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Efficient excitation of nuclear isomer *"Eu using a bremsstrahlung radiation source
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Abstract  [Background] Nuclear isomers are crucial in cosmic element synthesis and have potential applications

in controlling nuclear energy release. Specifically, Europium (Eu) is significant in fundamental studies. For instance,
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"*’Eu is used as a reference source for radioactive experiments, and its isomeric state **'Eu has a probability of 73%
to produce cosmological p-nuclei >Gd with B~ decay. Therefore, **™'Eu is a crucial nuclide in the nuclearsynthesis of
p-nuclei 'Gd. [Purpose] This study aims to realize the efficient excitation of '™ Eu with a bremsstrahlung source
generated by laser plasma. [Methods| Firstly, the laser-plasma bremsstrahlung source was utilized to achieve the
efficient excitation of ™Eu (45.6 keV, T,,=9.31 h) in the experiment with yields of 8x10* particles/shot by this
isotope. Then, numerical simulations of the yield of "*™"™Eu were performed using the Geant4-GENBOD program
to get generation time, and peak excitation efficiency evolution with electron temperature. [Results] The results
demonstrate that when the electron temperature reaches 15 MeV, the yield of '**""™Eu approaches saturation. When
the incident electron charge is 17.6 nC, the yield of "™ Eu is approximately 8x10° particles/shot, and that of '*™Eu is
approximately 2x10° particles/shot. The generation time of '™ ™Eu in the target is approximately 32 ps. When the
electron temperature reaches 15 MeV, the peak excitation efficiency of *™Eu is expected to be ~10" particles/s, and
that of "*™Eu is expected to be ~10'° particles/s. [Conclusions] The ultrashort ultrahigh intensity laser technology
can significantly enhance the excitation efficiency of isotopes of the same nucleus, and this will provide an important

research avenue for the study of cosmic element synthesis and nuclear energy release control applications.
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1960 4 , 3% [H £} % X 74 B % « #§ 2 (Theodore
Maiman) 7E A48 JE WAR T s2 46 = vt R adi& 7 A
K EEGAEAROLE, B EARSE T
R . I T R RO Bk 7R S A ep
5 R PO BB 3 il v Bk T, 1T LIRS = 1A%
guinigEss T RE R . JEHE LAk, HsE
BN E S EARE T RERRED, TS
JEORIE OB T 102 Weem /K F, B A
I 3.8x 10 Ve em !, O I ik v v FE A 2K
FOREG . 75X i Ty 2 11 e it O Jok o P
T, TE R RE (I (8] Py 2 48 FE R S T80 2 il e s, ik
AR AL 242 MeV 3] 100 MeV & 2% 1 = fig &
T MeV 2| GeV = 24 1) 5 Be 2 H ¥ B0 HAR Y R
T LA K A 7 AV SO Sy e T A R Y R, X L
Bl LB IR IR R T — 2 5 R A% R AR
ST k= Wk 2 YA L N B AR
i), A A% s o7 B 1 R A PR, DR U, 8 R i
IR BN 16 A% S N A R A% P 3L (R ATE 5 T R T R
FIE",

[F)#% 53 BE & (isomer) A& B G #H [7] 5 = 200 R T
FRAO HAL TR KGR SR, BT
WM R BFEARSE, AR R EAmET AT 2
IR, e R RS A AME R Lt Rt
BROCCVRIZ O S T T R BN A .
SN A BT T R AT A A G 3R I ME—#L
0, AT U A 2 5 1 R S TC B A% A s
Pt rp A D, S A K 0 (R 7 e R AT AT
FURT PR B AR ity AR B IR o A% 2R (1) A il i) i
BERT AR UL R, TEREAZ S G R p R
AT R TR B AR 1 — 0, PRt e AT A e o e

TR () B8 op 7 (O P FE I &, H i e %A
— /N e 52 AR T o (B R A% R AR
YIEE -1 FE A BN 2 — o FE R SCULINECE b L 4
MR FEEESHER T EEGRRNZES, K E
AR A T ICAFAE B Y . LA SR, B L%
R IUX L p 1% 3 AT DALE G5 KR IE 2% T, @ it
— BRI ICA AR B A A5 I e s N R R R
PEBE L S RE R 0 7= A4, TR UL A% e R A CE T g
FE XL RAR p R 7 AU

SR VE R HERE B (Ge (LD 44T 35 (1 8 FH v 5t
LRYRED R R — B O . CEu A A AR
FAEA , BIEu 3 — #UK & WMEu (45.6 keV, T,,=
9.31 h) F1'™Eu 25 I K & " ™Eu (147.9 keV, T,,=
96 min) . F:tf, " Eu g 73% IR KA B N
A RAR p % K Gd, T 5 2Eu 11 100% 18 1 % Eu %
. HET, MW Eu i stk 2 . RECEH
VF2 80 = X PEu kAT TR Y HIX B K AN
PR 00 2 2 AR 5T . 9 4, Sharma 260 R R T %
T 'VEu e B IR AL RE 2 A9 5 Yoshizawa 55725 &
T EufF 270~1 528 keV 2 [f] () $E 4% ; Baker 25
F£ T KT "Eul 1448 FIEKIE , (2 2 5 Sharma %5
I s &5 AP — = 7. BRIt Z 4b, Danilenko
SR b T R TR 98.9% 119 *'Eu,0,/ EuCl, 7= 2R
7 Eu.

FEARR TAE, FATELRL FIRTROLEE T
A 77 A 10 B0 B4R SR 8 3 PBu Gy, n) SR SE B
T M Eu(45.6 keV, T,,=9.31 h) i) = ROk, Horm 45
REIL B 8x10° KL T/ o EAh , 33— 2518 ] Geantd-
GENBOD FEF, X 5B )2 45« 7= A= B 8] K s {E
TR AR LTI (PR Ok R AT T B E AL

030501-2



YV T HOCSE BT L I PIEUR SR SE DL R % 7 BE R 1 Bu (1 AR

Foo WEFRINL, 7ENG 7 47 & [ 7 N 17.6 nC,
H 4 TR E L] 15 MeV I, 2™ Eu £ 22 Eu {7~
AT HIAT, 43 ) 8x10° A1 2x10° ML/ K 3 ™ Eu
ARy (IR SR 8% a3 A EEIA B2 10781 10"
AR F/s, Hodr By JE2Ey () K 55 LR AAS, 3
21432 ps.

1 SEHB

AR UK P Bu 7 AR SIS AR A AR ) U AR
BOLRAH AL O R NN B IR, siie
AR 1 TR e SEIE R R K 0.774 ps, BE
BN 114.8 T [ DR BOG K RE TN, A ™ A4
MeV &= ERE TR . KK~ R T
Wit — P& T BRI GL6Z, H—Z2 mm &
(A FE (Ta) 0 _E 5 2 2 mm JE (1 48 AL 5 #E (Bu,0,) 1
B 5 B U5 R B Ta $EHT R 0 AR &8 12 mm. H
W, AR AR e S Ta SR P2 AR R D SRR A
B 5 Eu,0, %8 & A4 (v, n) N =4 " Bu. 1E L4
JeB HE AR () R I ST G Hh, 1 e R T R X
(Electron Magnetic Spectrometer, EMS) 12 7 1 F R
REF . [RIM, R AL T LI TP HE B (7 5K 1P, B 5K 1P
KA 0.5 mm JE (1) Ta ) Ji5CE /£ EMS Fi i1, T
HEHT RS0 BT &8 R T #5050
IF, M SARRE S 42 om ALTHE 6 =& @ MERREE . 4T
BRZE S, AR IO B 4% 0 B 2 vh i HE S 11
Eu,0, # , $:35 F R v i 1) = 418 (HPGe) #4811 #53 56F
XL Eu,O, #E I RHIE y 5 B AT BS 4R

2 SREREBEEMUD

2.1 HEIEREFRE " Eu B4
TEAR RS, RE 7 32 El i WO A sl
JIRIBOE R 7R A RN SRR . BT 55T
A% B ] DA ) 1 7 SR FEL AT, DRI L ] DLJE et e
SRR R AL P AR . 2 i
7~ T EMSTE2.0 MPa Nid I TR, ©
) 28 F A AE S RE D 3 (58 MeV) I K /R %% 5
I3, ELR IR RN TR, R A IR G 2 A
AU
E
1 (E) = Noex| - £ | (n
N RVIRE PR S E N FRER; TN TR
B G SR T, g5 A (DA L5 R R,
546 A 2.0 MPa I, B TR EEAE N 7.8 MeV,
HL T HLAT &N 17.6 nC, W E 2(b) frm . b4k, g &

Main Beam

El1 (a) FIGIIEEE B A By i SEi A R = & (b) Y6k
SR P Eu R S (c) PmBu I BE SR BRIE B (A 25
TRegiRE R, oG T R IR 2D
Fig.1 (a) Schematic of the experimental setup for nuclear
isomer """Eu production at the XingGuanglII laser facility, (b)
Schematic of the *"Eu production of photo-nuclear reaction,
(c) Partial energy level transition scheme for the *"Eu nucleus
(right side of the panel shows the level energies, and the left
side shows the half-lives and valence state)

fE1 MeV PL ERIHFRIFHEM = 0,29842 nC,
T IR BUA 274 200 mrad.

>0

; 10 20 30 40 50
2 -

: o
2 [ |
3 10° | _TFT8AMeV

8 102t L H
= 0 10 20 30 40 50 60

Electron Energy / MeV

B2 (a) IPARICRATHE TRER D AT, (b) M TR 3
) LT BE T

Fig.2 (a) Electron energy distribution map recorded by the IP

plate, (b) Electron energy spectrum detected by the electron
spectrometer

7 A (1) 1R R T ORI R T () Ta B
FHEAER, = A m e P8GR I (Y ) XLy B2k
#— 5 5 Bu,0, ¥E M B AE % R Oe % = N, 7E
A rBue T EIEUR S REE SIS TR A A X
FA T3 1 % B Geantd-GENBOD 2% , X} Ta # rf1
FEA )y B B AT T BB AR, oA S B
T B H Talys #2772 45 t, & 3 () fro . 7EEME
R AR T S50 H - R 1Y) 7R BE T 4 (8 MeV LA
), BN S Bu Y6 A% T AR I AE A T A T 8~25 MeV
ReE G R X A . K3 (b)) EoR T TR SHEMEMEE
VEFP= AR BUE ST RIS . Hod, e s Rl T H
T b R = PR, BB S e A R AR T 2R
TR

030501-3



% AR

2024, 47: 030501

10

(a)
- - 1SEy(y, n)mEy
8- /A
= ‘ B ISSEU('Y, n)lSZszu
£ /
z 6 /
_g 14\l/ ! \
N e
@ \ 3
2 4 .'l p \
3 2] : \
i N
A \\
&f
) ks,
0 LA 1 b PR fyoyer S
7 10 15 20 25 30
v Energy / MeV

1010

10°

Counts / a.u.

10¢

10

L1 1 I 1
10 20 30 40 50
y-ray Energy / MeV

3 (a) "Eu(y, n)"*™""Eu FuA% I AT I, (b) Bu,O, ¥ TR T ISR S DL, ok Eu(y, n) ™ Eu % M 3K
élif*ﬁj@ﬁﬁ ARG A AN TP)
Fig.3 (a) Cross section of '*Eu(y, n)"**""™Eu photo-nuclear reaction, (b) Simulated bremsstrahlung spectra of the anterior surface of
the Eu,O, target, among them, '“Eu(y, n)"”™"™Eu nuclear reaction mainly occurs in the pink region (color online)

2.2 SRy BRI

TESCEIG A, HERG FE P CE R B E py, Hodp
Eu,O, 8 k= 4k HAs A% 2 " Eu. &G,
K275 4230 min R FRACHE 2 0 B2 B2, S8 J5 FHL
HH PR AT B A . B AR AZ R M Bu 32
79931 h, " "Eu (-3 128 96 min, H 1 M Eu 7EIR
WO FE A 28% IMIMER K AE BAE Al Sm IR 45
T IR PEORE S BE B4 BN 121.8 ke V. 841.6 keV
H1963.4 keV ) = /> E BURFE y 7 45, Hoy ST 68
53 R 1=7.0% 14.2% I 11.6% ;' Eu 1EB UL 72
W SR BE B4 79N 18.2 keV F189.9 keV I
AN BRFAE y 2R oy SRR E 43 R 1=1.2% il
69.7%. 15BN EILFEF , 18 H HPGe #R I8 17
PRI, 5 1 #0~F 4l 78 HPGe R 28 3% 5 R 1Hl « 455
R, AT IE W HL BRI B T U Ee B 1
841.6 keV H1963.4 keV P 55 FFIE y S5 4%, W ¥ 4 Cad iy

841.6 keV
963.4 keV

107 &

Counts

1000 2000
y-ray Energy / keV

4 (a) Eu,O, ¥y BB , BRI ET )24 40 h, (b) A

TN e HAE RN 2% T v S U A X 4RI 0K
TG ¥ B 19 B 2% REAE y 3 2R DL MEu 1
121.8 keV #EAT R . B 4(b) Bon T ™ Eu #§ 25 K5
Ay S5 2 (1) TR AR VA T 2 5 000 5 I [) 2 T 7 R 5%
R WA RBUEIEZ A A K

l—exp(— ljr,lit)} 2)
P N, A TE ¢ I Z) 38R W AR T s N, 2 BT
A P Eu S AR 1) S E T iR,
% v SR AE 841.6 keV F1963.4 keV AEE T ) 21
235 29/(10.0241.01) h F1(8.58+1.43) h. iXLbsk
ERZ RV E N, 5 NNDC #4E ED $72 it
() 2 By B /A T =93 h AW & o

I I RRAE v 5 2R W AE THE, T DA 3 S 5
o B AL HRIA AT DU AR

Ny = N,

(b)

1000 —

It
o o
—é 500 = /,:L *’
S ! o
§1 e
/ 1 1 ——lFlmng

Measurement Time / h

E N 841.6 keV F1963.4 keV F P 25 RFAE v 5 28 Y BT HI R 15

Fig.4 (a) Total gamma spectrum of the Eu,O, target with a detection time of 40 h, (b) Peak counts accumulated for three
characteristic y-ray lines at energies of 841.6 keV and 963.4 keV

030501-4



YV T HOCSE BT L I PIEUR SR SE DL R % 7 BE R 1 Bu (1 AR

- Ny

Iyg{exp(— A td) - exp(— y) t)}
SEAT e LREAE y 55 4 0 B AR R E + ¢ L SE BRI
B0, FL B R 55 FF S8R 2 1 0 < 2
Sy iRy E"]%&ﬁﬁ,g%‘%% HPGe ﬁ%{)ﬂ“%ﬁﬂgﬁm&ﬁ%

3)

exp

TRCH . =40 W}, 7E 841.6 keV 1963.4 keV 4L [P
FRRFAE y 5 2610 N B 73 3 977466 Fl1 673+66. 1R
5 X (3) 7T LLAF 2 ™Eu [ 7= # Y, 43 i N (8.5+
0.06)x10* A1 (7.9+0.08) x10*. & 1 k45 T A F 8
FHIE y S R M FE AR S H DL 2 Bu 72401

#1 EuRTAETERXESH

Table 1 Production yields of """ Eu and the key parameters used for yield calculation

R yHLRRER SR FIE e ERIEVES e T+ A

Isomer yrayenergy Branching intensity Half life Half life Detector efficiency ~ Peak count N,,  Yield ¥,
E,/keV 1,1% Two/h Thop/h & /10*

PMEY 841.6 14.2 9.3 10.02+1.01 0.09 977+66 8.5+0.06
963.4 11.6 8.58+1.43 0.08 67366 7.9+0.08

23 itig

9T EAE M T AE H R EE N A
BATVHEGE T 2B £E B8 N (0 7= A A B o0 A, 48
Geant4-GENBOD I B4 y 5 28 5 Bu,O, %8 2 [H]
MM EAEN. £z TR, FE4 ke B
SR SIS 5 P 1) DA% AR TR AR AR N, DRl A

T

N

""W e
HoE
’ ;
<
N
14 16 18 20 22 24
X/cm
g
<
S~

X/cem

FURH T "Euly,n) W 0 Talys B B2k . H
Fr¥E Bw,O, B4 )5 49 5 77 10 mmx10 mmx2 mm 5%
He o B LR 7.8 MeV 1 HL T A1 2 mm J5 &
[ Ta e 80, IF H B AR A =) 56 4 2 R SL 30 A R
He RWE SR, NESTTUUE B, UANF 1y
SR WU FE RN A% RO AR 1R B
5N BBy B & R E AL T im0 2 R

107

Z/em

10°

104

Y/cm

5 "MEu (a)M "“Eu (b)EFL A X-Z T A F170 45 B P Bu ()M P Eu (d)FERE A X-Y T A 73 A K
Fig.5 Distribution of ""™Eu (a) and "*Eu (b) in the X-Z plane within the target zone, and that of ”™Eu (c) and ™ Eu (d) in the X-
Y plane within the target zone

030501-5



% AR

2024, 47: 030501

o LT o T S VI Rl 1 e P A R R SO N BT
N o RRAIRAT B N A B 7 B AR )
(6] 73 A {5 BB, » 76 SE U6 1] DATE Bk $% H ARSE ) LA
S8, N, B S RS ) A3 (8] 43 A AT N, T
WO L 7= AR 0 ) S04 SR I R R R N R
P KR 1 em 19 H b5 38 2 9% 3 2 6% N SE 5
kK.

2 H bR RN E E 5 N AR B A A
(1) Bu, #E— BB T % RN 2 ) 7 B Eu,0, £
JE R AR AL 6 2 (] 5E Ta #EJEE N2 mm) . & 6
s CBL ™ Eu D , B H ] LU ™ Eu 7 i
Eu,0, ¥ J& B 14 K1 F+ 5 24 Eu,O, 48 1) J& FE ik 2
18 mm I, ™ Eu [ 77 48 T 1A, 1k 3129 4.2x10°,

BAN, O T R AT B R R A R Rk
HL 3 B PR AR 5% 2R, 3k — A0, 17 B PR A
JIk LA Vg A W 28 T P T P R A O R L A
PR F N S H 7 FLAuf B8 17.6 nC, HAREER S
10 mmx10 mmx2 mm HJ Eu,0, %8 B H% . T4
I P S P PR SR04 w8 B AR AN [, BC7E " Eu
Gy ) IAZ S SEARTHL T YA SRS F=4) ™ B 1 7= 26
HFEPWEMER. NE7@M O TLLEH,
ey [P AU IR (T g, 2 T

21075 10° /SR 1/ K, I HIK 9858 5€ 1E 32 ps /2

107 g

0] P
—
g 10° //
= E '/ e Al e — ]
= .
ﬁ 10° /'//’.
P
10* il
35
2 (b)
£ §
2 — G
E r/,,.{_.__,__a—t.:—f«__*_
= =
30
1 5 15 20

10
T,/ MeV

4.5x106
_a——4
4.0%10° |- /_//'/
>3
y
7
3 v
2 4
5 3.0x10° /
= o
/o
/
/
2.0x10° : :
5 10 15 20

Thickness / mm

6 [l E Ta ¥JE 5229 2 mm B, "' Bu 1 P2 4k H bri
(Bu,0) JF R R #
Fig.6 Yield of "™ Eu varies with the thickness of the target
(Eu,0,) at the fixed Ta target thickness of 2 mm

Fio B TCORIR T mmEy (AR R BRI T
TS B, W TR, M TR IS 2
15 MeV I, =™ Eu [ WA UK 3% 3 il A 221k 2|
21 1074H1/s T 10" AL /s, EbAL G0 i 28 & H 5~6
M EEHTY . Giinther 853/ H 8 i o &6 A0 X8 5
T (PR Pk v 55 2 K P 30 W 35 T Y A B A
HARH, S286 3RS TIREZ N 15 MeV B K L& HL T
W, 2R T BT WO T SOOR R
FERER MG v 47

E(©)
9 /’____,.,...———'—_
@« 107 — /’V
= ™
‘'S
£ 04 ]
= 1016 |- P
é ; /.l-"/
£ C ,/
<
4 i /
53 52m
% 105 = {/ —s— 1SEy(y, n)!"Ey
- F
—=— 1SEy(y, n)2m2Ey
10+ 1 1 1
1 5 15 20

10
T,/ MeV

&7 =B R () AR I T (b) AR IR UR R () BB R IR B AR AL R 2

Fig.7 Variations of the yield (a), production time (b), and peak excitation efficiency (c) of ***"™Eu with electron temperature

3 45

A TARE A FEH OGS i@k o' g i
1 AE HL SR B ) R AR SERR R AR T 4
17.6 nC FIT BEFEL T~ (>8 MeV) , ™ Eu [f) 77 41k 1] 8x
10K/ . Hk, FATTiE i Geantd-GENBOD #2
FERSAEL T B £E H bR Bu,O, 58 P 15 A0 175 50, i

FER I 23 1) 43 A0 A% ) AN R 28k /s , 5 L
WA A7 F- #0012 45 0T DA RO S B e B AR
BRI 440 Bu,O, 88 K /N 58 I, FRAI T3k — 2D A
LT =) P2 BE Bu,0, ¥ 5 BE (1 AR 46 5% & 5 24 Eu,0,
AU JE B AL B 18 mm B, ' Bu [ A Ak TR AT, 1A
B2 4.2x10% Hfa BEPL T H TR E X P Bu 7
Bk T8 DA S VA R SR R, 45 SRR

030501-6



YV T HOCSE BT L I PIEUR SR SE DL R % 7 BE R 1 Bu (1 AR

FIREIAF] 15 MeV i, 5By [{] 7240143 75l 21 R 8
10°F11 2x10° AN KL T/ K 2™ ™ Bu (1) W AR &k R0R 45
SIS BIZ) 107 R 10" MR F/so ik B8 LA GEFEAE
32 psAidi. PRI, OGRS TR s R H kA
LU A% G i 2% 75 8 5 = W AL UR BOR , 1K R
FAZ S Ae 2 T 2 0 &R & B n) 8 DA R 2 % e R
TS A AR A — A E BRI ER . CER
GEER R, [EA% SRS HL (IR TE R 45 1 % e S ML
A% R AR B A e BRI % 45 A B
FAZ I AR () A 3 T L9, IR 8% € U 6/
o, Fo o, M 6,50 A R oR AR E BEA 1= A
S B IR XA LAR AR N =R Y/ Y, Hod v f Y o
AR AR B BERS . AR RS
R RO, TR IR oG g TR A R, F
HLAT R BRI 2 T8 7 e A BE X I BRI R %, [A]
BE A BN 2 P Bu iR $1 18.20 keV 1 89.85 keV
A BRAE y 2R, Toikit— B TF 2 B [ [Rl %
SRR . KoK, o Lo i SE 58 5 &,
i, A I AT BT T K F R
FINTE T Sk — 5 B ) i R A S
o R SV QLR 1 = e s SV e e o
HETI A 2B f A A% R BE & EL .

Bt R FEIEMEFARRBERTHR FO
R E RS T HE S B,

EEEAER ZULE #X G AR XHE HE
HRBBAE ST EE, ZRBH i REX
My B An TS T KB E BRI TR B
B HAEAE R E TR D WS IE; K EW AR
RN Z X8 T L $4E L RAR R &R,

EEP )

1 Maiman T H. Stimulated optical radiation in ruby[J].
Nature, 1960, 187: 493 - 494. DOI: 10.1038/187493a0.

2 Mourou G A, Tajima T, Bulanov S V. Optics in the
relativistic regime[J]. Reviews of Modern Physics, 2006,
78(2): 309 - 371. DOI: 10.1103/revmodphys.78.309.

3 ERNL TR o R S5 AR R e B T RE

15 m [J]. % R, 2023, 46(8): 080001. DOI: 10.
11889/j.0253-3219.2023.hjs.46.080001.
MA Yugang. Effects of a-clustering structure on nuclear
reaction and relativistic heavy-ion collisions[J]. Nuclear
Techniques, 2023, 46(8): 080001. DOI: 10.11889/j.0253-
3219.2023.hjs.46.080001.

4 ETIE . WOCEMIE]. YU, 2008, 37(9): 621 - 624.
DOI: 10.3321/j.issn: 0379-4148.2008.09.001.

WANG Naiyan. Nuclear laser physics[J]. Physics, 2008,

10

11

12

13

14

030501-7

37(9): 621 - 624. DOI: 10.3321/j.1issn: 0379-4148.2008.
09.001.

Filippi L, Chiaravalloti A, Schillaci O, et al. Theranostic
approaches in nuclear medicine: current status and future
prospects[J]. Expert Review of Medical Devices, 2020, 17
(4): 331 - 343. DOI: 10.1080/17434440.2020.1741348.
Lindenberg L, Choyke P, Dahut W. Prostate cancer
imaging with novel PET tracers[J].
Reports, 2016, 17(3): 18. DOI: 10.1007/s11934-016-
0575-5.

Pan W T, Song T, Lan H Y, et al. Photo-excitation

Current Urology

production of medically interesting isomers using intense
y -ray source[J]. Applied Radiation and Isotopes, 2021,
168: 109534. DOI: 10.1016/j.apradis0.2020.109534.
Xu Z H, Jin Z G, Tang X B, et al. Designing performance
enhanced nuclear battery based on the Cd-109 radioactive
source[J]. International Journal of Energy Research, 2020,
44(1): 508 - 517. DOI: 10.1002/er.4958.
Prelas M A, Weaver C L, Watermann M L, ef al. A review
of nuclear batteries[J]. Progress in Nuclear Energy, 2014,
75: 117 - 148. DOI: 10.1016/j.pnucene.2014.04.007.
Ulmen B, Desai P D, Moghaddam S, et al. Development
of diode junction nuclear battery using “Ni[J]. Journal of
Radioanalytical and Nuclear Chemistry, 2009, 282(2): 601
- 604. DOI: 10.1007/s10967-009-0320-3.
Masuda T, Yoshimi A, Fujieda A, ef al. X-ray pumping of
the **Th nuclear clock isomer[J]. Nature, 2019, 573
(7773): 238 = 242. DOI: 10.1038/s41586-019-1542-3.
Seiferle B, von der Wense L, Bilous PV, et al. Energy of
the *Th nuclear clock transition[J]. Nature, 2019, 573
(7773): 243 - 246. DOI: 10.1038/s41586-019-1533-4.
MRER T, KOZ 5 . B IR MU RAR SE IR 7T AGB 2
F 8 FH[T]. B BOR, 2023, 46(11): 110501. DOI: 10.11889/
j-0253-3219.2023.hjs.46.110501.
CHEN Yinji, ZHANG Liyong. Examining the fluorine
overabundance problem by conducting Jinping deep
underground experiment[J]. Nuclear Techniques, 2023, 46
(11): 110501. DOI: 10.11889/j. 0253-3219.2023. hjs. 46.
110501.
BRI, Fr)E, FEE, . FET HI3 S50
A% R AR ) BT 9 [J]. A% BER, 2023, 46(8): 080002.
DOI: 10.11889/1.0253-3219.2023.hjs.46.080002.
LI Jiayinghao, LI Yunju, LI Zhihong, et al. Nuclear
astrophysics research based on HI-13 tandem accelerator
[J]. Nuclear Techniques, 2023, 46(8): 080002. DOI: 10.
11889/j.0253-3219.2023.hjs.46.080002.


http://dx.doi.org/10.1038/187493a0
http://dx.doi.org/10.1103/revmodphys.78.309
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.080001
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.080001
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.080001
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.080001
http://dx.doi.org/10.3321/j.issn:0379-4148.2008.09.001
http://dx.doi.org/10.3321/j.issn:0379-4148.2008.09.001
http://dx.doi.org/10.3321/j.issn:0379-4148.2008.09.001
http://dx.doi.org/10.1080/17434440.2020.1741348
http://dx.doi.org/10.1007/s11934-016-0575-5
http://dx.doi.org/10.1007/s11934-016-0575-5
http://dx.doi.org/10.1016/j.apradiso.2020.109534
http://dx.doi.org/10.1002/er.4958
http://dx.doi.org/10.1016/j.pnucene.2014.04.007
http://dx.doi.org/10.1007/s10967-009-0320-3
http://dx.doi.org/10.1038/s41586-019-1542-3
http://dx.doi.org/10.1038/s41586-019-1533-4
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.110501
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.110501
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.110501
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.110501
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.080002
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.080002
http://dx.doi.org/10.11889/j.0253-3219.2023.hjs.46.080002

% AR

2024, 47: 030501

15

16

17

19

20

21

22

23

24

25

Rivlin L A, Zadernovsky A A. Nuclear gamma-ray laser: a
Laser
10.1134/

of various

971 - 976. DOL:

comparative analysis
Physics, 2010, 20(5):
S1054660X10090082.
Misch G W, Sprouse T M, Mumpower M R. Astromers in
the radioactive decay of r-process The
Astrophysical Journal Letters, 2021, 913(1): L2. DOI:
10.3847/2041-8213/abfb74.

Misch G W, Ghorui S K, Banerjee P, et al. Astromers:

schemes[J].

nuclei[J].

nuclear isomers in astrophysics[J]. The Astrophysical
Journal Supplement Series, 2020, 252(1): 2. DOI: 10.
3847/1538-4365/abc41d.

BEEh, DARR, T2, % B b TR IR+ Eu [
J5t ¢ e 25 DT R 1 AR AR 50 AN A BT D). R, 2018, 41
(11): 110503. DOI: 10.11889/j. 0253-3219.2018. hjs. 41.
110503.

XUE Han, MA Yugang, WANG Hongwei, et al. Model
calculation and analysis of '"'Eu neutron capture cross
section contributed by isomeric state of '“Eu[J]. Nuclear
Techniques, 2018, 41(11): 110503. DOT: 10.11889/j.0253-
3219.2018.hjs.41.110503.

Lambert D L. The p-nuclei: abundances and origins[J].
The Astronomy and Astrophysics Review, 1992, 3(3): 201
-256. DOI: 10.1007/BF00872527.

Stewart N M, Eid E, El-Daghmah M S S, et al. Levels in
"»Gd and '“Sm populated by the decay of '“Eu[J].
Zeitschrift Fiir Physik A Atomic Nuclei, 1990, 335(1): 13
-23.DOI: 10.1007/BF01289342.

Riedinger L L, Johnson N R, Hamilton J H. Studies of the
radioactive decays of '"“Eu and "*Eu[J]. Physical Review
C, 1970, 2(6): 2358 - 2379. DOI: 10.1103/physrevc. 2.
2358.

Sharma A K, Kaur R, Verma H R, ef al. Precision energy
and intensity measurements in *Sm, '*Gd and "‘Gd[J].
Journal of the Physical Society of Japan, 1980, 48(5):
1407 - 1414. DOI: 10.1143/jpsj.48.1407.

Yoshizawa Y, Iwata Y, linuma Y. Precision measurements
of gamma-ray intensities. II. "“Eu, "*Eu and '"Ir[J].
Nuclear Instruments and Methods, 1980, 174(1 - 2): 133
- 139. DOI: 10.1016/0029-554x(80)90421-8.

Debertin K. International intercomparison of gamma-ray
emission-rate measurements by means of germanium
spectrometers and '“Eu sources[J]. Nuclear Instruments
and Methods, 1979, 158: 479 - 486. DOI: 10.1016/s0029-
554x(79)94930-9.

Meyer R A. Lawrence Livermore Laboratory[J]. M-100,

26

27

28

29

30

31

32

33

34

35

030501-8

1978. DOI: 10.2172/7334917.
Gehrke R J, Helmer R G, Greenwood R C. Precise
intensities for calibration of Ge

relative vy -ray

semiconductor detectors[J]. Nuclear Instruments and
Methods, 1977, 147(2): 405 - 423. DOIL: 10.1016/0029-
554x(77)90276-2.

Debertin K, Schotzig U, Weiss H M. Calibration of the
gamma ray efficiency of Ge(Li) spectrometers with '“Eu
[J]. PTB Mitteilungen, 1975, 85(3): 187 - 195. DOLI:
10.1007/978-1-4684-2682-3 3.

Baker K R, Hamilton J H, Ramayya A V. Detailed Ge(Li)-
Ge(L1i) coincidence studies of levels in '**Sm and "*Gd[J].
Zeitschrift Fir Physik, 1972, 256(5): 387 - 415. DOI:
10.1007/BF01386987.

Danilenko V N, Gromova N P, Konstantinov A A, et al.
Methods of producing radionuclides for spectrometric
their standardization: 2.

gamma-ray and

Europium-152[J].

sources
International Journal of Radiation
Applications
Radiation and Isotopes, 1989, 40(8): 711 - 713. DOI:
10.1016/0883-2889(89)90083-x.

Allison J, Amako K, Apostolakis J, et al. Recent
developments in GEANTA4[J].
Methods In Physics Research Section A, 2016, 835: 186 -
225. DOI: 10.1016/j.nima.2016.06.125.

Agostinelli S, Allison J, Amako K, et al. GEANT4—a

and Instrumentation Part A, Applied

Nuclear Instruments &

simulation toolkit[J]. Nuclear instruments and methods in
physics research section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 2003, 506(3): 250 -
303. DOI: 10.1016/S0168-9002(03)01368-8.

Luo W, Lan HY, Xu Y, ef al. Implementation of the n-
body Monte-Carlo event generator into the Geant4 toolkit
for photonuclear studies[J]. Nuclear Instruments and
Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment,
2017, 849: 49 - 54. DOI: 10.1016/j.nima.2017.01.010.
Koning A J, Rochman D, Sublet J C, et al. TENDL:
complete nuclear data library for innovative nuclear
science and technology[J]. Nuclear Data Sheets, 2019,
155: 1 - 55. DOIL: 10.1016/j.nds.2019.01.002.

National Nuclear Data Center, Brookhaven National
Laboratory. NuDat 3.0[EB/OL]. 2022. https://www.nndc.
bnl.gov/nudat3/.

Glinther M M, Rosmej O N, Tavana P, et al. Forward-
looking insights in laser-generated ultra-intense y-ray and

neutron sources for nuclear application and science[J].


http://dx.doi.org/10.1134/S1054660X10090082
http://dx.doi.org/10.1134/S1054660X10090082
http://dx.doi.org/10.3847/2041-8213/abfb74
http://dx.doi.org/10.3847/2041-8213/abfb74
http://dx.doi.org/10.3847/1538-4365/abc41d
http://dx.doi.org/10.3847/1538-4365/abc41d
http://dx.doi.org/10.11889/j.0253-3219.2018.hjs.41.110503
http://dx.doi.org/10.11889/j.0253-3219.2018.hjs.41.110503
http://dx.doi.org/10.11889/j.0253-3219.2018.hjs.41.110503
http://dx.doi.org/10.11889/j.0253-3219.2018.hjs.41.110503
http://dx.doi.org/10.1007/BF00872527
http://dx.doi.org/10.1007/BF01289342
http://dx.doi.org/10.1103/physrevc.2.2358
http://dx.doi.org/10.1103/physrevc.2.2358
http://dx.doi.org/10.1143/jpsj.48.1407
http://dx.doi.org/10.1016/0029-554x(80)90421-8
http://dx.doi.org/10.1016/s0029-554x(79)94930-9
http://dx.doi.org/10.1016/s0029-554x(79)94930-9
http://dx.doi.org/10.2172/7334917
http://dx.doi.org/10.1016/0029-554x(77)90276-2
http://dx.doi.org/10.1016/0029-554x(77)90276-2
http://dx.doi.org/10.1007/978-1-4684-2682-3_3
http://dx.doi.org/10.1007/978-1-4684-2682-3_3
http://dx.doi.org/10.1007/BF01386987
http://dx.doi.org/10.1007/BF01386987
http://dx.doi.org/10.1016/0883-2889(89)90083-x
http://dx.doi.org/10.1016/0883-2889(89)90083-x
http://dx.doi.org/10.1016/j.nima.2016.06.125
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/j.nima.2017.01.010
http://dx.doi.org/10.1016/j.nds.2019.01.002
https://www.nndc.bnl.gov/nudat3/
https://www.nndc.bnl.gov/nudat3/

YT

ETHOLEE T LR DI BUR SR SC BRI 57 BE R "B i RGO

36

37

Nature Communications, 2022, 13(1): 170. DOI: 10.1038/
s41467-021-27694-7.

Fan W R, Qi W, Zhang J L, et al. Efficient production of
the nuclear isomer “"Mo with laser-accelerated proton
beam and its astrophysical implication on Mo production
[J]. Physical Review Research, 2023, 5(4): 043120. DOI:
10.1103/physrevresearch.5.043120.

Vandenbosch R, Huizenga J. Isomeric cross-section ratios
for reactions producing the isomeric pair Hg""'"""[J].
Physical Review, 1960, 120(4): 1313 - 1318. DOL

38

39

030501-9

10.1103/PhysRev.120.1313.

Huizenga J R, Vandenbosch R. Interpretation of isomeric
cross-section ratios for (n, y) and (y, n) reactions[J].
Physical Review, 1960, 120(4): 1305 - 1312. DOLI:
10.1103/PhysRev.120.1305.

Zhang J L, Qi1 W, Fan W R, et al. Study of the isomeric
yield ratio in the photoneutron reaction of natural
holmium induced by laser-accelerated electron beams[J].
Frontiers in Astronomy and Space Sciences, 2023, 10:
1265919. DOI: 10.3389/fspas.2023.1265919.


http://dx.doi.org/10.1038/s41467-021-27694-7
http://dx.doi.org/10.1038/s41467-021-27694-7
http://dx.doi.org/10.1103/physrevresearch.5.043120
http://dx.doi.org/10.1103/physrevresearch.5.043120
http://dx.doi.org/10.1103/PhysRev.120.1313
http://dx.doi.org/10.1103/PhysRev.120.1313
http://dx.doi.org/10.1103/PhysRev.120.1305
http://dx.doi.org/10.1103/PhysRev.120.1305
http://dx.doi.org/10.3389/fspas.2023.1265919

	2.1　 激光加速电子束及152mEu的产生
	2.2　 152m1Eu的探测
	2.3　 讨论

