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. R Physical process : CEVNS RicmEHET

Coherent : in-phase interaction between the * Theorized in 1974 by Daniel Z.
neutrino and the nucleus as a whole Freedman

: . ™
Elastic : process in which the total kinetic * First measurement in 2017 by 2
~
energy of the particles remains constant COHERENT &
10° §
Neutrino : elementary particle of the < e
Standard Model, interacting very weakly with 7 10 S
other particles < g
3 S
% 10 %
Nucleus : central part of an atom composed g Na — S omacton it s S
of protons and neutrons 1 = COHERENT measurements g

0 10 20 30 40 50 60 70 80 90
Neutron Number

Scattering : process by which one particle is
deflected by another

Cross-section measurement
on different materials

Diagram of CEVNS
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https://iopscience.iop.org/article/10.1209/0295-5075/ace7f0/pdf

o= Physical process : CEVNS RIEOEHET

[EPL, 143 (2023) 34001, M. Cadeddu & al.]

Inelastic and
incoherent :

Azy < 2R
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o= Physical process : CEVNS RIEOEHET

Elastic and
coherent :
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o s Physical process : CEVNS R I @eHEE.

Elastic and Cross section predicted by the Standard Model :
coherent :
do Gz E
v/N — F 1 _ 2R FZ(ER) ~N2
E A’ZO Z ZR dER 41 2 EV
o
:
3 .
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S
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o % Physical process : CEVNS

RIC&®CHET-

Elastic and Cross section predicted by the Standard Model :
coherent :
do G2 E
v/N — F 1 _ 2R FZ(ER) ~N2
E A’ZO Z ZR dER 41 2 EV
o
:
3 .
S Elastic and
i incoherent:
S
3
9 Azy < 2R
S
S
& Inelastic and
incoherent :
Azy < 2R

* Technical challenges :
very low nuclear recoil

Ultra-sensitive detectors
~ 10 eV for Ricochet
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Interactions cross-sections for
various processes
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. R Physical process : CEVNS RicmEHET

Elastic and Cross section predicted by the Standard Model : * Technical challenges :
coherent : very low nuclear recoil
do,y G E
F R .
1 >R dE/ =3 1 — eV F?(Eg) ~ N* e Ultra-sensitive detectors
- > s .
S Zo R v ~ 10 eV for Ricochet
S
e
8 . 10°
S L. . [JCAP (2018), J. Billard & al.] e CEUNS
S 1. Sensitivity to new physics : = 10 = S— 10 8D: 4 pondtet
S ,_'3 — ,E 1014 = v+p-v+p
N . . > = —_— e T v -
S| | ¢ non-standard v-quark interaction 2 g 100 T e
g neutrino magnetic moment u,, 5 100 = £ 0
S" . E — Ué 1073 4
% ¢ new mediator boson Z' = 5 o //
> — k!
J w [
& 2. Background for dark matter : "E- i
— | | A 10 20 30 40 50
e same signature and inevitability e T i E—T! o (MeV]
Recoil energy [keV] . .
_ | threshold Interactions cross-sections for
. . . . _
experimental thresho Expected interaction rates for Ricochet Various processes
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https://arxiv.org/pdf/1805.01798

/[ e

NEUTRONS '
FOR SOCIETY Grenzile

Physical parameter : 6y, RicmEHER

Ep : recoil energy
£, : neutrino energy
(:r : Fermi's constant
: nucleus mass
F(ER) : form facteur
: nucleus weak charge
N : number of neutrons
: number of protons

0y, : weak mixing angle

. o { Standard Model
Cross section predicted by the Standard Model : 0244 CEVNS with reactor
0.242] coreneny TES8 1 Measurements
2 H0.240~ {
dER 477'- 2 E5 . % 0.236 PVDIS
0.234
. . . | LEPE
With : =N — (1 —4sin?0y) nes S N
1073 1072 107! 10° 10! 102
Q [GeV]
CDF - 2 TeV4 —
Unification of the electromagnetic force and PO-2TeV)
the weak interaction : LHCb - 7TeV]
ATLAS - 7 TeV
* Represents the rotation caused by ATLAS - 8 TeV/| e
spontaneous symmetry breaking CMS -8 TeV —
CMS - 13 TeV+ —
* Proportion of weak and electromagnetic 0230 0231 0232 0233
w

interactions in particle interactions o ]
sin“0,, experimental measurements
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M =% IlLinfrastructure : nuclear reactor Riseswes

Process coherence as a function of neutrino enerqgy

Reactor neutrinos Accelerator neutrinos
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5 V, from f-decays of fissile isotopes V., vV, and v, from - decays at rest S

¢ N

S —
]
~
2
3
S

* Reactor with 58 MWth power — E,,< 10 MeV

2 o1

e Only 8.8 mtothereactor » g, ~1012 cm™2.s

View of the ILL site and reactor pool
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https://indico.phy.ornl.gov/event/433/contributions/1885/attachments/1394/3435/20240423_reactorcevns_jhakenmueller.pdf
https://www.ill.eu/about-the-ill/ill-at-a-glance

o s Ricochet detectors RIEOEHET

* CryoCube : 18 cryogenic calorimeter of 42 grams
* Mini-CryoCube : 3 calorimeters (test phase)

e Goal: 20 eV resolution ionization and heat

* Inherited technology from FID800 Eldelweiss detectors

Example of a Mini-Cryocube

[International Conference on Neutrino Physics and Astrophysics (2024)]
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' Ricochet detectors RIE@EHET

* CryoCube : 18 cryogenic calorimeter of 42 grams

* Mini-CryoCube : 3 calorimeters (test phase)

*‘ i . . . .
- . e Goal: 20 eV resolution ionization and heat
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https://indico.in2p3.fr/event/22500/overview
https://neutrino2024.org/
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M 2% TheRicochet experience at ILL ~ R'eeewes

Significant raw background level due to :

e the proximity of the reactor core

* the positioning of the detector on earth surface

Background can be divided into 3 categories :

e cosmogenic : from cosmic particles

[EPJC 83:20 (2023) , Ricochet collaboration]

* reactogenic : isotopes activated by reactor neutrons

* radiogenic : natural background of the environment

Diagram of Ricochet's shielding and cryostat
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https://doi.org/10.1140/epjc/s10052-022-11150-x

m \—C The Ricochet experience at ILL RIC@OGHET

Blue : lower and upper triangle (structure)

* Red : veto against cosmic muons

* Gray : lead photon shielding (20 t)

* White : boron-polyethylene neutron shielding (2 t)

e Yellow : Ricochet cryostat down to 10 mK

[utiqwieT °1 “(£20¢) 119uNn0) d413U31dS ISd]

[EPJC 83:20 (2023) , Ricochet collaboration]

> |ILL transfer channel :
15 m.w.e to attenuate
cosmic particles

Diagram of Ricochet's shielding and cryostat
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M 20 High Purity Germanium detector rieeeses

FOR SOCIETY

* To measure gamma background and develop GEANT4 model

* Installed in the shielding until November 2023

 Qualification of the detector with an 122Eu source :

Energy calibration & resolution
GEANT4 simulation

Efficiency

Radiogenic background in shielding

vk e

Mass activity for each element

|

* Objective : extending the model to Ricochet end-detectors HPGe detector in the shielding of
Ricochet
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M =% Energy calibration of HPGe detector R'seewes

< C L B I I I e Peak energy of 152Eu known :

g 10 = S R

3 h | | | > calibration possible

E L

8 (/ WW > nuclear database (NuDat)
10 " n * Linear adjustment: E =k X C
102 | — B » EinkeV and C in channel
0 : Experimental data for acquisition 001232

i | | | k = (0.375 + 0.001) keV /canal

10_3 | 1 | | | | 1 | | | | | l ] | | | | | | | | | | | | | | | | |

0 500 1000 1500 2000 2500 3000 3500 4000 _ _ _ .
Energy (channel) » excellent calibration linearity

Experimental spectrum of the europium-152 source

[Nuclear Data Sheet 114, 1497 (2013)]
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NEUTRONS
FOR SOCIETY

Energy (keV)

Residuals

Energy-channel and residuals calibration for the HPGe detector

Energy calibration of

o

PGe detecto

* Peak energy of 152Eu known :
» calibration possible
» nuclear database (NuDat)

* Linear adjustment: E =k X C

1500 - : ot
+  Experimental data //
— E=kxC //
1000 - //%/Vk
—
0.2 T
0.0 ++++++++++:++ b M R S —
- +
.
—-0.2

> E inkeV and C in channel

k = (0.375 + 0.001) keV /canal

500 1000 1500 2000 2500 3000 3500 4000
Energy (channel)

» excellent calibration linearity

[Nuclear Data Sheet 114, 1497 (2013)]

SERRA Renaud (ILL & LPSC) - ll. Detection method and calibration

PhD seminar—27/03/2025


https://www.nndc.bnl.gov/nudat3/DecayRadiationServlet?nuc=152Eu&unc=NDS

——

M =% Energy calibration of HPGe detector R'seewes

Energy (keV)

0 200 400 600 800 1000 1200 1400 «  Peak energy of 152Eu known :
/CB\ [ T | T T T I T T [ T ‘ T :I ‘ T T l T T T | T 1
> = h | | | » calibration possible
S L M
3 1 = v i
3 T/ My | » nuclear database (NuDat)
10° I : 5 W | " N * Linear adjustment: E =k X C
I | W | > E in keV and C in channel
—2 N
10 g Experimental data for acquisition 001232
' k = (0.375 + 0.001) keV /canal
10_3 | | | I | | | | | | ] | | l | | | | | | | ] | ] | | | l | |
0 500 1000 1500 2000 2500 3000 3500 4000 > excellent calibration linearity

Energy (channel)

Experimental spectrum of the europium-152 source (Nuclear Data Sheet 114, 1497 (2013)]
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https://www.nndc.bnl.gov/nudat3/DecayRadiationServlet?nuc=152Eu&unc=NDS

M >C Energy resolution of HPGe detector Rriseeses:

Energy (keV) « Better adjustment : ¥*/ddl = 1,13

Experimental resolution of the HPGE detector

b, = (3.98 + 0.33) X 10~ % keV

101 J{J( Energetic resolution < sum of 3 contributions : B
- :

. . o

S 09 * Wy = aE + b : charges incomplete collection ;
gﬁ) + + 09)-.
~— o 2)'_
S . JV * WpEg = c = cste : electronic noise S
S 0.8 % o
= o
2 - T 8
§ ][ﬂ.--' « Wp =dvVE : statistical fluctuation linked to the 5
o H 3

0.7] |#7T +  Experimental data number of charge carriers created | |3
) Wr=W2+W2+W2=VaE2+biE+c =

®

-t Q
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6 + (0]
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> Will be convoluted with simulated spectrum c; = (3.60 £ 0.04) x 10" keV?
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https://indico-tdli.sjtu.edu.cn/event/171/contributions/2123/attachments/982/1592/Knoll4thEdition.pdf

M =5 Simulation of detector & source  riseeses

Plastic tube
Veto muons Aluminum
layer
Germanium
crystal
Shielding : lead Dead layer
& polyethylene

152

X-ray scan of the

(Sx | GE ANT 4 Ricochet shielding HPGe detector detector
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m \—=C GEANT4 simulation : spectrum rieseses

FOR SOCIETY

E= 121,8 keV E = 688,7 keV E=1299,1 keV
T F | * Study with different configurations
2 10'
§ | * Good reproduction of data
10°
* Medium-energy Compton front deficit :

10°

Vo

| I | | |
0 500 1000 1500 2000 2500 3000

E € [600;900] channel
or
E € [200;300] keV

10

Experimental data for run 001232

LTI I
——H

Simulated data with GEANT4

1H—

 Evidence of threshold at 100 keV

L
3500 4000
Energy (channel)

* Simulation quality + ~ 10%
Spectrum comparison between 1232 experimental

data and GEANT4 simulation
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m \—=C Threshold effect of the detector ries

FORS00ETY Grensule
100 e Ratio of experimental and
Lo ““ﬁ“ _________ b ¢ N __%@ ______ % el simulated peak areas :
’ D
3 80 : % %
= ; { — provides information on
IS b N=(85.7%0.5)% simulation efficiency
G 00 Eo=(103.7 £0.7) keV
= ! * Adjustment by a sigmoid :
. ! £=(13.3+0.4) keV
> ® 5 ?/dof=0.68
2 ! Xx*/dof=0. —
= .’ R(E) NG
20 P : ' : : _ N + e €
: Sigmoide adjustment : R(E) T o)
i Trigaer Function : R = SXPerimental data — to take account of the
0o -4 CI) 99 simulated data threshold
200 400 600 800 1000 1200 1400 1600

Energy (keV)
PhD seminar—27/03/2025
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M\ Radiogenic y-background  riceesss

39.857 108.2 285Bi 510.770 1363 Honl 1238.110 3302 283Bi
46.539 123.7 229Pb 583.187 1556 2T 1332.500 3554 89Co
63.290 169.1 238Th 609.312 1625 2&3Bi 1377.669 3674 283Bi
92.590 247.2 234Th 727.330 1940 232Bi 1401.515 3737 223Bi
143.760 383.7 235U 768.356 2047 223Bi 1407.988 3755 2E3Bi
185.715  495.6 235U 860.557 2295 2T 1460.832 3896 19K

238.632 636.7 2&5Pb 911.204 2430 225Ac 1588.220 4239 228Ac
241.995  644.5 232Pb 964.766 2573 2Z8Ac 1729.595 4613 283Bi
295213  787.4 2&3Pb 968.971 2585 225Ac 1764.494 4706 283Bi
338.320  902.3 2Z8Ac 1001.030 2670 234Mpy  1847.433 4927 283Bi
351.921 938.7 222Pb 1120.287 2988 232Bi 2204210 5879 2E3Bi
463.004 1236 228Ac 1173.228 3129 89Co 2614.511 6973 201TI
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m e 235Th decay chain RIEBEHET

46539 1237  2)0pb  [1583187 | 1856 2SN 1332500 3554 69C0o
63.290 169.1 23¢Th 609.312 1625 2&3Bi 1377.669 3674 2E3Bi
92590 2472  23th  [1727.330"| 2940 2RI 1401515 3737 2i4Bi
143.760  383.7 235U 768.356 2047 2&3Bi 1407.988 3755 2E3Bi

185.715  495.6 2350 [18601557 | 12295 1 EEHNN  1460.832 3896 40K
amsen w7 e suao a0 B 1wz 4w Rac
241.995 6445  2i4pb  [1964766 12573 | EEBACT 1720505 4613 214B;
295213 7874  spb [ 968971 | 2585 | Z2BAc | 1764.494 4706 214Bi
13383209023 %A 1001030 2670  234Mpa  1847.433 4927 214p;

351.921 938.7 232Pb 1120.287 2988 2E3Bi 2204.210 5879 223Bi
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MUY e Grensiie

E (keV)

1332.500

143.760 383.7
185.715 495.6 1460.832

1173.228 3129




o \c 235U decay chain

E (keV)

1332.500

1460.832

1173.228

3129

RICOCGHET-




M \>C Remaining isotopes : $9C0 & j9K  riseensw

E (keV) | E(canal) 24X

1332.500 3554 ®9Co

1173.228 3129 89Co
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Linear combination of simulations

o

Linear combination of GEANT4 simulations :

N
sim _ Pb .Pb __
S —Zai S; +zaj S; —Zaksk
i=1 j=1
» S5 linear reconstruction
/Pb . .
* S5 : simulated spectra in PE or Pb

* ay : linear coefficients

Objective : find the a;, coefficients to combine
simulated spectra in order to reproduce the
experimental radiogenic background spectrum

300

200+

100

Radiogenic background spectrum with examples

]I’I LI lI'II:] T I|I'I II'|

; 235U
5 | 2087}
214Bi
L I M-'Lu-‘ﬂ*-hl I-
500 1000 1500 2000 2500

Energy (keV)
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Count (event)

LPSC

Grensile

w B o) (o))
o o o o

N
o

IXIII lelI I[Illl IIII

Linear combination of simulations Riceeses

oSS

Example of peak selection using the weight function

|I[I[

 L<1% < weight=0

L, >1% <« weight =1

i H : :
P . H H

A ~0R 1 [

Al A

910 920 930 940 950 960 970 980

Energy (keV)

Add a function assigning a weight W
based on the bin :

1if L, > 1%
W(E + o5) =
0 otherwise

» Using decay databases (NuDat)

> Refine the linear combination of
simulated spectra

» Adjustment on photopeaks only

SERRA Renaud (ILL & LPSC) - lil. Study of y-background
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M oC |inear combination of simulations riseeses

Adjustment method : y* minimization

, * Number of generations * Number of generations
in [gexp _ gsim( P8 oPb o required in polyethylene required in lead shielding :
2 _ [ l k »°k Yk
X = o, shielding :
t=1 232Th - (4.06 + 0.54) x 107
. gexp . i ontal spect ?32Th —» (1.96 + 0.07) x 107
: experimental spectrum 238 - (6.08 + 0.64) x 107
mor ] 238y - (1.67 £ 0.07) x 107
o sim . -
S : linear reconstruction 4OK N (882 i 054) x 108
40 56 £ 0. 7
* S, /PP simulated spectra K > (6.56 £0.88) x 10

235U - (4.97 + 2.84) x 107
235y - (1.56 + 0.07) x 107

a; : linear coefficients 60Co — (3.70 + 0.02) x 107

0; = 4/ N; : poissonian error Lead

SERRA Renaud (ILL & LPSC) - lll. Study of y-background PhD seminar—-27/03/2025



M SC Linear combination of simulations riceesEs

Reconstruction of the experimental spectrum with simulated spectra

; . 2 —
—~ 450 | . Best adjustment : y“/dof = 1.9
-
() Experimental data for radiogenic y-background
3 4001+ P g Y g .
c Simulated data for radio-isotopes in PE and lead kg roo163
5 350 -~ 108
8 Kg [-0.0159
—10.6
300 K- |0.0279
- —10.4
250 Kg |0.0189
—0.2
200 k5 0-0404§0-0929 A -0.0735 -0.0981 .,
K, -0.495 -0.0428
150 oo
Ks 0.0564 0.0822
— 0.4
1 00 k2 -0.0194 0.023
— -~ 06
50 K, -0.0159 -0.0163 l
b o () < n © I~ 0 o) 0.8
X X X X X X X~ X X

0

2500
Energy (keV)

1500 2000

Correlation matrix
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M 125 Activity measurement : peak by peak rieeene®

Activity calculated from :

G4
dk X Npeak

Aggak (éX) =

TRUN XIY X €Gga

Where aj X Nggak - N;’;gk and with :

EXP . -
* a; = — :linear coefficient
SIM

. Nggak : number of events in the peak
* Tryn :acquisition time
* I, :intensity of the peak

* €g4 . total efficiency at peak energy

SERRA Renaud (ILL & LPSC) - IV. Measurement of specific activity PhD seminar—-27/03/2025



M 125 Activity measurement : peak by peak rieeene®

o

Activity calculated from :

Efficiency obtained only with GEANT4 :

G4 (AX) aj X Nggak generation of mono-energetic peaks
peak\z TRUN XIY X €Ga
Where aj X Nggak - N;’;gk and with :
EXP . -
* a; = — :linear coefficient
SIM

. Nggak : number of events in the peak
* Tryn :acquisition time
* I, :intensity of the peak

* €g4 . total efficiency at peak energy

SERRA Renaud (ILL & LPSC) - IV. Measurement of specific activity PhD seminar—-27/03/2025



M S Activity measurement : peak by peak riceenes:

Activity calculated from :

Efficiency obtained only with GEANT4 :
g X Ngé‘ak generation of mono-energetic peaks

Aggak (éX) =

TRUN XIy X €Gga

Where aj X Nggak — NP and with :

peak

EXP . . Total efficiency calculated from :
* a; = — :linear coefficient

SIM

Npeak (E)
. peak
. Nggak : number of events in the peak €ca(E) =
Ngen

* Tryn :acquisition time
Nyear (E) : peak area at energy E

* I, :intensity of the peak
Ngen : number of single-energy photons

* €gq : total efficiency at peak energy generated
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o R Energy efficiency: GEANT4 ~ riseenes

0.010]
Total efficiency calculated from :
0.008 . Npeak(E)
o gen
> 0.006
_5 Npear (E) : peak area at energy E
£ 0.004 "
L +  Efficiency with photo-peak area : € = N:t * Ngen :number of single-energy
A photons generated
0.002 —— Adjustment : log[e(E)] = D a; E!
. =0 Polynomial fit in log-log space :
O.OOOJ No experimental data )
0 500 1000 1500 2000 2500 3000 | oY -
Energy (keV) ogle(E)] = Z(ai )
i=0

Enerqy efficiency with GEANT4 simulations for polyethylene shielding
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o R Energy efficiency: GEANT4 ~ riseenes

0.0010 , % Total efficiency calculated from :
Npear (E)
_ veak
~ 0.0008 €ca(E) = N
X gen
> 1
é 0.0006 Npear (E) : peak area at energy E
O
i 0-0004 +  Efficiency with photo-peak area : € = x;” * Ngen :number of single-energy
3 photons generated
0.0002] —— Adjustment : log[e(E)] = > a; E'
. =0 Polynomial fit in log-log space :
0.0000. No experimental data 3
0 500 1000 1500 2000 2500 3000 ;
Energy (keV) logle(E)] = Z(ai E')
i=0

Enerqy efficiency with GEANT4 simulations for lead shielding
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M o0 Activity measurement : equilibrium rieeeses:

ALL(?32Th) = (1.62 £ 0.06) X 102 mBq/kg

Chains in secular equilibrium with GEANT4 : . A%1(238])) = (1.38 + 0.06) x 102 mBq/kg
AS% (4y) = %Ngen with - . A%9(%0K) = (5.44 + 0.73) x 102 mBq/kg
RUN
Exp « A;L(?35U) = (1.29 £ 0.05) x 102 mBq/kg
* g = o : linear coefficient

o 469 (232 _ 2
Ngen : total number of particles generated App(“*°Th) = (7.18 £ 0.97) x 10° mBq/kg

. « Ap1(?38U) = (1.02 £ 0.12) x 103 mBq/kg

Tryn : acquisition time

pea

« A (*°K) = (1.56 + 0.10) x 10* mBq/kg

o eq 235 — 2
» Independent of isotope <& same activity for App(“7°U) = (8.80 + 5.02) X 10° mBq/kg

the entire chain !
« A,1(%%Co) = (6.56 + 0.28) x 10 mBq/kg
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M 25 Activity measurement : peak by peak rieeenes

Activity peak by peak with GEANT4 : T K 600
i 238U i
2 5 NG 200 | :
k k i i
» A (0) = o 5 e |
p TRUN XIy X €G4 3’1 + i i
B 150 400
£ |
g | LSM data !
Activity at equilibrium with GEANT4 : g GEANT4 equilibrium i 300
© 1007 | GEANTA4 reconstruction i
ap XN = :
> Agg (éy) — kK~ gen S : i | 200
' TruN g ! !
A 50 + + | :
i 214g; | 100
228 : : 40K
2087 AC 208T) | 214pp, 214, | _
Activity measured at the LSM : 0 T T B 0
583 911 2614 352 609 1765 1461
» Carried out on PE and Pb samples from Energy (keV) Energy (keV)

the Ricochet shoring prior to this stud . .. ) ) )
&P Y Specific activity for each chains and comparison with LSM data

for PE contamination
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M C Activity measurement : peak by peak risesneE

Activity peak by peak with GEANT4 : 5 1 B R T 16 0.7 ‘
ap X NS4 o 0.6 |
> AGLel.ak (éX) — pea 4 :r 238U 1: :, 235U E 14 .
TRUN XIy X €Ga . i i i i
2 ! | : Ll 12 0.5
=3 i i i i
SRy ! : : :
> o LSM data i | | 10 0.4
Activity at equilibrium with GEANT4 : 2 GEANT4 equilibrium ! i i
© R | GEANT4 reconstruction ! i i © 0.3
> AGS(4y) = K Tgen = | A
TRUN 3 i i P
” : | | : 0.2
1 s ]
A AR R
Activity measured at the LSM : ol L™ L. — |
| | | | | 0 | 0.0 ‘
» Carried out on PE and Pb samples from 208 2285 214pp 214 235y 40k %0Co

the Ricochet shoring prior to this stud . .. ) ) )
&P Y Specific activity for each chains and comparison with LSM data

for Pb contamination
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&% wewe  Sources of external contamination RiesenEs

Comparison of photoelectric peak areas as a function of enerqgy

1. Contamination of aluminum parts

A o 001289 : normal set-up
A e 001292 : lead on top ( supports, cover, etc.)
235U AR 40K . oo .
. LA » no significant improvement
LE 1 0 ] .\‘ > ’f’! ‘ “| 214 B !' !“ \\\
% f 3{1.‘..‘.:.‘,:_‘_:.—: hhhhh !',’ N \\ 2087y
= 214ppy i ¢ T 214 A
c - Y g
3 208y 2284 60Co J"\\ AR ;
107 L
b 232Th chain b 40K
b 238U chain 80Co

$ 23U chain

1.2 | #
0.8 | *ﬁ

. A

"b\‘\\ /’ \\ ______ + _____________________________ +
0.4 ¢ 1

0 500 1000 1500 2000 2500

214Bf

Area ratio

Energy (keV)
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M 2% Sources of external contamination  Riseenes

Comparison of photoelectric peak areas as a function of enerqgy

1. Contamination of aluminum parts
A o 001289 : normal set-up
F 001292 : lead on top ( supports, cover, etc.)
235y J/ | 40 . g .

Jf Fay Kh » no significant improvement
—~ 10° 4 A 214g;
JE “ ’, - -_:\ ! !

t ERL T St TN H H
g ]\& ------- J[ ~~~~~ ! 2001 2. Contamination by *°Kof the
- ¥ I "'- hhhhh ; 214 L . .
e “1Pb R N, B , detector surface by perspiration
3 208 228 R N U
LO) TI Ac 60Co e .
102 | RN » upcoming study

b 232Th chain b 40K

b ?%U chain 0Co

b 235U chain T 214
o 1.2
8 0'8 i \\‘u *f -------------- ‘\\ -F-«*}__
E 0.4 - “\w" \b_ _________ + ______ +

0 500 1000 1500 2000 2500
Energy (keV)
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NEUTRONS
FOR SOCIETY

Count (event)

Area ratio

103 |

102 |

1.2 |
0.8 1

0.4 ;

Grensile

Sources of external contamination RieeesEs

Comparison of photoelectric peak areas as a function of enerqgy

A o 001289 : normal set-up
fr"] ---------- 001292 : lead on top
235U ‘ 40K
T\\ ! b ll' A
.\\ {.": 1{ 214Bi :'J‘ |
| {E—— ' 208
W R R - / ' N 214 A
214 pp, "““‘--1{ N Bi .
2087] 2284, 60Co +“~\ +

b 232Th chain b 40K
b 238U chain 80Co
$ 23U chain

500 1000 1500 2000 2500
Energy (keV)

SERRA Renaud (ILL & LPSC) - IV. Measurement of specific activity

1. Contamination of aluminum parts
( supports, cover, etc.)

» no significant improvement

2. Contamination by *°Kof the

detector surface by perspiration

» upcoming study

3. Contribution from the ILL

transfer canal
» HPGe acquisition comparison

» significant part comes from
channel : from 11% to 65%

» need to improve simulation

PhD seminar—27/03/2025



M =5 Sources of external contamination Riseewes

Comparison of photoelectric peak areas as a function of enerqgy

L T 001289 : normal set-up ééi ===
L 001292 : lead on top | [
235y a a0k
_ 103 )f A g
.IE '...\ ’, \ A | Fi S
% {- fl: ‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Ik foa TI I I
oy 214pp i 214 ’
% 2087 228 - ” e ,// A
C o2 "Co RN 001289 001292
b 232Th chain b 40K
238 : 60 T . .
¥ uchain co 3. Contribution from the ILL
b U chain 21p;
transfer canal
g 127 @~® % > HPGe acquisition comparison
© N
=~ 0.8 1 | TR SRS N C e
3 . * T * ___________ . » significant part comes from
< N oS A (R I R
o4 P v channel : from 11% to 65%
0 500 1000 1500 2000 2500 » need to improve simulation

Energy (keV)
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|. Context and state of the art

Il. Detection method and calibration
1. Study of y-background

V. Measurement of specific activity

V. Conclusion and prospects
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S5, Grenoble Conclusion of the StUdy RICOGHET.

Objective : to combine simulated spectra
to reproduce the experimental background
spectrum and the LSM measure of activity

Conclusion : radiogenic background from
shielding is not dominant, it comes from
external sources (Al, slab, etc.)

Preliminary result : adjustment needs
improvement to reproduce experimental
data. Too many free parameters ?

— 600

c L

°>’ — Experimental data for radiogenic y-background

= 500

§ - Simulated data for radio-isotopes in PE and transfert channel
3 L

O 400 —

300

200

100 - L“ ‘
N LwL o HMJW-.‘..J..“ L |

500 1000 1500 2000 2500 3000
Energy (keV)

Reconstruction of the radiogenic background spectrum
adding the contribution of the ILL transfer channel

SERRA Renaud (ILL & LPSC) - IV. Conclusion and prospects
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T8 o= Outlook : reactogenic & neutron

Works also completed :

* study of reactogenic background (*14r)
* GEANT4 environment modifications

e Study of Ricochet bolometer data
(RUNO13 & RUNO014)

» Shift for data acquisition

Outlook :

e Study of reactogenic background outside
the shielding with data taking to come

* Analysis of FID nuclear recoil to study
neutron background

g

RICBCHET-

o

Comparison of experimental spectra for the OFF and ON reactor

—
o

-Hi> \IIIIIH‘ IIHIIII‘

evt/ kg /keV/s)

—
<

Event rate (D.R.U

1073

107

Reactor OFF

Reactor ON

| bl |

1000 2000 3000 4000

|

5000

Energy (channel)

SERRA Renaud (ILL & LPSC) - IV. Conclusion and prospects
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NEUTRONS '
FOR SOCIETY Grenzile

Outlook : reactogenic & neutron

o

RICBCHET-

Works also completed :

* study of reactogenic background (*14r)
* GEANT4 environment modifications

e Study of Ricochet bolometer data
(RUNO13 & RUNO014)

» Shift for data acquisition

Outlook :

e Study of reactogenic background outside
the shielding with data taking to come

* Analysis of FID nuclear recoil to study
neutron background

RUNO014 experimental spectrum for ON reactor and one bolometer

Total count (event)

= = = =
o o o @)
2] w = (8,

=
o
=

=
o
o

1 RUNO14 streams - ON reactor

[ 1[1RIY - LI

500

1000 1500 2000 2500
Energy : EB_ (keVege)

SERRA Renaud (ILL & LPSC) - IV. Conclusion and prospects
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Thank you for your
attention!
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B % Physical process : CEVNS RIEOEHET

Inelastic and « Technical challenges : Expected interaction rates for the
incoherent : very low nuclear recoil Ricochet experiment
o, - 104 : 102 cnr2s!
L « 2R e Ultra-sensitive detectors g E w-nvm i 10

- . > B
S Z0 ~ 10 eV for Ricochet g 0=
3 g N i —
S 10° 8 1 ET N
% = Ge CEVNS % E o
8_ E|aStIC and 10% 1 = |IBD: Ve +p—-n+et % 10:? §

. ~ 1f =— v+p=2v+ > —
= incoherent: E e e i &
S ® 1004 E -

=} — T ) [ou}

‘?; %10_11/”— 101_ | | \\IIII| l':I | \IIHI‘ | | II\I\II“- | L L1111l %
P~ c 107 1072 107 1 1 2
g /‘[ZO < 2R g 1072 4 Recoil energy[keV]O ;
Q ; 102 4 ] . Q
? g * Non-standard v-quark interaction =
~ 1074 o
g . —51/ . .
& Elastic and i * Neutrino magnetic moment y,

Coherent . 10 20 30 40 50

. E, [MeV] .
_ ' * New mediator boson Z'
Interactions cross-sections for
AZO = 2R various processes b BaCkgrcund for dark matter
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https://arxiv.org/pdf/1805.01798
https://iopscience.iop.org/article/10.1209/0295-5075/ace7f0/pdf

/[ e

Physical parameter : 6y,

RICBCHET-

FOR SOCETY Grensile
Cross section predicted by the Standard Model : Er : recoil energy
g2+ gr2 5
g doyn _ Gp _ my ER\ E, : neutrino energy
— 1 — | F=(ERr) !
e\g,, dEp 41 2 ES
(- : Fermi's constant
QW . 3 2
With : =N —(1 — 4 sin HW)
g : nucleus mass
Relationship with coupling
constants

BH, W;L — AH ZH

Structure constant :

Unification of the electromagnetic force and
the weak interaction :

* Represents the rotation caused by
spontaneous symmetry breaking

* Proportion of weak and electromagnetic
interactions in particle interactions

F(ER) : form facteur
: nucleus weak charge
N : number of neutrons
: number of protons

0y, : weak mixing angle

SERRA Renaud (ILL & LPSC) — Back-up
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m = Beyond the Standard Model ricaenes

dasy GF 2 my Eg
= — 1 — F%(E

Standard Model prediction :

Non-zero magnetic moment : —
Er L,

dGM:naz/ﬁ,Zz 1 i+ Er
dEn M, AE?

) F%(ER)

das _ Q¢ my Eg
dEr ~ 4m EZ2 (q% + m2)

Scalar boson : > F2(ER) Qs = Gv;s9qs (15.1Z + 14 N)

dor Q7 my (4 Ef — my Eg)

F*(E = 0.85Z + 0,08 N
dEgx 2w EZ2 (g2 + m2)? (Er) CQr = Gvr 9qr ( )

Tensor boson :

doy dogy V2 guy [Z(Z Guyv Tt ng) + N(guv + ngv)]
Vector boson : X — — ' : ) , :
dEx dE, Qw = Qtot Qw Gr G2 gz + m2

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



ar \tSC ILL neutrino spectrum RIEOGHET

FOR SOCIETY

\ [~ =— Powef=57.8MW, distance=8.8m * Reactor with 58 MWth
101° I

T | | > E, <10 MeV
5 : |
1, 10%° , « only 8.8 m to the reactor
L | \
. - 12 ph—2 o—1
3 1014 - | | > o0,~10“cm™=.s
> | |
W | |
"c: s
E 1013 | | | \
© 5 i
| I
i i \ Elastic and
10% ! 1 coherent :
0 2 4 6 8 10
E, [MeV]
Azy = 2R

Spectrum of electric anti-neutrinos from the ILL reactor
measured by the STEREO experiment
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M 2% The Ricochet experience at ILL rieoenes

* International collaboration begins in 2019
* Rare events experiment : ~ 10 DRU

* Installed at ILL with data acquisition in progress

 Aims to detect CEVNS at low-energy

[EPJC 83:20 (2023) , Ricochet collaboration]

e 18 germanium cryogenic calorimeters : ~ 1 kg at 10 mK

* lonization and heat signals : NR/ER discrimination

Diagram of Ricochet's shielding and cryostat

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025


https://doi.org/10.1140/epjc/s10052-022-11150-x

o =% List of detectors RicoEHET

3He detector spectrum H2 detector spectrum
g ~ 3He detector | g H2 detector
2 4 Entries 14067 2 Entries 12357
s 100E Mean 58.33 £ 107 Mean 30.63 |
3 = Std Dev 170.4 3 E StdDev 1866 |
3 H B |
2 e 10% = 10°
. E | i
* Neutron detection |
H "
2
1
H“III‘H 1 I N
oo aoe s s000 000 0 1000 2000 3000 4000 5000

o N GIOOO
Energy (channel) nergy (channel)

HP G e R HPGe detector spectrum Nal detector spectrum
g g E
. E"' 10° Em:leF;GB dEte;g)QrOJ-S g T\ Emne?al deztée(;‘;gge+07 |
E - M : = i
 Gamma detection e T | 5wy o
| i \
Nal ) ol \
10% =
10
r 10
L] L] . . .
* Detectors inside & outside shielding = F
0o om0 | “m00 4000 5000 6000 7000 Y

. AN W
4000 6000 8000 10000 12000 14000 16000
Energy (channel)

P 1
Energy (channel) 0 2000

* On and OFF reactor periods
Spectra of the different detectors in the case of OFF reactor (001193)

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



o

e HPGe detector acquisition  rieeeses

T =10 minutes

* ILL reactor OFF period 10t cores” T
= Sebev o170

3

e Known ®2Eu source WE
10 HPGe

* Activity: 4 = 5,3 x 10* Bq o
* 4 acquisitions / dispositions B |

0 1000 2000 3000 4000 5000

e Cubix = ROQOT based graphical interface providing a large number of
tools for gamma-ray spectroscopy analysis

* Developed by Jérémie Dudouet (IP21 Lyon, CNRS/IN2P3)
Confiqurations and spectrum
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M % Spectrum analysis with Cubix  rieeeses

* Cubix — ROOT based graphical interface providing a large
number of tools for gamma-ray spectroscopy analysis

e Developed by Jérémie Dudouet (IP2l Lyon, CNRS/IN2P3)

20000
1800

— = ()
[ 7 8t Successefyl
18000 — — Chi2 = 168.37% .
- 1600 MIE Ay
16000 - :.:‘OT 0.215581
= 1400 — Meust £ 2897,82)  (0.03881316)
14000 = Anplitude © 1325,10 (2132868 )
= FWHM (gaus): 3.383159  (0.09080029)
= 1200 — FWHM (real): 5.384067  (0.0831528 )
12000 — - L Tail § 2.201241
C 1000 ® Tail ' 14:3’251: " :
10000 — E :::, v © BO3T.135 (A79.8231 )
= 800 — Maan : 2908,281  (0-1004707°)
8000 — C Awplitude : 234,4683  (9.221305 )
e - FWHM (gaua): 3.290251  (0.2073713 )
C 600 — FWAM (reall: 5.285844  (0.L557711 )
6000 - L Tail r 1.82261
C 400 R Tail : 1.822369
- - Acan £ 1320,360  (72.673%4 )
4000 C Fuak 2:
= 200 — Maun : 2967,804  (0.03624996)
2000— F l : L Awplitude : 1684.569 (23085686 )
- o } 0 B e T | T FWAM (gaua) @ 5.498206  (0.07712688)
= 1 I 1 1 L 1 1 f 1 I I I 1 I T o — — I ] ——] 1 1 | ) 1 \‘W’ i I \L L 1 1 ‘- ml |u|"‘;w L ‘ m“ L L L | L m:m!'l gf:;:::’ 10.0512014 )
300 310 320 330 4 1 £ 2,
340 350 2850 2900 2950 3000 3050 N Tail St
Ares : 10822,84  (206.1343

Cubix usage examples for single and double photoelectric peaks
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B e Source decay channels RICOEHET

B~ decay : 2Eu - 1226d + % + v,

* [~ channelin 27,92% of cases

* 65single peaks, 3 double peaks and 2 triple peaks = 11 identified peaks

€ decay : L2Eu+ Je™ - 1225m + Dv,

e ¢ channelin 72,08% of cases

e 19 single peaks, 3 double peaks and 4 triples peaks = 26 identified peaks
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y-background subtraction RIC@EHET

—
=

t)

3 10tk

Count (even

=]
Q
O

10° =

mej/ | ood HNI j _

10 f=

102 -+

Example of
background
subtraction for
acquisition 1232

0E

=
|

1
S | }I\‘\N\I\I{\‘I‘\HIHIH\I {H I
0 1000 2000 3000 4000 5000 6000 7000 300

Energy (channel) E ergy (c h nel)

« 1232 (blue) = °2Eu source

‘ e 1231 (red) = natural y-background

E \Mﬂuv AL L L > Experimental data without background (purple)

Egyh nel)
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o s Energetic resolution P

ob— 1 L1l monoenergetic gamma :
O 200 400 600 800 1000 1200 1400 1600

o

= o5 | Wy Energetic resolution = 2 3 contributions :

8 * Wy = aE + b : incomplete collection of charges
< 20 $ W,

% —_ » Wpg = c = cste : electronic noise

5 >

o 2

2 « Wp = dvE : statistical fluctuation linked to the
© § Wo number of charge carriers created
o =

S TS

a

S

= Width at half maximum due to detection of a

o

3

>

o

Energy (keV) 5 5 5
WT=\/WX+WD+WD = JaE2 + BE +y
Energetic resolution of a HPGe detector
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https://indico-tdli.sjtu.edu.cn/event/171/contributions/2123/attachments/982/1592/Knoll4thEdition.pdf

m X Energy efficiency of detector reeeses

\ + Experimental data
0.91 N . . —E/E, . . .
—— Adjustment : £(E) = Ne™"° + k Experimental efficiency of HPGe
08] detector with the 122Eu source :
3 0.7
; 0.61 (E) _ Npic(Ei)
5 ST ACZEW) X Tony % 1 (Ep)
_g 05 63LU exp 1ASH
Y
0.4 « E; :photoelectric peak energy
0.3
05 : * Ny (E;) : area of the peak
0 200 400 600 800 1000 1200 1400 1600 . A(152 Eu)  source activity
Energy (keV) 63
HPGe detector efficiency as a function of energy for the europium source * Texp : acquisition period

 [,(E;) :intensity of k
» Corresponds to the expected curve for this type of detector V( ;) + intensity of pea
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m >C  Efficiency for acquisition 1232 riceesss

FOR SOCIETY

_FE
e Adjustmente = N X e /Eo

Relative enerqy efficiency for acquisition 1232 f

N = (1,12 + 0,03) x 102 3

° 1001 - . . o

E, = (9,18 + 0,30) x 10 keV N +  Relative efficiency =

N\, | - £ = Ne~f/Fo adjustment -

1.0E-03 T T *\ 5
— o Jw Ok

-BS-' +\\+ g

i ! ! > AN E
g C 60 ]l f 5
‘o 1.0E-04 g, Q Mo »n
E 5 N S
= -E \\\ o
- ) = li :

L] Ll % \‘..‘_ o

40 3 s

e s

1.05-05 e - " ®
10 10 Energy (kev) 000 10000 = __Hj- { -

.. 20 o =

Example of an efficiency curve for an =

200 400 600 800 1000 1200 1400 1600

HPGe detector Energy (keV)
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https://indico-tdli.sjtu.edu.cn/event/171/contributions/2123/attachments/982/1592/Knoll4thEdition.pdf

m X Geometry of the detector ~ rieeeses

H | J BASIC DETECTOR DIMENSIONS
I—G / Pl DETECTOR DIAMETER (A) 74.8 mm
7 = DETECTOR LENGTH (B) 58.7 mm
T {fv VVVVVVVVVV DETECTOR END RADIUS (J 8 mm, NOMINAL
e Y Y N Y K HOLE DIAMETER (C) 9.3 mm
. FYVvVVVIYVYVVYYVYY L HOLE DEPTH (D) 45.9 mm
* Gamma d etection : HPGe OO AR R N HOLE BOTTOM RADIUS (E) |HOLE DIAMETER / 2_mm, NOMINAL
VVvVVvVvv vVVvVvvyvy L
y
Fovor| EXveve v Ve [ MISCELLANEOUS DETECTOR ASSEMBLY DIMENSIONS AND MATERIALS
B BBy [ XYY IDENTIFIER DIMENSION DESCRIPTION MATERIAL(S)
H H . . 5 D Ay oY N VY Y F 130 mm MOUNT CUP, LENGTH ALUMINUM
Py d h Id F YYVYVYY VYUYV M :
Dete Cto rinside snieidi ng Y.y Y. <’ yyNwY G 4 mm END CAP TO CRYSTAL GAP N.A.
[y YS9y Ly v A H 0.03/0.03 mm/mm__|INSULATOR/SHIELD MYLAR/ALUMINUM
Y Yy [y vy ms I 1 mm END CAP WINDOW ALUMINUM
o . d N K 0.76 mm MOUNT GUP WALL ALUMINUM
OFF period reactor ~lc 1 "2 mm __|END cAP WAL ALUMINOM
| A M 700 microns __|OUTSIDE CONTACT LAYER GelLi DEAD LAYER
| | N 0.3 microns |HOLE CONTACT LAYER Ge/B DEAD LAYER
3mmJ P 3.2 mm MOUNT CUP BASE ALUMINUM
NOT TO SCALE

* Dimensions obtained from the

manufacturer (ORTEC - GEM®60) Dimensions and

X-ray scan of the
detector

e X-ray controlled dimensions at ILL
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RIce®GHET-

/[ e

NEUTRONS '
FOR SOCIETY Grenzile

Dimensions of HPGe

1—6 /—H / | J | BASIC DETECTOR DIMENSIONS
’ DETECTOR DIAMETER (A) 74.86 mm
i L e DETECTOR LENGTH (B) 58.7 mm
} N DETECTOR END RADIUS (J 8 mm, NOMINAL
VT A R VY YA /—K HOLE DIAMETER (C) 9.8 mm
7\1 VVVVY VVVVvVVv / HOLE DEPTH (D) 45.9 mm
vV VvVvVVvY vVvVveVvVVv
G G d XYY HOLE BOTTOM RADIUS (E) |HOLE DIAMETER /2_mm, NOMINAL
FVVVVY F vV VYV /_L _
B N e E LA 80 MISCELLANEOUS DETECTOR ASSEMBLY DIMENSIONS AND MATERIALS
VVvVvvVv¥ VVvvVvvv¥
L kB ol I b e o IDENTIFIER DIMENSION DESCRIPTION MATERIAL(S)
AVARV AR VAR VAR Y] AV AR VAR VARV SV
VY 77 7 <, bgson | —M F 130 mm MOUNT CUP, LENGTH ALUMINUM
LA 0 %Yqzl ned G 4 mm END CAP TO CRYSTAL GAP N.A.
F vVvvvyvy 4 v VvV
vVVvVvVvvyvV vVvv \Y4
yyyyz]l [vyvwy]) H 0.03/0.03 mm/mm  |[INSULATOR/SHIELD MYLAR/ALUMINUM
1 VVVVVY AAAAAR | 1 mm END CAP WINDOW ALUMINUM
ol 0 s N K 0.76 mm MOUNT CUP WALL ALUMINUM
L 1.3 mm END CAP WALL ALUMINUM
Y - A - M 700 microns |OUTSIDE CONTACT LAYER Ge/Li DEAD LAYER
7 S I A e N 0.3 microns |HOLE CONTACT LAYER Ge/B DEAD LAYER
3mm T T SR P 3.2 mm MOUNT CUP BASE ALUMINUM

SERRA Renaud (ILL & LPSC) — Back-up
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M =5 Geometry improvement in GEANT4 riceeses

Comparison of experimental data with spectra simulated by
varying the hole diameter of the germanium crystal

 Compton front deficit in simulation

» Internal crystal geometry not

o 10° — Expérimental data for 001232 acquisition | o observable with X-ray
E’, - Simulated data with GEANT4 -
c B Simulated data with hole diameter - 3 mm | e .
S - _ _ , » Variation of crystal hole diameter
8 L Simulated data with hole diameter + 3mm |
BASIC DETECTOR DIMENSIONS
DETECTOR DIAMETER (A) 74.8 mm
DETECTOR LENGTH (B) 58.7 mm
DETECTOR END RADIUS (J 8 mm, NOMINAL
HOLE DIAMETER (C) 9.8 mm
HOLE DEPTH (D) 45.9 mm
HOLE BOTTOM RADIUS (E) |HOLE DIAMETER /2 mm, NOMINAL

(I MISCELLANEQOUS DETECTOR ASSEMBLY DIMENSIONS AND MATERIALS

IDENTIFIER DIMENSION DESCRIPTION MATERIAL(S)
{ F 130 mm MOUNT CUP, LENGTH ALUMINUM
1 G 4 mm END CAP TO CRYSTAL GAP N.A.

Hr H 0.03/0.03 mm/mm__|INSULATOR/SHIELD MYLAR/ALUMINUM

| 1 mm END CAP WINDOW ALUMINUM

K 0.76 mm MOQUNT CUP WALL ALUMINUM

| | | | | | L 1.3 mm END CAP WALL ALUMINUM
M 700 microns  [OUTSIDE CONTACT LAYER Ge/Li DEAD LAYER
550 600 N 0.3 microns  [HOLE CONTACT LAYER Ge/B DEAD LAYER

Energy (keV) P 3.2 mm MOUNT CUP BASE ALUMINUM
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M 25 Geometry improvement in GEANT4 Rieoewnes

Relative difference between simulated and experimental
spectra for different germanium crystal hole diameters

 Compton front deficit in simulation

N
o

—— Normal hole diameter » Internal crystal geometry not
~— Hole diameter + 3 mm observable with X-ray

N @
o O

| — Hole diameter - 3 mm
Variation of crystal hole diameter

Relative Difference (%)

* Few differences between
simulations (+3 mm)

LN -

o o o
'--|||‘\|||‘HII‘IIII‘IIII‘IIII‘

Y

|
N
o

\Y > No trend observed

|
W
o

» keep the initial geometry

e

| | e
300 350 400 450 500 550 600
Energy (keV)

|
A
o

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025
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FE . Gremobie Modification of crystal height RIE@EHET

Step i & -i mm step over height

Count (event)

- * Compton front: constant rate

"%' | | | | decreases with increasing step

Wlfﬁ} "&]Nm N’"’H%ﬁmifﬁr’)l r’k M%;w ?{' f“w‘“)‘b | - | _— —t — > What we expected (Ma ryvon ne)
*ﬂ%“wm.mw‘ t
| — Helght step: O mm |

l
Height step: 1 mm
Height step: 2 mm _

‘f'“\ul sof T i
—— Height step: 3 mm ” 'J;W 300? FL | 150_; : :

Nw F‘l

10°

Hm 0T

‘ ||||||l‘ [ TTT I‘

Height step: 4 mm L S S S — 100 - ﬂ

| | | | | | | | | | | | | | | | | - : : : : : ;

500 1000 1500 2000 2500 3000 3500 150 :_ i — 50 ;— R = o]
Energy (channel) :

—

71T

18]}

Comparison of spectra for a 152-Eu source 50 o

965 BTD 975 980 985 990 995 3455 3460 3465 3470 3475
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SR oGt Modification of crystal height RIE@EHET

o

Comparing areas under histogram

t y=91e+05-4.1e+t03 x e
910000
t Total surface
905000 - }
.I_
900000 -
}
— 895000 _ T T T T T T T T T
e 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Q
a t
< 533500 4 | y =53e+05-2.3e+03 x e
8 } Front Compton surface
G 530000 — +
Tt
3 527500
o f
@ 525000 -
o b
8 T T T T T T T T T
e 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
c
~ 380000 i
y = 3.8e+05-18e+03 x e
378000 7 Jf Photoelectric peaks surface
376000 Jr +
374000 -
372000 +
T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Step subtracted from crystal height (mm)

Step i © -i mm step over height

* Total area | if height |
 Compton front area | if height {
* Peaks area | if height |

Desired speed: Front Compton |
slower than photopeaks

» Does not compensate for peak
amplitude compared to Compton
Front

SERRA Renaud (ILL & LPSC) — Back-up
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NEUTRONS
FOR SOCIETY

“Th

1l.4le+10

LPSC

Grensile

Majoritary radio-isotopes

-

RIC®CHET

Actinides
::Métaux Alcalins
Métaux alcalino-terreu
Halogénes
Métalloides

Gaz Nobles

Métaux pauvre
Métaux de transition

Thorium

Actinium

Radium

Francium

Radon

Polonium

Bismuth

Plomb

Thallium

From left to right : 232-Th, 238-U and 235-U chains

Stable.

Uranium

Protactinium

Thorium
Actinium
Radium
Francium
Radon
Astate
Polonium
Bismuth
Plomb
Thallium

| Akali Metals

Actinides

Alkaline Earth Metals
Halogens.
Metalloids
Noble Gases
Poor Metals
Transition Metals

SERRA Renaud (ILL & LPSC) — Back-up

Uranium

Protactinium

Thorium

Actinium

Radium

Francium

Radon

Astatine

Polonium

Bismuth

Lead

Thallium

From top to bottom :

40-K and 60-Co

40
19K
2+

4 — I—

rr1

Il

(Y

s

(=)

=

(=]

~

2

0+
40
184r
60
27C0
a+
5+
2+
E =1332.5 keV

0+

8ONi

PhD seminar—27/03/2025



m \=C | inear combination of simulations rieeewes

Linear combination of simulations :

N " * Number of generations ’ Num.ber ?f generat.ions
. S I required in polyethylene required in lead shielding :
B Z:ai yirt Zaf Yj shielding :
i=1 j=1 232Th - (4.06 + 0.54) x 107
232 7
* Y :linear combination Th - (1.96 £ 0.07) x 10 238(J - (6.08 + 0.64) x 107
: 238 67 + 0. x 107
ye /P : simulated spectra U~ (1.67£0.07) x10 40K - (8.82 + 0.54) x 10°
40 7
* ay :linear coefficients K - (6.56 +0.88) x 10 2350 - (4.97 + 2.84) x 107
235 7
Objective : reproduce experimental U - (1.56 £0.07) x 10 60 7
radiogenic background Co = (370£002)x 10
spectrum and activity Lead

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



mr ¢ Linear combination of simulations rieeeses

Count (event)

10 = w0 | i (e =

q * 1
. R s | 15 Z I‘ |
T T T T

[ {11 | I| (HE | ||||I I II 8
ol T 350
| | byt

o TS 1A

| ,I | _
I Na

Energy (keV)

Relative difference

'15i00' o 'zoioo' T '25i00' 235-U peak at 186 keV
Energy (keV)

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



m ¢ Linear combination of simulations riseeses

Count (event)

0=

=

c

()

o . 3
PEr A e ey e — 50

c

3

o

O

illl|| NI TIN Pifims; 40
1 I |

o TS 1A

LT T I T T

Relative difference

7
Energy (keV)

'15i00' o '2();00' T '25i00' 60-Co peak at 1173 keV
Energy (keV)

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



m ¢ Linear combination of simulations riseeses

. . Best adjustment : 72 = 1.9

Count (event)

0=

o TS 1A

| '. | _
I l ﬂ‘u s

100

50

Relative difference

Energy (keV)

'15i00' T '20i00' T '25i00' 40-K peak at 1461 keV
Energy (keV)

SERRA Renaud (ILL & LPSC) — Back-up

PhD seminar—27/03/2025



mr ¢ Linear combination of simulations rieeeses

Count (event)

0=

Count (event)

TR ||||i|” 1T T
| ‘ | [l |H ‘ Ill 55

o TS 1A

Il i.',||..
BERLL || |

I'I\H||H|li|\\‘l\ll|\|\\lHIIlHH

JAPN & a0 Tesngetetells “!'..*!‘f'....u ._".“fﬂ.'.. RACIFYEIE O ‘""““ bbb 0] ‘Jv» ‘ £ ”!. _ ' % .]> » ‘ g
(i 1 1760 1762 1764 1766 1768 1770

Relative difference

Energy (keV)

“500. - 2000. 200" 214-Bi peak at 1764 keV
Energy (keV)
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m ¢ Linear combination of simulations riseeses

102 =W

0=

Count (event)

Lm 
M!ﬂa“

o TS 1A

Best adjustment : y2 = 1.9

Relative difference

1500

2000 2500

208-T| peak at 2614 keV

Energy (keV)

SERRA Renaud (ILL & LPSC) — Back-up
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o | Grenoble ACt|V|ty measurement ;: LSM RicaaHET
1) 232Th chain: 2) 233U chain:
° 212Pb ‘E =239keV = A= (21 i Og)mBq/kg Visible experimenta| data :
- 208T]:E=583keV = A= (2.4+0.7) mBg/kg « 214ph:E =295keV = A= (3.2+2.2) mBq/kg
« 208T|:E =2614keV = A < 6.9 mBq/kg « “MPb:E=352keV = A= (2.6 1.6) mBq/kg
« 228Ac:E=911keV = A <9.7mBq/kg « “MBi:E=609keV = A= (1.9+1.6) mBq/kg

« 214Bj:E=1765keV = A < 28.6 mBq/kg

Experimental data not visible :
3) 49K radio-isotope :

e 226Ra:E =499keV = A < 17.0 mBqg/kg
« “K:E =1461keV= A= (22.7 + 13.0)mBq/kg « 210ph.E =46keV = A< 52.8mBq/kg

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



Z7

= o Activity measurement : LSM  riseeses

1) 232Th chain: 2) 238y chain:

232Th . A € [0.1;0.2] Bq/kg 238y :A € [0.5;1.0] Bq/kg

228Ra: A € [0.1;0.3] Bq/ke 234Th: A € [0.5;1.0] Bq/kg

2287c¢ . A € [0.1;0.3] Bq/kg 234U:A €[0.5;1.0] Bq/kg

212ph : A € [0.1;0.2] Bq/kg 23%Th: A € [0.5;1.0] Bq/kg

208T] : A € [0.1;0.2] Bq/kg 226Ra: A € [2.0;4.0] Bq/kg
214pp : A € [0.1;0.2] Bq/kg

3) 49K radio-isotope : 214B; : A € [0.09;0.17] Bq/kg

210ph : A = (570 £+ 290) Bq/kg

« YK:A€[0.4;0.8] Bq/kg

Lead

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



M 2% Example of mono-energetic peaks Riesenes

-y

Efficiency obtained only with GEANT4 :

generations of 27 mono-energetic peaks

2000

1000F ]

N

(91

o

o
AN N A LA L N LA
[ [T e

— <<al S S "'iéd"zad"éom&"soo 700
20 40 60 80 100 120 . o
Total efficiency calculated from :

— T T e _ Npear(E)
10005 | EG4(E) =
600 N N [ ........... o

...... - | ,iw

L i . I ELL
200 400 600 800 1000 1200 1400 0 500 1000 1500 2000 2500

—
S
o
o
II|III|III| II|I T III|III|III|

[o)]
o
o
AL

Nyear (E) : peak area at energy E

Ngen : number of single-energy photons
Example of spectra for single-energy peaks : generated
100, 700, 1500 and 2600 keV

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



M \=C Specific activity : 232-Th example riceases

Mass of polyethylene : Mpr = 2T

Chains in secular equilibrium with GEANT4 :_

Acquisition time : Tpyy = 60314 s A®4(232Th) = (1.62 + 0.06) X 10 mBq/kg

Chains generated : N, = 1.3 x 10° A%l =
TruN

Linear coefficient: a = 0.1506 + 0.0047

Specific activity for the 228-Ac peak at 911 keV
of the 232-Th chain:

Number of events : N7, = (2.37 +0.10) x 10°

ASear(3*8Ac) = (1.61 £ 0.09) x 102 mBq/kg
Intensity of the peak: I, = (25.8 £ 0.4) %

Total efficiency : €“* = interpolation

G4
a X Npeak

AG4 228A —
peak( c) Trun X1, X €

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar—-27/03/2025



M 125 Impact of secular chain equilibrium  rieeeses

175 -
150 -
o
X 125
o
m
& 100
>
=
S 75
2
< = e ——
< 50_
25
2087y **%Ac 208y
0 == [ ] ]
583 011 2614

Energy (keV)
Example for the 232-Th chain in PE

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



M 125 Impact of secular chain equilibrium  rieeeses

First equilibrium
L1 downto Ra-isotope 1757
= == == Break in equilibrium 1501
g
: Second equilibrium > 1251
from Rn-isotope m
& 100-
>,
e
S 75]
2
S oll= =
< 50_
251
228
ZOSTI Ac 208-’-‘(
o] —— [ ] /)
583 911 2614

Energy (keV)
Example for the 232-Th chain in PE
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M 125 Impact of secular chain equilibrium  rieeeses

“Th First equilibrium |
s : Thorium : down to Ra-isotope 175
Actiniur == == == Break in equilibrium 1501
R g
: Second equilibrium > 1251
S— from Rn-isotope m
& 1001
Radon b
S 759
Astate _|L_|J
) ol = o+
Bismuth 25 7
2087y 228Ac 2087y
Plomb 0_ —_—— [j |::|
. 583 911 2614
Energy (keV)
232-Th decay chain Example for the 232-Th chain in PE

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



M ¢ Impact of secular chain equilibrium  Rrieweses

First equilibrium
Thorium : down to Ra-isotope 1757
Actinium = === Break in equilibrium 1501
R fo)
: Second equilibrium eé\_ 125
Francium from RTl-iSOtOpe CD
& 100-
Radon . . . >,
Two different equilibrium E 75 ]
Astate levels visible in GEANT4 data : 8
| | < sll=
Polonium * First coherent with secular
equilibrium of the chain -
Bismuth 1
228/ ¢ 208
o 2087y Tl
. Second not coherent J T B —
. * Neither is consistent with 583 911 2614
LSM data ! Energy (keV)
232-Th decay chain Example for the 232-Th chain in PE

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025
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% o Activity measurement : peak by peak Rieeenes

238-U decay chain

Uranium

Protactinium

Thorium

Actinium

Francium

Astate

Polonium

Bismuth

Plomb

Thallium

D First equilibrium

down to Ra-isotope

D Second equilibrium

from Rn-isotope

Only one equilibrium level
visible in GEANT4 data :

e Coherent with secular
equilibrium

* Not coherent with LSM
experimental data !

600 -

500 -

Activity (mBg/kg)

100 -

N
o
o

300 -

200+

== == =
214; “IK
*%Pb 214Bi [ ] ]
352 609 1765 1461

Energy (keV)

Example for the 238-U chain and 40-K

SERRA Renaud (ILL & LPSC) — Back-up
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M >C  GEANT4 simulations in shielding rieeeses

Simulations of the 5 chains in both shielding : PE & Pb

* Place these radioactive isotopes in the shielding to
obtain a gamma background model

 As homogeneous in lead or polyethylene shielding
with GPSInMaterial method

* Modification of the lead shielding macro

OuterShieldingBuilder.cc : v . OuterShielding Lead Bot 1 physical [0]

v 1] outershielding Lead Bot 2 _physical [0]

> separation into two lead layers to save v! [l outerShielding_Lead_Mid_1_physical [0]
calculation time during simulations v! [ outerShielding_Lead_Mid_2_physical [0]

v [l outershielding_Lead Top 1 physical [0]

> Radio-isotope generation in the first cm only v| [ll] outershielding Lead Top 2 physical [0]

Example with the first centimeter of lead in red

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



M 2% GEANT4 simulationsinlead — rieeewes

Area of a regular octagon :

| [l] outershielding Lead Bot 1 physical [0]
v ] outershielding Lead Bot 2 _physical [0]
v| [l outershielding_Lead Mid_1 physical [0]
v [] outershielding Lead Mid 2 physical [0]
v [l outershielding_Lead Top_ 1 physical [0]
v [l outershielding_Lead Top 2 physical [0]

A=2(14++2)a?
= 22 R?
=8(vV2 —-1)r?

Volume of lead shielding : V = A X H

* R= —— = Z__ : circumscribed radius
2sin()  V2-V2 Massoflead: M =V x p = 20.35T

T

« r= %cot (E) = % (1 +V2) :inscribed radius Mass in first centimeter : M; ., = 936 kg

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025
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NEUTRONS

i et Modification of the lead layer
Spectra comparison for 232-Th chain in lead
}%j — Generation in first cm New volumes for lead shielding :
§ 102 E e R S S e e G e S RS G t' H 5 f' t AT ROAHR S
© 8 SR, TIRNS S —————————— sherafion > frstem = e Using G4Polyhedra
e N S D D » Creation of a new Lead2 material
10 e e . Testing with the radioactive chains
- V] e st o e s
\’ |
[l |
il |
1E ------- | e J III »»»»»» ’ ] > Expected pattern: number of events
i A A I _ ;
0 1000 2000 3000 4000 5000 6000 7000

Energy (channel)

Comparison of 232-Th chain spectra in lead

SERRA Renaud (ILL & LPSC) — Back-up

1 if thickness T (attenuation)
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M 25 Modeling the transfer channel slab  rieeenes

FOR SOCIETY

ILL transfer channel slab = concrete + steel + stainless steel
Dimensions and properties obtained from plans supplied by ILL (Stéphane FUARD)

p = 84 kg/m? for steel
simplification by creating a
p =47 kg/mz for stainless steel composite, homogeneous
material

= dI =2,393 g/cm3

d = 2,3 g/cm3 for concrete

Modify “MaterialsBuilder.cc” and “OuterShieldingBuilder.cc” to add this slab to the simulation

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



M ¢ Modeling the transfer channel slab  Risweses

True transfer channel dimensions :

Width : x = 755cm = 7.55m

Length : y= 3000 cm = 30 m

Height :z=100cm =1m

Volume : V = 226.5 m?3

Rotation/shielding : @ = 9.6°

x translation : T, = —280.5 cm

— volume too large: simulation not
optimized

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



M ¢ Modeling the transfer channel slab  riseeses:

GEANT4 transfer channel dimensions :
* Width:x=400cm =4m

e Length:y=400cm =4m

e Height:z=100cm=1m

* Volume:V =4m3

* Rotation/shielding : @ = 9.6°

* x translation: Ty = —103 cm

 —volume reduced by 98% : less
computing time
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o Ce Ricochet RUNO13 p—

* 1 MiniCryoCube
e 2-part lead shielding

 Generation in the first centimeter of lead and
throughout the polyethylene

. , , * 3 detectors but only one sensitive volume
GEANT4 simulation for Ricochet RUNO13

(G. Chemin) * No internal shielding

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



M ¢ Activity measurement : peak by peak riseener

* Obtained with the same linear
coefficients as the HPGe study

Simulated data for radio-isotopes in PE and lead

* Requires convolution with
energy resolution

Count (event)

* Requires convolution with
energy efficiency

* Maximum energy

M \l\ !|f\lH! expermentally detected by

ol
500 1000 1500 2000 2500

Energy (keV) « Peaks not visible the radiogenic
background for RUNO13

107"

<

Linear combinaison of the radiogenic simulations for RUNO13

SERRR Reéreauech (L(LL& &PFT)G) Bdickelspup PhD seminar —27/03/2025



M \C Activity measurement : peak by peak Rrisweses

* Obtained with the same linear
coefficients as the HPGe study

* Requires convolution with
energy resolution

10 * Requires convolution with

energy efficiency

\I

! |

! ![!!!!‘

iy

[

* Maximum energy
experimentally detected by
RUNO13 : 700 keV

Simulated data for radio-isotopes in PE and lead

0 100 200 300 400 500 600 700
Energy (keV) e Peaks not visible the radiogenic

background for RUNO13

Linear combinaison of the radiogenic simulations for RUNO13

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



M 2% Reactogenic background : 41-Ar  Rriceene®

41 o : _
éllfllAr Reactor ON — 1gAr activation with 71, = 109.61m

2 40 1 41 41 0.— , 0~
7/2+ TeAr + gn - {gAr — 15K+ Je™ + v,

7/2 —
E=1677.0keV | 77—

Method 1 : generate argon in the entire GEANT4 World

E = 1293.6 keV * Ny = 107 evts = Ny~ 10° evts

* OQutput file too large and few statistics |

3/2 .
[2+ Method 2 : generate argon in central part of the cryostat
L{%K * Add argon-filled tube and subtract other volumes
Argon-41 decay diagram * Ngen = 10°% evts > Nger = 5 X 10° evts

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar —27/03/2025



M =% Ricochet RUNO13 : #1Ar contamination Riesewes

e Addition of an argon-filled layer between
the Ricochet shield and the cryostat

e Addition of an argon-filled zone on top of
the cryostat

» Shown here in yellow

* 1 MiniCryoCube

e 2-part lead shielding

i
|

* No Veto and CryoVeto

» 3 detectors but only one sensitive volume

* Noinner shielding

SERRA Renaud (ILL & LPSC) — Back-up PhD seminar—-27/03/2025
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NEUTRONS '
FOR SOCIETY Grenzile

RICOBCHET.

Simulated spectrum for 41-Ar

10°

Count (event)

ﬁli\ |'|HH! '
J o

10*

TIIT

10°

TR

10?

10 ¢

?
%

Experimental data S '

—— Simulated data

Count (event)

0

500 1000 1500 2000 3000 3500

Energy (channel)

2500

10°

10*

10°

10°

10

| |||||||‘

m—

) Wﬂ ﬁrh

i

3400 3420 3440 3460 3480 3500
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