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Study of prompt emission in fission

Fast neutron tomography (33 publications, 8 Ph.D theses since 2013)
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Primary
Beam (pulsed)

Neutron energy measured by TOF

Brute force +
artificial collimation

5m-185m

Lab n/s Sample
distance

Gelina (Geel) 100uA e- (100 MeV) Photofission 238U 1013 10-50 m

nTOF (CERN) 100uA p (24 GeV) Pb spallation 1015 185 m

NFS (Spiral2) 1mA deuterons Breakup 9Be 1013 5-20m
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_ Neutron Energy (MeV)
» Typically over 99% of neutrons “wasted”

» Wasted neutrons contribute to the room background

» Placement of sensitive detectors impossible without heavy shielding
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_;S’ H target ‘

LICORNE \
——

Up to 800 nA “Li

13-17 MeV ' b l Err BR
. ALTO 15 MV

Tandem accelertor

Lithium Inverse Cinematiques ORsay NEutron source

p(’Li,’Be)n reaction in inverse kinematics
Kinematic focusing increases flux by a factor of 10 - 30
Low room background, since highly non-isotropic emission

Quasi-monoenergetic fast neutrons between 0.5 and 4 MeV -
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o Tatoue de Physique Varying the ’Li beam energy and H, target thickness allow control of the neutron spectrum

“Thin” H, target
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Thick H, target

(3.5 cm gas cell, 1.6 atm pressure)

Neutron spectrum at zero degrees
volumic flu:

Entries  1.9471 5
Mean
RS i

=

distance to the end of cell (mm)
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des 2 Infinis « Good alpha-fission fragment
discrimination: <2%

CEA/DAM 238U chamber

Dessous

« Good Time resolution: <1ns
. Efficiency: ~100%
« 360mg 38U in 72 deposits
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.g L Aglaca Prompt y-ray characteristics from 235U(n, f) at En= 1.7 MeV
;2 10 i A. Oberstedt, M. Lebois, S. Oberstedt, L. Qi & J. N. Wilson, Eur.
*:‘> 1 Phys. J. A 56 (2020) 236
O 1
z ] Potential of prompt y-ray emission studies in fast-neutron
E 10 induced fission: A first step
e L. Qi, C. Schmitt, et al. Eur. Phys. J A 56:98 (2020)
@
< 102 — _ ..
al e Statistical study of the prompt-fission y-ray spectrum for
;.312- 238U(n, f) in the fast-neutron region
10°} E—“" A L. Qi, M. Lebois, J. N. Wilson, et al., Phys. Rev. C 98, 014612
E | v u:.,?lbf't-" (2018)
o 8 PN |
10°% 2|
a4 ‘
. 2 Comparative measurement of prompt fission y-ray emission
10°0  Seersesrd Enorgy (koV) from fast-neutron-induced fission of 235U and 238U
| TN AN AT NSNS AT A AN STV ATET A ST A M' Lebois et al. PhYS. ReV. C92’ 034618 (2015)
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Nu-Ball1 (2018)
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v-ball
LICORNE: The unique
inverse kinematics re s

“Li 238 v R
neutron source of =¥ ——
LICORNE Y o n

the ALTO facility

Primary beam

(200ns — pulsed) Secondary beam
2 x 10 /s Gas target 2 x 107 /s

238
1.5 MeV neutrons - ~100 g
232Th

3 x 1029 atoms/cm?

Samples
up to 10° fissions/s
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Applications
e Detector calibrations for Direct Dark Matter Search (DS50)




The Dual-Phase TPC

» 50 kg active mass of UAr

«19 top + 19 bottom R11065 HQE 3’’ PMTs
«36 cm height, 36 cm diameter

eLow field of 0.2 kV/cm drift

Liquid Scintillator Veto against neutrons
e 4 m diameter sphere

» Boron-loaded: 1:1 PC and TMB
« 110 8” PMTs

e LY ~ 500 pe/MeV

Cherenkov Water Detector
e 11 mdiam. x 10 m
e« 80 PMTs

Davide Franco - APC

DarkSide-50

16



DarkSide-50
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LAr scintillation times:

® singlet ~ 6 ns
® Triplet ~ 1600 ns

Singlet-to-triplet ratios:

® Nuclear recoils ~ 0.7

® Electron recoils ~ 0.3

Davide Franco - APC
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The DS-50 high-mass search

WIMP Expected Reglon'g """
............. oevent observed

Very distinctive (and 0.

unique) signatures to
separate electron recoils 0.

from nuclear recoils
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Background-free over more than 530 days!
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P. Agnes, et al. Phys. Rev. D 97, 112005 (2018)

e Dark matter search liquid Argon detector prototype
* Neutrons used as a proxy for WIMPS

@

Measurement of the liquid argon energy response to nuclear and electronic recoils
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Characterisation of the detection properties
via nuclear recoils and sensitivity limits
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The DS-50 low-mass search in brief

® 2018 First results on light dark matter candidates with
liquid argon using the ionization channel:
® DarkSide-50, Phys. Rev. Lett. 121 (2018) 081307
® DarkSide-50, Phys. Rev. Lett. 121, 111303 (2018)

® 2019 End of the DarkSide-50 data taking

® 2021 Measurement of the LAr ionization response down to
the sub-keV with DarkSide-50
® DarkSide-50, Phys.Rev.D 104 (2021) 8, 082005

® 2022 Re-analysis of the DarkSide-50 dataset
® DarkSide-50, arxiv:2207.11966 (2022)
® DarkSide-50, arxiv:2207.11967 (2022)
® DarkSide-50, arxiv:2207.11968 (2022)

Davide Franco - APC
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BLEND (I-SI-39): Feasibility study to calibrate noble liquid TPCs with O(100 keV) neutron beam

6 UT - 11-13 December 2023
8 participants on site from France (APC, IJCLab, CPPM) Italy (GSSI, LNS), US ( VirginiaTech)

Test in preparation for calibration of liquid argon/xenon response to O(< 1 keV)
nuclear recoils for future direct dark matter experiments (ARIS-like)

0.016 E,=1912keV
——EPEN
—— Ratynski+ Neutron
—~ 0.012- Lederer+
2 + Feinberg+ Detector
3
=] L
< 0.008- gl P
=
w
3
%
0.004
0.000 . =
0 20 40 60 80 100 120 140
E,, (keV)
Dual-goal:

e testing “low-background” neutron beam
o characterizing neutron flux and distribution from “Li(p,n)’Be at 2.1 - 2.4
MeV (1-5 nA)
o check gamma rate and evaluate possible shielding: under evaluation with

MC
o testing 1°B-BaF, and °Li glass for ToF detection




Gamma flash neutrons —— Gamma flash neutrons £
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Characterization of neutron flux in progress
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Applications
* Fast neutron tomography
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First x-ray Images

Willhelm Rontgen (1895)
1st ever Nobel Prize (1901)

B )
ficblom n N Rt TR IS Ty

Fudbay 4 &) 2
1 m LTINS

First x-ray Computed
Tomographic Images

Allan M. Cormack &
Godfrey N. Hounsfield
Nobel Prize in Medicine (1979)
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X-ray tomography is a mature technology and currently a multi-billion dollar industry

Complimentarity between x-rays and neutrons

X-rays are strongly absorbed by high-Z materials but pass easily through low-Z materials
Fast neutrons penetrate high-Z materials but are easily scattered by low-Z materials

Potential Applications

 Border/airport security (e.g. detection of explosives in suitcases)
 Nuclear Industry: Characterisation of nuclear waste packages
L Cultural Heritage: Imaging inside precious artifacts and objects

L Precision quality control for industry

Courtesy of B

L Non destructive characterization of geological samples (e.g. Metorites



.» | FACULTE

.M CLab Fast neutron tomograph wit université | oesscences (4] GopSIe

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis




» | FACULTE

universite | oessciences Université
PARIS-SACLAY | D'ORSAY de Paris

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

ki

LICORNE y;{/ \
—
L P

—
i

beam

. ¢
[LICORN.

) |2
= A J Y

~ ,
Iq‘ s ; P -." ' N |aispisi03iiiiiio

A




» , FACULTE

i} Cub Fast neutron tomography: Sim université | sseomere L OSR

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

NEDAS9 projections [z

Mean x
Mean y
RMS x

Courtesty of B. Wasilewska




& FACULTE A .
unIversite | oessciences ] Universite

PARIS-SACLAY | D'ORSAY de Paris

.MJCLab Fast neutron tomography: Re

Y . . . NEDA9_spreadproj
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NEDAS_projections
Entries 9461077 NEDA9 alfa OW
Mean x -0.013014002 Entries 3.083505e+09
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Ge

Gamma ray detection from (n,n’y)
reactions inside the object provide the
first opportunity to perform
tomography in « Colour »

Turntable + Object

N

LICORNE




s  FACULTE

universite | pes sciENces UFIiVEI"_Sité
ra U PARIS-SACLAY | D'ORSAY | de Paris

.”JCLab Colour tomo

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

Brass cylinder

Fe block
Partial colour image

Objectneutron(

Optical image

~ Objectneutrond
Enfrigs  5.227109e+11
Mean x -0.2021
Meany 08729
$1d Dev x 717!
7764
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Iron block

Brass cylinder

Salt jar

Aluminium block

Lead block

Tungsten collimator
Germanium half-cylinder
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Gamma lines
from:
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Reconstructed colour image
Objectneutron(

Optical image

15 = Objectgamma0_xy

P
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t November 2023 : Colour fast neutron tomography (2)

* New improved setup with « pencil beam » collimation

* 10 simple and complex objects imaged (3h/object) at high intensity

. Neutron images (attenuation) and colour gamma images

*  Gammas produced from (n,n’) on object isotopes

*  Expected spatial resolutions of 2 mm and 8 mm for n and y respectively
*  Detailed analysis ongoing

Basic image reconstruction online from

Online nand y images object sinograms
ProjectionYX, binz=[110,111] [2=436.0..444.0] i Objectneutron0 '
l Ohieclgamnlaﬂ:y;( % e

Rotation angle

e (1 o | | 1| L EE IR SPRTERTALTIAN LITART AWV o oI N BTREES C50 3 — s e e
5, = 10000 20000 30000 40000 50000 60000
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Future Applications

* Directional thermal neutron beams for solid state physics




‘l THERMAL NEUTRON PRODUCTION FOR MATERIALS SCIENCE

l ‘\ « Troisiéme génération »

1950... 1980... 2010...
Ty

* Reactor * Spallation sources  Low energy nuclear reactions
Fission Proton ~GeV Proton “MeV
Coeur=0.1m3 Cible = 4 litres Cible = 0.05 litres
Modérateur D,0 ~ 1m?3 Modérateur ~ 1 L (couplage faible) Moderateur ~ 1 litre (couplage 90%)
(o)
o ”:'2@
nnnnn lourd \
&
EUROPEAN 4 , ICONE
SPALLATION =T /s
NEUTRONS SOURCE SR WA e

25 MeV/80 mA protons

The baseline goal is to offer performances equivalent to a medium
power research reactor or spallation source



4l PROJECT NEEDS
Wi

= Neutron scattering experiments for condensed matter need thermal neutrons
(26 meV) and cold neutrons (4 meV)

Step 1: Production of fast neutrons (1-2 MeV)

Step 2: Water moderation (légere, H20) "1 LTRE

Step 3: Moderation with para-hydrogene

Sur ICONE, lI'objectif est de construire un ensemble
Cible — Modérateur tres compacte (1litre)
Pour maximiser la densité de neutrons




4/ MODERATORS
"\ During the R&D of the ESS,

- Emergence of the concept of a directional moderater

Passage d’une géométrie 3D (volume)
- Géométrie 2D (= ESS)
- Géométrie 1D (tubes, ICONE, HBS)

- Use of the special properties of para-hydrogen

Ortho hydrogéne (15K)

100

o para-.5% orto
o normal

104 o Grammer
pH2_15K
——nH2_15K

Total Scatt XS (b)

Para hydrogene (15K)

1B5 ea B3 001 o ) Quand les neutrons se thermalisent et que leur énergie passe
Energy (eV) sous 10meV ils peuvent sortir librement du modérateur parce

que le para-H2 devient transparent aux neutrons et ils sont émis
Cold neutrons dans une direction utile




Objective: Demonstrate the real performance of a directional
4! moderator using LICORNE@ALTO

' \ Cold flux (0-5meV) Thermal flux (20-100meV)
‘ 60 60

40

20 +

Current Status : Cryostat under 0
construction / test

e | !t-{i"i

-20

7401 T T ‘.I
-30 -20 -10 O

Condenser and cell
(test geometry)

Moderation cell

(en aluminium dans la version finale)

Cryostat + cryogénérateur

Other cryogenic equipment
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Future Applications

* Development of a very high intensity “Super-LICORNE?”
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14) Studies of fission fragment yields via high-resolution y-ray spectroscopy

J.N. Wilson, M. Lebois, L. Qj, et al., Proceedings of the Theory-4 international workshop, Varna, Bulgaria (2017)

13) Neutron-rich isotopes from 238U(n,f) and 232Th(n,f) studied with the nu-ball spectrometer coupled to the LICORNE neutron source
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M. Lebois, J.N. Wilson, et al, Phys. Rev. C 92 034 618 (2015)

8) Prompt Emission in Fission Induced with Fast Neutrons
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7) Future research program on prompt gamma-ray emission in nuclear fission
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4) Prompt fission gamma-rays from fast neutron-induced fission of 238U, 232Th and 235U with LICORNE
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3) Measurements of prompt gamma-rays from fast-neutron induced fission with the LICORNE directional neutron source
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95 users from 34 different institutions in 13 different countries
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Characterization of the scintillation time response of liquid argon detectors for dark matter search, P. Agnes et al., Journal of Instrumentation 16 P11026 (2021) Angular
momentum generation in nuclear fission, J.N. Wilson et al., Nature 590, p566—570 (2021)

Spectroscopy and Lifetime Measurements in 134,136, 138Te Isotopes and Implications for the Nuclear Structure beyond N = 82
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Irradiation 2

Ta foil
2.79 £ 0.5 um

Boutique neutrons advance 40Ar/39Ar geochronology D. Rutte et al. Science Advances, Vol5. No.9 (2019)

Ty (*°K) = 1.25 x 10%years

Geochronology: Measurement o

Accelerator based neutron irradiations broaden the applicability of the dating

method to fine-grained materials
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Simulations Monte-Carlo
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