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Photon beam parameters:

• N ⇠ 103 � 104 coherent photons

• EL ⇠ 5� 10 MeV per photon

• � ⇠ 50 keV: Zeptosecond pulse
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Exciting nucleus with laser

  

Laser-nucleus interaction with MeV photons  
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Heavy-ion collisions 

Angular momentum
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Photoexcitation

      

“compound nucleus”:
many excited nucleons

 Extreme Light Infrastructure may provide in the near future coherent gamma rays 
→ open a completely new parameter regime of nuclear reactions

 As nucleons are kicked out, investigate the  transition from a system of strongly 
correlated particles to independent ones – parallel to cold atom experiments  

• Completely unexplored new parameter regime for compound nucleus 
• Which reactions to expect?
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Nucleus as a many-body 
system

  

Nuclei as a system of strongly interacting nucleons  

Fermi level Fermi level

 Theoretical description: mean-field + nucleon-nucleon collisions (“residual” interaction)

 Statistical coupling of all possible states with same energy - “equilibration”

 Equilibration is very fast - “spreading width” 5 MeV corresponds to zeptoseconds (10 ²¹ s)⁻

 Level densities instead of proper calculation of discrete levels! 
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Non-adiabatic 
Regime 

>> 
Total 

equilibration is 
slower than 

dipole 
excitation

S. Kobzak, H. A. Weidenmüller, 
A. Pálffy  
Current work

Photon excitation Nuclear equilibration
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Master equation with p-h 
states

Ṗ (i, k, t) = Mk,k′P (i, k′, t) UjV
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Pm(i, k, t) is an occupation probability for nuclear species i
with k absorbed photons in particle-hole class m at time t.

Ṗm(i, k, t) = ⇥(⌧pulse � t)
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Ṗm(i, k, t) = ⇥(⌧pulse � t)
⇢X

m0

⇢m(i, k)[W 2
m0mPm0(i, k � 1, t) +W 2

m0mPm0(i, k + 1, t)]

� Pm(i, k, t)[W 2
mm0⇢m0(i, k + 1) +W 2

mm0⇢m0(i, k � 1)]

�

+
X

k0m0

�N (i� 1, k0 ! k,m0)Pm0(i� 1, k0)

�
X

k0m0

�N (i, k ! k0,m)Pm(i, k)

+
X

m0 6=m

V 2
m0m(i, k)⇢m(i, k)Pm0(i, k, t)

�
X

m0 6=m

V 2
mm0(i, k)⇢m0(i, k)Pm(i, k, t)

1



Density of states
Number of possible configurations for a given total energy of the system

Laser-nucleus interactions with nucleon

emission

Sergei Kobzak, Hans Weidenmüller and Adriana Pál↵y
Max-Planck-Institut für Kernphysik, Heidelberg, Germany

Laser-nucleus interactions with nucleon

emission

Sergei Kobzak, Hans Weidenmüller and Adriana Pál↵y
Max-Planck-Institut für Kernphysik, Heidelberg, Germany

Introduction
Recent experimental developments in laser physics and laser-driven acceleration promise
to deliver coherent photon beams with energies ranging up to several MeV. The prospect of
a laser beam with photon energies comparable to typical nuclear excitation energies raises
a number of questions and opens new unexplored avenues for nuclear physics [1,2].
In this work we investigate theoretically the interaction between coherent gamma-ray laser
pulses and medium-weight or heavy nuclei in the case of sudden regime.

In sudden regime the average photon absorption rate is faster than the compound

nucleus statistical equilibration rate. Consequently, nucleons are excited independently
and are expelled from the common average potential. Multiple photon absorptions may
lead to complete evaporation of the nucleus if the laser pulse duration is long enough.
Interestingly, we expect an analogue dynamics can be simulated in ultra-cold atom systems
driven by external fields.

Theory
Nuclear level densities.

We start o↵ with constant spacing (d = 1 energy units for simplicity) between levels. There
are N =

⇣
B
A

⌘
ways to distribute A spinless noninteracting fermions over B single-particle

states. We need to find the number of ways a specific energy E⇤ can be obtained with
di↵erent distributions of particles. Here’s an example:
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Constant spacing is not realistic.
We have developed an approach to calculate level densities for several continuous single-
particle dependencies based on the Laplace (L̂A) and Fourier (F̂") transforms:
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Exciting a particle to a state above Fermi level
(labeled as A in the Fig. on the left) leads to the
generation of a particle–hole pair. The particle–
hole density is:

⇢(")p,h =
X

"p,"h

�"p+"h,"⇢p("p)⇢h("h).

The density of particle-hole states (⇢(")p,h) can
be evaluated as a convolution of Fourier com-
ponents of particles and holes densities.

Constant spacing model

Density of states Density of particle-hole states

Our approach works very well for constant spacing. The accuracy of our method is ex-
pected to increase with the number of particle-hole pairs.

Theory
Master equation

The time evolution of laser-induced nuclear reaction is studied with help of master equa-
tion. This equation describes the change of occupation probability for a system of non-
interacting fermions interacting with dipole radiation and takes into account the nucleon-
nucleon interaction, photon absorption and induced photon emission and neutron feeding
and decay:

Ṗm(i, k, t) = V(i, k, t) + ⇥(1/� � t)W(i, k, t) + �N(i, k, t),
with following corresponding transition rates and neutron widths in colored terms:

V2
mm�1(i, k)⇢m�1(i, k) = V2

m�1m(i, k)⇢m(i, k) ⇥ [⇢m�1(i, k)/⇢m(i, k)] ,
W2

m+1m⇢m(i, k) = W2
mm+1⇢m+1(i, k + 1) ⇥ [⇢m(i, k)/⇢m+1(i, k + 1)] ,

�N(i; k ! k0,m! m0) = �m�1,m0
⇢m�1(i + 1, k0)EL

2⇡⇢m(i, k)
.

A state is described by:
I i - the number of particles lost by the nucleus
I k - the number of absorbed photons, where the energy of the state is E = k ⇤ EL

Im - the number of particle-hole pairs

Current Progress
Occupation probabilities, ⌧ = 1.3 · 10�20

s

Summed occupation probabilities Di↵erent particle-hole states

Occupation probabilities, ⌧ = 50 · 1.3 · 10�20
s,

saturation regime

Summed occupation probabilities Di↵erent particle-hole states

Occupation probabilities at laser termination time,

saturation regime
Ratio of densities to occupation probabilities at laser

termination time, saturation regime

A good agreement in occupation probabilities with the case where the internal nuclear in-
teraction takes place immidiately tells us that our method works well. Increasing laser
pulse duration gives the nucleus time for relaxation between consequtive photon absorp-
tions and a possibility to achieve saturation regime. Though this resembles sudden internal
equlibration case, finite nuclear relaxation times do play an important role in the achive-
ment of the saturation regime.

This work is part of and supported
by the DFG Collaborative Research
Centre "SFB 1225 (ISOQUANT)"
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Density of states
Number of possible configurations for a given total energy of the system

Light nuclei, A~50 
Constant spacing

Medium weight, A~100 
Linear spacing

Heavy weight, A>100 
Quadratic spacing

A. Pálffy and H. A. Weidenmüller  Nucl. Phys. A 917, 15 (2013) 

We need continuous model of density of states
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Master equation with p-h 
states

Ṗ (i, k, t) = Mk,k′P (i, k′, t) UjV
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Pm(i, k, t) is an occupation probability for nuclear species i
with k absorbed photons in particle-hole class m at time t.
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Master equation with p-h 
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Master equation with p-h 
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Nuclear equilibration

- M. Herman, G. Reffo, and H. A. Weidenmüller, Nucl. Phys. A 536 (1992) 124. 
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Investigation of equilibration in p-h
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Neutron evaporation
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Proton-rich nuclei far from the valley of stability!



Summary
• Nuclear excitation with MeV coherent pulse leads to new 

energy domain in laser-induced nuclear reactions.


• For the first time investigated equilibration in p-h classes


• Production of proton rich nuclei far from the valley of stability 
is possible


• Experiments & theory: shed more light on unexplored domain


• Current experiments on ultra-cold atoms can help to simulate 
nucleus as a system of strongly interacting particles



Outlook: Parallel to cold 
atoms?

  

Parallel to cold atoms?  

 
Ultracold atom setup can be used to simulate the excitation and emission of nucleons

 By tuning the quench and atom-atom interaction strength, one can simulate the three 
interaction regimes in nuclei and investigate the transitions in between 

Selim Jochim
C02

• A possibility to simulate nuclear excitation and emission of single nucleons 
• A powerful tool for investigation of different regimes via tuning of quench and 

atom-atom interaction strength. 
• More freedom of parameters than in nucleus
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