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lon trajectory calculations have confirmed that space charge interactions can be a source for
mass discrimination seen in Fourier transform-ion cyclotron resonance (FT-ICR) spectra. As
compared with the previously recognized mechanism of z-axis excitation, ion-ion repulsion
is @ mechanism which specifically affects relative peak heights of ions close in mass, and is
most severe for low excitation radiofrequency (rf) amplitudes. In this mechanism, Coulomb
repulsion significantly perturbs the motion of the ion clouds during excitation and alters the
final cyclotron orbital radii. Under these conditions peak heights do not accurately reflect the
true ion abundances in the FT-ICR spectrometer. Mass discrimination can be minimized by
using low numbers of ions, low jon densities, and a short, high amplitude rf excitation
waveform. Experimental observation of the relative peak heights of the m/z 91, 92, and 134
ions in n-butylbenzene gives quantitative confirmation of the results of the trajectory
calculations. Chirp, SWIFT, and impulse excitation were modeled: impulse excitation was
found to be most effective in minimizing the effects of space charge interactions. (] Am Soc

Mass Spectrom 19892, 3, 734-741)

Fourier transform-ion cyclotron resonance (FT-ICR)

spectra do net always reflect accurately the ratios of
ion abundances [1]. For ions far apart in mass, incor-
rect peak height ratios have been convincingly as-
cribed to selective z-axis ejection artifacts [2-6]. How-
ever, peak height ratios can also show large inaccura-
cies for ions close in mass, for which this mechanism is
insignificant. The interaction of ions through their
Coulomb repulsion, often referred to as space charge
interaction, provides an alternative mechanism for dis-
torting the relative intensities of FI-ICR spectra. We
describe here experimental results and computer sirmu-
lations which indicate that space charge interactions
account for the inaccurate ratios of close-lying mass
doublets. Wang and Marshall [7] have described analo-
gous calculations and experiments examining the space
charge interaction and the resulting minor peak broad-
ening for ions of the same mass; the present considera-
tion of the intensity ratios for mass doublets represents
quite a different situation.

It is well known that the relative peak heights in

Experimental
The m/z 91 to 92 branching ratios and other experi-
mental results were obtained on a homebuilt FT-ICR
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spectrometer. The ICR instrument contains a 2.5 cm
cubical cell in a magnetic field of 1.4 Tesla, controlled
by an IonSpec FT-ICR data system. At an indicated
pressure of 3 X 107" torr, ions were produced by the
electron impact fragmentation of n-butylbenzene at a
nominal electron energy of 15 eV. Typical emission
currents were 0.05-0.10 pA. lons were trapped for
100~250 ms at a trapping plate voltage of 4 V (except
where noted otherwise).

The radiofrequency (rf) amplitude was measured
peak to peak at the transmitter plates. Peak heights
were used to obtain the branching ratio rather than
peak areas. The widths of the peaks (full width half-
maximum) were observed to be the same, so the ques-
tion of whether to measure peak heights or arcas was
not significant.

Results

Figure 1 shows measurements of the 91 /92 peak height
ratio (fragment ions of n-butylbenzene) as a function
of rf excitation amplitude, using chirp excitation. Con-
current measurements using impulse excitation, low
ion number, and low trapping voltage, conditions
which were expected to approach closely to an accu-
rate ratio measurement, gave a ratio of 1.0, which was
taken to be the true ratio for these ionizing conditions.
{Our confidence that this latter measurement gave true
ratios was reinforced by a similar measurement of the
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Figure 1. Experimentally obtained peak height ratio of m/z 91

and 92 as a function of chirp excitation amplitude.

bromine 79 /81 isotope ratio in bromobenzene ions as
1.02, which is correct.)

It is seen that at low rf amplitudes the observed
91/92 ratio is substantially too high (about 1.4), while
at high rf amplitudes it drops sharply below 1.0. We
ascribe the dropoff in ratio at excitation amplitudes
above 2000 V/m to preferential cyclotron ejection of
m/z 91 ions. However, below 2000 V/m there is no
reason to expect cyclotron ejection of ions of either
mass, and we attribute the increase in ratio from 1.0 to
1.4 to ion-ion Coulomb repulsion (“space charge ef-
fects”). The conditions resulting in the ratios shown in
Figure 1 were taken as the basis for comparison with
the computer simulations of space charge effects de-
scribed below, and a goal of the simulations was to see
if reasonable parameter choices would lead to a good
match with this set of experimental results.

If we postulate that space charge repulsions are the
cause of the inaccurate peak ratios of close mass dou-
blets, there are various predictions that can be experi-
mentally tested: this model predicts that the ratio
should become more accurate as the ion-ion repulsions
are reduced by (1) reducing the number of ions in the
trap, (2) reducing the trapping voltage to give a shal-
lower, broader trapping well along the z direction, and
(3) increasing the excitation amplitude. Some limited
experiments were done to test these predictions. Fig-
ure 2 shows the effect of increasing the number of ions
by increasing the electron beam pulse length. (The
lowest value, 5 ms, corresponds to the data of Figure
1) It is seen that the ratios generally move farther
above the correct value of 1.0 as the number of ions
increases, for any given rf excitation amplitude, The
longest beam pulse (100 ms) combined with a low rf
level (1420 V /m) gave an extreme mass discrimination
of about a factor of 6.

It was found hard to do convincing experiments
varying the trapping potential, because this gave vari-
ations in ion trapping and detection conditions which
were not easily standardized. It was observed, how-
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Figure 2. Experimental peak height ratio of m/z 91 to 92,

similar to Figure 1, with the number of ions in the trap controlled
by using various lengths of the electron beam pulse: 5 ms (»); 10
ms (M); 25 ms (a); 100 ms (e).

ever, that increasing the trapping voltage from 1.5 to
3.5 V gave a large increase in the observed bromine
isotope ratio for bromobenzene ions (an increase of as
much as a factor of 3 at low rf amplitude).

Finally, as is clear in Figures 1 and 2, low rf excita-
tion amplitudes gave the greatest mass discrimination.
At the lowest rf levels, where the signal was approach-
ing the noise level, mass discrimination was typically
Very severe.

Computer Modeling

Convincing support for the space charge mechanism of
mass discrimination for close-lying peaks can be gained
through computer simulation of the experiments. The
goal is to show that Coulomb repulsion, by using
physically reasonable parameter values, does actually
lead to mass discrimination in the observed direction,
with the right magnitude, and having the correct de-
pendences on ion density and rf level. Accordingly, we
undertook extensive computer simulations of these
effects, and the success of these simulations provides
the strongest indication we can give for the relevance
of the Coulomb repulsion model of mass discrimina-
tion.

The effect of Coulomb interactions during excitation
was modeled for the system consisting of two ion
clouds (masses 91 and 92). The trajectory of each
ion cloud was calculated by numerical integration of
Newton’s second law for motion of an ion exper-
iencing the repulsion of a charge cloud at relative
position r.

F =ma = qE + (qu/cxB)
+(1/4me;)qqz /el &)

where F is the force on an ion of mass m and charge q,
E (volts /m) is the instantaneous electric field along the
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x axis, v (m/s) is the velocity, B (Tesla) is the magnetic
field along the z axis, and q, is the charge of the
repelling ion cloud. The cyclotron motion of the ion is
in the x-y plane because the direction of the magnetic
field is along the z axis. Each of the two ion clouds was
represented as a single point having the charge of the
total number of ions in the cloud.

Two assumptions were made in the model to sim-
plify the calculations. First, the initial thermal velocity
of the ions was neglected. The contribution of the
thermal velocity of the ions to the overall signal is
essentially zero. The direction of the thermal velocity
of each ion is random, so that the net velocity vector of
all the ions in the ion cloud is zero. A signal induced
on the receiver plates of the ICR cell can only be
produced by the coherent motion of a packet of ions in
a cyclotron orbit. While the random thermal motion of
the ions thus makes no direct contribution to the
signal, it may affect the ion trapping and the signal
strength through various mechanisms involving ion-
ion collisions, coupling of z-axis and cyclotron mo-
tions, and other nonlinear terms in the equation of
motion [2]. We did not see that these possibilities
would be important in the present context, and did not
try to include them in the modeling.

Second, a simplified picture was adopted to model
the distribution of ions along the z axis and in the x-y
plane. The initial relative position of the interacting
ions has a significant effect on the role of Coulomb
repulsion in the ion trajectories. Table 1 shows calcu-
lated final cyclotron radii for ion pairs having five
different initial orientations, giving somewhat varying
Coulomb contributions to the mass discrimination. An
average over these five orientations gives a result quite
similar to that obtained for the single case of ions both
lying along the z axis. Taking this to be a generally
good approximation, the calculations were simplified
by positioning the two ion clouds initially along the z
axis in all further simulations.

The numerical integration was carried out by
straightforward iteration of the different equations cor-
responding to eq 1

xit?=2xitl — i 4 ke’ At?
L)
B : 7142
- — (R B At Ll
oy (11 yi) Jp—
(xf7' = xi) o
RS
B )
Y= 2y -y - (- At
"y
ag oyt - it
(3)

e, m, R?

and a similar pair of equations with labels 1 and 2

interchanged. Here xi, x;™!, and x}*? give the position
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Table 1. Ratios of m/z 91 and 92 final cyclotron radii
calculated by using different initial ion positions®

Calculated
91 radius /92 radius
{mm /mm)

Initial Position
ot m /z 92 (mm)

{0.0,.15) 8.27/6.23=1.32
{15,0,0) 854 /6.27=1.36
{-.15,0,0) 7.96 /6.37=1.25
{0,.15,0} 8.62/6.23=1.38
{0,-.15,0) 8.26/6.33=1.3C

average = 1.32 + 0.01

#50 V rf amplitude, 0.20 ms chirp excitation m sz 35-88, 5000
ions in each cloud. m /z 91 is placed at (0,0, 0).

of ion 1 after zero, one and two time steps (with
similar notation for the y coordinate), q, is the charge
of ion 1, q is the total charge of ion cloud 2, m, is the
mass of ion 1, R is the distance between ion 1 and ion
cloud 2, and At is the time step for the integration.

Some attention was necessary in the choice of the
time step At. If At was chosen too large, accumulated
errors in the numerical integration resulted in gradu-
ally increasing ion orbits in the absence of any electric
force. At was empirically chosen to limit the drift of
the orbiting radii to less than 0.5% with each succes-
sive eycle. This criterion was comfortably satisfied at a
At value (1.1 ns) which give a complete cyclotron orbit
for an ion of mass 91.5 in 4000 time steps. Inspection of
ion motion plots like those shown below indicated that
this time step was satisfactorily short even during the
initial period of rapid ion acceleration under the influ-
ence of Coulomb repulsion.

Excitation Schemes

Three excitation schemes were modeled to compare
the effect of the Coulomb interaction on the peak ratio:
1. Chirp (frequency sweep) excitation [8, 9]:

E(chirp), = E(0.72/2.54 x 1072 m)sin (@t + 0.5at”)
4)

where E_ is the amplitude of the rf voltage applied to
the receiver plates, 0.72 is a correction factor to the
potential in a cubic cell [10], 2.54 X 10° 2 m is the
length of a side of the cubical cell, w; is the starting
frequency in radians/s, t is time in seconds, and a is
the sweep rate in radians/s”. The parameters were
chosen to match the experimental conditions cotre-
sponding to Figure 1, with a mass range from 95 to 88
swept in 200 us.

2. Impulse excitation [11, 12]. This was modeled as
a constant electric field turned on for 1 ps in the x
direction.

E(impulse), = E,(0.72/254 X 107 ?m) 0 <t<1us
(3
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3. SWIFT excitation [ 13, 14]. SWIFT is not actually a
specifically defined excitation waveform, but describes
a family of waveforms having the desired excitation
spectrum. In the preferred implementation, the phases
of the Fourier components are scrambled in such a
way that the excitation rf amplitude is spread out
reasonably uniformly over the duration of the excite
pulse. This was mimicked by the sum of two sinu-
soidal waveforms at the specific frequencies for m/z
91 and 92:

E(SWIFT), = E_(0.72/2.54 X 10~ 2m)

{sin wg t + €08 wg,t} (6)

which accelerated the ion clouds for 200 us.

Computer Modeling Results

The first set of calculations investigated whether the
inclusion of the Coulombic term affected the trajectory
of the ions in a way that would explain the mass
discrimination seen in Figure 1. Figures 3 and 4 are
sets of plots that show the trajectories of ion clouds
my/z 91 and 92 with the absence and inclusion of the
Coulomb repulsion term respectively. Each ion cloud
contained the charge of 5000 ions and was accelerated
by a chirp excitation waveform of amplitude E = 40V
sweeping through m/z 95-88 in 200 us. The separa-
tion of the ion clouds was 0.125 mm along the z axis.

The inclusion of Coulomb repulsion between the
two ion clouds clearly has a direct effect on the final
cyclotron orbital radius after chirp excitation. FT-ICR
peak heights are expected to be proportional to the
final cyclotron radii of the two ion clouds after excita-
tion [15]. The difference in the calculated cyclotron
radii is large enough to account for the mass discrimi-
nation seen in the peak ratios for the set of data shown
in Figure 1. Table 2 shows the calculated dependence
of the final cyclotron orbital radii on the chirp excita-
tion amplitude.

Excellent quantitative agreement between the
experimentally determined peak heights (electron
beam length 5 ms) and the calculated final cyclotron
orbital radii is seen in Table 2. The ratios for each
excitation amplitude correspond well up to E; = 70 V.
At E, =80 V the calculated cyclotron radius of 91
exceeds 12 mm. This matches the cyclotron radius at
which the orbiting ion cloud would begin to collide
with the walls of the cell. This is seen in the observed
dropoff in the experimental signal strength near this
amplitude. The calculation predicts that m/z 91 has a
larger radius than m/z 92, which is in agreement with
the observation that it is preferentially ejected at high
rf amplitudes.

Table 3 shows the mass discrimination produced by
using the three types of excitation schemes: chirp (eq
4), impulse (eq 5), and the simulated version of SWIFT
excitation (eq 6). The ion clouds each contained the
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Figure 3. Trajectory plots of the ion clouds calculated in the
model, without Coulemb interaction. (a) m/z 91; (b) m/z 92.

charge of 5000 ions with a z axis separation of 0.125
mm, It is seen that mass discrimination is most severe
for chirp excitation, smaller but still significant for
simulated SWIFT excitation, and smaller still for im-
pulse excitation.

Further Modeling Studies

To probe further the modeled space charge effect a
series of calculations was made to observe the response
of the ratio of the final cyclotron orbital radii to changes
in various parameters. Figure 5 compares the space
charge effect for the close-lying 91 /92 doublet and the
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Table 3. The effect of Coulomb repulsion on calculated
cyclotron orbital radii using three different excitation

schemes

Calculated Calculated
91 /92 91 /92

Excitation Pulse Coulomb off  Coulombon
scheme E, width (mm /mm) {mm /mm)
Chirp m/z - 50v 0.2ms 7.27 /705 B52/6.19
95-88 =1.03 =1.38
Simulated 20v 0.2ms 7.27/7.26 8.06 /7.93
SWIFT =1.00 =1.11
Impulse 400v 0.001ms 7.44 /7.46 7.66 /7.24
=1.00 =1.06
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Figure 4. Plots identical to Figure 2 except Coulomb interaction

between the ion clouds is included. (a) m/z 91; (b) m/z 92.

Table 2. Experimental peak ratios and calculated cyclotron
orbital radii tor m,/z 91 and 92 as a function of rf amplitude

{chirp excitation)

Calculated
Experimental 91 /92 91 radius /92 radius

E, v (arbitrary units) {tmm /mm}
40 3.29/,235=1.40 678/475=1.42
50 3.96/3.08=1.38 8.52/6.19=138
60 4.95/3.48=1.32 9.42/7.82=1.20
70 5.26 /4.74=1.11 1052 /9.26=1.14
80 412 /56.27=078 1255 /1049=1.19
90 2.68/548=049 13.55 /12.22=1.10

widely mass separated 91/134 doublet. The ions were
excited by identical chirp excitation waveforms of pulse
length 200 us sweeping through m/z 200-50. Each ion
cloud contained the charge of 3000 ions with an initial
separation of 0.15 mm along the z axis. The effect on
the cyclotron orbital radii ratio of m/z 91 /92 was very
dependent on the number of ions, while the effect on
the 92 /134 ratio was small. (The discrimination of up
to 1.07 in the 92/134 ratio was largely independent of
the Coulomb interaction, and represents numerical er-
rors in the simulation.)

Figure 6 probes the effect of a shortened (but higher
amplitude) chirp excitation pulse length on the ratio of
the final cyclotron orbital radii of the ion clouds of
m/z 91 and 92. To compensate the shortened pulse
length the excitation amplitude was correspondingly
increased to keep the final cyclotron radius of the ion
clouds relatively constant at 7 mm in each run. Once
again a charge of 3000 ions was given to each ion
cloud with an initial z axis separation of 0.15 mm,
Chirp excitation was wused, sweeping through
m/z 95-88. As the length of the chirp waveform was
shortened the mass discrimination between m/z 91
and 92 decreased.
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Figure 5. Ratio of the calculated cyclotron orbital radii as a
function of rf excitation amplitude. (m} ratio of cyclotron radii
for m/z 92 and 134; (@) ratio of cyclotron radii for m/z 91
and 92.
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Figure 6. Ratio of the calculated cyclotron orbital radii of
m/z 92 and 92 as a function of rf excitation pulse length, The
excitation amplitude was lowered as the pulse length was

lengthened to produce final cyclotron orbits of approximately
7 mm.

The effect of reducing the total number of ions was
modeled by decreasing the total charge in each ion
cloud. Figure 7 shows the dependence of the 91/92
cyclotron orbital radius ratio on the rf excitation
amplitude. Three cases were modeled: 3000 ions,
1500 ions, and 500 ions in each cloud. Chirp excitation
of pulse length 200 us swept through m/z 95-88, with
an initial separation of the ion clouds of 0.15 mm
along the z axis. Reduction in the total charge steadily
reduced the extent of mass discrimination.

Lower ion densities were mimicked by increasing
the initial z axis separation of ion clouds while keeping
the total number of ions the same (as would be ex-
pected for a reducing trapping voltage). Each ion cloud
contained the charge of 3000 ions, accelerated by a
chirp excitation waveform sweeping through m/z
95-88 for 200 us at E = 40 V. Figure 8 shows the
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Figure 7. Ratio of calculated cyclotron orbital radii of m/z 91
and 92 as a function of tf excitation amplitude. (4) 3000 ions in
each cloud; (M) 1500 ions in each cloud; {¢) 500 ions in each
cloud.
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lessening of the mass discrimination between m/z 91
and 92 as the ion clouds approach distances where the
short range Coulomb interactions have little effect.

The simulations successfully modeled the qualita-
tive increase in mass discrimination for increasing ion
number, increasing trapping voltage, and decreasing
excitation amplitude. However, the ion trajectories
found in these simulations did not account quantita-
tively for the large mass discrimination seen at very
high ion numbers and trapping voltages, as in the
100 ms data in Figure 2. This may reflect the limitation
in modeling of the ion clouds as point charges.

Discussion

From the trajectory calculations we see that Coulomb
repulsion significantly affects the motion of the ions
during excitation. Figure 3 shows ion clouds, m/z 91
and 92, without Coulombic interaction, spiraling out
from the center of the cell in a uniform manner as one
would expect during excitation by an oscillating elec-
tric field. In Figure 4, the cyclotron motion during the
chirp excitation is perturbed by the inclusion of
Coulomb repulsion, resulting in altered final cyclotron
orbits. Once the ion clouds have reached the final
cyclotron orbital radii ion motion is unperturbed by
Coulomb interactions.

The motion of the ion clouds during the chirp
excitation is very complicated and it is not easy to
interpret the simulation results. The relative phases of
the ion clouds’ cyclotron motions are not easily fol-
lowed. Rather than attempt to understand in detail the
interaction of the Coulomb force with the other forces
during the excitation, we have focused on the space
charge effects reflected in the calculated final cyclotron
orbital radii. By using this criterion, the excellent
agreement seen in Table 1 between simulated and
observed space charge effects gives us confidence that
we understand the mechanism of the 91 /92 ratio dis-
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tortion in an entirely satisfactory way, at least when
the perturbation is relatively small.

The trajectory calculations have emphasized and
clarified several features of the effect of space charge
interactions on peak heights in FT-ICR spectra. First,
mass discrimination by space charge effects is most
important for ions close in mass. Second, the artifact
can be minimized by using a short, high-amplitude
excitation waveform. Both of these characteristics come
naturally from the fact that the Coulomb perturbation
of the ion motion depends on the length of time over
which the interacting ions are close together during
excitation. Third, the artifact is minimized by using
low numbers of ions and by spreading the ions out
along the z axis, both of which reduce the magnitude
of the Coulomb forces.

Coulomb repulsion as a mechanism for mass dis-
crimination is only significant for ions close in mass.
Two ions of different mass that are initially traveling
coherently in their ¢yclotron orbits will gradually fall
out of phase, and move apart in space, due to their
difference in cyclotron frequency. The cyclotron
motions of ions far apart in mass dephase quickly. lons
at m/z 92 and 134 traveling with the same cyclotron
orbital radius will be separated by one radian after
about 2us, which is short compared with a typical
chirp excitation pulse length of 200 us. Once the ions
have dephased in the first 2 us of excitation, the short
range Coulomb forces become negligible with respect
to the force of the rf electric field. The dephasing
period for ions m/z 91 and 92 is 62 us, and the motion
of ions is perturbed by Coulomb repulsion during a
significant fraction of the excitation. The simulations
clearly show this distinction between close-lying and
far-apart mass doublets, as illustrated in Figure 5.

The length of the excitation waveform strongly de-
termines the extent of mass discrimination. Figure 6
shows that as the chirp waveforms become shorter and
higher in amplitude, the mass discrimination de-
creases. Once again the basic principle is that the
length of time in which Coulomb repulsion signifi-
cantly perturbs the motion of the ions determines the
degree of mass discrimination. For a given extent of
dephasing of the cyclotron motions of the interacting
ions, the spatial separation between them is propor-
tional to their cyclotron radii. If the excitation pulse
length is shortened, the ions reach large cyclotron radii
sooner, allowing dephasing to move them apart more
quickly.

Impulse excitation uses a very short high-amplitude
excitation waveform [11, 12]. Ideally, the length of the
impulse excitation is chosen to be much less than one
cycle of the cyclotron orbit of the ions in the ion trap
cell. Impulse excitation in principle instantly increases
the momentum of the ion cloud from rest producing
all ions traveling in a large cyclotron orbit. At this
large orbit a small angular separation due to dephas-
ing will result in a large linear separation, minimizing
Coulomb repulsion effects.
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In obtaining accurate peak heights, SWIFT addresses
the problem of the nonuniform frequency domain
power spectrum produced by chirp excitation [9]. The
ideal excitation scheme accelerates all the ions to the
same cyclotron orbital radius. The amplitude of the
image current produced on the receiver plates will
then simply be proportional to the total number of ions
in each ion cloud. The SWIFT excitation waveform is
derived from the inverse FT of the desired frequency
domain power spectrum [13, 14]. Various algorithms
have now been developed for the production of the
SWIFT waveform.

We did not attempt to produce an actual SWIFT
waveform for the investigation but simply mimicked
one. The sum of two sinusoidal waveforms which we
used preserves the desired characteristics that the two
ions are accelerated simultanecusly, and the duration
of the excitation is the same as the chirp waveform
with which we are comparing.

Unfortunately, SWIFT will only remedy the prob-
lem of accurate peak heights to the extent that the mass
discrimination artifact is produced by the nenuniform
power spectrum of the excitation waveform. Even if
the excitation waveform is designed to produce a flat
power spectrum, the problem of Coulomb repulsion
between ion clouds can still perturb the motion of the
ions and mass discrimination may still persist. As
Table 3 shows, the simulated SWIFT waveform we
used gives less discrimination than the chirp, which
seems to be particularly bad in this respect, but the
SWIFT waveform by no means eliminates the discrimi-
nation. Moreover, for SWIFT pulses longer than the
200 us we used, we would expect the discrimination
to be more severe, following the arguments given
above.

Mass discrimination due to ion repulsion can also
be reduced by minimizing the magnitude of the
Coulomb force existing between the two ion clouds.
Experimentally, reducing the total number of ions and
lowering the trapping potential both help to remedy
the ion intensity ratio problem. Figure 7 shows that a
reduced number of ions reduces the mass discrimina-
tion.

Lowering the trapping potential while keeping the
number of ions the same reduces the jon density.’ The
lowered direct current voltage on the trapping plates
produces a shallower potential well allowing the
trapped ions to spread out along the z axis. The total
number of ions will remain the same but at a lower ion
density. This was modeled by keeping the total num-
ber of ions in each cloud the same while increasing the

'In considering that the ions are more compressed along the z axis at
higher trapping voltage, we have assumed that the initial oscillations
along the z axis have damped out, settling the ions to the center of
the trap. It can be questioned whether z axis relaxation is complete in
these low-pressure experiments; but we see substantial relaxation of
the z axis motion judging from the increase and leveling off of the
FT-ICR signal strength within a few hundred milliseconds after the
electron beam pulse (see ref 2). The z axis relaxation is believed to be
effected by Coulomb repulsions between ions along the z axis.
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initial separation between ion clouds. Figure 8 shows
the reduction in mass discrimination as the initial ion
cloud separation increases.

Conclusions

Although FT-ICR spectrometry is an excellent means
of studying ion chemistry, the problem of mass dis-
crimination detracts from its strength as an analytical
tool. Most of the problems with accurate peak ratios
have been attributed to the motion of the ions during
excitation.

The actual motion of ions in an FT-ICR spectrome-
ter is complicated and can differ from the motion of a
single ion in a cyclotron orbit. The experimental spec-
tra are dependent on many variables that are some-
times hard to control. One of these variables is the
space charge interaction among the ions in the ion
trap. By using ion trajectory calculations we have stud-
ied the effects of interionic repulsion under various
conditions. The effect of Coulomb repulsion on the
final cyclotron orbital radius after excitation provides
satisfactory understanding of the mass discrimination
seen in spectra of close-mass ions. The trajectory calcu-
lations, reinforced by experimental observations, indi-
cate that space charge effects can be minimized by (1)
using low jon densities, (2) using low ion numbers,
and (3) using an excitation scheme that accelerates the
ions in a very short period of time. The first two
criteria would favor the use of large cells, low trapping
voltages, and small numbers of ions; even better should
be cells elongated along the 2z direction [16], and cells
with screened trapping plates [17], to spread the ions
out along the z axis. The third criterion would suggest
impulse excitation as the best excitation scheme for
accurate peak ratios, with other excitation profiles be-
ing progressively warse as the acceleration period for
the jons of interest grows longer.

Our finding of mass discrimination due to space
charge effects and the remedies to the problem dis-
cussed here do not at all contradict or diminish previ-
ous work implicating z axis excitation and ejection of
ions by the chirp waveform as the cause of large mass
discrimination effects in ICR. Space charge provides
another, additional source of FT-ICR peak ratio varia-
tions. In two respects the space-charge artifact con-
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trasts with previously discussed mass discrimination
mechanisms. First, it is most severe for ratios of ions
lying closest together in mass, because of the slow
dephasing of close-lying ions; and second, it is most
severe at the lowest levels of rf excitation amplitude
which maximize the ion-ion interaction time. The z
axis mass discrimination effects are, by contrast, severe
for ions lying far apart in mass and excited with large
amplitude f pulses [2].
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