#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 104101

ETKEBEEMAERNKRSKIE MeV FiF
R ESNE

FiEY FaAY KRWEY EFREKY O kEXY BREZD ;4
HAED XY HEEY By EEY OBERAKY HREY
FR#S FEEHEFLVD) F/NFD  Reinhold Schuch® 7 21 5% V0T

1) (CEMRFRRRF SHANRE, 221 730000)
2) (EMRFEFERE B, 20 730000)
3) (W /R TRRRZE BRI SHOREBE, I/RIE 150001)
4) (PRSP, FE 226019)
5) (BMEBE L FE B SRR TR, 2UH  516067)
6) (MR Tl K25 3R 5P BRI T e, F/REE 150006)
7) CEMREFA FA R ARREE TG, 22H 730000)
8) (Wl RI/REERFYIBLAR, WifBaf/KEE  S-10691)

(2024 4F 2 H 28 FICE]; 2024 4E 3 A 22 FUCEIEHOR)

AR SCR B E EANAE PR T RAIET P TAEM 2.5 MeV T AR, J X6 BE B 48 % R 1k 43 17 bl B4
AN 5 Ay 6] Z ) AR R (AR ) 8 AR AT 0 ek 0 2 SR SR A BT T AN A A 1) 5 R ) — B
(B 2 0°), 77 A B SRR PP A7 7 PRS00 U A S5 RE B 090 B9 2 1 0 20 L S WU 3 7, b B 0 B Y o1 5 L
TR, HOBE AR R R B B0 B A MU B R, S R T LA 5K A I SROBE ELAR AR /DN, 7 A G R 42 9
O i e /S B B 5 00, B o T I AR BRAVIXE B A B R A0 P A e ) DA B B AR AT TR
TS 5 U o A, e R A B A B P 0 DR 1 WA S AR ROR B S B 5 B, T SR BE O IX S AN 5 R
A A RE S A AT T A L 208 1 A R, LRI o B B A0 A 10 AR DA B LA B VB A R . R B
B ANE 7 A 1 A AROR BT 7 A 7 BB A, (O DX I o7 18 SR A RF 0, A BRI AR A | R BB GE
ARz

KR BETIMREOR, MeV BT, #HIBBIE B
PACS: 41.85.Ja, 41.85.Lc, 41.75.Fr DOI: 10.7498 /aps.73.20240301

WACKRBRT . MBS MeV R XY 2 F R0 3R £2

1 2 B, METHESN SR RN ZHE T RER
GEAH R, e i S [T ELA RS B 5. T

T IWCRUEAE R M B BRAEME ELIN T 1%, R SR ME AL BRI R BOR, ZBRTRULINTHR,
TINS5 7 HE AT P T R TR AR A /N BTk | ORI AR BE EARAEROR B KR4, HL 72—

i

*ERARBREILS (S U1732269) . @A AR IR 5 9% (S 1zujbky-2021-spdl), | AR WS E LI H (Hit
WES: 2022ZDZX3028) . J7 R4 FLhi 5 B PSRRI ST 54 (VS 2022B1515120051) FIJ ™ A48 #0H T B S A5 B B (e
51 2022ZDJS055) ¥ B,
t BIE1EHE. E-mail: zhanghq@lzu.edu.cn
© 2024 FEYIEZS Chinese Physical Society http://wulixb.iphy.ac.cn

104101-1


http://doi.org/10.7498/aps.73.20240301
mailto:zhanghq@lzu.edu.cn
mailto:zhanghq@lzu.edu.cn
http://wulixb.iphy.ac.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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 104101

FE BT AR . SR FB B9 B H 5 T A B 35 6 A
EAEN BT RORIN ™ HE A TR — A 7 1]
T R TR S 1l RO A 9 Y i & B 2002 4
Stolterfoht £ Bl £ 3 keV A Ne™ 5B X4 — H
IR £, — T (polyethylene terephthalate, PET) i
LAY S0 rh & I ) RN , AT TR S LA A K
TAL B LA 5K A BT SR U 2] 1 K 28 i B 1
It HAREB 3 2838 B DR RF T WG FRL A A R
1) B8O A FH TS AT R ey AR AE T
fLNRER I, TR Y, LGS AN E 5
TUCFLRE 122 Ty L2 ABRCEL s 5. AP 3R, L ARr Ui
TR B A (R0 47 )3 T2 B F ey B 29, BRGIR AL ARSI,
) 5N AE BB B R A4S P g = 3 ) I
TEZ G R RIE, W1 ALO510H PCI2 1]
SiO, 10 &5 Sl RN 1Y & BRI T —Fh & Ay B
PR 7 1 B AR B I P4 s S iy
BT R P AR OR . 4 20008 M IR B L ARRU )N,
IF By Bk Horhad i {200 i e i it AR
i MANTT 2SNt . B, BRIEET45,
FUB T 70 Hy 132 B384y T 5.0 4
A5 AN TR 3T ) 2 F R - 28 2 38 rh s i ML
IR 2 T RE.

T T YA ™ A B ORI ST 4R Th AE
AT 1) BT ke V Ry AT A B IR R MeV 3247
B (H*, He*) WOR. (IKBE S AT A B FEE TR M)
BN, AEL 2500 TR AL S I 9k B 4 ZUE R L 3 3R
FET I U 542 B e 1) v Pl Ay 2 B IR
WG RE R AN HL T NS, HAMCR R AR 5 4%
TS 1 EARAR R BT BT, BEESRAE 0 0 AR
AT DR L9k BT 528 -, e T4 S 0% £ 40

fikAE

GERLLTY 73 RFQ DTL
EG
m | - m -
R R

AR

BB

B R AT S T ROR AR E R AR 750 nm 2,
MeV BE X & 1128 G WU FP A% i S22 ol B
AFEET, WORH BB TAFAERE R G (13748 91
Hh R 5 | NI TR ) R PH AR SR P Y 10 Ak P
A RS B A0 A U040 R BOR S | i B R BRI b, ]
TR 2 1 A SO B g T X R
P2 X B AU XS AT S P 2 R
L FHEAT 17 A B B 3 S AR .

RSOV REETHIL B BAE R 2.5 MeV Jit
FRAABWOR TS, @ 0 B 108 pm
F8) B B A o 10 ELRUBOAO L4 5 | R
HEAT I SR — TGRS S A SR B B
A5 A SRR T L, TS E S B A A
A FANTRN LA I, 23 01 14 ) 20 A LS RE R o3
B2l BT B A HOR. Bedh, tdll
T TSRS A AR A RN R, X SRl
RIEATIRFE.

2 ERiE

ARSI AE 2 N KRR 2 e SRR B 5
FHBE T A3 5T ir AL 8 1 2.5 MeV BT HLA N
B DT, BN T A R R BT
PRSI (CBLAFIR) L A RE L DU AR G 5% | St AR B
N (RFQ) a5 3R AT HLA N 2%
(DB-DTL) Jin Ji | =5 G H DU AR 5 B | PR AE 3
TR ARG | AR e e AR AL A (DL 1)5561,
ARSLRH T AR TIRS BT RE R 20 keV,
Z )5k REQ Jns i i 5 15 2 560 keV, Fi#
it DB-DTL fi# i ik 8 2.5 MeV. fll# 5 i+
2P REE AL IR RE, )5 UE A ST BTk, ik i

R=xict

=1 H

D RSB

EE R

@1

TR

______

B1 AMARUBIOR ™ A e ) ki B IRT, R R E S Sh SR I 2

Fig. 1. Schematic drawing of external microbeam production device and measurement terminal, dashed box is external microbeam

measurement terminal.
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Fig. 2. Schematic drawing of the glass capillary, left is overall, « indicating the geometric flare angle of the glass capillary, right is

outlet cross section, and the insert shows the photograph of the glass capillary.
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Fig. 3. Energy calibration curve of the surface barrier de-

tector.
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Fig. 4. Beam profiles (a) and energy spectra (b) of the ex-
ternal microbeam at distance from the outlet of the glass
capillary as 1 mm, according to various tilt angles of the

glass capillary.

BRI PR (T, TR 0 BT T Ak
FME 6. A AR 0°, FLHzZE B IEAH X AR
B MM KT LMK A 0.9°0F, fEiE LT %A
HAREIEE.

KT AT R RE T I B 2R A P
oy, T 1.2°M0MA T A AE U RE R A G,
U RB TSR A 8 R 2R iR T Rg i (181 5 4
EEM A 0 BB ), dEmifs 2 o s B+
[ 4 B AR T 1 B 25 1 R R AR 28 8 R A
Bl 5 FiR, MFATE 0BT, S RILARLEEEAE,
BTSN AT FEY 35%. M 0°n 4R
R (0.0013) /NTILAIZEIE L 0.05, R ELESLPRRY
JoT - TSR LA — 28 1Y A R O R AT A B4
Y. 0T R AR R, A R L s R
W/, AR T LA A 0.9 4 o Al %
BRI RN, HEEE TR, K 5 A
AP 4 Sl s B B B A A K AR (0.9°), FTLLE
BB AR R A AR LTSk A LAY, AT 15
fICHE B T3 [l BORE ARAE e BT JLART 5K 1 7y T 08

FE R,

0.0015 T T
1 . 1
i & 1
1 1
1 1
1 1
1 1

o >~z [ |

< 0.0010 | EZo2 |

= g2 i

: R

2 .

&

wn

a

‘S 0.0005 [
1
1
1

0 | 1 1 1 1

—-1.2 —-0.8 —04 0 0.4 0.8 1.2
Tilt angle/(°)

5 PR T ANE AL R R T AP R OR B 4 AT o 0B A
(BIEARIC) FIE LS B 5 B R (IETEARIL). 418y 0°f
R SLE AR S SR OR BE S (R &), #1515 B B4R 58
BRAT (L) RV AR5 (W5 €). 22 A W) 1 2 1] PR A 3R 3%
HEMERIKA (0.9°)

Fig. 5. Transmission rate of the total penetration (circle)
and direct penetration (square) of the external microbeam,
according to various tilt angles of the glass capillary. Insert:
experimentally measured energy spectrum of the external
microbeam at tilt angle 0°(black), the direct penetration
part (red) and scattering part (blue) are obtained by decon-
structing the spectrum. The distance between the dashed
lines on both sides represents the geometric flare angle of

the glass capillary (0.9°).
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Fig. 6. Simulation of 2.5 MeV protons in the glass capillary: (a) Scattering angle distribution at an incidence angle of 0.4°, the most

probability exit angle is 0.7°; (b) the most probable exit angle at different 3 angles; (c) scattering probability of protons at different

B angles; (d) the least exit probability at different distances in the glass capillary towards the outlet.
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Fig. 7. (a) Schematic drawing of the external microbeam emission at the end of a glass capillary; (b) the experimentally measured

energy spectrum at title angle of 0°, the red and blue lines in panel (a) represent the diret penetration and scattering part, respect-

ively; the black line and the gray filled part represent the total energy spectrum and the direct penetration spectrum, respectively;

(c) when the tilt angle is 1.2°, the directly penetrating ions disappear; (d) the directly penetrating part of the energy spectrum dis-

appears, correspondingly.
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Fig. 8. (a) Spot profiles of the external microbeam at differ-
ent distances from the outlet of the glass capillary at tilt
angle of 0°. Red and blue dashed lines represent the beam
spot profiles formed by directly penetrating ions and scat-
tering ions on the detector, respectively. (b) Theoretical

schematic panel (a) of the beam spot size formed by direct

penetration of ions (red) and scattered ions (blue) at an tilt
angle of 0° on the detector at a distance of 1 mm and 4 mm
from the exit of the glass capillary, respectively. The theor-
etical maximum distribution diameters of direct penetrat-
ing ions and scattered ions were calculated at angles of 1.8°
and 20°, respectively. At distances of 1 mm and 4 mm from
the exit of the glass capilarry, the spot diameters of direct
penetrating ions are 140 pm and 230 pm, while the spot

diameters of the scattered ions are 460 pm and 1.5 mm.
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Fig. 9. Schematic drawing of primary (blue) and secondary
(green) scattering of ions at the most probability exit angle
on the inner wall of the glass capillary, the red line repres-
enting direct penetration of ions. The focal points of
primary and secondary scattering ions are located approx-
imately 3 mm and 1 mm away from the glass capillary out-

let, respectively.
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Abstract

Traditionally, ion microbeam is produced by focusing or/and collimating to reduce the beam size to

submicron level. The traditional setup for producing the microbeam consists of an expensive focusing and

collimating system with a large space, based on electromagnetic fields. Meanwhile, the microbeam obtained

through pure collimation of metal micro-tubes is limited by the fabrication processing, i.e. the size of beam spot
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is largely limited to a few microns and its manufacture is not as simple as that of a glass capillary. Inspired by
early studies of the guiding effect, the use of inexpensive and easy-to-make glass capillaries as the tool for ion
external microbeam production has become a new direction.

In this work, we use a glass capillary with an open outlet (108 pm in diameter), which serves as a vacuum
differential and collimating component, to produce a 2.5 MeV-proton microbeam directly from the linear
accelerator into the atmosphere for measurements. We measure the beam spot diameter and energy distribution
of the microbeam as a function of the tilt angle of the capillary. We also conduct calculations and ion trajectory
analysis on the scattering process of 2.5 MeV protons on the inner walls.

The measurement results show that when the tilt angle is around 0°, there are a direct transmission part
that maintains the initial incident energy, and a scattering part with the energy loss in the microbeam. It is
found that the proportion of directly transmitted protons and the beam spot size are highest near zero tilt
angle. As the tilt angle increases, the beam spot diameter decreases; when the tilt angle is greater than the
geometric angle, all the microbeams come from the scattering with the energy loss. The simulation combined
with the ion trajectory analysis based on the scattering process can explain the experimental results. It is found
that the large angle scattering determines the entire external microbeam spot, and the central region of the
beam spot is composed of directly penetrating ions, whose size is determined by the geometric shape of the glass
capillary, i.e. the outlet diameter and aspect ratio.

The natural advantage of producing external micobeames easily and inexpensively through glass capillaries
is their relative safety and stable operation, and the last but not least point is to simply locate the microbeams
on the sample without complex diagnostic tools. The microbeams are expected to be widely used in fields such
as radiation biology, medicine, and materials.

Keywords: ions external microbeam, MeV protons, conical glass capillary

PACS: 41.85.Ja, 41.85.Lc, 41.75.Fr DOI: 10.7498/aps.73.20240301
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