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Abstract: It has been nearly a hundred years since radium was first isolated and used in the Curie
laboratory, initiating the research on radiation chemistry of heavy ions in aqueous solutions. The
radiochemistry of heavy ions in aqueous solutions is extensively applied across several areas, such as

nuclear reactor safety, deep space exploration, heavy ion therapy and medical isotope production, etc. In
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the realm of nuclear reactor safety, the analysis of radiation effects induced by radioactive materials in
various operational scenarios is facilitated by aqueous solution heavy ion radiation chemistry, providing
crucial insights for reactor safety control. Furthermore, by examining the biological impacts of heavy ion
radiation from cosmic rays, radiolysis research offers invaluable information for radiation protection during
deep space exploration missions. With the continuous advancement in proton and heavy ion cancer
treatment technology, a comprehensive understanding of their underlying mechanisms and reaction kinetics
has become a pivotal objective in the study of heavy ion radiation decomposition in aqueous solution,
thereby furnishing a theoretical framework and data-driven guidance for cancer treatment and treatment
plan refinement. The widespread application of radiochemistry of heavy ions in aqueous solutions
underscores its significant role in advancing technology and ensuring safety in various areas. The track
structure effect is the pivotal scientific question concerning the heavy ion radiolysis of aqueous solutions.
In order to clarify and interpret the track structure effect of radiolysis of heavy ions in aqueous solution, a
series of experimental studies has been performed and several theoretical models have been proposed.
Taking advantages of heavy ion accelerator facilities, the track structure effect can be investigated through
the study of the yield and kinetic processes of free radicals and molecular products under various linear
energy transfer(LET) radiation conditions. In this article, the decomposition process of aqueous solutions
due to ionizing radiation and the concept of track structure are firstly introduced. Then, after addressing the
experimental investigation methodologies for heavy ion radiolysis of aqueous solutions, including steady-
state and transient radiation perspectives, those representative heavy ion facilities available for heavy ion
radiolysis study in the world are summarized and the major advancements and achievements in recent years
are reviewed. The track structure effect of radiolysis of heavy ions in aqueous solutions is described in
detail in terms of experimental research. Finally, the significance and future applications of heavy ion
radiolysis in aqueous solutions in interdisciplinary fields, encompassing both basic and applied sciences
have been discussed.

Key words: water radiolysis with heavy-ions; LET; track structure; steady-state radiolysis; pulse radi-

olysis
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Fig. 1 Schematics of the evolution of water radiolysis?’%
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Fig. 3 Schematics of spurs and track structures generated by ionizing beams with different LETs*"!
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KW E B TS5 . S B iR A5 4
1ps NG (ey,) BEE T2 14278 N g & DURL HE Y
3 o i ARG, PR O O 9 23 S5 6 e P 4 35 B [ 7
us RO . HAETE M ER FiR SR s, £
A A ] e B Y S S TR L TR R A B 2K
(glycylglycine) 55 14 £ e, #Y ¥ bR 1K &, ¥ e He AL R
FaSE | By w0 A A 7 g o0l AT RE 2 2 T0
TR H A9 2, 1969 4F Appleby #1 Schwarz!®”)
BHIRWFSE T °Co v 58 51 A1 D, He B F o 55 IR K&

G (e,,) =2.8, 1985 4 LaVerne 551451 i i 52 45 IF 52
TARFEE FRERBFMETMG(e), IR T
€y PO AR 3 - 22 777 50 A AR 38 f3l 3 7 0 1 S5 56 B 5
Tk B G R . 1986 4F, FIH C. Ne, Ar 555
BT RS BN MK RAR R,
o IS AR R T U BR SONE T AR R I A TR AR S
TS, Appleby S BIFSY T G (e, ) RS T fEfE
BB (Ze B ( Zen 19 56 WEBS T AL LG, B W S
T S OCHAY ) B AAT , G5RERIG (ey)
b 5 T SR A BE LA (Zea/B) " HE KT/ . 1993 4F,
i He MR BRAS [W] ¥ B2 19 B0 H 2 IR % W 1R &
AT HE B A 7 AR Y e, T BR B AL ANHG Y J7 5,
LaVerne il Yoshida &5V SAEBFSE 1 e Fifi 15 B i
] A2 4647 R, FERIF Y R W AE 3 ns~ 3 s AV BR A
N, G (ey) ZRALAEE y 1.76~3.09, /N T HAE
HL 40 IR 09 40 3.81. 9 B 2R RN BB i
X 48 B A 4T R 2, 2005 4F LaVerne 45421 1)
NH; /AR E TP RE T e, B9 SEB AT I, I 255 505
REBA T B oe 1 H B AR a5 4 b e, Y 2
PLE) Jyo, KRG (e, ) FEES 7 J5 5 Fp BOH v A RE
H R WU /N . 2007 4 Yamashita 45 14454551 F1) /i



110 B Sy 478
Saltzman IERIFSE 1 7E He, Fe 558 TRURA AT SRS T G (-OH) B i B i [A) 71 LETHY 228 447

1 mmol/LNaNO; i1 5 mmol/L Na,HPO, 1% & & %
G(e,) M7 AT Jy, DF5C LB BEA LET 145k,
G(ey,) T W 7KW WHE 2 i 10 3 2 52 4 BF
FERW, e 75 = LET 48 55 I8 B 428 300 45 4 vh £ %2
ST EAMAE. B, Gley) BEH LET
0T ) T SO € o I £ B N e R )19 I
TR N S B 5, S B e, THAEHE 20 LK, M W)
LET W AFE FiREBT, ME TP (2 8 TR
HEX R B9 G (ep) B/ S5 AHIE LET B Z 8 1
FHEG, AR Z 857 S AR T AR L Rl 48 S 1y AT B K,
A BRI o AT B AR, REURIE N e 1Y I
N3G BR B MTIE AR £

23.2 BEBHE-OH -OH /K4t f 4 1k
PESR R 0 77 W), S HE B IR R RN O 1 A2 W) 2 AR
B LT 5 b B OB PR EE JRTE O R R
i C&230mm =530 L/(molecm) ), SC 5 I — K - OH
T8 B i Ak R JEE T O 7R B0 B R T LT
JEA ST . B ETBESE TR T Y - OHYE BR 77 14 %
FEA NOM A A B TR ER AW . IR W . &
Ay LA K HY R $h AR ER W45 . 1964 4F, Adams 5517
I R - OHFL 45 HA = BE IR IO R84 (SCN) 5,
P TR I OGIE M 5E G (-OH) 1 5 %, S5 5%
FFEIEJE (SCN), I H & TR T IR
. 1985 4%, Appleby S0 | H C. Ne Fl Ar 45 &
T I ROK W W B R R e g, BEE T AR
KN G(-OH) W4T Ry, DFE R BIBE S 2 1
LET i3k, G (+OH) 18/)N, 1989 4F, LaVerne 451450
P T AR AN R W BT R IA R R R R )
*OH iF B ¥% 1y CO, , 3 5o B o5t WY IR ¥k B L i 7%
5 N I TE], BF9E T G (-OH) B 4 52 I s (]
AR AT R . BFFE 2R W1 25 MeV He B FHIIR T,
AR ZRTE 7.7 05~ 7.7 ps B G BRES ] R N G (-OH)
B A8 Ak Y5 R 1.91~3.48, 2008 4, Yamashita
SRS TJ N T 10 mmol/L HY R B4 % Wi 1A & il
3 mmol/L IR AL W AR F , 76 AH [R] (915 B i 1|) T
W 7K v W B R A TR 9 G (- OH) B4k Ry P A i
AR Z 58 IR 4R 19 G (H,0,) 2 2% . FI A HIMAC
R EH LAY He. C. Ne. Si. Ar fil Fe %5 T H i,
RGNS T K W) R TR % h G (-OH)
B LET Y22 46470, # € T Hh eSS T G (-OH)
Ffi LET TR TR, 2021 4F, Smith F1 LaVerne %)
R REWARR, BF5 T H, He, C 55

o S F B G(-OH) Bl ¥ B 77 e B2 T = ifif 18
K, EBE 46 PR 8 1 LET ¥ KR FE AR . KB E
BT RMAL i £ W, -OHREE 72880 | g .
LET. ¥ bR 1) 19 28 A7 o0 B 3 5 e 2R BLAY &
#. (1) BEE LET 3% fn, G (-OH) F&fik; (2) A
[ LET W51 F, S5 Z 8 TAH L, AR Z 85 748 1R
FEA R - OH = A BE /N o B BR G iy Jor ik, i 75 i R
BT LET ¥4 m, 2k 254 00 A h 38 A OB
i, S & %t B B G(-OH) F&EAK; M AH [ LET
LK Z B B AR, 5K 4 1R AR AR
o, TR s I AR I 6 4, 3 3O Y G (- OH)
PRI AR 308 N E 6 55 S Je i g A o

233 SR T A M -HAE S A 3 HO, /05
-H AR Freg, i IR PEHL 55, 76— My vl DL 6 A
21 A X AT I8 2 A TR U0 ( g0m = 1620 L/
(molecm) ), PRIt Xf - H 5~ P J5t Fl 52 I 14 F 92 ¢
B 1969 4, Appleby FPTFIH y 48 5 D,
He B F W55 T N,O 10 Fl A9 W ff BR 21 /R R F
G (+H) Fifi LET 9250470, v ST IR T 9 G (-H)
2454 0.062, T 7£ 12 MeV He # 45 I8 44 F G (+H)
2974 0.028, & LET F G(-H) /M, HARSEH,
B & LET 3% Jin i 8 i, 4o AR 25 1 ey, 3805 B A 2200
H A4 i iF 98 G CH) 19 vk 22245 DL W R
I Y T A G PR D Y T TP i TR AR ROKs - HAG Ak
i Hy , BCTE SR B R BT o A AL R e, AT ) 2 0F
FElel, HO,» £ 1R 58 (1 S0 Ak 1k LA B e, 07 i ot
A HO,» 7] 1 i 45005 . HO,+ 1 &5 1K
Ao ey, -H5E N A, 75 pH>5 (7K %
WARZR T EZLLO; A AfFTE . 7E1R LET 48 57K
R AR5 R HO,» 1 7= A5 H ik 2 W, 38 3 PR
5y P13 G (HO,+ ) AU 0.0201), {IKfE He
RIS G (HO,+ ) iy 0.1, T X} 22CF 2478 Tk H 7K 48
ff 75 G (HO,+ ) 53k 0.55'1, 1986 4F, LaVerne %141
i@ 1F 1 mmol/L FeSO, Al 10 mmol/L CuSO, & &k &
() B TR T ST R B, HO,» B A T AR N
JZ N B . URAFE LaVerne 28147 F| FH 68 & 1] &
460 MeV 9 Ni B4R I LR R BT = AR AR,
W5 T G(HO, ) Wi LET W28 A7 o F 5% % B
16 26~52 eV/nm i LET 28 4k 3 [l I, X 7 B9
G (HO,*) M 0.23 38K %) 0.43. G (HO,*) Fifi #5 A5t
B LET R3S KIS K, 5 H A 32 7 i H 0y 28
AT R AR A S 17,
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B A KU TR B T A A AL 2 AT O U TR —— AR 45 ) Y o 111

24 FEHFFFEYREHR
KW B AR, HoO0 MTH, 5543 1 77 )
B AE G I 3 A AR R R T AR I 7 A i o
R N o 1Bl G845 3 445 4 B 45 i g 245 7 4y (] 149
SR8 77 2%, HyO0 FTH, 55 531 72 W1 1 22 A6 AT R B
GELAETIZ TF R, g Ay S R 5 35 52 0 45 A A5 7 $i
BET IR EE MR . 24 T FLASH BT 9428 3
SACRE B0 B DA Ry R X IE R A SR B G T
BLN, XoF P K U W T 5 R A SRR F 5 A 4R
TSR OR AL, KT FEAH ER T
R A 5% T 20 R S B0 4 3 45 4 .
241 HEMAA(H0,) HO0A M S5IHFE R
B R (6—9), 4 -OH File,, BT AR 2, H lWH, T
SR T K. FET UL Y AL 2 v B, H0, (BT
KX HER AL, CA LB+ G (H0,)
AT B AR, BFRARHRE (1~ 10 pmol/L) /K A9
H,0, F A 4 N JE ¥ il Ghormley % 4 (021,
1971 4, Draganic %1 F| { y I 4R I 52 T
G (H,0,) WIHBRAE A4 0.7, 1999 4E, SCHik [34,64-
65] & i 10 mmol/L FeSO, #1 0.4 mmol/L H,SO, % &
R Z&, FIH H. He Fl C H4R A 5T T G (H,0,) B
LET W28 kA7 R, R W G (H,0,) i LET 193
T B R B K, 2008 4E, Yamashita 55 14454551 FI) F
HIMAC % B #f£ ) He. C. Ne. Si. Ar fll Fe %
i, it Ghormley 5T T AR &4 T G (H,0,)
(025474, G (H,0,) % B F LET Al (Za/B)’
G KIS K, AR LET ™K Z 25X i G (H,0,)
BOE . ARG R KR g B b G (H,0,)
BIRFFE M. (1) Fi% LET 3 K G (H,0,) t 3 K
(2) XA A LET, G (H,0,) [ & A 5 & 7 5 7 ¢
B Z 3G m R (3) R R A RR S Pt S IR R A
1 G (H,0,) o & LET & F 5 JOK ¥ W T, 31 %
MR IR EE AN B R A N T, T
G (H0,) B 1 %0 AT U BR AR P i e,
A HPD 6 HoO, AT #E 13 A8, 5 B0 i S A B T %
N G (H,0,) B .
242 S(H)MES(0,)  KIE K E B T 58 i
of A8 i AR 1 Hy Gl R ] SOM 835 2 3 AT B
9E o FE VLT M 52 56 B, KV RE A /D
i (41 Br~, NO; . Cu™) LA BR -H., -OH Y5 e, [ i
Xt G (Hy) P52 AT 410, 1969 4F, Appleby %557 Fi]
oy W335 M D, He B T 3RAF5E T /K % W05 =
A= 1 Hy B LET #9722 4647 0. 1989 4F, Appleby 5518

A C. Ne. Ar #3i, WF5¢ T #E 5 & Z (9 /= LET
HE TG T Hy A7 R o LR BESE ¥ R B,
G (H,) Bifi %5 4% 56 LET 1 38 T 3 R Bsnsseel - g 5t
FLASH il J7 4 42 38 46 48 B8 B A 88 £ 1 A5 40 BF
5%, (H B AT = R R SL K KIE . 2021 4,
Jansen 55 U411 FH 06 i W SC5R) o % R 38 9.5 Gy/s 1Y
C W T3 XS24 55 i B AR 0 O e S 56, i ok
LR AT I AR AR T S K T R R
AR Ak, BESE T Al K A A v S0 B ek B R R [a]
W A 551 o S5 0 AR AR AT S o BF SR AR, A IR A o
T B 1) S0 B )R ) o e b R AR Ak,
I 5 WG R TC G, [R) I R RE IR R S T
FAUM LET AH G R WL A o =5 LET Al ey W2 SC5R) £
RN, Rl N RN [ R A AR i, 53
2 51830 P BN ) R FEREAIR .

3 KBRESFIkHERE

SR AR 285 0 gt 91 58 I 05 32 A A e o B O
Y 0 52 00 B N 3 )~ s, TR A ST AR T 45 4
it T T IOk i 5 A BIF 5T 16708 5 R A R A L
Jok e A fige ) LA S R RO T L UL K T IR
fife v 1] 7 4 7 A R A A R, AT A e B T 3
B AR FEIX LE v (8] 7 Wy B PR BT BN Bl g 2 R
JOE AL B AR 00T A K e g S 6 b, R — i E AR
R L T ok 5 R Cln g L R AR ) AR IRRE A
S5 8 AN [a) A I T B AT 58 00 14k W A R RS SE 7 ) Y
R A B . ELRT, bk e 4R A 0 5 v A T
B %, WARBOBOLE | R 5EETE | AU
SRS PO T MR A I L R 3 R
(electron paramagnetic resonance, EPR) | 1% i #£ ¥z
(nuclear magnetic resonance spectroscopy, NMR ) % 5
Iz A, He A W WO 1% 2 2 i R o )iz B 4
AREON, AR RE 45 5 MO 35 B AR A G Tk o 4 i 5
AR JFUER, A 23 BUAT 0 7 1 RS T Dk o A e S G e
B, I A B G 3T B AR K P U R B Tk e 40
SO Y T R
3.1 Bk EERRE N

— P 149 Ik e R A e R A Tl o o A R
R 2R e . 4 i & g MR Ab B AR e, dn i 5 RD
Shy S R Y 9 D T 8] 23 B K v e i R R R
Pl o Ik e 4 S R T ik o i A F 5 B R AL, SR
TR Tk S8 BE e E T BRI AR G IR g B Ry B
FR o 4R R AR e v — K T AL (ns)
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PRI T B 25 Ik oo % it 1) 1o ) 43 Bk 0 1 BRZE ns
G0, T A I AR G AL A P AR Ay — W T NG
EW, PO R B ARG A
s 55— B0 T MR % Oh, a6 B @A, SR
LR CINPINE 100 4 6 o Lo N A v B U E TR LR
A A% a2 AR A A HEAT U AR . N AR G 1R 23
B bk wh 4R i R G0 0E W R 46 9 IRAT 7R
S BTG, AT R O 34 2 MO Y e RO
YER I HoC IR o AR LT JeRHEOL S, AT A6 SR
G PR PR A, A A R R T BE AR . —
JBe T, AR WO T A D A I B, Sl 2R
P R, 75 275 T BF 58 3 K Ak HoA 2
SO L IR OG5 o A ) AR G0 F 4 R TR DK S R fk
S\ K AR G i e 2, TR A B R O R B A AR
Jok et % fift 50 HR 4 A £kt A A RO

N
1 E{:J'\‘
E %4\\\//)?: : %EEJ
: . IRVt .
5 ; gl
g 11 =
E /ITT\J:T U U FE S I_J
| e i

bl s — R

5 ARG 18] 7 B Ik o 28 R T
Fig. 5 Schematics of nanosecond time-resolved

pulse radiolysis system

TR a A GeV B 1Y H B T Bk ol 4 i 5
MeV it 9I5BT Ik b 4 A e H R A ORI
220 . GeV T G T B T AE KV W i SR AT GR
oK G, XN G R R g T DL 4
25 % JR AN LAY BT HL - A K b 4 A 1 ah
Fb o G ) 43 BB F R R G . X F XA g =
J0 [ Y B, 7R R 0 AR LI ARY LET AT DL
Lk H 8, A R T BT R AEFREE LET F Y
HE T IR ST . 1 MeV I 0 B T A
IRV W 1 SRR A OK R, BB S
HE LY LET TR 80N o X5 b
AT e/ 5B REORE Y R R R Ok,
ISR ZR G0 7 B R BT LA S i W 3 1R
R B 5669

WA A 7R 2 bk o R R A S R I R SR
1 H 1 ik b A b, X T RE I GeV RELH

5 Pk b R A, F T PR L 08 T R IA h FE R
HAY LET 3T LA, WG & (D, Gy) AT LA i 5
(10) T35 61,

1
D=16x10°XLETXFX — (10)
P

s LET(eV/nm) Al F(/em?) 43 51 Ay 5 £k 76 K o
14 1% 8 2k %% B2 AR S RO 1) 3 28, U5 A
SR M DU g AR I o R R K W B, g/em ™ X
AE i GeV i Z0 0 H B 1 Dk o 4 i 2 56y, 45 5 i
I B R LET (93158 77 DLAS 2] 0 k) & o xF T
BB MeV i 20 B 1 bk i 8 Ak, T B 1 1O E U
52 4 DURRAE AR b vh, FF & A9 B3 Can bt B | )&
JEE ) IS R K e R0 O g S Al 8 T E ARG ER Y
32 EBETHRHMEBRIBEKENA

H it 5 b T2 B 1 58 R s S e =
(Grand Accélérateur National d’lons Lourds,
GANIL) . H 7 w5 U8 56 i 45 59 Jin 8 2% (Large Heavy
Ion National Accelerator, TIARA) | 3¢ F £ K%
BB T BT K b R i ke T R A i E O
A5 ot % B GANIL #1 H 4 TIARA (9 8 &1
Ik o i 2 ' R AT R AR
3.2.1 5[ GANIL ik o4 fi# 3¢ B 7E GANIL []
i@ Jin 2 g 4 A A T O 3 1Y Ik e e A S
FEWE 6 Frow, 1% B Al R4 1~100 ns ik 58 1)
C. O. S, Ar 5B 7, SBEIE AR AT Hy 48 BE s 517 A9
KT P g ), O el R S0 R R AT I S 17080
W M 3R] e 000 S R Ak R A g 0 R
TR R SR . SRR R IEH] 150 WO mAT/E A
AT B M B9 3 A G U, AR B S vp s e 4%
FFE WKk O ESRE S ATt . TERE T

BF RIS I
=

b [} r—,_ﬂ
o 3 K
ik :
& R o= — A %
| Pl
: - 4 ¢’ =
el 2 ~ i T
i w

6 GANIL Jik o fif 6 5 o8 [ 1768
Fig. 6 The schematics of pulse radiolysis system at GANIL7%]
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B A KU TR B T A A AL 2 AT O U TR —— AR 45 ) Y o 113

B AR 1) b, 5 A BE R A i i
TIREITE G, St bR L AR AR I 50 5 T R ORI, —
A 1 mm BAR . AT OG O ) 2F L R RO
o, B RGE R R, e =
A8 RO v A B A AR, SR IS R TR s U A O
Bras B W OGSO S i O, e R IR
AWAOGS 6 O, X S5 102005 32 58 R, A5 )
23 70 AL AN ) R AS W, R SE R 2 A AR R T
Yoo AL HE 4R MR Y R B N R R Y R —
P AR i R T PR ER R e (1) SEIE BT A R
THEH; (2) LM AT S, BIRE & LET T 48
fE 5T, 0 B R B 2E B Pl B ¥ LET B Y
RS
322 HZA TIARA Jkihfa 3 & H A &l e it 58
SHmHE A (TIARA) AT $43E 50 ns K 58 (19 H(20 MeVA1) |
He(12.5 MeV/A1), C(18.3 MeV/1) A1 Ne(17.5 MeV/1)
Jh R 0070700 g - ik e A B[R] 43 A U 3 S Ot H
A5 15 45 A1 I R TR SRR T A (R A R Y 9
LA KRR 1 9 G AF 5 AR 15, 2 ik o e A= A 4
QUL NS S < P L MR o ¢ 26 /N
b A 2 12.5~500 pm 145 B8 R AT 5 08 LU BRA
I} BE B BA R, 7E U W P Y RE i DT FLE & SRIM
FERLALTT AU, B[] 43 HE i RSO R G
DL R AT 5 R4 R G il OGRS 43 501 i Sk
JE KO Bl B[] A5 Ak Y W WA 5 R 4 ik B A
WO, BRI AR A 35 i B 52 5 55 &R e Al ot
SR YR 2 2k o R IS e SO 1R AR
ok f O L TR A SO K A AT SR AR T AR i 2 A
TONUERR o B A S R MO EE 45 51 DL
SRR i, ORI A 5 A o I A BRORE b i s
PR 3 A o B DU S, () IS0 i A i R DA R Yk
T RS HBESr A il i & Cr b &b AL B i &
GG AAT, T WAL R 43 A1 R S S 8 I A 5
w11 (radio-chromic dosimeter) Jll 15721, 7£ A 45 Y
A 11 s R o 0008 R VS 3 B I = B o DA A
B 1 RE = 40 2R A6 I 15 S A R, (A A
o et e P R e AR R R A
33 FEEHEREHR

Ik o g AE 9 P SR R B L ER R ) N B
2 e B BE R 6 R AN e, 8038 45 A S R Rt
GE, T 58 BRRR 8 W WIA RK Al T B A o B
AW I AR W WS Y R E 7, AT AT AR A A R
P W AT S o T AR 5o ARAE 1.2 TR AR A

F 35 170 4 BRI A2 M T, AR T TR A 4 e
F ik o g i 07 SUBE Y e, o - OH LA L HO,+ = i 48
it 7= 0 1 S 6 4

331 KEH Fe, PHEERELERE, o 1E
SRy Tk o g S B b R I R AR 2 R R
BERE PR AT Z 500, FE & LET E 5 T
JT TV B0 A28 8 45 ) v 5 TP Y e, B 5 b AR
fe9 5 (hn -OH ) & A = v i g i AE). HATE A
(4 75 LET %@ 565 Wk o A 52 56 vh | IR 548 300 285 44 A1
€ B 12 T R R RO A AP ik vh D
He 1 C 55 4 F0 Gk vh 5T+ 52 LA K 94 B0 9 ik o
C Al O S_IP731, 1977 4F, Sauer 25U WF 58 T Bk w48
fift 19 G (e,) 5 %8 41 3 LET M HH 64, R4 T
G (ey,) 5 WA B F RS 8 (GRIERE 1% 1 1) S 4L
LET 124 8 TR TR SR AE R S5 (Za/B) )
FO AR SEPE H 2R o Sauer 25 U0 B AFF 5T 45 S R W] . X
TRl —FEF, G (e, ) B LET {3 KTim/D; G (ey)
5 (Zen/B) TFAER RIS, B G (e )b (Zey/B)”
B R B R B . 2003 2 2004 4F, Baldacchino
ZE106.77) 75 3 [F] GANIL [R5 il 3 % b ) FH Bk 58 Ry
5 us [ kb C B, DAk b 4 i o F 9% - B, 7R RURD
B ) RUBE BB 5E T 4K ey, SO0 8l ) % i 7
WFoE R W], 76 8 ik v BRS5 TRIS e, 9 WO BE 37
R 35 3 5 R AE I IF 46 5 850 0, 7 GRS B[] R
JE, 2K E B T HE T Gey) 7026, X5 DR
HT o o IR 45 R K 5255 R % (Monte Carlo) 715 45
KA . Wik — 21, Baldacchino %5201 3R H 4}
YK 5E 1 O Ar S, 76 QY FD IS 1] )]RUBE - BiF 5%
T LET 2 1 48 5 K W W e 19 Ak 27 SO 3
VIE 5B

3.3.2 BEIHME-OH -OH K HALEE R4t &
BOTC % 3 3 W WA T 1 Ik B R R, —
T B R0 5 A Dy ELA e R R T O R B0
FOE =W 5 TF REWE 5T o BT Ik o fige 0 3 B 7
TR R 45 4 0 525 52 -OH Y I N 3h J1 2%, BT
HWrE EER G KRG TIRA . BRI &R
FIAE Iy A 2R B770707879 2000 4, Wasselin-Trupin 25781
FI 1 280 eV/nm Ar'S g BUCE ORI FIR R, B9
-OH M WA sh J1 2 /2, IR 48 AR B 7= 45K 0.212,
H L 4R I T — o 2 Y R O 6 R SR A 5
¥ BE - OH (19 J7 5 . 2005 4F, LaVerne 251421 {E rh
P pH Z5 18 FHESE T KSCN (1) N,O 4 Fl 7K 175 ¥ 1
ik i A, A AR R R EURR B KR P SR T
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-OHIW R 3 3%, [a] B % i 44 & i B Rl 5 - OH
J R ML HEAT T N 2R AE T TH I B 40 4R
15} 2007 4, Taguchi 257071 5% R 42040 11 (1) 4% By 4
U9 T B K oh R A# T - OH ™ &l 4 8 B 1
Ji | B AR A AR T . IR R E
B iE L AR, - OH AT LK K B 2 34k, T Al =
ol S M AL 7 W (BB 2K By . X Tl ) 2K
1y ), T A P R S R Y SN AR 55, AT A
T —FHEE G (-OH) N 8h Ji 2 ik & . il it
T8 o A 22 R0k o A i 45 6 00 O 2, TRDARE Sy I 1) 6
i A2 00 23 ) SR 4 I T O a5 0 S e e, (H
H AT IF e 0 22 50 50 AR BOR SE 7843 9 G (- OH)
B .

3.3.3 M4A HHEHO, /0;- HO,-/0;~ i it
ey~ TH 50, 1 2 N JE B, 7E 4l K v B A AR 5 6
PE, BA = BRI O R B (HO, ¢ £x50m = 14001/
(molecm), O;7: &usum =2350L/(molecm) ), A
VL 3E 2o Jok o A i 15 AT 9% 25 W WO 3 A 5 14T
1978 4, Sauer 5551 F| FHRE & 10 MeV/u, ik % 200 ps
() D 3R He 32, 75 A IR I ] RUBE | A9 T HO,-
SN BN 1R B . 1998 4, Baldacchino %5 1% A
GANIL Z& & 2 Lk 96 2 ms. BE & 3 GeV. LET
{H 290 eV/nm Fl1 250 eV/nm Y Ar'$*Fl SR i, 78
LA X BT FE T G (HO,+ /O37) Y I ] 75 Ak KL A
IR PR K W E B AR T G(037) 20k
0.05. #t—# Ky, 2001 4E, Baldacchino %51 i F
LET ik JL T eV/nm 9 Kr &+ 3, i &8 #ff 5% HO,- 7£
5251k B ) I T 43 BE WSO TS PR R T HO, 1Y R
N BN S BT E5E R, R H,0, 5 HO,: /05~ 1Y
R I T 06 BB, BB 5 LET 58 9 4140 F G (H,0,)
A, B S BRI E Y O~ R W BE B N, 45T
O3~ I R I 8 J1 24k 5%« H il R FH 3 25 3k o
R it L B2 B 9 HO,» [V 8l J) 2 3 2 1) BiF 55 475 1H
B AR SE R, A A R RO
HCRYT T, AT A B OCHR AR U,

4 RESREE

FT T A28 30 5 AR O, 7KV R T A A e
#7830 S TR LET B9 K3 AR Sk~ . KW
B TR, TR LET Rk, e T AEK
VAW PO R A 500 8 K T A DR AR N Al
By B, B AR BUT B, TR
Tt RAWEFEAR LK, A T 4f 8l 58 1 K 3

RS S DL A 5 2 OGBS0,

IR R L R A AN AN BRI B e A
S, HAE R S B Az S E L T
FLASH JCy7 A, 42 708 6 S B 00 2 3 85 1 i B IR
OER F# 1k 1y — Fh Al BE figp e U4-10930, O3~ SF AR 77
WAE b PR T 7 8 R IR AR . TEBEH
[F] o7 38 I W HE P i MR B W AR TR 72 AR |
TR 5] — R PR AR SR AN, Nt R R
M. B bR UTUE SR, K W B 1 R i 9T X
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