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Overview

1. Nuclear fission 2. Nucleosynthesis above Iro
— History — different processes
— Different modes — S-process
— Mass yields — r-process
— Fission Isomers — What are the relevant nuclear
— Fission studies at ELI-NP 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 lon 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



1932
1937
1938

1939

1942
1945
1962

Discovery of the neutron (J. Chadwick)
Development of the Liquid Drop Model (N. Bohr)

Neutron-induced fission (O. Hahn and
F. Strassmann)

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

Spontaneous fission (%38U,G.N. Flerov and
K.A. Petrzhak)

First self-sustaining chain reaction (E. Fermi)
First nuclear bomb (The Manhattan project)
Fission isomers (V.M. Polikanov et al.)
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Time scale for fission from ‘compound nucleus’ to scission ~20 zs (~20x10-41s)

Time-dependent Hartree-Fock + BCS simulations for 24°Pu
G. Scamps, C.Seminel, Nature 564, 382—-385 (2018)
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Excitation of the nucleus over fission barrier or tunnel effect

Induced fission: nuclear reaction

Scission Point

Spontaneous fissio

Jaleg uolssi

ABiau3 ejoIn

Deformation

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



J. Phys. G: Nucl. Part. Phys. 35 (2008) 035104

AV Karpov et al

ground state  saddle point
Macroscopic only
(like a liquid drop)

ground state  saddle point
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Symmetric Mass Split (single peak)
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—when pure LDM (no shell effects) .- peaks) when shell effects included
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Karl-Heinz Schmidt and Beatriz Jurado 2018 Rep. Prog. Phys.81 106301
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However, the experimental data
shows a different picture

The increase in Ais only in the
low mass fragments

The lowest high-mass fragments

are around the doubly magic

132
509Ng2

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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v' The potential energy landscape
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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
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Binding energy / A (MeV)
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Where? Under what conditions?
* red giants

« temperature ~ 30 keV (Tg ~ 3)
* neutron densities ~ 106--8cm-3

Where do neutrons come from? T,,,(n) =612 s

-> have to be produced somehow!

13C(0,n) 180 + 2.20 MeV
70O(o,n)2°Ne + 0.60 MeV
180(o,n)?'Ne - 0.70 MeV
2INe(o,n)?*Mg + 2.58 MeV
22Ne(a,n)?°Mg - 0.48 MeV
25Mg(ct,n)28Si + 2.67 MeV

abundant mother nuclide
fast reaction rate

v
BC(a,n)'®0 + 2.20 MeV
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Mechanism is similar to s-process: n-capture / 8 - - decav

BUT : /13 K A, ,neutron  «- |
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O. Korobkin, S. Rosswog,
A. Arcones, C. Winteler,
arXiv:1206.2379

http://compact-merger.astro.su.se/movies.html#rproc
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« 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 A, =260 and Z_, = 94

* The precise location depends on
(yet unmeasured) fission barriers

(activation energies) for nuclides far

from stability

 The fission of a ~A
generates two fragments, which
become new seed nuclei for the
neutron-capture chain

» Heavier nuclides are produced
again until ~A
fission (re-)cycling

max

max N€avy nucleus

max: and fission again —

=

247Pu | 260Pu

98 102 108 1123 118 1223 128 133 1398 143 148 192 158 182 [NEs 173 178 183 188 193 198 203 N
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During ,Freeze-out”:
detour of 3-decay chains
& r-abundance changes

In this case, P,,, and P,
values of 134|n affect the
relative abundances of 134Xe,
133CS, 132Xe.

Also, 3-delayed neutrons
introduce more neutrons that
can be captured.

JUSTUS-LIEBIG- s
- Tumvensmn- s g NS EEE ’
GIESSEN I. Dillmann Hirschegg 2013: Astrophysics and Nuclear Structure 30. Januar 2013
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The energetic condition for B-delayed x-nucleon
emission is:

Qﬁ‘ (éXN) > Sx(g) (Z+/11X;V—1)

Since Qz- increases and S, decreases as we move

away from stability, the probability increases in these
regions
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B+xn coincidence

— In addition to P,,,, can yield neutron angular correlations
— In addition to P, half-lives are measured
— Detection of neuron is challanging
 Efficiency for detecting fxn decreases with x
» Detectors energy dependent efficiency requires a-priori

knowledge of B & n spectra
; ; 18-3 counter {oule g
* Prone to single and multiple neutron R RRERC IO TR
background -
8-3 counter [ Innear ring
L N1
a [l S| detector

He-3 countes (outar nna)
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AIDA

* Advanced Implantation Detector Array

* Edinburgh led project

* Built around Double-sided Silicon Strip Detectors
(DSSD)

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

E = mc?

Nuclear mass: M(N, Z) =Z-m + N-m, -B(N, Z)/c?

15

13 lpairing Pb Isotopes

11 Energy _ A-1 A

o Sn =m(“ zXy-1) + m(n) — m(zXy)
2.0
il Structure & Dynamics

; snell | 0 Ceskem fnson, of Exotic Nuclei

1 closure Neuion BipinG (8n=0) .77, |

3

96 106 116 126 136 146 156 166 176 186 196
Neutron number N
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Storage Rings

Injection

Schottky MS Isochronous MS

treas ~10's tmeas ~ 100 ps

m/Am = 106 m/Am = 2-10° = =
é6m/m ~2.107 m/m~ 10°© ;
broadband broadband === c=—n

~500 MeV/u

Penning Trap MS (TOF-ICR-MS)

ts

trmeas ~ 1S O =

m/Am = 106-107 ' 1eV—10 keV
6m/m <107 &

scanning T
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* Fast — access to very short-lived ions (T,/, ~ ms)
e Sensitive, broadband, non-scanning — efficient, access to rare ions

Isochronous

SEV
Injection Analyser.

T

To achieve high mass resolving power and accuracy:

Mass Spectrum

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

I Mass Spectrum
s‘%’t

H. Wollnik et al., Int. J. Mass Spectrom.

m/q

lon Processes 96 (1990) 267
Applications
* Diagnostics measurements: monitor production, separation and low-energy
beam prepa ration of exotic nuclei W.R. PlaR et al., Int. J. Mass Spectrom. 394 (2013) 134
* Direct mass measurements of exotic nuclei C. Scheidenberger et al., Hyperfine Interact. 132 (2001) 531

* High-resolution mass separator W.R. Pla et al., NIM B 266 (2008) 4560

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

JYFL
EURISOL °

TRIUME GSI/FAIR L
® GANIL EClo
MSU (] INFN-LNL CARIF
ALTOU @@ o HIAF
Berkeley ANL®S Notre Dame 2SN g ClAE, RIKEN
[ ) .Oak Rldge INEN-LNS ° |MP'LanZh0[" RISP. .@
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Texas A&GM oV HIRA,
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[ ]
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. ANU
([
iThemba

O MR-TOF-MS (operational)
MR-TOF-MS (commissioning)
MR-TOF-MS (planned)
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RF repelling
DC Gradient along the cell > force
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= D e e Ry, =i S 5
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igh energy high pressure helium =i
beam — IO~100mb r — tg;vme?fg/y)
(~Mev/u) i 7=

l
N
11

> >3 >3 >3 >3 ‘)j ]
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Il Bl N S I S S S S -

Gas
flow >
IGISOL/Stopping cells:

« Fast - access to short-lived exotic nuclides (T, ~ ms)
« Universal - element-independent
« Efficient = highest stopping and extraction efficiency
M. Wada NIM B 317 (2013) 450
Cryogenic Operation

« Clean - ion beams of high cleanliness M. Ranjan et al., Europhys. Lett. 96 (2011) 52001
Purushothaman S. et al, EPL 104 (2013) 42001
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Inner chamber DC cage‘
electrodes

RFQ

.
v w_w 2
AT
W ln
........
-------
Wi
e lln
0\
v Uik
A 0

IEE Japan, Vol 92B (1972) 9-18
= M.Wada et al, NIM B204 (2003) 570

4 electrodes/mm

FEF R
AAAAA

T~
RF carpet

228Th Insulation
Outer chamber vacuum
(room temperature)
S. Purushothaman et al., EPL 104 (2013) 42001 Diameter: 250 mm
M. Ranjan et al., NIM A 770 (2015) 87 Electrode spacing: 0.25 mm

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
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~ GeV/u ~ MeV/u ~ eV ~ keV
Multiple-Reflection
Time-of-Flight Mass Spectrometer
. Si Detector
Final Focal Plane "' [l
Calibration
m— " jon Sources ™
28y @ -
1000 MeV/u :
Injection R ¢
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* Mass measurement of uranium fission products produced at 1000 MeV/u
e MR-TOF-MS will enable efficient search and measurement of new isotopes and isomers
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» Production of exotic neutron-rich
fission fragments

« Focus on refractory elements: light
region Zr-Mo-Rh and heavy rare-

earths region around Ce o

Detector

ELISOL beam line:
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Orsay, lIoP VAST

Phase |

1) HADO-CSC (orthogonal extraction)
2) RFQ (Radio Frequency

Quadrupole) GBa’“"‘a
. . . eam

3) MR ToF (Multiple Reflection Time

of Flight)

Phase Il

1) B-decay station: HPGe detectors, tape station
2) collinear laser spectroscopy station
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Conclusions

Fission plays an important role in the r-process
1. Inthe 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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