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A B S T R A C T

Ion trajectory numerical simulation is used to find the linear ion trap excitation contour in the second stability
region. The effects of initial conditions, the ejection Mathieu parameter, scan speed, dipole excitation voltage and
gas damping are studied. Modeling shows that in the stability region center the resolution power is � 200 000 (at
full width half height of a peak, FWHM) at pressure 0.1 mTorr and 100 % excitation efficiency (not taking into
account the space charge).
1. Introduction

The operation of the linear ion trap in the first stability region is
described in detail in [1, 2]. Themethod of the resonance ion excitation by
an auxiliary dipolar AC potential has been proposed by Fisher in 1959 [3].
The resonances take place on the ion secular motion frequencies ωk ¼
j2kþβjΩ

2 ; k ¼ 0;�1;�2;…; where β the characteristic exponent for the
Mathieu parameter is a¼0, Ω is the angle frequency of the RF drive po-
tential. With increase of k the amplitudes of the ion secular oscillations in
radial directions decrease and as a result the share of resonantly excited
ions also drops. In practice, the fundamental frequencyω0 ¼ βΩ

2 is used [1].
For a ¼ 0 values βx ¼ βy ¼ βðqÞ ; where q ¼ 4eV

mΩ2r20
; e andm are ion charge

and mass, V is RF amplitude, r0 is the field radius. Ions of a given mass
number M are mass-selectively ejected from linear ion trap (LIT) if ¼
4eVNA
qejΩ2r20

, where qej ¼ q
�2ω0

Ω

�
is called the ejection parameter [1], NA is the

Avogadro constant.
The linear quadrupole with dipole resonance excitation and mass se-

lective with axial or radial ejection of the confined ions from ion trap are
used in practice [4, 5, 6, 7]. The main advantages compared with the DC
quadrupole are simplicity of using RF supply only, high resolution R ¼
6000, high scan speed 104 Th/s, small inertial process of the ion detecting,
simple resonance circuit of the dipolar excitation of ions [8, 9, 10, 11].

Here we discuss RF-only mass-selective ejection of ions trapped in LIT
operated in the second stability region [12]. A simple formula for the LIT
resolution power R [13, 14, 15] is used
. Konenkov).
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R¼Cqejnβ
0
�
qej

�
; (1)

where C is a constant to be defined from experiment, qej is the ejection
parameter, n is the excitation time expressed in RF cycles of the main
trapping voltage, β

0 ðqejÞ is derivative of the function βðqÞ at the point q ¼
qej. The value β

0 ðqejÞ determines the dispersion between the excitation
frequency and the ion mass. It can be expected that the resolution of the
LIT is substantially higher in the second stability region than in the first
stability region because qejðIIÞ ffi 7:55 ≫ qejðIÞ ffi 0:75. This fact can be
used as a starting point for the study of the linear trap operation in the
second stability region.

2. Stability region II

Region II is a triangle on the (a;q) plane with 7.514<q< 7.580 [11].
Parameter β takes values between 1 and 2 (Figure 1). The iso-βx and
iso-βy lines are shown with dotted lines. Dipole resonance excitation of
ion oscillations can be realized at any point ða; qÞ of the stability region
by using an additional DC potential �U at the electrodes and an addi-
tional RF voltage at the opposite electrodes at the frequency βxΩ=2 or
βyΩ=2. However, a simpler technical solution of resonant excitation is
attainable when there is no DC potential and a ¼ 0.

The graph of the function β
0 ðqÞ for the case a ¼ 0 is given on

Figure 2. The derivative β
0 ðqÞ tends to infinity when q approaches the

boundary values q ¼ 7.514 and q ¼ 7.580. At the center ðqej ¼ 7:547Þ
ember 2022
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Figure 1. The second stability region on the ða; qÞ plane. The dashed lines are
iso-β lines. Below we use the operating points with the following a; q excitation
parameters: a ¼ 0; q ¼ 7:752; β ¼ βx ¼ βy ¼ 1:2; a ¼ 0; q ¼ 7:547; β ¼ βx ¼
βy ¼ 1:5; a ¼ 0;q ¼ 7:5735;β ¼ βx ¼ βy ¼ 1:8; a ¼ 0:011;q ¼ 0:7547;βx ¼
1:6; βy ¼ 1:3575.

Figure 2. Function βðqÞ and its derivative β
0 ðqÞ in the second stability region.
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of the stability region β
0 ðqÞ ffi 9:65: Thus according to Eq. (1) the

resolution R ¼ C9:65qejn:

2.1. Ion motion equations and excitation contour

The motion equations in the radial plane of a linear RF quadrupole
with auxiliary dipole excitation are [2, 13]:

x00 þ fa� 2q cos½2ðξ� ξ0
���þ2qx cos½2νðξ� ξ0Þ� ¼0; (2)

y00 � fa� 2q cos½2ðξ� ξ0Þ�gy¼0; (3)

where

q¼ 4eV�
m
z

�
Ω2r20

; (4)

qx ¼A1Vex

2V
q: (5)

In Eqs. (2) and (3) q is the Mathieu parameter, ξ ¼ Ωt= 2 is the
dimensionless time, x and y are transverse Cartesian coordinates, ξ0 is the
initial RF phase, e is the magnitude of the electronic charge, m= z is the
ion mass-to-charge ratio, V andΩ are, respectively, the amplitude zero to
2

peak, pole to ground, and the angular frequency of the trapping RF field.
The field radius of the quadrupole r0 is the distance from the quadrupole
central axis to an electrode. Excitation parameter qx depends on ampli-
tude Vex of the dipole potential Vex cos ωt as given in Eq. (5). Normalized
dipolar amplitude of the first spatial harmonic generated by round rods is
A1 ¼ 0:798. Dimensionless excitation frequency is ν ¼ ω

Ω ¼ β=2.
We take the excitation contour SðqÞ as a general characteristic of the

ejection process, see [13] for the first stability region. It is defined as
SðqÞ ¼ Nex=N; where Nex is the number of ion trajectories for which
jxðξÞj � 1; ξ � nπ and N is the total number of ions trajectories. The most
interest has a peak which reaches the maximum resolution for S ¼ 100%:

It touches the level S ¼ 100% at one point only and depends on the
excitation time n and the excitation relative amplitude qex. Initial trans-
verse ion positions and velocities are normally distributed and initial RF
phases are uniformly distributed on the interval (0; πÞ [13]. The dimen-
sionless velocity mean square deviation is [13]

σv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkBTiNA=MÞ

p .
ðπr0f Þ;

where kB is the Boltzmann constant,NA is the Avogadro constant, Ti is ion
temperature,M is the mass number, f ¼ Ω=2π is the cycle frequency. The
initial x0 and y0 coordinates are distributed normally with variances σ2x ¼
σ2y expressed in units of r0. For ionmassM ¼ 609 Thwith ion temperature
Ti ¼ 300 K, r0 ¼ 3 mm, f ¼ 0.5 MHz the mean square deviation σv ¼
0:0096:

As an example, we will estimate the parameters of an ion trap for
resonant detection of ions with mass M ¼ 609 Th. Take the RF generator
frequency f ¼ 2π=Ω ¼ 500 KHz, r0 ¼ 3 mm, qej ¼ 7:547 . Then the
amplitude of the RF voltage is V ¼ 1060 V. At qej ¼ 7:547 the dipole

frequency is fex ¼ β:f
2 ¼ 375 KHz for the parameter β ¼ 1:5: The param-

eters are technically feasible. The dipole voltage Vx is determined by the
value of qx, which is found from simulation.
2.2. Excitation contours

The mass peaks are presented on Figure 3 for given values of the
excitation time n expressed in RF cycles. The contours have tails which
are not observed in the first stability region [13]. From Figure 3 it follows
that the separation time n and the excitation parameter qex are related as
nqex ffi 0:0306. The characteristic exponent β ¼ 3=2 coresponds to the
ejection parameter qej ¼ 7:54696. The required amplitude Vx of the
dipole potential for the given conditions, see (4) and (5), is given by

Vx ¼2Vqex
A1qej

1
n
ffi 0:0306*2*1060

0:798*7:547
1
n
ffi 11

n
ðVoltÞ:

These data (рис. 3) are well approximated by a linear function
(Figure 4). Using formula (1) we evaluate the adjustable constant C:

10qejβ
0 ðqÞnC¼30n

and R0:5 ffi 2.5qejβ
0 ðqÞ n. For the first stability region qej ¼ 0:85 and the

resolution R0:5 ffi 2 qejβ
0 ðqÞ n ¼ 1:63 n [13]. The resolution for the sec-

ond stability region is 30=1:63 ffi 18 times higher compared with the
first stability region. For example, excitation time n ¼ 100 corresponds
to 5*103 Th/s ðf ¼ 0:5*106 HzÞ and resolution R0:5 ¼ 2540 (Figure 3).
The resolution is equal to 150 000 for small scan speed 100 Th/s (n ¼
5000).

Note that the excitation contours in Figures 3 and 5 correspond to
100% excitation level when all ions are unstable. Since the top of the
contour is flat (Figure 5a), the 100% excitation level was determined
approximately. The resolution R0:5 (FWHM) is determined for these
conditions. Figure 5a shows the transmission contours for β ¼ 1:2 at the
point q ¼ 2:520 (Figure 1) when the dispersion dβ=dq increases
(Figure 2). The resolution increases to R0:5 ¼ 18 300 compared to the



Figure 3. Contours (mass peaks) for excitation time (a) n ¼ 100;200;300;500
andðbÞ1000;2000;3000 and 5000 RF cycles; n is the excitation time; qex is the
dimensionless dipole amplitude; ν ¼ 3

4; nqex ffi 0:0306; R0.5 is the resolution
(FWHM). 1000 ion trajectories per point.

Figure 4. Linear dependence of the resolution R0:5 on the excitation time n for
¼ 3=2; qej ¼ 7:5469.

Figure 5. Excitation contours under the following conditions and parameter
values: (a) β ¼ 1:2 ; (b) β ¼ 1:8 and (c) βx ¼ 1:6 (a ¼ 0.011, q ¼ 7.745).
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case β ¼ 1:5 (Figure 3a, n ¼ 500) when R0:5 ¼ 13 100 according to
Figure 2. However, on the small q side, the noise pedestal increases
sharply and the closer the operating point to the boundary of the region
β ¼ 1:0, the greater the pedestal's height.
3

Figure 5b gives a comparison of the excitation contours in the
working points β ¼ 1:5 and β ¼ 1:8 (Figure 1) for the case n ¼ 100, when
the scanning speed is very high: f=n ¼ 5000 Th/s. When the parameter β
approaches the right stability boundary (Figure 1, value β ¼ 2) the
dispersion dβ=dq increases (Figure 2), the resolution also increases from
2500 (for β ¼ 1:5) to 4500 with the amplitude qx halved.

For the case of the operating point a ¼ 0:011; q ¼ 7:745 ðβx ¼ 1:6Þ
inside the stability region (Figure 1), the transmission contours for



Figure 7. Excitation contour for slow scan speed 100 Th/s (n ¼ 5000) and small
damping gas pressure p ¼ 0:1 mTorr. Dipole voltage amplitude Vx ¼ 2:34 mV
(qx ¼ 6:05	10�6Þ: 1Þ σx ¼ 0:01; 2Þ σx ¼ 0:005:
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n ¼ 100, 200 and 300 are shown in Figure 5с. The resolution is of the
same order as for the case βx ¼ 1:2 and βx ¼ 1:8 (Figure 5a and b).

2.3. Influence of the buffer gas pressure on the excitation contour

Consider the motion of M ¼ 609 Th ions under the conditions stated
above. To calculate the trajectories of ions in the buffer gas, we use the
equations of motion presented in [13, 16]. Figure 6 shows the excitation
contours for pressures p ¼ 0;5; 7 and 9 mTorr at fixed values of
dimensionless dipole excitation amplitude qx ¼ 3:1	 10�4 and the
excitation time n ¼ 100. In Figure 6a the dispersion value σx ¼ 0:01
and in Figure 6b σx ¼ 0:005. These values characterize the radial di-
mensions of the ion cloud before the dipole resonance effect on the
selected ions. It follows from the data in Figure 5 that the presence of a
buffer gas leads to an increase in the resolving power of R0

0:5 ¼ qej
Δq , when

the peak height is counted from the baseline. The baseline passes
through the noise pedestal (Figure 5a for curve 9 mTorr). With this
determination of resolution, the value of R0

0:5 increases from 2800 to
8300 with a high scanning rate of 5000 Th/c (Figure 5a). The noise
pedestal also decreases with increasing pressure. Increasing the
near-axis ion concentration (σx ¼ 0:005, Figure 5b) decreases the noise
pedestal and increases the resolving power in the presence of pressure.
The presence of gas pressure in the ion trap gives approximately the
same 95% excitation intensity and approximately the same resolving
power R0:5 ffi 4400 at two values of the near-axis localization of the ion
cloud σx ¼ 0.01 and σx ¼ 0.005.
Figure 6. The influence of the buffer gas pressure on the excitation circuit:
radial distribution of argon atoms, characterized by the standard deviation (a)
σx ¼ 0:01 and (b) σx ¼ 0:005:

4

An excitation contour with high resolution R0:5 ¼ 203; 000 and 100%
(S ffi 100) excitation efficiency is illustrated in Figure 7 (curve 2). The
presence of a small buffer gas pressure p ¼ 0:1 mTorr results in a 25%
increase in resolution compared to the case when no gas damping. In
Figure 7, curve 2 is obtained for the near-axis distribution of ions with
σx ¼ 0:005. The resonant long-term ðn¼ 5000Þ interaction of an ion
ensemblewith amore rarefied buffer gas requires an increase in the dipole
voltage amplitude from 2.20mV to 2.34mV. As σx is doubled (contour 1),
the intensity of the noise pedestal also doubles, which is characteristic of
the stability region I too [13]. The dipole voltage increases approximately
linearly with increasing pressure and constant scan speed.

3. Discussion and conclusion

We consider the excitation contour of a linear ion trap operated in the
second stability region. It is shown that in the absence collisional
damping the mass peak width depends mainly on the excitation time,
which is controlled by the scan speed. The resolution R0:5 has a linear
dependence R0:5 
 30 n for qej ¼ 7:547. The separation time n and
excitation parameter qex are related as nqex ffi 0:0306.

The operation of the LIT at theworking points near the boundaries of the
stability region leads to the appearance of powerful noise pedestals on the
excitation contour, inside the region - the pedestals remain at the level of
20% of the contour height. Buffer gas pressure in the LIT results in lowering
the baseline and increasing the resolving power. So at a high scanning speed
of 5000 Th/s, dipole voltage amplitude of 11 V and argon pressure of 9
mTorr, the resolving power R0:5 ffi 9200 for ions withM ¼ 609 Th and LIT
parameters f ¼ 0.5MHz, r0 ¼ 3mmandV ¼ 1060 V. For the case of a slow
scanning speed of 100 Th/s with a buffer gas pressure of 0.1 mTorr the
resolution R0:5 ¼ 203,000 at amplitude Vx ¼ 2.34 mV. So to achieve in the
first region stability, for exampleR0:5 ¼ 30; 000 requireshighdipole voltage
stabilityΔqx=qx 
 10�3 (see Figure 15 [13] and Figure 3 [8]). The nature of
the influence of pressure, scanning speed, and dipole voltage amplitude on
the excitation contour is the same as for the case of the first stability region.
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