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Mapping Fission with

(Nuclear Fission in the 215" Century from

* Fission in the new” regions of the Nuclear Chart" -why?

+ Brief (experimental) review on low-energy fission

* Electron- Capture Delayed Fission (ECDF) at ISOLDE (CERN) at 60
keV

* d,pf fission with post-accelerated RIBs at Coulomb energies

* Coulex fission at SOFIA@R3B@GST with relativistic 1 AGeV energies
+ ECDF of 189T| vs ECDF of 234Bk (a challenge for theory)

« Conclusions



York city (UK), ~150.000 population

Shetland Orkney 0 100 km .
Islands lslands o Kirkwell S50 m 19 U.K NP groups:
ve B Birmingham, Brighton,
Lewick o, 5 Daresbury, Edinburgh,
> Inverness Glasgow, Liverpool,
3 ) Loon Ness - JAberdeen Manchester, Surrey,
T < “E,‘u,?d'; North West of Scotland, York
or Perth.  ® St. Andrews
Atlantic o ~ el i i
PR e O Sea University of York (est. 1963)
Ocean oAyr /R
Londonderry s Northem  Dumries PHEESEe Academic staff 2,295
Iraland LS 5 :Jaﬂtlsleo ida ugh
arlington® © lesbro
carg h
urn’ Great Br[taln @ Students 23,420
eed n-
ShannonR. Irish a0 M:;ches,a, ull Undergraduates 15,350
! Dublin© o".‘ ead Liver oSheffield
o E,.";‘i‘;.,d oNoftingham Postgraduates 8,070
Jreland Blm'llﬂgham oLeiOBster Norwu:h
Coveritry” oNorthampt on | hswich|
Waterford « ‘Wye R. \Severn R. Cambridge [+
Corke Tt , Wa’esﬁloucester 0’“0“’ ColcheSter , ]
laCeoe s ek istol |~ -oLondon York’s Nuclear Physics group
Chane o B-ath Thames RCanlerSu “ PR
Southampton gt 10 “academics
umE"gfr oot Orsmouth 10+ postdocs
ansia U S 25+ PhD st
o nt




(some) UK-China similarities ©

(B 7 3t | v S S [l b ()

35 million 69 million

B RE

| : 2067 FALRE @R : 20.980FFLNE

LE : "RIER EEB - B =Eit
SRR Mk, KEE  FEEN  KEE. ©3F
&B5E : AR BE =

FE B Am. KRS BR & AR KRS
AT FRE REREMm  RER

AIFR © KEARIK AR - B AEHE

A ik a} P Z&ﬁﬁﬁiﬂ;ﬁ
: ]

¢ o

https://www.chinacheckup.com/blog/comparing-shaanxi-britain



Time scale for fission from ‘compound nucleus’ to scission ~20 zs (~20x10-?'s)

Time-dependent Hartree-Fock + BCS simulations for 249Pu
G. Scamps, C.Seminel, Nature 564, 382—-385 (2018)



are (typical) observables in

ground state  saddle point

16 .04

- Half-lives (e.g. for SF — from ms to billions of years)

* Fission fragments mass and charge distributions (symmetric, asymmetric,
multimodal)

 Kinetic energies of FFs’, & their sum — Total Kinetic Energy(TKE)

* Prompt neutron and y-ray multiplicities, energies of y's and n’s

« Angular momentum of fission fragments (a derived value, hot topic nowadays)
» Fission barrier height (a derived value, can’t be measured directly)

NB: Typical FFs energies in SF are ~1 AMeV, difficult to
measure with sufficient precision (can be overcome in inverse

kinematics — the modern approach)



Outlook: Why ‘new regions of fission?

*Theory models are (usually) 'tuned' along the B stability line

*However, many nuclear properties change far from stability
line (e.g. disappearance of ftfraditional magic numbers,
appearance of new shell gaps, halos, skins...)

‘What happens to fission e.g. on the extremely neutron-
deficient or neutron-rich sides? (e.g., r-process..)

‘Not simple to answer, as most of such nuclei are impossible to
produce (e.g. very neutron-rich)

*Also to fission these nuclei at low excitation energy (E*~B;)
is a very challenging task (we want to keep shell effects...)

‘Need SF, beta-delayed fission, n-induced fission data



One of the reasons to study ‘exotic’ fission:
r-process fission termination
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r-process termination by fission: need to know fission barriers and FFs mass

distributions for Z>82, N>180 nuclei! (hardly ever achievable in the lab?)



Fission re-cycling in r-process: competition between

spontaneous, neutron-induced and beta-delayed fission

Calculations of fission rates for r-process
nucleosynthesis *

1.V. Panov *>* E. Kolbe?, B. Pfeiffer ¢, T. Rauscher®, K.-L. Kratz®, ]_ 50 ]_ 60 ]_ 70 ]_ 8 G
F.-K. Thielemann?
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Fig. 7. The map of rates ratios A, r/Agqr for pY,, =1 and Ty = 1.
The most abundant nuclei along the r-process path, for n,, &~ 10% (crosses),
and n,, &~ 10'¥ (pluses) are marked. The position of the neutron drip-line (full
line), nuclei with neutron separation energy S, ~ 2MeV (dashed line) and
nuclei with beta-decay energies @z ~ S, (dotted line) are denoted as well.

These results were obtained for the mass model of Hilf et al. [22] and fission
barriers by Howard and Moller [1]. Nuclear Physics A 747 (2005) 633654



Example: Fission Barrier Calculations for r-process nuclei

Full symbols — experimental data
Lines — calculations (LDM,TF, ETFSI)

A. Mamdouh et al. NPA679 (2001), 337
20 . e
! | ' I
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| —— ETFSI-1

10

120 140 160 180 200 120 140 160 180 200 220
Neutron Number Neutron Number

* Good agreement between B; ., and By, for nuclei close to stability

 Large disagreement far of stability (both on n-def. and n-rich sides)
* Need measured fission data far of stability to tune’ fission models



Fission re-cycling in r-process: influence of the

modelling

THE ASTROPHYSICAL JOURNAL, 808:30 (13pp), 2015 July 20 doi: 10.1088/0004-637X/808/1/30

© 2015. The Amencan Astronomical Society. All nights reserved. 2 74 P

THE ROLE OF FISSION IN NEUTRON STAR MERGERS AND ITS IMPACT ON THE r-PROCESS PEAKS
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Figure 3. Fission fragment distributions for the models considered in our calculations, here for the case of neutron-induced fission of “'"Pu. For this reaction Panov
etal. (2008) predict 19 ABLAQO7-released fission neutrons. Kodama & Takahashi (1975) do not predict any fission neutrons. For Panov et al. (2001 ) neutrons can be
released if the fragments would lie beyond the neutron dripline. The distribution for Panov et al. (2001) consists only of two products with A} = 130 and A, = 144.

Recall: in r-process network calculations, we need fission data for e.g. 274Pu,
but so far the fission around 23°Pu was studied only



Fission and r-process: influence of the

fission mass distributions modelling
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So, if we can't access neutron-rich, what can we
do instead? Will neutron-deficient help?
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R-process termination by fission: need to know fission barriers and FFs mass

distributions for Z>82, N>180 nuclei! (hardly ever achievable in the lab?)



Experimental information on low-energy fission

Nuclei with measured charge/mass split (RIPL-2 + GST)

/=82

Heavy Actinides, N/Z~1.56: predominantly asymmetric;
spontaneous fission, fission isomers, (bimodal)

I 187|r
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- particle induced

196 - e.m. —induced E*~11 MeV

A.N. Andreyev, K. Nishio, K.-H. Schmidt, Reports on Progress in Physics, 1 (2018)



Experimental information on low-energy fission

Nuclei with measured charge/mass split (RIPL-2 + GSI)

Heavy Actinides, N/Z~1.56: predominantly asymmetric;
spontaneous fission, fission isomers, (bimodal)

Region of our interest: fission of
nuclei with A~180-200,
N/Z~1.22-1.3: Hg,Pb,Po,Rn
JAEA,ISOLDE(CERN), ANU,
Indian groups, R3B(GSI),Dubna

wohig i 5

N/Z=1.25

- particle induced
x - e.m.—induced E*~11 MeV

- 187 '19‘6A'u‘ 126

A.N. Andreyev, K. Nishio, K.-H. Schimidt, Reports on Progress in Physics, |

Pre-actinides, light Ir-Th N/Z~1.4-1.5:
predominantly symmetric, e.g. FRS(GSI)




The
ISOLDE
facility




RIBs Production Reactions at ISOLDE (CERN)

induced by p(1.4 GeV) with a thick Uranium Target
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ISOLDE Facility (CERN, Geneva)

(example of a surface-ionization ion source)




ISOLDE Target Unit

Phys. Scr. T152 (2013) 014023 Y Blumenfeld er al

¢ Proton beam

Tantalum tube with the target material

xD

' v~

Figure 16. A photo of the ISOLDE target unit. The tantalum target container is ohmically heated. The radioactive atoms are transported to
the ion source via the transfer tube. Part of the tube contains a quartz container that absorbs the rubidium atoms. This configuration was
used to produce zinc beams using laser resonant ionization. Adapted from [48].



Getting clean laser-mass separated beams at
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Energy

15 Study Case: ECDF of 89Tl at ISOLDE-CERN

M 180T| 4-

ECDF

EC/B*

Fission prob.

© Qge=10.3 MeV

: > TEE RS
\ﬁ/ \Elongatlon o © °

Two step process: EC/B* decay of 180Tl followed by fission of 180Hg"
Low-energy fission, E*<10.3 MeV, limited by Qg.

Qe (18°TI)-B('8°Hg)=0.5 MeV (FRDM/FRLDM values used)

Mostly sub-barrier fission, as most of j—decay feeding to low E*



Mass distribution of fission fragments from BDF of 180Tl

(recall - it's daughter 180Hg=2x%9Zr, who is actually fissionning!)

ASYMMETRIC energy split! Thus asymmetric mass split: M;=100(4)
and M, = 80(4)
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A problem: “low-energy” FF’s - 1 AMeV only, A and Z identification difficult
The most probable fission fragments are °°Ru (N=56,Z=44) and 8°Kr (N=44,Z=36)



Discovery of Asymmetric Fission in Proton-Rich Nuclei

week ending

PRL 105, 252502 (2010) PHYSICAL REVIEW LETTERS 17 DECEMBER 2010

B4
—New—type-of Asymmetric Fission in Proton-Rich Nuclei via ECDF of 180T|

A.N. Am‘lreye:v,l’2 I. Elseviers.! M. Huys;e,l P. Van Duppen,l S. Antalic.,® A. Barzakh.* N. Bree.! T. E. Cocolios, "
V. F. Comas.’ J. Diriken.! D. Fedorov.* V. Fedosseev.® S. Franchoo,” J. A. Heredia.” O. Ivanov.! U. Koster.® B. A. Marsh.®
K. Nishio.” R.D. Page,m N. Patronis,"'" M. Seliverstov,"* I. Tsekhanovich,'*'” P. Van den Bergh,l J. Van De Walle,®
M. Venhart,"? S. Vermote,'* M. Vesels;ky,14 C. Wagemans,13 T. Ichikawa,' A. Twamoto,” P. Moller,'® and A.J. Sierk'®
Unstituut voor Kern- en Stralingsfysica, K.U. Leuven, University of Leuven, B-3001 Leuven, Belgium
2School of Engineering, University of the West of Scotland,
Paisley, PAI 2BE, United Kingdom, and the Scottish Universities Physics Alliance (SUPA)

Pecor(180T1)=3.6(7)x10

Calculations according to 5D fission model, P. MOller et al., Nature 409, 785 (2001)



Two types of asymmetry: what's the difference?

PHYSICAL REVIEW C 86, 024610 (2012)

Contrasting fission potential-energy structure of actinides and mercury isotopes

Takatoshi Ichikawa,! Akira Iwamoto.? Peter Moller.? and Arnold J. Sierk?
Conclusions: The mechanism of asymmetric fission must be very different in the lighter proton-rich mercury
isotopes compared to the actinide region and is apparently unrelated to fragment shell structure. Isotopes lighter
than '”?Hg have the saddle point shielded from a deep symmetric valley by a significant ridge. The ridge vanishes
for the heavier Hg isotopes, for which we would expect a qualitatively different asymmetry of the fragments.

Ji 0

Porential Energy (Mel)
=50 5107520
J

Potential Energy (Mel)

&

Asymmetry in the U-region i;/due to strong shell effects of fission fragments around 132Sn
Asymmetry in the neutron-deficient Pb-region — due to shell effects of CN (but, octupoles?)



Brownian Metropolis Shape Motion

based on J. Randrup and P. Moller, PRL 106, 132503 (2011)

Phys. Rev. C 85, 024306 (2012) 2 P
Calculated fission yields of neutron-deficient mercury isotopes S 5L ]
= F 1
Peter Moller!,* Jgrgen Randrup?, and Arnold J. Sierk! % F ]
! Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mezico 87545, USA S0 ]
2 Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA T I 1
(Dated: November 21, 2011) % 5 [ 1
The recent unexpected discovery of asymmetric fission of **°Hg following the electron-capture “ 0 ]
decay of '™TI has led to intense interest in experimentally mapping the fission-yield properties L ) | ‘ A& i
over more extended regions of the nuclear chart and compound-system energies. We present here DO o 2 'H 4 HJ 6 LH 8 . '10' L '12
a first calculation of fission-fragment yields for neutron-deficient Hg isotopes, using the recently Nuclear Deformation (Q,/b)"?
developed Brownian Metropolis shape motion treatment. The results for '**Hg are in approximate
agreement with the experimental data. For '"*Hg the symmetric yield increases strongly with FIG. 4. (Color online) Minima, saddles, major valleys, and ridges
decreasing energy, an unusual feature, which would be interesting to verify experimentally. in the 5D potential-energy surface of '*"Hg (see text). At the last
PACS numbers: 25.85.-w, 24.10.Lx,24.75.+i plotted point on the fission barrier, (@5 /b)!"/? 2 11, the asymmetry
of the shape is Ay/AL = 108/72.
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‘Improved’ Scission-Point Model

PHYSICAL REVIEW C 86, 044315 (2012)

Mass distributions for induced fission of different Hg isotopes

A. V. Andreev, G. G. Adamian, and N. V. Antonenko
Joint Institute for Nuclear Research, 141980 Dubna, Russia
(Received 20 June 2012: revised manuscript received 6 September 2012: published 11 October 2012)

With the improved scission-point model mass distributions are calculated for induced fission of different Hg
isotopes with even mass numbers A = 180, 184, 188, 192, 196, and 198. The calculated mass distribution and
mean total kinetic energy of fission fragments are in good agreement with the existing experimental data. The
asymmetric mass distribution of fission fragments of '*Hg observed in the recent experiment is explained. The
change in the shape of the mass distribution from asymmetric to more symmeitric is revealed with increasing A
of the fissioning “Hg nucleus, and reactions are proposed to verify this prediction experimentally.

Inter-fragment distance is not fixed and calculated.
svalues of ~0.5-1 fm result (Wilkins — fixed at 1.4 fm)

*Mass symmetry/asymmetry doesn’t change as a function
of E* (up to E*~60 MeV) — good for future experiments

Yield (relative units)

0.08

0.06+
0.04}
0.021
0.00

0.06
0.04
0.02
0.00

0.061
0.04}
0.02t

0.00

0.06}
0.04}

0.02¢

0.00 : } : | i : i
0.06: /NN Hg

[ N
0.04/ / \ ]
0ol 7 \\ .

0.00 T :
7280 88 96 104 112 120

AL



SPY self-consistent Scission-Point Model

PHYSICAL REVIEW C 86, 064601 (2012)
Role of deformed shell effects on the mass asymmetry in nuclear fission of mercury isotopes

Stefano Panebianco, Jean-Luc Sida, Héloise Goutte, and Jean-Frangois Lemaitre
IRFU/Service de Ph r\.iqm' Nucleaire, CEA Centre de Saclay, F-91191 Gif-sur-Yverne, France

Noél Dubray and Stéphane Hilaire
CEA, DAM, DIF, F-91297, Arpajon, France
(Received 9 October 2012; published 3 December 2012)
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Mean-field HFB+Gogny D1S/SkM*

PHYSICAL REVIEW C 86, 024601 (2012)

PHYSICAL REVIEW C 90, 021302(R) (2014)

. . . Excitation-energy dependence of fission in the mercury region
Fission modes of mercury isotopes

J. D. McDonnell,":* W. Nazarewicz.>** J. A. Sheikh.>** A. Staszczak.>" and M. Warda®
o) Y
M. Warda,! A. Staszczak,'>? and W. Nazarewicz>>+*
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Octupole shapes of fission fragments as a culprit for

mass-asymmetry?

PHYSICAL REVIEW C 100, 041602(R) (2019)

Effect of shell structure on the fission of sub-lead nuclei

Guillaume Scamps
Center for (‘u:ulrm.frrrrunuf Sciences, University of Tsukuba, Tsukuba 305-8571, _frr;wu

and Institut d’Astronomie et d"Astrophysique, UniversitLibre de Bruxelles, Campus de la Plaine CP 226, BE- 1050 Brussels, Belgiwm

Cédric Simenel
Department of Theoretical Physics and Department of Nuclear Physics, Research School of Physics and F

Australian National University, Canberre
-1400 ——

1, Australian ('-Jf‘rhrf Territory 2601, Australia
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Fission-Fragment Symmetric-Yield to Peak-Yield Ratio
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From Asymmetry to Symmetry

(what effect is responsible for asymmetry in the lead region?)
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Back to classics: 197Q'ies - Fission in d pf
approach with stable/long-lived targets

Modern version -




1970Q'ies: Classical fission studies in d,pf approach:

determination of fission modes and fission barriers

Fission probability as a function of E* : direct nucleon transfer, e.qg.
(d,pf) reactions with stable/long-lived targets.

239Py; _, 240D * 40 s o .
d+ PU | Pu*p — 2FF+p 239py, 2 fission fragments in

commdencl with proton

10 L

Fission and p
detectors

10? L - 100

0 L

COUNTS PER CHANNEL

2%py (d, pf)

Allows to deduce e.g. the fission

10° | J O L . . . .
2 By e barrier height (with some assumptions)
lllllllll l e . P,
W 40 50 60 70 80 Pfis(E )= QI(Br — B%)
EXCITATION ENERGY {MaV) ] il (,.\.l.) ( 1 )
B.B. Back et al.; Nucl. Phys. A165 (1971) 449 hw

E. Konecny et al.; Phys. Lett. B 45 (1973) 329



Modern approach: the same reaction mechanism, but

in )

Example-1: 209Fr (51 s)+d — 21%Fr*+ p — 2FF+p

2 fission fragments in

d target coincidence with proton

Post-accelerated 210F >
209Fr beam (HIE-I

~7.6 AMeV, 106 pps Fission and p

detectors

Main advantages in comparison to ‘old’ direct kinematics

1. Allows to study fission of (“any”) RIB’s, even very short-lived

2. Higher fission fragment energies (easier identification of E, A, Z)
3. Kinematical focusing due to inverse reaction (easier identification)



Fission of 219Fr with ACTAR@HIE-ISOLDE

ACTAR - time-projection chamber, filled with d gas

HIE-ISOLDE post-acceler;
209Fr beam, ~7.6 AMEV,




Fission of 210Fr with ACTAR@HIE-ISOLDE

PHYSICAL REVIEW C 109, 014618 (2024)

Determination of fission barrier height of *'°Fr and ?'’Ra via neutron measurement

M. Veselsky,” P. Rubovié, V. Petousis,” H. Natal da Luz, P. Burian, P. Mének, L. Meduna, and P. Smolyanskiy
Institute of Experimental and Applied Physics, Czech Technical University, Husova 240/5, 11000 Prague, Czechia

R. Raabe, A. Camaiani, J. Klimo, O. Poleshchuk, A. Youssef, A. Ceulemans, and M. Latif
KU Leuven, Instituut voor Kern- en Stralingsfysica, Celestijnenlaan 200d, 3001 Leuven, Belgium

M. Jandel
Department of Physics and Applied Physics, University of Massachusetts Lowell, Lowell,
Massachusetts 01854, USA

M. Birova, A. Herzin, A. Spaéek, and M. Venhart
Institute of Physics, Slovak Academy of Sciences, Diibravskd cesta 9, 845 11 Bratislava, Slovakia

M. G. Pellegriti
INFN Catania, Via Santa Sofia 64, 95123 Catania, Italy

A. N. Andreyev and C. Page
School of Physics, Engineering and Technology, University of York, Heslington, York YO10 5DD, United Kingdom

HIE-ISOLDE post-act

G. A. Souliotis 209Fr beam. ~7.6 AM
Laboratory of Physical Chemistry, Department of Chemistry, National and Kapodistrian University of Athens, ’ b
Zografou, 157 71 Athens, Greece

R. Lica
ISOLDE, CERN, Espl. des Particules 1, 1211 Meyrin, Switzerland
and Horia Hulubei National Institute for Physics and Nuclear Engineering - IFIN-HH, R-077125, Bucharest, Romania

Fission barrier heights of short-lived nuclei away from line of B stability are not known reliably. Low-energy
fission of 2'°Fr and ?'°Ra, produced by (d, p) and (d, n) transfer reaction on the re-accelerated unstable beam
2OFr was investigated at HIE-ISOLDE. Four Timepix3 pixel detectors were installed on the body of the ACTAR
TPC demonstrator chamber. Polyethylene converters were used for the detection of fast neutrons. Since no
significant background was observed, it was possible to measure the spatial distribution of emitted neutrons
reflecting the fission excitation function. Subsequent simulations employing the results of the TALYS code and
available data on fission fragment distributions allowed to estimate directly the value of the fission barrier height
for the neutron-deficient nucleus 2'°Fr. This first direct measurement confirmed the reduction of the fission
barrier compared to available theoretical calculations by 15-30%.



Example-2: d,pf transfer-induced fission of

Usual MRI magnet from a hospital (after some refurbishing)




HELIOS@ANL-ISS(ISOLDE) Collaboration

(a proof-of -principles experiment with stable 238U)

PHYSICAL REVIEW LETTERS 130, 202501 (2023)

m I 1 L I L 1 -
Direct Determination of Fission-Barrier Heights Using (@ _g?;;‘f" :
Light-Ion Transfer in Inverse Kinematics 40000 =

| = C subtracted CD?

/

S.A. Bennett,! K. Garrett®,' D. K. Sharp®,"” S.J. Freeman®,"? A. G. Smith®,' T.J. Wright®,' B.P. Kay®,’ 30000
T.L. Tang®,”" 1. A. Tolstukhin®,” Y. Ayyad®," J. Chen,’ P.J. Davies®,’ A. Dolan,’ L. P. Gaffney®,® A. Heinz®,’

C.R. Hoffman®,” C. Miiller-Gatermann®,” R. D. Page.’ and G. L. Wilson®*”
'Department of Physics and Astronomy, University of Manchester, Manchester M13 9PL, United Kingdom
*CERN, CH-1211 Geneva 23, Switzerland
3Physics Division, Argonne National Laboratory, Lemont, Illinois 60439, USA
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What shells (protons? neutrons? both?) are

responsible for asymmetric fission?




Dominance of proton shell effects in low-energy

fission?

K. Mahata et al, PLB825, 136859 (2022) — including analysis of existing fusion-
fission data in the lead region (relatively low A, Z resolution, typically a few units).
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Fig. 4. Evolution of the average Z; () positions for the asymmetric fission channel
as a function of Z-y from above rare-earth to very-heavy and super-heavy ele-
ments. For clarity, isotopes of a same element are connected by a black segment
and shifted according to the difference between their masses. The points are from



Low-Energy Fission of RIBs

in at SOFIA@GSI
(Coulex-induced and p,2pf reactions)




Two-step RIBs production at SOFTA@GSI

* Primary beam of 238U, 1 A GeV
parmstadt, Gemmany® Fragmentation reaction on a light
/7 target, e.g. Be produces secondary

“ring 2. beam of fissile ions at ~700 AMeV

R A " aceelerater.  (from Mercury up to Neptunium),
£ AN
~ <7y sorted through FRS

N ' i

'y 7
;’““'% - Selected secondary ions from

o 2 . .
y 7 FRS sent to Cave C for the fission
b experiment
;"'-I;?:Cave C
j - « Fission induced in-flight by
Court. GSI

Coulomb excitation on a heavy
secondary Pb target (E*~12 MeV)

* Both fission fragments identified
S ok simultaneously, both in mass and
igure 15. Measured formation cr tions of spallation in Charge (FF,S are at ~600 AMeV!)

0SS sec
residues, produced in the reaction 238U (1 A GeV) + 2H, are



C2A  SOFIA Setup in Cave-C

FF's >300AMeV  SOFIA setup in Cave-C

~700 AMeV l
RIBs from FRS K [l

Ol

a4 Flight path ~7m
1 He pipe - Lo |
— Scintillator B Twin-MUSIC o —

[l Active Target mmm MWPC

Active Target Fission
Twin-MUSIC Charges Z/
MWPCs Positions  p (Bp,Z,vv) — A
ToF Velocity ~ v

ALADIN Dipole B



Two-step production at SOFIA@GSI

Some of the main advantages:

« fission fragments are at much higher energies
(~200-600 AMeV), thus much easier to identify
their A and Z

 Emission of neutrons (neutron multiplicity) is
easier to study (due to their kinematic focusing)

BUT: Needs a much more complex production
method and detection system (e.g. R3B, SAMURAI)



Some examples ... (note fantastic A and Z

resolution, hardly achievable by other techniques)

233U (em, f)

Events (au.)
N

L. | 3 1 )
50 °30 35 40 45 50 55 60

Nuclear Charge Z

1 1
130 140
Mass A

1 1
100 110 120

110 120 130 140
Mass A




Detailed studies of EM-induced multi-modal fission in Ac-Th

isotopic chains

INFLUENCE OF PROTON AND NEUTRON DEFORMED ... PHYSICAL REVIEW C 106, 024618 (2022)
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FIG. 1. Isotonic yields after prompt-neutron emission for each of the actinium and thorium isotopes fitted by a 3-Gaussian function. The
data measured from the R3B /SOFIA experiments are in black. The error bars represent the statistical uncertainties. The total fit (full red lines)
is decomposed into one symmetric (dotted green lines) and two asymmeitric (dashed blue lines) components.

A. Chatillon et al. Phys. Rev. Lett. 124, 202502 (2020)
A. Chatillon et al., PHYSICAL REVIEW C 106, 024618 (2022)



Dominance of Z=54 shell in fission of Ac-Pu

INFLUENCE OF PROTON AND NEUTRON DEFORMED ... PHYSICAL REVIEW C 106, 024618 (2022)
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A. Chatillon et al., PHYSICAL REVIEW C 106, 024618 (2022)



SOFIA 2025: An asymmetric fission island driven by

shell effects in light fragments

- " 216-220y,
article  Nature, 641, 339 (2025) —
212218
L Ac
. . - - B B
An asymmetricfissionisland drivenbyshell -
ffectsinlightfi t 3
effectsinlight fragments "
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S wl
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ECDF: Qg.-B;: systematics for heavy actinides
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Note the strong dependence on the fission barrier model for some isotopic chains!
Very favorable conditions for the lightest Am and Bk chains with Qg.-B¢>>0.

Qe exp(*Bk)=6.5 MeV, B, (***Cm)~2.5 MeV, with Qg.-B; =4 MeV

Thus, we looked in the ECDF decay of 224Bk and 23°Am at SHANS?2

Slide courtesy Z. C. Li, to be submitted to PRC soon




ECDF of 234Bk at SHANS2(IMP-Lanzhou)

234Bk

Energy

2
ECDF 5 | Prooe™
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l \“\ Pecpr low

\Elongatlon

« Low-energy fission, E*<6.5 MeV, limited by Qg
*  Qgc(%**Bk)-B((?3*Cm)=4 MeV (FRDM/FRLDM values used)



Gas-filled Recoil Separator
SHANS2@IMP(Lanzhou, China)
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234Bk decay scheme

(Z.Y.Zhang et al, submitted to PRL, March 2026)

Z.Y. Zhang (JE&E),12 Z. C. Li (ZESE),2 J. G, Wang (FEE),2* Z. G. Gan (HEHE),H21
A. N. Andreyev,%%:% M. H. Huang (BEIFH),1:%3 L. Ma (5JE),1% H. B. Yang ($%#),1:2 M. M. Zhang Red Values — nNew data from SHANSZ
(FAHAH),T2 B. Andel,® S. Antalic,% F. P. Hefberger,”® C. L. Yang (¥%#i),! Y. H. Qiang (38354E),! X.
Y. Huang (%), G. Xie (i#%),12 L. Zhu (¥5%),12 X. Zhang (¥A8),2 H. Zhou (F).22 1. H. 234Bk
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Pecor Systematics: strong sensitivity to

the fission barr'ler modelsl
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Qec - Br (MeV)

Pgpp =

Ngpr - number of beta-delayed
fission events

Ng — number of beta decays

Pecpe TF vs FRLDM differences
« TF: no Z-dependence for Pgcpp,
but it is present in FRLDM

 TF barriers are, on average,
lower, than FRLDM

* Due to this, most of cases are
above barrier in TF, while a half
of them are subbarrier in
FRLDM



Qe (180TI)-B(180Hg)=0.5 MeV

ECDF of 189T] vs 234Bk

Pecor(180T1)=3.6(7)x105

y
>

Energ

QEC= 10.3 MeV

Fission prob.

J

Elongation

Fission is dominantly sub-barrier!
PES/B;of 18Hg will be more important, Beta-decay strength function of 234Bk will
than the beta strength function, Sg

Qe (234Bk)-B(234Cm)=4 MeV
Pecor(24Bk)=0.57(11)

234Bk

EC

Qgc= 6.5 MeV
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Fission is dominantly above-barrier?

be more important? (NEED THEORY!)



180T example: the use of Pg.pr To extract B;

(or, vice versa)

PHYSICAL REVIEW C 86, 024308 (2012)

180T] beta-strength functions, S

Fission-barrier heights of neutron-deficient mercury nuclei PR | : - — - —
M. Veselsky,"" A N. AndreyeP\:’,i[:I; g:;z:z;;l\:ﬁ f&’fs{fﬂﬁ; l:i[liiller,j K. Nishio.® A. J. Sierk.’ % N ;{a} Bf; QEC _
Q IH(E) 3 i
P . N,BDF _Jo ’ F(Qp — E)Sﬁ(E)FﬂE]I-I—F}.{E]dE g - ; 7
BDF 7 i
Ng Jo¥ F(Qp — E)Sp(E)AE e | —_—
T{(E*) = ~ EMe)
2np(E* — A) T% (b) Bf-; Qe |
E*—Bi—Ag 2ot | .
x f palE* ~(B) = Ay — ENE : | i
0 g [ | ]
Need to know: i, @
+ Qg - ‘easy’, experimental values ° 53* e 10
« S — beta decay strength function 2 Mo I o
B = _ - (O , B, | Quc |
- Statistical model for decay widths 83 f ]
* B;— model dependent 50 ; ]
Only a small part of Sy goes in the [B;:Qgc] window! ||| [Ifw |
This may explain the smallness of Pgcpe(80Tl) O

Also needed to scale the fission barrier by 15-20%



Recent fully microscopic theory efforts for Pgqpoe

calculations

PHYSICAL REVIEW C 111, 065803 (2025)

New upper limits for S-delayed fission probabilities of 2"*Fr and Z**>24A¢ ISOLDE B df data
., *ECDF 178.180T]

S.Bara®,!'" A. Algora 2 B. Andel®,? A. N. Andreyev AS. Antalic®,? R. A. Bark,” M. J. G. Borge 5 A. Camaiani ®,7%
T. E. Cocolios®,! J. bi 9 H. De Witte ®,! C. M. Fajardo-Zambrano®,"'? Z. Favier®,'? L. M. Fraile®,'!
H.O.U. Fynbo,'213 R. Grzywacz,'* M. Heines®,' . Ivandikov®,! J. D. Johnson®,! P. M. Jones,’

D. S. Judson®,'3 J. Klimo,' A. Korgul®,'® M. Labiche®,'” R. Lica®,'® M. Madurga®,'* N. Marginean,'® C. Mihai®,'®
J. Mist®? E. Nécher,? C. Neacsu,'® J. N. Orce,'” C. A. A. Page®,* R. D. Page®,' J. Pakarinen ®,%° P. Papadakis ®,!”

A. Perea,® M. Piersa-Sitkowska®,!6 Zs. Podolyak ©,2! R. Raabe,! W. Ryssens®,"3 A. Sanchez-Fernindez,'? A. Sitaréik ®,3
O. Tengblad 8 1. M. Udias®.,!!' V. Van Den Bergh,' P. Van Duppen JN. Warr®,2?2 A. Youssef.! and Z. Yue*

The process of B-delayed fission (8DF) of »*%?Fr and 2%*22*Ac was studied in an experiment performed
at the ISOLDE facility at CERN. As no fission fragments were observed for any of the nuclei investigated,
upper limits for their BDF probability (Pgpr) were determined. The experimental results were compared with
theoretical calculations that were first benchmarked on "% '%0T] Pgpr experimental values. The Pgpr values were
calculated using the code TALYS to which g-strength functions obtained from the D1M Gogny parametrization
and from the Skyrme functional SKO’ were given as input together with fission paths obtained with BSkG3 and
BSk14 models. Sensitivity studies of different g-strength functions, and fission paths scaling on the Pgpr values
were conducted, suggesting a stronger dependence of the Pgpr on the fission paths rather than on the S-strength
function used.

So far, no model is able to produce all the necessary inputs
(i.e., B-strength functions, level densities, and fission paths)
within one unique framework. Therefore, different models are
used to calculate the various nuclear inputs. In this work all of
the inputs were obtained from energy density functional based
models. The g-strength functions were calculated within the
QRPA framework either using the DIM Gogny parametriza-
tion [29], or using the Skyrme functional SKO™ [30] (see



Benchmarking with different S; and scaling of fission

barriers

NEW UPPER LIMITS FOR 8-DELAYED FISSION ... PHYSICAL REVIEW C 111, 065803 (2025) N eed SCa | | ng Of Bf
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Fission in 215t Century: Some of the topics covered

« Beta Delayed Fission (BDF) at ISOLDE at 60 keV
 Transfer -induced fission with ACTAR/ISS at HIE-ISOLDE
« Coulex-induced fission with SOFIA@GSI at 1 AGeV

Thank You for your Attention!

 Bright future for fission studies with RIBs

« Access to both proton- and neutron- rich nuclei
« Un-precedented precision in Z,A determination!
« Control of excitation energy event-by-event!

 However, still the ‘classical’ methods work and allow to
study both the isospin and excitation dependence of
fission in the 'new’ regions of Chart of Nuclides



178Hg* fission in inverse kinematics at VAMOS

124Xe(4.3 AMeV)+>*Fe->178Hg

PHYSICAL REVIEW LETTERS 126, 132502 (2021)
Experimental Evidence for Common Driving Effects in Low-Energy Fission
from Sublead to Actinides

VAMOS

lonization Chambers ——

C. Schmin®,"” A. Lemasson®,” K.-H. Schmidi@,” A Ihingan,' S Biswas,” Y. H. Kim®.} D. Ramos®,? . g
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« Coulomb barrier energies, inverse kinematics: high FF’s energies, |
- allows Z-identification. ot Tl
« Confirmed asymmetric mass split of 778Hg, even at a higher E* Energy [MeV]

* Firstdirect confirmation of importance of Z=36!



Universality of shell effects in low-energy fission

Phys. Lett. B 865 (2025) 139459
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Fig. 4. The proton Z (left) and neutron N (right) numbers for the shell-driven fission modes determined via a two-dimensional fit to the mass-RTKE distribution



Future(?): Fission via Electron scattering

from unstable nuclei

e.g. electron scattering from unstable nuclei (colliding accelerated
electrons and low-energy radioactive ions!)
SCRIT at RIKEN (Japan) and ELISe at GSI (Darmstadt, Germany)
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Fission studies with CBS brilliant gamma beams at

ELI-NP

v' The potential energy landscape \
¢ f v" Fission cross-section
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Proton

FF

—

&7

Fission-Fragment Detectors for ISS@ISOLDE

FiFI@ISS

*SED MCP for ns FF timing

*Bragg ion chamber for FF
energy measurement (~1MeV
Resolution)
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ecoil

7 ~9 MeV/u



Example 2: d,pf transfer-induced fission of




