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Motivation

Nuclear dynamics
- Dissipation

236

Ground state U

fission

Asymmetric

Symmetric

_ fission

Nuclear structure at large deformations

- Fission modes

Energy sorting between fission fragments

Schmidt et al., NDS 131, 107 (2016)
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Different reaction mechanisms in inverse kinematics %
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Coulomb-induced fission reactions

* Active target with Pb and U foils

* Large fission cross sections (> 1 b)

» Low excitation energies < 30 MeV

« Fission modes, pairing, energy sharing, ... and evolution with isospin

Spallation-induced fission reactions

» Liquid hydrogen targets

- Moderate-to-large fission cross sections (> 100 mb)
» High excitation energies >> 60 MeV

» Fission dynamics

Quasi-free (p,2p)-induced fission reactions

» Liquid hydrogen targets

» Small fission cross sections (< 10 mb) but with access to the excitation energy
» Low excitation energies < 35 MeV

« Fission modes, pairing, energy sharing, ... and evolution with isospin

» Fission barriers
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Heavy projectiles accelerated at relativistic energies

Ring-Accelerator E 5 ][

f 900-{3 SDEEd Uf “ght GSI Helmholtzzentrum fiir

.___:1"/ Schwerionenforschung
A /
V/T Linear-Accelerator

lon Sources

all elements
Fragment

Separator Species: 238U, 2ogBi, 208Pb,

'exotic' nuclei

N Kinetic energy: 500-1050 MeV/u

20% speed of light

Primary beam intensities ~ 3x10° ions/spill

'bare' atoms & exotic nuclei

Q 50 m

———

R3B experimental area
Reactions with Relativistic Radioactive Beams
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Secondary beam identification

Fragment separator FRS
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H. Geissel et al.,NIM B 70, 286 (1992) - flight path ~ 138m
J.F. Martin et al., Phys. Rev. C 104, 044602 (2021)
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- Charge “Q” measured with MUSICs
- Xs2 position from mid-focal plane

- B from ToF measurements

Nuclear charge (Z)
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AE-Bp-ToF applied at FRS

x10?

counts

P. Morfouace et al., Nature 641, 339 (2025)
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SOFIA experimental setup at R®B (2012-2014) =i = V- l="—
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Complete kinematics measurements

Coulex-induced fission
Spallation-induced fission

® Magnetic field ~2 Tm

@ Position resolution 250 pm (FWHM)

@ ToF resolution 40 ps (FWHM)

J.L. Rodriguez-Sanchez



Identification of fission fragments SCOFIA =
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JF I\/Iart/n etal., Phys. Rev C 104 044602 (2021)
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Fission dynamics using 2°®Pb+p reactions
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Fission dynamics using 2°°Pb+p reactions SOFIA =
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J.L. Rodriguez-Sanchez et al., Phys. Rev. C 90, 064606 (2014) Phys. Rev. C 92, 044612 (2015)
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Fission dynamics using 2°°Pb+p reactions SOFIA =
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Constraint of the dissipation coefficient at large deformations (saddle-scission)

Using the average N/Z of fission fragments as a complementary observable of neutron evaporation
— larger neutron evaporation — smaller <N/Z> for fission fragments

J.L. Rodriguez-Sanchez et al., Phys. Rev. C 94, 061601(R) (2016) M. Feijoo, PhD thesis, University of Santiago de Compostela (2021)
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Complete kinematics measurements

NeuLAND

GSI Large-Acceptance Dipole

Neutrons

Spokesperson: J. Taieb (CEA)

® Magnetic field: ~4.5 Tm

@ MUSIC, ToF wall and MWPC detectors: Fission fragments
AZ~0.31, ToF~40ps, Position res. 250um (FWHM)

® NeuLAND: Neutron multiplicities (max. 4-5 neutrons)

J.L. Rodriguez-Sanchez
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First quasi-free (p,2p)-induced fission experiment (2021) =
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Beam of 28U at 540 MeV/u

& CALIFA

CALorimeter for In-Flight detection of y-rays
and high energy charged pAtrticles

e NP e Magnetic field: ~4.5 Tm

RO
® CALIFA and Si-tracker: Proton momenta and y-rays

Energy res. protons(gamma) 1%(5% at 1 MeV), Position res. 70pm

e MUSIC, ToF wall and MWPC detectors: Fission fragments
AZ~0.34, ToF~40ps, Position res. 250pm (FWHM)

' b ’ \t : ;"“ ’.‘ N ] T
| FVYE &7 ’W‘Q g e NeuLAND: Neutron multiplicities (max. 4-5 neutrons)
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Charge identification of fission fragments & fissioning systems
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First quasi-free (p,2p)-induced fission experiment

=

UNIVERSIDADE DA CORUNA

Quasi-free nucleon-knockout collisions, such as (p,2p), in inverse kinematics are used for the
first time to induce fission and measure the E* of the compound nuclei

n
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Future SOFIA/R3B fission experiments at GSI/FAIR ==
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APPA Laser —mo

SIS100 Early science

W First Science +
B hext steps
MSY completion

Continuation of APPA,
CBM and NUSTAR
experiments in existing
facility

238 Intensity | Energy
(ions/spill) | (GeV/u)

R3B High Energy Cave GSl 109 1.2
FAIR ~1012 1.5
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Future SOFIA/R3B fission experiments at GSI/FAIR ==
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- o particle-induced Years 2028-2030
100— + fusion&transfer-induced
— ¢ p-delayed fission <pP) \
95— - Fission yields
g C - Damping with E*
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Conclusions and Perspectives ==
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15 years of SOFIA/R®B experiments at the GSI facility

« Measurement of fission yields for around 144 fissioning systems
Discovery of a short symmetric fission mode in the thorium region

First exploration of the fission island in the pre-actinide region
Stabilization of charge fission yields around Z, =36 for pre-actinides
Constraint of the dissipation coefficient at small and large deformations
First quasi-free (p,2p)-induced fission experiment with 23U

Future fission experiments at the GSI/FAIR facility
« Extend the study of the new fission island in the pre-actinide and actinide regions
« First quasi-free (p,2p)-induced fission experiments with exotic nuclei
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FAIR & GSI Integrated Schedule

2024 2025

Equipmen

FCC Construction & Procurement of Interior equipment Installatio

Injector Controls Upgrade: 1st version of new productior

Controls & BI Digitization UNILAC, 51518, ESR, Cryring,

Civil Construction
FAIR Tech. Buildings Inf
FAIR Buildings Testing & Commissioning
FAIR Acceleratol

FAIR Accelerator / Experiments Installation

2026

Commissioning
system

HEBT

astructure

HBO

/ Experiments Procurement & Manufacturing

HEBT-ES Hardware-Commissioning

FAIR First
beam (T1S1-1)

2027

‘ ACC operation from new FCC

Injector Controls Upgrade: finalization

GLAD
Relocation

SFRS-ES
HEBT/SFRS-ES
Dry-Runs

SFRS Hardware-Commissioning

SFRS Cooldown

Dry-

HEBT & SIS100-FS Hardware-Cqg

Runs

SIS100-FS

ES Beam
Commissioning

nmissioning

FAIR
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2028

ation of Tech. Buildings Infrastructure

SIS100-FS

NUSTAR ES
Commissioning
and experiments

515100 Cooldown

https://www.gsi.de/work/gesamtprojektleitung_fair/project_management_office/integrated_campus_scheduling
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FS Beam
Commissioning

Start of FS
science
program
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Experimental setup at Super-FRS Cea =
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Experimental setup

212Th setting, transmission 48 %

Z vs. A/q
238 U (1000 MeV/u) + C (2.6 g/cm?),Nb (110 mg/cm?); Settings on 222 Th; Config: D**DbDD",, DD,
dP/P=1.59%; Wedge(s): Al (2.2 g/cm?); Bp (Tm): 11.3022, 11.3022, 11.3022, 11.3022, 9.2890....
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214Th setting, transmission 44 %

Z vs. A/(]
238 (1.05 GeV/u) + C (2.6 gicm?),Nb (110 mg/cm?); Settings on 2™ Th; Config: D#=#DEDDE, DD,
dP/P=1.27%; Wedge(s): Al (2.2 g/cm?); Bp (Tm): 11.9177, 11.9177, 11.9177, 11.9177, 9.9723....

with with
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Experimental setup Cea ==
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187Bj setting, transmission 41 % 180Hg setting, transmission 43 %

Z vs. A/q Z vs. Aj'q Continue
%8 (1.05 GeViu) + Be (2.5 g/cm?),Nb (110 mg/cm?);  Settings on *¥7Bi; Config: D®**D"DD" (DD, 28 (1.05 GeV/u) + Be (2.5 glem?),Nb (110 mg/em?);  Settings on 22 Hg; Config: DH#pi0HD, ,DY0,,
dP/P=1.21%; Wedge(s): Al (2.2 g/lem?); Bp (Tm): 11.5344, 11.5344, 11,5344, 11.5344, 9.7871.... - dP/P=1.25%; Wedge(s): Al (2.2 glcm?); Bp (Tm): 11.5494, 11.5494, 11.5494, 11.5494, 9.8763.... P
constructed from ToF and dE1 measurements ** all constructed from ToF and dE1 measurements ** all react\ong separ.
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