Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

IRAECI ™ ZEAL 0, L ML B ch FOIE T T
b REE M B I R A R KET M PR SA R ZIRE EFE A KR RERH
Transmission of low—energy Cl ions through A1203 insulating nanocapillaries

Ha Shuai  Zhang Wen-Ming  Xie Yi-Ming  LiPeng-Fei JinBo NiuBen Weilong ZhangQi Liu
Zhong-Lin  MaYue LuDi Wan Cheng-Liang CuiYing ZhouPeng Zhang Hong-Qiang Chen Xi-
Meng

5] Fi{i% &, Citation: Acta Physica Sinica, 69, 094101 (2020) DOI: 10.7498/aps.69.20190933
TELR L View online: https://doi.org/10.7498/aps.69.20190933
AP ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG oA SCEE

Articles you may be interested in

AT BRIFTE A1203(0001) 2 11 A= < I AADURIF 5%
Growth of graphene on A1203 (0001) surface
YIBR2EA. 2017, 66(21): 217101 https://doi.org/10.7498/aps.66.217101

ALFIOE] BT X - A120 34K 2 PR R 1) 5 — 1R B 5

Effects of the doping of Al and O interstitial atoms on thermodynamic properties of —A1203:first—principles calculations
PB4, 2017, 66(1): 016103  htips:/doi.org/10.7498/aps.66.016103

30 keV H+7ESRBRIRMR LI b 3 2z 72 19SS ABE AT 5
Experimental and theoritical research on the dynamical transmission of 30 keV H+ ions through polycarbonate nanocapillaries

YrH2E 4. 2018, 67(20): 203401  https://doi.org/10.7498/aps.67.20181062

S A I A e R A e 1k X

Modified analytic expression for the single—scattering phase function

YIBR2A 4. 2017, 66(18): 180201  hitps:/doi.org/10.7498/aps.66.180201

T A1203/Mo03 5 4 BH 2% vh)Z OB B R A W) K BHAE BB Y IF5%

Enhanced performance of inverted polymer solar cell based on A1203/MoO3 as composite anode buffer layer
YA 2018, 67(6): 067201  https:/doi.org/10.7498/aps.67.20172311


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20190933
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.217101
https://doi.org/10.7498/aps.66.016103
https://doi.org/10.7498/aps.67.20181062
https://doi.org/10.7498/aps.66.180201
https://doi.org/10.7498/aps.67.20172311

) 32 % 3R Acta Phys. Sin. Vol. 69, No. 9 (2020) 094101

{K8E ClI % AlO; B MFLIR PRI HIZE T

IRD EksE) Hr—mh ERRD EEY 4FED /A
KD KEARD BEY g FRED EZY
FMEYD TR AT HEDE PR ER HE DI

1) CEMARERRRE A,

2) (At IR T RS E A B, 65T
3) (RIKEN Nishina Center, RIKEN, Wako 351-0198, Japan)

2201 730000)

102206)

4) (Department of Physics, University of Gothenburg, SE-41296 Gothenburg, Sweden)

(2019 4F 6 3 16 HYH; 2020 4E 2 A 17 HEHERH)

W5 T 10 keV Cl B 7% ALO5 286 5% (LIS A ) B e, % B B0y G 40 A v AE WD AR b BRI 0°
BEIE, C1 B 12 T B 5 JLA) 283 — B, 302 ML A e J LA 58O — 5 i O AL S BOR 4521 i
SFY C10 A0 CUE LA AL S 1) S v 20 A1, CTEAT CIO 28388 R (08 T LA 2838 . BEDLTH AR A BR UL AR W A7 23 i 4
%ﬂﬂ?ﬂlﬂ CL 5 EZ Ay, I 5 CL A A ehC B 2 B GFL Sl 1) 1) 107 Bl AL AT £ % 35 T 26 A 25 JEDT

LT SO T, TR 4 R B g ’“AT%QA 38 3 I3 B A AN TRV AR T RO G e T H SRR 1) £ A
FL A 285 401 Y S, R IR 248 DR 43 Y G0 2 3 e — YR Y HICS 565 6%, G v — YCHICS i 5 8 C1° o 32 %A
3, DA S B S A C10 9 AL Al o 113 55 Cl*{%%fék UCRETE 5. X S B0 T BE A IO, aF Ry O
AR TR EE LE CU/IN, C10JT o A5 AH X 18 A bR, M S EOWI 2 By C1t/C10 B BE ] T B AR SCE5 SR AT
AN IR T AR RE B T A SR AL B FEALEE, EDIE T B SE S A T AR A AE R, AT 10 keV DL LB
XA Cl 1 28 s G R FL IR A e A o, DOCRR P r AR 8 2 A Y, HE T 25 B R 2 T i 3 A1

EER: CL T, ALO; 4aZ iR LI, Bt
PACS: 41.85.Ja, 41.85.Lc, 41.75.Cn

il

1 g

1 2 RAR, A HURL TS B SRR R AR
AP R 8 1 RS ICR T SR AU Y B ]
R 0220 e ) S5O S A B T A s S AT AL, 7
U G ARBAL S B T A7 1) A A R T H LT 5k
ST, BERE LS B A RS 1, Hh S T i A o AT

DOI: 10.7498/aps.69.20190933

Hh O B AL AFDOS T SR T 1] M4 ) ke A T e
I H a0 s v o sh e S S g 1. R
F18 i P 2 5 2 R G SFL B R B SR R T,
[ RO 2 T A B TR 2 AR L N TR TR Y
FL ] B 8 — > HE R 5 2 A B 1 PR B 3 R 3L
fifg 1= 6:9.12:13] 0 A LA HL e Sl o AHAR AT P I B
i ETTAR J— e 8 A\ 5 88 T ALl 1) o 5
8 16] L 37 TR B A 191 g LA A S T S AETUALA

*ER AR S (S UL1732269, 11475075) FiF B 5 #F EFR A 1E 34 (STINT) (Hti#E5: 1B2018-8071) %% B 1y

t BIE1E#E . E-mail: zhanghq@lzu.edu.cn
T BIE1EH. E-mail: chenxm@lzu.edu.cn

©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

094101-1


http://doi.org/10.7498/aps.69.20190933
mailto:zhanghq@lzu.edu.cn
mailto:zhanghq@lzu.edu.cn
mailto:chenxm@lzu.edu.cn
mailto:chenxm@lzu.edu.cn
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. 69, No. 9 (2020) 094101

FAME B — B HLA B 5 2 A B AL 711
SR, — o, — AR Rl R R — P
Ao BRE 8 0T TET TR J 505 — R ff BXE s S5 B2 A S B 7R 6S
UM B T, SR E 2 E S, IF s
A7 B FUURRAE AL At AR A — e
TrBE, M EEST SERE G A

S ) RO0 EAA AR B Ot L R A R o
T E MR ERNE T, AT T BT AR B S5
T2 0 02 JR 4, B ar s AR ALY
AR B 3 =00,y v A A B R Y R
TEAALET, 5 R BE 5 5] 2 IR TR RIS T 1. G2
F T LR 78 48 S AR T L N AR AR i s () A AR
far B =0 ARG Y & 30 A S OB AR
Pt TR R FBe. T w80, R HHIE 3
BT AR TR . R BIHOKR EONTIE A
TOR, HE B — AR, oK Ry & o)
CL 9 R A T X A ) 200 b PR SR 45 A 1 i it 1011,

e FEL 7 A B R A S AL B s R B T
FY L LU A 1281 fH R X 0 F ey AR 8
AR A, % B fap ks U HOE L PR L TP e B A
FELfr BXE 7 A DA R L i BRE A0 ] AR 4 (] A R A
i =181 Milosavljevie4s 0458 o A% 68 L 1 2 i
AlLOs AL R 5L, & B0 H 1 27 175 56k 3 i B[]
BALIRN, ZE 5 H AT Lt e 0 5, B B
REmEK. WS, FEIRAER F 28 PET (RXR
R < —FEg) LR e, U3 T 2853
TSR UT R B, (EUR S AR B AR 0 S AR AL
TR BT REE PR, g — AR SR RO
IR B IR I i e AR AL T i s
TP UUR L far B AN 2 DA™= AR 1) 8O0 119, 2009 4F,
Schiessl % 16 3l I AU T 500 eV HLF 285 PET
TRFLIBE R A A AN RE S 0 A, RIRA ST 7E
LA A 1T A TR ) R A T L 2 1) s 8 21
g, W55 T U . I H il T R T RS
S EL AT BB A F AR FEIEH, TAE -5 A7 )
AH B — T A AR L U TRR B L ey, 5 2 AL
R AU AL A7 50 oA, AT 30,
FLEMAL P iz & — MRS T HU S BT
HLfT s M A 2 R FRATTHEA T T 2F s &
YA Y SN B, IR T — AN B LR 2E 35 1 ik
i SR AR A D BEE AR AR AR T NS
3l1, I HL2E B M A 530 S8 BEAE U 2510 A N A
AN TS SR T I T 5 IS 1) ] 2080y A DG 3

5, WU AR 1 A FL -t S R R A
T A P BAR /N, I SE U LT K L T A AR
KA, A G IE B IR VR S L 1) HE 5 0 £ )
0. FL A SE I ik T R R o P A AR R
HURR, 7537 B R S E RO A S AR SR U R A3
W HIRATE—, EMFL P UTR AT AR |
5L %) 3 T DA %) 3 B S RO e R DA B vk
T ESHRATE—RICIE TG4, S8BT
X LIRS LIRS B RIXE. Sk T sk O i 050
D TP AE R TR, FRATR A T B8 R A7 5550,
K IAERER A E R BB A A S UG5, —
ANEFE O°BHT, o5 — U S L — S 0oL ST
RSO R, AT T — MRS, 256 T
SE LTI A A A e S8 A Y M R G T AR
. 7F Geant4 (Geometry and Tracking 4) B HE
ZRRL T 16 keV 1Y CI 555 AlO, AL Y
A T AU R 2B 0L, &I
TCHL TR G LT, BIUZE SR 5 SR 25 1A &
BSUE T Z R BRI 45 B gAY Cls T 3l i
JUfT2ias B, T C10 Kz C1+48 36 T 0T 1 25 Al 4 1
S SEL AT BB A B 8 1 TR H ey {15
Cl 2 F JChlf 2 M3 1k T FL B, Fodi iz o i 2L LA
AT B A A = 201,

AR S 1 45 A S BN S IG VE AN M AT 5T T
10 keV [ C1 B 778 AL O, 48 LI i iz
YRR, RS [T T HO R s G
LA 53 A R A 2553 A5 52 A 6T 10 keV 1Y
Cl BF, SEIRRAEALZ /T A AL R 22U, 2F
B AT A SE R, SR CLIRRI R 7 1] 43
A, T CL A CUH AL A 1) 43 A 201 17 il 5 S L
FREAB AR, R B CL BT o LL il ZE 8 )N, C10 Fi
CI T o LI IAERG K. 2 T B9 ax S S I AP i 2
PRSI R, SR H B0 L IR P8 T
TR FL oy TS R [ A A7 AE R SR 19 £ 43
AR HL AT S A, R BRUTRELE fr & S 38 CL Y
5340 U B Sl B LSRR A B, U 5 K T
g, HAIREPR 7 388 O, 45 Mg 88 #7710
C1O F1 CTH T & ELBIAR /N, CT+/CLO EL filize /N T 5K
B ME. A EUUB A 5 T, H25 s
T RR AR, 75 30 A SR B A A FTE
A AP AT 6 T LI 45 K. 45 A
TEN AT BT T A6 AS [R)BEAR T B0 O ) s 5 Y
C1O F1 C1+ 3 43 A R L Faf 2540 A7 (R 52 . % BRBE AR

094101-2


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

Y B ¥ R Acta Phys. Sin.

Vol. 69, No. 9 (2020) 094101

SPREE M, S O Ay RS . B
HER, CIO Al LAZ S Z2 0K RE AR 5, i CTHR 222
i — YA SR, (AT C10 AR A 28 DR IR X
CU /N, AT S s Wil 2 i C1rly C10
A LA T .

2 LB ERMNESER
2.1 KWAHE

AR IGTE 22 NI EERRLE SEAR B 2 x
1.7 MeV S5k L 7. S8 A CL 7o)
FH ER BN AR L A IS B YR PRt 2l I [a]
B 75 cm (4 PUAR PR A& E T 2 5, B RURBER /N A
3mm x 3 mm, K 0.5°, R E L+
pA/mm? [ CI B F 3. AlOs G KL 2B 7E
B A Al LR AR o R SR
FLEWIR R B M, A ¢ 2 SCOh TR
TS W 2 (B 1) Ff1 AR YR S50 R FH— G TE A
PRI (1D-MCP) AR 4R 28 % ki1, 7T LAZESR I
F1 7 184 HE AR B 283 A0 A . TR AT T,
FESFLRR A J5 222 T i b o, T b a8 i
TR RO RIS AT N 1 g 31 E I VA R = AL A
BEBARARI R G AT HRI. S0 255 a7 11 LI 1.
SCEGELRALE ) BAS I 2.5 x 1070 Pa.

Parallel-plate

Slits Y electrostatic
I I (‘| analyzer 1D
o N — PSMCP
ions I I :\ -
AlO3 \ !
nanocapillary \!
N_— e
Y
~
-

L SRR RN AR s i K
Fig. 1. Schematic diagram of experimental setup and the

observation angle ¢.
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Fig. 2. Scanning electron microscope images of Al,O3 nano-

capillaries.
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Fig. 3. (a) Calculated transmitted angular distributions for 10 keV-Cl™ ions at various tile angles ¢ (black lines for no deposited
charge and red line for deposited charge of ~100 e/capillary); (b) the experimental transmitted angular distributions for 10 keV-Cl-

ions at various tile angles .
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state distributions of transmitted projectiles for 10 keV-Cl at various tilt angles .

094101-4


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. 69, No. 9 (2020) 094101

FESE I AT A (B 4(b)) AT LU
Hh 10 0 ) 0 A7 i 5 A A8 f T ICAE 5 00 A I
ARIE R 5 Fi R Bk E &R . &l 5 g g 25 i)
ClOMEN S Y= X MELEAM/NEE, X
i, Y& ClO MR, A1 TAFAME T
BTG C10 SIS 25 SR C10 H B
BLAEE SRR R, THAL RS S g ALY
G, CLO WA ULl 1) S e 43 A . N [RfA R
CL AT CI A XT T 0° 4 AH X 25 375 58 38 -5 00 £ 1) 56 3R
W 6(a) iR, AT UL 2 AT 1) 56k B B 1 A
RN, ATLVES], 5 CIO M CIHMH B, CT Y
ZE 75 50 BE BT T BRI ELIIR 2. CL 1Y 2E i 50
FE/NT L2RHRE N B, KT 1.2°0F, FL2E 3 FH AT
5 0BT A HL AR FRAE 1.0 x 103 FEACKRAR i
CIHFT CI° ) 28 i3 58 BEAE KT 120, 5474 T B
. FEFEFAT, CLgd ey LagsE, H
05385 0k AR AL 5 T SR 1) B A 5 i R — B
1M CIHAT CL° ik F g 28 ¥ = A, PRI TR BE 28ad —
W 2 YT I B it 5 A RE AL 5. S T
BT b e CLHRT C10 AR ka3 22 1], 4 JLAH XT3
FEHLL 2 IR AL bR R R 7EE] 6(b) Hh. 45
KPR CIHEE CIO R FERSPR.

B o # A FL AT RE A LA 5 35 ) ogeot =
V0 %asp + 02bcam + Oaxis & 1.2°, P o0 0peam Fl
O ais T MRIMFLI LA 3 A, BRI & R AN L
] & HUff PO 2R R CLIERD C10 B EL S i A
(5 R AN 7 BT R . FEUMA /N T 1.2°0F, ClF/C1e

3
N &
® Simulation Vi
. A Experiment N
T 2t
2
pe]
i
o}
& &
A
5
o 1F
O —— Linear function
& Y=X
iy
N
0 ! !
0 1 2 3

Tilt angle/(°)

K5 SEB 5 IR AR P PSR T (C10) 43 A1 Y I
i B BE BT A A8l (LR RLMEREL Y = X)
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lar distribution of transmitted neutrals (C1°) as a function
of the tilt angle. The solid line is the linear function that
shows the peak position of transmitted neutral shifts ac-

cording to the tilt angle.
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Fig. 9. Schematic diagram of Cl ions transmitted through a nanocapillary. The green line is a schematic diagram of the direct

transmission of ions, the red line is a schematic diagram of ions transmitted by single scattering, and the black line is a schematic

diagram of ions transmitted by double scattering.
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Fig. 10. Schematic diagram of charge state exchange during transmission.
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Fig. 11. Two dimensional transmitted angular distributions (a) and corresponding projections (b) of various charge states at tilt

angle of 1.2° from simulations.
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capillaries by single scattering and double scattering and the total of them at tilt angle of 1.2° from simulations.
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Transmission of low-energy Cl ions through
Al, O, insulating nanocapillaries”
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Abstract

The transmission of 10-keV CI ions through Al,O; insulating nanocapillaries is studied both by experiment
and simulation. The double-peak structure in the transmitted angular distribution is found to be the same as
our previous result. The peak around the direction of the primary beam is caused mainly by the directly
transmitted Cl, and the other peak around the tilt angle of Al,O3 nanocapillaries is mainly induced by CI* and
CI°. The intensity of transmitted Cl~ decreases with the tilt angle increasing, which is in accord with the
geometrically allowed transmission. Beyond the geometrically allowed angle, the transmitted projectiles are
mainly CI* ions and C1° atoms. The ratio of transmitted CI* ion to C1° atom drops as tilt angle increases, and it
turns more obvious when the tilt angle is larger than the limit of the geometrical transmission.

A detailed physics process was developed within Geometry and Tracking 4 (Geantd4) to perform the
trajectory simulation, in which the forces from the deposited charges and the image charges, the scattering from
the surfaces as well as the charge exchange are taken into consideration. The transmissions at the tilt angle of
1.6° are simulated for the cases without and with deposited charges of —100 e/capillary. For the deposition
charge quantity of —100 e/capillary, the majority of the transmitted projectiles are mainly the directly
transmitted Cl™ ions exiting to the direction of tilt angle, and the transmitted C1° and Cl* account for a very
small portion. While for the case with no deposited charges, the simulation results agree well with the
experimental results. The dependence of the scattering process on the tilt angle, which results in the different
features in the transmitted projectiles, is studied in detail by the simulation. It is found that the transmitted C1°
atoms exit through single to multiple scattering, and most of transmitted Cl1° atoms exit through single and
double scattering, and are centered along the axis of nanocapillaries, while Cl* ions mainly exit by single
scattering, which results in the fact that the intensity of the transmitted Cl° atoms drops slower than that of
the transmitted Cl* ions with the increase of the tilt angle, leading the ratio of the transmitted CI* to CI° to
decrease as the tilt angle increases in experiment.

Our results describe the physical mechanism of low-energy ions through insulating nanocapillaries in detail,
i.e. how the scattering process dominates the final transmission. It is found that the transmission of the negative
ions in the energy range above 10 keV is caused by the scattering and the charge exchange process.
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