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Abstract. We present the multi-particle simulation program suite Computational Ion
Trap Analyzer (CITA) designed to calculate the ion trajectories within a Paul quadru-
pole ion trap developed by the Jet Propulsion Laboratory (JPL). CITA uses an
analytical expression of the electrodynamic field, employing up to six terms in
multipole expansion and a modified velocity-Verlet method to numerically calculate
ion trajectories. The computer code is multithreaded and designed to run on shared-
memory architectures. CITA yields near real-time simulations with full propagation of
26 particles per second per core. As a consequence, a realistic numbers of trapped
ions (100+ million) can be used and their trajectories modeled, yielding a represen-
tative prediction ofmass spectrometer analysis of trace gas species.When themodel

is compared with experimental results conducted at low pressures using the conventional quadrupole and dipole
excitation modes, there is an excellent agreement with the observed peak shapes. Owing to the program’s
efficiency, CITA has been used to explore regions of trapping stability that are of interest to experimental
research. These results are expected to facilitate a fast and reliable modeling of ion dynamics in miniature
quadrupole ion trap and improve the interpretation of observed mass spectra.
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Introduction

The objective of this study has been to design a fast com-
putational protocol to simulate radio frequency (rf) manip-

ulation of ions inside the quadrupole ion trap (QIT) operating in
the absence of ion-neutral and ion-ion collisions. The following
discussion describes the current development of applying an
independent particle model to support the analyses of our
experiments. These experiments are conducted at low pressures
with the absence of space charge and buffer gas effects. Em-
phasis is on achieving the optimal operational conditions for
the miniature mass spectrometer suitable for planetary atmo-
sphere and surface explorations. Small amounts of gaseous
analyte are to be introduced into the QIT, ionized by electron
impact ionization (EII), then detected with the highest possible
mass resolution constrained by low-mass and low-power con-
sumption. In this first phase of software development, we

created Computational Ion Trap Analyzer (CITA), which takes
advantage of modern operating systems using kernel hyper-
threading support. Computational speed-up enabled us to use a
large number of simulated ion trajectories and statistically
improve the quality of synthetic mass spectrum.

Previous studies by March et al. [1–6] have demonstrated
that signatures of resonant excitation can be readily observed in
simulations of single ion trajectories inside an ion trap. A
survey of early work on single ion trajectories is given by
Cooks and coworkers, who have developed the NQS [7] and
ITSIM [8–10] software packages to simulate multiple ion
trajectories with the inclusion of ion-ion (space charge) and
ion-neutral (buffer gas) interactions. ITSIM has been used
extensively to investigate how a DC pulse potential and an rf
phase angle affect the ion-trapping efficiency during the exter-
nal ion injection [11] and resonant excitation [8]. Lubman and
colleagues [12, 13] implemented user-written programs for the
commercially available simulation package SIMION [14] to
include the hard-sphere collision model in order to study ion
kinetic energy damping in buffer gas. When dealing with
collision-free conditions, Forbes et al. [15] found that predic-
tive capabilities of ITSIM and SIMION-3D programs were
practically identical to the Integrated System for Ion Simulation
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(ISIS) program [5]; however, implementations of various col-
lision models in these programs resulted in minor differences in
trapping efficiencies. In addition to modules for the direct
integration of the Mathieu equation (MA) and the field inter-
polation method, ISIS also incorporates a simulation program
for studies of the quadrupolar resonance SPQR [4, 5], rf, and
DC fields during the axial modulation [16], kinetic energy
effects, and frequency absorption in resonantly excited ions
[17]. André and coworkers [18] have carried out simulation
studies of the axial/radial secular motion in a QIT operating in a
Fourier transform mode [19] and consequently enhanced the
performance of a field mass spectrometer in analyses of atmo-
spheric pollutants [20].

Computational Method
For this study, it is assumed that space charge effects are negli-
gible and our investigation is limited to the ion cloud dynamics
as a decoupled motion of individual ions. For the experimental
results presented herein, this assumption is valid as all of the
measurements were conducted at low pressures (P ≤ 2 × 10 −

6 Torr) and weak ionization currents (Ie ≤ 5 × 10 − 6 A), strictly
limiting the number density of confined ions (Ni ≤ 2 × 105 cm − 3).
In this regime, ion-ion collisions are a rare event that has been
shown previously to affect only the low-mass wing of individual
line profiles [21]. Under the stated assumptions, we consider the
time evolution of a set of mutually noninteracting particles and
numerically integrate a system of equations of motion:

R
:

i tð Þ ¼ Vi tð Þ;V
:

i tð Þ ¼ Fi tð Þ=mi; Fi tð Þ ¼ FE
i tð Þ þ FR

i tð Þ þ FS
i tð Þ ð1Þ

such that the resultant force Fi at the time t – acting on a single ion
(i) of charge qi – is computed as the superposition of external forces
(Fi

E) due to the confinement potential, random forces (Fi
R) due to

the collisions with the neutrals, and forces due to the space charge
(Fi(t)

S). As stated previously, at low pressures, we will assume that
Fi(t)

R = 0 and Fi(t)
S = 0. As illustrated in the xenon mass spectra

found in Figure 1, the ion-neutral collisions at low pressures change
the decay rate for the low-mass wing of the line profile. The central
part of a profile remains unchanged and its full width at half
maximum (FWHM) is further used in characterizing the mass
resolution of the instrument [21]. This earlier modeling work
demonstrated the variation of the mass spectral line shapes subject
to trapping conditions. Figure 1 also shows that both the width and
the asymmetry of the line profile increase with the size of the initial
ion cloud, L∝max Ri(0), indicating the importance of the electron
beam design in ion production. Subsequent time evolution of the
initial ion cloud determines the final shape of the mass/charge line
profile. In order to reproduce the measured mass spectrum, an
accurate solution of Equation 1 is required.

Shown here is a simple illustration of how the long-time
dynamics depends on the choice of a numerical integrator used
to solve Equation 1. For example, in the case of the two
frictionless coupled linear harmonic oscillators, which are ini-
tially at rest (see Figure 2a), we can explicitly prescribe the

positions and velocities of two particles, such that any inaccu-
racy in positions will be amplified with simulation time. Equa-
tions of motion for such a system are:

R
::

tð Þ ¼
−
k1 þ k2
mx

k2
mx

k2
my

−
k2 þ k3
my

2
664

3
775R tð Þ; R 0ð Þ ¼ a

0

� �
; V 0ð Þ ¼ 0

0

� �
;

ð2Þ

which for identical particles (mx =my =m) and equal interaction
constants (k1 = k2 = k3 = k) has the exact solution:

R tð Þ≡
x tð Þ
y tð Þ

� �
¼ a

2
1 1
1 −1

� �
cos Ω−1tð Þ
cos Ωþ1tð Þ

� �
; ð3Þ

such that the normal modes are given by

Ωn¼∓1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ nð Þ k

m

r
: ð4Þ

We undertook the performance analysis (computational
speed and accuracy) by employing various numerical

Figure 1. Simulated mass spectra of the ISOTEC-136 xenon
isotope mixture [18] with one million ions that are initially con-
fined in a cylinder of 1 mm in diameter and of variable axial
length L. Red solid curves correspond to Fi(t)

R = 0 term in
Equation 1, which neglects the ion/nuetral collisions. Gray dots
are part of the spectrum of the same initial ion cloud but with
ion-neutral collisions taken into account. A low-mass tailing is
also observed in experiments [18] and is complex function of
collision rate and the initial size of the ion cloud. In all panelsωrf/
2π = 1.2 MHz and trapping volume is approximately 16 cm3;
detailed account of trap operating conditions can be found in
Figure 1 of Reference [18]
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integrators such as Euler and Runge-Kutta [22] (up to sixth
order) and symplectic modified-velocity Verlet [23]. The
choice of the integration time step Δt is of great practical
importance; too large a value may cause particles to frequently
change their nearest-neighbor assignments and destabilize the
system dynamics, whereas a value too small will increase the
integration accuracy, but will prolong the simulation times. For
most practical purposes it was found that a value of Δt = 1 ns
worked best in this study. Also, particular attention was devot-
ed to optimizing the λ parameter for the modified velocity-
Verlet integrator of Groot and Warren [24],

Ri tþΔtð Þ ¼ Ri tð Þ þ ΔtVi tð Þ þ Δt2

2mi
Fi tð Þ

V⋆
i tþΔtð Þ ¼ Vi tð Þ þ λ

Δt
mi

Fi tð Þ
Fi tþΔtð Þ ¼ F

i Ri tþΔtð Þ;V⋆
i tþΔtð Þ

� �

Vi tþΔtð Þ ¼ Vi tð Þ þ Δt
2mi

Fi tð Þ þ Fi tþΔtð Þ
� �

:

ð5Þ

In the absence of velocity-dependent forces, the modified
velocity Verlet integrator for λ = 0.5 reduces to the original
velocity Verlet algorithm [23] with minimal computational
memory requirements. For velocity-dependent force fields,

Groot and Warren [24] have introduced the intermediate ve-
locities V⋆ that enter the force field updates that are needed for
reevaluation of the velocity field in the last step of Equation 5.
Thus, with a minimal increase in computational cost, the force
field gets reevaluated once per each time step by using both the
updated particle positions and their intermediate velocities.
Using the time step of Δt = 1 ns, compared with Runge-Kutta
methods of up to the sixth order [22], a good overall trade-off
between the accuracy and the speed of integration is achieved
with 0.5 ≤ λ ≤ 0.635. Further modifications of Equation 5 to
include effects of ion-neutral collisions are underway and will
be reported in future manuscripts. However, we refer the
reader to the work of Besold et al. [25] for the use of
self-consistent forcefield updates in order to maintain the
temperature of buffer gas and to account for a velocity
dependence and the dissipative random nature of the colli-
sion probability. Shown in Figure 2b is a comparison in the
accuracy of the velocity-Verlet solution (i.e., Equation 5
with λ = 0.5) and the explicit Euler method as gauged
against the exact solution of Equation 3. It is evident that
very early in the simulation the Euler integration method
fails to preserve the total energy of the system, namely, the
Euler method predicts the phase space of Equation 2 to be
well outside the confinement region set by the initial condi-
tions. The velocity Verlet solution accurately follows the
exact solution, conserving the total energy to the sixth
decimal place after five billion time steps.

Confinement Potential
In the quadruople ion trap mass spectrometer, the electrode
surfaces, which define the confinement potential, share the
same asymptotic cone and conform to hyperbolic sheets of
revolution. Shown in Figure 3 is the typical arrangement of

Figure 2. Two coupled linear harmonic oscillators (a) and cut-
out of phase portrait (b) describing the dynamics of mass mx;
red solid curve is the exact solution given in Equation 3; numer-
ical solutions of Equation 2 are obtained using Euler method
(gray solid curve), and modified velocity-Verlet algorithm (blue
open circles)

Figure 3. Cut-out of 3D model of JPL ion trap used in simula-
tions. Inner electrode surfaces are hyperboloids given in Equa-
tion 6. The trapping volume is set by the ring electrode gap ρ0 =
10 mm and the separation 2z0 = ρ0/√ 2 between endcap
electrodes
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the ring and the two endcap electrodes forming a confinement
geometry defined by hyperbolic surfaces,

RING : ρ=ρ0ð Þ2− z=z
� �2

¼ þ1;

CAPS : ρ=ρ
� �2

− z=z0ð Þ2 ¼ −1;
ð6Þ

which have asymptotes with slopes z=ρ0 and z0=ρ, respective-
ly. When measured from the center of a hyperbolic trap , the ρ0
represents the radial distance to the ring electrode and z0 is the
axial distance to an endcap electrode. Confinement of charged
particles occurs in a central region of the trap, and time-
averaged restoring force strongly depends on the frequency
and the amplitude of the electric field. A pure quadrupole field
is achieved by hyperbolic electrode geometries for which both
the ring and the endcap asymptotes have identical slopes

(z ¼ z0 and ρ ¼ ρ0) and equal to 1=
ffiffiffi
2

p
[26].

The first step in describing the inhomogeneous trapping
electric field is to find the stable form of the confinement
potential inside the Paul trap as subject to the boundary condi-
tions set by the electrode potentials. In Figure 3a, these bound-
ary potentials are denoted as the ring (Φrf(t)), the input cap
(Φinp(t)), and the output cap (Φout(t)) electrode potentials, re-
spectively. The time-dependent confinement potentialΦ(ρ, z; t)
can be written as the following expansion

Φ ρ; z; tð Þ ¼
X nmax

n¼0
Bn tð Þ ρ2 þ z2

� �n=2
Pn z= ρ2 þ z2

� �1=2� �
;ð7Þ

which is rotationally symmetric around the z-axis, and for
which the accuracy is set by retaining all terms up to nmax =
8. The Legendre polynomials Pn(⋯) are orthogonal over the
range (−1, +1) with the unitary weighting function and the
norm 2/(2n + 1). Expansion coefficients, Bn(t), are obtained
from the boundary conditions as a linear combination of elec-
trode potentials

Bn tð Þ ¼ b−1n Φr f tð Þ þ c−1n −1ð ÞnΦinp tð Þ þ Φout tð Þ
� � ð8Þ

where weights bn and cn depend on the trap dimensions (in
mm) and are given in Table 1 for the present QIT device
geometry z0 = ρ0/√ 2.

If both endcaps are grounded (Φinp(t) = Φout(t) = 0), the
confinement potential in Equation 7 takes the quadrupolar form
(Case 1(a) in appendix of Reference [2])

Φ ρ; z; tð Þ ¼ 1

2
Φr f tð Þ 1þ ρ2−2z2

ρ20

	 

ð9Þ

and equipotential surfaces are hyperboloids of revolution. The
difference in signs between the radial and axial terms in

Equation 9 implies that the quadrupole potential has a saddle
point in the center of the trap. This saddle point has the
maximum in the axial direction but the minimum along the
radial direction. In-phase potentials may be applied to each
endcap electrode. If they are made identical (Φinp(t) = Φout(t)
≠ 0), the resulting confinement potential is again quadrupolar
(Case 2 in Referance [2])

Φ ρ; z; tð Þ ¼ 1

2
Φr f tð Þ þ Φinp tð Þ� �

þ 1

2
Φr f tð Þ−Φinp tð Þ� � ρ2−2z2

ρ20
; ð10Þ

such that the frequency of theΦinp(t) potential can be resonant-
ly tuned to excite the secular motion of trapped ions [6].
Application of the out-of-phase potentials to the endcap elec-
trodes (Φinp(t) = −Φout(t) ≠ 0) introduces an additional (dipole)
term to Equation 9

Φ ρ; z; tð Þ ¼ 1

2
Φr f tð Þ 1þ ρ2−2z2

ρ20

	 

þ 2c−11 Φinp tð Þ z; ð11Þ

which can have subtle effects [27] onmass spectrum depending
on magnitude and frequency of the excitation potential Φinp(t).
On the other hand, if only the output cap is grounded (Φinp(t) ≠
0; Φout(t) = 0), the potential of the monopolar resonant excita-
tion is recovered,

Φ ρ; z; tð Þ ¼ 1

2
Φr f tð Þ þ 1

2
Φinp tð Þ

	 


þ 1

2
Φr f tð Þ− 1

2
Φinp tð Þ

	 

ρ2−2z2

ρ20
−c−11 Φinp tð Þ z:

ð12Þ

Single ion trajectories are readily derived from Equations 1
and 7 using the external forces, Fi

E

FE
i tð Þ ¼ −qi grad Φ ρ; z; tð Þ: ð13Þ

Deviations from cylindrical symmetry are expected for an
experimental trap [28] and are not central to the considerations
presented here even though they can be modeled by an in-
creased number of boundary coefficients Bn(t).

Ion Trajectories in the Quadrupolar Potential

In the case of an ideal quadrupolar field, defined in Equation 9
and supplied by the electrode potentials

RING : Φr f tð Þ ¼ A0 þ Ar f tð Þ cos ωr f t þ φr fð Þ;
CAPS : Φout tð Þ ¼ Φinp tð Þ ¼ 0;

ð14Þ

the resulting equations of motion have the standard form of
Mathieu’s equations [29]

Table 1. Numerical Values of Weights Used in Computing the Bn(t) Coeffi-
cients Found in Equation 8

n 1 2 3 4 5 6 7 8
bn ∞ –100 ∞ ∞ ∞ ∞ ∞ ∞
cn 5228/301 200 62275/16 ∞ 25746653 ∞ 648643039 ∞
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u:: i ηð Þ þ aui −2q
u
i cos 2 ηþ η0ð Þð Þ� �

ui ηð Þ ¼ 0 ð15Þ

where u = x, y, z, η = ωrft/2, and η0 = φrf/2. The stability of an
ion trajectory is characterized by the trap parameters

azi ¼ −2axi ¼ −2ayi ¼ −8A0
mi

qi
ρ20ω

2
r f

	 
−1

qzi ¼ −2qxi ¼ −2qyi ¼ 4Ar f tð Þ mi

qi
ρ20ω

2
r f

	 
−1 ð16Þ

for which an infinite confinement time is possible. Solutions of
Equation 15 yield confined ion trajectories only for specific
operating conditions (qi

u, ai
u) defining the stable regions for

each type of stored ions [30]. Operating points (qi
u, ai

u) outside
the stable regions cause the ion trajectory to exceed the trap
volume and the ion is lost at electrode surfaces. For the given
operating point (qi

u, ai
u) with the initial position ui(0) and the

initial velocity ωr fu⋅i 0ð Þ=2, the solution of Equation 15 has the
determinant form

ui ηð Þ ¼ ui 0ð ÞΔ
ηþη0;η0ð Þ
1 þu: i 0ð ÞΔ

η0;ηþη0ð Þ
0

��
=Δ η0;η0ð Þ

1

u: i ηð Þ ¼ ui 0ð ÞΔ
ηþη0;η0ð Þ
2 þu: i 0ð ÞΔ

η0;ηþη0ð Þ
1 Þ=Δ η0;η0ð Þ

1 ;
� ð17Þ

where

Δ k;pð Þ
0 ¼ S aui ; q

u
i ; k

� �
S aui ; q

u
i ; p

� �
C aui ; q

u
i ; k

� �
C aui ; q

u
i ; p

� �


;

Δ k;pð Þ
1 ¼ S aui ; q

u
i ; k

� �
S
:
aui ; q

u
i ; p

� �
C aui ; q

u
i ; k

� �
C
:
aui ; q

u
i ; p

� �


;

Δ k;pð Þ
2 ¼ S

:
aui ; q

u
i ; k

� �
S
:
aui ; q

u
i ; p

� �
C
:
aui ; q

u
i ; k

� �
C
:
aui ; q

u
i ; p

� �


:

The even (C[ai
u, qi

u, η + η0]) and the odd (S[ai
u, qi

u, η + η0])
Mathieu functions and their derivatives with respect to the η +
η0 variable can be evaluated to arbitrary numerical precision
using algebraic methods [31], as is implemented for example in
Mathematica via MathieuC andMathieuS functions [32]. For a
stable ion trajectory the Δ1

(k,p) determinant takes only the real
values and becomes complex valued for an unstable ion mo-

tion. Thus, by monitoring the values of the Δ η0;η0ð Þ
1 determinant

in the continuously changing operating conditions (qi
u, ai

u),
one can map the stability of the ion trajectory in both the radial
(u = x, y) and the axial (u = z) direction, as illustrated in
Figure 4a for the zero initial phase angle (η0 = 0). The bound-
aries of the first region of stability in Figure 4a are defined as
contour lines for which Δ1

(0,0) = 0, and in the absence of the DC
bias (A0 = 0) these boundaries shrink to a region on the qi

z axis.
This region is presented in Figure 4a as a horizontal gray solid
line; its upper limit of qi

z ≈ 0.908 corresponds to the lower
cutoff value for the mass/charge ratio (mi/qi) at which ions can
still be confined in the 3D Paul ion trap. As a representative of
phase trajectories, Figure 4a also contains the single qi

z = 0.5
operating point (gray solid diamond) for which the 84Kr1+ ion
has the stable trajectory shown in Figure 4b. This phase

trajectory is the analytical solution given in Equation 17 and
was calculated for the initial conditions ui 0ð Þ ¼ x⋅i 0ð Þ ¼ y⋅i 0ð Þ
¼ 0 and z⋅i 0ð Þ ¼ 0:2. Figure 4b also illustrates the intersection
points between the ion trajectory and the ellipse characteristic
for the macro-motion in the simple harmonic potential. The
ellipse points are sampled whenever the time t is an integer
multiple of the rf drive period. In addition, we show in
Figure 4b the Poincaré section that is sampled at times for
which the 84Kr1+ ion has zero acceleration.

By ramping the Arf(t) amplitude with time, ion trajectories of
differentmi=qi ratios become unstable; ions are ejected through
the endcaps only when their displacement from the trap center
in the z-axis direction exceeds z0. At a given Arf(t) amplitude,
the oscillatory motion of confined ions is described by the
radial and axial secular frequencies [1]. Figure SI-1 of Supple-
mental Information illustrates axial phase portraits of a single
84Kr1+ ion in a pure quadrupole potential of Equation 9 such
that ωrf/2π = 1226.649 kHz. The amplitude Arf(t) is linearly
increased during 300 μs with a scan speed of 667 Th/s starting
from 62 V at t = 70 μs to 1515 V at the end of the ramp.
Initially, the 84Kr1+ ion was placed in the center of the trap at
room temperature with the mean thermal velocity of Vi

Z(0) =
275m/s in the z-axis direction.With the increasing rf amplitude
Arf(t), the qi

z value also increases until the z-stability boundary
value of 0.908 is reached and the ion is ejected.

Resonant Excitation in an Ion Trap Mass
Spectrometer

To cause the mass-selective resonant oscillatory motion of ions
in the quadrupole ion trap device, we further supply a time-
varying dipole excitation voltage using potentials of endcap
electrodes, namely, for Φout(t) = −Φinp(t) all odd-numbered
Bn(t) coefficients in Equation 8 are non-zero, with the dipole
B1(t) coefficient being the dominant. In the present study, this
particular mode of operation is driven by harmonic electric
potentials at electrodes

RING : Φr f tð Þ ¼ Ar f tð Þ cos ωr f tð Þ
CAPS : Φout tð Þ ¼ −Φinp tð Þ ¼ Ad cos ωdt þ φdð Þ ð18Þ

where φd denotes the relative phase between the fundamental rf
drive,Φrf(t), and the dipole excitation drive,Φinp(t), of the input
endcap electrode. Typically, the ωd frequency is selected to
yield an appropriate mass-range extension factor. It may also
be used to improve the mass resolution when the fixed-phase
resonance ejection is desirable [7]. The generators of rf and
dipole drives are currently not phase-locked so that in our
present experiments φd is not known and will be set to zero
throughout this paper. Nevertheless, we refer the interested
reader to Julian et al. [7], who discuss the potential use of
critical phase-locking for improved mass resolution.
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The CITA Program Structure
The current version of the CITA suite of program codes are
designed for cooperative multi-threaded execution on both
shared-memory machines and distributed memory environ-
ments where it is often useful to deploy concurrency within
each computational node. Its execution is automated under
Linux-based operating systems and optimized using the
numactl utility [33] that is aware of the processor topology
and ensures that the data needed by each thread is in local
memory as often as possible. To facilitate ion simulations,
several multi-particle simulation programs have been devel-
oped: (a) TrapParticle, to create the statistical ion population
within the trap volume; (b) TrapView, for 3D visualization of
both the ion cloud dynamics and the trap geometry; (c)
TrapSim, to calculate ion trajectories for given potential scan
function; (d) DataConvert, to analyze the ion population sta-
tistics as a function of mass-to-charge ratios, residence times,
final velocities, and corresponding ejection potentials on the
ring electrode; and (e) GraphView, to visualize and investigate
the final ion abundance spectra. For the ease of scripting, all
programs read the necessary parameters from the command-
line interface as a set of name-value pairs.

Setting Up the Initial Ion Population

Prior to starting a simulation, the initial conditions of an ion
cloud are generated using the TrapParticle program. Here, the
total number of ions and relative abundances of the various
chemical species expected to be created by electron impact
ionization (EII) [34] are defined in advance in a separate pattern
file. Hence, in addition to the massmi and the charge qi for each
type of ion at the given temperature Ti, the pattern files contain

the individual ion abundances. Information provided in the
pattern file is parsed in a single-line fashion but specified in a
free-form with user-defined local variables and comments.
Initial ion cloud data is arranged in a column-oriented ASCII
text file, where each row represents an ion defined with 10
descriptors: the residence time t [ns], the ion mass mi [u] and
electric charge qi [e], the position Ri(t) [cm] and the velocity
Vi(t) [m/s] vectors, and finally the ring electrode potentialΦrf(t)
[V]. During the entire evolution of the ion cloud this format is
maintained and provides a snapshot of the system that can
subsequently be used to restart simulations.

Default settings assume that initial ion positions, Ri(0), are
uniformly distributed at random in a cylinder of 1 mm in
diameter and 4 mm in length. The cylinder is oriented in the
z-axis direction and centered in the center of the ion trap. It
corresponds physically to the dimensions of the ionizing elec-
tron beam. A check is performed for collocation in the initial
ion cloud to ensure that any random subset is also statistically
unbiased and free from particle fusion. Cylindrical geometry is
a consequence of axial cylindrical holes present in the endcap
electrodes through which electrons are introduced and trapped
ions are extracted from the real ion trap [21]. Initial dimensions
and position of a cylindrical ion cloud can be controlled either
through the pattern file or a command line interface. For
example, in order to investigate only the effect of temperature
of the initial ion cloud on the line shapes in a final mass
spectrum, the cylinder geometry can be collapsed into a single
point in the center of the trap. Initial ion velocities Vi(0) are
distributed by the Gaussian distribution with zero mean and
kBTi/mi variance. All EII events are randomly distributed in a
time interval allocated for the ionization pulse, which prevents
the artificial phase-locking of ion trajectories and is not to be
confused with a fixed initial phase shift φd found in

Figure 4. Operating conditions for the 3D quadrupole ion trap; (left) the first stability region is enclosed by the Δ1
(0,0) = 0 contour

curves in both the radial (red dashed lines) and the axial direction (red solid lines). For the ring electrode potential Φrf(t) given in
Equation 18, the stability region collapses into the 0 < qi

u < 0.908 interval represented by the gray horizontal line. The gray solid
diamond marks the operating point qi

u = 0.5 for which the i = 84Kr1+ ion has the stable trajectory; (right) the 0 ≤ η ≤ 58 segment of the
stable trajectory (gray solid line) calculated according to Equation 17. Initially, the 84Kr1+ ion is created in the center of the trap with
only the axial component of the velocity, z⋅i 0ð Þ ¼ 0:2. Snapshots of the stable trajectory at η = n instances, for n = 0, 1, …, 58, are

characteristic for a simple harmonic motion and form the elliptical pattern (red dots), the area of which is the total energy of the ion.
The events of zero acceleration (black diamonds) correspond to the Poincaré section of stable ion motion
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Equation 18; instead, we refer to ionization modes where a
majority of ions are created, for example, only when the ring
electrode potential is close to zero.

Ion Trajectory Visualization

TrapView program offers a visualization tool for the dynamics
of stored ions from any viewpoint. An ion cloud can be
displayed (and animated) inside the 3D model of the ion trap
shown in Figure 3 by using various visualization modes. Major
efforts have been directed toward handling the large data sets,
and TrapView is capable of loading and analyzing on the order
of several hundred thousand ion trajectories on a typical desk-
top machine. The whole 3D model of the ion trap supports
transparency and together with the stored ion cloud can be
freely rotated, shifted, flipped, and zoomed as necessary to
visually highlight local features in long trajectory structures.
The user can toggle between preset viewpoints complemented
with X,Y,Z axes that help position and orient ion cloud in 3D
space; all three coordinate planes are equipped with optional
rectangular grids to quickly estimate cloud dimensions.

Ion Propagation

Time propagation of initial ion cloud and extraction of pre-
equilibrated ions can be performed using the TrapSim program.
Potential scan functions for each electrode can be defined through
the command line parameters to match the experimental condi-
tions. The current mode of operation allows for three types of
potential arrangements on the ion trap electrodes: the pure quad-
rupole, dipole, and combination of the two where the scaled-
down rf potential of ring electrode is added to dipole excitation
drive of the endcap electrodes. The inclusion of arbitrary potential
scan functions for each electrode is possible so that simulated and
experimental high resolution mass spectra can be compared
under complex operating conditions. In pure quadrupole mode,
the mandatory command line parameters are the duration, the
frequency, and the amplitude of the base rf drive used in the
trapping phase of the potential scan function, followed by the
duration of the voltage ramp and the value of the rf amplitude at
the end of the ramp. In the dipole excitation mode, the additional
mandatory parameters are the dipole drive amplitude, the fre-
quency, and the phase. In the mixed quadrupole/dipole mode, the
TrapSim program expects the scaling factor to be provided as
well. The potential scan function is generated prior to the start of
ion propagations and is used to compute the expansion coeffi-
cients in Equation 8 at Δt = 1 ns resolution. We take advantage of
the fact that in the present model of Equation 1, we neglect ion-
ion and ion-neutral interaction such that each ion moves inde-
pendently in an external forcefield defined by Equation 13. The
initial ion population is thus split into subsets according to the
total number of computational threads available. A single thread
performs the propagation of the corresponding subset until the
potential scan function is complete or all ions in that subset are
ejected. Upon the completion of simulation, the ordering of ions
in all subsets is preserved with respect to the input ion cloud and
achieved by rearranging all threads in a queue during the creation

of a final ion data file. Execution performance is evaluated in
terms of the number of processed ions per unit time and per
computation thread. In this study, the typical throughput was 26
ions, which translates to execution time of 16.7 h required to
propagate one hundred million ions using 64 threads.

We note that by using the modified velocity-Verlet integra-
tor, a 10-fold increase in time step size will still yield the correct
results for ion positions and velocities when benchmarked
against the adaptive time step integrators implemented in
Mathematica’s MathieuC and MathieuS functions [32]. The
choice of fixed time step is a compromise between speed and
accuracy and depends on the integration algorithm used. In the
case of the improved Euler method, Julian et al. [7] have found
that Δt = 9.0909 ns is sufficient to prevent artificial lowering of
the secular frequency and cause the ion to be ejected later than
expected. In order to minimize the numerical inaccuracies
associated with larger time steps but still be able to reduce the
amount of computation required per fixed time step, we choose
to work with the modified velocity Verlet solver at Δt = 1 ns
resolution. Implications of using the explicit Euler solver at the
same time resolution are summarized in Figure 2.

Ion Population Statistics

The final ion data file contains individual ion events character-
ized by the time when the ion strikes the electrodes or the
potential scan function ends. The recorded ion properties can
be binned using the DataConvert program and saved as histo-
grams for further comparison the with experiments using the
GraphView tool. All splat events (where an ion trajectory
intersects an electrode surface) associated with specific
mass/charge ratio can be extracted and binned over the splat
times using the experimental resolution. The time position of
the top of the resulting peak profile is assigned to the corre-
sponding mass/charge ratio, and the procedure is repeated for
all ion species present in the final ion cloud. A set of points is
formed such that each most probable splat time has its unique
mass/charge ratio and a linear regression is performed in order
to obtain the analytical expression for mapping between these
two scales. After converting the splat time scale into the
mass/charge scale, we reconstruct a histogram showing the
number of ions passing through the cylindrical hole in the
output endcap electrode as a function of the mass/charge ratio.
This reconstructed histogram can be directly compared with
experimental mass spectra. The similar binning over all ion
positions or velocities can be used to approximate the space
charge density distribution or to quantify the reduction in
velocity spread as kinetic energy is increased.

Case Studies
3He/4He Ratio Measurements as an Indicator
of Volcanic Unrest

In-situ mass spectrometry of volcanic gaseous emissions is the
tool of choice because: (a) with a high sensitivity and accuracy,
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mass spectrometers can detect a broad array of chemical spe-
cies; (b) they can quantify both elemental abundance and
isotopic composition; (c) with high mass resolution they can
separate target isotopes from interfering isobars that cannot be
predicted in unfamiliar environments; (d) they can simulta-
neously measure species at concentrations spanning many
orders of magnitude. Besides these capabilities, the JPL QIT
is also compact, lightweight, and power efficient.

Continuous monitoring of 3He/4He isotope ratio in diffuse
helium flux for forecasting volcanic eruptions could strengthen
existing surveillance programs [35]. Standard diffuse
degassing methods focus on detecting percolated CO2 and
H2S gas as precursors to volcanic eruptions [36]. Helium poses
as a better indicator because it is absent from metabolic path-
ways of microorganisms and it is chemically inert in rocks.
Measuring the 3He/4He isotope ratio relative to air can indicate
if helium is coming from the mantle (3He) or from the fractur-
ing crust (4He) because of imminent volcanic eruption.

In order to accurately measure the 3He/4He isotope ratio
under low-power constraints of a portable field instrument, our
main challenge is to attain the sufficient mass resolution for
resolving species that constitute isobaric interferences. Since
hydrogen outgassing from vacuum components is the domi-
nant source of contamination, main interferences come from
HD (for 3He) and D2 (for

4He). In a quadrupole-only mode of
operation, see Equation 14, higher rf frequencies, νrf = ωrf/2,
provide better mass resolutions but at the cost of increased
power consumption due to required higher rf voltage ampli-
tudes, Arf. We systematically quantified the effect of rf frequen-
cy on the mass resolution by performing a set of simulations.
The obtained results are conviniently summarized through the
mass resolving parameter (MRP),

MRP ¼ 2
m2−m1

Δm1 þ Δm2
≈F� τp

� 1þ exp − νr f −ν0
� �

=Δν
� �� �−1

; ð19Þ

which is defined as a ratio of the separation between the two
adjacent peaks m1 and m2 and the mean of their FWHM. In a
collision-free regime, the MRP value is a complex function of
not only the rf frequency νrf but also of the rate at which the rf
amplitude is increased [37]. In the above example of 3He/HD
separation, the rf amplitude Arf is ramped from 45 to 800 V.
Ramping times, τ, were varied from 10 ms up to 160 ms in
10 ms intervals, while the rf frequency, νrf, was increased from
1.5MHz up to 5MHz in 0.5MHz increments. In this particular
case, the MRP value is approximated by Equation 19 using the
following parameters: F = 0.70(1), p = 0.600(4), v0 = 3.44(9)
MHz, and Δv = 0.83(2) MHz, where the ramping time, τ, and rf
frequency, νrf, are given in units of ms and MHz, respectively.
For example, with a ramping time of 80 ms, the MRP value for
3He/HD isobars increases from 1.46 at 2 MHz (partly resolved)
to 8.42 at 5 MHz (fully resolved). When appropriate parameter
values are derived from simulations, Equation 19 can be used
to determine the optimal QIT operating conditions for other
isobars of interest.

Quantitative Analysis of 4He in D2 Atmosphere

Measurements of 4He abundances in future deuterium-tritium
(D-T) fusion reactors are of utter importance in monitoring the
purity of the D2 fuel and the burn-up degree of D-T plasma.
Fast neutrons from D-T and D-D reactions may also cause
structural damage inmaterials used for plasma facingmaterials,
mainly by nuclear reactions with low-Z materials like lithium
and beryllium. The products of those reactions are mostly
hydrogen isotopes, which cause embrittlement, and 4He, which
precipitates gaseous bubbles altering the thermal properties of
neutron-irradiated materials. Since the atomic weights of D2

and 4He differ by 0.0256 u, we used a mixed sample gas of
these two components to test the resolving capability of the JPL
QIT instrument. In Figure 5a, we compare the line shapes
measured in the pure quadrupole potential with the simulated
mass spectrum and find a satisfactory agreement in both the

Figure 5. Comparison between experiment and simulation; (a) low-mass spectrum for an admixture-gas of 4He andD2measured at
ωrf/2π = 3.037 MHz in the pure quadrupole potential with the MRP value of 3.12, see Equation 19; (b) higher-mass spectrum of
perfluorokerosene obtained in dipole excitation mode of operation (see text for details)
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peak positions and the low-mass tailing. The rf amplitude, Arf,
is ramped from 35 to 1500 V during 19ms with a scan speed of
77.9 Th/s.

Dipole Excitation

In the present experiments, an auxiliary AC signal, see Equa-
tion 18, is applied to the endcap electrodes and mass spectra is
observed for various dipole excitation frequenciesωd. Before the
dipole potential is applied, the main rf potential is such that
group of ions of 5 < mi/qi < 109 is trapped, namely, Figure 6
displays both the dipole excitation experiment and the simula-
tion results characteristic for the composition of the residual gas
at 1.2 × 10–6 Torr into which we leaked a small amount of
krypton (≈ 2 × 10–8 Torr). The ring electrode was driven by the
potential of frequencyωrf/2π = 1226.649 kHz at the amplitude of
Arf(t) = 62V for the first 7 ms, which is then linearly increased to
1515 V during the next 30 ms. The potential on the endcap
electrodes was held at the constant amplitude of Ad = 0.5 V and
used to cause ions of a selected qi

z value to be resonantly excited
by scanning the ωd frequency in 9.583 kHz steps. Each vertical
line in Figure 6 corresponds to a single measurement of the mass
spectrum collected for 10 min with the fixed ωd frequency.
Simulations are performed under the same conditions but with
a finer ωd step size of 4.79 kHz. When the axial modulation
frequency is chosen as ωd/2π = 600 kHz, which is slightly less
than half that of themain rf drive, the axial ejection occurs at a qi

z

value slightly less than 0.908 and the mass scanning range is 5 <
mi/qi < 109. Similarly, when the axial modulation frequency is
chosen as ωd/2π = 150 kHz, the mass range is extended by a
factor of 2.4 to 5 < mi/qi < 262.

In Figure 5b we present the mass spectrum of
perfluorokerosene (PFK) when JPLQIT is operated in the wide
mass range mode while maintaining the 750 FWHM mass
resolution at 305 Da. The PFK test gas was introduced directly
into the trap placed within the ultra-high vacuum (UHV) cham-
ber with the base pressure below 1 × 10−11 Torr [38]. The ring
electrode is driven at theωrf/2π = 752.243 kHz frequency using
the scan rate of 6667 Th/s. The rf potential amplitude is ramped
linearly from the initial 50 V to the final 1614 V in 39 ms.

During the analysis period, the endcap electrodes were kept in a
phase-inverted mode (see Equation 18) with an initial rf poten-
tial of Ad(t) = 3 V in amplitude and the ωd/2π = 253.805 kHz
frequency. In order to maintain an optimal resolution over the
entire mass range, the endcap rf potential was ramped synchro-
nously with the ring rf potential. The comparison in Figure 5b
reveals a satisfactory agreement between the simulated and
measured spectra while showing no signs of reduced ion fo-
cusing capability of the JPL QIT device for larger PFK
fragments.

Conclusion
In summary, we have introduced a new quadrupole ion trap
simulator that utilizes hyper-threaded architecture of modern
supercomputers and have presented the experimental valida-
tion of large-scale numerical computations of underlying ion
dynamics. Its major advantage over other existing solutions is
its high performance, making it a viable tool for investigating a
range of experimental operating modes that are to be achieved
under spaceflight conditions, such as those found, for example,
in flyby studies of Europa’s exosphere [38]. For a specific set
of voltage scan functions, the developed numeric model is used
to identify the accessible secular frequencies and to predict the
stability of the rf-driven micromotion with respect to the loca-
tion within the trapping volume. The model can be further
extended to consider the ion-neutral interaction for pressures
as high as 50 mTorr. In a subsequent publication, we will
address the influence of frequent collisions with residual/
buffer gas on trapping efficiency and spatial distribution of
confined ions.
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