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« For the past years: precise measurement of
prompt fission y-ray spectra (PFGS)
« Determination of characteristics:
* <M>, <e>, and <E >
« Study of the dependence of A and Z
« Study of energy dependence

« Details about the de-excitation process of

fission fragments
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fist st 9 9 4K 0 Lt g 0 |« o 700; o1 ~ 0,1} o 1000 153...
Cm238 | Cm=239 | Cm240 | Cm241 | Cm242 | Cm243 | Cm244 | Cm245 | Cm 246 | Cm 247 | Cm 248 | Cm 249 | Cm 250
24h 3h 27d 328d 162,94d || 29,1a 18,10 a 8500 a 4730 a 1,56 - 107 a}3,40-105aj 64,15m ~9700 a
593 sf nv(’u‘” s r i 7:” it a 5,805, 5,762 5,361 5,304 a 5,386, 5,343 b :(5702‘756267 5.078; 6,035 B_sg‘f'('sw of
¢ 0 6.201; 6,248 472,431,182 Y44 )0 278, 228, ot g g st g " y 402 ab, .. )l Y 634; (56( $ 1
v6s2 s . g LI W B W LRI P b
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d 4 . s |oa” G
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y 280; 438, 474 v 963, 919, 561, 1278, 228 w5378 o,y 60,26 ¥ (1084.. | 8o y 253, ylor; |20 B
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WONDER-2018, Aix-en-Provence (France), October 8 — 12, 2018

Cf 239 Cf 240 Cf 241 Cf 242 Cf 243 Cf 244 Cf 245 Cf 246 Cf 247 Cf 248 Cf 249 Cf 250 Cf 251 5
~39s 1,06 m 3,78 m 3,68 m 10,7 m 19,4 m 43,6 m 357 h 3,11 h 333,5d 350,6 a 13,08 a 898 a 2,645 a
« 6,750,6,708... |« «6258,6217... | a 5812,5.758... | « 6,030, 5989... § « 5,679, 5849, [« 6,118, 6,076
« . st « 6,296,6238 | st st st 6,012 s
759 € «7,392,7,358 | o 7406, 7,17 « 7,209, 7,174 | o 24437 Y (42, 96...) v (294, 448 ¥ (43) y 388, 333..; Y(43..). e Yy 177, 227 ¥(43..); @
« 7,63 s a 7,342 «? 9 ‘] g 0.9 418. ). e e 9 a 500; oy 17 o 2000; oy < 350 o 2900; oy 4500 Qo 20; oy 32
Bk 238 Bk 240 Bk 242 Bk 243 Bk 244 Bk 245 Bk 246 Bk 247 Bk 248 Bk 249 Bk 250
144 s 5m 7m 45h 435h 490d 1.80d 1380 a 270 | >9a 320d 3,217 h 556 m
sf sf| 4 T ey 1 a5531:5.710; |igg g0 a 8w f-ori 18 3
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. . . (Pl R B Dl b e v son ) Jlom. ® | ¥yt
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Cm238 | Cm239 | Cm240 | Cm241 | Cm242 | Cm243 | Cm244 | Cm245 | Cm246 | Cm 247 | Cm 248 | Cm 249 | Cm 250
24h 3h 27d 328d 162,94 d 29,1a 18,10 a 8500 a 4730 a 1,56 - 107 aj3,40-105a] 64,15m ~ 9700 a
4 8] o 6.113.6000 42 . i sf s « 5,386, 5,343 « 4,870; 5,267 g 09
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v 280 438 474 v 963, 919, 561 Y278 228 w8378 y (1084 )f 008 y 253, y o |8,
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(sf)

WONDER-2018, Aix-en-Provence (France), October 8 — 12, 2018

Cf 239 Cf 240 Cf 241 Cf 242 Cf 243 Cf 244 Cf 245 Cf 246 Cf 247 Cf 248 Cf 249 Cf 250 Cf 251 5
~398 1,06 m 3,78 m 3,68 m 10,7 m 194 m 436 m 35,7 h 3,11 h 3335d 350,6 a 13,08 a 898 a 2,645 a
« 6,750, 6,708... | « « 62586217 .. | a 5812,5758. .. | « 6,030, 5989... § o 5,679 5849, [ 6.118,6,076
. 0 sf « 6,296, 6,238 sl sl st 6,012 s
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« 7,63 sf a 7,342 ? 9 g g e g 418, ) 0" e g o 500; oy 174 o 2000; oy < 350 o 2900; oy 4500 o 20; oy 32
Bk 238 Bk 240 Bk 242 Bk 243 Bk 244 Bk 245 Bk 246 Bk 247 Bk 248 Bk 249 Bk 250
144 s 5m 7m 45h 435h 490d 1.80d 1380 a 270 | >9a 320d 3217 h 55,6 m
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d Sf| « 61136000 42 : — sf P N « 5,386, 5,343 « 4,870; 5,267 g~ 09
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y 280 438 474, ¥ 963, 919 561 Y278 228 w8378 y (1084 )f 008 253, y o |8,
. 05 o v 088, 889 ) 1540 (241,206, ) ™ 154 v 285; 226
6,41 9 9 9 9 w1000 | oy 2200 9 1062 756, e
Pu 235 Pu 236 Pu 237 Pu 238 Pu 239 Pu 243 Pu 244 Pu 245 Pu 246 Pu 247
253 m 4 2,858 a 452d 87,74 a 241104 3,750 - 105a 4,956 h 8,00-107a 10,5 h 10,85d 227d
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(Sf)l (nthr f)l (nr f)l (dr pf)

Cf 239 Cf 240 Cf 241 Cf 242 Cf 243 Cf 244 Cf 245 Cf 246 Cf 247 Cf 248 Cf 249 Cf 250 Cf 251 5
~39s 1,06 m 3,78 m 3,68 m 10,7 m 19,4 m 436 m 35,7 h 3,11 h 333,5d 350,6 a 13,08 a 898 a 2,645 a
« 6,750,6,708... |« «6258,6217... | a 5812,5.758... | « 6,030, 5989... § « 5,679, 5849, [« 6,118, 6,076
. . st « 6,296,6238 | sf sf st 6,012 o
759 « «7,392,7,358 | o 7406, 7,17 07,209, 7,174 |« 24487 y (42, 96...) ¥ (294, 448 ¥ (43) y 388, 333, . Y(43..). e Y 177; 227 ¥(43..); @
w763 sf « 7,342 «? g g g o9 418. ) e e g o 500; oy 17 o 2000; oy < 350 o 2900; oy 4500 R 20; o 32
Bk 238 Bk 240 Bk 242 Bk 243 Bk 244 Bk 245 Bk 246 Bk 247 Bk 248 Bk 249 Bk 250
144 s 5m 7m 45h 435h 490d 1.80d 1380 a 270 | >9a 320d 3,217 h 556 m
sf sf| 4 T ey 1 A a 8801, 5.710. |y ;5;-33,‘1.(. sare: |50 18, EE
3 o 5,68 ¢ Y g ) ~-09; 1,
« . : & b e ooz 18, 992 i v ¥ 84; 265 Yot 3 (327:308...) g 2179‘,)130‘
(st st 9 9 9 ' e~ g . . @ 700; oy - 0,1 J oy 1000 153
Cm238 | Cm239 | Cm240 | Cm241 | Cm242 | Cm243 | Cm244 | Cm245 | Cm246 | Cm 247 | Cm 248 | Cm 249 | Cm 250
24h 3h 27d 328d 162,94 d 29,1a 18,10 a 8500 a 4730 a 1,56 - 107 aj3,40-105a] 64,15m ~ 9700 a
4 8] o 6.113.6000 42 . i sf s « 5,386, 5,343 « 4,870; 5,267 g 09
« 6291, 6248 L ki St g y 402; 278 o 5,078,6,035... ] y 634; (560, | st
e ¥ 188 . M S v-20 20,0 Y4, ) o 195, 133 y (45); 0 g A 03 369..); 0~ uv;&'?
« 652 9 9 9 y=-5 0 o130 ‘.,ch @18, a1, 350. oy 21004 o 1,2, 010,16 o 60; oy B2 o 2,6, m 0,36 a~-16 o~
Am 236 | Am237 | Am238 | Am239 | Am=240 | Am 241 | Am242 | Am 243 | Am 244 | Am 245 | Am 246 | Am 247
44 m 73,0m 1,63 h 19h 50,8 h ; 26m | 10,1 h 2,05h 25m | 39m 22m
4 4 sf| « P15 |woa |8 CDAED 154
b asM adIT4 . . AL poe 22 y 679, -
v 280 438 474 v 963, 919, 561 Y278 228 w8378 y (1084 )f 008 y 253, y o |8,
« 900 605 o v 088, 889 o« 1540 (241 206..) ™, 154 v 285; 226
6,41 9 9 9 9 w1000 | oy 2200 9 1062 756, e
Pu 235 Pu 236 Pu 237 Pu 238 Pu 239 Pu 243 Pu 244 Pu 245 Pu 246 Pu 247
253 m 4 2,858 a 452d 87,74 a 241104 3,750 - 105a 4,956 h 8,00-107a 10,5 h 10,85d 227d
. A
. a 5,768, 5721 .‘rf‘ﬂJ 5456 o ',1!:1 5144 po02g n,‘\l:\, A‘B'm b :.I‘JW 456 pos2 - 0,2, 0,
ST .o, | T G Tt R Eiee 7 e A .
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Np234 | Np235 | Np236 | Np237 | Np238 Np241 | Np242 | Np243 | Np 244
44d 396,1d 250 |154:105a 2,144 .10 2,117 d 2,355 d 139m 22m | 65m 1,85 m 2.29‘m
;:“;59. 1526, |5, o7 o Al A AT 3;&3 joo; | % 0. 270; A4 ;.f” 3":' pri S 8217 681 152
1602 ¥(26;84..);0™ | Soa o[04, .0~ [ | 2067 o~ | 1026;924..; 6" yIrs (188.0) [ |® ¥ 288 163, 11
oy - 900 Q. 0160 + ? 9 0y 2700 | g; oy 2000 0180, 00020 | @i oy 2100 ] 9 0 '] 9
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1,592 - 105 s d2uwal 6,75d 141 h 16,8 m
T Zoake Bl W B P T wuw | compound systems
y(42:97.). @ Mg 28, Ne. y (53121, ) Ne, y 180 oA 13.) o ., v 75; 44 L 673..
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(sf), (ny,, T)

WONDER-2018, Aix-en-Provence (France), October 8 — 12, 2018

Cf 239 Cf 240 Cf 241 Cf 242 Cf 243 Cf 244 Cf 245 Cf 246 Cf 247 Cf 248 Cf 249 Cf 250 Cf 251 5
~39s 1,06 m 3,78 m 3,68 m 10,7 m 19,4 m 43,6 m 357 h 3,11 h 333,5d 350,6 a 13,08 a 898 a 2,645 a
o 750,6,708... | € « 6,258, 6,217... | a 5812, 5,758 ﬁOJ() 5989... | o 5,679, 5849 G 118; 6,076
« « « 6,296, 6,238 sf sf 6,012 s
a 759 «7392:7,358 | o 7406, 7,17 @ 72097174 | o 2137 1(4) 9..) v (294, 448, ¥ (43) y 388; 333, ; Y (u ). @ Yy 177; 227 ,(41 ). @
« 7,63 sl a 7,342 «? 9 '] [°] e 9 418 ) e e, 9 o 500; oy 171 r 2000; oy < 3500 o 2900; oy 4500 Qo 20; oy 32
Bk 238 Bk 240 Bk 242 Bk 243 Bk 244 Bk 245 Bk 246 Bk 247 Bk 248 Bk 249 Bk 250
144 s 5m 7m 45h 435h 490d 1.80d 1380 a 27h | >9a 320d 3,217 h 556 m
sf sf| sf| T ey 1 . a 5531; 5710 woo ;5;-33.‘1.“ s;,us; B-07; |.g. L
; 5,68 : ? ; ) - ~09;1,
. . . ? ::geuou] | ::uz”’munu:gr :25] 34 33499“123& y 84, 265 'w y(327; 383 ) 1092%9 e 21759 130;
st st 9 9 9 [} o °] @ 700; oy ~ 0,1 N oy 1000 153
Cm238 | Cm239 [ Cm240 | Cm241 | Cm 242 | Cm 243 | Cm 244 Cm 246 3 Cm 247 f Cm 248 | Cm 249 | Cm 250
24h 3h 27d 328d 162,94 d 291 a 18,10 a 4730 a 1,56 - 107 af3,40-105af 64,15m ~ 9700 a
Bf| o 0.113:0000.. [ o 57855742 sf - « 5,386, 5,343 « 4,870; 5,267 #"09
62016248 Samanim o Yl - B 522 Akl st g v402:278... [l 5078,5005.. 8y 634; (560, | sf
€ ¥ 188 . X - w-20 2100 v(43. )0 y (45); 0 s'.y;-":g 369...). e~ u?:&;?
« 6,52 g 9 9 o -5 o o 1%, ‘.,ch w18 m 1,1 o 350: oy 1,2, 000,16 o 2,6, 0 0,36 a~-16 o~
Am 236 | Am237 | Am238 | Am239 | Am240 | Am 241 | Am 242 | Am 243 | Am 244 Am 246 lm 54’
44m 730m 163 h 119h 50,8 h 4322 a 141 ‘ 16h 7370 a 26m | 101N 2,05h 25m | 39m 22m
. ‘. ‘nn. gf{o-15. o4’ |of gflo 12 |» 154
0 0,042 adIT4 . o 5,480 5443 07« . Rl noe 22 y 679, -
y 280 438 474, ¥ 963, 919 561 Y278 228 w8378 ol y60 26 4 Y42 ) y (1084 )f 008 253, y 1079, 208, B
« 900 605 o v 088, 889 0 o« 1540 (241 206..) ™, 154 v 285; 226
a 641 9 9 9 9 . 0074 1000 | oy 2200 '] 1062 756, e
Pu 235 Pu 236 Pu 237 Pu 238 Pu 239 Pu 242 Pu 243 Pu 244 Pu 245 Pu 246 Pu 247
253 m 4 2,858 a 452 d 87,74 a 24111042 3,750 - 105a 4,956 h 8,00107a 10,5 h 10,85d 2,27d
. A
2 5,768, 5,721 » 5,499; 5,456 v 5167 5144 u ouz 9 .V'Am‘w’ A‘B'm ! 4,500, 4,548 p0S2 -0.2: 0,
S L U e it e A .
. oy 160 "y a810; oy 17 o 270, o 752 o 370 0y 1010 019 0y < 0.2 o < 100; oy 200 al? o 150 my 4]
Np234 | Np235 | Np236 | Np237 | Np238 Np241 | Np242 | Np243 | Np 244
44d 396,1d 25h 1541058 ] 2,144 .10 2,117 d 139m 22m | 65m 1,85 m 2.29‘m
;:“’559. 1528; |5 0‘35 Y S Al Y AT 3 o84 1029, g 13.. V76 g",‘" pri S 8217 681 152
1602 v(26;84...); 0™ | dog ) e 104, o voo.87 o | 1026;924...; 0™ yIrs (188.0) [ |® ¥ 288 163; 111
oy - 900 Q. 0160 + ? 9 0y 2700 | g; oy 2000 0180, 00020 | @i oy 2100 ] 9 0 '] 9
U 233 U 236 U 237 U 240 U 242
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(Sf)l (nthr f)l (nr f)l (dr pf)

WONDER-2018, Aix-en-Provence (France), October 8 — 12, 2018

Cf 239 Cf 240 Cf 241 Cf 242 Cf 243 Cf 244 Cf 245 Cf 246 Cf 247 Cf 248 Cf 249 Cf 250 Cf 251 ’-“57”2'5“2' 5
~39s 1,06 m 3,78 m 3,68 m 10,7 m 194 m 43,6 m 35,7 h 311 h 3335d 350,6 a 13,08 a 898 a 2,645 a
« 6,750,6,708... | « 6258,6217... | a 5812,5.758. . | « 6,030, 5989... | a 5,679, 5849, [« 6,118, 6,076
. . | « 6,296, 6,238 sl sl | 6,012 st
759 «7,392,7,358 | o 7406, 7,17 7,209,774 | o 2487 y (42, 96..) v (294, 448 v (43) v 388,333 .9 0y (43 ) e Y 177; 227 ¥(43..); @
w763 st « 7,342 7 g 9 g 69 418. ), 0 e g o 500; oy 17004} & 2000; oy < 350 o 2900; vy 4500 R 20; oy 32
Bk 238 Bk 240 Bk 242 Bk 243 Bk 244 Bk 245 Bk 246 Bk 247 Bk 248 Bk 249 Bk 250
144 s 5m 7m 45h 435h 490d 1.80d 1380 a 2870 | >9a 320d 3,217 h 55,6 m
sf sf J A sf [y N o1 R 5531, 5710, | oo ”381 ..5419; u;gg, 10,3_2 otk
% i 2 . 1081 5,688 :'1032; - ~09;1,
. ‘ . & b e ooz 18, 992 i 3349.9!124 Y84 265 Y a8 v(327; aoa W R 2179. 130
f3st st 9 [} 9 '] e [°] o @ 700; oy ~ 0,1} oy 1000 153
Cm238 | Cm239 | Cm240 | Cm241 | Cm 242 | Cm 243 | Cm 244 Cm 246 ; Cm 247 Ir’Cm 248 | Cm 249 | Cm 250
24h 3h 27d 328d 162,94 d 29,1a 18,10 a 4730a [1,56-107 af3,40-105af 64,15m ~ 9700 a
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weli Results: PFGS o

High precision y-ray measurements

10% ¢ E
= 252Cf(3f) LaBr;:Ce (Q489) Exce”ent
S 10 - - -~ -Regrier agreement
@  MM& 0 | ENDF/B-VILT |3
2 _ between our
s © 3 experimental
% 107 L : results and
e f those from
O i -
S 0%} advanced model
- E : calculations *)
10° L

E, (MeV)

*)  full Hauser-Feshbach Monte Carlo simulations by
« D. Regnier et al. (code: FIFRELIN, CEA Cadarache)
« P. Talou et al. (code: CGMF, LANL)
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weli Results: PFGS <

High precision y-ray measurements

Examples for

= 10 .
9 different compound
2}
Z systems
= 10° y
=3
®
S 10
©
L
al

10 ==

0 1 2 3 4 9 6
E, (MeV)
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High precision y-ray measurements

20
! ‘ Examples for
= J/‘ A 252C(sf)
1 | - 241 7 .

= hoL Puna 1 4 different compound
%) Y N
S systems
)
g o
P
C
2 d
@)
L
o

O [ 1 1 ! ! PR N | e e o p— "

0.1 02 05 1 2 5

E, (MeV)
Similar low energy peak structures !
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Results: PFGS

High precision y-ray measurements

Andreas Oberstedt

Similar low energy peak gtructures !

20 1 T T T T T
L 1 E 145 |- ]
= A% 20 () . TN
- R | 241 > 140 W/( N A
o s o] Pund) | ] € S —
k%) 15 | L' d ".‘ -— 288pyy(n,, f) N st nf
2 o plate :i.,"f. Uiy, S '3? > Th P
— Yonatargaetgg 0 e 235 o o AU S
">‘ - 5/ it Iil\,. Uy, f) 2 v Py A
=4 h \ e ©oC
O 0 y: LIAAGY { o u ocr Vo
2 10 fyl: A\ ‘n :A‘ a 4 JEs o/?fx
& | . = ® OFm —F
-~ g v u &’v ;\;,--, ; :: 105~  —+— Secondary Mass AT 1
~ 5 - |
(7)) T-/ o 'Y |’MJ? |"“‘. ; 00
o i Tt 100 .
e 1 YN ;
49 5 | 4 'w‘ z
O g sl & ; 95 I~ —
 a i, {5
o "Nz, 90} .
- - | +/ <
O 1 1 1 1 1 L | f o o ——— 4 o___D_D.QQ —
- /'/ o] —
0.1 0.2 0.5 1 A SO, -
E. (MeV) g
7 &

Il ] 1 | | | |
225 230 235 240 245 250 255 260
MASS OF FISSIONING NUCLEUS (amu)

(J. Wagemans)

Due to de-excitation of the (same) heavy fragments ?
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High precision y-ray measurements

Examples for

= 10 .
9 different compound
2}
Z systems
= 10° y
=3
®
S 10
©
L
al

10 ==

0 1 2 3 4 9 6
E, (MeV)
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High precision y-ray measurements

Examples for

= 10 i
9 different compound
2}
= systems
% 10° E Y
=3
®
S 10 5
2 z
s :
o !

10-2 g ] ] Lo P, PR B

0 1 2 3 4 5 6 ——
£ (MeV) M, = f N, (E,)dE,

PFGS characteristics: E, o = f E, x N,(E,)dE,

€y = Ey,tot/My
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weli Results: PFGS <

High precision y-ray measurements

Examples for

= 10 i
9 different compound
2}
= systems
% 10° E Y
=3
®
S 10 5
2 z
s :
o !

10-2 g ] ] Lo P, PR B

0 1 2 3 4 5 6 ——
£ (MeV) M, = f N, (E,)dE,

PFGS characteristics: | E, ot = f E, x N,(E,)dE,

. | X
L, Systematics ! €y =Ey ot/ M,
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mei  Results: Aand Z dependence =
Systematics of PFGS average total energy per fission

234,236 240,242 252

U Pu Cf
1.6 , =
O Our work 1
% c B New evaluation |—
1> 1.4 L % : ' 1
o B | i i 1
: I 5 z I N, f
% _ i ] and
= 7 1 G
g__ 0.8 1 Only!
I, i
0.6 L B EPEE  P SR B L.
1.2 1.3 1.4 1.5 1.6
-5 Za 12
10~ Z°A

According to Nifenecker (1972) and Valentine (2001),
revised 2017: A. Oberstedt et al., PRC 96, 034612
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Systematics of PFGS average total energy per fission

234,236 240,242 252

U Pu Cf
1.6 : -
O Our work

i - & % New evaluation i
|>C 14 L § § e Experiments <1973 |._
= : T B Valentine 2001 i
: N i i ' i N,.,f
ql‘ 12 L : O I 1 ( thy )
< 5 and
%) el
S 1 (sf)
<] i only!
L i i :

1.2 1.3 1.4 1.5 1.6

-5 2 LI2
10~ Z°A

According to Nifenecker (1972) and Valentine (2001),
revised 2017: A. Oberstedt et al., PRC 96, 034612
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Systematics of PFGS average total energy per fission

234,236 240,242 252

U Pu Cf
1.6 : -
¥ O Our work
L) B O New evaluation |l
|>C 14 L : e Experiments <1973 ||
= F 4w i E
O o
q: 12 i i (nth’f)
=~ ; and
%) : el
= TR 1 (sf)
.§_ 0.8 1 Only!
L i i )
1.2 1.3 1.4 1.5 1.6
-5 2 LI2
10~ Z°A

According to Nifenecker (1972) and Valentine (2001),
revised 2017: A. Oberstedt et al., PRC 96, 034612
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Systematics of PFGS average total energy per fission

234,236 240,242 252

U Pu Cf
1.6 : -
¥ O Our work
LY B 'O New evaluation 1l
|>C 14 L : e Experiments <1973 ||
S T N
O o
== ; n
% i i and
= TR 1 (sf)
.§_ 0.8 1 Only!
L :
0.6 L T PR PP . i WO
1.2 1.0 1.4 1.5 1.6
-5 2 LI2
10~ Z°A

Allows interpolation to unmeasured fissioning systems,
here 238U(n,,,f): A. Oberstedt et al., PRC 96, 034612
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mei  Results: energy dependence s
Average total energy per fission
From thermal to fast neutron-induced fission

10 -
[ 238 :
of U(n,f) { ________ .
> °f e R
A b -
= MU
9 ‘ Prediction i
= g it S I e Madland (2006) | -
L O Tudora 2006% A
A  Tudora (2008) |1
""" Tudora (2013) |7 A, Oberstedt et al.,

Litaize et al. 2

9 CEADAMMDIF |{ PRC 96, 034612
m LICORNE E (20—]7)

 Tudora: Point-by-Point model
e Litaize et al.: FIFRELIN code, Nucl. Data Sheets 118, 216 (2014)
 CEA DAM/DIF & LICORNE: preliminary experimental results
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mei  Results: energy dependence s
Average vy-ray multiplicity
From thermal to fast neutron-induced fission

16
[ Predicti
- 2%Um, ) S Linraorar
14 [ ’ e CEADAM/DIF
— m LICORNE
= [
iel [
g 12 + ‘
= [ I
g 10} _ T
= 8 [ ) 1 A. Oberstedt et al.,
LI 1 PRC 96, 034612
b o
0 5 10 15 20

E, (MeV)
e Litaize et al.: FIFRELIN code, Nucl. Data Sheets 118, 216 (2014)
 CEA DAM/DIF & LICORNE: preliminary experimental results
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mei  Results: energy dependence s
Mean energy per photon
From thermal to fast neutron-induced fission

14
L 238
12 L U(na f) il
| P
. 10} il
> U U ———
O) i
S o8 - :
\;‘ ! ‘ Ul Wﬂm"“--- ‘ T _f-
“ 0.6 0 |
i Sy Prediction I
04 [ '-5"E.;edicti0tn "in) 1 A. Oberstedt et al.,
S o CEADAMDIE I1 PRC 96, 034612
i m LICORNE 1 (2017)
o2 —« - . —-—e————
0 5 10 15 20

E, (MeV)
e Litaize et al.: FIFRELIN code, Nucl. Data Sheets 118, 216 (2014)
 CEA DAM/DIF & LICORNE: preliminary experimental results
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Wl Experimental setup i
Frisch grid ionization chamber + LaBr, detector

FF 1:
2520 f :
<D .
. FF2 ! 3in.x3in.
" Grid 2 Grid1l "
Anode 2 Cathode Anode 1

Correlations between fission fragments and y-rays
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mei  Results: angular distribution =&
Prompt fission y-ray multipolarities

1.15
° Experimentl'—
Fit ;
& A0
<
S~
= 105 [ o
= {  Statistical
m 1 uncertainties
100 F i only!
= i
= o095 k
- 252Cf(sf) -
[ * i
090 l L L L L L 1 1 | 1 1 | L L | I I
0 30 60 90 120 150 180

0 (degrees)

Fit: W(0) = Ay [T + {A,/Aq1P,(cosB) + {A4/AtP4(cosH)]
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mei  Results: angular distribution =&
Prompt fission y-ray multipolarities

1.15

—e— Experiment ]

o 1.10 |

1 Statistical
1 uncertainties
only!

252Cf(sf)
0.90 AT I SRS T T ISR S ST
0 0.2 0.4 0.6 0.8 1

cosz(e)

Fit result: {A,/Ast = 0.13 £ 0.03
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mei  Results: angular distribution =&
Theory

Angular Distributions in 10°Te
1 O 326 keV: A /A =-0.212(26),A /A;=-0.046(33) . .
L3 ' = Typically Ay/Ag is
1ol close to zero
= L
< |
> "N g ?nd A,/ Ay~ +0.3
— 1.01 2@ or a pure
Ax B quadrupole (AL = 2)
@ i
= 097t transition
3 .
0.8+
| = Or A,/Ap,~-0.3
0.7 T @ 494 keV: A /A =+0.283(21),A /A =+0.003(26) for apure dipole
40 60 80 100 120 140 160 180 (AL = 1) transition
0 (degrees)
30/08/2013 Postgraduate Summer School, Bristol : E.S. Paul 13
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mei  Results: angular distribution =&
Prompt fission y-ray multipolarities

E- _

; e Experiment [

s O — - E't=2 72%) I

< s R §28%§ ]

: 0.8 N Y —/_f
& FAJA,=+03 T~ _ o BT 1 Statistical +
—~ 06 | ST 1 systematic
,I_L [ ] uncertainties!

o 04l ]

T 252Cf{(sf) -

e a0 e s0 120 150 180

0 (degrees)
Theory: {A,/Ay} = + 0.3 for quadrupole radiation

{A,/A,} = - 0.3 for dipole radiation
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weli  Results: angular distribution &=
Comparison with previous measurements *)

i
(

1.15
115] 4115 e Experiment
Fit
& 140
<
110 110 -
@ 1.05
1.05}- 1.08 il
1 100
> _
100 .00 E L
- 0.95 [
sk _ - 252Cf(5f) s %

-10.95
L 090 L 1 | | 1 | 1 ! 1
0 10 20 30 40 50 60 70 80 90

0 (degrees)
E,=0.1-7.2 MeV

1 1 1 1 1 1 1 1
© 10 20 30 40 B8 6 70 80 9%
8 ( DEGREES)

*) Hoffman, Phys. Rev. 133 (1964)
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mei  Results: angular distribution =&
Comparison with previous measurements *

115 4L1S : e Experiment ]
) r Fit ]
o 1.10
<
L1of 110 -
= 1.05
1.05}- H1.08 il
1 100
=

100 .00 [
: = 0.95 [

10.95

252 sf)

1 1 1 1 1 |
0 10 20 30 40 50 60 70 80 90
0 (degrees)

E,=0.1-7.2 MeV

gii

Good agreement
iIn dominating E2
character !

1 1 1 1 1 1 1 1
© 10 20 30 40 B8 6 70 80 9%
8 ( DEGREES)

*) Hoffman, Phys. Rev. 133 (1964)
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Angular distributions for 500 keV energy bins

Results: PFGS

252Cf(sf)

Andreas Oberstedt

WONDER-2018, Aix-en-Provence (France), October 8 — 12, 2018
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el Results: PFGS o
Angular distributions for 500 keV energy bins

C252Cf(sf)

- consider energy range E, = 0.1 - 1.5 MeV

Andreas Oberstedt WONDER-2018, Aix-en-Provence (France), October 8 — 12, 2018 51



meli  Results: angular distribution
Comparison with previous measurements

1.15

e Experiment
Fit

0_90;_ 252Cf(sf) o0 —

085 : | | | | | | | |
0O 10 20 30 40 50 60 70 80 90

0 (degrees)

For EY=O.1 - 1.5 MeV :
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Results: angular distribution

Comparison with previous measurements

1.15

os0 b 252Cf(sf)

085 : | | | |

e Experiment
Fit .
¢ Kopach )

0 10 20 30 40

60 70 80 90

0 (degrees)

ForE, = 0.1 - 1.5 MeV :
*) Kopach et al., Phys. Rev. Lett. 82 (1999)

Andreas Oberstedt

- differences !

WONDER-2018, Aix-en-Provence (France), October 8 — 12, 2018

>

Clrie i

LD

53



el Results: PFGS i
Angular distributions for 500 keV energy bins

o (s

- again: fit of Legendre polynomials
- decomposition of multipolarities L = 1 and 2

Andreas Oberstedt WONDER-2018, Aix-en-Provence (France), October 8 — 12, 2018 54



= Results: PFGS o

nuclear physics

Decomposition of multipolarities

10% ¢
: . This work
- 222Cf(sf) pinned |

- =L=1 i
: = L=2 E

-
D,
|

Photons / (MeV fission)

—
o
ro

o
—_
\}

- multipolarity-dependent spectra
- multipolarity-dependent PFGS characteristics
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Comparison with FIFRELIN calculations *

Photons / (MeV fission)

107 &

—1
D,

—
(@]
©

—
<

—
o
ro

! . Thi ]
- 252Cf(sf) D]

o
—_
\}

1 % A. Chebboubi,

priv. comm.

Good agreement between integral spectral

Andreas Oberstedt
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Comparison with FIFRELIN calculations *

10%
5 . This work
- 252Cf(sf) — FIFRELIN

—1
D,

—
<

| % A. Chebboubi,
priv. comm.

Photons / (MeV fission)

—
o
ro

o
—_
\}

Good agreement between integral spectral
But FIFRELIN also provides multipolarity-dependent PFGS.
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weli Results: PFGS <

Comparison with FIFRELIN calculations *

10~ &

i . Thi k

- 222Cf(sf) — El_l-%vélﬁer ]
10" e |- L=2 E

—
<

| " A. Chebboubi,
priv. comm.

Photons / (MeV fission)

—
o
ro

o
—_
\}

From our observations: unassigned transitions > L = 2,
L =2 + unassigned > L = 2.
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mei  Results: angular distribution
Comparison with FIFRELIN calculations *

nuclear physics

>

A
(

252Cf($f) Experiment (this work) Calculations (FIFRELIN)
M, 8.28 + 0.51 8.28 (adjusted)
M, (L=1) 2.40 (29 %) 3.20 (39 %)
My (L=2") 5.88 (71 %) 5.08 (61 %)
M , (unassign.)

E, 0.81+0.10 (MeV) 0.76 (MeV)
g, (L=1) 0.88 (MeV) 0.94 (MeV)
g, (L=2) 0.79 (MeV) 0.65 (MeV)
Ey (unassign.)

Ey 6.75+0.76 (MeV) 6.30 (MeV)
E, (L=1) 2.11 (MeV) 3.00 (MeV)
Ey (L=2") 4.64 (MeV) 3.30 (MeV)
E (unassign.)

Andreas Oberstedt

*) A. Chebboubi, priv. comm.
WONDER-2018, Aix-en-Provence (France), October 8 — 12, 2018
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+ High precision PFGS measurements - reference for model
calculations - e.g.: 2°2Cf(sf)
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el Summary | s
Sequential emission of neutrons and y-rays

B Entry region for
primary fragments Eij
E(Yrast)
Entry region for
secondary fragments 2=
Rt statistical y-rays
U el __}~" (dipole transitions)
S il .
n " discrete levels
vy 7 (quadrupole transitions)
- -Y- -
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E*

Andreas Oberstedt

[

A

Summary |
Sequential emission of neutrons and y-rays

252Cf(sf)

Entry region for
primary fragments

Entry region for
secondary fragments 2=

T

E*
lim

discrete levels

— o e o e o e e o o

statistical y-rays
_.-}~ (dipole transitions)

1
(quadrupole transitions)

AE, ~ 6.7 MeV

WONDER-2018, Aix-en-Provence (France), October 8 — 12, 2018
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= Summary | Co

nuclear physics ' .‘
+ High precision PFGS measurements - reference for model
calculations - e.g.: 2°2Cf(sf)

+ Revised systematics for spontaneous and thermal
neutron-induced fission

+ Predictions of PFGS characteristics for fast neutron-
induced fission -> rather good agreement

+ Measured y-ray angular distribution from 2°2Cf(sf) >
dominant E2 character, in good agreement with previous
observations + FIFRELIN calculations

+ Preliminary results : <M | _;> ~ 2.4 and <M, .,> ~ 5.9, as
well as <E . -1)> ~ 2.1 MeV and <E ., _,> = 4.6 MeV
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Summary | i

Sequential emission of neutrons and y-rays

E*

[

A

Entry region for
secondary fragments 2=

252Cf(sf)

E*
lim

Entry region for
primary fragments

— o e o e e pw e Ee e e s o o

T

0
} statistical y-rays AE, = 2.1 MeV

I - __}~" (dipole transitions) *
S |
n ’ i discrete levels AE. ~ 4.6 MeV
Y YMM ~ 5 (quadrupole transitions) Y v
o i ekl A
J .
preliminary!
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Summary | i

Sequential emission of neutrons and y-rays

E*

[

A

252Cf(sf)

E*
lim

Entry region for
primary fragments

Entry region for
secondary fragments 2=

T

— o e o e e pw e Ee e e s o o

0
} statistical y-rays AE, = 2.1 MeV

- -}~ (dipole transitions) *
i .
discrete levels AE, ~ 4.6 MeV
(quadrupole transitions) v
J . |
preliminary!
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= Summary | Co

nuclear physics ' .‘
+ High precision PFGS measurements 2> reference for model
calculations - e.g.: 2°2Cf(sf)

+ Revised systematics for spontaneous and thermal
neutron-induced fission

+ Predictions of PFGS characteristics for fast neutron-
induced fission -> rather good agreement

+ Measured y-ray angular distribution from 2°2Cf(sf) >
dominant E2 character, in good agreement with previous
observations + FIFRELIN calculations

+ Preliminary results : <M | _;> ~ 2.4 and <M, .,> ~ 5.9, as
well as <E . -1)> ~ 2.1 MeV and <E ., _,> = 4.6 MeV

+ Average spin of fission fragments : AJ = 14 7
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Summary | i

Sequential emission of neutrons and y-rays

E*

[

A

252Cf(sf)

E*
lim

Entry region for
primary fragments

Entry region for
secondary fragments 2=

T

— o e o e e pw e Ee e e s o o

0
} statistical y-rays AE, = 2.1 MeV

- -}~ (dipole transitions) *
v .
discrete levels AE, =~ 4.6 MeV
(quadrupole transitions) Y v
J .
< > preliminary!
A)~ 14Hh
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But:
— Discrepancies compared to Kopach et al., PRL 88 (1999)
— From angular distribution :

<S> =2 x <E py121)> = 4.2 MeV, while weighted with
fission fragment distribution : <S> ~ 5.9 MeV !

(fission fragment distributions from GEF, S, (Z,A)
according to Vogt et al., PLB 517 (2001) )

— High energy quadrupole y rays (of several MeV) observed,
whose origin cannot be explained with rotational states

« To be continued ...
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« New results from recent measurements
« New experiments are approved and scheduled

« Study of PFGS characteristics depending on fission
fragment mass

« Study of entrance channel effects
» (n,f) vs. (d,pf)

* (p,p’f) vs. (y,f)
e etc.
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New results from recent measurements
New experiments are approved and scheduled

Study of PFGS characteristics depending on fission
fragment mass

Study of entrance channel effects
« (n,f) vs. (d,pf)

+ (p,p’f) vs. (y,f)

« etc.

New instruments (talk by S. Oberstedt)
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New results from recent measurements
New experiments are approved and scheduled

Study of PFGS characteristics depending on fission
fragment mass

Study of entrance channel effects

« (n,f) vs. (d,pf)

+ (p,p’f) vs. (y,f)

« etc.

New instruments (talk by S. Oberstedt)
And last but not least:

— Photo-fission at ELI-NP !
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ELI-NP and further photo-fission physics goals

ELIADE ELIGANT

;,’// L/

8 CLOVER Ge detectors + 17 LaBr; + 17 CeBr;
4 large-volume LaBr, detectors (3” x 3”) and
detectors (3”7 x 37) 33 liquid + 29 Li glass

scintillation detectors
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ELI-NP and further photo-fission physics goals

New position-sensitive twin FGIC (TU Darmstadt)
+

ELIGANT

ok
ELIADE

8 CLOVER Ge detectors + 17 LaBr; + 17 CeBr;
4 large-volume LaBr, detectors (3” x 3”) and
detectors (3”7 x 37) 33 liquid + 29 Li glass

scintillation detectors
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ELI-NP and further photo-fission physics goals

New position-sensitive twin FGIC (TU Darmstadt)
+

ELIGANT

ok
ELIADE

« Study of the fission fragment de-excitation process
o measurement of fission fragments, y rays and neutrons

o correlations !
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Thank you!
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