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Overview

1. Nuclear fission

– History

– Different modes

– Mass yields

– Fission Isomers

– Fission studies at ELI-NP

2. Nucleosynthesis above Iro

– different processes

– s-process

– r-process

– What are the relevant nuclear 

properties of the isotopes

– The role of fission in the r-

process

3. Measuring ground state properties

• beta delayed neutron emission

• Half-live

• Mass / Neutron separation energy

• FRS Ion Catcher

• ELISOL



T. Dickel – ELI-NP autumn school, Magurele, Romania  – 09. - 13.11.2020 – Measuring ground state properties of fission fragments for the understanding of the r-process

Some historical milestones in fission studies

1932 Discovery of the neutron (J. Chadwick)

1937 Development of the Liquid Drop Model (N. Bohr)

1938 Neutron-induced fission (O. Hahn and 

F. Strassmann)

Explanation of fission (L. Meitner and O.R. Frisch)

1939 Spontaneous fission (238U,G.N. Flerov and 

K.A. Petrzhak)

1942 First self-sustaining chain reaction (E. Fermi)

1945 First nuclear bomb (The Manhattan project) 

1962 Fission isomers (V.M. Polikanov et al.)
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G. Scamps, C.Seminel, Nature 564, 382–385 (2018)

Time scale for fission from ‘compound nucleus’ to scission  ~20 zs (~20×10-21s)

Time-dependent Hartree-Fock + BCS simulations for 240Pu

Fission – the movie
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Schematic view of the fission process

Excitation of the nucleus over fission barrier or tunnel effect
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Spontaneous fission

Induced fission: nuclear reaction



T. Dickel – ELI-NP autumn school, Magurele, Romania  – 09. - 13.11.2020 – Measuring ground state properties of fission fragments for the understanding of the r-process

Macroscopic only 

(like a liquid drop)
Microscopic effects added

(nuclear shells and pairing)

Asymmetric Mass Split (two 

peaks) when shell effects included
Symmetric Mass Split (single peak) 

– when pure LDM (no shell effects)

Fragment mass
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Symmetric vs. asymmetric fission 
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Overview – Activation and FF distributions

Karl-Heinz Schmidt and Beatriz Jurado 2018 Rep. Prog. Phys.81 106301
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Effect of nuclear shell structure on FF distributions 

• When investigating the FF distributions of 

various actinides, say from 236U to 256Fm, we 

would expect to have an overall shift of the 

mass distributions, according to their A ratios
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Effect of nuclear shell structure on FF distributions 

• However, the experimental data 

shows a different picture

• The increase in A is only in the 

low mass fragments

• The lowest high-mass fragments 

are around the doubly magic 

𝟓𝟎
𝟏𝟑𝟐𝑺𝒏𝟖𝟐

• The nuclei heavier than 236U 

‘prefer’ that their high-mass 

fragments ‘stay’ in the doubly-

magic region, to gain as much 

energy as possible in the fission 

process

• No such doubly-magic nucleus in 

the low-mass region

• This can be explained only by the 

shell model, and not by the 

collective LDM model
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Shape / Fission isomers

Fission Isomer

(from 2nd minimum)

SF: spontaneous 

Fission (from ground 

state)

CN Fission

(from excited CN)
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Fission studies with gamma beams at ELI-NP

 The potential energy landscape

SD HDND

 Fission cross-section

236U

Cadwell et al., 1980
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Transfer of well defined amount of angular momentum

Selective investigation of extremely deformed nuclear states

Better understanding of the multiple humped fission barrier landscape

SD HDND

Why photo fission at ELI-NP



T. Dickel – ELI-NP autumn school, Magurele, Romania  – 09. - 13.11.2020 – Measuring ground state properties of fission fragments for the understanding of the r-process

Why fusion goes up to Fe only?

Fission

Fusion
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How the elements heavier than Fe are produced?

N

Z
• s-process

• r-process

• p-process

• rp-process 
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p, s, r-process: Xe isotopes

• isotope shielding

• isotopes can be produced in 

one or several processes

• p-process is more rare



T. Dickel – ELI-NP autumn school, Magurele, Romania  – 09. - 13.11.2020 – Measuring ground state properties of fission fragments for the understanding of the r-process

s-process

Where? Under what conditions?

• red giants

• temperature ~ 30 keV (T8 ~ 3)

• neutron densities ~ 106...8 cm-3

Where do neutrons come from? T1/2 (n) = 612 s

 have to be produced somehow!

abundant mother nuclide

fast reaction rate
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r-process

𝜆𝛽 ≪ 𝜆𝑛

Mechanism is similar to s-process: n-capture / β - - decay

BUT : , neutron 

densities of > 1022 cm-3

Path lies far away from 

stability and ends with 

fission of heavy elements

Nuclear physics input

– Masses  S2N

– Neutron capture cross-sections

– γ induced dissociation cross-sections

– β- decay half-lives

– Neutron emission, β--delayed neutron emission

– Fission, fission fragment distributions, β--delayed fission

– α-decay, β--delayed α decay

Path

Abundances

Light curve
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R-process demonstration

http://compact-merger.astro.su.se/movies.html#rproc

http://compact-merger.astro.su.se/movies.html#rproc


T. Dickel – ELI-NP autumn school, Magurele, Romania  – 09. - 13.11.2020 – Measuring ground state properties of fission fragments for the understanding of the r-process

r-process termination – fission (re-)cycling

• For long neutron exposures, the ‘journey’ towards heavier nuclides will continue 

until the activation energy is low enough so the nuclides decay via (n,fiss) or b--

delayed fission

• Calculations indicate that this happens near Amax ≈ 260 and Zmax ≈ 94

247Pu 260Pu

• The precise location depends on 

(yet unmeasured) fission barriers 

(activation energies) for nuclides far 

from stability

• The fission of a ~Amax heavy nucleus 

generates two fragments, which 

become new seed nuclei for the 

neutron-capture chain

• Heavier nuclides are produced 

again until ~Amax, and fission again –

fission (re-)cycling
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Importance of b-delayed neutron emission

b2n

bn

b

In this case, P1n and P2n

values of 134In affect the 

relative abundances of 134Xe, 
133Cs, 132Xe.

Also, b-delayed neutrons 

introduce more neutrons that 

can be captured.
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Beta-delayed neutron emission

• The energetic condition for b-delayed 𝑥-nucleon 

emission is:

𝑄𝛽− 𝒁
𝑨𝑿𝑵 > 𝑆𝑥 𝑝

𝑛
𝒁+𝟏

𝑨𝑿𝑵−𝟏
′

• Since 𝑄𝛽− increases and 𝑆𝑥𝑛 decreases as we move 

away from stability, the probability increases in these 

regions

𝑄𝛽− 𝑆𝑛

(Rb)
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The “standard” Pxn measurement methods

b+xn coincidence
– In addition to Pxn, can yield neutron angular correlations

– In addition to Pxn, half-lives are measured

– Detection of neuron is challanging

• Efficiency for detecting bxn decreases with x

• Detectors energy dependent efficiency requires a-priori 

knowledge of b & n spectra

• Prone to single and multiple neutron 

background
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DSSDs / AIDA

Most beta half-live in the last decade or two have been measured with DSSDs
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DSSDs / AIDA

Measuring half-lives

BRIKEN
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Mass and Binding Energy

E = mc2

The mass of an atomic nucleus reflects its binding energy

and hence its stability and structure

Z Protons (Proton number)

N Neutrons (Neutron number)

A = N + Z  (Mass number)

B = Binding energy

Nuclear mass: M(N, Z)   = Z·mp + N·mn - B(N, Z)/c2

𝑆𝑛 = 𝑚( 𝑍
𝐴−1𝑋𝑁−1) + 𝑚 𝑛 −𝑚(𝑍

𝐴𝑋𝑁)

Structure & Dynamics

of Exotic Nuclei
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Mass measurement techniques for exotic nuclei

Isochronous MSSchottky MS

~500 MeV/u

tmeas ~ 10 s
m/m = 106

δm/m ~ 210-7

broadband

tmeas ~ 100 s

m/m = 2105

δm/m ~ 10-6

broadband

1 eV – 10 keV
z0

r0

Penning Trap MS (TOF-ICR-MS)

tmeas ~ 1 s

m/m = 106-107

δm/m < 10-7

scanning

Storage Rings
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TOF Mass Spectrometry for diagnosis and separation

• Fast  access to very short-lived ions (T1/2 ~ ms)
• Sensitive, broadband, non-scanning  efficient, access to rare ions

H. Wollnik et al., Int. J. Mass Spectrom. 
Ion Processes 96 (1990) 267

Applications
• Diagnostics measurements: monitor production, separation and low-energy

beam preparation of exotic nuclei
• Direct mass measurements of exotic nuclei
• High-resolution mass separator

C. Scheidenberger et al., Hyperfine Interact. 132 (2001) 531

W.R. Plaß et al., NIM B 266 (2008) 4560

W.R. Plaß et al., Int. J. Mass Spectrom. 394 (2013) 134 

To achieve high mass resolving power and accuracy:

Multiple-reflection time-of-flight mass spectrometer (MR-TOF-MS)

T. Dickel et al., Phys. Lett. B 744 (2015) 137
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MR-TOF-MS in RIB Facilities

TRIUMF

MSU

Berkeley

Texas A&M

Oak Ridge

ANL Notre Dame

RIBRAS

JYFL

ISOLDE

GANIL
GSI/FAIR

SARAF

iThemba

INFN-LNS

VECC

INFN-LNL
Dubna

ELI-NP
IMP-Lanzhou

HIRA

RISP
RCNP

RIKEN
CIAE

ANU

EURISOL

FSU

ALTO
CARIF

HIAF

MR-TOF-MS (operational)

MR-TOF-MS (planned)

MR-TOF-MS (commissioning)
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Concept: Cryogenic Stopping Cell (CSC)

IGISOL/Stopping cells:

• Fast  access to short-lived exotic nuclides (T1/2 ~ ms)

• Universal  element-independent 

• Efficient  highest stopping and extraction efficiency 

Cryogenic Operation

• Clean  ion beams of high cleanliness

high energy
beam
(~Mev/u)

DC Gradient along the cell

D
C

  to

N
o

z
z
le

Gas

flow

RF repelling

force

Low energy
beam (~eV)

M. Ranjan et al., Europhys. Lett. 96 (2011) 52001

Purushothaman S. et al, EPL 104 (2013) 42001

high pressure helium

~100mbar

M. Wada NIM B 317 (2013) 450

Thermalizing fast reaction products for precision studies
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Prototype of the Stopping Cell: Design

228Th

Diameter:  250 mm
Electrode spacing: 0.25 mm

IEE Japan, Vol 92B (1972) 9-18

M.Wada et al, NIM B204 (2003) 570

S. Purushothaman et al., EPL 104 (2013) 42001

M. Ranjan et al., NIM A 770 (2015) 87

M.P. Reiter PhD Thesis, JLU Giessen, 2015

M.P. Reiter et al., NIM B 376 (2016) 240

A.K. Rink PhD Thesis, JLU Giessen, 2017

170 mbar @ 90K

The cryogenic stopping cell at the FRS  ultrapure environment
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FRS

Homogenous
Degrader

Laser

219Rn Source DC Cage RF Carpet

Si Detector

Calibration
Ion Sources

Injection
Trap System

TOF
Analyzer

Isochronous
SEM

Si Detector

BNG

Recapture
System

(to be added)

Cryogenic Stopping Cell
(Helium, 50…100 mbar, 60…100 K)

RFQ Beam Line +
Diagnostics Unit

Multiple-Reflection 
Time-of-Flight Mass Spectrometer

Final Focal Plane

CSC MR-TOF MS

Production Target
1.6 mg/cm2 Be 

+ 0.2 mg/cm2 Nb

238U @ 
1000 MeV/u

~ eV

~ MeV/u

~ 500 MeV/u

PID

PID

Slits

Degrader

Slits

PID

~ eV ~ keV~ MeV/u~ GeV/u

FRS Ion Catcher

Allows to measure simultaneously:

• Pxn

• half-live

• mass

W.R. Plaß et al., NIM B 317 (2013) 457

T. Dickel et al., Phys. Lett. B 744 (2015) 137

S. Purushothaman et al., IJMS 421 (2017) 245

E. Haettner et al., NIM A 880 (2018) 138

W.R. Plaß et al, Hypefine Inter. 241 (2020) 1

C. Hornung et al., PLB 802 (2020) 135200
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238Uranium Fission Fragments

• Mass measurement of uranium fission products produced at 1000 MeV/u
• MR-TOF-MS will enable efficient search and measurement of new isotopes  and isomers

S. Ayet et al PRC 99, 064313 (2019)

Mass measurements of Fission Fragments (In-Flight)
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Mass measurements of FF (spont. fission / in CSC)

More than 15 fission

fragments identified

in a single one hour

measurement, with

a weak (37kBq) 

252Cf source

TOF ~ 2.1 ms

m/Δm ~105

I. Mardor et al., EPJ Web of Conferences 239, 02004 (2020)
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PxN and half-live measurement with the FRS-IC

• Pxn is determined by the ratios between the 

daughters

• Method is direct, essentially background free, 

with minimal systematic uncertainties, model 

independent and complementary to worldwide 

programs

• Especially suited for multi-neutron emission 

probabilities

I. Miskun et al., Eur. Phys. J. A (2019) 55: 148 
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ELISOL beam line:

ELI-NP, GSI, Giessen, IFIN-HH, IPN 

Orsay, IoP VAST

Phase II

1) β-decay station: HPGe detectors, tape station

2) collinear laser spectroscopy station

Phase I

1) HADO-CSC (orthogonal extraction)

2) RFQ (Radio Frequency 

Quadrupole)

3) MR ToF (Multiple Reflection Time 

of Flight)

• Production of exotic neutron-rich 

fission fragments

• Focus on refractory elements: light 

region Zr-Mo-Rh and heavy rare-

earths region around Ce

ELI-NPELI-NPELISOL RIB Facility
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Conclusions

Fission plays an important role in the r-process

1. In the process itself: Fission re-cycling

nuclear physics to be studied: 

Fission barrier and isotopic yields

2. Major production method to produce isotopes important 

for the understanding of the r-process

nuclear physics to be studied: 

Ground state properties, 

e.g. mass, half-live, PxN,…

ELI-NP with its high brilliant and intense gamma beams 

and the suite of state-of-the-art detection will be at the 

forefront of this research
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