116, 170, 206, 230
Trapping well, See Trapping potential well
Trent University, 19, 141
Trinitrotoluene, 205
Triple-resonance condition, 225
Triple sector (EBE) mass spectrometer, 236
Triple stage quadrupole (TSQ), 36, 162, 164, 166,

167, 169, 174, 175, 233, 236–245
performance, 231, 236–245

Triply-charged, 182, 184, 259–261, 263
Truncated

electrodes, 39, 51, 57, 134, 139, 142, 154, 282
Paul ion trap, 39, 51, 57
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Truncation error, 149
Trypsin, 274
Tryptic digest, 182, 274
Tryptic peptides, doubly-charged, 274
Turbomolecular pump, 167, 195
Two-dimensional RF multipole ion traps, 164
Two-dimensional quadrupole field, 35, 36,

162–164, 169
Two-dimensional quadrupole instrument, 162,

163, 166, 171
Two-dimensional trapping field, 185

µ, 66
U, definition, 40
Unforeseen obstacles, 149
Uniform distribution, 146, 147, 157
Unit mass resolution, 162, 214, 237
University of Bonn, 2, 163
University of Washington, 10
Unstable, 2, 74, 115
Unstable region, 45, 46
Unstable trajectories, 13, 119
Upper apex, 49
Upper atmosphere, 163
Upstream, 157
Urey notation (δ ), 296
User friendliness, 158
User interface, 141, 196
User platform, 142
User program, 142, 145, 150
U/V, 48
U/V space, 49, 50

V, definition, 40
Vacuum feedthrough, 202
Vacuum generators, 237
Vacuum manifold, 195, 203
Vacuum pump, miniaturization, 207
Vacuum system, 195
Valleys, 179
Variable, adjustment of, 145, 147
Varian Inc., 221, 223
Varian Chromatography Systems, 237
Varian Saturn I, 220
Varian Saturn 4000 QIT, 220–224
Vehicle momentum, 149
Vehicle speed, 149
Velocities of colliding particles, 151
Velocity damping model, 150, 155
Velocity dependent treatment, 151
Velocity distribution, 21
Velocity independence, 151
Velocity term, 149
Versatility of the ion trap, See Quadrupole ion

trap performance

Viewing ion trajectory data, 149
VIRTIS, 293
Viscous damping, 114. See also

Viscous drag
Viscous drag, 113, 114
Visual interface, 142
Visual measurement, 134
Visual representation, 62, 141, 149, 217
Visual summary, 175
Visualization, 206
Volatile compounds, 195, 201, 202, 213, 215,

233
Voltage programming, 142, 145
Volts, 145, 200
Volume, 194
VW, 199

Washer, 179
Water analysis, 202
Waters Corporation, 182–184
Waveform

arbitrary, 196
barrel electrode, 197
coarse isolation, 234, 235
digital, 280
fine isolation, 235
frequency calibration procedure, 236
multifrequency, 235
periodic, 280
pulsed ion-trapping, 280
rectangular, 280–283, 285
rectangular drive, 281
square, 280, 284
trapezoidal, 280

Waveform generation, 196, 197
Waveform generator, 220, 237
Weight, 193, 194
Weighting constants, 44
Weighting factors, 93
Windows platform, 141, 142
Wire mesh, 189
Working point, 59, 134, 163, 217
Workshops

industrial, 212
university, 212

W
_

z, 116

xo, 39

yo, 39

ξ, definition, 42
z0, 51, 216
z0/r0 ratio, 35, 207
Zero enrichment (ZE), 301
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