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Basic research

Fission corresponds to a large-scale collective motion where
both static and dynamic properties play important role

Excellent tool to study, e.g.
» Nuclear structure effects at large deformations
» Fluctuations in charge polarisation

> Viscosity of nuclear matter



Astrophysics - r-process and nucleosynthesis
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Challenge - fission properties (e.g. fission barriers, fission-fragment
distributions) for nuclei not accessible in laboratory.




RIB production

Fragmentation method, ISOL method
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Challenge - need for consistent global description of fission and
evaporation



Fission experiments at FRS

Two types of experiments

Performed in inverse kinematics using relativistic (~ 1 A GeV)
heavy-ion (up to 238U) beams




Experimental setup 1
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Nuclide identification

238 + IHat 1 A GeV
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Production mechanism

Fragment kinematic properties + limited angular acceptance of the FRS

U

Information on reaction mechanism

«oZr produced in 28U + Pb 1 AGeV
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As a result = for each nucleus: productions cross section, velocity and
production mechanism




Measured cross sections - one example
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Experimental setup 2
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Measured Z-distributions

More than 70 secondary beams studied: from Z=85 to Z=92
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Mass and charge division in fission




How can we describe exp data?

— Empirical systematics - Problem is often oo complex

—Theoretical models - Way to go, but not always precise enough and
still very time consuming

Encouraging progress in a full microscopic description of fission:
H. Goutte et al., PRC 71 (2005) = Time-dependent HF calculations with GCM

— Semi-empirical models - Theory-quided systematics



Macroscopic-microscopic approach

- Transition from single-humped to double-humped explained by
macroscopic and microscopic properties of the potential-energy
landscape near outer saddle.

Macroscopic part: property of CN

Microscopic part: properties of fragments™®
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Macroscopic-microscopic approach

Ingredients of the fission model:
* Level densities

» Assumption on dynamics = Mass split at outer saddle, N/Z of
fragments at scission

* Potential fitted to data = Curvature of macroscopic part:
systematics by Rusanov et al. Curvatures, strengths and positions
of two microscopic contributions as free parameters

For each fission fragment we get:
* Mass
* Nuclear charge
- Velocity
» Excitation energy



Comparison with data

Fission of secondary beams after the EM excitation:
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Comparison with data

238U (1 A GeV) +H

Experimental data: Model calculations (model
developed at GST):
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Application

Global character of the approach = Extrapolation in unknown regions,
such as very neutron-rich nuclei on r-process path.
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Fission barriers

Difficulties when extrapolating in unknown
regions (e.g. r-process, super-heavies)




Open problem

Limited experimental information on the height of the fission barrier

Fission-barrier heights for U isotopes
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Predictions of theoretical models are examined by means of a detailed
analysis of the isotopic trends of saddle-point masses.
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What do we know about saddle-point shell-correction energy?

1. Shell corrections have local character

2. Shell-correction energy at SP should be very small (e.g Myers and
Swiatecki PRC 60 (1999); Siwek-Wilczynska and Skwira, PRC 72 (2005))
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If an model is realistic = Slope of SU,,, as function of N should be ~ O

Any general trend would indicate shortcomings of the model.



Studied models

1) Droplet model (DM) [Myers 19771, which is a basis of often used results of
the Howard-Méller fission-barrier calculations [Howard&Maller 1980]

2) Finite-range liquid drop model (FRLDM) [Sierk 1986, Méller et al 1995]

3) Thomas-Fermi model (TF) [Myers and Swiatecki 1996, 1999]
4) Extended Thomas-Fermi model (ETF) [Mamdouh et al. 2001]

Myers, .Droplet Model of Atomic Nuclei", 1977 IFI/Plenum
Howard and Méller, ADNDT 25 (1980) 219.

Sierk, PRC33 (1986) 2039.

Moller et al, ADNDT 59 (1995) 185.

Myers and Swiatecki, NPA 601( 1996) 141

Myers and Swiatecki, PRC 60 (1999) 0 14606-1

Mamdouh et al, NPA 679 (2001) 337



Slopes of dU,, as a function of the neutron excess

B Stable nuclei
B Studied nuclei
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= The most realistic predictions are expected from the TF model and
the FRLD model

= Further efforts needed for the saddle-point mass predictions of the
droplet model and the extended Thomas-Fermi model
Keli¢ and Schmidt, PLB 643 (2006)




Conclusions

- Good description of mass and charge division in fission based on a
macroscopic-microscopic approach, which allows for robust
extrapolations

- According to a detailed analysis of the isotopic trends of saddle-
point masses indications have been found that the Thomas-Fermi
model and the FRLDM model give the most realistic predictions in
regions where no experimental data are available

- Need for more precise and new experimental data using new
techniques and methods (e.g. R3B and ELISE at FAIR) = basis for
further developments in theory



CHARMS collaboration™

Peter Armbruster, Antoine Bacquias, Lydie Giot, Vladimir Henzl, Daniela Henzlova, Alexander Karpov,
Strahinja Luki¢, Pavel Nadtochy, Radek Pleskac, Maria Valentina Ricciardi, Karl-Heinz Schmidt, Orlin
Yordanov

6SI, Germany

Jose Benlliure, Jorge Pereira, Enrique Casarejos, Manuel Fernandez, Teresa Kurtukian
Univ. Santiago de Compostela, Spain

Laurent Audouin, Charles-Olivier Bacri, Monique Bernas, Claude Stéphan, Laurent Tassan-Got
IPN Orsay, France

Alain Boudard, Jean-Erique Ducret, Beatriz Fernandez, Sylvie Leray, Claude Volant, Carmen Villagrasa,
Wojczek Wlaslo
DAPNIA/SPAN, CEA Saclay, France

Julien Taieb
DEN/DM2S/SERMA/LENR, France

Christelle Schmitt
IPNL, France

Serge Czajkowski, Beatriz Jurado, Michael Pravikoff
CENBG, France

Paolo Napolitani, Fanny Rejmund
GANIL, France

Arnd Junghans
Forschungszentrum Rossendorf, Germany

Andreas Heinz
Yale University, USA

* Collaboration for High-Accuracy experiments on nuclear-reaction Mechanisms with magnetic

Spectrometer: www.gsi.de/charms



Additional slides




\Vp)
I
+—

O

S

Q
=
N/

A Laboratory frame

2 $3UN07Y
: (

238U+Pb, 1 A GeV




How well do we understand fission?

Influence of nuclear structure (shell corrections, pairing, ...)

Fission of the secondary beam ??6Th (e.m. induced)
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scale collective motion of
atomic nuclei, Brolo, 1996

Also dynamical properties (e.g. viscosity) play important rolel



Comparison with data
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Experiment -

Difficulties

Extraction of barrier parameters:

Requires assumptions on level densities.
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Theoretical difficulties

Dimensionality (Méller et al, PRL 92) and symmetries (Bjernholm and
Lynn, Rev. Mod. Phys. 52) of the considered deformation space are very

important! SYMMETRIC DEFORMATION, y
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Example for uranium

oU,,,as a function of a neutron number

Uranium isotopes
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A realistic macroscopic model should give almost a zero slope!



Ternary fission

Ternary fission = less than 1% of a binary fission

“% i *Fm
ot zsog- A
M ’%}*’a
ol [
238 252
St 333% }?1 Mt‘m T .Cf
30| Py, { P
25 | % Open symbols -
! a0 8 experiment
l U 3 Full symbols -
theory
W s 29[y
3 @

10

M5 3'6’5%'55-'3'9'2%
Rubchenya and Yavshits, Z. Phys. A 329 (1988) 217



Theory

- Strutinsky-type calculations of the potential-energy landscape (e.g. P. Méller)
+ Good qualitative overview on multimodal character of fission.
- No quantitative predictions for fission yields.
- No dynamics
- Statistical scission-point models (e.g. Fong, Wilkins et al.)
+ Quantitative predictions for fission yields.
- No memory on dynamics from saddle to scission.
- Statistical saddle-point models (e.g. Duijvestijn et al.)
+ Quantitative predictions for fission yields.
- Neglecting dynamics from saddle to scission.
- Uncertainty on potential energy leads to large uncertainties in the yields.
- Time-dependent Hartree-Fock calculations with GCM (Goutte)
+ Dynamical and microscopic approach.
- No dissipation included.

- High computational effort.
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