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Beta-delayed fission

Nearly zero B-branch for lighter nuclei
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Beta-delayed fission
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Low-energy fission
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Bimodal fission: 258Fm, 259260Md, 258N o, 260Rf

E. K. Hulet et al., Phys. Rev. C 40, 770 (1989)
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Bimodal fission: 28Fm, 259260Md, 258N o, 260Rf
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Discovery of multimodal fission

226Ra+p (11 MeV)

R. C. Jensen and A. W. Fairhall, E. Konecny and H. W. Schmitt,
Phys. Rev. 109, 942 (1958) Phys. Rev. 172, 1213 (1968).
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220, 224Th:

M.G. ltkis, et al., in: Nuclear Fission and Fission- product Spectroscopy, ILL Grenoble, 1994. pp. 77.

225,227pg:

l. Nishinaka, et al., Phys. Rev. C 56, 1997. 891



Multimodal fission: transition from asymmetric to symmetric fission

K.-H. Schmidt, J. Benlliure, and A. R. Junghans, Nucl. Phys. A 693, 169 (2001)
K.-H. Schmidt, et al., Nucl. Phys. A 665, 221 (2000).
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Symmetric fission in preactinide and Pb regions
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K.-H. Schmidt, J. Benlliure, and A. R. Junghans, Nucl. Phys. A 693, 169 (2001)

K.-H. Schmidt, S. Steinhauser, C. Bockstiegel, A. Grewe, A. Heinz, A. R. Junghans, J. Benlliure, H. G.
Clerc, M. de Jong, J. Muller, M. Pfutzner, and B. Voss, Nucl. Phys. A 665, 221 (2000).



Windmill system at ISOLDE

Annular Si Si

Pure 60 keV
beam from
RILIS+ISOLDE

60 keV beam
from ISOLDE

C-foils
20 mg/cm?

Annular Si

\ Si detectors

Setup: Si detectors both sides of the C-foil
e Simple setup & DAQ: 4 PIPS (1 of them —annular)

* Large geometrical efficiency (up to 70%)

e 2 fold fission fragment coincidences (20% efficiency)
e ff-gamma coincidences

e Digital electronics

MINIBALL Ge cluster

A.N. Andreyev et al., PRL 105, 252502 (2010)



ISOLDE: beta-delayed fission

The full-range energy spectrum for 19°At

Counts/ 5 keV

10° —
10?2 —
— fission fragments
5 10 20 30 40 50 60 70 80 90 100
Energy (MeV)
data set S FFs D FFs No /Npgas time
194 At - HRS 8 3 2.0757 x10*  1h 13m
4At - GPS 385 106 1.7(1) x 10 9h 11m
oAt - HRS 14 5 3.971 x 10°  5h 25m
99At - GPS 273 68 4.3(5) x 10°  35h 7m
200Fy - HRS 1 0 2.5712% x 10°  21h 34m
200y - GPS 7 2 1.573% x 10> 20h 18m
202Fy - HRS 115 43 1.4(2) x 10*  43h 59m




ISOLDE: beta-delayed fission
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ISOLDE: beta-delayed fission

a) 178T]

178T]: 0.1 ions/uCls, 8 fission events

il.l.].l.l.,.,.,.,.,.

b} 1807|

180T]: 1111 fission events,
346 coincidence events

corresponds to A=80(1)

'éu' - "rl'u' -
Energy [MeV]

FWHM = 9 amu

Paor (178T1)=0.15(6)%

Paor (139T1)=3.2(2)%10-3%

A=100(1)



New type of asymmetric fission

Shallow asymmetric “valley”, 80Kr+1°Ru
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competition between symmetric and asymmetric fission paths



Fragment mass distribution in BDF of T1 isotopes (theory)
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motion on five- : T
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Calculated yields for four Hg isotopes at three excitation energies.
For the lighter isotopes the yields become more symmetric.

P. Mdller, J. Randrup, A. Sierk, Phys. Rev. C 85, 024306 (2012)
M. Veselsky et al. Phys. Rev. C 86, 024308 (2012)



Fragment mass distribution in BDF of T1 isotopes (theory)

2. HF calculations (SkM* and D1S forces) predict the similar PES for 189Hg with
A/A =99/81 at asymmetric scission point and very soft in Q4, direction PES for 1%8Hg

Warda, M., A. Staszczak, and W. Nazarewicz, 2012, Phys. Rev. C86, 024601

3. “Scission point” model (assumption that statistical

equilibrium is established at scission and the observable
characteristics of the fission process are formed near the
prescission configurations) P

Andreeyv, A.V., G.G. Adamian, and N.V. Antonenko, 2012,
Phys. Rev. C 86, 044315

3a. HF-based “scission point” model

Panebianco, S., J.-L. Sida, H. Goutte, J.-F. Lemaitre, N.
Dubray, and S. Hilaire, 2012, Phys. Rev. C 86, 064601
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Fission barriers for Hg isotopes (comparison with theory)
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Beta-delayed fission: partial half-life
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Low-energy fission: comparison with theory
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ISOLDE: beta-delayed fission

=
180 d 196 202
% . Tl \.\ At Fr
o RN i * W'
D 8o, vyl sof - 80 R 8ot RS
9 L -"_,‘ ._.'- . L . g‘ ., . -.:‘ .
2 fn.'-_. - t A 3
. FANR IS RS . %
R e 5 o) ' - e v
80 ! ?‘é‘\‘ 60 T4 |8 R |eor :
L LR} -:-_‘.. .;' F A
L .
1 .. 1 1 1 n n 1 1 1 1 1 1 1 n 1 1 n 1 1
60 80 60 80 60 80 60 80
Energy Si1 (MeV) Energy Si1 (MeV) Energy Si1 (MeV) Energy Si1 (MeV)
> ! [
) H 6
= | 10 ' 10
(o) 1
3 40
5 7 4f
[=]
o
20_ 5r 5r
- 2-

20 740 760
Total Kinetic Energy (MeV)

720740 TR0
Total Kinetic Energy (MeV)

%4060
Total Kinetic Energy (MeV)

920 - 40160
Total Kinetic Energy (MeV)

—

Counts/ 3 amu

QO

50)

20 0 20

M - A/2 (amu)

30F

Pgor (1°AD=9(1) x10°3
Pgor (124At) and Pgpr (292Fr) can't be determined due to the presence of isomers

20F

15F

10r

energy distribution
of coincident FFs

total kinetic energy

mass distributions



ISOLDE: isomer-selective fDf
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ISOLDE: isomer-selective fDf

Hyperfine structure study of 194Atem
to enable isomer-selective BDf measurements
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ISOLDE: beta-delayed fission

Counts/ 2 MeV
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TKE (MeV) o (MeV) Ar AA/Atot

133.1(3)  6.1(3) 80(1) 0.11(1)
146(1)  9.0(13) - -

147(1)  8.1(15) 88(2) 0.10(2)
149(2) 10(3)  89(2) 0.12(2)

TKE distribution in triple-humped cases (1°41%At, 292Fr) is markedly broader
than in pure asymmetric case (18°Tl), whereas the mass split is the same



ISOLDE correlation between TKE and fission mode
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Correlation between TKE and fission mode: 22’ Ac

...it is coincide with the conclusion for %%6Ra (p,f) reaction
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E. Konecny and H. W. Schmitt, Phys. Rev. 172, 1213 (1968).



PES for P°Po: different fission paths
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Calculated PES for 1°°Po from a microscopic HFB theory. Dashed lines
represent fission paths.



Transition from asymmetric to symmetric fission

180T 194t 196 At 202y 204Fy
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K.-H. Schmidt et al., Nucl. Phys. A 665, 221 (2000)

transition from asymmetric to symmetric fission through multimodal region



Transition from asymmetric to symmetric fission
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Transition from asymmetric to symmetric fission
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ISOLDE: BDF— conclusions and outlook

1. N3mepeHo maccoBoe pacnpeaerneHne OCKOKOB B 3anasabliBatoLEM
aeneHumn 1P4198At n 202Fr, YctaHOBNEHO, YTO Nepexod OT aCUMMETPUYHOIO
K CUMMETPUYHOMY AENEHNI0 B 00racTn HEMTPOHHO-AeULNTHBIX SAep B
panoHe CBMHLA OCYLLECTBNSETCH Yepe3 obnactb MynsTMMOOanbHOro
neneHunsi. MaccoBble pacnpegenenusi n BepodatHocTu BDF (6apbepsl

OENeHns1) He ONUCLIBAKOTCHA B paMKax COBPEMEHHbLIX TEOPETUYECKMX
Noaxonos.

2. lnaHunpyetcsa npogormkeHne nccnegosaHui: BDF ong 186-190Bj 176 Ay;
N30MEPHO CeNneKkTMBHbIE namepeHns ans 94At u 2°2Fr; BDF B HEMTPOHHO-
N36bITOYHOM obnacTu (228-232Fr, 228-232Ac; r-process).
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Low-energy fission: GSI (SOFIA)

L. Audouin et al., Nuclear Physics and Gamma-Ray Sources..., World
Scientific Publishing, Singapore 2014 pp. 217-225

Secondary beam

T Fission |
o il e )
v
START 1.5m __
Active target . Twin MUSIC
—  Fragment trajectories MWPC , 'STOP
v Scintillators & Aaoin

Scheme of the SOFIA (Study On Fission with Aladin) detection set-up
for fission fragments.



Low-energy fission: GSI (SOFIA)
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Low-energy fission: GSI (SOFIA)
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Isotopic yields for the electromagnetic-induced fission of 238U
The transition of shape in the In-Sn-Sb distributions corresponds to the

transition between the fission modes: “super-long” (SL; deformed fragments)
for Z<50 and “standard” (Sl; spherical heavy fragment) for Z>50



Low-energy fission: GSI (SOFIA)
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Average neutron emission as a function of Z

After an SL-mode fission, the deformation energy is converted in
excitation and finally in additional neutron emission.



