
ARTICLES

Peak Coalescence, Spontaneous Loss of
Coherence, and Quantification of the Relative
Abundances of Two Species in the Plasma
Regime: Particle-In-Cell Modeling of Fourier
Transform Ion Cyclotron Resonance Mass
Spectrometry

M. Takeshi Nakata, Grant W. Hart, and Bryan G. Peterson
Department of Physics and Astronomy, Brigham Young University, Provo, Utah, USA

Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) is often limited by
space-charge effects. Previously, particle-in-cell (PIC) simulations have been used to under-
stand these effects on FTICR-MS signals. However, none have extended fully into the
space-charge dominated (plasma) regime. We use a two-dimensional (2-D) electrostatic PIC
code, which facilitates work at very high number densities at modest computational cost to
study FTICR-MS in the plasma regime. In our simulation, we have observed peak coalescence
and the rapid loss of signal coherence, two common experimental problems. This demon-
strates that a 2-D model can simulate these effects. The 2-D code can handle a larger numbers
of particles and finer spatial resolution than can currently be addressed by 3-D models. The
PIC method naturally takes into account image charge and space charge effects in trapped-ion
mass spectrometry. We found we can quantify the relative abundances of two closely spaced
(such as 7Be� and 7Li�) species in the plasma regime even when their peaks have coalesced.
We find that the frequency of the coalesced peak shifts linearly according to the relative
abundances of these species. Space charge also affects more widely spaced lines. Singly-
ionized 7BeH and 7Li have two separate peaks in the plasma regime. Both the frequency and
peak area vary nonlinearly with their relative abundances. Under some conditions, the signal
exhibited a rapid loss of coherence. We found that this is due to a high order diocotron
instability growing in the ion cloud. (J Am Soc Mass Spectrom 2010, 21, 1712–1719) © 2010
American Society for Mass Spectrometry

Fourier transform ion cyclotron resonance mass
spectrometry (FTICR-MS) is often limited by
space-charge effects. These effects come from the

mutual repulsion of like-charged particles. To improve
spectral strength and dynamic range, it is often desir-
able to work near the space-charge limit where these
collective effects become important. The regime where
these effects dominate is known as the plasma regime.

A non-neutral plasma is defined as a gas of like-
charged particles that exhibits collective behavior. An
effective measure of these effects is the Debye length of
this collection. The smaller the Debye length compared
with the radius of the ion cloud, the more the cloud
behaves as a non-neutral plasma, where the collective
behavior dominates. The Debye length, �D, is the dis-
tance over which a collection of charged particles
shields an applied electric field. It is defined as follows:

�D ��0 kT

ne2

where n is the particle density, T is the temperature of
the ions, k is the Boltzmann constant, e is the charge of
the ions, and 0 is the permittivity of free space. Peur-
rung et al. [1] give a good introduction to the physics of
non-neutral plasmas and its relevance to cyclotron
resonance mass spectrometry.

FTICR-MS is not well understood in this high num-
ber density regime. Some of the initial work to under-
stand this Coulomb interaction was done by Jeffries et
al. [2] for weak space-charge effects. Later, Gorshkov et
al. [3] considered two species using a line charge model,
with both line charges orbiting at the same radius. How-
ever, none of these approaches can fully explain what
happens in an ion cloud at higher number densities.

In two FTICR-MS experiments, Huang et al. [4] and
Naito and Inoue [5] observed that the spectral peaks for
similar mass species coalesced at high densities. Naito
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and Inoue [5, 6] modeled this phenomenon with two
singly-charged particles confined in a plane perpendic-
ular to a uniform magnetic field. They calculated that one
of the mode frequencies of this four degrees-of-freedom
system is at the molecular-number weighted average of
the two individual cyclotron frequencies. They speculate
that this frequency is the frequency of the coalesced peak.

Using a numerical simulation of two cylindrical ion
clouds, Mitchell and Smith [7] observed that the fre-
quency after phase locking was almost, but not quite,
the weighted average of their unperturbed cyclotron
frequencies. In a subsequent paper [8], they observed
that there was a relative ion abundance dependence on
the single collective cyclotron frequency of cylindrical
ion clouds. In this paper, they studied extensively the
various parameters which affect the phase locking of
ion clouds.

In a pure electron plasma, Gould and LaPointe [9]
observed that the m � 1 cyclotron mode (which is the
oscillation that produces the FTICR-MS signal in a
non-neutral plasma) had a frequency equal to the
cyclotron frequency downshifted by the diocotron fre-
quency. The diocotron frequency is associated with the
E � B drift, which also causes the entire charge column
to rotate. The diocotron mode is due to the radial
electric fields from the image charges on the confining
wall. In a non-neutral Mg ion plasma, Sarid et al. [10]
also observed a shift in these cyclotron modes. They
used Davidson’s [11] multispecies cold plasma theory
to explain their observed frequency shifts for the major
species of 24Mg� and 24Mg2�. However, they could not
explain the shifts for the minor species of 25Mg�, 26Mg�,
and impurities of H2O� and H3O� in their system.

To understand trapped-ion mass spectrometry in
high space-charge conditions, but not fully into the
plasma regime, Mitchell and Smith [12] used a 2-D
particle-in-cell (PIC) simulation to demonstrate that
image charge detection of a single species ion cloud
could be reliably done to make realistic predictions.
Later, Mitchell [13] simulated the coalescence phenom-
enon in a 3-D PIC code. He noticed that the frequency at
phase locking for two equal amounts of two species was
an average of the two shifted cyclotron frequencies. The
shift of cyclotron frequencies was due to the image
charge interaction between the phase-locked ion cloud
and the conducting wall. He used the Gorshkov et al. [3]
calculation of the image charge frequency shift for a line
charge inside a grounded cylindrical trap. This result
Mitchell thought was fortuitous because his simulation
was in a cubic trap and not in an infinitely long
cylindrical trap. Nikolaev et al. [14] used a 3-D PIC code
to understand the coherence of a single-species ion
cloud when its cyclotron motion is excited. They also
studied the peak coalescence of two species with similar
mass-to-charge ratios and the complex dynamics of
three species with similar mass-to-charge ratios.

In this paper, we use a 2-D PIC simulation to study
the FTICR-MS signal fully into the plasma regime. Our
application of this tool was to see if we could quantify

the relative abundances of 7Be� and 7Li� in the plasma
regime in a cylindrical trap. We also studied 7BeH� and
7Li�. Our motivation for this measurement is to study
the radioactive decay rate of singly-ionized beryllium-7
(7Be�) ions. 7Be decays only by electron capture to
lithium-7 (7Li), thereby making its half-life depend on
its electronic state [15, 16]. Getting adequate decay
statistics requires about 109 7Be ions, which in our
cylindrical trap corresponds to a density of 107 particles
per cm�3. Under these conditions the radius of the ion
cloud is about 50 Debye lengths at room temperature. In
contrast, the densest ion clouds simulated by Mitchell
as well as Nikolaev et al. had a radius of about two
Debye lengths at room temperature, a value more than
an order of magnitude smaller than our conditions.

To model the dynamics correctly it is necessary for
the computational grid to resolve the Debye length.
Since we have more Debye lengths per radius, we
require a finer computational grid than has been used in
past simulations. In particular, we used a 426 � 426 grid.
This compares to Nikolaev’s finest grid of 128 � 128 �
128. The computational cost of extending the much
finer grid to 3-D is unacceptably high. Staying in 2-D
also allows us to work with more simulation particles,
reducing the shot noise in the results. As a result, this
code can extend previous simulation studies fully into
the plasma regime where high-density effects can
be probed. We can model plasmas with densities up to
the Brillouin density limit (nB � 0B

2⁄2m), which is the
maximum number density a collection of ions can have
and still be confined in a trap like this [17].

Methods

The code used in this paper is a 2-D, collisionless,
electrostatic PIC code. It moves the particles using a
Boris [18]–Buneman [19] mover, builds a density grid
using bilinear interpolation, and solves Poisson’s equa-
tion using a direct banded-matrix solver [20]. In this
solver the finite-differenced equations for Poisson’s
equation are written as a banded matrix. The solution is
obtained by inverting this banded matrix by LU decom-
position [21]. For more specific details about how a PIC
code works, we refer to Birdsall and Langdon’s [22] and
Hockney and Eastwood’s [23] texts.

Our PIC code specifically uses a Cartesian computa-
tional grid with a circular boundary to avoid the
difficulties at the origin in polar coordinates. Since the
Cartesian grid does not fit the circular boundary, it is
necessary to use short-legged operators at the grid
points adjacent to the boundary [24, 25]. We used a
426 � 426 grid to resolve our plasma Debye length of
377 �m and a 30 ns time step for an accuracy of four
significant figures in frequency. This 30 ns time step
allows us to clearly resolve the cyclotron frequencies of
7Be� and 7Li�, which differ only by 124 Hz and have a
runtime of 2.5 wk for our longest simulation runs.

We simulate a two-species plasma in a cylindrical
trap with both species being positive ions. The confined
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plasma has a radius of 2 cm at room temperature with
a flattop radial profile. The positions and velocities of
each particle are initialized by a thermal Maxwellian
distribution with a constant radial profile (which can be
changed to fit the experiment). The initial velocities of
each particle also include an initial equilibrium velocity
profile from E � B drift.

The conducting wall is divided into four sectors and
has a radius of 4 cm. The axial magnetic field is 0.43 T. In
making the simulation 2-D, we ignore the axial velocity
and the effects of the axial trapping oscillation that exists
in an experimental trap. We also assume that the particles
in our plasma do not collide in a manner that affects
their cyclotron frequencies. The collision time be-
tween ions in our system is about 2 ms and the period
for our cyclotron motion is about 1 �s. The ion-
neutral collision time at a pressure of 10�9 torr is of
the order of days, so we do not need to be concerned
about ion-neutral collisions. We also assume that our
magnetic field is constant and does not change with
time.

In our simulation, we applied the following wave-
form on the boundary for broadband excitation:

f(t) � atdr

sin(�1�) � sin(�2�)

��

where a is the spectral amplitude, tdr is the driving time,
�1 is the start angular frequency, �2 is the end angular
frequency, and � � t � .5 tdr. The Fourier transform of
this waveform results in a rectangular function at given
amplitude a and frequencies [�1·�2] with Gibb’s oscilla-
tions on each edge. We have also used SWIFT excitation
[26–28] on the boundary with the same spectrum and it
gives the same results.

We detect the induced charge on a wall sector by
integrating the surface charge density for a given arc
sector on the boundary. This surface charge density is
proportional to the radial component of the electric field.
The electric field on the boundary is calculated by qua-
dratically extrapolating the electric potential at the bound-
ary and two nearest interior grid points in the simulation.
After each simulation run, we calculate the difference of
the charge induced on two opposing sectors on the wall.
We multiply this by a Hann window function and fast-
Fourier transform this signal in MATLAB to obtain the
desired spectrum.

To find the spectral peak frequency, we use the three
data points of highest intensity at the peak to fit each
spectral peak. As suggested by Goodner et al. [29], we
fit each peak with a Comisarow polynomial of the form
y � �ax2 � bx � c�n where n � 5.5 for a Hann window.
To find the area under the spectral peak, we integrate
using the trapezoidal method. For more specific details
about our PIC code, we refer to Nakata’s dissertation [30].

Results and Discussion
7Be� and 7Li� Coalescence Study

We first look at the coalescence of the spectral peaks of
7Be� and 7Li� as the central densities are varied from
103 to 107 cm�3. This is done for equal abundances of each
species. Note that the ideal cyclotron frequency for 7Be� is
941.028 kHz and for 7Li� is 941.152 kHz. Figure 1 illus-

Figure 1. Coalescence of 7Be� and 7Li� spectral peaks as density
increases. This was done for equal abundances of each species.
Their relative cyclotron motions were excited by a broadband
pulse covering different frequencies for each density at 2.5 V for
0.1 ms. The signal was observed for 200 ms. The two separate
peaks coalesce into one, which shifts in frequency. The density is
shown on the top right corner of the graphs.
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trates the changes that occur in the spectrum as the
central density is increased.

We observe that the two separate peaks for 7Be� and
7Li� merge into a single, coalesced peak between cen-
tral densities of 104 cm�3 and 105 cm�3. This spectral
peak also downshifts from the ideal cyclotron fre-
quency as central density increases. This shift becomes
large above 106 cm�3.

These results are roughly consistent with Mitchell’s
[13] stability condition (originally derived from Peur-
rung and Kouzes [31]) and Boldin and Nikolaev’s [32]
condition for uniformly charged spheres (even though a
more accurate model would be two uniformly charged
rods). These conditions both predict that for this partic-
ular system, the two spectral peaks should be coalesced
at a density 105 cm�3 and not coalesced at a density of
104 cm�3. Note that our results are only consistent at the
order of magnitude of these conditions.

Quantifying the Abundances of 7Be� and 7Li� by
Frequency Shift

We studied how the coalesced spectral peak of 7Be� and
7Li� at a density of 107 cm�3 varies with abundances.
We used 1 million simulation particles in our 2-D PIC
code. We excited their respective cyclotron motions
with a broadband pulse covering 931 kHz to 933 kHz at
2.5 V for 0.1 ms. After this excitation, we observed the
induced wall signal for 200 ms, which gives us a
frequency resolution of 5 Hz to resolve the cyclotron
frequency difference of about 124 Hz.

We observed how the coalesced spectral peak shifts
with the relative abundances of the two species. The
merged peak moves from the 7Be� frequency to the 7Li�

frequency as the ratio of 7Li� to 7Be� increases. The
spectral magnitude remains the same for each ratio
when we apply the same excitation to our system.
Figure 2 shows that the coalesced peak frequency shifts

linearly as a function of the 7Li� fraction at a total
density (held constant) of 107 cm�3. The coalesced peak
frequency is the weighted average of the individual
cyclotron frequencies of 7Be� and 7Li� downshifted by
8.458 kHz.

For an infinitely-long cylindrical plasma, Levy [33]
calculated the diocotron frequency as follows:

�d �
�

2�0Rw
2 Bz

where �d is the diocotron angular frequency, � is the
charge per unit length, Rw is the radius to the wall, and
Bz is the axial magnetic field strength. This diocotron
frequency shifts with large amplitude [34] and finite
length [35]. For this case, the measured diocotron fre-
quency from the FTICR-MS spectrum is 8.500 kHz
which is a 42 Hz difference from the coalesced peak’s
observed shift. This difference is comparable to the
systematic numerical shift in the frequency due to the
finite time step. Based on our simulations it is reason-

Figure 2. Analysis of how the coalesced peak frequency for 7Be�

and 7Li� ions at a density of 107 cm�3 varies with the fraction of
7Li�. The variation is linear in 7Li� fraction. The fitted equation is
written in the top left corner. The two species were excited by a
broadband pulse covering 931 to 933 kHz at 2.5 V for 0.1 ms.
Thereafter, the signal is observed for 200 ms.

Figure 3. (a) The envelopes of amplitudes as the ratio of 7BeH�

to 7Li� in the plasma is varied at a driving amplitude of 33.33 mV.
The values on the top right are ratios of 7BeH� to 7Li�. Notice that
the transient decays fastest at equal ratios of the two species;
(b) is the envelopes of amplitudes of 7BeH� and 7Li� as the
driving amplitude is varied for equal amounts of each. The y-axis
is on a log scale. The values on the top right are driving
amplitudes in units of mV. All of these amplitudes are below the
ejection limit. Notice that the transient decays fastest at the largest
driving amplitude of 33.33 mV. For both graphs, the plasma has a
total central density of 107 cm�3 and the cyclotron motion is
excited from t � 0 to 0.5 ms.
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able to say that the individual cyclotron frequencies at
this high density are downshifted by the diocotron
frequency.

Indeed, Mitchell [13] observed a frequency shift for
two ion clouds of similar masses and with equal num-
bers at high density, but with only two Debye lengths in
the plasma, in a 3-D PIC code. He attributed this shift to
the image charge interaction acting on the phase locked
ion cloud. Further, Mitchell and Smith [8] observed that
the coalesced peak frequency showed a similar (but not
explicitly specified) dependence on the relative abun-
dance. Our results extend these observations into the
plasma regime. The individual cyclotron frequencies
are shifted by the diocotron frequency of the plasma.
The coalesced peak frequency does depend linearly on
the relative abundances of the two species even in the
plasma regime.

The simulation suggests how to determine the abun-
dance of a two species plasma experimentally: (1)
obtain the diocotron frequency, the coalesced fre-
quency, and a reference frequency from an impurity
species that is not coalesced in the spectrum; (2) calcu-
late the magnetic field of the system using the known
mass of the impurity species and the diocotron fre-
quency; (3) Add the coalesced frequency to the dioco-
tron frequency to obtain the corrected coalesced fre-
quency; (4) using this corrected frequency and the

cyclotron frequencies of the two species, determine the
relative abundance of each species.

7BeH� and 7Li� Time Signal Decays

We also studied 7BeH� and 7Li� because at least a
portion of the singly ionized 7Be� in our vacuum
system will bond with residual hydrogen to form
7BeH� [36]. This case is experimentally less challenging
compared to the 7Be� and 7Li� case because the mass
difference is larger. As a result, the individual peaks
will not coalesce. However, the simulation shows that
coupling effects are still important.

We find that the time signal driven at an amplitude
of 33 mV for equal amounts of 7BeH� and 7Li� at a
density of 107 cm�3 ions quickly decays. The top graph
in Figure 3 shows this decay effect. At other ratios of
7BeH� to 7Li� the transients decay more slowly. We
also simulated this signal at a density of 103 cm�3 and
find little transient decay, which leads us to conclude
that this is a plasma effect.

This effect also depends on the strengths of the
excitation amplitude. This is illustrated for a plasma
consisting of equal amounts of 7BeH� and 7Li� in the
bottom graph in Figure 3. The decay rate lessens as the
excitation spectral amplitude drops from 33 mV to 1
mV. At 33 mV, the decay occurs within less than 0.5 ms.

Figure 4. (a) The induced wall signal of 7BeH� and 7Li� ion plasma at a density of 107 cm�3. Equal
amounts of each species were excited from t � 0 to 0.5 ms with two broadband pulses of amplitude
of 33 mV at 785 kHz to 815 kHz and at 905 kHz to 935 kHz. The three black lines indicate the times
of each density snapshot; (b) shows the total density plot of the plasma at the indicated times. The
wall (not shown here) is located at twice the plasma radius. The color bar on the bottom right
measures the density in units of cm�3. Notice how the initial hollow circular region evolves to
destroy the coherence of the cyclotron oscillations.
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By 3.33 mV, it has slowed down to about 5 ms. At 1 mV,
it decays at a still slower rate.

Density plots from the simulation show the cause of
this effect. The bottom three frames in Figure 4 illustrate
how the total density of the plasma evolves with time.
Frame t1 shows that a hollow circular region forms
between the bulk of the plasma and a tail that streams
from the outer edge, early in the driving period. This
region is unstable and results in a high order (many
spatial periods around the circumference) diocotron
instability [33, 37] as shown in frame t2. By frame t3, this
instability has non-linearly grown to destroy any coher-
ence of the fundamental cyclotron oscillations.

Aizikov et al. [38] describe this phenomenon as a
spontaneous loss of coherence catastrophe (SLCC).
They noted that Nikolaev et al. [14] also observed this
phenomenon in their simulation. However, in Niko-
laev’s simulation, this decoherence phenomenon oc-
curred for a single mass-to-charge species, which exclu-
sively occurred in three dimensions. Nonetheless, both
their effect and this 2-D, two-species effect can contrib-
ute to the decoherence of the wall time signal. Under-
standing both of these mechanisms is important to
avoid this coherence catastrophe.

Quantifying the Abundances of 7BeH� and 7Li�

To quantitatively study how the relative abundances of
7BeH� and 7Li� at a density of 107 cm�3 are related in
FTICR-MS, we used 10 million simulation particles in
our code. We excited the 7BeH� cyclotron motion with
a broadband pulse at 785 kHz to 815 kHz and the 7Li�

cyclotron motion with a broadband pulse at 905 kHz to
935 kHz, both driven at 1 mV for 0.5 ms. After the
excitation was applied, we observed the induced wall
signal for 5 ms. We kept the total density constant as we
varied the relative abundances of the two species.

We observed that the 7BeH� and 7Li� spectral peaks
remain separate and their respective spectral peak fre-
quencies shift with relative abundance. As the abun-
dance of the more massive 7BeH� ions decrease, the two
spectral peaks move farther apart and both move
away from the pure 7BeH� peak. Meanwhile, the 7Li�

spectral peak moves toward its pure spectral peak.
Another interesting aspect to note is how the spectral
peak height also changes nonlinearly with relative
abundances.

To better understand the spectral peak shifts with
abundances of 7BeH� and 7Li� at high density, we
applied Davidson’s [11] multispecies cold plasma theory
to a two species plasma. Figure 5 compares the results of
this theory with our simulation results for the peak
frequency as a function of 7Li� fraction. The agreement is
very good; the average percent error is 0.005% (about 50
Hz). This theory works just as well for a central number
density of n0 � 106 cm�3.

We can also determine relative abundances by ana-
lyzing the area under the peak. Figure 6 illustrates how
the area under the peaks varies with relative abun-

dance. As can be seen from the graph, the trends are not
linear, but by calibrating these trends with the code we
can use this as an independent measure of abundances.

In contrast to the 7Be� and 7Li� case, we have two
independent measurements of the abundances, by us-
ing the spectral peak shifts and the changes in area. This
may be sufficiently advantageous experimentally that
we may want to encourage the formation of 7BeH� by
adding hydrogen to our trap to bond with the initial
7Be� ion plasma.

Conclusions

A 2-D PIC simulation is extremely useful to understand
FTICR-MS in the plasma regime. For example, we were
able to observe the abundance dependence of the co-
alescence of the spectral peaks of two species with
similar mass-to-charge ratios. We find that the variation
of the frequency is linear with respect to the relative
abundances. These results are consistent with the pre-
vious theoretical work and fully extend them into the
plasma regime.

There are other space-charge related frequency shifts
as well. For the well-separated peaks of 7BeH� and
7Li�, the frequency variation is not linear, but we can

Figure 5. Analysis of how the FTICR-MS spectral peaks for
7BeH� and 7Li� vary with fraction of 7Li� at a central density of
107 cm�3. The species are labeled on the top left corner of each
graph. It fits well with Davidson’s [11] multispecies cold plasma
theory. The average percent error between the theory and simu-
lation is 0.005%. The pure observed frequencies for 7BeH� is
814.442 kHz and 7Li� is 932.778 kHz.
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use Davidson’s [11] theory to correctly predict the
frequency shifts. In addition, the peak area can be used
as an independent measure of abundances in the
plasma regime. This code has also clarified that the loss
of coherence that occurs in the transients for the 7BeH�

and 7Li� at high excitation occurs because of a dioco-
tron instability that develops before the excitation is
completed.

A PIC simulation is a tool to understand how to
obtain the best possible signal from the FTICRMS
technique. Potential future studies can include the
study of the preservation of coherence technique
known as electron-promoted ion coherence (EPIC) [39,
40], and quantifying the abundances of more complex
systems. It could also be used to understand Sarid et al.
[10] Mg ion plasma results and resolve why the theory
does not predict the shifts for the minor species. It can
also study other more complicated peak coalescence
systems such as 7BeH�, 7Be�, and 7Li�.
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