Chapter 3

Problems of Fourier Transform
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Progress in FTMS is tied to understanding dynamics in
ion traps. A three stage approach is envisioned:
(1) modeling of ion dynamics, (2) developing tests of
models by measuring ion motion in various cells, and
(3) implementing new instrumentation such as improved
cells and methods of excitation. Elements of this
cycle are addressed with respect to five different
problems. The first, nonuniform tuning over wide
mass ranges, is attributed in part to z-mode
excitation. A second problem is temporal variation
of an inert ion signal which may lead to inaccurate
kinetic results in ion-molecule reaction studies.
Systematic errors in mass measurement represent the
third problem. Low mass resolution for high mass ions
and for ion selection in MS/MS experiments are the
fourth and fifth problems that are addressed.

Although there are many attractive features of Fourier transform
mass spectrometry (FTMS), there are problems with current
implementations. The FT mass spectrometer is still a relatively
young instrument when compared to the double-focussing mass
spectrometer, and comparisons of the spectrometers and their
development histories are informative and encouraging. As the
attention paid to problems of earlier single-focussing instruments
led to the double-focussing mass spectrometer, for example,
investigation of FTMS problems now will lead to Dbetter
implementations of FTIMS. Here, we describe some examples, not all
of them complete, of systematic attempts to investigate problems in
current implementations of FTMS with an eye on improvement of the
instrument.

Comparison with Sector Instruments. Modern double-focussing mass
spectrometers have a long history of development, which was
recently reviewed (1). The instrument has evolved through a long
series of complex and interweaving events beginning with the early
experiments of J. J. Thomson (2) and the first mass spectrographs of
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Dempster in 1918 (3) and Aston in 1919 (4). Early instruments were
used to measure atomic masses, and much effort was devoted to
increase the resolution of the measurements. To improve resolution,
techniques for reduction of the effects of velocity and angular
dispersion at neighborhoods of focal points or planes were
introduced. For example, the double-focussing instrument first
developed by Bartky and Dempster in 1929 was designed to solve
problems caused by the energy spread of the ion beam (5). This
might be viewed as the introduction of symmetry: ideally we would
want an analytical instrument to be invariant to (symmetrical with
respect to) all variables except the one being measured. Another
example of the use of symmetry in mass spectrometry is the
improvement of resolution in time-of-flight instruments by addition
of the reflectron. Sector mass spectrometer development still
continues; for example, extending the upper range mass limit is an
exciting development (6). Techniques employed in recent designs
include inhomogeneous magnets, quadrupole lenses, non-normal
poleface boundaries, non-ferrous electromagnets (7), and new and
more efficient ion sources.

Over sixty years have passed since the beginning of the
development of the mass spectrometer as a modern analytical
instrument. In comparison, FTMS is a relatively new technique,
first introduced by Comisarow and Marshall in 1974 (8). Perhaps it
is an indication of the technique’s high potential that FTMS has
developed so rapidly. However, it should not be surprising, by
analogy with the long development of sector instruments, that its
full potential has not yet been realized.

Double-focussing instruments have set the standard by which
other mass spectrometers, including FT mass spectrometers, are
judged. High resolution, parts-per-million mass accuracy, picogram
detection lirits, and high mass limits (ca. 10,000 u) are attributes
shared by both sector and FT mass spectrometers (9). However,
achieving high performance is reasonably routine with sector
instruments but not yet with FT mass spectrometers.

Resolutions of 500,000 have been reported by Ogata and Matsuda
for a sector mass spectrometer (10). Resolving powers of 10° are
trivial to obtain even with low field electromagnet-based FT systems
and resolutions as high as 10® for an ion of m/z 18 were reported in
a high field FIMS (11). Although the resolution for FTMS is higher,
there may be an analogy between mass resolution achievements with
sector and FT mass spectrometers. For the sector instrument, the
resolution was achieved, in part, by making the spectrometer
larger. In a sense, this is the same as reducing electric field
problems by turning to higher magnetic fields in FTMS, an approach
that does not involve the introduction of symmetry.

Because of the respect accorded high resolution sector
instruments, the early reports of high resolution with FTMS raised
high expectations. It was expected that the higher mass resolution
would lead to high mass accuracy. Yet there are no reports of
analytical applications in which mass measurement accuracies in FTMS
(12) are significantly better than the ppm accuracies achieved for
sector machines. Thus, the higher resolution capabilities of FTMS
have yet to be translated into mass measurements more accurate than
those available from sector machines. Because FTMS is no better,
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the current accomplishments in mass measurement accuracy are not
noteworthy.

The sensitivity of FTMS is also comparable to that of sector
instruments. Although sector instrument detectors can be used to
count single ions and FTMS detectors cannot, both methods will yield
a peak profile for approximately 100 ions. Detecting a single ion
in organic or bioanalytical chemistry is of limited utility because
its mass cannot be assigned with any certainty.

In addition to the characteristics shared by FTMS and sector
MS, FT mass spectrometers have several advantages over sector
instruments. These advantages have been cited often and they
include (9b): 1) ion trapping and manipulation, 2) multichannel
advantage, 3) high resolution with no loss in sensitivity, &)
compatibility with pulsed devices (e.g. lasers, pulse valves), and
5) multiple MS/MS experiments (MSR). Some of these advantages are
shared by time-of-flight instruments; however, TOF does not give
high resolution or permit accurate mass determinations. Another
advantage of FTMS is the approximate mass invariance of the signal
intensity (13-14) for a given number of ions and circumstances.
This contrasts with the mass discrimination (15) which occurs for
multipliers that are used in sector machines.

Status of FTMS. Since its introduction in 1974, FTMS has been
demonstrated to be capable of solving a wide variety of chemical
problems that are not possible to solve by using other mass
spectrometers. For example, analytical applications have been
designed to take advantage of the multichannel advantage and the
ultra high resolution capabilities of FTMS (16). Ultra high
resolution was demonstrated with chemical ionization (17-18), GC/MS
(19), multi-photon ionization (MPI) (20), MPI-GC/MS (20), and laser
desorption (21). A recent application of FTMS is GC/MS of olefins
that are chemically ionized with Fe+ ions which are produced by
pulsed laser multiphoton dissociation/ionization of Fe(CO)5 (22).
However, much of the research has not addressed fundamental problems
in the understanding of the behavior of ions in a cubic cell.
Because of our incomplete knowledge of ion dynamics, FTMS remains
nonroutine with respect to a number of items. 1) The upper end of
the dynamic range is bound by the number of ions the cell can hold.
A dynamic range of 102-10% has been estimated for the cubic cell;
this is in contrast to conventional mass spectrometers with electron
multipliers which have dynamic ranges of at least 10°. 2)
Nonuniform tuning over wide mass ranges contributes to unreliable
peak heights in the mass spectrum. Correct peak heights are needed
for interpretation and for optimum utilization_ of mass spectra
library searches. 3) MS/MS experiments have been limited by poor
resolution in MS-I and by poor reproducibility of activation
methods. 4) Soft ionization methods have not been routine with
FTMS. The use of external sources may be the expedient but not long
range solution to this problem.

Route to Improvement. As one route to solving problems that perplex
FTMS, we have made use of a systematic approach illustrated in
Figure 1. The "Development Cycle" enables us to define clearly
problems and to arrive at solutions through an organized combination
of theoretical and experimental work. The most difficult aspect of
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this approach is knowing how to start. An obvious approach is to
start with defining the problem; however, multiple causes of
problems and mixed symptoms have slowed progress. Once begun, the
cyclic nature of this approach grows outward. Improved models
provide a basis for design changes that improve instrument
performance, and understanding the actual performance leads to more
accurate models.

In the remaining sections, specific examples of how this
approach has led to instrument improvements are given.

Solving Problems Facing FTMS

Nonuniform Tuning of Mass Spectra (23). 1. Problem Definition: The
motivation for improving our understanding of FTMS develops often
when problems arise that limit the accuracy of experimental results.
Two such problems: 1) nonuniform tuning for peak heights over wide
mass ranges (21), and 2) ion losses in double resonance experiments
occurring at excitations insufficient to raise the ion to a radius
necessary for ejection (25), have led us to an investigation of
z-mode excitation as a possible cause.

Some mechanisms of z-mode excitation are known; and in
particular, Beauchamp and Armstrong’s (26) direct method of
z-excitation can be used for double resonance. Fortunately,
excitation of the z-mode via these processes can be avoided by
eliminating the excitation frequency components to which the
trapping mode respond. This is possible because these frequencies
are significantly different than those used to excite the cyclotron
mode.

However, excitation of the z-oscillation mode may also occur
with frequency components near or at the cyclotron frequency which
is essential for excitation of the cyclotron mode. As is
exaggerated in Figure 2, when the ions are at the top of the
eyclotron orbit, there is a peak positive potential on the top
excitation plate that results in a component force toward the
trapping plates. Similarly, when the ions are at the bottom of
their cyclotron orbit, there is a peak positive potential on the
bottom plate resulting also in a component force toward the trapping
plate. This synchronization of temporal changes in the z-component
of the excitation field and the spatial motion of the ion results in
an average force that changes the trapping motion. The energy of
the z-mode oscillation might even be modified to the point where the
ion is lost from the cell.

2. Model: A simple model (Equation 1) was employed to depict
the average force that modifies the z-motion during excitation.

F = qE; ~ qkVplz/allAp/a](1 - [Ap/al*)cosd (1)

F = average force that modifies the z-motion of the ion

E, = electric field

Vp = amplitude of excitation waveform

7z = ion position along the z-axis (z = 0 at the cell center).
a = length of inside edge of cubic cell

A, = radius of cyclotron orbit

¢ = phase of excitation waveform
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Several trends are predictable with this simplified model.
1) The perturbation of the z-motion increases with the excitation
amplitude Vp. This suggests that the z-oscillation would be largest
for the high amplitude rf bursts that are used to achieve greater
bandwidths in FTMS. 2) The perturbation becomes smaller as the
z-position of the ion goes to zero. This suggests that processes
that reduce the magnitude of the z-oscillations before excitation,
such as ion-molecule collisions, should reduce the undesired
z-excitation when the perturbing force is transitory. 3) The
perturbation also depends on the relative phase between the ion
motion and the excitation waveform. This dependence suggests a
transitory perturbation for chirp excitations that is mass
discriminatory.

3. Toolt To demonstrate z-mode excitation, it is easiest to
design an experiment that measures the phenomenon as it occurs in
the extreme case; that is, ejection of the ion along the z-axis.
The "trap-switch" experiment (23) (Figure 3a) determines the ion
loss in the z-direction as a function of time by rapidly increasing
the trapping voltage at a variable time in the sequence. As the
trap is switched to a higher voltage, the threshold for z-mode loss
is increased. Changes in signal reflect differences in the ion loss
between the low (test) trapping voltage (0.44 or 1.04 V) and the
high (reference) voltage (4 V) over the time that the trap is at the
lower voltage. If there is z-mode ion loss during excitation, then
the ion signal when the trap-switch occurs after excitation should
be lower than when the trap-switch occurs prior to excitation. Less
ion loss should be seen if a higher trapping field is on during the
test excitation.

The first result of the trap-switch experiment (see Figure 3b)
is the loss of signal occurring when the trap-switch is after the
test chirp excitations. The decrease in signal around the time of
the excitation indicates that ion loss occurred in the z-direction
as a result of the excitation.

Several additional observations are made: 1) There is 1little
difference in the number of ions lost as a consequence of wide band
(0-2000 kHz) chirp excitation for trapping voltages of either O0.44
or 1.04 V at high 1level excitation in some variance with
expectation. 2) Wide band chirps (0-2000 kHz) produce larger ion
losses than do narrow band chirps (200-350 kHz), perhaps, because
excitation of the magnetron mode occurs in the first case. 3) Ion
losses decrease as the amplitude of the wide band chirp is decreased
as expected from the simple model. 4) Ion z-ejection 1is
considerably reduced if the test chirp excitation was delayed from
62 ms to 2.015 sec (plotted as open squares in Figure 3b). As
expected, collisional damping of the z-mode amplitudes during the
long delay has reduced the magnitude of z-mode excitation.

Another tool is the numerical integration of the ion equations
of motion. McIver (27) and Marshall (28) have made use of this
tool for studying some aspects of ion motion. Here, to corroborate
that mass discriminating z-losses do occur, the trajectory of single
ions were calculated under conditions chosen to imitate normal
conditions for which symptoms of z-excitation are observed. For the
calculations, the ions were started on the z-axis and were given
different z-mode energies. The chirp excitation was 9.67 volts
base-to-peak at each excitation plate with a 2.105 kHz/usec sweep
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rate and 0 to 2 MHz sweep width. Other conditions were a 1.2 T
magnetic field, a 0.0254 m cubic trap, and a 1.0 V trap potential.

When the z-mode position and velocity at the beginning of the
excitation is compared with the corresponding information at the
conclusion of the excitation, it is found that in all the cases
tried for benzene (m/q = 78) and nitrogen (m/q = 28), the z-mode
energy is increased by the excitation. Those benzene ions with
initial ion z-mode energies 50 percent of the trappable maximum are
1ost in the z-direction whereas ions with initial z-modes of U0
percent or less are not lost. Those nitrogen ions with initial
z-mode energies 17.5% or more are lost whereas an ion with an
initial z-mode energy of 154 is not lost. The different initial
z-mode energies required for loss is consistent with the hypothesis
that for lower mass ions a larger fraction of the ion population is
ejected.

The numerical results are consistent with the result of an
experiment in which the ion cyclotron orbit sizes of a methane
(CH,*) and benzene (CgHgt) mixture of ions were varied. In the
control experiment, the two ions were excited by low amplitude
consecutive RF burst pulses of varied time. The signal ratio was
essentially constant over the range of orbits for which signals were
detectable. In contrast, for a chirp from 10 kHz to 2 Mhz at
2.094 kHz/psec of varied amplitude, the abundance ratio of
cH,t/C¢Hgt decreased from about 90% to about 10% as the orbit size
was increased, indicating loss of the lighter ion.

4. Possible Solutions: Because z-mode excitations degrade the
performance of FIMS, methods to minimize z-mode excitations are
necessary. Theoretical (Equation 1) and experimental results
suggest several possible strategies.

i) Low amplitude rf bursts should be used to select specific
ions when quantitation is the goal and wideband operation is not
essential.

ii) Excitation pulses might be used if they are short enough to
impart the momentum to the ions before they have a chance to move a
significant distance from the z-axis.

iii) The ions should be confined to smaller z-mode amplitudes
before exciting the cyclotron mode. Two methods to facilitate this
involve using the trap-switch to compress the ion ecloud prior to
excitation or inserting sufficient delay time between ionization and
excitation to allow collisional relaxation of the ion cloud.

iv) Modified cell designs might be used to minimize z-loss.
a) Elongating the cell in the z-direction (29) Should reduce the
z-component electric forces and decrease the fraction of ions
exposed to the larger z-components of the excitation field.
b) Modification of the cell design to remove the odd symmetries of
the cubic cell that cause the synchronization should also be useful.
Two such modified cells are the cylindrical (30) and hyperbolic
traps (31). ¢) Formed excitation and detection plates may
constitute another cell modification for reducing the effects of
z-mode excitation by improving the uniformity of the excitation
fields. Formed cell plates were used by Clow and Futrell to improve
the uniformity of drift velocities in a drift cell ICR (32).
Similarly, for cubic cells the excitation field uniformity would be
improved by bringing all the edges of two nominally parallel plates
closer together to compensate for their finite area and other
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electrode proximity (Figure 4). The same set of plates would be
used for both excitation and detection by using carefully designed
switches and in that way escape the dilemma of designing one set of
plates at the expense of the other.

Temporal Variation of JTon Signal of an Inert Ion. 1. Problem
Definition: Several assumptions are required if correct
correlations between ion signal and chemical reactivity are to be
made from ion kinetic studies using FTMS. The first assumption must
be that the sensitivity of the ion trap remains constant with time
so that ion signals are representative of the ion population with
time. The second assumption is that losses of reactant ions are due
to consumption of those ions in a chemical reaction and not by
physical processes.

One would expect that the signal of an unreactive ion would be
invariant with time. However, the benzene molecular ion signal
decreases or increases in time for correspondingly low or high trap
voltages. Decreases in ion abundance are not surprising, as ion
radial diffusion will occur; but the ion abundance increases shown
in Figure 5 are more unexpected.

2. Model: TIon losses from an FTMS cell can occur by mechanisms
other than chemical reaction and radial diffusion. Ions that have
acquired sufficient kinetic energy from fragmentation processes can
overcome the potential barrier of the trapping field especially
when low trapping voltages are wused. Ion 1loss owing to
fragmentation was demonstrated by Riggin, et al. (34a,b).

Ion evaporation can also account for ion losses from the cell,
The term "evaporation" is used to describe processes by which
ion-ion collisions distribute z-mode energy with the result that
some ions acquire enough kinetic energy to escape the trapping
field. 1Ion evaporation was studied for thermal population of ions
at low pressure (3x10-10 torr) and long delay times (100 sec) (35).
Ion evaporation can be reduced with higher trap voltages that
provide higher thresholds for loss. As shown in Figure 5 for the
case of the benzene molecular ion, further increases in trap
voltage beyond 0.T4 volts produce relatively small further increases
of signal with time.

After reducing the magnitude of ion evaporation, we are still
left with a signal that increases in time. In this regard, ion
image currents have been shown to be dependent on the position of
ions cyclotroning with small orbits in rectangular traps (36).
Because ions change their positions in the cell as a function of
time, the signal per ion may be expected to change. Furthermore,
signals from ions formed by ionization methods that sare directed
along axes other than the =z-axis (such as laser desorption and
multiphoton ionization in the cell we are using) may be affected by
the different spatial distribution of the ions.

We have developed a model to explain the time dependent change
in sensitivity for ions during excitation and detection. The first
step is to describe the image charge displacement amplitude, S(Ag,
Ay), as a function of cyclotron and z-mode amplitudes. The
displacement amplitude was derived using an approximate description
of the antenna fields in a cubic cell. The second step in developing
the model is to derive a relationship to describe the cyclotron
orbit as a function of time for an rf burst. An energy conservation
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argument is used to deduce the cyclotron orbit sizes from the charge
displacement on the excitation plates. Because the symmetry of the
cubic cell requires that the charge displacement amplitude on the
receiver plates be the same as on the excitation plates, the
amplitude of the receiver charge displacement can also be inferred.
By using the above arguments applied to a narrow band rf excitation,
a relationship between An, the radius of the cyclotron mode, and Ay,
the z-mode oscillation amplitude, can be obtained. This
relationship (see Figure 6) is then used to deduce the signal,
S(Az), as a function of Ay only.

The most obvious effect seen in Figure 6 1is the large
dependence of ion signal on ion 2z-oscillation amplitudes. The
signal, normalized to 100% for Az = 0, drops to <30% for ions
grazing the trap plates. It is also apparent from Figure 6 that for
ions of low Ay values, the graph is fairly flat. Thus, if the
z-mode oscillation amplitude of each ion is initially confined to a
low value, the signal change owing to further collisional damping
of the z-mode amplitude, A,, should be reduced. The figure also
shows a weak dependence of curve shape on the size of Ap,

It is also expected that reactive collisions may diminish the
effects of collisional damping of the z-oscillation. An unreactive
collision removes energy from the z-mode oscillation so that the ion
contributes more signal current at its original cyclotron frequency
whereas a reactive collision removes an ion from a reactant
population giving a true indication of the loss from the original
population. The loss rate from the reactant population for ions of
z-oscillation, A,, is proportional to the density of reactant ions
of amplitude A,. Thus, for very reactive ions, no change in
sensitivity due to collisional relaxation is expected.

3. Tool: According to the above model, the signal for an
unreactive ion should increase as the ion cloud undergoes relaxation
toward the z = 0 plane. The size of this change can be computed as
a ratio of expected signals for two z-mode amplitude
distributions. The first is the average of S(A;) over a z-mode
amplitude distribution determined by wuniform initial positions
along the =z axis and a thermal distribution of 2z velocities
corresponding to the temperature of the background gas. This
approximates the z-mode amplitude distribution of the benzene
molecular ions generated by an electron beam assuming no collisions
occur after the ion is formed. The second is the average of S(Ajy)
over a thermal z-mode amplitude distribution determined by a
quadratic potential along the z-axis and with a temperature equal to
that of the background gas. Here it is assumed that ion-neutral
collisions dominate to determine the second distribution.

The tool to investigate the relationship between sensitivity
and z-mode relaxation is simply a measurement of the signal
intensity of an unreactive species as a function of time under
conditions in which evaporation and charge exchange are known to be
small effects. The measured ratio of signal (just after the beam)
to signal maximum (after a delay of seconds) compares reasonably
well with the ratio computed by employing the assumed
distributions.

4. Possible Solutions: For accurate kinetic measurements, the
effect of z-mode relaxation on ion signals must be controlled. It
is impractical to use long delay times between ionization and
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excitation because time delay is the experimental variable. A
possible solution is ion compression using a trap-switch (23). Low
kinetic energy ions should be compressed to ca. the z = 0 plane by
increasing the trapping potential after ionization. Figure 7 shows
the effect of ion compression on the temporal behavior of the
benzene molecular ion signal. The effects of z-mode relaxation at
short delay times have been largely removed by the use of the
trap-switch.

Systematic Errors in Accurate Mass Measurements. 1. Problem
Definition: The value of high resolution mass spectrometry is
diminished if the mass measurements do not give unambiguous
elemental compositions. Accurate mass measurements in FTMS require
a precise measurement of ion frequencies and an accurate calibration
law for converting ions frequencies to mass. The ion frequencies
can be measured to nine significant figures with modern electronicsj;
however, the relationship between ion frequencies in the cubic cell
and mass still requires further development.

The evolution of a calibration law for the cubic cell has seen
a number of proposals for the frequency-to-mass relationship
(26,37-40). Recently, Ledford, et al. (40) developed an
algebraically correct mass calibration law (Equation 2), which is
now commonly used. Unlike sector mass spectrometry in which many

m = a/fops + b/flops (2)

reference mass ions are required, only two references are required
to calculate the two calibration constants, (2) a and b, which are
required to relate mass, m, to the observed signal frequency, fopg-
This equation is sufficiently accurate to give errors in the 1-10
ppm range (1g). However, in some instances, these errors are
systematic and too 1large to give correct elemental composition
assignments. Also, the systematic errors have been observed to
increase with increasing number of ions. Therefore, the model does
not account for all space charge effects. Nevertheless, it has been
estimated that T70% of the space charge effects are accounted for
(RQ). Space charge-related errors may limit utility of the
calibration law over wide dynamic ranges of ion numbers such as are
encountered in GC/FTIMS.

2. Model: A quantitative model that leads to® the development
of an accurate calibration law is not yet readily obtainable because
of the apparent complexity in the frequency variations in the cubic
cell. Frequency variations have been studied by Knott and Riggin
(41), Hartmann (42) for ICR drift cells and by Sharp et al. (43),
McIver et al. (44), Comisarow (45) and Dunbar (46) for ion traps.

An example of the complexity of the frequency variations in the
cubic cell is given in the extreme by the splitting of a peak into a
doublet for ions excited to very large orbits. A similar phenomenon
was noted by Marshall (47). In the example reported here, the ions
were excited by a 0.385 volt peak-to-base RF burst in a 0.0254 m
cubic cell with a 1 volt trap and a magnetic field of 1.2 T. Two
maxima are discernible for ion-cyclotron-orbit sizes larger than the
"optimal"™ orbit size at about 760 usec excitation time. Local
centroids are measurable; one increases by ca. 50 Hz and the other

45
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decreases by more than 180 Hz away from the "optimal" orbit size
frequency as the excitation time is increased.

If the magnetron mode is negligible in size, then the cyclotron
frequency shift caused by the radial electric fields is
approximately proportional to the magnitude of the radial electric
field component divided by the radius, -En./r (48). Based on
Dunbar ‘s treatment (46), which shows a decrease in the average Ep/r
in the z = 0 plane, one would expect ions with low z-mode amplitudes
to increase 1in frequency as their orbit sizes are increased.
Evaluation of radial electric trapping fields at larger 2z and
radial positions shows a 1large increase suggesting that the
frequencies of ions with high z-mode amplitudes would decrease with
increasing orbit size. Thus, we attribute the high-frequency peak
to ions with low z-mode amplitudes and the low-frequency peak to Ir!
ions with high z-mode amplitudes.

Because low amplitude RF burst waveforms do not significantly |
modify the z-mode amplitudes of ions, the intensities would be ;
expected to reflect the z-mode amplitude distribution just before i
excitation, This gives us one means of checking the above
hypothesis: by allowing the z-mode amplitudes to relax via i
ion-molecule collisions, the relative peak intensities should
change. Indeed, at long delay, the high frequency peak increases at
the expense of the low frequency peak.

The observations that there is an "optimum" orbit size and
that peaks split for orbits not too much larger than the optimum
orbit suggest that the optimum orbit occurs because of special
circumstances. One possible circumstance is a coincidence of ‘
frequencies for ions with low and high z-mode amplitudes so that if L
00— there are mass discriminating differences in the way the ions
e populate the trap or in the way ions are excited, then systematic i

mass measurement errors can be expected. Excitation of the
cyclotron mode does produce a spread in cyclotron radii, and mass
discriminating =z-mode excitation is discussed elsewhere in this
chapter. Thus, frequency variations that cause systematic mass
errors are due in part to trap field inhomogeneities. These effects i
are evident at low ion populations and may be due in part to {
excitation induced ion cloud deformation which increases with ion I
number . il

T Systematic errors that increase with ion number occur, perhaps,

‘4()C) because assumptions made in the model are being violated in If
practice. One of the basic assumptions of the space charge theory
of Jefferies (49), from which the calibration law ‘was derived, is
that a thermal ion cloud in a cubic Penning trap takes the shape of
initial an oblate ellipsoid with a uniform distribution of charge. If so,
10 charge the space charge potential should be quadratic, thus producing a
nt of ion constant contribution to Ep/r. If excitation were to alter the
for (0). shape of the ion cloud, and consequently the linearity of the space
ght 1986 charge electric field, then the linear model no longer applies, and i
systematic errors may occur. Altering the shape of the ion cloud is !

not unexpected. The orbits of ions are known to be large after i
excitation compared to before excitation, and calculations show that
the cyclotron orbits vary by as much as 50% of the largest orbit for
RF burst (50) and chirp (25) excitations. z-Excitation also affects

the ion distribution in the cell as is discussed earlier in this |
chapter.

function
AZ=O.
"rom Ref.




48 FOURIER TRANSFORM MASS SPECTROMETRY

3. Tools: To determine the accuracy of a derived calibration
law, computed masses of ions are compared to known values by using
the calibration shown in equation (2) for the cubic cell or that
shown in equation (3) for the hyperbolic.

Hyperbolic cell £2 = a/m? + b/m (3)

The values of a and b were determined empirically by measuring
the frequencies of six reference masses and fitting mass-frequency
data to the form of the equation by means of a least-squares
procedure. By using empirical values of a and b and the measured
ion frequencies, the masses of the six ions were calculated. A
statistical evaluation between the known masses and the
experimentally determined masses was then made to determine the

accuracy of the calibration law. Systematic errors were observed
as is described in (40).
4, Possible Solutions: New cell designs have been

investigated as possible solutions for improving accurate mass
measurements. Efforts have been directed at minimizing frequency
complexity by linearizing the trapping fields and reducing space
charge effects by spreading out the ions. The reduction of space
charge effects would also permit improvement in dynamic range.

One possibility is the rectangular cell proposed by MeIver et
al. (29). The cell is elongated along the z-axis so that the ion
frequencies experience less perturbation associated with the
trapping fields. Also because of the large volume in the cell,
more ions can be stored with less ion-ion coupling effects than in
the cubic cell.

A recent effort of this 1laboratory has resulted in the
introduction of a hyperbolic Penning trap (31). The cell consists
of two end caps and one ring electrode similar to the design of
Byrne and Farago (51) (see Figure 8).

Tons are formed by an electron beam offset at 1/2 r_ because
jons cannot be excited at the center of the cell. This is %one also
to allow the largest possible cyclotron orbit between the z-axis
and the ring electrode. The cyclotron mode of the ions is excited
across the ring and end caps, and image currents are detected by
using a balanced bridge circuit (52).

The hyperbolic cell offers several advantages for accurate mass
determinations. 1) The frequencies of fundamental modes of the ion
motion are independent of the location of the ion” in the cell at
least for the low ion limit. This is important because frequencies
are known to be influenced by the location of the ions in cubic
cells. 2) The excitation electric field has a simple form
identical to that of the trapping field. Thus, the operation of the
trap is the same everywhere in the interior permitting most of the
volume to be used for storage of larger ion populations with reduced
space charge effects. 3) Harmonic effects (31,13b) that complicate
spectra are removed.

The mass calibration law gives mass measurement accuracy of ca.
2 ppm and a precision of ca. 1 ppm. Errors are still systematic,
but the measurements are much less sensitive to space charge effects
than those made with the cubic cell. One possible cause of the
systematic errors may be magnetic field inhomogeneity caused by

3. GRESEETA

TR
RN

S
o,

I
%% %%

%%

s

5%

B
55

rf
transforme

Figure 8. H
network.



S SPECTROMETRY

ved calibration
values by using
¢ cell or that

(3)

1y by measuring
- mass-frequency
a least-squares
nd the measured
calculated. A
sses and the
) determine the
S were observed

] have been
~ accurate mass
izing frequency
reducing space
luction of space
nic range.
ed by MclIver et
so that the ion
ated with the
ne in the cell,
effects than in

esulted in the
1e cell consists
> the design of

, 1/2 r_ because
his is %one also
ween the z-axis
ions is excited
are detected by

or accurate mass
nodes of the ion

in the cell at
ause frequencies
e ions in cubic

a simple form
operation of the
ting most of the
ons with reduced

that complicate

. accuracy of ca.
till systematic,
e charge effects
le cause of the
neity caused by

transformer

Figure 8.
network.

3. GRESEETAL. A Route to Instrument Improvements

end cap at potentia
//,UC = UT + Um
—o B—o
Collector
LG

T AU

i

Filament

balance |
capacitor
Up

Hyperbolic Penning cell imbedded in a balanced bridge




50 FOURIER TRANSFORM MASS SPECTROMETRY

local magnetic fields induced by machining the cell from stainless
steel.

Another cell design may incorporate the use of segmented trap
plates in the cubic cell (Figure 4) (53). Segmenting the trap
plates is expected to minimize trapping field inhomogeneities.

Poor Resolution for High Mass Ions. 1. Problem Definition and
Model: The magnitude of the electric forces, both trapping and
coulombic, relative to the magnetic force increases with increasing
mass. As a result one would expect that any motion problems
resulting from electric fields would also increase with ion mass.
This may be one of the causes of the low resolution detection of
high mass ions (54), particularly organic ions, by FTMS. This
problem definition is not intended to detract from the remarkable
accomplishments of Hunt, Russell and coworkers which are reported
elsewhere in this volume.

The study of high mass ion dynamics is complicated by the
relatively poor control over ion populations by methods used to
generate high-mass ions (e.g., laser desorption, SIMS) and by the
possibility that chemical behavior of the ion (e.g., slow
decompositions) will interfere with efforts to gain information
about dynamical behavior. We are proposing a scaling technique that
may be used to gain experimental insight into the dynamics of
high-mass ions. Scaling (55) involves extrapolating information
about the dynamics of high-mass ions at high magnetic fields by
studying experimentally low mass ions at lower magnetic fields.

2. Model: Consider the phenomenological equation (56) of the
motion of the ion to be studied:

42 d_> > X Yy
gez=3 B+ FExd - ™
By introducing the coordinate transformations

t = (a/m) V2 (5)
X(t) = X(t) (6)
and parameter changes
B = 8/(n/q)/2 7
v = (m/q)1/2¢ (8)
the phenomenological equation becomes -
gﬁ > > i_xr > d+
a7z =BG + grx 8 - at (9)

Note that the electric field as L2 function of ion position
remains unchanged. The solution,_*x, of the scaled equation
represents the physical solution, x, for any situations where
B/(m/q)172 = 3 and tm/q)1/2 = V. The X is recovered from § by
scaling the time variable. Thus, it can be seen that the behavior
of two situations for which
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B/(myq)1/2 = B/ (ny/q)1/2 (10)

must be the same after the appropriate time scale adjustment is
made. This would suggest high mass behavior at high magnetic
fields can be studied with low mass ions at low magnetic fields.

Tool: As a tool, scaling requires that experimental
conditions be chosen that imitate the variable changes required to
scale the equations for a high mass ion at a high magnetic field
into equations for a low mass ion at a lower magnetic field.

As an example of how mass scaling would be used as a tool,
consider that an investigation directed nominally at the dynamics of
an ion of m/z 2000 at 3 T can be made by using the benzene
molecular ion at 0.59 T. By analogy, it should be possible to study
the behavior of low mass ions and relate that information directly
to the behavior of high mass ions at high magnetic fields.

The scaling approach is at the proposal stage, and we have no
results at this time and no detailed solutions to suggest for the
problem.

Low Mass Resolution Ton Selection for MS-I in MS/MS
Experiments. 1. Problem Definition: The advantages of FTMS for
MS/MS and particularly for (MS)n are often touted, yet few reports
of problem-solving in chemical analysis have been made. The mass
resolution for daughter ions can be superb in the MS/MS mode, as has
been demonstrated by Wilkins et al. (57) and Freiser et al. (58).
However, the resolution of MS-I (for parent ion selection) in cubic
cells is poor. Moreover, the energy for collisional activation is
limited .to the cyclotron mode energy and this limits applications
involving high mass ions. Finally, the original population of ions
is ejected, except for the ion of interest. This 1latter
disadvantage pertains also to sector and quadrupole tandem
instruments, but it need not apply to FTMS. That is, it should be
possible to retain some of the "multichannel advantage" of FTMS in
both the MS-I and the MS-II modes by not throwing away most of the
ions in the first MS step. It may be highly desirable to obtain
information on other ionic species from the original ion population
particularly when sample sizes are limited in quantity or when ion
production is poor and a limiting factor.

2. Model: The difference between the mass resolution of
daughter ions in the second MS step and the mass resolution with
which one can select the parent ion in the first MS step is due to a
difference between the operations of these two steps. In the second
MS step, the signals that result in the mass spectrum are observed
after the conclusion of the excitation. So the width of a
particular peak in the spectrum is determined by trap field
inhomogeneities of the regions through which the ions pass after the
excitation 1is complete. Because only collisional processes will
change the amplitudes of the 2z, magnetron, and cyclotron modes
during this time, one would expect the ion trajectories to be
contained in a proper subset of the volume of the cell. In the
first MS step, the ejection resolution describes the limits for
accelerating one ion species to the point of ejection while leaving
a neighbor mass species essentially undisturbed at the conclusion of
the excitation. The act of accelerating an ion that is initially
bounded close to the z-axis to an ion with a large cyclotron mode




for ejection requires the ion to move through a large portion of the
trap volume. As a result, the motion of the ion is affected by the
full extent of the trap field inhomogeneities. By this reasoning,
the resolutions of the two MS steps would be different, and the
ejection resolution of the first MS step would be poorer,

For 1low ion populations, a first estimate of achievable
ejection resolution might be obtained from the cyclotron frequency
spread that occurs over the range of cyclotron orbit radii through
which the ion must pass to be ejected. This is based on the notion
that an ejection waveform that is just adequate to eject one ion
must have a frequency spectral peak that is at least as wide as the
above spread of frequencies. Such a waveform would then excite, at
least to some extent, all ions with frequencies falling within the
width of the peak, thus limiting the ejection resolution. For ions
with low z-mode amplitudes, we ‘can use Dunbar’s (46) approximate
expression for the average radial field strength,

Bp = 2a(Vp/a?) r [1-2.8(r3%/a3)] (11)

to obtain the frequency spread between the smallest and largest
orbit:

Aweps = 0.7(qB/mg) (rp/a)’ (12)

Here, B is the magnetic field strength, me is the critical mass
(40), q is the charge of the ion in question, rp is the maximum
radius required for ejection, a is the inside length of the cubic
cell, r is a radial displacement, VT is the voltage applied to the
trap plates, and o = 1.3871 (49) a geometry constant.

In the derivation of the approximate expression for Awgep, use
was made of

Bere = 1/2 gB/m {1 + [1-4(m/q) (Ep/r)/B2]1/2} (13)

for the cyclotron frequency of an ion of mass, m, with an orbit
centered on the z-axis, and

me/q = q?B%/8avp (14)

for the critical mass (upper bound on the range of ion masses for
which the ion trajectory is stable in the trap).
From the expression for Awgpr, the ejection resolution becomes

m/Am = wepr/Augpp = 1.429(me/m)(a/ry)® N (15)

the above estimate for the ejection resolution gives 1.59 K.

3. Tool: RF burst waveforms serve as a convenient means for
determining the ejection resolution limits that are due to effects
intrinsic in the operation of the cubic trap. More general computed
waveforms (59) are obtained via inverse discrete Fourier
transformation. These computed waveforms are just a linear super-
position of a finite number of RF bursts. As a result, it is
proposed that the best performance obtained with RF bursts
anticipate the best performance obtained with computed waveforms,

As an example, in a 2.54 em cubic trap with B = 1.2 T and Vp = 1V,
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when these waveforms are used for ejection. 1In particular, the rf
burst is the special case in the class of all computed waveforms
that is best suited for ejection of a single mass.

The MS-1 resolution is determined through the use of ejection
spectra. These spectra are produced in an experiment using two rf
bursts, the first is the test ejection waveform and the second
quantitates the number of unejected ions. The spectra are plots of
ion signal intensity versus the frequency of the test waveform as
the frequency is stepped through the resonance of the ion. At the
ion resonance, the plot shows a dip having a width that indicates
the ejection resolution of the test waveform.

The first step in the measurement of the intrinsic ejection
resolution limits of the trap is to find the minimum ejection
waveform time - amplitude product for which the dip minimum shows
complete loss of ion signal. This is done by varying the amplitude
of the test waveform and fixing the time at ~1 msec to assure the
peak width in the frequency spectrum of the test waveform is wide
enough to cover the range of cyclotron frequencies of the ejected
ion.

Then, in steps, the test waveform time is increased while
maintaining the original time-amplitude product until the dip
minimum of the ejection spectrum acquired for each step no longer
shows a complete loss of ion signal. At this step, the half-height
width of the dip is used to determine the resolution. If the trap
were functioning as an ideal trap, that is, as a linear device with
no collisional damping, the test waveform time could be indefinitely
increased without ever showing incomplete loss of ion signal at the
dip minimum.

By using this technique, the ejection resolution measured for
the example given in the "Model" section is certainly no better than
2.4 K. This compares with a normal mass resolution of 30 K under
the same trap conditions.

4, Proposed Solution: We suggested earlier (9) the
possibility of an intermediate cell in MS/MS applications for
storing all ions from which the one of interest is selected. This
may be accomplished by assembling two adjoining cubic cells in a
manner similar to that in (60) except the partitioning or center
trap plate would not contain an orifice but rather be a solid disk
(see Figure 9). The disk would be centered on the z-axis and have a
diameter of 1/2 the cell dimension. The disk will be held in place
by a highly transparent metallic screen or grid that is insulated
from the disk so that it can be operated at a potential different
than that of the disk. N

Electrons (or any ionizing beam) would be admitted from the
left through an orifice in the trapping plate opposite the disk.
They would strike the disk after traversing the first cell of the
tandem. TIonization of a pulsed sample (from a pulsed valve) would
begin the experiment although ions may be introduced from other
traps by using the partitioning principle of the Nicolet dual cell
(Qg) or even more effectively by employing ion transfer techniques
similar to those described over twenty years ago (51).

Once the ion population is formed and stable and the neutral
population is again low, the ions to be activated are accelerated to
a cyclotron orbit slightly larger than the disk. Up to this point,
the supporting screen and disk have been at the same trapping
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Figure 9. Proposed segmented cell with disk shaped center trap
plate.
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potential, but now the screen is pulsed in a fashion similar to that
described in (60,61) to transfer the excited ion to an adjoining
cell. The z-mode motion of the unexcited ions is not disturbed
sufficiently to climb the potential barrier still provided by the
disk.

The selected ions now in the adjoining cell are returned
nominally to the z-axis by using the method of Marshall (62). Even
though this deexcitation may not - be perfect, it should be
sufficiently adequate that the next step of ion activation can be
performed.

Ton activation takes place by admitting particles (photons,
ions, electrons) into the cell containing the ion of interest.
These activating particles are injected along the z-axis so that
their trajectory is interrupted by the disk, and the ions in the
first cell are preserved.

The segmented tandem cell should have the following advantages:
1) The original population of ions is not lost by ejection as is
currently the case. 2) The selected ions are activated along the
z-axis, and this should lead to better performance in the MS-II
process., 3) The ion of interest can be selected at higher mass
resolution because the selection radius is kept small (increased
a/rm in Equation 15) and because better trapping fields can be
generated by the disk/screen arrangement (the outer segment trap
plate potential would be set for minimum ion frequency spread during
excitation). 4) The activation energy is not limited to the
cyclotron mode energy. 5) The original population of ions is
shielded from the activation process.

Conclusions

Most FTMS instrument and method development research has been
focussed on demonstration experiments. Examples include coupling
FIMS with various sample introduction schemes (e.g., GC, LC,
supercritical fluid chromatography), sample ionization (e.g., LD,
pulsed SIMS, Cf-252 PDMS, etc.), and demonstrating application to
various interesting classes of chemical compounds. These
demonstrations are wuseful because they are indications of the
potential of the technique. However, few reports of the routine use
of FTMS for trace analysis, for accurate mass, and for structure
determination of unknowns have yet appeared. One reason is that FT
mass spectrometers are not widely spread in the hands of users.
Another is that FTMS is not yet routine. Most of the.demonstration
experiments have been done in expert laboratories by committed and
highly focussed graduate students and postdoctoral researchers.

We propose that an essential route to the routine utilization
of FIMS is to focus on fundamental issues that face any
spectrometric method; that is, 4issues dealing with accurate
determination of peak position, peak shape, and peak height. In
this paper, five problems were introduced. With regard to peak
height measurements are problems of nonuniform tuning owing to
inadvertant z-ejection of ions and temporal variation of ion signals
because of ion cloud relaxation phenomena. Systematic mass
measurement errors are an example of problems in determining peak
positions. Less than optimum resolutions for high mass ions and
for ejecting ions in MS/MS-type experiments are examples of
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difficulties. 1In all cases, approaches to solving the

problems are given and, in many cases, actual solutions are
presented.
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