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Iréne Joliot-Curie

Accélérateur Linéaire auprés du Tandem d'Orsay

Laboratoire de Physique
des 2 Infinis

High energy Stable Beams Low energy Radioactive beams

- 15 MV tandem accelerator - Electron linear accelerator 50 MeV & 10 pA + Ucx target (~70 g)
- H, °He, *He, ..., *C, ... up to **I - Isotope Separation Online (ISOL) photofission of 238U (~10'! f/s)
- Pulsed beams: 100 ns - 100 ps period. 1-2 ns width _RIALTO : Laser ion source = Z selection

- Rare beams (*He, *C, **Mg, “°Ca) - Dipole magnet PARRNe = Mass separation (M/AM = 1500)

- Up to 800 nA ’Li primary beam: p(7Li,n) reaction

- Up to 108 neutrons/second in 1 steradian
Corentin Hiver | Euro-Labs 3rd Annual Meeting




() : F I o | FACULTE I
MCL b The nu-Ball2: Hybrid y-ray spectro universite | pesscimnces (4] qoRRe
P> i ; =

Iréne Joliot-Curie |

Laboratoire de Physique Study of: nuclear fission, neutron rich isotopes, lifetimes/nuclear moments

des 2 Infinis

=

— T

= o
B :
ki

high resolution, high efficiency
Different geometries and couplings
Calorimetry for reaction studies/selection
Fully digital, 200 channels, including BGO
Modes Triggered or Triggerlesss

15 approved experiments. 2900 hours beam time
march 2022 — june 2023

Coupled Devices

TFGIC (European Commission, JRC Geel)
DSSD silicon detectors (HIL Warsaw)
LICORNE neutron source (ALTO)
o= FE detector (Pubna)

OUPS plunger (1JC Lab)
OPSA charged particle detegi

nu-Ball2 under construction 03/03/22

Gamma detectors

28 Clover Ge's(GammapoolEU consortium)
15 Coaxial Ge’s (UK/France loan pool)

36 FATIMA LaBr3 (FATIMA collaboration)
72 PARIS phoswich (PARIS collaboration)
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WCuLo

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

Neutron induced fission
 238U(n,f)—S. Pascu

Heavy ion induced fission
* 197Au(180,f) — K. Miernik/A. Korgul
* 178W(12C,f) — K. Miernik/A. Korgul Published

Light ion induced fission (fission isomers)
* 235U(d,f), 232Th(d,f) — C. Hiver/J. N. Wilson

Spontaneous fission
* 252Cf(SF) — M. Lebois/S. Oberstedt

Coulex

28/10/2024

nu-Ball2 campaign ex

(April 2022 — June 2023)

Structure

lifetimes (R
 58Fe — G. Pasqualato

e 60Ni— K. Hadynska-Klek

e 40Ca - P. Napiorkowski

Fission

Structure Coulex

e 44Ti,42Ca — M. Matejska-Minda

Lifetimes (RDM)
* 60Zn— M.L. Cortes

Giant dipole resonnance (GDR)

e 150 international visitors (Including 60 from Eurolabs)
12 experiments completed
 >300Tb of data collected!
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Iréne Joliot-Curie

Neutron induced fission
 238U(n,f)—S. Pascu

Heavy ion induced fission
* 197Au(180,f) — K. Miernik/A. Korgul
* 178W(12C,f) — K. Miernik/A. Korgul

Coulex lifetimes (R

Light ion induced fission (fission isomers)

» 235U(d,f), 232Th(d,f) — C. Hiver/J. N. Wilson

Spontaneous fission
* 252Cf(SF) — M. Lebois/S. Oberstedt

28/10/2024

nu-Ball2 campaign ext

o nfinis e Physique (April 2022 — June 2023)

Structure

 58Fe — G. Pasqualato
e 60Ni— K. Hadynska-Klek
e 40Ca - P. Napiorkowski

Fission

Structure Coulex

e 44Ti,42Ca — M. Matejska-Minda

Lifetimes (RDM)
* 60Zn— M.L. Cortes

Giant dipole resonnance (GDR)

e 150 international visitors (Including 60 from Eurolabs)
12 experiments completed
 >300Tb of data collected!
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P Investigation of the y-back decay from
- shape isomers in actinides with the gﬁiﬂg

nu-Ball 2 spectrometer

Class Il states
Class | states < — \
\ 7
\ 7 \ 7
\ 4
\
\

Gamma-back decay

Meta-stable state

Delayed Fission

. . - \ “ Deformation B

cloioiciicldcleleleleleiel




g.s.

Liqguid drop model

« The nucleus behaves like a drop of uniformly charged nuclear matter »

First successful explanation of fission

Fission barrier
DEFORMATION

EXCITATION

. . - “ Deformation 3

28/10/2024

Corentin Hiver | Euro-Labs 3rd Annual Meeting



EXCITATION

Liqguid drop model

« The nucleus behaves like a drop of uniformly charged nuclear matter »

DEFORMATION -> FISSION

First successful explanation of fission

Saddle point

Spontaneous fission

\

- “ Deformation B

28/10/2024
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| Liguid drop model
Axis ratio a:b b x +
| B - Shell model correction

B =
EA

Double-humped fission barrier

Ground state
permanent deformation

« Super-deformation »

. 1:1 . 13:1 - 51 \“ Deformation B

28/10/2024
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1. Introduction

Class I states Class Il states

AE =2 —4 MelV

. 1:1 . 13:1 - 51 \“ Deformation B

28/10/2024 Corentin Hiver | Euro-Labs 3rd Annual Meeting



®

Parenthesis :

The class Il states are still very mysterious

More known states in super-heavy elements like Rutherfordium

,,,;_ 4 e :EE: _ o /\_ HE“ _
Similar physics of stability ¢ ﬁ SN _

oL . . B § | - \ |

C i o . ] — v \:

i | A E A TN '

3_ . . .\ »'*.\, _ 12 /\/ i

‘?3:1'1;6',;s',i(,‘lf,z',L‘llé‘m‘l;o‘l;z'l_fu‘l:'.,ﬁ'l;s*léo'”‘)z‘l;‘ TR bl{L«;lmL;;m:ég 9 150 ST 152 15 154
Class Il states : microbarn Super-heavies Shape isomers

Super-heavies : nanobarn
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1. Introduction

Class I states Class Il states

Two additional phenomenons now explained

L
o

AE =2 —4 MelV

. 1:1 . 13:1 - 51 \“ Deformation B
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1. Introduction

I T T 1 T

240p ( n,total)

Sub-threshold fission

Class I states Class Il states

|
)

240Pu(n,f)

|

v
A 4

l
J
o

FISSION CROSS-SECTION TOTAL CROSS-SECTION

b,

] L 1
500 1000 1500 2000 2500
NEUTRON ENERGY (eV)

Class | and Class Il states mixing
Fission « doorway » states

. 1:1 . 13:1 - 51 \“ Deformation B
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Ep Super-deformed shape isomer

Class I states Class Il states

T = pS — ms

Long-lived shape isomer

. 1:1 . 13:1 - 51 \“ Deformation B
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Ep Super-deformed shape isomer

Class I states Class Il states

L
o

T = pS — ms

Delayed fission

. 1:1 . 13:1 - 51 \“ Deformation B
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1. Introduction

55ns 180 ns >100 ns
A 96 Cm 10 ps 15 ns 50 ps 42 ns <5 ps 13 ns
Ep | S deformed shape isom T T
p u p e r e O r e S a p e I S O e r Z 95 Am S5ns  3,5us 160ns 09ms 1,5ps 14ms 55us  1ms 640ns 73 ps
f f f f f f f f f f
34 ns 1,1ps 6ns 3ns 30 ns 50 ns
94 Pu 30ns 37 ps 110ns 0,6 ns 8 us 38ns  24ps  36ns 60ns 380ps 90ns
Class I states Class lI states f f f f f f f f - - ¢
I E 93 Np 40 ns
% f
B >1ns
92 U 11ms 116 ns 195ns  >250ns

v: f oy f y f oy f?

141 142 143 144 145 146 147 148 149 150 151

N
Over 30 known fission isomers near the

« magic deformed number » N=146

T = pS — ms

Delayed fission

. 1:1 . 13:1 - 51 \“ Deformation B
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Ep Super-deformed shape isomer

Class I states Class Il states

Eg

Found in 23238 and %3°Np

X h

. 1:1 . 13:1 - 51 \“ Deformation B
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t 1. Introduction

Known isomers o °
242 244 245 DElGVEd fission

Bk 97
/ Bk Bk Bk

om 9% 240 241 242 243 244 245
/ Cm Cm Cm Cm Cm Cm

Predicted isomers

237 238 239 240 241 242 243 244 245 246
Am Am Am Am Am Am Am Am Am Am

235 236 237 238 239 240 241 242 243 244 247

Am 95

Pu 94
Pu Pu Pu Pu Pu Pu Pu Pu Pu Pu Pu

o3 T~ Competing fission/ y

Pa

>

o Terra incognita
Back-decay is extremely challenging Delayed y decay .
Ra 88 . . experimentally ! ‘\/&\/
N
136 37 3 139 140 141 143 144 145 146 147 148 149 150 151 {/’)
2V
\ \ 4
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t 1. Introduction

Known isomers

24 205 Delayed fission

Bk
Bk Bk

Predicted isomers
242 243 244 245

Cm Cm Cm Cm Cm Cm

237 238 239 240 241 i 242 243 244 245 246 j
Am Am Am Am Am Am Am Am Am Am |

Cm

Am 95

J. Schirmer, J. Gerl, D. Habs and D. Schwalm, Phys. Rev. Lett. Z:UV
63 (1989) 2196 .

."
JUEE. B B

w Terra incognita ‘ Delayed y decay

. . Back-decay is extremely challenging
Ra 88

experimentally !

. ></'§/
136 37 3 139 140 141 / 143 144 145 146 147 148 149 150 151 ' O'{/»

N \ /

Competing fission/ y
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Why study actinides shape isomers ?

* Barrier penetration = good fission simulation
* Shape isomers only direct probe of barrier penetrability
* Fission studies focus on post-scission = « Blind » to the actual path

BUT :
* very low cross section formation ~ub
* y-rays have low interaction cross-section

Consequent experimental efforts needed

28/10/2024 Corentin Hiver | Euro-Labs 3rd Annual Meeting



” 2. Crystal ball experiment : The only unambigu

236 S
235U(d, p) U \

N
J

N\ ‘
A\
k| |

N\
) Ny | e

Selectivity from calorimetry, ]
proton energy and beam pulsation - _¢ /y\

~ ) & ///
{ f
o i/
7 H X
/| %
A of‘ o
N> / / %
/ ¥ Y % :
L /o
i % e
Y R /) \
/5
>
|

J. Schirmer, J. Gerl, D. Habs and D. Schwalm,
Phys. Rev. Lett. 63 (1989) 2196 .

Darmstadt 4mt Nal crystal ball :
80% total energy efficiency calorimeter
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() BGO
() Germanium

Setup :
_ 24 Ge clovers + BGO, 64 PARIS phoswhich + DSSD
PARIS phoswitch :

LaBr3 > 300 independent digital channels (FASTER
“ﬂ Z] Nl system)
14

.

| DssD
d®11MeV £ Advantages :
2, Y S el * Energy resolution (HPGe)
(Pb) e Beam pulsation (2ns wide pulse vs 25 ns)

 Segmented Si DSSD (16 rings, 32 sectors)
-> 10 kHz particle detection rate vs 800 Hz
* Triggerless DAQ -> Great flexibility in data analysis

Disadvantages :
e Calorimetry € = 25% vs 80%
* Proton punch through in DSSD

28/10/2024 Corentin Hiver | Euro-Labs 3rd Annual Meeting



3. 2023, Orsay : High precision spectro

4_\010 /3310 \35010 \0:—50]0 o .6010 %55010 ,5010
0 — ; 2814 (116 ns)
R . 2244
@t —— Y 1807
et — Y 1604
1843 2125
1~ ' 967
i i v 279
- = : L A 688 (3.8 ns)
o 942 24_2
A @ 688
2+ ‘E, # L4 Q * 45
o* 0
ze, Gate

Crystal ball results (P. Reiter dissertation)
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t 3. 2023, Orsay : High precision spectrosc

PRI NS LRS- LI LR LN 22
0 — : 2814 (116 ns) -
L 20 - — Measured
. : 18
1 v 2244 - — Expected
S 16—
17(2%) y 1807 14:_
psp QN Y 1604 -
: ! 12—
o 1843 2125 -
- ¥ toF-
- — E 967 C
o | 279 8C
1~ y 4 688 (3.8 ns) C
o ony | T o J
| v ]
o* - 2HT U T Ot Wl il
236U Gate D_'"l""l"'l""l"' Lria i L1l
) ) ) 1810 1820 1830 1840 1850 1860 1870 1880
Crystal ball results (P. Reiter dissertation) Delayed HPGe [keV)
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3. 2023, Orsay : High precision spectrosco

PRI NS LRS- LI LR LN 22
0 — : 2814 (116 ns) -
C 20 - — Measured
ORI B 2244 8E — Expected
S 16
1m@hH — y 1807 14:_ I
pCopua— \ . jy: Results not reproduced !
; ! 1843 2125 C
. ' 101~ this work
R %67 oF Oshape Isomer < ub
Lo 279 n
- : v T 688 (3.8 ns) u
1 . -
| ; 942 I E':_ J
aa| v |
o* . 240 QU ot W 1 Il
Gate o Ll bt brr ol Ll oo L1l
. . . 1810 1820 1830 1840 1850 1860 1870 1880
Crystal ball results (P. Reiter dissertation) Delayed HPGe [keV)

Cast doubt on:
e the unambiguity of the Crystal Ball experiment
* the measured cross section used for the estimation
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t 4. Perspectives

New half-life empirical parametrization:  Then why fission isomerism almost
gamma-back may not be expected in 2**U  vanishes below Pu isotopes ?

T ——1 1 And many other mysteries :
i _ 1 = ?®Puand *’Np : delayed fission half-life discrepancy
: 236 '] |« Class |l states spectroscopy

* Class Il K-isomerism

* More efficient production mechanism

* Long-lived fission isomers in lighter elements ?
* Precise shape isomer excitation energy

log L corrected (s)
o

237Np

0.68 | 0{7 | O.I72 i I 0.|74 | 0.|76 NOte :
Fissility x=(Z'/A)/50.883 Nowadays, great effort to study nanobarn super-heavies elements
Linear trend with fissility after removing While shape isomer microbarn states remains very mysterious
shell effects Yet similar physics explain their stability
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3. 2023, Orsay : High precision spectrosc

—1— 1775,4
S 721
A 8 1621.8 1575.4
K'=4" isomer 7-——1541.8 K =2
E =1052 6 471.7
X K=6~
T~ 120 ns
5 1164.0
4" 1072.3 5 .
3" 1038, 4~ s
2~ 991.5 4 K=4~ 1053.9
. R | K=~ 969.7 :
1:1 ‘ 1,3:1 - 2:1 \“
’ (3) 744 .4
——686.4
(16) (653 (£6) (=d4- W0ns Y 1052 4~ - Xrays S
- X =T \\ 005 &= L 7o
3 54%9 \\ 2 501 \\\\279 222 509 %5_/ ol . ™ Prompt
905 921 57> 150; 8 \r\l
7 / - ¥o) < '\IN
966 (595> 100 — m ‘\ILI)
L [ o
=H= ol
2.5bUd 256Uc Z.56Ub 2.56Ug octupole S S N S

100 200 300 400 500 600 700 800
Prompt [keV]
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