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Fig. 1. (a) Schematic diagram of the experimental setup. The tilt angle o represents the angle between the axis of the capillaries

and the direction of the incident beam. The observation angle ¢ is defined with respect to the direction of the incident beam and

the transmitted ions as illustrated. (b) SEM top view of an individual pore in a muscovite mica membrane with rhombic capillaries

obtained by chemical track etching, along with the dimensions of the capillaries.
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Fig. 2. Exprimental two-dimensional angular distributions for 1 keV N;L ions transmitted through phlogopite mica capillaries of

rhombic cross-section during the steady state of transmission at various tilt angles: (a) a = -0.8% (b) o = —0.4% (c) « =0°% (d) @ =

0.4% (e) & = 0.8°.
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Fig. 3. The experimental transmission rate is plotted as a
function of the title angle (blue points). The solid line in

the graph is the Gaussian fit curve.
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Fig. 4. (a) The title angle o« = 0.1°, the transmission ion with a beam divergence of 1.3° experimental angular distribution of 1 keV

N;r ion beam just starting to strike, with the projection on the ¢ direction above the angular distribution, and the full width at half

maximum of the projection is 0.68°; on the right is the projection of the angular distribution in the 6 direction, with the full width

at half maximum of the projection being 0.61°. (b) Simulated two-dimensional angular distribution of transmitted ions under the in-

fluence of third-order dynamic image charge force. The projection above the angular distribution is in the ¢ direction, with a full

width at half maximum of 0.33°; the projection on the right is in the 6 direction, with a full width at half maximum of 0.3°.
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Fig. 6. (a) Polarization coefficient (Kjy,q) is presented as a
function of ion velocity v for three different distances from
the channel walls: 20, 10, and 5 nm; (b) the polarization
coefficient (Kjyag) of 1 keV Ng‘ ions in mica as a function
of the distance d between the ions and the channel walls,

with red line representing the static limit.
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Fig. 8. Simulated two-dimensional angular distributions of 1 keV N;’ beam divergence at 1.3° under various image charge force

conditions: (a) Without image charge force; (b) with first-order static image charge force; (c¢) with third-order static image charge

force.
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Fig. 9. (a) The experimental transmission rate of 1 keV N;r beam divergence at 1.3° and the simulated calculations for different
scenarios, including no image charge force, first-order static image charge force, third-order static image charge force, and third-or-
der dynamic image charge force. (b) Experimental two-dimensional angular distribution full width at half maximum (FWHM), as
well as the simulated calculations for different conditions including no image charge force, first-order static image charge force,
third-order static image charge force, and third-order dynamic image charge force, and the corresponding two-dimensional angular
distribution FWHM under these conditions.
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Fig. 10. Simulated two-dimensional angular distributions of 1 keV N;L ions emerging from muscovite microporous membranes un-
der the influence of third-order dynamic image charge force: (a) Beam divergence is 0.7° with an incident angle a of 0.1°%; (b) beam
divergence is 2.6° with an incident angle o of 0.1° (c) beam divergence is 1.3° with an incident angle o of 0.2° (d) beam diver-

gence is 1.3° with an incident angle « of 0.3°.

074101-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 7 (2025)

074101

XF LSy (18] 4(a)) FEALEE SR (] 4(b)), AT
DI I R 2B R (4.4%) R 4k £ A 2
ETE (¢ T 0.33°, 0 TR 0.3°) 5%
ZFEIBER (0.3%) M _4Ef ARl m e (¢ J7 5%
0.68°, 0 J7 M 4% 5 0.61°) fAFE ] W 251 . X Fh 22 57
A RE AR VR T AR TR 153 2k A rhoR S 3 A i IR 1Y
R 5L ArE 25 5, DA RSl A vp e LI S
SR 1) 2Z T] (R A6 F A0 £ 1 18 9 1R 25 A5 O

h TR T o B R AN S e A
2 F R LA R L 1) 5 o e R s, 2
B S S B GRER AT BT, X 1 keV NJ A
[ A A T TR A o« = 0.1°, JA
BRORE 23 00 0.7°, 1.3°1 2.6° AR 4D, — 4k £ 43 A
K 10(a)., K 4(b) AE 10(b). 4 #r [ 11(a), (b)
A%, BEA FOR A HUE N 0.7°18 I E 3.6°, BT
BEARNRET 73%, BB A oA 2 e in T
10%, B LA H 8 2 185 500 AR & iR B k.
FOR A HUE R 1.3°, i a = 0.2°F1 0.3° A —
Y ff 50 A ANE 10(c) ME 10(d) s, Heae A R

. (a)
0.15
3
©
-
g
R
g 010
g [ ]
12
g
g
I3
0.05
[ ]
1.0 1.5 2.0 2.5
Beam divergence/(°)
C
o (c)
g 0.042
@
£
]
) o
wn
2
£ 0.036
wn
g
Cg
P(
0.030 []
0.1 0.2 0.3

Tilt angle/(°)

T Y B 553 R 43 A0 2 = Y8 Al 11 (c) Al
K 11(d) B, Wiff i 0.1°8] 0.3°, B T 5 &R T
KT 32%, oAt m sadiin T 26%. i e A8 sl
TR HUE R, BT BRI THRE 3%, f
oA SE RO 0.46°, 5SCIHE (ZFE % 0.3%,
Vi BE 0.68°) ATIFFAE—E 2510 . AR LA B SR
ATLUE Y, B R U S0 8 7 2R im R AR B G
i), L R S A L o e o 2 AR R 5 ) 25
R FBE GBS T oA EJE X S R 2 S BRI
G505 S5 B T A A 1 25 A AN XTI
PR RO 1 B 7175 A I ek T 11 A0 H i 32 11
PV T P 1 AR A 1 s B 2 RS R 2 56 2 (1]
HI 25 AL

6 % W

ARSCE S S BIEARA, Xt B T = B
FLEE 1) A i o v T 52 B A A5 R et g VR TR
HEAT T ARG AL S RHOR RO T,

0.34 |(b) /0
< 0.33f °
<
=
=
m 0.32}
0.31re
1.0 1.5 2.0 2.5
Beam divergence/(°)
0.48 p
(@ .
o042}
I
= .
jas
E 0.36 F
[ ]
OA30 i 1 1 1
0.1 0.2 0.3

Tilt angle/(°)

11 BRI o = 0.1°, R R BUE R 0.7°, 1.3°H 2.6°0 1 keV NJ B 755 M4 KM AL1E = By sh A 8%t fif /R AT R 14
BT 2EE R () AL ST B T 4 M o0 A 002 5 98 (b); SO & B 1.3°, M o = 0.1°, 0.2° % 0.3°F A9 B 7 2838 R (c) AL o0 A

215 98 (d)

Fig. 11. Simulated calculations of the ion transmission rate (a) and the full width at half maximum (FWHM) of the two-dimension-

al angular distribution of emitted ions (b) for 1 keV Ng‘ ions passing through nano-pores under the influence of third-order dynam-

ic image charge force at incident angles o of 0.1° and beam divergences of 0.7°, 1.3°, and 2.6°. Ion transmission rate (¢) and angu-
lar distribution FWHM (d) for beam divergence of 1.3° and incident angles « of 0.1°, 0.2°, and 0.3°.
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Abstract

The study of low-energy, high-charge-state ions traversing insulating nanochannels has focused on the
guiding effects due to the deposition of charge, while experimental and theoretical research on the influence of
image charge forces caused by the polarization of the channel walls during ion transmission is relatively scarce.
In this work, the experiments on 1-keV NJ ion beams passing through muscovite microporous membranes are
conducted by combining the theoretical method. Under the condition of complete discharge of the microporous
membrane, the two-dimensional angular distribution of ejected ions at the initial stage of ion beam incidence at
a zero-degree inclination is measured. In previous simulation calculations, first-order image force approximation
and static approximation are used to calculate the image charge forces so as to simplify the calculation process.
It is found that the results obtained from these calculations are still different from the experimental results.
Therefore, we refine the calculation formula for image charge forces by taking into account the full effect of
these forces. In previous studies of image charge forces, the influence of ion velocity on the polarization of the
channel walls was neglected. The surface dielectric response theory of the image force experienced by ions
within the micropores, which depends on ion velocity and the distance between the ion and the channel wall, is
used to simulate and compare with the experimental results. The influence of image charge forces caused by
surface dielectric response due to ion velocity on the angular distribution of ejected ions is studied. The
discrepancies between the simulated and experimental two-dimensional angular distributions are found, showing
that the experimental results have a wider half-height width than the simulated results.

To explore the effects of beam divergence and the angle between the micropore axis and the beam on ion
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penetration and the two-dimensional angular distribution of ejected ions, simulation calculations for 1 keV Nj
under different beam conditions are conducted, with the third-order dynamic image charge forces considered.
The several potential influences in the simulation calculations are analyzed, and the influences of the true state
of the beam and the angle between the beam and the micropore on the difference between simulation and
experiment are assessed. This work provides the possibility for studying the surface dielectric response of
micropores by using ion beams as probes.

Keywords: microporous membrane, image force, low charge state ion, dielectric response
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