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Outline

Thermal neutrons: how and why?

An introduction to a complementary probe for nuclear structure, astrophysics and fission

High resolution γ-ray spectroscopy after thermal neutron induced reactions

(n,γ) reactions on stable (rare) and radioactive targets
(shape coexistence, realistic Shell Model interactions, ...)

(n,fission) using a fission tag -systematic investigations in neutron-rich nuclei
≈ps lifetime measurements via lineshape analysis techniques

Concluding remarks and future possibilities

“The future” for high-resolution prompt γ spectroscopy after thermal neutron induced fission



World’s highest neutron flux for in-beam experiments

✓ up to 1.5 1015 n/s/cm2

✓ in-pile irradiation of
radioisotopes

✓ ”slow” neutrons delivered to
≈ 40 instruments

✓ guided with little losses over
hundreds of meters
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Neutron-induced reactions
AX A+1X*

Sn

γ

g.s.

Thermal neutron capture reactions

⋄ Structure of nuclei close to stability

⋄ Structure at low spin (below Sn)

⋄ Cross-sections (applications)

⋄ 27Al(n,γ): σ=0.2 b; 157Gd: 2.5 105b

Neutron-induced fission

⋄ Structure of n-rich nuclei

(far from stability)

⋄ Fission yields and dynamics

⋄ 235U: σf =585 b; 245Cm: σf =2141 b
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Fission yields
Review

obtained by using the new techniques, which are described 
further inthetext7

f ssioning system (due to inverse kinematics used), the f ssion 
fragmentsachievealargekinematical boost inforwarddirec

Figure 5. Updated overview of f ssioning systems investigated up to∼2016 in low-energy f ssion with excitation energies up to 10 MeV 
above the f ssion barrier. In addition to the systems for which FFMDs have previously been obtained in particle-induced and spontaneous 
f ssion (°), the nuclei for which f ssion-fragment Zdistributions after electromagnetic excitations were measured in the 1996 experiment [40] 
in inverse kinematics at the FRS at GSI (×) and the f ssioning daughter nuclei studied in βDF (!) are shown. For the later, full diamonds 
mark systems for which FFMD were measured, the data are from [10, 17] and references therein. Furthermore, 25 isotopes in the Th-Cm 
region are marked with (+), for them the FFMDs were obtained from MNT-induced f ssion in the 18O+232Th [74] and 18O+238U reactions 

[75]. Several examples of measured FFMDs are shown, data from [12, 46, 72, 73]. For orientation, the primordial isotopes are indicated by 
squares. Reprinted f gure with permission from [40and 10], Copyright (2000 and 2013) by the American Physical Society.

Rep. Prog. Phys. 81 (2018) 016301

As one particular example, relevant for the fo
sions in section 4.1, we notice the smoothly
sion barriers in the chain of the neutron-def ci
from∼24 MeV close to the neutron shell clos
to∼10 MeV in the region of 180Hg (N = 100
why so far only charged-particle-induced reac
in the vicinity of N = 126, see e.g. [12–15], 
and Coulex-induced f ssion recently became 
choice to study low-energy f ssion by approa
shell at N = 104 and beyond [10, 16, 17].

While the f ssion-fragment mass distribut
most intensively studied so far, are closely lin

Figure 1. (a) Macroscopic, Vmacro(LDM), and (b) total, Vtotal = Vmacro(LDM)+Vmicro(Shells) potential-energy surface for 
as a function of elongation and f ssion-fragment mass asymmetry. The most probable f ssion paths (or ‘f ssion valleys’), w
the lowest energy of the nucleus, are shown by the red lines with arrows. While in the LDM approach only symmetric f s
along the single ‘symmetric’ valley, the introduction of microscopic shell effects produces the asymmetric f ssion valleys
from [2]. © IOP Publishing Ltd. All rights reserved.

Figure 2. Calculated f ssion-barrier heights for 2891 nuclei derived 
A.N. Andeyev et al., Rep. Prog. Phys. 81 (2018) 016301
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Generation of angular momentum in fission

nucleon density pairing strenght

B. Back et al., Phys. Rev. C 41 (1990) 1495; A. Bulgac et al., Phys. Rev. Lett. 116 (2016) 122504; O. Litaize et al., Eur. Phys. J A 51 (2015) 177

Determination of isomeric ratios and/or detection of prompt γ rays from fission fragments

Shape of the fission fragments. Correlation between E∗ and J.
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The Lohengrin (PN1) fission fragment separator

8
T H E  E U R O P E A N  N E U T R O N  S O U R C E06/02/23

Reactor 
coreTarget 

position

Electric 
condenser

Dipole 
magnet

RED 
Magnet

Experimental setup

Beam 
dump

✓ Target in-pile, few mg (235U, 241Pu, 245Cm ...)

✓ 1012 fissions/s ⇒ mass-separated fission fragments, up to 105 per second, t1/2 ≥ µs

✓ Up to A/∆A >1000 , E/∆E >1000

✓ Detection of γ rays, conversion electrons, and β rays
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Kinetic energy dependence of fission fragment
isomeric ratios for spherical nuclei 132Sn

A. Chebboubi et al., Phys. Lett. B 775 (2017) 190

Nuclear Structure after slow neutron reactions at ILL - Caterina Michelagnoli 23 January 2024 6/24



The FIPPS instrument at ILL

Fission Product Prompt γ-ray Spectrometer

✓ 8HPGe clovers+Anti-Comptons (segmented)

✓ “pencil-like” thermal neutron beam
(1.5cm diam., 5 107 n/s/cm2)

✓ digital electronics

✓ list mode

✓ tight polycarbonate casemate
(radioactive targets)

✓ possibility to add ancillary detectors: LaBr3,
additional clovers from IFIN-HH, ...

C. Michelagnoli et al., EPJ Web Conf., 193 (2018) 04009; many Master/PhD theses

G. Colombi et al., in preparation
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FIPPS Story
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Shell model + realistic interactions around 208Pb

208Pb 209Pb

210Bi
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206Tl: Sensitivity to non diagonal
matrix elements

N. Cieplicka et al., Phys. Lett. B 802 (2020) 135222
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Shape coexistence at zero spin: 64Ni
63Ni

2 GBq target

64Ni*

0−,1−

2+
1

0+
1

confirmed 0+
3

firmly assigned 0+
4

2+
4,5,7: mainly M1
(”enhanced”)

2+
6 : mainly E2
(”hindered”)

2+ state
in prolate minimum

S. Leoni et al., Phys. Rev. Lett. 118 (2017) 162502

coincidence gate

angular correlations

R. Marginean et al., Phys. Rev. Lett. 125 (2020) 102502; talk on Tuesday
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Shape coexistence in nuclei with A≈100

Garrett, Zielińska, Clément, PPNP 124, 103931 (2022)
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Shape coexistence in Ru isotopes: structure of 100Ru

• Previous branching ratio for 358-keV g ray, 3.1(4)%, leads to 270 W.u. 24
+ →03

+ transition – obviously 
wrong, casting doubt on placement and band assignment

• New branching ratio 0.39(6)%, yielding 34(5) W.u. using half life of 390(70) fs from (n,nʹg) reaction –
B(E2) indicates similar collectivity to gsb that has 35.3(7) W.u.

Courtesy of P. Garret
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Band structures in 100Ru

New Band StructuresNew γ Transitions

B(E2) Values 
W.u.

0! 1828

102Ru(p,t)100Ru
Does not observe 

this state (S. Buck, 
M.Sc. Thesis, 
University of 

Guelph) 
&

Current work sees 
no g decay from this 

level 

1.6 (16) x𝟏𝟎!𝟓

𝟎𝟑" band 𝟎𝟐" band 𝟎𝟒" band

𝟎𝒈𝒔" band

𝑲 = 𝟐 band Candidate excited 
𝑲 = 𝟐 band?

1.9(10)
30(10)

375.47
< 558 

1110.6
0.70(8)

35.7(4)

50.8(4)
35(5)

38(8)

63(27)

34(6)

< 3.5

< 744

Candidate

Coulomb excitation 32S+100Ru completed @ Heavy Ion Laboratory (Warsaw) to probe nature of excited bands 

Analysis by 
S. Pannu 
(University 
of Guelph) 

Courtesy of P. Garret
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Structure of rare-earth nuclei: the case of 161Gd

Rare-earth nuclei (Dy, Gd, Eu, ...)

Nuclear structure between Z=50 and Z=126

Single-particle orbitals in deformed potential

Scissor modes

Very complex level scheme

161Gd (Z=64, N=97)

Close to N=90 ”questioned” magic number

Medical interest (161Tb production)

Only few excited states are known
160Gd(n,γ)161Gd ⇔ highly isotopically pure target

160Gd 161Gd

162Tb161Tb

21.86% 3.66 m

7.60 m6.89 d

(n,gamma)

beta-

Target produced at the ILL V4 position
Isotope σ A fraction of Compos.

(b) ( g
mol ) captures (%) (%)

155Gd 60330 155 0.3 3.3 ∗ 10−5

157Gd 254000 157 0.8 4.2 ∗ 10−6

160Gd 1.4 160 98.9 98.10
A. Saracino, Master Thesis, Univ. Milano ILL
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(Almost) complete spectroscopy of 161Gd at low spin

35 new excited levels, 294 new γ transitions found
Performed experiment at IFIN-HH (multinucleon transfer)

A. Saracino, Master Thesis, Univ. Milano ILL; A. Saracino et al., to be submitted to Phys. Rev. C
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Structure of 76As of interest for 76Ge ββ decay

L. Domenichetti, ILL
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γ-ray spectroscopy of fission fragments

S. Leoni, C. Michelagnoli and J. Wilson, Riv. Nuovo Cim. 45 (2022) 461
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Suppression of β-decay induced background

tag of fission events using 235U diluted in liquid scintillator D. Reygadas et al., PhD Thesis Univ. Grenoble-Alpes and ILL

Nuclear Structure after slow neutron reactions at ILL - Caterina Michelagnoli 23 January 2024 18/24



Tag of fission events: Pulse Shape Discrimination
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Adapted from Eur. Phys. J A 56 (2020) 207
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Systematics of n-rich Br isotopes: combined analysis
of FIPPS and AGATA+VAMOS data
New SM interaction, DNO+SM calculations (F. Nowacki, D. Dao, IPHC Strasbourg). New
spectroscopic info up to 93Br. Stay tuned!

G. Colombi et al., proceedings INPC2022, in press; D. Reygadas, PhD Thesis, Univ. Grenoble-Alpes and ILL, 2021. J. Dudouet, D. Reygadas, G. Colombi et al., to be submitted to PRC
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Lineshape analysis on the active scintillator data

Lifetime of medium-high spin states in n-rich nuclei A≈100

”Full simulation”, including FIFRELIN simulations for Ekin vs E∗ for fission fragments
G. Colombi, PhD Thesis Univ. Grenoble-Alpes, 2023; G. Colombi et al., in preparation
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High-sensitivity fission experiments at FIPPS

1/R magnetic field

stopped 

actinide target 
onto diamond det.

fission fragments
focal plane

Y.H. Kim et al. NIM B 463 (2020) 269

Gas-Filled-Magnet separator

⋄ 1/R field (Bmax <1.7 T)

⋄ Y focusing ⇒ large acceptance

⋄ same Bρ for all trajectories

⋄ horizontal focusing (Thales circles)

actinide target 
onto diamond det.

~30cm

~150 diamond
detectors

start ToF

stop ToF
Ekin

Diamond Array for Fission Fragment
Identification (DAFFI)

⋄ Fission fragment id via time-of-flight

⋄ Technical development in collaboration with
CEA (Cadarache and Saclay), CNRS Lyon
and Grenoble
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DAFFI performance

92 93 94 95 96 97 98 99 100
Mass (amu)

0

500

1000

1500

2000

2500

3000

3500

4000

4500

co
un

ts
 (

a.
u.

)

A=94

A=95

A=96

A=97

A=98

Approved test experiments at FIPPS and Lohengrin
G. Colombi
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Concluding remarks and future perspectives
⋄ The slow neutrons produced by the ILL high flux reactor can be used for investigating

nuclear structure, fission and astrophysics (complementary to other facilities)
⋄ nuclear structure close to stability (single particle vs collective degrees of freedom

-208Pb, 161Gd, shape coexistence at zero spin -64Ni)
⋄ structure of neutron-rich fission fragments (shape coexistence, structure at large N/Z

asymmetry, ...); lifetime measurements

⋄ A fission fragment selection setup at a neutron beam will allow for high-sensitivity prompt
spectroscopy of fission fragments (excellent performance expected, diamond technology)

⋄ Many projects/possibilities:

⋄ plunger setup for fission
⋄ 179Ta radioactive target (180Ta nucleosynthesis -ILL, nToF, LANSCE)
⋄ fission data open for LoI
⋄ diamond-based fission tag
⋄ possibility for 245Cm(n,fission)
⋄ other ideas ?? Proposal deadline 25/01 !!!
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