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Simulations of guiding of low-energy ions through a single nanocapillary in insulating polymers are reported. The
nanocapillary has a diameter of 100 nm and a length of 10 um. Different from previous work, in our simulations a
hyperbolic function is used to describe the decay of the charges deposited on the capillary surface. The present simulations
reproduce the self-organized charge-up process occurring in the capillary. It is shown that lower-energy ions undergo more
oscillations to get guiding equilibrium than those of higher-energy ions, resulting in a longer charging time, which is in
good agreement with previous experimental results. Moreover, the experimentally observed mass independence of ion
guiding is proved in our simulations. In particular, it is found that the maximum of the repulsive field within the capillary
is independent of the ion energy as well as the tilt angle. To counterbalance the increasing of the transversal energy caused
by increasing the tilt angle or incident energy, the effective length of the repulsive field is expanded in a self-organizing

manner.
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1. Introduction

Over the past decade, the interactions of low-energy ions
with the insulating capillaries have been extensively studied.
Unlike the phenomena occurring in the metal capillaries,!]
ions can be transmitted along the insulating capillary axis with
their initial charge state and incident energy even when the
capillaries are tilted by a larger angle with respect to the in-
cident ion-beam direction.>>! This phenomenon is called ion
guiding, which is attributed to the self-organized formation of
charge patches on the capillary internal wall. [>!

The guiding process can be qualitatively described as fol-
lows: Ions entering into the capillary tilted by an angle hit the
wall and, in turn, deposit their charges at the collision points
so that a charge patch is generated near the entrance region
(hereafter referred as to entrance charge patch). When the en-
trance charge patch is sufficient to produce a strong repulsive
electric field, subsequent ions will be deflected at large dis-
tances from the capillary wall. As a result, the close collisions
and charge exchanges between ions and atoms on the capillary
wall are inhibited. Then, additional small charge patches are

6121 Owing to the capillary

formed further inside the capillary. !
conductivities, the entrance charge patch is extended and the
small charge patches are strongly weakened so that the elec-
tric field within the capillary keeps unchanged to maintain ion

guiding. (8,11,12]
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Experimentally, a large number of researchers have
studied
capillaries!

the guiding effect
2-6,13-16]

using different insulating

accompanied by negative ions,[!7-19]

molecular ions, 2021

1 and electrons,?223] as well as various
positive ions. Through analysis of various experimental re-
sults, many outstanding achievements are acquired. For in-
stance, the observed oscillations of the ion emission angle
provide evidence of sequential charge patches formed on

[6.24] Particularly, it is found that

the capillary internal wall.
the guided transmission are not dependent of the ion mass
but primarily dependent of the projectile charge-to-energy

ratio.[25:26

| Recent experiments reported that 1-MeV proton
microbeam could be guided through a single cylindrical Teflon
macrocapillary,[*’! which still needs further interpretations.
Motivated by the desire to understand the guiding mech-
anisms, theoretical investigations by means of Monte Carlo

(8-1228] and analytic calculations!*”! have been

simulations.
performed in several research groups. These theoretical stud-
ies successfully provide more detailed information about ion
guiding. It is demonstrated that most of the deposited charges
are located near the entrance region.!”~'?! To establish ion-
guiding equilibrium in simulations, the transport of charges
deposited on the capillary wall should be invoked. However,
there exist two different models of the charge transport used

in previous simulations, namely the drift model!®!"1?! intro-
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ducing a nonlinear effect on the charge migration in an electric
field, and the diffusion model!®!?! adopting an unbiased ran-
dom walk to describe the spread and depletion of the deposited
charges. Here, it should be pointed out that some general prop-
erties of ion guiding can be reproduced by either of these two
models. Therefore, a deeper understanding of guiding pro-
cess within the capillary is still needed. A review on both the
experimental measurements and theoretical description of the
capillary guiding can be found in Refs. [30] and [31].

The present work is primarily intended to simulate the
transmission of ions guided through a nanocapillary and to
compare the simulated results with those reported previously.
The program is written in MATLAB language which can sim-
plify the procedure codes and improve the developing effi-
ciency greatly. Section 2 describes the simulation methods,
inevitably part of which have considerable overlap with those
in previous work.>-!!l However, a more justified treatment
of the surface-charge decay, which was indicated in early
literature, 3234 is implemented. Section 3 on the simulated
results marks the time evolution of the ion transmission, the
ion-mass effects on guided transmission, and the electric fields
within the nanocapillary. Among the most important finding is
that the maximum of the repulsive field is independent of not
only the tilt angle but also the ion energy. The summary of the
present work is taken up in the final section.

2. Method of ion-guiding simulations

The simulations were designed to explore ion guiding
through a cylindrical nanocapillary in polyethylene terephtha-
late (PET) materials.
100 nm and a length of 10 wm, whose geometric illustration is

The nanocapillary has a diameter of

shown in Fig. 1 to indicate the coordinate directions.
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Fig. 1. (color online) The geometric illustration of PET nanocapillary
with d = 100 nm in diameter and L = 10 pm in length (not to scale).
The coordinates y and z are indicated in the graph, and the direction of
x axis is perpendicular to the paper and points to it (not to show). The
ions enter into the capillary with tilt angle y relative to the capillary
axis, i.e., z axis.

Y

The simulation methods are very similar to those used in
Refs. [9]-[12] except for the charge transport caused by the
capillary conductivities, so that the overlapped part are out-
lined briefly. The capillary wall becomes charged due to the
deposition of incident ions but without considering the addi-
tion charge-up via the secondary electron emission induced by
the ion impact with the capillary wall. The trajectories of ions

under the function of electric fields produced by the charged
wall, are determined by solving Newton’s equation of motion.
Note that the electric fields are weakened by the image charge
of the deposited charges.!3>-3%] For PET materials with relative
permittivity € ~ 3.2,137] the electric fields are reduced by a fac-
tor of (14 €)/2 ~ 2. Here, it should be pointed out that since
we use a single nanocapillary to simulate ion guiding, influ-
ences of the capillary neighbors are neglected. Nevertheless,
this neglect is justified when the number of capillaries per unit
area in foils is not very high.!8!

Due to the capillary conductivities, the charges deposited
on the capillary wall will undergo spread and decay, which
is key to the guiding process. Since the surface conductiv-
ity is much larger than the bulk,! only the spread along the
capillary surface is taken into account in our simulations. In
addition, compared to the drift mechanism, the effect of the
diffusion on the charge transport is rather minor.*?! Hence, in
our simulations, the diffusion is not invoked.

The spread of deposited charges is considered in terms of
the built-in electric field-driven migrations. It is assumed that
the charges reaching the golden layer on the front and back
surface of the capillary foil will disappear immediately. The
carrier mobility governing the charge migration is found to ex-
ponentially depend on the square root of the electric field, !
which is similar to the conductivity modeled by Poole—Frenkel
mechanism.#% To date, it is ambiguous for us whether these
two dependencies are exactly within the same framework.
Therefore, to avoid the possible inconsistencies, we directly
quote the empirical expression for the mobility introduced in
Ref. [39], namely,

1B

E ey

H = Hoexp
In this expression Ly represents the mobility in the field-free
case, which is a function of the capillary composition, and | E|
is the absolute value of the field. Moreover, the constant field
E. characterizing the exponential increasing of the mobility u
with the field, is defined by

4 kT)?
£, AreE (kT)

) @

where e, T, and k are the elementary charge, the temperature,

e? e

and the Boltzmann constant, respectively. At room tempera-
ture, E. ~ 1.39 V/um.

It is obtained from Ref. [41] that the mobility o of
electrons in Mylar (PET) foil is in the neighborhood of
1 nm3/(V-s). Unlike the treatment of the ion deposition in
Ref. [11], we assume that the ion deposited on the capillary
wall would become an ion-carrier determining the position of
the deposited ion. Accordingly, the mobility for ions is es-
timated to be smaller than the value of 1 nm?/(V-s) as a re-
sult of the heavy mass. However, as pointed out in Ref. [11],
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the mobilities in insulating materials have large uncertainties
spanning more than eight orders of magnitude since they are
in close relation to the treatment of the internal surface of the

37421 Thus, it is un-

hole, such as the humidity, cleanliness.!
likely to directly use these mobilities in the simulations. Our
methods of determining the mobility is to test the calculations
with values varying from 1 nm?/V-s to 10~ nm?/V s, and then
find the optimal one by comparing the calculated results to
the previous experiments of the capillary guiding. After some
tests, it is found that the ug value of 10~* nm?/V-s is appro-
priate for Ne’*-ion guiding. The test results are presented in
Appendix A.

Then, combining the field E with Eq. (1) gives the dis-
tance of the ion migration on the capillary surface at the time

interval of two incident ions!!!]

E|
E.

As=F ,uolp% exp 3)
Here, ¢ is the charge of the incident ion and I, is the current
density.

Equation (3) is used to determine the positions of charges
deposited on the capillary wall. Only when these charges reach
the grounded layer, would they be neutralized suddenly. We
expect that the number of deposited charges should decrease
as they are moving on the capillary wall (see Fig. 2).

Q(t)
Q(t+At)
L ! !
B > As <

Fig. 2. (color online) The deposited charge Q(r) is changed into
Q (1 + Ar) after a time Ar, and the position is governed by Eq. (3).

In previous simulations,!'%!!] the decay of the deposited
charge Q(¢) is assumed to follow an exponential law to de-
scribe the charge diffusion into the capillary bulk. However,
as mentioned in Refs. [9]-{12] the bulk conductivity could be
neglected compared to the surface conductivity. That is to say,
the bulk discharge cannot have a significant impact on guided

transmission. Moreover, the guiding experiments(*3]

exactly
claim the charge decay not to be exponential with time. For-
tunately, it has been achieved in early studies!*>*! that the
charge decay on the insulating surface obeys the following hy-

perbolic formula:

1

01+t/t0' @

Q@)=0

Here, Qg represents the initial charges on the surface, and 7y is
a characteristic time constant for which the initial charges de-
cay to 1/2. This formula is obtained based on monitoring the
discharge of a charged sample of insulator through a grounded
boundary which is similar to the case of the capillary-guiding
experiments. Much more information about the derivation of
the formula is explained in Refs. [33] and [34]. It has shown
a good fit to the experimental data of 3-keV Ne’* ions guided
through PET capillaries when the parameter #y ~ 1000 s was
used. 3! Hence, in our simulations 7 is fixed at 1000 s to get
guiding equilibrium.

Since both equations (3) and (4) are valid within the drift
mechanism, one may argue that they give rise to the same
charge decay. In order to explain this, we simulate the de-
cay of a uniformly charged square plate in area of 1 um? by
using Eq. (3). One side of the plate is grounded. In such sim-
ulation, however, the exponential term in Eq. (3) is cancelled
(Note that equation (4) was obtained without considering the
nonlinear effect). The simulated data, fitted by hyperbolic and
exponential functions, is shown in Fig. 3. It is clearly seen
that the time evolutions of charges described by Egs. (3) and
(4) are not the same. Besides, it is found from simulations that
the charge decay determined by Eq. (3) decreases rapidly at
the beginning, and then becomes very slow. This implies that
only the charges near the grounded side have a rapid deple-
tion, while those charges far away from the grounded side are
difficult to discharge in the way of Eq. (3). Hence, we adopt
both of Egs. (3) and (4) in the simulations. Here, it should be
added that from our test calculations the guided transmission
cannot be obtained in absence of Eq. (4) (See Appendix A).
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Fig. 3. The decay of a uniformly charged plate simulated by using Eq. (3)
without the exponential term. The plate area is 1 pm?.

The selection of ions and the beam currents, to some ex-
tent, is subjective. However, one of the selection criteria is that
the ion and the current should be readily available from pre-
vious experiments for sake of assessing the precision of our
simulations. Besides, on the premise of saving the computing
time, the selection is best not to introduce extra approxima-
tions and simplifications. Therefore, Ne’™ ions with current

106104-3



Chin. Phys. B Vol. 26, No. 10 (2017) 106104

of 200 pA/mm2 is selected, which leads to that the number of
Ne’* ions injected into the capillary per second is the equiva-
lent of about 1 with consideration of dielectric screening. To
make the simulations more factual , the divergence of incident
beam is set to be 0.3° full width at half maximum (FWHM)
estimated in previous experiments.?%44! Here, it is added that
we can not explain from first principles why the values of the
parameters (o and 7y should, respectively, be 10~% nm?/V-s
and 1000 s but simply take them as empirical fact that turns
out to agree with the experimental observations reported be-
fore.

Diameter/nm

—50

W~

Charge/(e/nm)

o

1 6 s 10
Length/pm

o
N

3. Results of simulations
3.1. Ton transmission for different energies

Now, we proceed to the simulations with considering the
capillary conductivities. During simulations, the charge mi-
grations on the capillary wall were calculated by Eq. (3), and
the charge decay was determined by Eq. (4). We chose 3 keV
and 7 keV Ne’* ions as projectiles to compare their temporal
properties. The tilt angle is fixed at 2°. The time variations
of trajectories for 3-keV and 7-keV Ne’™ ions are shown in
Fig. 4 together with distributions of charges deposited on the

capillary wall.
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Fig. 4. (color online) Trajectories of 3 keV (a) and 7 keV (b) Ne’* ions and distributions of the deposited charges at guiding
equilibrium. The number in each panel indicates the irradiation time (in unit: min).

From Fig. 4, it is clearly seen that the ions undergo oscil-
latory trajectories before the achievement of the guiding equi-
librium, which are caused by the charge patches formed on
the back part of the capillary. Due to the discharging via the
conductivity, these patches become weaker or nonlocalized so
that the ion trajectories will gradually get parallel to the capil-
lary axis. Note that there exists a distinct charge patch near the
capillary entrance region from beginning to end (see the bot-
tom panels), which is a general property of the self-organizing
mechanism. Similar to the already published results,!'!] the
entrance charge patch is spread in y-axis direction. This spread
is because a certain number of charges are drifted to the wall
opposite to the entrance region by the built-in electric field.

Comparing Figs. 4(a) and 4(b), it can be seen that the tra-
jectory oscillations of 3-keV ions are more rapid than those

of 7-keV ions, which is in accordance with the experimental
observations reported in previous work.[*! Since 3-keV Ne’+
ions need less charges to deflect, with the same ion current 3-
keV Ne’* ions start deflections faster than 7-keV Ne’* ions.
To obtain detailed information about the time evolution of the
transmission for 3-keV and 7-keV Ne’™ ions, we calculate the
transmitted ion fractions as shown in Fig. 5. As proposed in
previous work,!?! the transmitted ion fraction can be approxi-

t_fs)}, 5)
Tc

where 7 is a threshold denoting the time delay for the ion

mated by the following expression

- -om -

transmission, T is a characteristic time for the capillary charg-
ing, and f. represents the fraction at equilibrium. The fitting
parameters are given in the graph. Obviously, 3-keV Ne’
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ions need more time to reach a stable transmission than 7-keV
Ne’* ions. This is justified since low-energy ions should un-
dergo more deflections to reach stable as suggested in Fig. 4.
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Fig. 5. (color online) Transmission fractions of 3-keV and 7-keV Ne’*
ions with tilt angle of 2° as a function of time. The simulated data are
fitted by Eq. (5), given as solid lines. The parameters deduced from fits
are supplied in the graph.

For comparison of the absolute values of the charging
time 7. = 17.1 min with experiments, a review of the lit-

erature was conducted. It was found that for 3-keV Ne’*
ions through PET capillaries with 100-nm diameter and 10-
um length tilted by angle of 5°, it needs deposited charge
Q¢ ~350nC (Qc = I, - &) to reach equilibrium. (461 Tn our sim-
ulations, the deposited charge Q. is about 205 nC (200 pAx
17.1 min), which is reasonable in view of the fact that the tilt
angle is not the same. Moreover, various currents also result

in different Q. values.!*”]

3.2. Search for ion-mass effects on ion guiding

In order to search the influence of the ion mass on guided
transmission, various species of ions were used as projectiles
in simulations. Therefore, we studied the fractions of ions
transmitted through the nanocapillary. Figure 6 shows the
transmission fractions for Ne’*, Ar’*, Kr’*, and Xe’* ions
with energy of 7-keV and 1-keV Ne'* ions. These data were
acquired for tilt angle of 2°. Here, it should be pointed out
that the possible change of the charge state caused by charge-
exchange interactions between ions and the capillary wall was
not considered in the present simulations. It is seen that all of
ion fractions gradually rise after a time delay, and finally reach

stable.
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Fig. 6. (color online) Transmitted ion fractions of Ne’*, Ar’*, Kr’*, and Xe”* ions with energy of 7-keV and 1-keV Ne!*. The solid

lines represent fits through the simulated data using Eq. (5).

According to the foregoing mention, the time evolution of
the ion faction with time is governed by the characteristic time
7. and the equilibrium faction f.. indicated in Eq. (5). Hence,
we fitted the data using Eq. (5). The parameters 7. and fw
are summarized in Table 1. The results are found to be nearly
equal within uncertainties estimated from the fitting procedure
of Eq. (5). The subtle difference among values for various

ions comes from the different mass. This finding provides di-

rect evidence that ion guiding though the insulating capillary is
nearly independent of ion mass,[?>?%! Also, the key parameter
governing the guided transmission turns out to be the ratio of
the energy to charge. For 2° tilt angle, the equilibrium fraction
is about 0.44, while it is about 0.55 at 0°. The value of 0.55
is well comparable to the experimentally measured value of
0.6.120441 In consideration of the fractions of 0.27 and 0.12 for
3° and 4°, respectively, we estimated the guiding angle to be
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3.2° for ¢ /T, = 1, which is in good agreement with the value
of 2.9° predicted by the scaling law. >

Table 1. Values of parameters 7., T;, and f., for different ions.

Energy/keV Ton T./min Joo
7 Ne’* 102+1.4 0.45+0.01
7 Ar’t 114+15 0.45+0.01
7 Kr7* 105+1.4 0.44+0.01
7 Xe’t 10.1+£1.5 0.44+0.01
1 Nel+ 104+1.4 0.43+£0.01

3.3. Field within the nanocapillary

For understanding details of guiding mechanism, we stud-
ied the field at guiding equilibrium. It is found that the field
component E, is always zero only with small fluctuations,
which implies the symmetric distributions of the deposited
charges. Similar to the field E,, the field component E, is
nearly zero except for that near the capillary entrance. This
nonzero E, whose direction is along the negative z axis, would
drift the deposited charges near the capillary entrance to the
golden layer and, in turn, gives rise to discharging. Therefore,
in the following the attention is focused on the field compo-
nent E, which is responsible for the ion deflections within the
capillary.

0.10

[ (a) 3-keV Ne™ via 100 nm

0.05

[ (b) 7-keV Ne™ via 100 nm

Field/(V/nm)

0.05

0 . 2 . 4 . 6 . 8 . 10
Length/pm

Fig. 7. (color online) The field £y within the nanocapillary for 3 keV (a)

and 7 keV (b) Ne’* ions. These data are calculated at x =0 and y = 0

along z axis at guiding equilibrium, i.e., after 100 min irradiation time.
Figure 7 depicts the field Ey for 3-keV and 7-keV Ne’*
ions through the nanocapillary with a diameter of 100 nm and
a length of 10 pm, as a function of the capillary axis, i.e.,
z axis. The fields were obtained for tilt angles from 2° to
6° for 3 keV and from 2° to 4° for 7-keV Ne’* ions. It is
clearly seen that the maximums of the field component E,
are nearly equal for different nonzero tilt angles. The value
is about 0.07 V/nm, which is larger than that (~ 0.05 V/nm)
obtained by Stolterfoht’s simulations, ! but still smaller than
the dielectric strength value of about 0.1 V/nm.?>37] This dif-
ference can be attributed to the fact that the diameter of the

capillary used in our simulations is half of that in his simula-
tions. The smaller diameter enhances the localization of the
entrance charge patch, and in turn, leads to a higher field E,.

Moreover, the effective length (the part of nonzero val-
ues) of the field component Ey increases with the tilt angle,
in agreement with previous work.!'?] This finding implies that
the length of the field should expand in direction of the capil-
lary axis to counterbalance the increasing of the tilt angle. In
particular, it is found from comparison of Figs. 7(a) and 7(b)
that maximums of the field component E, are kept unchanged
by varying the incident energy. Hence, to guide high-energy
ions through the capillary the length of the field component
E, should be extended, as shown in Fig. 7. It appears that
the self-expanding of the field E), is vital for achievements of
the ion guiding within the capillary. This finding is interesting
in view of the recent experiment®”! that 1-MeV proton mi-
crobeam was guided through a cylindrical Teflon macrocapil-
lary.

4. Summary

In summary, the present simulations capture the essential
features of the ion transmission guided through the insulating
nanocapillary. The simulations indicate that the ions undergo
oscillatory trajectories to the exit of the capillary, which re-
sult from the several charge patches sequentially formed on
the capillary internal surface. Moreover, it needs a longer time
for lower-energy ions to get guiding equilibrium as a result of
more oscillations, in agreement with the experiments.[*!

On the other hand, the simulations provide direct evi-
dence that the transmission of ions guided through the insulat-
ing capillary is nearly independent of ion mass. As expected
by the semiempirical scaling law,?>?%! the key controlling pa-
rameter of ion guiding is the ratio of charge to energy. This
implies that the insulating capillary has pretty promising fu-
ture in manipulating various charged particles regardless of the
mass.

Most importantly, the field component E, is found to be
nearly unchanged by varying the ion energy as well as the
tilt angle. Hence, to guide ions with high transversal energy
caused by the increasing of the tilt angle or incident energy, the
effective length of the field E) is extended in a self-organized
manner.

Appendix A: Test calculations for different mo-
bilities

In the appendix, we show the test results of transmission
of 3-keV Ne’* ions through a PET nanocapillary with differ-
ent values of mobility . The values are varied from O to

1 nm?/V-s. Other parameters are set to be the same as those
mentioned above unless otherwise stated.
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Case 1: 19 — o

Firstly, equation (4) is not included in the test calcula-
tions, i.e., fy — oo. Figure Al shows the transmitted ion frac-
tions for mobilities from O to 1 nm?/V-s. Under these condi-
tions, no satisfactory transmission was achieved. In the case
of up =0, 0.1, and 1 nm?2/V-s, there is one peak in the trans-
mission curve, while there are a couple of peaks for mobilities
from 10~* nm?/Vs to 10~2 nm?/Vs. Non-single peak is gen-

erated by a couple of charge patches formed subsequently on

the capillary wall.

0.4
3-keV Ne™ via PET at ¢ = 2°
I P pg=1073
0.3 " \\ 2
4 v
2/ 4 ”
=] ,LLOZIO 2[/ [ SN
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g / |
{ po=10"*
Iij /
o %
N‘M ‘é’
40 60 80 100
Time/min

Fig. Al. (color online) The fractions of 3-keV Ne’* ions transmitted
through a PET nanocapillary for different mobilities. The data were
obtained in absence of Eq. (4).
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Fig. A2. (color online) The field within the capillary (a), charge density
along the capillary axis (b), and the charge distribution on the capillary
wall for gy = 0.01 nm?/V-s at 100 min.

Apparently, for yy = 0 it is due to the strong field cre-
ated by the over-charged patch to block the ion transmis-
sion. However, the capillary is field free in the case of
Uo = 0.1 nm?/V-s and 1 nm?/V-s after 30 min. Note that
there is also no repulsive field in the capillary after 70 min for
Uo = 10~2 nm?/V-s so that the ion transmission becomes zero,
as shown in Fig. A2(a). From comparison between Figs. A2

and A4 we conclude that the field-free capillary is primarily
due to the drift of deposited charges toward the opposite side
of the capillary wall, rather than dissipation (or neutralization).

Case 2: 1o = 1000 s

Since the transmission is not satisfactory in absence of
Eq. (4), the hyperbolic function is then included in our sim-
ulations. Here, #( is set to be 1000 s according to Ref. [32].
The test results of the transmitted ion fractions are presented
in Fig. A3. It can be seen that the transmission is blocked for
mobilities higher than 0.01 nm?/V-s. For pig = 1073 nm?/V-s,
it needs about 11 min (Q, ~ 130 nC) to reach guiding
equilibrium. Compared to the experimental results reported
previously,[*®47] this time seems too small so that we adopt
the value of 10~* nm?/V-s in our simulations.

From our test, it can be concluded that equation (4) plays
a vital role in discharging, while equation (3) is mainly re-
sponsible for the charge motion in the direction perpendicular

to the capillary axis.

: 0.6
0.3 o =0.1 po = 1073
10.4
0.2
0.1 10.2
g g
2 06 06 9
-
R =
0.4 10.4
104
0.2 10 = 0.01 po =10 {02
0 o
0 20 40 60 80 100 20 40 60 80 100
Time/min

Fig. A3. The fractions of 3-keV Ne’* ions transmitted through a PET
nanocapillary. The data were calculated using various mobilities (in
unit: nm?/V-s) indicated in the graph associated with 75 = 1000 s.
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