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Motivation

Accurate measurements of isotopic production cross sections of
spallation residues @
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- Ligther residues are more sensitive to the
de-excitation phase (evaporation or fission)
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Experimental technique

Reaction kinematics

Direct kinematics

Photon
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y-ray Spectroscopy or mass spectrometry
- simple experimental set-up
- fast experiments: full excitation functions
- residue identification after 3-decay

- mostly isobaric distributions are provided
- no kinematical information

In-flight magnetic identification
- full isotopic identifiction
- mometum measurement

- complicated experimental set-up
- long beam times

- only selected reactions can be
investigated
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Experimental programme

Experimental programme

v/ 238J(1000 A MeV)+p,d

v/ 208Ph(1000 A MeV)+p,d

v 208Ph(500 A MeV)+p

v 197Au(800 A MeV)+p

v 136Xe(1000,500,200 A MeV)+p
v 56Fe(1000,500 A MeV)+p o]

Collaboration GSI,IPN-Orsay,SPhN-Saclay,USC, CENBG

Partially funded by UE under FP5 HINDAS project
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v" Experimental technique
- Isotopic identification of spallation residues
- Cross sections determination
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Experimental technigue: setup

Gesellschaft fur Schwerionenforschung (GSI) ~ Relativistic heavy-ion beams

GSI

FENNING,
CHORDIS &
MEYYA

10N SOJRCES

- pulsed beams (~ 4 s spill, 8 s cycle)
- 200 A MeV - 1000 A MeV
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Experimental technigue:setup

FRagment Separator (FRS)

seetram

Two-stage, zero degree achromatic spemetrometer:

g target "Bpmay =18 TM
] - angular acceptance: A© ~ 15 mrad
‘ SC2 - momentum acceptance: Ap/p ~ 3%
: / - dispersion: Dy, ~ 7 €M/% (F2 image plane ~ 20 cm)
‘\ MUSIC1 resolving power: Bp/ABp ~ 1500
Pitg MW42
F2 ~ /
| | .@ scg MUSIC 2
Detection equipment: Mwa1 "

/

- Two plastic scintillators at F2 and F4

position at F2 and F4 (Ax ~ 3 mm) A B P
F2-F4 Time of Flight (AToF ~ 150 ps) 6 o« 3
- Multi-Sampling lonisation Chamber (MUSIC) Y

dE/dx, position and angle

- Multi-wire chambers for position calibrations
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Experimental technigue:setup

Fragment Separator (FRS)

seetram v (A/Z) identification: A Be

%C/target Z By
i {Bp(Bp)o ( M X“j
MUSIC 1 MW42 Y c-ToF ( c? Tonj

ACM MUSIC2 7 identification: Z oc +/dE/dx

MwW41 |

v Longitudinal velocities:

4
V—>BV=ABP
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Experimental technique: isotopic identification

Isotopic identification procedure
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Experimental technigue: isotopic production yields

Reconstruction of the longitudinal momentum distribution

Fragmentation Fission
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Experimental technigue: isotopic production yields

U [

Reconstruction of the isotopic production yields

Y(Z’A) - YmeS(Z’A)'fsc2'feff'fchs'fTi'fmr'fT'fDT

seetram

« f.,+ Interactions of nuclei in scintillator SC2 (~5%) e

«f .. Detection efficiencies (~97%) ‘ Sc2

* f;- Charge-state contamination (~1-30%) ‘.‘:ﬁ"/ musict

« - Nuclear reactions in the Ti target container (~1%) Eo ‘ /

o f . Multiple-reactions in the target (~5-30%) _/ gcq MUSIC2
« f.2 Angular transmission (frag. ~85-100%, fission ~10-40%) Mwa1 “ﬁ 0/!” //'

« for: Acquisition dead time (~20%) F4 ‘
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Experimental technique: cross sections

Determination of the isotopic production cross sections

Y N’ Z 1200

G(N, Z) - ( ) 1000

Npro | Ntar o0

Accuracy o
v’ Beam intensity: ~5-10%

20 30 _ 40 50 60
Time (s)

v’ Target thickness: ~5%

v’ yield statistics: < 1% _
- fragmentation ~ 5-15%

v’ yield corrections: ~5-30% final accuracy { fission ~ 15-30%
-fission ~ 15-30%
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v" Results
- Isotopic production cross sections
- Longitudinal momentum distributions
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= > 10 mb
> 5mb
“= 1mb
= » 0.5 mb
= =01 mb

2%pp(1 A GeV)+d
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Cross section (mb)
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Results: Isotopic Production Cross Sections
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Results: Velocity distributions
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Results: Velocity distributions
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v The first stage of the collision
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The first stage of the collision

136Xe(1 A GeV) + p
2100 | |
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M. Fernandez., PhD USC (2008), to be published
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The first stage of the collision

136Xe(L AGeV) +p

Cross section (mhb)

10

W\ 8120 122 121 126 128 130 132 131 136 138

Epn |
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The first stage of the collision

136Xe(1 AGeV) +p
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The first stage of the collision
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v" Pre-fragment de-excitation
- Fission
- Statistical evaporation
- Intermediate-mass fragment emission
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Pre-fragment de-excitation: fission

Fission probability: T'{T",

Cross section (mb)
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208P(1 A GeV) + d
238J(1 A GeV) + d

Isabel+ABLA (2%Ph(1 A GeV)+d)

- — = I} statistical model for fission
—I;: dynamical model for fission

J. Benlliure et al., PRC 74 (2006) 014609
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Pre-fragment de-excitation: fission

Isotopic distribution of fission yields
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197Au(800 A MeV)+p

— — =LAHET (Bertini+Dresner)
— R. Silberberg et al. Astr. Phys. J. 501 (1998) 911

J. Benlliure et al., NPA 683 (2001) 513
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Pre-fragment de-excitation: statistical evaporation

Fission probability: T'{T",

= Lahet (Bedini+Dresnar] — INCL+ABLA
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Pre-fragment de-excitation: statistical evaporation

Even'Odd Stagenng Nuclei with enhanced production
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Pre-fragment de-excitation: statistical evaporation

Even-odd stagering
The final yields are governed by the number of bound states in both, the daughter and the mother
nuclei, which are defined by level densities, ground state masses and separation energies.

Even-mass final residues Odd-mass final residues

A daughter mother daughter mother daughter  mother daughter  mother
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v" Even-mass residues with even-Z are more probable
v" Odd-mass residues with odd-Z are also more probable

v" Even-odd staggering decreases with the mass (g emission)
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Pre-fragment de-excitation: intermediate-mass fragments

Fission probability: T'{T", 1238(1 A GeV) + p
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Summary

v" A large data set on residual nuclei produced in spallation reactions have been obtained at GSI

- 14 reactions have been investigated using five projectiles (238U, 208Ph, 197Au, 136Xe and °6Fe)
cryogenic proton and deuterium targets and different projectile energies

- More than 7000 cross sections have been determined with an accuracy between 5 and 30%

v’ The sensitivity of these data to different aspects of the modelization of spallation reactions has
been investigated

- Residual nuclei close in neutron and atomic number to the projectile, in particular charge-
exchange reactions, probe the intra-nuclear cascade phase

- The comparison between fissile and less fissile systems helps in characterising the
neutron/fission competition during the evaporation phase

- The emission of intermediate-mass fragments or the even-odd stagering in the cross provide
also information on the evaporation phase
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