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Fragmentation reactions

Heavy-ion induced reactions. Two-stage reaction scheme:

- kinetic energies above the Fermi energy up to - abrasion

few GeVs per nucleon - ablation (evaporation,

- peripheral or mid-peripheral collisions fission, multi-fragmentation)
- participant-spectator picture

J. Hufner, Phys. Rep. 125, 1985

“Can we expect a simple description of a complicated
process like fragmentation? | think yes. A simple
description works because the process is extremely
complicated and phase space dominates over

dynamics.” 4 i\ |

Fireball

Projectile-spectator

year ~ 2000

Projectile Can fragmentation still contribute to explore new frontiers in nuclear physics?

José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018



Fragmentation reactions
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Key features of fragmentation reactions:

- large isospin range —> Nuclei far from stability
- large dynamical range - Hot and dense matter; EoS

- subnucleonic degrees > Hypernuclei, in-medium

of freedom nucleon resonances :
- applications
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Exploring the limits of the nuclear chart

Estimation of the nuclear species that could e

be produced by fragmentation in 2025 : s

......
.....

José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018



Describing fragmentation reactions: models

Two-step approach: abrasion+ablation

O'(Zf,Nf) — O.abrasion(zf,Nf)Psurvival(Zf’Nf’E*’])

Fragmentation
residue

Prefragment

Compound
nucleus \

N —

Fission
l residues

José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018



Describing fragmentation reactions: models

Abrasion stage

Glauber approach

O.abrasion(Zf’Nf) — (g?) (%?) f dzb[l — P, (b)](Zp—Zf)Pp(b)Zf[l — Pn(b)](Np—Nf)Pn(b)Nf

José Benlliure, NUSPRASEN workshop

P,(b) = fdsdzppp(s, z)exp I—appZT f dzp," (b —s,2) — 0,y Ny f dzp,T (b — s,z)‘
P,(b) = f dsdzp,* (s, z)exp I—aanT f dzp," (b —s,2) — 0y Ny f dzp,T(b —s, z)‘
Intra-Nuclear Cascade models
- Numerical integration of the transparency functions in Glauber’s approach

- Explicit treatment of subnucleonic degrees of freedom: pions, hyperons, ..
- Semiclassical approach neglecting the mean-field dynamics.

Transport models based on the Vlasov-Uehling-Uhlenbeck theory

Warsaw, January 22-24 2018



SC

UNIVERSIDADE
DE SANTIAGO
DE COMPOSTELA

Describing fragmentation reactions: models

Ablation stage

Statistical emission of nucleons and clusters: Hauser & Fesbach formalism
1 E*—B”—Evc oo J+]f Jut+Su
LL(E"]) = mfo z z Tfu(eu)Pf(E* — B, —E*¢ —€,,]5)de,
Jr=0Ju=1=J¢l €u=Ju=Sul

- Main parameters: transmission coefficients, level densities and binding energies

Fission: Bohr&Wheeler + fission yield model
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José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018

- Main parameters: level densities and mass asymmetry potential



SC

UNIVERSIDADE
DE SANTIAGO
DE COMPOSTELA

Fragmentation yields: key features

Large range in isospin
N

97 Au+Be 1 A GeV

7 Au+Be 1 A GeV
cold final-residues

José Benlliure, NUSPRASEN workshop

- the abrasion process is ruled by geometrical
considerations and the neutron-proton abundance:
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Fission yields: key features

Large neutron excess

First-chance fission of 238U E*=10MeV)

- Final fission fragments almost preserve the N/Z of the fissioning nucleus

- Excitation energy broadens the range in A and N/Z covered by fission fragments, but neutron
evaporation will reduce the neutron-excess.

José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018
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Fragmentation and fission yields beyond present limits
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Fragmentation: heavy neutron-rich nuclel
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H. Alvarez et al., PRC 82, 041602 ( 2010)

N =

208Ph+Be 1000 A MeV
T. Kurtukian et al., PRC 89, 024616 ( 2014)

126 new heavy neutron-rich nuclei
fragmenting beams of 238U and 208Pb

N
T 238J+Be 1000 A MeV
b gm - J. Kurcewicz et al,, PLB 717, 371 ( 2012)
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Fragmentation: heavy neutron-rich nuclel

Charge-exchange reactions
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Fragmentation: heavy neutron-rich nuclel

Charge-exchange reactions
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Fragmentation: heavy neutron-rich nuclel
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Cold-fragmentation reactions
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Fragmentation: heavy neutron-rich nuclel

Cold-fragmentation reactions
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José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018



Fragmentation: heavy neutron-rich nuclel
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Cold-fragmentation reactions
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The persistence of this effect should be checked with L
lighter projectiles and as a function of the neutron excess.

José Benlliure, NUSPRASEN workshop
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Fragmentation: medium-mass neutron-rich nuclei

Isospin dependence of the nucleon-removal process
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Fragmentation: medium-mass neutron-rich nuclei

Isospin dependence of the nucleon-removal process
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- Neutron knock-out is fairly well described by Glauber-
type calculations and single-particle energies.

- Proton knock-out is over-predicted by a factor 2.
- This tendency reverses for neutron-deficient nuclei.
- Similar results are obtained with intra-nuclear cascade

model calculations describing inelastic NN collisions and
multi-nucleon scattering effects.

The excitation energy induced by the knock-out of
deeply bound nucleons seems to exceed the single-
particle approach and could be a signature of SRC.

Warsaw, January 22-24 2018
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Fragmentation: medium-mass neutron-rich nuclei

Two-step reaction: fission+fragmentation Fragmentation of neutron-rich fission fragments

238 fission
| 132Sn fragmentation
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Fragmentation: medium-mass neutron-rich nuclei

Two-step reaction: fission+fragmentation

hlluu....
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—— e 50 than 200 new medium-mass neutron-rich nuclei
e 20 in the fragmentation of few selected fission fragments

José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018
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Fission yields

Provide information on the potential energy surface defining the fission process:

- Macroscopic component: liquid-drop
- Microscopic components: shell structure
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o Until recently, experiments only provided information on
the mass or the charge of the final fission fragments
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Fission yields

The limits of the nuclear chart

45 (2010) + 65 (2018) new medium-mass neutron-rich nuclei
in fission induced by in-flight fragmentation of 238U at RIBF/RIKEN
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T. Ohnishi et al., J. Phys. Soc. Jpn, 79, 073201 (2010) Y. Shimizu et al., J. Phys. Soc. Jpn, 87, 014203 (2018)
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Fission yields

Present challenges: structural effects in the potential energy surface

Charge distributions do not show evidences for the shell closure at
/=50, neither the deduced (UCD) neutron distributions at N=82,86 .
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New type of asymmetric fission in neutron-deficient nuclei BDF
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Fission yields in inverse kinematics
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Relativistic energies: fragmentation or Coulex
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Fission yields: the SOFIA experiment @ GSI

Compete identification in A, Z of both fission fragments together with light-charged particles
and neutrons

J. Taieb, CEA (France)
LAND

ALADIN
Neutrons

-

Energy-loss resolution: ~ 1.2 %
- Position resolution: ~ 200 um

- Time-of-flight resolution: ~ 40 ps
- Limited straggling (helium pipes)

José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018
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Fission yields: the SOFIA experiments at GSI

Complete identification of both fission fragments
|

| | | | | . . .
- (N)/ZUCD, post neutron emission For the first time both fission fragments were
150 1) identified in atomic and mass number and their
| velocities were determined with good accuracy.
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Fission yields: the SOFIA experiments at GSI

Complete identification of both fission fragments

| l I I I i
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150 I~

(=2}

o

o
T
1

400 |-

140

200 |- .

de/dE / (mb/MeV)

130

0 5 10 15 20 25 30
E / MeV
120

110

- Nuclear fission

nuclear mass (A)
» ()}
(=] (=]
°. .@

N
(=]
(=)

Fission prob. [arb. units]

% 50 100 150

' ' ' ' ' ' Limited control on the fissioning nucleus.
30 35 40 45 50 55 60

clear charge
José Benlliure, NUSPRA%EN worksf?op 2e(2) Warsaw, January 22-24 2018




Fission studies @ R3B/FAIR

(p,2p) and (p,pn) quasi-free scattering induced fission (~ 500 MeV)

v Well defined kinematical conditions
- Momentum and E* of the recoiling nucleus

projeclzle v" Relatively large cross sections
-10-50 mb
P o
v' Large range in excitation energy
target fission - up to 60 MeV
fragments

v' Possibility tc
- inverse kir

Missing energy

Ty, + M(AZ) = E* + M(*™'Z = 1)+ T, +Tp,

José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018



Fission studies @ R3B/FAIR

Coupling CALIFA-tracker + GLAD + NeuLAND + SOFIA

Dipole magnet NeulLand

Neutrons

v" Characterization of the fissioning nucleus (A, Z, E*) = (p,2p) with CALIFA+tracker

v" Characterization of the fission fragments (A, Z, TKE, v) = SOFIA + NeuLAND

José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018



Conclusions

v" Fragmentation reactions have a large impact in several areas of Nuclear Physics research: nuclei
far from stability, hot and dense nuclear matter, hypernuclei,... , and in applications.

v’ Several new-generation RIB facilities are taken advantage of this reaction mechanism: RIBF,
FRIB and FAIR.

v This reaction mechanism is fairly well described by Glauber-type calculations, although the
detailed investigation of the nucleon removal indicates the limitations of the single-particle picture
used for describing remnants excitations.

v" Charge-exchange, cold-fragmentation and fission-fragmentation reactions will make possible to
extend the present limits of the chart of nuclei.

v'Fission yields are still challenging for theory and experiments: role of shell effects.
v Inverse kinematics represents a real break-through for the measurement of fission yields

v" The SOFIA setup at GSI/FAIR recently provided the first complete characterization of both fission
fragments in A, Z and TKE and it will be upgraded coupling this device to the R3B experiment.

José Benlliure, NUSPRASEN workshop Warsaw, January 22-24 2018



