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a b s t r a c t

In this paper, dual-cylinder image current detector is introduced and simulated using a numerical elec-
trostatic model in the context of electrostatic ion beam trap (EIBT). Being illuminated by the simulation
results, the principle of optimizing this new-type detector is proposed, and the configuration of the detec-
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tor is modified further to improve the signal waveform. The differential current acquired by an optimized
dual-cone detector is strengthened more than ten times than that of single-cylinder detector used in
the experiment, which is considerable in the process of signal pick-up and the process of signal analysis
in mass spectrometry. The simulation results could be used to devise and optimize the image current
detector thus to improve the detected signal, and indicate signal analysis (such as FFT) of EIBT for mass
lectrostatic ion beam trap

ass spectrometry
umerical electrostatic model

spectrometry.

. Introduction

EIBT (electrostatic ion beam trap) has been invented and devel-
ped during the last decade, which stores and manipulates ions
ith only electrostatic fields [1–4]. When a group of ions is injected

nto EIBT, they would be trapped and oscillate between the two par-
llel sets of electrode mirrors with applied voltages, which working
rinciple is similar to that of an optical resonator, and accordingly
ndows EIBT with another name of ion-trap resonator [5–7]. It has
een demonstrated that EIBT is a competent instrument to per-
orm various experiments both in physics and in chemistry, such as
ife time measurement of metastable state atomic, molecular and
egative ions [8–11], electron-impact experiments [12,13], beam
ynamics and mass spectrometry [14,15].

In the arrangement of EIBT, a cylindrical detector tube is
rounded and mounted between the two mirrors. During a group of
ons with certain energy passing through this cylindrical detector,
n induced image current could be detected, and based on which
he ion charge and ion flight time could be determined. Conse-
uently, EIBT could be used as time-of-flight mass spectrometry,
n which the flight path of the ions is multiple folded by electrode
irrors, and thus high resolution of mass analysis is expected.
As the detected current signal with a strengthened intensity is

aluable both in the process of signal pick-up and in the process
f signal analysis, it has been attempted to improve the inten-
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sity of the current signal with optimizing the configuration of the
detector.

It was supposed that, with aligning two cylindrical detectors in
the path of ion movement, which are insulated from each other
and both grounded, a combined differential current signal with
strengthened intensity would be expected. This consequence is
presumed to be that, the difference of image currents on these
two detectors would produce one combined current with doubled
intensity because of the symmetrical arrangement.

Based on this assumption, a new-type image current detector
is proposed and devised. With the establishment and numerical
simulation of an electrostatic model, the initial proposal is vali-
dated successfully. Moreover, being illuminated by the simulation
results, the configuration of dual-cylinder detector is modified fur-
ther, and two truncated conical components are adopted to improve
the waveform of the signal.

In this paper, a numerical electrostatic model of dual-cylinder
image current detector is established to study the principle of this
new-type detector, with the concentration to optimize the configu-
ration and acquire improved current signal. The simulation results
are also compared and examined with the experimental ones, the
two of which agree well. In Section 2 the model is described and in
Section 3 the dimensional analysis is preformed. Results and dis-
cussion are presented in Section 4, and Conclusions are given in
Section 5.
2. Numerical modeling

According to above proposal, a simplified simulation model is
adopted, as shown in Fig. 1. The dual-cylinder detector is composed

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:sqhit@fudan.edu.cn
dx.doi.org/10.1016/j.ijms.2009.02.002
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The relation between x and non-dimensionalized X is
Fig. 1. The schematic configuration of dual-cylinder image current detector.

f two identical cylindrical components, which radius and length
re r0 and l0 respectively, and the gap between them is d. The quan-
ity of the electric charge that carried by the moving ions is q0, and
he ions’ position is specified by the coordinate of xp. The thickness
f the detector is very thin comparing with its dimension, and has
een neglected during the simulation.

In order to simplify the problem, following assumptions are
ntroduced:

1) the ions are all endowed with exactly the same energy and
carrying single charge;

2) the ions move along the axis of the cylinder, and remain con-
stant velocity during the whole period of simulation, that is, the
energy loss during ions’ movement is neglected;

3) The induced charge on the cylinder responds immediately to
the moving ions, thus to neglect the signal delay caused by the
detecting circuit;

4) The coulomb repulsion between the ions is not considered in
this model.

As both components of the detector are grounded, their potential
aintains zero at all time. The potential caused by the moving ions

utside is counteracted by that caused by the charge induced on
he detector itself. Therefore, at any point x on the detector,

(x) = �induce(x) + �q(x) = 0 (1)

here �(x) is the potential at point x, �induce(x) is the potential
aused by the charge induced on the detector, and �q(x) is that
aused by the moving ions outside, and the latter two parts cancel
ach other entirely.

A numerical method is adopted to acquire the induced charge
istribution on the detector. Each cylindrical component is dis-
retized into n segments in x direction, and each segment is
pecified a certain quantity of induced charge qi. At the center of
th segment xj, Eq. (1) becomes

(xj) = �induce(xj) + �q(xj) = 0 (2)

induce(xj) is contributed by the induced charge from every segment,
nd thus could be written as

induce(xj) =
2n∑
i=1

�ij = −�qj (3)
here �ij is the potential at xj caused by the induced charge on ith
egment. With applying Coulomb’s law and numerical integral, Eq.
3) could be expressed in the form of qi, the quantity of induced
ss Spectrometry 282 (2009) 38–44 39

charge on ith segment,

1
4�ε0

2n∑
i=1

qiai = − 1
4�ε0

q0

rj
(4)

where rj is the distance between the moving ion and xj, and the
coefficient of ai could be specified by numerical integral, which
dimension is [1/r]. With canceling the common factor, Eq. (4) could
be simplified into the following form:

2n∑
i=1

qiai = −q0

rj
(5)

The above equation is linear about charge and distance, and with
non-dimensionalization it would become simpler and easier to
analysis. Following non-dimensionalized variables are introduced,
X = x/l0, R = r/l0 and Q = q/q0, where l0 is the length of the cylindrical
component, and q0 is the total charge of the moving ions. Thus Eq.
(5) becomes

2n∑
i=1

QiAi = − 1
Rj

(6)

For every segment an equation in the form of Eq. (6) could be
established, and a series of linear equations could be set

AQ = B (7)

With solving the above equations, the total induced charge on
the first and second component of the detector are

Q1 =
n∑

i=1

Qi, Q2 =
2n∑

i=n+1

Qi (8)

which rate of change with respect to time is the induced image
current of each component.

With reducing the two components of the detector into just
one component, this model could simulate the case of conventional
single-cylinder detector, and which is performed in the following
part to compare with the experimental results.

3. Dimensional analysis

With non-dimensionalization, the form of the equations is
simplified, and the range covered by the solution is enlarged. Fur-
thermore, the property of the detector and the principle of detected
signal could be elucidated through dimensional analysis. With
introducing practical parameters of the detector, the simulated
image current signal could be compared with the experimental
results.

3.1. Induced image current

As the ion velocity is assumed to be constant, the relation
between time t and ion position xp is

xp = x0 + v0t (9)

where x0 is the starting point of the ions, v0 is the velocity of the
ions, which is determined by the initial energy E0 and ion mass m.

v0 =
√

2E0

m
(10)
p p

xp = l0·Xp, thus the relation between dt and dXp is

dt = l0
v0

dXp (11)
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improve the resolution of mass spectrometry.
In the following discussion, (dQ/dXp) is equivalent to current I,

and �E0 is equivalent to energy loss �E, which would not change
so long as the configuration of the detector is unchanged, that is, R0
and D is fixed.
0 Q. Sun et al. / International Journal

The induced image current between the detector and the ground
s

= dqinduce

dt
(12)

As expressed by the non-dimensionalized variables, Eq. (12)
ecomes

= q0v0

l0

(
dQinduce

dXp

)
(13)

here (dQinduce/dXp) is the simulation result with respect to a cer-
ain radius R0 and D (that is the ratio of r0/l0 and d/l0), and would
ot change so long as R0 and D are kept unchanged. From Eq. (13)

t is found that the current signal is proportional to q0 and v0, and
nversely proportional to l0. If two species of ions are arranged to
cquire the same energy E0, and start to race in the same detector
t the same time, the image currents caused by these two groups
f ions are

1 = q01v01

l0

(
dQinduce

dXp

)
(14)

nd

2 = q02v02

l0

(
dQinduce

dXp

)
(15)

Thus the ratio of these two current signals is

I1
I2

= q01v01

q02v02
= q01

q02

√
m2

m1
(16)

ith different velocity, the two induced current would be detected
t different time, thus can be distinguished with different mass and
pecies. With analyzing signal strength, the quantitative analysis
ould also be performed.

The waveform of the current signal is specified by FWHM (full
idth at half maximum), and the ratio of these two FWHMs is

FWHM1

FWHM2
= v02

v01
=

√
m2

m1
(17)

hich means the width of the waveform is inversely proportional
o the velocity of the moving ions.

With examining Eq. (13) it is also found that, if q0 and v0 remain
he same, and the configuration of the detector is kept unchanged
i.e., R0 and D are kept constant), but the size of it is modified, then
he detected signal would be halved as the size of the detector dou-
led. That result would give us some information about the detected
urrent signal when there is an intention to miniaturize or change
he size of the detector.

.2. Energy loss

The resistance of the detecting circuit is assumed to be R, and
he energy loss of the ions could be calculated from the heat loss by
he circuit resistance, that is

∫
I2R dt. Suppose the number of ions

s Nq, thus the energy loss of each ion is

E = 1
Nq

∫
I2R dt (18)
nd with introducing a new variable

E0 =
∫ (

dQ

dXp

)2

dXp (19)
ss Spectrometry 282 (2009) 38–44

which is non-dimensional and would not change so long as the con-
figuration of the detector is unchanged, and then Eq. (19) becomes

�E = RNqe2
0v0

l0
�E0 (20)

In which e0 = 1.61 × 10−19 C is the elementary charge unit. From Eq.
(20) it is found that, for the detector with the same configuration,
the energy loss for each ion is proportional to R (the electric circuit
resistance), Nq (the number of the moving ions), and v0 (the velocity
of the moving ions), and inversely proportional to the size of the
detector.

3.3. Induced current and energy loss with the practical
parameters

According to experimental setup [14], l0 is set to be 7 mm, r0 is
set to be 9 mm. A group of Ar+ ions with the number of 106 and the
energy of 4.2 keV are arranged to move through single cylindrical
detector. According to Eq. (13), the induced image current is

I = 3.276 × 10−6

(
dQ

dXp

)
(21)

The simulated image current signal is shown in Fig. 2, which is
on the order of 1 �A, and the FWHM of the signal is 114 ns. The
simulation result is consistent with that of the experiment.

As the resistance of detecting circuit is assumed to be 10 �, Eq.
(18) becomes

�E = 5.274 × 10−24�E0 (22)

and the relative energy loss of each ion to its initial energy is

�E

E0
= 7.848 × 10−9�E0 (23)

A series of simulations were executed for different R0, and the
results were shown in the Table 1.

It was found from the table that �E0 increases with decreasing
R0, and is on the order of ∼1, which makes the relative energy loss
of each ion neglectable according to Eq. (23). Simulation results
demonstrate that the constant velocity assumption of the ions is
reasonable. Thus the ions can be arranged to pass through the detec-
tor to and fro many times, and the prolonged path of the ions would
Fig. 2. The simulation result of current signal acquired by single-cylinder image
current detector with practical parameters.
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Table 1
The energy loss �E0 with different R0.

R0 (r0/l0) �E0

0.2 1.3146
0
0
0
1

4

4
c

n
c
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n
e
i
d

i
t

F
(

.4 0.7279

.6 0.4902

.8 0.3551

.0 0.2698

. Simulation results and discussion

.1. Induced image charge and image current of individual
omponent

The moving ions would induce image charges on both compo-
ents of the detector, which would distribute self-consistently to
ompensate the potential caused by the ions outside. Fig. 3 shows
he image charge and image current induced on individual compo-
ent of the detector with R0 = 1.0 and D = 1.0. It is shown that the
lectrostatic mutual effect of two components distorted the curve of

nduced charge and induced current from that of the single-cylinder
etector (the curve of the red dashed one).

For the first component, the amount of induced charge reaches
ts maximum near the middle of the cylinder, which is a little less
han that acquired by the single-cylinder detector due to the par-

ig. 3. The image charge (left) and image current (right) induced on individual cylindric
b) the second component. The peak of the curve is labeled in the figure, and the correspo
ss Spectrometry 282 (2009) 38–44 41

ticipation of the second component. After the ions pass the middle
of the first cylinder, the induced charge decreases markedly, and
reaches its minimum when the ions go out of the second compo-
nent. The reason for this effect is that, as the ions are mainly shielded
by the second one as they passing through, the charge induced with
the same sign restrains that on the first component. As a result, the
current peak between the two components is almost doubled, while
the opposite current peak is slightly influenced, which is almost the
same as that acquired with single-cylinder detector.

Because of the symmetrical arrangement of the detector, the
first component affects the second one in the same way as shown
in Fig. 3(b). As the ions are far away from the detector, the electric
effect is mainly shielded by the first component, which restrains
the induced charge on the second component to a low level. A steep
increase of induced charge appears during the ions passing through
the first component and the gap, and accordingly the image current
is also intensified in the middle of the two components.

4.2. Differential current signal of the detector
The already strengthened current acquired by individual com-
ponent of the detector could be combined to form an even stronger
one, what needed is to calculate the difference of the two signals.
The result is shown in Fig. 4, and it is found that the combined
signal is almost doubled. This simulation results shows that such

al component of the detector with R0 = 1.0 and D = 1.0. (a) The first component and
nding location of the ion relative to the detector is also schematically showed.
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Fig. 4. The combined differential current acquired by dual-cylinder detector with R0 = 1.0 and D = 1.0.
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Table 2
The influence of R0 on differential current signal and the energy loss.

R0 (r0/l0) (dQ/dXp)max FWHM �E0

0.2 5.398 0.34 5.176
0.4 3.138 0.56 2.870
ig. 5. The influence of R0 on the differential current of dual-cylinder detector with
= 0.2.

n arrangement of the detector would intensify the current sig-
al almost four times stronger, which is quite considerable in mass
nalysis technique.

Except the strengthened differential current, there are two cur-
ent peaks with the opposite direction on both sides of the detector.
he latter two are almost of the same level as the image current
cquired with single-cylinder detector, but the former is increased
y almost four times.
.3. Influence of the radius R0

A series of simulation with varying R0 is performed, in which D
s fixed to be 0.2, and the simulation result of the differential cur-

Fig. 6. The influence of D on the differential current of d
0.6 2.133 0.78 1.840
0.8 1.571 0.95 1.238
1.0 1.209 1.1 0.864

rent is shown in Fig. 5. It is found that with decreasing the radius
of the cylinder, both the differential current signal and the oppo-
site current signal are increased markedly, and the signal width
becomes narrower. The radius also plays an important role in the
case of single-cylinder detector, and a strengthened image current
is also expected with decreasing radius R0. However, with the con-
figuration of dual-cylinder detector, the image current acquired by
individual component is almost doubled between the two compo-
nents, and the combined differential current is doubled once more.

The relative signal parameters and the energy loss is presented
in Table 2, which shows the peak value of differential current
(dQ/dXp)max, the shape of the current signal FWHM, and the energy
loss of the ions �E0. As R0 decreases form 1.0 to 0.2, the peak value of
the differential current increases near five times from 1.2 to 5.4, and
as the radius becomes smaller, the strengthening effect becomes
more evident. The strengthened signal certainly corresponding to
a higher energy loss, but even the biggest one of them is very small,
and could be neglected.
4.4. Influence of the gap D

A series of simulation with varying D is performed in two cases,
one which R0 is smaller than D, and the other which R0 is larger

ual-cylinder detector (a) R0 = 0.2 and (b) R0 = 1.0.
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Fig. 8. The influence of conical angle ˛ on the differential current of dual-cylinder
detector with R0 = 0.2 and D = 0.2.

Table 3
The influence of ˛ on current signal and the energy loss.

˛ (dQ/dXp)max FWHM �E0 −(dQ/dXp)max

0◦ 5.398 0.34 5.176 1.61
15◦ 5.29 0.34 4.383 0.84

◦

ig. 7. The schematic configuration of the modified dual-cone image current detec-
or.

han D. The simulation result of the first case is shown in Fig. 6(a),
n which R0 is 0.2. It is found that with increasing the gap between
he two components, the differential current signal is weakened
vidently, and two peaks appear in the combined curve. As the
adius R0 decreasing, the image current of individual component
ppears more nearer to its edge, and the current signals between
he two components misalign in a wider gap. As a result, the differ-
ntial current signal is not intensified adequately. The simulation
esult of the second case is shown in Fig. 6(b), in which R0 is 1.0. In
his case, increasing the gap D only decreases differential current
lightly, and makes FWHM a little wider.

Summarizing the above simulation results, it is found that R0 is
he key factor that determines the strength of the signal, and the gap

is the key factor that determines whether the two strengthened
ignals in the gap is aligned well. This principle is also demonstrated
n Fig. 6(b), that in the case of D ≤ R0, varying D with fixed R0 makes
ittle difference in the current signal. Therefore, in the optimization
f this new-type detector, the gap D between the two components
hould not be larger than the radius R0.

.5. Influence of the conical angle ˛ in the modified dual-cone
mage current detector

For this new type detector, three peaks appear in the current
urve, one differential current peak, and two opposite current
eaks. The latter two would increase the noise level of the back-
round, and interfere with signal analysis. Based on the simulation
esults, the detector is modified further with an aim to alleviate the
trength of the opposite current. Fig. 7 shows the schematic con-
guration of the dual-cone image current detector, in which the
ylindrical components is replaced by the truncated conical com-
onents with their apexes pointing to each other. Conical angle ˛

s introduced to describe the shape of this detector, and r0 is the
adius of the truncated cone on the apex side.

Differential current of this detector is simulated with varying ˛
orm 0◦ to 60◦ as shown in Fig. 8, in which R0 = 0.2 and D = 0.2. It
s shown from the figure that the signal of differential current is
lightly decreases with increasing the conical angle, but the oppo-
ite current is alleviated remarkably.

This point is clearly shown in Table 3. As the conical angle
ncrease from 0◦ to 60◦, the peak value of differential current only

ecreases from 5.4 to 5.06, less than ten percents, and FWHM is
lmost the same for all these cases. But the peak value of the
pposite current decreases from 1.61 to 0.28 by more than five
imes. Because of the distinct alleviation of the opposite current,
he energy loss is decreases evidently.
30 5.21 0.34 3.997 0.57
45◦ 5.14 0.33 3.714 0.41
60◦ 5.06 0.33 3.467 0.28

It should be noticed that the conical angle could not be adjusted
arbitrarily, but is limited by the size of the electrostatic trap. And
as the conical angle grows larger, the capacitance effect between
these two components would interfere with the electric induction
effect, and destroy the detection signal. Consider a moderate angle
of 45◦, and it is found that the combined current decreases a little
from 5.39 to 5.14, but the opposite current decreases from 1.61 to
0.41 which is quite remarkable.

4.6. Optimization of the configuration of the detector

Based on the simulation results, several principles should be
followed in the optimization of dual-cone image current detector.
They are

(1) In order to acquire signal with high intensity, the radius R0
should be small.

(2) In order that the current of the two components aligns well, the
gap D between them should be less than R0.

(3) In order to alleviate the opposite current signal, certain conical
angle should be selected.

The optimization of these three parameters is also limited by the
machining precision, the size of the electrostatic trap, and the loss
of the ions.

In order to reduce the ion loss, the practical radius r0 is set to
be 2 mm, and the length of the conical component is selected to be
10 mm. According to the design principle, the gap d between the
two conical components is also set to be 2 mm. The conical angle
� is selected to be 45◦. With introducing these practical param-
eters, and according to Eq. (21), differential current acquired by

this optimized new-type detector is on the order of 10 �A, FWHM
of the signal is 23.9 ns, and the relative energy loss of each ion is
�E/E0 = 1.74 × 10−8. Whereas the current signal of single-cylinder
detector used in the experiment is on the order of 1.0 �A.
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. Conclusion

With the simulation results of dual-cylinder image current
etector, the following conclusion is deduced

1) The mutual effect of the two components in the detector
strengthened the image current that appears in the gap, and
with calculating the difference of these two image currents, the
differential current signal is intensified once more.

2) With decreasing the radius R0, the strength of the signal is
remarkably increased, which shows that R0 plays a key role in
determining the strength of the signal.

3) When D ≥ R0, the increase of D would make the combined single
split into two peaks, which is caused by the misalignment of the
two current signals in the gap.

4) On the other hand, when D ≤ R0, the increase of D would not
cause the above effect, but decrease the combined current
slightly.

5) With increasing the conical angle of the conical component
in the detector, the strength of the opposite current is evi-
dently decreased, but the differential current is only influenced

slightly.

6) The current signal acquired by an optimized dual-cone detector
is strengthened more than ten times than that of the single-
cylinder detector, which is considerable in signal pick-up and
analysis of mass spectrometry.

[

[

ss Spectrometry 282 (2009) 38–44
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