High-resolution experiments
on nuclear reactions
with relativistic heavy-ion beams

An explorative study



Layout

* Nuclear-reaction schemes
* Beam energy and impact parameter
* The fragment separator of GSI
* In-flight separator and energy-loss spectrometer
* Experiments with separated secondary beams
* Fission channels
* Production cross sections of individual nuclides
* Global features and nuclear-structure phenomena
* High-precision experiments on longitudinal momentum

* Characterization of reaction channel, friction, re-acceleration,
kKinematics of multifragmentation



Reactions classified by beam energy and
Impact parameter

Beam energy:

Coulomb barrier: Nucleons stay
Ep =5 AMev @ inside a common potential:

Fermi spheres Dominance of fusion

of projectile and 35 A MeV @

target:
| A Gav O O S|IS-energies: Scattering of quasi-
free nucleons:

o 500 Tooo Mmoo 2000 2500 Participant — spectator picture
p/ (MeV / c)

Impact parameter range:
b>r +r,: No nuclear contact, only Coulomb excitation - mostly GDR

b slightly smaller than r, + r: Very peripheral collisions

b<r +r: Violent collisions, onset of multifragmentation
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GSI installations
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The fragment separator
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A large-scale “copy” of LISE
An in-flight separator for secondary beams (like LISE or SISSI + ALPHA)
A high-resolution energy-loss spectrometer (like SPEQG)
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Coulomb fission with secondary “*°U projectiles:
experimental set-up
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Results on Z distributions In fission

x Coulomb fission
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Extending the experimental knowledge in the region of neutron-deficient actinides.
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Good description with

3 fission channels

(different fission valleys: Brosa
1990)

Parameters fitted to data.

Expected relation to fragment
shells (Wilkins et al. 1976):

1. Standard 1: close to Sn
2. Standard 2: near N = 86

3. Super-long: at symmetry



Well known gross feature of mass distributions:
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MEAN MASS OF THE FISSION PRODUCT GROUP

Asymmetric fission channels are constant in Z (!!!) (not in A or N) in the heavy fragment.

A surprising result

Flynn et al, 1972
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New analysis of all avail. exp. information
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Bockstiegel et al., 2008
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|dentification of nuclides

Overview experiment,

covering all projectile-like

residues.
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Perfect identification
in Zand A by ToF,

A/Z

magnetic deflection in FRS

and energy loss in IC.
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D. Henzlova et al., 2008
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Nuclide cross sections in ¥*°**Xe + Pb

BeXe + Pb (1 A GeV)
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Production over the
whole mass range
below the projectile.

Strong memory on
N/ Z of projectile in
heavy-mass range.

Approaching a
universal
“evaporation
corridor”?

D. Henzlova et al.,
2008



Memory on N/Z of projectile
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D. Henzlova, 2007
Staggering due to even-

odd structure. . _ o
Information on symmetry energy in the de-excitation process.



Experimental campaign on spallation cross sections

(motivated by ADS, EURISOL - one example) UF::_.;
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Good knowledge on in-target production in EURISOL.
Monique Bernas, Julien Taieb, Maria Valentina Ricciardi, 2003-2006



Even-odd effect in production of light nuclei from

Cross section / mb

violent collisions (***U (1 A GeV) + Ti)

Observed fine structure in fragmentation

E 20 C ﬂ 1
B I_IJ ® [+
10 I WL
= &+ o+ L
- ® N=1Z ¥ +
B O N=27+2 ¥ F + d
e A N=Z+# 8T ww= 28
- O N = Z+6 * o+
i 20
0.1 = 2
+ even-even nuclei
6 2 8

M. V. Ricciardi et al., 2004

Superfluidity is restored at the end of the evaporation cascade.

Complex interplay of pairing correlation (angular-momentum dependent),
Wigner term (N=21), particle thresholds and gamma competition.

Mass information is crucial for revealing the full complexity.
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Velocities of projectile residues
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v distribution pins down the reaction channel: binary decay - double peak



Friction in very peripheral collisions

Reconstruction of <V,> = f(b) from measured cross-section data. (A. Bacquias, 2008)
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Friction is sensitive to in-medium nucleon-nucleon cross section (Danielewicz).
QMD seems to need more numerical stability for calculating the small velocity shifts.



Au (1 A GeV) + Au, velocity distributions

Systematic study of the
re-acceleration

] phenomenon of light
fragments.
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Vladimir Henzl, 2007
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Re-acceleration of projectile spectators
- dependence on energy and target mass
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Reduction of the re-acceleration
phenomenon with decreasing
beam energy and lighter target
mass.

V. Henzl, 2007



Theory: Re-acceleration iIs the participant's
blast to the spectator due to momentum-
dependence of mean field
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She, Danielewicz and Lacy, 2001



Width of momentum distributions

136%e (1 A GeV) + Pb
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% 500 | i reproduces the width of the
Z_ w0l i momentum distributions.
o I Fermi momentum of abraded
2007 ] nucleons is dominant, also in the
0 | multifragmentation regime.
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/0/’\{\‘\"\?35 Almost insensitive to kinematics of multifragmentation
- Fermi momentum (Odeh et al., 2000) or thermal

Multifragmentation equilibrium (SMM)
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