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Experiments at GSI/FRS

Extensive program on nuclear reactions; especially data on projectile fragmentation and spallation

Today only one topic in order to avoid a summary talk

Many, mostly European institutes are involved – two U.S. labs as well.



CHARMS and Nuclear FissionCHARMS and Nuclear Fission
• Shell structure and pairing in nuclear 

fission
• Production of heavy nuclei
• Fission dynamics – dissipation in nuclear 

matter
• Fission and the r-process
• Influence of fission on the production of 

RIBs



InIn--Flight FissionFlight Fission

Advantages:
dramatic increase in the number of accessible systems!
systematic studies of the influence of proton and 
neutron numbers
large detection efficiencies (forward focusing)
thick targets
measurement of fission fragment charge distributions

Disadvantages:
RIB intensities

Normal kinematics Inverse kinematics

n, p, e, … RIB

Fissile, 
stable target

Non-fissile, 
stable target

(relativistic energies)



ExperimentExperiment

Charge distributions

Total Kinetic Energy (TKE) distributions



Fission Fragment Charge DistributionsFission Fragment Charge Distributions

K.-H. Schmidt et al., NPA 665 (2000) 221Systematic investigation of 
shell effects and pairing in 
fission.



Modeling multiModeling multi--modal fission modal fission 

E* = 
60 MeV

20 MeV

10 MeV

black: data, 

red: simulation with ABLA07



SpallationSpallation of of 238238U U –– Production of Production of RIBsRIBs

Data measured at GSI*

* Ricciardi et al, Phys. Rev. C 73 (2006) 
014607;  Bernas et al., Nucl. Phys. A 
765 (2006) 197; Armbruster et al., Phys. 
Rev. Lett. 93 (2004) 212701; Taïeb et 
al., Nucl. Phys. A 724 (2003) 413; 
Bernas et al., Nucl. Phys. A 725 (2003) 
213  

www.gsi.de/charms/data.htm

More than 1000 different nuclides observed.

Features of spallation-evaporation / -fission / -IMF emission

→ rates for the next generation of RIB facilities!

Influence of fission 
hindrance!



Dissipation Dissipation 

[ ]coll
eq
coll

coll EE
dt

dE
−= β

Energy in 
collective degrees 
of freedom

Energy in single-
particle degrees of 
freedom

Transport theories

Reduced dissipation 
coefficient

Dissipation
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Ecoll is the average excitation energy in the collective degrees of freedom

Ecolleq is the average excitatin energy in the collective degrees of freedom at thermal equilibrium

Energy exchange between collective degrees of freedom and a heat bath of single particle degrees of freedom.

Difference is justified by the different time scales of the two processes.

Not agreement in experiment or theory as far as magnitude, temperature, deformation or isospin dependence is concerned. 

Rate of change of energy in the collective degrees of freedom



Fission and DissipationFission and Dissipation

Centroid of the probability 
distribution!

Bjornholm, Lynn; Rev. Mod. Phys. 52, 725 (1980)

Motion is governed by:  

dissipation

phase space

Analogy: Brownian Motion

Fokker-Planck

Langevin Diffusion Friction

Saddle point

Presenter
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cartoon: need at least three variables for the description of fission

Random walk

Diffusion inside the saddle

Strong coulomb force leads to friction beyond the saddle



Escape RateEscape Rate
Bohr-Wheeler (1939):

Transition-state method

Quasi-stationary (Kramers 1940):

Fission width is reduced due to 
trajectories back into the well.

Transient time:

Time the system needs to adjust 
to the potential under the 
influence of a fluctuating force.

C. Schmitt
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Transition state: level density at the saddle point – time-independent

Kramers: fluctuation – time-independent

Fission rate across the saddle

Transient times from a time-dependent solution of the Fokker-Planck equation.





Excitation Energies and Time Scales Excitation Energies and Time Scales 

Scission

Deformation

Energy

Compound 
Nucleus

Saddle 
point

Ground state

τCN-Saddle τSaddle-Scission

Fi
ss
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n 

ba
rr

ie
r

Fluctuating Forces:

increases time scale

decreases excitation energy by 
particle evaporationFriction

What is the influence of 
the compound nucleus 
deformation on the 
transient time?

Not to 
scale!
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Investigated NucleiInvestigated Nuclei
Pr
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Neutron number

238U @ 1 A GeV on 9Be: projectile fragmentation

x - investigated nuclei

Deformed 
nuclei

Spherical 
nuclei

Heavy nuclei near 
N=126:

Highly fissile

45 secondary beams 
with |β2| ≤ 0.15

238U ground state:
β2 ≈ 0.23



Measuring a Temperature DifferenceMeasuring a Temperature Difference

Deformation

E
ne

rg
y

Compound 
Nucleus

Saddle 
point

Ground state

τCN-Saddle

τSaddle-Scission

the energy the nucleus looses on its way 
to the saddle point (via evaporation):

The longer the motion to the saddle 
takes the more energy will be lost by 
particle evaporation!

→ Measure the temperature  of 
the compound nucleus.

→ Measure the temperature at 
the saddle!

Not to 
scale!
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Fission Fragment Charges and Fission Fragment Charges and 
Compound Nucleus Excitation EnergyCompound Nucleus Excitation Energy

The sum of the fission fragment charges is a measure of 
the energy of the compound nucleus!

Abrasion-Ablasion model



Deformation Induced by Projectile Deformation Induced by Projectile 
FragmentationFragmentation

215Ac

Nearly spherical pre-
fragments!

Saddle point: β2 ≈ 0.6 -
0.8

Access to compound 
nuclei which are:

highly excited

highly fissile

nearly spherical

215Ac

P.N. Nadtochy

Assumption: τthermal <<  τcoll



Temperature DifferenceTemperature Difference

Deformation

E
ne

rg
y

Compound 
Nucleus

Saddle 
point

Ground state

τCN-Saddle

τSaddle-Scission

Not to 
scale!

Energy difference we want to 
measure:

Compound nucleus excitation energy

→ use Z1+Z2

Saddle point excitation energy

→ use width of the charge distribution



Charge Width as a ThermometerCharge Width as a Thermometer

Asymmetric mass split

Symmetric mass split

Asymmetric mass split

Bjornholm, Lynn; Rev. Mod. Phys. 52, 725 (1980)
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Charge Width: ResultsCharge Width: Results
CN excitation energy

Statistical Model

Kramers

β = 4.5 x 1021 s-1

Calculations: Abrasion-Ablation 
model (ABRABLA)

C. Schmitt et al., PRL 99 (2007) 042701



Results Results 

• Compound nucleus temperature up to 5.5 MeV
• Saddle point temperature up to 3 MeV
• This work: <τtrans> = (3.3±0.7)x10-21 s
• 238U: <τtrans> = (1.7±0.4)x10-21s

B. Jurado et al., PRL 93, 072501(2004)

• β= (4.5 ±0.5) x 1021 s-1

• Over-damped motion at small deformation and 
high excitation energies?



The Future (Part I): RThe Future (Part I): R33BB

Observables: 

Charge and Mass of (both?) fission fragments

Total kinetic energies

Neutrons, gamma radiation, fission cross sections, …



Future (Part II): ElectronFuture (Part II): Electron--Ion scattering in a Ion scattering in a 
Storage Ring: Storage Ring: ELISeELISe

• 125-500 MeV electrons
• 200-740 MeV/u RIBs

• different excitation 
mechanism

• no energy straggling in the 
target

→ direct measurement of the excitation energy!



SummarySummary
• In-flight fission of relativistic beams 

expands the experimental toolbox in 
fission research.

• The fission fragment charge sum is a key 
observable.

• First experimental evidence of the 
influence of deformation on the transient 
time.

• There is a lot more to come in the future!




