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Need for neutron-induced cross sections on short-lived nuclei

 transmutation of nuclear waste

Bk 238 | Bk240 | Bk 241 Bk 243 | Bk244 | Bk245 | Bk 246 Bk24s | Bk248
144 s 5m 7m 45h 435h 4.90d 1.80d 1380 a >9a 320d
6575 6543 6862,6620. S :17991 1081; ggéséa-‘-ij; ok 0&::.419:
€ « € « 4 755: 946, 892, 218,622 & 834; 1124, vy 84;265... ¥ 551, ¥
pst ¥ 262; 152; 211 9 g 9 g 8 g o « o 700 8
Cm237 | Cm2 Cm239 | Cm240 | Cm 241 Cm242 | Cm243 | Cm244 | Cm245 | Cm246 | Cm 247 | Cm 24
? 2. 3h 27d 328d 162.94 d 29.1a 18.10 a 8500 a 4730 a 1.56 - 107 a} 3.40-1
£ ikl b s : 5.386;5343... | 4.870;5267.
s ffeoss |Som. e o R Bl Dy B LV Ll FY
« 6,656 g 9 9 o ~5 o 130; oy 620 o150 1.1 o 350, oy 21 o 60; oy 82
Am 234 | Am235 | Am236 WAmM237 | Am238 | Am239 | Am240 | Am241 | Am242 | Am 243 | Am 244
232m 10.3 m 29m | 36m 73.0m 1.63 h 11.9h 50.8 h 432.2a 7370 a ze;u 10.1h
« . « 15.. 04
457 8157 [aais? 980 438; 474 % 355 913: 881 s 5378 P et (1084 27:'"
€ ¥.291; 224, 270; | Ssa3 | S719. oAl ) Sl peslobea S 988: 839 " ; 760 + 640 o765 B b
Bst 739; 749... 654,713, | 880; 320, [} 9 g g 1 3.15 @ 0.079 .,.!m %2200
Pu 233 Pu 234 Pu 235 Pu 236 Pu 237 Pu 238 Pu 239 Pu 240 Pu 242 Pu 243
209 m 8.8 h 253 m .858 a 452d 87.74 a 24111042 6563 a 3750 10%a 4.956 h
;6,202; 5721 :‘sm 5456 :5‘1? B4 ;‘5:5‘5; 5124 2‘00?.9 ;“fc‘i‘s%
«631 6.151... Y48 (756:34..) b QP [ e S ik g St e 5 foicia
¥ 235; 535... Y.e~ o 160 17y 2300 s 510; 0y 17 0270, oy 752 s 280; oy ~0.0f @ 370; 0y 1010 190y <02 i <100; oy 200
Np232 | Np233 | Np234 | Np235 236 | Np237 | Np238 | Np239 | Np240 | Np 241
147 m 36.2m 44d 396.1d 01541053 21441052 2117d 2.355d 722m | 65m 189 m
R &; a 5.025; ol (L 5% 870.4;0.7.... |#22- [FOS
v 327; 820, 5.54 v1559; 1528; | 5.007... I (B e 4% 200 4774 984;1029; | y 106; 278; Y o |BT18..
B67; 864; 282, ¥(312; 299, ¥{26:84...), & 688...); e7f 104....0™ ~ I 026;9024...;e" | 228...;67; 9 - w01 ¥ 175; (133...)
e~ Zane) a1 ~800 g 0160 +? §: 0y 2700 | g, oy 3000 7 170; 0F 0 2600 o32+1901<1 |h.ig |#M8.:9 |G
U 231 U 232 U 233 4 U 236 8 U 239 U 240
4.2d 689a |1.592-10° a VRV esE 0 12nsd22-1072)  6.75d 99 - .
€ @ 5.456; «5320;5262... | a4.824;4783.. 12.455-10%a| »m | $-02.. 238 ngf 4.468-10% B=04... B
5.471;5.404 Ne 24; Ne 25 AT | an v 60; 208... ol o ud BT12;1300 | ¥ 44:(190..)
¥26;84:102... | v(58:129..); 6" | v(42:97.); 6" | \gzm Ne y 5 121 ) e 2w g ¥75:44... e 573
e o1-250 a 73,074 o 47, 0y 530 " 096, 0, 0.07 | o880y a~100; 0 <0.35 222, @ 22,0115 m m
Pa 230 Pa 231 Pa 232 Pa 233 Pa 234 Pa 235 Pa 236 Pa 237 Pa 238 Pa 239
174d |3276-10*a 131d 27.0d 1.47m | 670h 242m 91m 8.7m 23m 18h . . .
BI05.. sowss | 70813 1e | 6703086 oA ] L = tat Ml L B=17:29.. M t d
e oo e Hguene IR e P o o e e e S el INOr actiniaes
899; 444, 07 1500 | o200 m 0020 0460;011500 | 020419, 07 <0.1| <500 |oy<500 | M pst 7 529; 541... g y 522-881
Th 229 Th 230 Th 231 Th 233 Th 234 Th 235 Th 236 Th 237 Th 238
7880a |[7.54-10%a 25.5h 00 223 m 24.10d 71m 375m 50m 9.4m
a 4,845, 4.901 « 4.687; 4.621... 1.405-10"%a| p 12, $702..
4815...; y194; v(68; 144...); e~ | B~ 0.3;04... « 4.013: 3.950. : ot | 18729, v63;92;93... ~1.4.. BT 1.0...
211;86;31...;e~ | Ne 24; 0 234 ¥ 26;84... v(64..); e iy 82 e,m ¥ 417; 727, ¥ 111; (647; B
o RN m AN N OANS a= -~ noverdll o ARDO: 2 1R a1 R menNY 108 1\ A= ~ B89

Neutron-induced fission and capture cross

sections of short-lived nuclei needed.
Very difficult or even impossible to measure!




Surrogate-reaction method
Cramer and Britt (Los Alamos 1970...!1)

Neutron-induced reaction Surrogate reaction
Transfer
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Validity of the surrogate method
Grﬁdecay(E*) _ G(':A;l(E*) ) PsurrO(E*)

decay

Neutron-induced and surrogate reaction must lead to the

formation of a compound nucleus :
Decay only depends on E*, J and z!!

Populated J and wdistributions
are equal

Psurro E*) — Pn E* OR
decay( ) decay( ) Decay independent of J and «
(Only valid at high E* In
the Weisskopf-Ewing limit)

Not possible to say a priori if a reaction meets these
conditions.

Data obtained with the surrogate method need
to be compared to neutron-induced data!
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Results for fission

3He+23Am=>*He+22Am
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General finding: the cross
sections obtained with

surrogate method are in
good agreement with n-
induced data for fission!

G. Kessedjian et al., Phys. Lett. B 692 (2010) 297
G. Kessedjian et al., Phys. Rev. C 91 (2015) 044607 6
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Results for radiative capture

3He + 174Yb -> 4He + 173Yb

B This work
Bokhovko et al. (1991) [9]
¥ Wisshak et al. (2000) [10]
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The cross sections
obtained with surrogate

method are in clear
disagreement with n-
induced data for capture!

G. Boutoux et al., Phys. Lett. B 712 (2012) 319



Why do we obtain such discrepancies?

S.,=6.4MeV -

Strong sensitivity of neutron emission to Jz




Fission seems to be much less sensitive to
E (N}eV)

spin/parity differences, why?

Continuum

E*

Transition _—
states

The top of the fission Barrier

is also a region of

low
density of states!

First step to understand:

Simultaneous measurement of fission and gamma-decay
probabilities!

Never done before!



Setup for simultaneous measurement of fission
and gamma-decay probabilities
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Challenge: removal of gamma rays emitted by the fission fragments !
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Setup used for experiment at the Orsay tandem

11



Preliminary results!

3He + 238U-> d + 239Np <> n + 238Np (2,1d)
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Validation of analysis procedure!

P. Marini et al., to be published



Preliminary results!

3He + 238U-> 4He + 237U <> n + 236U
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P. Marini et al., to be published



Focus on the overlap region

Preliminary results!
3He + 238U-> 4He + 237U & n + 236U
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The fission probability is much less sensitive to the

entrance channel than the gamma-decay probability!
P. Marini et al., to be published




Preliminary results!

3He + 238U->t + 238Np €< n + 237Np

P 11
- P, surrogate
| P, n-induced JENDL 4.0
0.8— ® P; surrogate
i +++ P, n-induced JENDL 4.0
0.6 | +
: ]
0.4 1
i A
0.2 B S ——
% | T | | | | |
05.5 5.6. =t .5:7| I 5.8| [ I5.9I I 6 L1 | I6.1I [ I6.2I [ 1 I6.3I |

*
P. Marini et al., to be published E*(238Np) (MeV)



d + 238U-> p + 239U ¢ n + 238U

- Closest reaction to a neutron-induced reaction in inverse kinematics
- Problem: deuteron breakup, corrected with method based on DWBA by
J. Lei and A. Moro Phys. Rev. C 92(2015) 044616
(Other approaches to breakup in talks by B. Carlson, M. Avrigeanu)
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Q. Ducasse et al., Phys. Rev. C94 (2016) 024614



Can we explain these results within the
framework of the statistical model?



238U(d,p)

Calculated average spin of 239U Monte-carlo Hauser Feshbach code EVITA
(Based on TALYS and run by CEA evaluator B. Morillon)
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Perspectives: Determine full spin &parity distribution and

couple it to the HF results to see if we can reproduce our data
Q. Ducasse et al., Phys. Rev. C94 (2016) 024614




Perspectives
3He + 240Pu-> 3He’ + 240Pu ¢ n + 239Pu

240Pu: Even-even
fissioning nucleus
expected to be more
sensitive to spin/parity
differences!

Good-quality n-induced
data available!



Perspectives

Measurements in direct kinematics are limited by the
availability and the quality of the targets!

|

Experiments in inverse kinematics with RIBs!

But, RIBs have low quality: large dispersion in energy
(few MeV) and size (few mm)



Decay-probability measurements inside a storage ring

~., _ injection
A

*Excellent beam —energy definition,
beam-energy resolution of few
hundreds keV at 10 A MeV, beam
size 1 mm!!
Y *In-ring measurements with gas-jet
revolving Il targets (H2, D2, 3He, 4He). Effective

target thickness increased by ~10°

due to revolution frequency

*Pure beams, pure targets (no

contaminants, no backing)!

. e -l -Pure isomeric beams!

paticle == 117 Coxporiment " Ml -Measurements possible at the ESR
et at GSI in the near future

21



Decay-probability measurements inside a storage ring
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Conclusions...

First simultaneous measurement of gamma-decay and fission
probabilities for surrogate reactions

The fission probability is much less sensitive to the populated
angular momentum than the gamma-decay probability

No obvious explanation yet, our data are useful to establish to
which extent the surrogate method can be used to infer fission
Cross sections in regions where no data are available.

Very promising perspectives open up for decay probability
measurements in inverse kinematics with RIBs at storage rings
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