5 32 & i
2015 4F 11 A

LS R S 7/ I S

Nuclear Physics Review

Vol. 32, Suppl.
Nov., 2015

XEHS: 1007-4627(2015) S1-0020-05

FERERKF 4.5 MV @#EMEFEMEEERRE

wRE, TAY, hmE, #EY, BHE

(AR A B B Y B S AR BOR [ K R S5, JEsT 100871 )

HE: MEREZEELHRRE, T RZER ARG E & KD Z A AR R R Pk,
HENRX—FR, IEUHENEEEM RN KRETE, X A¥45 MV EE i BA LN
EREAREREA LR EN LT, ERAREEM EHW IR T /ABEBEAGARNER. ZRHTH#
ITHEREE0T~3.5 MeV AT TRAE T4EE, BFMBEREE 10 pA, F T HITHRE 1000 “CHin 4G
B, RS AT R AR R R R 2. HhAh, 4.5 MV AR5 2x6 MV & 7 fn 3k 25k & 2% th UK
HHEREZ GO EERAR TR, TAHAMREER N G — P HRRRRFHERTE.

XHEIE: FemEE, UAR: BE BEEEZE AKX

PESES: TL52 SHRFRRRS: A

1 5|57

Bt A N SR R AR 08 5 IR 32 0 T R, R AL e AT
TR IR O %A 2 B S s . e — AR R
gt (R VUARERAR S N HEFNER AR M) vfr, H 454 5 Dy Rept
L5 B N (R T 57 i B R R oS Tl S A g PR
B S DUARRARHE S UARRHEAI L, R 1T iRE
BORKRIETE, BT K S N HE A RE R AT B 47 I LR
SE PRI ARG E PR LUAE, s 42 FL 4% 50 4 1) 4w IR
ife Js. BRAR e N HEvh bR i R 47 T R R AR 10
dpa(displacement per atom, HJEEANJE T (IR XEL,
— M H R PR A R ) BB RE ), H AT AR 10
UL bo BLIBAT A4 30 4F 0k, SRARME A5 R A KL b i 4
HEH 55 =ik 300 dpa, X2 H HTAZ BEA RE R AR HE 44
MRS ICVE AR 2 e MR Ak, s N HE b A R ) S R
Rl M EERAEAL, (n, p)Al(n, o) KA B
AR, X T RASHES — BERIA 2 M BN 5, REAE DT
AL A2 200 appm (atom parts per million, BJ%&EF
JTRFHTEZEFAE). 201000 appm, WA
PZW 2 E TR 4~51% WIA1000 appm; 4x)&E
-7 He ) 5 50 BT IA 29 0.04%, 1 AL HE AL £ He
T 73 BOR IR 29 0.6 % MR R T v A 8 i Sl AR
2 BIR B R AR I A A, TS B0
oA LA SR G MR RE I AR I, 4 T K&
A IR A e DRI, EFORT A4 R S5 R R o e

W EHE: 2014-10-18; &L HER: 2014-12-18
HEWH: FxRARRHILERIINH (11305005)

DOI: 10.11804/NuclPhysRev.32.51.20

BOIHLE, SRR, WA B A ks AL e 4
Kl CLZRRIRZRE R T AR (54 i R S g

PP PR R A 25 R SR ME PR AR 45 ) 3 i Wi
i SRR RE A SR AR B A, TR R A e AR
KIERIE, TS SRR TEAR . BT —Fh s
PO RE M RBON SO HEBEA TR B S 5. FArh - g B HE
TSI ) N B4R 3 ~ 5 dpa, (ERHMET, X
— W N BEAE 20 dpa. KL, il K HE 5 R A R T
T, 10 dpal) A A MRS Ee T DA I S W HE H -4
SELs AR K HER A 7 AR 20 4 ~ 5 a A
A LASE K 80 dpa ¥ 77 v e 1 PR ME (1) A% O 35 14 1) ot
) A SRR #1200 dpa,  AEAE 755 H - 4F (0 I 1R
K= R TR, I s B, IRl
HETEAT -5 R U AN RS (1

L 5 HE v 26 R 0 o — P ) i e
TR, 28k WA B ASETFUAES
TR RRE T A FH SR AT S e I HE S A A R P S A
G20, SRR R I T ARG A, R IR
SR (R, IR WESE) RIS SRR S
RN F AR R — R RO R —Jr L, B R A
b e S8 PR DR A 1 S ) T A R I ) R
AL, EF] 1~ 100 dpa £ 2 05 LT E LA
BHAANE S5, BRI LT A 1 B
WAL, S AR, SCAAS, 1 R L 0 O R

1EHET: mi(1983-), Y, WARFEA, Et, MFEHEARKLNAPIF;: E-mail: pkugaoyuan@pku.edu.cn.



wH A JERURSE 4.5 MV LIRS A B HR R 48 -21-

RV, TV B A REEAT LI, A BEAS SIS ) )
RRHE I, BT RAIAHEE,

H R foe OB (1) 1) B2 e EAT v 7 4 T 1 A R
SCH A LERE, B 5R b AR AT, TSR T
RIS 2 AT VLR, AR P 7 R R
B X IRHE B R g, B2 R BERT RO T3
PEECRHE Do JRATI Ay B ok 4 e 1 S8 T R AR R
FIESCEE Ay BRAR AT I — il AL (3t 5 A R 4 S5

2 b= K¥4.5 MVEREENESE

e K2 4.5 MV i 2% T 20 tH 40 80 45 /Q i
JE RS g e B L) A R, 1991 AE N
117, 1994 4F 1F A % . H i fE RS Tl
1000 hUA b, G4 F 2L EHRE L Fow Do+
KATIS (A3 AY (TOFED) 20, v 1A% 2k I & 2500 5T
SIEAT T 3550 T AR, 1% %% v Hi R H AT Ak 3.8 MV,
EERRUESE £1 KV, A il A3 MBS, %
BTSN LR, 20 AT 25 7T 0 v 7% B SEE 56
B AR IR SIS (W 1 R). Ho, s N R 2R e R
ML A RO AP R, fELE 0.03 ~ 7 MeV Fl 14 ~ 19
MeV AN BE XS24 B (B Fh 7~ BT A% O 43
BT o PRI A 20 5 R FEORF R T v B TR (i
) A5 S0 N FH o 8 R e T R AT T RS e R
S

I, JERT K 4.5 MV i Ik 2 A e S
BHAREFRE AL EMSCRET, AT RkIELS
MV I 45 H Fl He 125 74 MW AR A, AT by i P BE T
LA R ISR e i B G T R AR SO RE, fE AT

HTI ——T>p
WIRFS —

hideE

4t

AR IR LA TS B T A RRE IR R S, TR
T 8 2 I T B T AT A AR SR ) R T S
AR AR AL HGE 5 7 T T R R I AR A
L m RUR SRR IR P 2y, o 4.5 MV L
AT 2% 6 MV A ZI g 45 67 1 1 XUR S #E 4R TR
ARG, TR IR T R RSN . R
BHE RG] T AL BEAH GBI IR, 4% 1 TR 403 1
JNRA (Nuclear Reaction Analysis) % 4t fl 4h 5 2540
B SIS

3 MR AL
3.1 RF/RREREBRSE

AH B T B AR RO S, TR R B 5
B (3.2 MeV Jit + 76 AN AN b S #2015 40 pm), 7
b Bragg W LA 45497 DX 38 m] L= 26 L HANOK Y Bl 4%
PRI, 3 R P LR S 7
GER B D) 2 R BRI T AR5k, BATT AT AR o7
A A — P R AR 0 7 X b 3 RO AT 6T L
TIFFEAA R (4 BRI N, AT T A RE AL RL (1) A1) % R
o SEEZEPHN2 K Was Garry 28 N JE I & )T
TSI, MAPRMMEE R, N, k. AT R b
BE A IRUR B 5 P AR IR AT T 0 e 71,

W 1R, T /R R R G e 90°f ik
Z G, B RKOON WES R T o). X
(200 Hz HLA4). G845 (REREAGE). Y $148 (50 Hz #4
). AL E (P 1), S0 A AT AE R
0.7~ 3.5 MeV NI 00203 740, 3 1 Ui dx
10 pA, TSI 10T em ™2 PAE I 4R

BEE Jrxuk

e

K1 (FEZOR ) 4.5 MV as 451 7 5



.22. ISOS 7/ E  C

%3245

MRt e S IR Iy R R (RS B R
B Al R e 7 AFE S, LA RS OG, dESE T
154 cmx4 cm, FSEIATFREE AL M INIGEE &
T I FE a5 05 SiC I AL H A 4 RO A% vhOer R b AT
IR 1000 *CrtEE R, WA ZE 10 °Co Wi 2(a) it
> FEME RS2 emx2 em, 87 Wi E
G R SR Y R S, el s, e

AR
K2 (e T

FAT6 0 A & BEAT T TR gl &, I Al
FH Comsol #A: X 22 B AERE M & B 1 cm? BE 5 R T VR
FEREATVHE, S5 R 3(a) FroR, (BEAA RS b N B i g
[ T, AL BR R K B 6 H LB . AU 1)
BoE BN 10 A, FRATTIEEChN A e 5 ) B 2 R
h5~ 160 W, 1] LLFG 24 tH D)3 40 W LA P B S 56 4
S EAAIEAYIE, 40 W ALK N T4 470 °C; i
H e ik 40 W g, il I S0 W R (E B WA Tk A
i, 160 W AbXT R Bl F- 2700 °C, 5 AR AH % 180
°C, HHED 5 R AT B B HL RN, 0 PV B2 8 iy e #44
HE, FERURZ e, FRAME L AME A nfAdn &

900 _
0 Calculation u]
800+ . o (a)

) (a) S0 2 s

700+
600
500
400+
300
200

T/°c

A Experiment

R
o
A
R

I}

o
o

o A
A
A

A

A

K3 (FEZRK) (a) NPV RE 2k

Power /W

0 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

(D) LA AR BCRER I AP 55

FLNSSRE A, NS 1 Y B S B AL B 0l
LA BANCCDEAE 3, FP 2D AN VRACE 1104
LIANE T 2B (W B T 1. i 2(b) i, #E = (1)
24 I 5 SR T AL B e AR 3 B RS
MBS VIRE b 5 AT ARSI, K i 65 1222 300 V1)
O H AR T — e A i G R 2R L AT

P I, [ BT A P B2 A A R T TR R
(b)
e ﬂj#ﬁ%ﬂmfﬁﬁf—? BAEEES
jllf-‘iﬂl //////// #1‘{% JilECER
W]

——‘:—% SRR

(b) TEER MR

BT T R85 (k3 (b)), L0ANE B4 B 3 135 i R
$30.46, MIAMAEIESBRHEG, DRI C& ] DL
WS BRL . FRATTH SBT3 T SiC AV e 5 4
in G A3 A (W 3(c)), nTRAAEH, T AR
£l ik 700 “CHY, SiC & D& ik 1100 °C, M
TAERE B e 3 (1) - 207 g S SR 4, it
ﬁﬁ%%ﬁ A TR B A S %, A e I AR

Al B S EGR TR AR, BeAh, R TR R A
%ﬁﬁﬁﬁunm}:ﬁmm%@ LE B A R T 15 0
T FA AR ) A RT RE DR

HT, T/ 2R RS0 LFe Mk D a5

11256
720
715

710

769208

(c) USRS RS 52 70 A1



wH A JERURSE 4.5 MV LIRS A B HR R 48 -23.

AGE R 5 R R ORE AR OGB4 S B 1E AE T R
2014 5 LK,  FERZ W) BE 5 R BOR 1B 5K S 0 5T
BORBECRE T, CRESEok QiR P TREY)
S DS S T B e Tl w3 AR K7 B I ST S I S
F R 5E T HORZ A e T S e

3.2 WREIIEEB ARG

S HEH -4 BB T & A B R AL 2 Ak, 25
HEHeSF WA Y, LURARHE 14 MeV R4
KEME R Bk, FATrT LU ik P Fal —Fh 27 o)
[ s L, R ) 22 8 1 [ 255 AR 5 e 1 M o (13X
4‘ﬂ—$%[13—14]0

2010 442 2014 4, FEAZY) P 5% HOR B 55 fi sk
LRC 3 il NI | iy N 27 BB R S o B4 oA TR
T, 2x6 MVHFINIES 5 4.5 MV i Hins &85 A~ T
VEAHERA BEAT T AL U K22 I L Re i 5 2 ik 2 &
TRALVFEMEE (WE4). EIAM2%x6 MV H

NRA

HAR RN

i 5 4.5 MV &g s 286 B, 308 T AR
2, JRAE Lo R XA AR A =, T SE L & T
1 He (5% H) PIFH 710 [ 4R 18, H oarcoal LSl s
WA 1300 Khnids e, RBS WAL DM ADG S S
RS e AR S se b, L RO =, LA 2
K B I3 P Rk R ] I A R R R, R
VUSRS & (4P sh—Ye ik sh), nTRR 2324
P e I ot P 46 NI SRR 38 2236 XY 7 In) rEL T i
B, A3 cmx3 em KSE SRR, HEr, %7
& BB TE K, U C & TF AR E S BHIT BT IR 52
. 1% TG RNBAT IS N TR se AR R R e
LGSR Lo b K Y S SR TR g E A G2 S UNCIEE N
JAELE RBS 0 HT. 851 AU B SOME BB R 28 - SR
B e 28 )T/ AL A T 4 A R S
AR, K x) B N AMZBEM B BERESWEL A
L RS PR EL R AR R SR s
TR B AE J TRIT 5T TAE e 2 3 2L (0 A2 A

K4 (fELRHE) (a) XASHREB ARSI EE; (b) TREZE TSR

4 BE

I8NEA

FEAEk, bt K2 4.5 MV I 2 70 40 1 15 %+
REFKE AL SR, 456 0B %S
i, S EERE AN Z ARSI A RS TR
O SRRy 72 7/B NI R S A Fn s 2 TS VA B = 1 S|
MR AZ RE R 5 3K, A5 A ARG FE Al B T R
RHRMR G, AT /200756 IR G0 XNUR L 4R
WRS. dus)a, 4.5 MV IS H w3245 fg s vu [
7£0.7~ 3.5 MeV WL oA 1, Bt & 10
uA, JFATHE TR 1000 *CHRUINHERIE, BEH1E & T #
BEAEHO I AR TR 1E, A% Re A RHRE St T

BOst R B R AR B ) S S R O
SO TAR ISR

S 3

] DAVID J Hill. Nature Materials, 2008, 7: 680.

] GARNER F A. J. Nucl. Mater. 1983, 117: 177.

] MAZEY D J. J. Nucl. Mater. 1990, 174: 196.

] WAS G S, ANDRESEN P L. JOM. 1992, 44: 8.

] WAS G S, Z JIAO, E GETTO, et al. Scripta Materialia.2014,
88: 33.



.24 . [ S R 7/ B N I 7 P32 %

[6] WAS G S, ALLEN T R. Mathematics, Physics and Chem- 703.

istry, 2007, 235: 65. [11] ZU X T, SUN K, ATZMON M, et al. Philos Mag, 2005, 85:
[7] WAS G S, BUSBYJ T, ALIEN T, et al. J. Nucl Mater, 2002, 649.

300: 198. [12] SINGH B H, ELDRUP M, HORSEWELL A, et al. Philos
[8] ALIEN T R, COLE J I, GAN J, et al. J. Nucl Mater, 2005, Mag A, 2000, 80: 2629.

341: 90. [13] SERRUYS Y, TROCELLIER P, MIRO S, et al. J Nucl
[9] SENCER B H, WAS G S, YUYA H, et al. J. Nucl Mater, Mater, 2009, 386-388: 967.

2005,336: 314. [14] SEKIMURA N, IWAI T, ARAIY, et al. J Nucl Mater, 2000,

[10] WAS G S, HASH M, ODETTE G R. Philos. Mag, 2005, 85: 283-287: 224-228.

Nuclear Material Irradiation System of 4.5 MV Electrostatic
Accelerator at Peking University

GAO Yuan?, WANG Jianyong, YANG Xiangjun, GONG Jianhua, LU Xiangchen

(School of Physics & State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing 100871, China)

Abstract: Understanding nuclear materials response in extreme environments, such as intense irradiation and
high temperature in fusion reactors and advanced fission reactors, is significant in designing advanced nuclear
energy systems. Recently, a nuclear material irradiation system has been installed and in service on the beam
line of 4.5 MV electrostatic accelerator. The energy range of proton or helium ion accelerated will be from
0.7~ 3.5 MeV, and the ion current will be up to 10 pA. The system will consist of a vacuum chamber combined
with heating controlling, which can achieve the irradiation under 1000 °C. In addition, by coupling 2 x 6 MV
tandem accelerator and 4.5 MV single end electrostatic accelerator, a double beam irradiation system has been
assembledand tested to study the synergistic effects of displacement damage, helium or hydrogen irradiation
effects on microstructural changes of materials, as the experimental simulation of irradiation damage in reactors.
Key words: electrostatic accelerator; nuclear material; irradiation; temperature-control chamber; double-
beam
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