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Fig. 1. (color online) Schematic diagram of the whole experiment: (a) Definitions of the guiding direction

(G) and the beam direction (B); (b) the final typical two-dimensional spectrum of the transmitted particles

with 20 keV incident energy through +1° nanocapillaries in PC membrane. The upper and lower beam spots

present the transmitted H and HO, respectively; (c) SEM image of the PC nanocapillary membrane.
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Fig. 2. (color online) The time evolution of the transmitted particles projected in z axis panels. Panels
(a)—(d) present the projected spectra of 200, 2600, 5800 and 8200 s. The black and red solid lines present

the transmitted Ht and HO, respectively.

093401-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 9 (2017) 093401

B 3 Fr 7 g H S5 HE R HO (0 FH 0 28 3% 8 DA B
360 1] A ey R B I ) PR AR . AN 3 RT LU
H: 1) 03000 s, KLIXTRE 2 (a) 2 E 2 (b) FE
T, H SR T RO B0 R X 75 57 22 R e ey 4l B2 AR /DN,
HABACANK, 15 X — A IR 1) 4 P Ay B T3 3
HFE; 2) 30008000 s, KL R 2 (b) FE 2 (d)
(IR, HA R T R HO B X 257 22 00 L i 40 9
S b TF, X B ) F A D 32 T SR T
FEOS 553 25 W S i) HE o A Y, ELBHE LB NS
5L A R I HEAT BT A He, 3 1) i R B I N

B, HOKZ18000 s LAJE ¥ 2%, T 42 W4 7E HE /S S I
T FR R, FEA ORI AE SUFL i i) BT

H 4 R FWHM B B[] (4 38 44 a0 & 6 BT R,
25K 2 (a)—(d) FTEAE H: 1) 213000 s LART, HT
FJFHWM 229 0.5°, HEEAAAS, B 45 78 W 1) it
T, #£:3000 s LG A 91 & _E Tt 418000 s PLE, HY
I FHWM 2 ATE 1.2° £ 455 2) HO [ FHWM 7F %%
AN FE RGNS T, 3K B H e B 1) 43 26 HO 1Y
H A — & R .

3) 8000 s LA, 217908 2 (d) DU, i H 1 HO 41 L2p e,
Xof 5 A AN H far Al B I I A e K, HAEEAAAE S . ﬁ ;’ 1
N \ N AN 2 5 . .- 288
T B AR TR B P LT R LI T, R T AT 5 3B g 1o e T | ¢
FHRERK, HILIELRH NI T5 19 % 5 .. o
e e R S 08F_ mm 4
BEAT HLAT A 3, OB T IBAL A R 2 3, #EN TR 2 am)un |
i A 2
S 0.6 |- o
T T T T T T T T % (a) (b)
100 - 70 fRfell')a‘t‘ive pr.o‘pol:tio‘n.....-‘-" 1 n g+ a O
50 Lof protons in the = . 0.4 , 1 . 1 . 1 . 1

& ZE;:?S;'Q;? o 1 0 2000 4000 6000 8000 10000

% 80 | 40l n - Time/s

E ol @ 4 (MTIRE) 20 keV A +1° 44 A3 PC 44

é 601 4 In-'."'.:-.'. . . ] KAALJE H 5 H Ay A7 B B ] £ 8 £

% 06 2000 4000 6000 8000 10000 - " ] Fig. 4. (color online) The time evolution of the cen-

*E 40 © = “ ] troid angle of the transmitted Ht with 20 keV incident

% \®‘,’0" ] energy and +1° nanocapillaries tilt angle.

Ch I C I ]

L . ’ |
0 Mttﬂ ste . I

0 2000 4000 6000 8000 10000 1.2 T T T T T T
Time/s 1
1.0 G
B3 (MTIR) 20 keV T LA +1° iR A5 PC g4 ** . e ]
S BALIE H SRR T B AR 0 5 LR B o H 3 C st KN, aee
SR IROHIX (T (R A0 B TRIROTRAL, 340 8 g5 = "\
Oy JT TR S0 7 I A3 AR i i H F0 HO ; 0.6 - ¢ Right main peak]
Fig. 3. (color online) The time evolution of the rela- %) 0.4 L ¢ Srnal] left peak |
tive transmission rate and relative proportion of pro- =t
S TN 00“
tons (charge purity) of the transmitted particles with < 02| . Weede “‘ -
20 keV incident energy and +1° nanocapillaries tilt S
angle. The black solid square and red solid square 0 B
present the transmitted HT and HO, respectively. _0.2 | , | , | , | , | |
0 2000 4000 6000 8000 10000
HH AR T A A I RN AL a0 I A BT, 55 Time/s
5] 2 (a)—(d) 7T A Hi: %3000 s PART, HT (g fr 5 (MFIRM) 20 keV 51 B +1° IR AAG PC 44
KAMALIE 2 HO WAL f B I R 4, e rp B sE a0 Ty

TE 40.75° BfifT; b5 78 I FEHEAT, 76 3000 s BLJS
BTG R 297000 s 5, WEALALT +1.1° BT, $iH
HH SR IR - R AU A L 1) A

B 5 BT A H S HO (1) X006 U 7 o B[] F 358
iR, 456K 2 (a)—(d) ATRAE Y, ZE SRR
0] 3= U 1) 0 7 #f A VA AR AN, SRUBEEEAAE +0.2°

TR AN AIIT IR0, 218520 J7 T3 7 ¢ 1) J7 1) 3 06
Fig. 5.
troid angle of the transmitted H® with 20 keV incident

(color online) The time evolution of the cen-

energy and +1° nanocapillaries tilt angle. The black
solid square presents the small left peak and the red
solid square presents the right main peak of the trans-
mitted HO.

093401-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 66, No. 9 (2017) 093401

e
e @ |

¢ HO

FWHM of the transmitted particles/(°)

0 . 1 1 .
0 2000 4000 6000 8000 10000

Time/s
6 (MTIER) 20 keV FiF L +1° Wi S PC 44
KIMALE Hh SRy FHWM B R 3 AL, Horh R s
T AL S0 IT T 43 i 3o tHET 1 B A1 HO
Fig. 6. (color online) The time evolution of the FWHM
of the transmitted particles with 20 keV incident en-

ergy and +1° nanocapillaries tilt angle. The black
solid square and red solid square present the trans-

mitted Ht and HO, respectively.

W

FJEF) 20 keV JT 7 Z H keV B THRIRZ, H
JiF HLAF A AR, O — N LA, 7 BRI [ SR AR
BT B D T R 0 SR I B AT B BT ARAT T X
20 keV Jii 7 (E/q 2178 10" kV) 7EBUR 8 +1° )
PC HUKRAL AR Sk AT T 078, W42 BB K I ]
A AT RE. T30, AKX 20 keV BT TFEM
RHAN +1° B PC GURBFL H A& 1) 3 ZEARF e
PERIPDEE 73 HT

TE M ATUERY B, AL N BE TG B AT UTAR, N5
RLF25 ) S AL A R T, I BN 2 %8 AR TH
PATR, AR —E6 5 DASRALT it S 1T
T A bt ad . R N AR
PATR, B THIGRE DXOBT - 1 H Ay 47 SRR T oz oK T 3
HLr 45 R AT, BT LAZE AR LA N R T &l 5 T
R TH LA BELRLEE, JL-P-# 223k i 72 N SR
T, BRI PILEYIEE R, AFAREMILE
S REIRD—H 5 AR LT R A
HLAT A i, 8 0 A TR TH DA BE LR 48, A 2%
PSP SR FL A ) 5, (AR, T
Z RBENL AR, £ RE R, LA ) H R SR
TP TR FHWM T8, [FI, X882 5 73
DL I S S 1% 20 MR THT DA b F S e ik fr b7,
20 keV FIT XS B (1) 48 1] 3 8 8 LA 40T R THT 1T K
A LT S 3 AR N R, X G i S AR

A /N R T PRI BRI RO I R AN S
AT T B, B 0° Ay . Hh PR B I S
SERRFLI LT R R RR ), BT A2 BN

gk LRTIR, YT AT IURR, AR T A 4
R 73 B 24 72 Ak Bl AL Al ) ) U 7, fEBE D R
200 7 T 2 THI B T S S A N T AR £ R
T T REARI LT AR TR 5 kA
iy A2, P AFE FLA 1) 5 B Tl b. X~
B2 (a)—(b) PEE 45 R A L ERHEARAT.

W 78 FE I REHEAT, fRlco L P SR T Py DR AT s
SEEER, T AT X NN R T RO HE AR, R
1) T 2RI 1M Ll R0 38 3, BT DA GEAE
THENGAL AR DT R B RN, AT, 22
i 2 AR T AT Bl BLARE 3 11 A L il 1) 5
SR TR b, 0 1 2R LA [ A
) ED R T A T B L NS s L i
HEFF, NS B 3R R 2 R A B T S S I e
il A2 H IRt FEAI, PR, £ 0° HY S I U5

e AN B . X — RURTEL 2 (c) B SR I8 45 R A

B 2%, 2 F r BRE 56 4 R 3L R IA B Fe AR T
I, AT ATUAR A7 58 2 IO NS5 54 ) D 20
Dol L 1) ERY 5, T S DA 5 2 B LAl 42 - F A
AR et — 0 52 B, R 3B 4-1° BT
S B S T U X A2 A5 B /D, HL0° BRI AR U th
AL, 10 28K 2 B 6 AR5 A 5 17 7 1)
BT, B ERSPEAE ] 2 () o AT LATS 50

5 %

FEASE AT E T 20 keV 5 F7E PC il
L L s 2. K E/q ~ 10! kV
(85, 75 AT DL ik 2 5 n) il FE, O W 8R BIR
KIS [A] ) 2 ) AT R, X — 5 E/q ~ 100 kV Al
E/q ~ 10% kV XIETH —EMAE. £ 3T
TR, S 3 AR A A R T LA 1) BE AL AR i
T P A T A5 55 114 30 2 THT R B T S i 2 7E R 1)
ﬁﬁ@j)’a‘, SR A B G SR M. 1SR

LR E/q ~ 10° kV & E/q ~ 10? kV X 8] B T-1£
AL iz i Py B UG R T R, T B Jin 56 B
PR KRR X (/R LX) B il it 1
FL, AAAERR I LA BEAL ARk 48 | 35 3 TH] AU A
a) =iz 77 B A e 5, BAE NI e B A
RO AR MIES IR, X — 925645 Fthxt B/q ~

093401-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

43 2 )  Acta Phys. Sin. Vol. 66, No. 9 (2017) 093401

10" KV X358 5 SR AE 2 18] A LT it J5 AR 61
A ERHERIETEX

ST v [ ) 2 B 3 AR A BRI T 320 KV R LT A Y
TSR 6 100 R IO BATH A e AR E (O

SE3H

[1] Spohr R 1990 Ion Tracks and Microtechnology (Braun-
schweig: Viehweg) pp93-182

[2] Fleischer R L, Price P B, Walker R M 1969 Sci. Amer.
220 30

[3] Yamazaki Y, Ninomiya S, Koike F, Masuda H, Azuma
T, Komaki K, Kuroki K, Sekiguchi M 1996 J. Phys. Soc.
Jpn. 65 1199

[4] Ninomiya S, Yamazaki Y, Koike F, Masuda H, Azuma
T, Komaki K, Kuroki K, Sekiguchi M 1997 Phys. Rev.
Lett. 78 4557

[5] Tokési K, Wirtz L, Lemell C, Burgdérfer J 2000 Phys.
Rev. A 61 020901

[6] Stolterfoht N, Bremer J H, Hoffmann V, Hellhammer
R, Fink D, Petrov A, Sulik B 2002 Phys. Rev. Lett. 88
133201

[7] Ikeda T, Kanai Y, Kojima T M, Iwai Y, Kambara T,
Yamazaki Y, Hoshino M, Nebiki T, Narusawa T 2006
Appl. Phys. Lett. 89 163502

[8] Cassimi A, Ikeda T, Maunoury L, Zhou C L, Guillous S,
Mery A, Lebius H, Benyagoub A, Grygiel C, Khemliche
H, Roncin P, Merabet H, Tanis J A 2012 Phys. Rev. A
86 062902

[9] Stolterfoht N, Hellhammer R, Bundesmann J, Fink D,
Kanai Y, Hoshino M, Kambara T, Ikeda T, Yamazaki Y
2007 Phys. Rev. A 76 022712

093401-6

(10]

[11]

[16]

(17)

Skog P, Zhang H Q, Schuch R 2008 Phys. Rev. Lett. 101
223202

Stolterfoht N, Hellhammer R, Fink D, Sulik B, Juhész
Z, Bodewits E, Dang H M, Hoekstra R 2009 Phys. Rewv.
A 79 022901

Cassimi A, Maunoury L, Muranaka T, Huber B, Dey K
R, Lebius H, Lelievre D, Ramillon J M, Been T, Ikeda T,
Kanai Y, Kojima T M, Iwai Y, Yamazaki Y, Khemliche
H, Bundaleski N, Roncin P 2009 Nucl. Instrum. Meth.
B 267 674

Zhang H Q, Skog P, Schuch R 2010 Phys. Rev. A 82
052901

Juhész Z, Sulik B, Racz R, Biri S, Bereczky R J, Tokési
K, Kévér A, Palinkéas J, Stolterfoht N 2010 Phys. Rev.
A 82 062903

Zhou W, Niu S T, Yan X W, Bai X F, Han C Z, Zhang
M X, Zhou L H, Yang A X, Pan P, Shao J X, Chen X
M 2016 Acta Phys. Sin. 65 103401 (in Chinese) [ HE,
A5, HEC, AR, BRE, KESR, MRk, MEE,
MG, ArSNkE, FRESHT 2016 #HE ¥R 65 103401)

Lemell C, Burgdorfer J, Aumayr F 2013 Prog. Surf. Sci.
88 237

Simona M J, Zhou C L, Do6beli M, Cassimi A, Monnet
I, Méry A, Grygiel C, Guillous S, Madi T, Benyagoub
A, Lebius H, Miiller A M, Shiromaru H, Synal H A 2014
Nucl. Instrum. Meth. B 330 11

Hasegawa J, Jaiyen S, Polee C, Chankow N, Oguri Y
2011 J. Appl. Phys. 110 044913

Mo D 2009 Ph. D. Dissertation (Lanzhou: Institute of
Modern Physics, Chinese Academy of Sciences) (in Chi-
nese) [¥F} 2009 200030 (M R EFFEBIEAY)
BT


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://www.nature.com/scientificamerican/journal/v220/n6/pdf/scientificamerican0669-30.pdf
http://www.nature.com/scientificamerican/journal/v220/n6/pdf/scientificamerican0669-30.pdf
http://dx.doi.org/10.1143/JPSJ.65.1199
http://dx.doi.org/10.1143/JPSJ.65.1199
http://dx.doi.org/10.1103/PhysRevLett.78.4557
http://dx.doi.org/10.1103/PhysRevLett.78.4557
http://dx.doi.org/10.1103/PhysRevA.61.020901
http://dx.doi.org/10.1103/PhysRevA.61.020901
http://dx.doi.org/10.1103/PhysRevLett.88.133201
http://dx.doi.org/10.1103/PhysRevLett.88.133201
http://dx.doi.org/10.1063/1.2362642
http://dx.doi.org/10.1063/1.2362642
http://dx.doi.org/10.1103/PhysRevA.86.062902
http://dx.doi.org/10.1103/PhysRevA.86.062902
http://dx.doi.org/10.1103/PhysRevA.76.022712
http://dx.doi.org/10.1103/PhysRevLett.101.223202
http://dx.doi.org/10.1103/PhysRevLett.101.223202
http://dx.doi.org/10.1103/PhysRevA.79.022901
http://dx.doi.org/10.1103/PhysRevA.79.022901
http://dx.doi.org/10.1016/j.nimb.2008.11.016
http://dx.doi.org/10.1016/j.nimb.2008.11.016
http://dx.doi.org/10.1103/PhysRevA.82.052901
http://dx.doi.org/10.1103/PhysRevA.82.052901
http://dx.doi.org/10.1103/PhysRevA.82.062903
http://dx.doi.org/10.1103/PhysRevA.82.062903
http://dx.doi.org/10.7498/aps.65.103401
http://dx.doi.org/10.1016/j.progsurf.2013.06.001
http://dx.doi.org/10.1016/j.progsurf.2013.06.001
http://dx.doi.org/10.1016/j.nimb.2014.03.016
http://dx.doi.org/10.1016/j.nimb.2014.03.016
http://dx.doi.org/10.1063/1.3624617

32 % R Acta Phys. Sin. Vol. 66, No. 9 (2017) 093401

Dynamic evolution of 20-keV H™ transmitted through
polycarbonate nanocapillaries®

Bai Xiong-Fei’? Niu Shu-Tong? Zhou Wang! Wang Guang-Yi?» Pan Peng!
Fang Xing!) Chen Xi-Meng?' Shao Jian-Xiong!*

1) (School of Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, China)
2) (National Key Laboratory of Science and Technology on Vacuum Technology and Physics, Lanzhou Institute of Physics,
Lanzhou 730000, China)
( Received 12 December 2016; revised manuscript received 29 January 2017 )

Abstract

In recent years, by using the etching techniques with great precision, the ion tracks in materials were converted into
insulator and metal nanocapillaries. The physical and chemical properties of the inner surface on micro and nano-scales
of these capillaries can be investigated by the interaction of ions with the surfaces.

Stolterfoht et al. (2002 Phys. Rev. Lett. 88 133201) have found the evidence for capillary guiding in studying the
transmission of 3 keV Ne”™ ions (energy/charge E/q ~ 10° kV) through the polymer nanocapillaries. The self-organized
charge-up process was thought to inhibit close contact between the ions and the inner capillary walls. Skog et al. (2008
Phys. Rev. Lett. 101 223202) investigated the guiding effect of 7 keV Ne’™ ions (E/q ~ 10° kV) transmitted through
SiO2 nanocapillaries, and found the evidence of sequentially formed charge patches along the capillary. For these keV
highly charged ions with E/q ~ 10° kV, the charge patches were formed in a very short time, and then the repulsive
electric field rapidly becomes strong enough to deflect the ions, then the ions move along the capillary axis without
charge exchange.

Zhou et al. (2016 Acta Phys. Sin. 65 103401) have investigated the transmission of 100 keV protons (E/q =~ 10? kKV)
through the nanocapillaries in polycarbonate (PC) membrane. It was found that the transmitted ions are located around
the direction of the incident beam, rather than along the capillary axis. This indicated that the transmission mechanism
of hundreds of keV protons through nanocapillaries is significantly different from that for keV highly charged ions.
For 100 keV protons, several charge patches suppress the protons to penetrate into the surface, and the protons are
transmitted via twice specular scattering near the surface and finally emitted along the incident direction. However, the
study of the transmission of E/q =~ 10" KV ions through nanocapillaries is still lacking.

In this work, we measure the time evolution of the relative transmission rate, charge state and angular distribution
as well as the full width at half maximum of 20 keV protons (E/q ~ 10' kV) transmitted through the nanocapillaries in
PC membrane at a tilt angle of +1°. We observe a very long time pre-guiding period before the stable guiding process is
established. During the pre-guiding period the direction of the transmitted H™ ions changes to the direction of capillary
axis gradually. The transmitted H® particles are composed of two peaks: the higher and sharper one is nearly in the
beam direction, the wider and lower one is around the guiding direction. With the continuous charging-up process, the
intensities of the narrow and sharp peak of transmitted H° near the beam direction will decrease and disappear at the
end. The data indicate that the scattering and guiding forces are both important for E/q = 10" kV ions during the
period of pre-guiding process, and the guiding force is dominant till a long time pre-guiding period is ended. This finding
will fill in the gap between E/q ~ 10° kV and 10 kV of previous studies of ions transmitted through nanocapillaries. Tt
is also helpful for finding the applications of nano- and micro-sized ion beams produced by tapered glass capillary with
E/q ~ 10" kV.
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