Fission dynamics and nuclear structure
A fission campaign at GANIL (France)
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A (very) brief history of fission

A macroscopic LD behaviour
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A (very) brief history of fission

A macroscopic LD behaviour shaped by structure

W =W+ )Y (6U+P).

V.M. Strutinsky, NPA 95, 420 (1967)

at the barrier and at scission

V.V. Pashkevich, NPA 169, 275 (1971) B.D. Wilkins et al., PRC 14, 1832 (1976)
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A (very) brief history of fission
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MEAN MASS OF THE FISSION PRODUCT GROUP

Consistent with a number of observables

K.F. Flynn et al., PRC 5, 1725 (1972)
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A (very) brief history of fission

Fragment identification: All is Mass

K.F. Flynn et al., PRC 5, 1725 (1972) A.C. Wahl, ADNDT 39, 1 (1988)
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Most of the data is measured in terms of fragment masses.

But shells and structure appear in Z and N.
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Fission in Inverse kinematics at GANIL

Inverse kinematics at VAMOS/GANIL:

Production and fission from fusion and multi-nucleon transfer
F. Farget et al.
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Fission in Inverse kinematics at GANIL
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A set of revisited and new observables

Fragment N excess (N/Z)

D. Ramos, PhD USC (2016), EPJ WoC 111, 10001 (2016), to be submitted to PRC
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Fission in Inverse kinematics at GANIL

New access to scission: the case of 240Pu (9 MeV)

Fragment N excess (N/Z)

M. Caamaiio et al., PRC 92, 034606 (2015)
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Neutron shells seem to drive the final splits
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New access to scission: the case of 24Py

Deformation p

Distance d (fm)

Intrinsic energy (MeV)

M. Caamaiio and F. Farget, PLB 770, 72 (2017)

A picture of scission: shapes and energy
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New access to scission: the case of 24Py

A picture of scission

and a sneak peek of the potential landscape:

V.V. Pshkevch, NPA 169, 275 (1971)
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Quasi-Fission in Inverse kinematics.

What else”? quasi-fission!

J. Toke et al., NPA 440, 327 (1985)
The measurement of the fragments Z and N

- .;, ’ gives information on the time of the process:
» @ 23?0 + ZﬁMS
|
160— ——
140:1'-....' namnn N
120:_232’0 ......
. ) - ....
= 100} Tay,
S o — " ag,
S E gpn®”
< 60— “l
- 26 ““‘ -
40 Mg by
- Sy \\““ @
1 | | |

T 15 2 a5

Contact time (arb. units)
COMPOUND NUCL.  QUASI-FISSION

FISSION

£ - M. Caamano



New access to scission

A picture of scission and quasi-fission for a collection of systems
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Detection development

A compact system for direct kinematics

238 fission fragments on Ar
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Detection development

A compact system for direct kinematics

optical TPC

2D charge projection
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Fission in Inverse kinematics at GANIL

A set of revisited and new observables

Fragment Z, N distributions

D. Ramos, PhD USC (2016), EPJ WoC 111, 10001 (2016), to be submitted to PRC
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New access to scission: the case of 24Py

A more detalled energy balance
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Inverse kinematics: A window 1o new observables in fission,

New access to scission: the case of 24°Pu (9 MeV)

and a sneak peak of the potential landscape:
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Fission in Inverse kinematics at GANIL

New access to scission: the case of 240Pu (9 MeV)
Fragment N excess (N/Z)

M. Caamaio et al., PRC 92, 034606 (2015)
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measured velocities and momentum conservation:
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Inverse kinematics: A window 1o new observables in fission,

New access to scission: the case of 249Pu (9 MeV)

M. Caamaio and F. Farget, PLB 770,72 (2017)
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Inverse kinematics: A window to new observables in fission,

What else”?
U 15; The case of 2°0Cf (42 MeV)
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Inverse kinematics: A window to new observables in fission,
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New access to scission: the case of 24Py

Total Kinetic Energy and Total eXcitation Energy
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New access to scission: the case of 24Py

INtrinsic energy: statistical equilibrium
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New access to scission: the case of 24Py

Fragment deformation and shells

M. Caamaio and F. Farget, PLB 770,72 (2017)
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New access to scission: the case of 24Py

TKE and fragment distance

M. Caamaio and F. Farget, PLB 770,72 (2017)
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Fission in Inverse kinematics at GANIL

Inverse kinematics at VAMOS/GANIL:

Production and fission from fusion and multi-nucleon transfer

F. Farget et al.

C. Rodriguez. Tajes et al., PRC 89 (2014) 024614
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Fission in Inverse kinematics at GANIL

Inverse kinematics at VAMOS/GANIL:

Production and fission from fusion and multi-nucleon transfer

F. Farget et al.

Fragment Mass

160

140

120

1004

PRC 92, 034606 (2015)
— i 16f-
L . - ny
i 14 ...===“I
i 2 F (]
N ) § 1of '=:l
| 1% o m
[ Seaareay s F toetn.
i ’ Yoo :_ 240 ..::..l
| ezl - e Pu .o..'-
i - os- m *cf
i ] 35 20 25 50 55 50 o5
__ Fragment Z
&) ' ] [
. 4 4.2 ,
Alq | /
D. Ramos, PhD USdC (2016) =
dE-E ToF

observables:

Fissioning System:
- A, Z, E*, angle, velocity

Fission Fragments:
- Apost 7 - q, angle, velocity

X, Yy positions

VAMOS

wof- .
o Z 1
% » |
S 300(—
5|

200:— —_

E (MeV)
"/_’\
Y FF
L RN
12

SPIDER c

dE-E, angles
238
EXOGAM

M. Caamano (USC)



Fission in Inverse kinematics at GANIL.

Normalised Yield

Normalised Yield

A set of revisited and new observables

Fragment Z, N distributions

D. Ramos, PhD USdC (2016),

EPJ WoC 111, 10001 (2016)
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Inverse kinematics: A window to new observables in fission,
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Inverse kinematics: A window 1o new observables in fission,

M. Caamafio and F. Farget, PLB 770, 72 (2017)
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Inverse kinematics: A window 1o new observables in fission,

New access to scission: the case of 249Pu (9 MeV)

M. Caamaio and F. Farget, PLB 770,72 (2017)
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Inverse kinematics: A window 1o new observables in fission,

New access to scission: the case of 249Pu (9 MeV)

M. Caamaio and F. Farget, PLB 770,72 (2017)
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Inverse kinematics: A window 1o new observables in fission,
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Inverse kinematics: A window to new observables in fission,

90

88

87

86

Proton number

85

Y(Z) (%)

Position in Z

89-

K.-H. Schmidt et al., NPA 665 (2000) 221

FRS campaign @ GS|

92

M

AAAM

-
-
-
=

AAA AL
AAAAL

Ad KN

A
A A A/

133 134 135 136

SS<
-

.
A
1

A
A
AA
Y 4

A AA §
AAAAAAL A
‘ At
18 19 120 121 122 123 124 125 126 127 128 129 130 131
Neutron number
15
10 C. Bockstiegel et al. NPA 802 (2008) 12
5
180
0
160
56 < a
_ \{ﬁt‘ > 140
S‘fi M . )
52 | "’* 4’;4‘$$$:§i+§>$\ ~% ’

235 240 245 250

Mass number

1 1
225 230

Ak

M

ol

Pa

iy

Th

Ac

137

138

Neutron number

139 140 141 142

S. Steinh&user et al. NPA 634 (1998) 89

233U 4 0.4
403
J[ S
402 "o
o)
LT
-H-+++ ++H+ 4 0
1 i ) 1 1 1 i 1 1 0.0
25 30 35 40 45 50 5 60 65
Z
zzzzesF:)Ea 4 0.4
4 02
f, _
++
“+++++++*+++++,,_,++ 0.0 EQ
"++J[
4 -0.2
1 i 1 1 I i I 1 J 1 -04
25 30 35 40 45 50 55 60 65
Z

M. Caamano (USC)



TXE (MeV)

50

40

30

20

239Pu(nin)
JNST 37, 941 (00)

1 L L M T T T N TR TR T T N T TR T L3 a3 L
35 40 45 50 99 60
Fragment Z




240

220

200

Qg.s., TKE (MGV)

160

Qmax from Z

@ TKE
Qmax from A

Lo ¥ s&gs
P S A Ve
‘...¢ ".Q‘
,o" ++*’ "0
** - 239Py(nin) ""9
| | | INST 37, 941 (00) .“‘
T By T

Fragment Z




<V>

_ 239PU (n’[h)

—

—

— Arost from 2012

llIIlllIlll

i

- JNST 32, 404 (95) ADNDT 39, 1 (88)

' l A A A A l

20 45
Fragment Z

problems in mass measured

around symmetry: low
statistics

60 65

<N>/Z

b 428888 ¢++i+:

- ® Pre-evaporation
-~ O Post-evaporation

Q
Q

35 40

i Ll s o5 9845 ;
45 50

Fragment Z

Apost from 2012




Deformation 8

Distance d (fm)

1.2

1.0

0.8

0.6

0.4

0.2

0.0

9]

Bgs.

Apost from 2012

------------

40 45 50 55 60
Fragment Z

I
T T T 1

ik

L )

ok

Apost from 2012

TXE (MeV)

a1
45

P PR BT I
50 55 60

Fragment Z

50

20

JNST 37, 941 (00)

—35 20 25 50 55 60

Fragment Z




1.2

0.8

0.6

0.4

0.2

-0.2

—0.4

tt
®
/

_|IIIIIII|Ill|IIIIIII|||||I||||II|I

rough shell effect

" ﬁi

| | | ] ] ] | | | | | I | | | | | ] ] ] ]

35

40

45

50

E
-~

6.5

5.5

4.5

3.5

_L||II||l|||||||I|IIII|IIII|II|[||III

i
i\
i
o~ 7\ & Jo @ AL
’ i /e 4 //..*\ .
vt Y
° *o e o o\\.//‘ * °

| | | 1 ] ] | 1 ] ] | I ] ] | 1 | ] | 1 ] | | | ] ] | |

35 40 45 50 55 60




550 500

I 400
300

200

500
450

400

350

300
250

llIIIIlllllllllllllllllllllIII|Illlllll

200 100

150

1 1 1 1 I 1 1
115

1 1 l
120

125

11 l 11 1 I 11 1 I 11 1 I 11 1 I 11 1 l 11 1 I 1.1 | I L1 1 I 11 1 1
38 40 42 44 46 48 50 52 54 56 58
M approx. Z

1 1 1 I 1 1 1
130

p il o L
135 0

:1||1||
100 110

AM/M = 0.6 102 ANZ/Z = 1.5 -10-2

Fragments Fragments identified from

identified from Z=<36tcoZ =59in
M=~ 90 to 600 MeV range

M= 140



Fission in Inverse kinematics at GANIL

A set of revisited and new observables

Neutron evaporation

D. Ramos, PhD USC (2016), to be submitted to PRC
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The evolution of the neutron evaporation with E* is slower for the case of transfer-fission than
for neutron-induced.
An measurement of angular momentum??
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Fission in Inverse kinematics at GSI

Inverse kinematics at GSI:
Production from fragmentation and e-m fission induced

K.-H. Schmidt et al.
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New access to scission: the case of 24Py

Even-odd effect and dissipation

D. Ramos, PhD USC (2016), EPJ WoC 111, 10001 (2016)
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There Is a correlation between the
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New access to scission: the case of 24Py

Even-odd effect and dissipation
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