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1- Fission yields

Basic definition
Nuclear structure effects in fission yields

Introduction to fission modes

Cea Fission in inverse kinematics at relativistic energies



Fission yields

_ o cumulative
Fraction of a nucleus to be produced by fission yields
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Fission yields
Some signatures of the underlying nuclear structure effects in the fission yields

y Fission is asymmetric: one of the first observation of shell effects of shell effects

y Heavy fission fragments mean mass stable for different actinides

Fission yield (%)
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Fission yields

Some signatures of the underlying nuclear structure effects in the fission yields

Fission yield (%)

y Fission is asymmetric: one of the first observation while studying the heavy actinides

y Heavy fission fragments mean mass stable for different actinides

y Proton even-odd staggering in even-Z fissioning system due to pairing

y Proton Evolution of the fission yields with the excitation energy
18+
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Fission modes around the U actinides

-1715

Courtesy
w241 N, Dubray

-1724

3 fission modes: 2 asymmetric modes and 1 symmetric mode
U. Brosaet al.,PRC 38 (1988) 1944

y One path on PES per mode
1 Valley from different underlying shell effects
I Path reach the scission line at different (Q,,,Q30)

I Each mode has different configuration at scission

226
90 L'hy36

y STANDARD 1 (ST1) y STANDARD 2 (ST2) main y SUPER-LONG (SL) with E*
almost spherical FF, deformed FF highly deformed FF
1325n spherical shells octupole shells Z=52, Z=56 shell effects washed-out
compact configuration G. Scampst al., Nature 564 (2018) 38 deformed configuration
high TKE, low 3 f low TKE, high 3

[y Importance of correlated data: yields, TKE, prompt neutrons, excitation energy, ]é
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Fission studies In Inverse
kinematics at relativistic
B energies

Why ?
How to induce low energy fission at relativistic energies ?
Experimental method at GSI: double - DE / Br / ToF

cea Fission in inverse kinematics at relativistic energies 8



Limitation of the direct kinematics

y Fission in direct kinematics:

-0 @® "

neutron 235U 236y
beam target compound nucleus
[EN] [at rest] [~ at rest]

1 A neutron-, proton- or light charged particle beam impinges on an actinide target
1 Production of an excited compound nucleus which may de-excite by fission

1 Fission fragments are emited with low energy in the lab frame

@ Fission in inverse kinematics at relativistic energies



Limitation of the direct kinematics

y Fission in direct kinematics:

250 —

' ' 5 200
‘ ‘ 2 1504
100 —

Intensity, arb. units

s04D. Rochmaret al.,NPA 710 (2002) 28

neutron 235U 236y N
beam target compound nucleus _
[EN] [at rest] [~ at rest] 0=

y Nuclear charge measurement limitedt o Z O 4ofic ctiauge states

y Targets limited to long-lived actinides

y Very low efficiency due to 4° emission

@ Fission in inverse kinematics at relativistic energies
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Inverse kinematics at relativistic energies ()

GSI/FRS facility to produce radioactive relativistic beam

y @GSI: 238U beam at 1 A.GeV

y @FRS: Fragmentation of 238U on a Be

lon source

target and production of cocktail beams with

Fragment-

separator FRS a selection in (B” ,(5E) around (A/Z . Z) and

sent to cave at ~750 A.MeV

i |- 226Th

e 350 r

' E D3m0 b

FRS: fragmentation on a Be target E o0 |

,/w"“*u;:-‘x.% pre—— 3 200 |

",r . \%051 - ; to cave C O 150
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Inverse kinematics at relativistic energies (ll)

How to induce low energy fission at relativistic energies ?

y Fission is induced by coulomb excitation
®

beam ll“
‘ /‘ GDR excitation

| absorption of
I vnrtual photons

ta rget

Fission in inverse kinematics at relativistic energies
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Inverse kinematics at relativistic energies (ll)

How to induce low energy fission at relativistic energies ?

y Fission is induced by coulomb excitation yExmtatlon energy E*O- 14Mev
¢ — 100 E_ IVGDR 1 ph + WGDR-zph ------
T . . > I ISGQR +IVGQR — — !
beam m ./ S 250} GDR + GQR —— -
tinide » ,.Cl ]
‘ /‘ GD Citation E 2mf
| absorption of o
2l virtual photons = 130F
Y o
target S, 100 ]
."HI |‘I|',I _g 50 _
|'|| |||I

ffi e —
(il 5 10 15 20 25

I .l. Excitation energy [MeV]

y Electromagnetic induced fission = surrogate reaction for 8 MeV neutron induced fission

(226U 50 el ) 2 255U(Ngyrere) |

@ Fission in inverse kinematics at relativistic energies 13




Inverse kinematics at relativistic energies (lll)

Advantages compare to direct kinematics

N Large cross section

236U(r ,f) from the SOFIA experlment

800 . Limit in direct :
I Example for 236U( ,f) 0=2 barns !!!!! = | .
4000 kmematlcs
1 Accurate and large scale measurements sso0f- '
30005—
n Relativistic ions are fully stripped: Q=Z 200 |
5 2000 I
| Q measurement from energy loss: wE ® Q2 E
1500 | '
1 More accurate measurement of Z oooF. ;
I SOFIA resolution in charge : 00— A}\m
ROV A AR
30 35 40 45 50

oZ = 0.31to 0.34 charge unit FWHM
Nuclear charge (2)

n Study of fission nuclei which can not be produced in direct kinematics

@ Fission in inverse kinematics at relativistic energies 14



A
Pioneer experiment at GSI / FRS In inverse kinematics

K.-H. Schmidt et al., Nucl. Phys. A 665 (2000) 221: measurement of the charge only

y Y(Z) measured for Rn to U fissioning isotopes y Experimental setup: «E and ToF

TOF,

- 28Em
[ P s=~55m
[] stable nuclei LY g /| I } ‘
O mass distribution Mi 2 0000

Scintillator AE;5,X12,Y12
C . Fm
X charge distribution cf: °0 B3¥ 5 | oo o /EH-—
Pu o o zgg| - / HE
A Th—_a" ol §E gﬁx 238 ' | _|___ V \ﬂﬂ_
. FRa € x)&;ggsﬁgg - Identified Fission
XXXXXX

20\

| | !
secondary Active ‘ Twin MUSIC fragments |
— beam target  pouble scintillator TOF wall
. IH HEAVY ACTINIDES:
82

oo H || - mainly asymmetric
a g a 17
C » -

: y Important result: &,,0= 54
: _,__‘JJ i . T v I v T L 1 Ll 1 @ 1
LIGHT ACTINIDES: s i
126 mainly symmetric i _
- A Th
N 94 ——W“‘-‘:.—I* : Sa
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2- The SOFIA experiment

A dedicated spectrometer for fission studies @ GSI

Experimental program

ssion in inverse kinematics at relativistic energies 28/10/2022



SOFIA: (Z,A) identification

WE T B” T ToF method after prompt emission and before any! -decay
; Pb cathodes

e 80000~ Zsum = 92

; Pb and C c

y Nuclear charge Z o HEE, cathodes
u_‘ 55 o< 4 b, E

Y —_— N2 — 72 ks 31 60000/

| Energy loss (WE) ~ Q4 =Z 5 o b

~ " - E 45 E

| Zis « easy » to obtain B 40000

é It 30000/~

S 35:'.!.1’;..4.. znami

< 3022' : r

LI I Tl st peeetiaties 10000

y Mass A pefiiiiit s e :
25 30 35 40 45 50 55 60 0

Atomic number of FF1

T Time-of-flight measurement (ToF) combined with flight path reconstruction: | 7 Nuclear charge (Z)

1 Tracking of the ions in a magnetic field (B”) N
|AIQ~B” /1T 50\’
RE2 o
V\G\“Gxoq’gg,\;
y" Total prompt-neutron multiplicity ’ GV\P»\'\’$4 “%4359
promp plicity * i, 750 et

1 Method at FRS for (Z,A) identification of beam

1 Method at cave C for (Z,A) identification of both fission fragments in coincidence
Fission in inverse kinematics at relativistic energies 17



SOFIA spectrometer

3 types of detectors : MUSIC MWPC scintillators

set-up at the fragment separator (FRS) set-up at R3B/Cave C experimental area
vd N v
Triple MUSIC Torin MUSIC
fragmentation (AE, ®) Active w1(nAE o)
Ttarget (Be) ‘ Target e
[LLLLL]

238
U degrader (Al -
primary o ‘ A e

beam
(from SIS18) MWPC O | | L4— C target
(X,Y) Pb targets

MWPC 1 MWPC 2

(x1,y1) (x2,y2) MWPC 3
(x3,y3)

scintillator scintillator ToF wall

flight path (beam) ~ 138m ™ g; ¢ path (fission fragments) ~ 8 m

o
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Identification of the fission fragments in 22°U( ,f)

N
RESOLUTIONS [FWHM]: 60

wZ = 0.31 to 0.34 charge unit
0.55 to 0.80 mass unit 35

A
I 50

oX = 100 to 300 em
wloF =35 ps

T R I 1 !
88 90 92 94 96 98 100 102
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45

40

35
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80 90 100 110 120 130 140 13&55 Analysisby L.Grente(CEA,DAM,D|F)
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SOFIA experiments

100 ot x  r 1 1 J J X J J Jt J x J 1 1 J 1 (1 ( (1 J1 1 J 1 1 11
U, Np asymmetric fission studied with high statistics
] 2012 : 234,235,238U and 237,238Np
95 2014 : 23%Y
. G mH
= | ry W -
E 1/\ AR
o & | | |
E 90 = u AR e
] LT AAEAE
= — L7 all| | i —
c A alalal | 4
2 85 P e
A BE '
T T T[] TTTT1TT{ T = , . - . . . . -T—
. p A1 | Transition symmetric to asymmetric fission
80 2020 : 100 nuclei from Ir (Z=77) to Th (Z=90) in 4 days
2 L
3 L |
H N - ; -
!
Nery, 118 ? I
iy 2 S 100 120 140 160

A. Andreyev, PRL 105 (2010) 252502

Neutron Number
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3- Results

Accurate measurement: Isotopic yields and isobaric yields
TKE and’ ,.;: a probe of scission configuration
Signatures of energy sorting: ' (A) and even-odd staggering

Large scale measurement: investigating new fission modes

Cea Fission in inverse kinematics at relativistic energies



E. Pellereatet al.,PRC 95 (2017) 054603
J. F. Martinet al, PRC 104 (2021) 044602

O

Isotopic yields along the uranium chain
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Cumulative yields: 23°U( ,f) vs 23°U(n,f) cumulative yields

comparison of the cumulative yields for the 14084

1 I | 1 I ] |
E : | E : TUNL —e—
ANL —*— 4 6.5
Chapman ——
Laurec —v—
SOFIA —=— - 6
OSSP T 1 =55
< | <
e RSNSOI SOLIRRURE SO b, (U A RN o RSN SRS SRS 4 > 5
______ tj:léw-‘:::-\-E:h*-::_ 4.5
4 T | | [ I | I — - 4
0 2 4 6 8 10 12 14

Incoming neutron energy

@ Fission in inverse kinematics at relativistic energies

comparison of the cumulative yields for the Mo

| | | | | [ I
L TUNL —e—
e ANL —*— -
+ § | § . Chapman —v—

| Y § § Laurec —»—

Incoming neutron energy

Analysisby L.Grente(CEA,DAM,DIF)
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nuclear charge Z

OTKEQus 63,,,0235U( ,f)

y Both observables probe the scission configuration

y Large deformation: high 3,,,, but low TKE

y Highly deformed symmetric mode compared to compact asymetric mode

65 180 65
col- OTKEO 185 60
55 180 55
175 ™
50 1 S 50
170 5
S
45+ 165 © 45
@
40| 160 S a0
. 155 2
BE 4 35
150
30 ;rl 145 30
1 1 1 1 [ 1 1 1 1 [ 1 1
T 50 80 70 80 90 100 140 T 50 80 70 80 30 700
neutron number N neutron number N
cea Fission in inverse kinematics at relativistic energies . ; 24
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A. Chatillonet al.PRC99

(2019)054628

PRL 124 (2020) 202402

Y(Z) vs 3, 222226230Th( f) and 236U ,f)

For neutron-deficient thorium isotopes

y Symmetric fission becomes the main fission mode

y Even-odd staggering remains , but 3tot drops around 2.7 MeV (effect of 19 MeV)

y New symmetric fission mode observed with a compact configuration at scission

236U 230Th 226Th 222Th

Vo)

W A Y

Y(Z) [%]

N

35 40 45 50 55 60 35 40 45 50 55 35 40 45 50 55 35 40 45 50 55
Fission in inverse kinematics at relativistic energies nuclear charge (7) 25



N % W
236U( ,f): Prompt neutron multiplicity per fission fragment

From the correlated mass yield Y(A1,A2) to 83@M) Analysisby L.Grente(CEA,DAM,DIF)
< [ . ; . Ag—A;—Ay
1605_' ﬁ:ﬁﬂggﬁg (r)cirzlg\?:(; I Y (AL, Ap) = 2;0 P (11) P (12) X (M1)
W WS, (E*O- 12.4MeV | |, -
- ; - A;: mass of the fragment after neutron emission
1201 I ;Q X(M;): mass yields before neutron emission
ool | = Y(A;): mass yields after neutron emission

w2 PMi(v;): probability for a primary fragment of mass M, to emit v neutrons

1> 3:5¢
- | SOFIA | Nishio SOFIA
L ..|'.': '- L ~ E, 6 MeV Ny, i 2"35U{nm,f},N]shioetal_{19'38]|
80 100 120 140 160 3:_ Vign | 1.40
A2 B vheaw 226
o hyp 1: PMi(v;) gaussian 2.5
= 3 sets of independant parameters -
(V) (M), o(M), X(M;) T
@ hyp 2: (v)(M), o(M) Fourier series 1'5:_
= cut in the high frequency domain N
1
® x2 minimization using MIGRAD - " "
— from the CERN library MINUIT osff Mk
. . . . . . . . . . 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
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Study of the new island of asymmetry

Fission study of more than 100 nuclei in 4 days of beam time

Ra

Th

Ac

i

@ Fission in inverse kinematics at relativistic energies

Analysis by P. Morfouace (CEA,DAM,DIF)

e oo

N=120
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N=126
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Conclusm

Inverse kinematics at relativistic energy for accurate fission yields and 3tot

Fission study of exotic nuclei with the underlying microscopic effect
Few limitation: no E* measurement
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Fission induced by quasi-free nucleon-knockout collision

238U(p,2p)2’Pain inverse kinematics used to induce fission and measure E*

Analysis by G. Garcia and A. Grana (Univ. Santiago de Compostella) supervised. iBodlriguesSanchez (Univ. Coruiia)

Same set-up but liquid H target
surrounded by Si array and the
CALIFA calorimeter

Protons

Fission
fragments
>

-

CALIFA

|
Liquid hydrogen target

Yieid (%)

Yield (%)

Yield (%)

<M.E.> =22 + 14 MeV

: . "
35 40 45 S50 60
Fission Fragment Charge (Z Units)

<M.E.> =86 + 15 MeV

L J T RN
Fission Fragment Charge (Z Units)

<M.E.> =150 + 14 MeV

30 35 4 50 B 60
Fission Fragment Charge (Z Units)
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Conclusm

Inverse kinematics at relativistic energy for accurate fission yields and 3tot
Fission study of exotic nuclel with the underlying microscopic effect

Few limitation: no E* measurement,A,yO 2 3 8
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Y complementary to measurement at GANI L/




Info

More

Set-up

Analysis: nuclear component subtraction

Fission modes
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SOFIA spectrometer

3 types of detectors : MUSIC, MWPC, scintillators

MUItiple Sample lonisation Chamber

Multi Wire Proportional Counter

scintillator readout by 2 PMTs
ENERGY LOSS: Z & DRIFT TIME: x , —

Q DISTRIBUTION ON PADS: x ,y

TIME PER PMT: x , Tof
Triple-MUSIC for incoming beam

Twin-MUSIC for fission fragments

MWPCO for incoming beam

2 scintillators for incoming beam
MWPC1, MWPC2, MWPCS3 for fission fragments

scintillator + ToF wall for fission fragments
anodes ——T—- 7 A vt oty iy vitey ey oty ety sty cates caty ey vl “El 'side view of the equipotential lines (V)
FG MWPC 1,2,3: [ ————
Y pads (horiz
av?a.ef"ho.m 'i)
ol
— E2 At
] [Rlt MSSISIRANNAY > i
f primary electron i w Jos £
ing the fleld (perp. ta V) t
ery strong field z
\ t toward anodes: signal induced on the pad: g 3
cathode 1 B i
% 7f7 o 7t7 iR e e s ] i g
ion ront view 3
# low-energy electron cloud from the ion Sl i o
1 electron drift :
- s = | primary electrons
i L
Q
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Specificities of the detection of beam vs fission fragment

Beam with ionic charge states, even at 750 A.MeV: Triple-MUSIC

TOP VIEW
section 1 | section 2

L -

FG
| |
L stripper+field cage field cage
= wn
"= 110 T s N
5 S B
o o -
) 25000 S B
% —
1500 e e I
2 24000 =
>
9 .
(O] -
c
® 23000 B
- 00 N I .
s -
O |
S 22000 -
w -
500F— gt @S IR e el
21000 =
L | | L | L L | | | | | | :
21000 22000 23000 24000 25000
section2 - energy loss (arb. unit) 0

17000 18000 19000 20000 21000 22000 23000 24000 25000 26000

energy loss (arb. unit)
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Analysis: Nuclear reaction subtraction

How to select coulomb induced fission only ?

@ Fission in inverse kinematics at relativistic energies
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