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Abstract

We have studied the coupled cyclotron motions of ions at moderate to high density in the ion trap of a Fourier
transform mass spectrometer, For the case of two ionic species of similar mass in the ion trap (CO' and N§) we present
image current detection results over a range of ion densities. At low ion densities the ion motions are independent,
resulting in two distinct image current frequencies. At higher ion densities the ton motions are strongly coupled. In the
high density limit only one of the coupled motions has the symmetry required to generate an image current. Thus, the FT
mass spectrum of the CO/N, mixture at high density consists of only a single peak at the frequency of the image current
active, coupled cyclotron motion. By analyzing the image current transients in detail we can follow the development of
the collective normal modes of the ions in the trap. FTMS spectra of naphthalene (C gHg) as a function of ion density
demonstrate that the coupled ion motions can have a substantial effect on the measurement of '2C/C isotope ratios.

Key words: Fourier transform mass specirometry; Ion coupling; Isoctope ratios

1. Introduction

In Fourier trapsform mass spectrometry
(FTMS), static electric and magnetic fields are
used to store gaseous ions in an analyzer ceil or
ICR cell (Fig. 1}. The ions are constrained by the
magnetic field to move in circular orbits having a
frequency

w=gB/m (1)

where g is the charge of an ion, m is its mass, and B

* Corresponding author.

is the magnetic field strength. The circular motion
of the ion is in the plane perpendicular to the
magnetic field. The motion parallel to the mag-
netic field is constrained by a static electric field
applied to the trapping plates. When the frequency
of an applied (to the transmitter plates) oscillating
electric field is equal to the cyclotron frequency w, a
resonance condition is established and the ions are
accelerated to larger cyclotron orbits. An image
current is induced in the receiver plates of the cell
by the coherent cyclotren motions of the ions and
is detected by a sentive preamplifier [1-3].

In FTMS the mass-to-charge ratio of an ion is
calculated from its measured cyclotron frequency.

0168-1176/94/307.00 © 1994 Elsevier Science B.V. All rights reserved
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Fig. 1. Schematic of the FTMS analyzer cell.

In nrincinle this can be done wverv accuratelv.
il principae aon Ty accurately

Previously, ion space charge effects have been
identified as one of the factors which needed to
be considered in the mass calibration when high
density ion clouds are generated in the analyzer
cell. Detailed models of the dependence of the ion

cyclotron frequency on ion cloud density have been
Aeonrukaﬂ ﬂ—u:nrnhnz"u rA QT Jnrl chlr‘u:r‘ nvparw-

mentally [5,6]. In those studles a single charge to
mass ratio is considered. In a cubic cell the effective

frequency is
wor = wf2[1 + (1 — 4K fu?)7?Y 2

where K' =2gaV/ma® + ¢*pG;/egm, a is the
separation between the plates of the cell, p is the
ion density, « 15 a geometric factor depending on
the shape of the trap, G; is a unitless geometric
factor describing the shape of the ion cloud, and
¢y is the permittivity constant and « is given by Eq.
(1) [6,9,10]. When the ion space charge and
frequency shift is small compared with the cyclo-
tron frequency, Eq. (2) can be simplified to give the
following

w — 20V /a*B — ¢pG;

Wefr = = (3)
€8

In Eq. (3) only the first term (w) depends on the
charge-to-mass ratio (g/m). At constant magnetic
field, static electric fields, caused by the ion space
charge and trapping voltages, shift all of the cyclo-
tron frequencies slightly lower by an approximately
constant amount.

In this paper we present results on the effects of
high ion densities for the important case where ions
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Fig. 2. Mass spectra of CO and N; mixture at (A) low, (B), (C) medium, and (D} high ion densities. CO : N; =4 : 11 and total

pressure = 1.5 x 1073 Torr.
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of different charge-to-mass ratio exist in the ion
trap simultaneously. Figure 2 shows the mass
spectra of a CO and N, mixture at constant ratio
CO:N; =4:11 as a function of ion density. At
very low ion density the CO and N, peaks are well
resolved and the two peak heights are consistent
with the ratio of ions densities. As the ion density
is increased, the intensity of the lower frequency
peak decreases, Al high ion density only one
peak, corresponding to a coupled motion of the
two ions, can be detected. The ion density depen-
dence of the mass spectra indicates that the two
motions of the ions are dramatically coupled as
the ion densities increase in the analyzer cell. In a
simple model, the coupling of two cyclotron
motions is analogous to two coupled harmonic
oscillators, such that two new combined motions

are generated In nne coamhinatinn maotion an
alt gCliCiaccid. 1l UNU CUOLLUHIauUYn nPudu, 4

image current is generated (symmetric mode) and
this mode can be detected. In the other com-
bination motion, no net image current is generated
(asymmetric mode) and this mode can not be
detected. As a result of the coupling, the ratio of
the two mass peaks does not simply represent the
ratio of the two ion densities. An understanding of
these ion coupling effects is important for the
quantitative use of FTMS spectra. Ignoring these
effects can, for example, lead to substantial errors
in isotope ratios.

Similar behavior of trapped ions in a quadrupole
trap has been reported previously by Jungman et
al. [11]. wherc collective motion rather than
independent motion is observed. As a result of
the coupling, only one mode can be detected. The
two-particle and the high-temperature ion cloud
models have been used to give a reasonable
cxplanation of collective oscillations of the stored
ions for that case.

2. Experiment

The details of the analyzer cell and FTMS instru-
mentation have been described in many previous
articles [12]. In our experiments, the FTMS
analyzer cell is a Scm x Scm x Scm cubic cell
which consists of a pair of transmitter plates and
two trapping plates and two detector plates. One of

the trapping plaies supports an electron beam
filament to generate ions by electron bom-
bardment. The magnetic field applied was 0.7 T
generated by a Varian 12 in electromagnet. The
typical trapping voltage is about 1 V. Trapped
ions are accelerated by r.f. chirp excitation which
was delayed 220 ms for the CO/N, experiment and
100 ms for naphthalene experiments with respect to
the electron beam pulse. Narrow band and broad
band detection were used in the CO and N, experi-
ment and naphthalene experiment respectively. In
the case of the CO and N, experiment the chirp
step size is 180 Hz and chirp pulse width is 0.13
ms. In the case of the naphthalene experiment the
chirp step size is 200 Hz and chirp pulse width is 0.08
ms. The chirp pulse amplitudes remain unchanged
for experiments with different ion densities.

The cell is located in an UHV chamber of base
pressure 2 x 107'° Torr as measured by the ion
gauge. Pure N, (99.999% Liquid Carbonic} and
CO (99.9% Matheson) gas are leaked into the
chamber to a typical total pressure of 5 x 107°
Torr. The molecules are ionized by a pulsed elec-
tron beam of energy 70 V and 1 pA current.

Thiffarant ian dengities have heen ohtammed by
LrAARTCIL MO UCSTBIUCS Aa¥Yo OCCI Uowaifiicil OY

varying the electron beam pulse width from 5 to
50 ms. An lonSpec FTMS 2000 system is used
for pulse generation and data acquisition. Data is
transferred to an lon Spec OMEGA data system
for analysis. The split program from IonSpec has
been used to split the whole transient spectrum into
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§ OOD DDHDD
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4] 10 20 a0 40 50

Electran beam width (ms)

Fig. 3. Pure CO {O) and pure N, {[J) ion densities (mass peak
amplitude) as a function of electron beam pulse width.
Poo=3x 10~ Torr, Py, =5x 10~ Torr, clectron beam
energy = 70 eV and filament current = | mA.
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Fig. 4 (opposite and above). Mass and transient spectra of CO and N; mixture (CO : N; = 1: 1) at (1) low, (b) medium, and (c) high ion
densities, Poo — P, — 3% 10 ¥ Torr, electron beam energy — 70 ¢V and filament current = 1 mA.
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Fig. 4. (continued)

two sections for some of the data analysis as
described in the text.

For the naphthalene experiments described here,
naphthalene is placed in a sample tube and the
vapor is leaked into the chamber at a pressure of
3.7 x 107* Torr. The naphthalene is ionized by
electron bombardment with a beam energy of 50
V and current of 0.5 uA. The electron beam pulse
width was varied, as in the CO/N, experiments, to
produce different total ion densities.

The electron beam emission current was
measured by an electrometer. The total number
of ions in each experiment can be calculated by
knowing the sample pressures and the ionization
cross sections. Details of the experiment and the
circuit have been described by Hunter et al. [5].

3. Results and discussion
3.1. Pure CO and pure N,

In the experiments described here, ion densities

are varied by means of changing the electron beam
pulse width. Figure 3 shows results of such experi-
ments for pure CO and pure N,. The FTMS signal
is seen to increase linearly over a wide range of
electron beam pulse widihs. At the highest ion
densities (electron beam pulse width > 30 ms) the
signal begins to saturate. The frequency of both
CO and N, shift to lower frequency by similar
amounts as the ion densities are increased. These
shifts are consistent with previously studied space
charge effects [5,6].

3.2. CO/N; mixtures

Figure 4 shows the mass spectra of CO and N,
and the image current transients obtained at
CO:N;=1:1 for low, medium and high ion
density. The total numbers of the ions in the cell
are 2.3 x 10°, 6.9 x 10° and 1.2 x 10° respectively.
At very low ion density (Fig. 4(a)) the CO and N,
mass peaks are consistent with the CO:N,
pressure ratio and the transient is the expected beat
pattern indicative of the two ions undetrgoing
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Fig. 5. Mass and transient spectra from split transient of medium ion density CO and Ny mixture (CO : N; =1 : 1). (a) Mass spectrum

from first half of total transient of Fig. 4 medium ion density. (b) Mass spectrum from second half of total transient of Fig. 4 medium ion
density,



J. Huang et al.{Int. J. Mass Spectrom. fon Processes 134 (1994 11-21 17

S [ N I
328838 885958
-] 385898 ] ®05060
olelelolels) elelolelels)
5855060 ilelelelele

|
4

iy
A

(a}

Fig. 6. (a) Image current is generated by the combination mode
(w,) of two ion cyclotron motion with same phase. (b) No net
image current is generated by the combination mode (w_) of two
ion cyclotron motion with opposite phase.

independent cyclotron motions. At medium ion
density (Fig. 4(b)), the higher mass (lower fre-
quency) intensity decreases. Only the early half of
the transient exhibits a beat pattern and the later
half of the transient does not show a beat pattern.
At high ion density (Fig. 4(c)), the spectrum
consists of a single peak and the corresponding
transient shows very little of the beat pattern. The
beat pattern of the transient results from
uncoupled CO and N, cyclotron motions, while
the transient without a beat pattern is indicative
of coupled ion motions with only one normal
mode of the ion cloud active for generation of an
image current. This effect can be further studied by
splitting the medium ion density transient into two
sections corresponding to the first and second half
of the total transient and generating the respective
mass spectra (Fig. 5(a) and Fig. 5(b)). After
dividing the transient, the mass spectra from the
first half has two peaks with a substantial low
frequency peak, indicative of less coupling while
the mass spectra obtained from the second half of
the transient shows a completely coupled single
peak. In the transient spectra ¢ = 0 is the end of
the chirp excitation pulse. Even at high ion
densities there is a residual of the beat pattern at
the beginning of the transient, which indicates that
the two cyclotron motions are uncoupled right
after the chirp excitation. Apparently, some time
is required for the excited ion cloud to reach
equilibrium. At the highest ion densities, the
coupled normal modes of the ion cloud are estab-
lished more rapidly than at medium ion densities.
However, even at the highest ion densities, for the

simple two species case of CO/N;, a time of the
order of the inverse of the CO/N, beat frequency
is required to fully establish the coupled modes of
the ion cloud. The frequency shift of the two modes
can not be explained by the space charge effects
only. The shift of the two frequencies depends on
the total ion density, and the density ratio of the
two species. Experimentally, we see that the two
frequencies shift towards each other before one
mode decays in intensity. We can rule out the
possibility of ion and neutral collision induced
decay of the beat pattern because throughout the
experiment the total pressure is very low ( 107 to
107 Torr ) and kept constant as the ion density is
changed. Thus, in all of our experiments the
collision time (>1 s) is always much longer than
the total time involved in the experiment.

3.3. Discussion of two species case

At low ion densities, the ion motions in an
FTMS ion trap are essentially independent, each
cyclotron frequency corresponds to the correct
charge-to-mass ratio through the simple Eq. (1).
However, at high ion densities the ion motions
will not be independent and the ion cyclotron
frequencies will represent strongly coupled
motions. The cyclotron frequencies are not only
affected by the space charge effects but also the
cross coupling among the cyclotron modes of the
ion cloud. A qualitative picture of what controls
the phenomena we have observed can be obtained
by considering the normal modes of the ion cloud.
A quantitative theory of the normal modes of a
non-neutral plasma is quite complex since the out-
come depends not only on the ion densities and
charge to mass ratios but also on the details of
the ion cloud shape [13]. Nevertheless, we can
obtain some insight into the problem of the two
ion species case (CO™ : N7) by making analogy
with the coupled motion of two simple harmonic
oscillators [14]. In such a case two combination
modes w, and w_ are obtained. w, ( the symmetric
combination) corresponds to the cyclotron normal
mode in which the ions have the same phase and
one observes a net image current, such as can be
seen in Fig, 6(a). In contrast, w_ (the antisymmetric
combination) corresponds to a motion in which the
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Fig. 7. Naphthalene mass specira at low, medium and high ion densities from total transient of 16 ms. Electron beam energy = 50 eV,
filament current 1.37 pA.



J. Huang et al [Int. J. Mass Spectrom. fon Processes 134 (1994) 11-21 19

100
] 128
Low ion density
. Electron beam pulse width 5ms e o
Naphthalene CipHg
50—
] 129 (9.6%)
0- o B e R »1 b ~ -\_muw“m‘ﬁ—
100
i 128
. Medium ion densi
Elsctron beam pulse width 8ms
50—
. 120 (6.2%)
0- " Ao . -l A ~ - J' ardle O S N |
100
J iz8
| High ion density
Electron beamn pulse width 20ms
50—
: J 129 (4.2%)
o ) 'h A AA - o .L A R L-W\ A J\n-_..‘_
s s 16 e wm w0

m/z

Fig. 8. Naphthalene mass spectra from first half of the split total transient of Fig. 7.
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ions are moving in orbils which are 180° out of
phase and the net image current is zero such as in
Fig. 6(b).

Within this simple picture one expects that as the
ion density increases (increased coupling of the two
oscillators) the observed frequencies will corre-
spond to coupled motions and that as a function
of ion density (coupling) the modes will go over
into completely coupled normal modes: one active
in the experimental detection method and one
inactive. The details of the frequencies and relative
intensities of the two modes arec a function of the
geometry of the ion cloud. This simple model is
consistent with our results for the CO™/NjF
mixture in that only the higher frequency (lower
mass) mode is detected at very high ion densities.
The case of multiple ion species greater than two in
the ion trap is still more complex. However, as
discussed below a simple picture can still give us
qualitative insight into the problem.

3.4. Naphthalene

Very similarty, Naphthalene CoHg mass spectra
have been taken at low, medium and high ion
density with 16ms total transient lengths (Fig. 7).
As the jon density increases, the 1*C isotope peak
(1*C2CyHy m = 129) becomes smaller and at high
ion density no *C mass is detected. We split the
total image current transient into two parts, 0—8 ms
and 8—16 ms. Figure 8 shows the mass spectra from
the 0-8 ms part of the transient. As expected the
mass spectra obtained from the early part of the
transient are less affected by the coupling and
have higher isotope ratios compared to the mass
spectra from the total transient. At low ion density
the 3C isotope peak at 9.6% is very close to the
expectied natural abundance of 11%. Next to mass
128 there is also a mass 127 peak which survives in
the spectra as the ion density is increased. The fact
that the spectrum of naphthalene at high density
still has multiple peaks is consistent with our simple
model. In this case the ton cloud contains ions with
several different charge to mass ratios. If we think
of this as a number of coupled oscillators at high
density, there will be an equal number of coupled
normal modes of the ion cloud. The activity of each
normal mode for the image current detection

method will depend on the details of the particular
system. However, it is to be expected that the
lowest frequency mode (highest mass) corre-
sponding to the totally symmetric oscillation will
be inactive in each case. This is as we observe for
naphthalene where the lowest frequency mode is
that due to *C2CyHg at m = 129.

4. Conclusions

(i) At high ion densities in an FTMS analyzer cell
the ion cyclotron motions of two ions with a small
mass or frequency difference will be coupled.

(ii) The ratios of the two FTMS peaks does not
simply represent the density ratio of the two ion
species in the analyzer cell at high ion densities.
For the two ion species case only one FTMS
peak can be detected as a result of coupling of
the ion motions at high ion densities.

(1ii) Tt takes some time for the two ion cyclotron
motions to couple. Thus, the early part of the
transient shows less effects of ion coupling.

(iv) To avoid ion coupling effects in FTMS,
lower ion densities, longer detect delay times,
higher chirp levels are suggested.
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