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I believe all young people think about how they 
would like their lives to develop. When I did so I 
always arrived at the conclusion that life need 
not be easy, provided only that it was not empty. 
And that wish I have been granted.

                                Lise Meitner

Summary
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Who am I?
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Diploma work and PhD Thesis: GSI Darmstadt

Postdoc and Fermi Fellow at Argonne National Laboratory

Assistant professorship: Yale University, New Haven, CT

Associate Professor: Chalmers University of 

Technology, Gothenburg, Sweden



Warning
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I often reference books or review 
articles, rather than original works. 
This is not good practice, but makes 
it for you, hopefully, easier to find 
material.



Ground state or excited state at ground 
state deformation

Saddle point

Scission point

Excited fission fragments

An intuitive picture of nuclear 
fission
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Why do we care?
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• Why do we care about nuclear fission?
• Applications (the obvious ones).
• Production of unstable (neutron-rich) nuclei (or 

beams of nuclei).
• Nuclear astrophysics (r-process).
• Transport properties of cold and hot nuclear matter.
• Nuclei at the extremes of deformation.
• Interplay of microscopic and macroscopic nuclear 

properties.
• Production of super-heavy elements.
• …

• (Semi-)classical approaches go a long way in fission, 
but not all the way.

https://www.redbubble.com/i/t-shirt/
Care-O-Meter-by-RetroWorks/32355504/z5wf
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Excited fission 
fragments

Semi-empirical mass formula:
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NASA
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K.-H. Schmidt
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Excited fission 
fragments

Semi-empirical mass formula:
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Deformation

P. Talou, R. Vogt, Nuclear Fission, Springer (2023)

Fission 
barrier



Discovery of nuclear fission
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L. Meitner, O. Frisch, Nature 143, 239 (1939)

O. Hahn, F. Strassmann, Naturwissenschaften 
27, 11 (1939)
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The fission barrier
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The potential energy 
surface and the relation 
to the level density 
above it.

Level density

Phase 
space 
available 
for fission



Level densities: a key ingredient

r E *( ) =
dN

dE *

Nuclear level density:

Number of nuclear states 
for a given excitation 
energy E*:

r E*( )µe2 aE*

from the Fermi-gas 
model (a is the level 
density parameter).
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K.-H. Schmidt
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W. Younes, W.D. Loveland, An 
Introduction to Nuclear Fission, 

Springer (2021)



Level densities and nuclear shell 
structure
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K.-H. Schmidt

Additional complication: 

collective excitations (rotations, 
vibrations) 

=> level density increases by 

factors ≈10-100
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The potential energy surface 
(PES)
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W. Younes, W.D. Loveland, An 
Introduction to Nuclear Fission, 
Springer (2021)

What the …?

Fission fragments 
do not have the 
same mass!

The mass 
distribution 
changes with 
excitation 
energy!



Scission point models
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Idea: 
Describe fission fragment mass 
distributions based on the shell 
structure of fission fragments at 
scission.



The Strutinsky method – nuclear 
shell structure and fission
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How can we include 

shell effects in the 
potential energy 
surface? 

-> microscopic-
macroscopic models.



Funny hills
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The potential energy surface 
(PES)
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A.N. Andreyev et al., Rep. Prog. Phys. 81, 016301 (2018)

Key concept: 
We need the 
available phase 
space above each 
point of the PES!

Nuclear shell 
effects modulate 
the potential 
energy surface -> 
for many nuclei 
asymmetric 
fission dominates 
(at low excitation 
energies).



The parametrization problem

Multimodal model (Brosa 

et al. Phys. Rep. 197 
(1990) 167)

Cassini ovaloids 

(Pashkevich, NPA 169 

(1971) 275)

P. Möller et al., Nature, 
409 (2001) 785

The potential energy 

surfaces in this talk 
are projections on two 

parameters!
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How many parameters 

are needed to describe 
the evolution towards 

scission?

G. Scamps, C. Simenel, Nature 
564, 382 (2018)
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Multi-modal random neck rupture
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Seminal paper:

U. Brosa, S. Grossmann, A. 
Müller, Phys. Rep. 197, 167 

(1990)

Multiple fission modes:

Random neck 

rupture:

The neck ruptures 

due to Rayleigh 
instability (known 

from 

hydrodynamics). 

Influence on 

fission fragment 
mass charge and 

total kinetic 

energy 
distributions.

G. Scamps, C. Simenel, Nature 564, 382 (2018)



Fission modes
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T. Ichikawa et al., Phys. Rev. C 86, 024610 (2012)

Valleys and passes in the 

potential energy surface. 

 Fission modes 

characterized by:
 asymmetry and

 deformation at 

scission.

 Experimental signatures:

 Fission fragment 
mass and charge 

distributions.

 Total kinetic energy 
release.

 Goal: Mapping of the 
potential energy surface 

with data.

Fission 
modes 
(or channels)

Three asymmetric fission modes: 

S1, S2 and S3 (S = “standard”).
One symmetric fission modes: 

SL (“superlong”).
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High total 
kinetic 

energy

Low total 
kinetic 

energy



Fission modes
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T. Ichikawa et al., Phys. Rev. C 86, 024610 (2012)

Valleys and passes in the 

potential energy surface. 

 Fission modes 

characterized by:
 asymmetry and

 deformation at 

scission.

 Experimental signatures:

 Fission fragment 
mass and charge 

distributions.

 Total kinetic energy 
release.

 Goal: Mapping of the 
potential energy surface 

with data.

Fission 
modes 
(or channels)

The available phase space is the key 
to understand the fission fragment 
yields.
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A little exercise
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A nuclear reactor, 
based on uranium, 
needs enriched 235U 
fuel.

Why?
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Fission and pairing

92

235U143

92

236U144

92

236U *144 = 92

235U143 +n

E*

δ

92

238U146

92

239U147

92

239U *147 = 92

238U146 +n

E*

δ

δ
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K. Krane, Introductory 
Nuclear Physics

No pairing

No pairing

No pairing



1/v

235U

238U

Fission barrier

Excitation energy

236U 239U

6.2 MeV 6.6 MeV

6.5 MeV 4.8 MeV

E*(236U) = [M(235U) + mn - M(236U)]c2

E*(239U) = [M(238U) + mn - M(239U)]c2

Ex = 2 = 2apA
-3/4

= 68/2383/4 = 1.1 MeV

Fission and 

pairing
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Fission Barrier

27

K. Krane, Introductory 
Nuclear Physics



The fission barrier and nuclear 
structure
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P. Talou, R. Vogt, Nuclear Fission, Springer, 2023

Specialization energy: impact of 
single-particle effects on the 
barrier height

Especially ground-state 
shell effects influence 
the height of the 
fission barrier: 

-> Stability of super-
heavy elements



How do we get a nucleus to 
fission?
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We wait…

➔ Spontaneous fission.

➔ Tunneling through 

the barrier from the 
ground state.

➔ Calculation similar to 
alpha decay.

We add energy (and/or 
angular momentum) …

➔ Induced fission.

➔ Select the mechanism 
depending on your 
experimental goals

➔Wide range of 
reactions with n, p, 
light charged 

particles, heavy ions, 
photons, …

N. Bohr, Nature 137 (1936) 351



…and: β-delayed fission

180Hg

A.N. Andreyev et al., PRL 105, 252502 (2010)

A.N. Andreyev et al., RMP 85, 1541 (2013)
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That 180Hg fissions 
asymmetrically came 
as a surprise.

30



What do we measure?
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Goal: map the potential energy surface

Observables: 

- Fission probability as function of the excitation energy.
- Fission cross section.
- Fission fragment mass distributions.
- Total kinetic energy (TKE) released (for a given fission 

fragment pair).
- Neutrons released.
- Fission fragment charge distributions.
- Fission fragment angular distributions.
- Gamma-rays emitted by fission fragments.
- Spontaneous fission half-lives.
- …

Ideally: correlations between observables!



W. Younes, W.D. Loveland, An 

Introduction to Nuclear Fission, 
Springer (2021)

Timescales
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The time it takes to reach the 
scission point is rather short, 
but the process does not stop 
there…

Note that the time fission 
takes reflects transport 
properties of nuclear matter.



P. Talou, R. Vogt,

 Nuclear Fission, Springer (2023)

What happens after scission 
matters
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How fission fragments evolve with time:
Fission fragments are (typically) highly excited 
➔Neutron evaporation
➔Gamma emission
➔Beta decay (beta-delayed neutrons)



P. Talou, R. Vogt,

 Nuclear Fission, Springer (2023)

What happens after scission 
matters
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How fission fragments evolve with time:
Fission fragments are (typically) highly excited 
➔Neutron evaporation
➔Gamma emission
➔Beta decay (beta-delayed neutrons)



An overview
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N. Schunck, Microscopic Theory of Nuclear Fission in Handbook 
of Nuclear Physics, Springer Nature Singapore (2023)
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