The CRAB project: precise calibration of
cryogenic detectors

Romain MARTIN, CRAB collaboration

IRN Neutrino, June 2025




Nuclear recoll ;: Direct detection of dark
matter and neutrinos

« Experimental signature: Nuclear Recoil (NR) * Coherent Elastic neutrino Nucleus
Scattering :

107 g — .
X TR0 e o * Low nuclear recoil < 1 keV
In 14 '// o L COUr
- Irreducible background for DM search

I(] ol ] = }? \
o i %} EDELWEISS (Surf)
SR ay, ‘_\\ — * Test electroweak sector of SM at low E
= WS-G
= crEssT-m DAMA/Na
g 0% D\‘\\‘ S _pamic paMan s A scattered
= CDMSIilt \*‘\L = COSINE neutrino
% I(]_4: DarkSide-5(§(S2) ‘\ 0, _\upcr(.‘l)_\lﬁ Lqide-50 ,ﬂ
2 XENONJIT (52) R EDELWEISS JEAP-3600 & ————
S 10 = ZrRon

o il

~ ' ' o b Z '\ nuclear

— il Pands 0S0N \ recoil

22C
107 = a @
il Fiikil | /

-5
10 50 O

L L 1l 1 L L Ll 1 L L L LLll L 1 lllllll 1 L L L Llil
/.I 0305 1 35 10 30 50 100 300 1000 3000 10* &
]
WIMP mass [GeV/c]
Low mass DM secondary

(sub-keV NR) . Billard et al., Rep. Prog. Phys. 85, 056201(2022) scintilation grole



Calibration : detector response to NR

Standards calibrations : Electronic

Recoils (ER)

Goal: induce low energy NR to mimic

signal

CRAB : Calibrated Recoil for Accurate

Bolometry
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CRAB method

* Radiative thermal neutron capture: y + NR
* NR fixed energy : . _E - Calibration peaks <1 keV in CaWO,, Al,O,, Ge and Si

NR_2M

* Pure NR
* Sub-keV range
e Uniformly distributed in

the detector

L. Thulliez et al 2021 JINST 16

P0O7032 : Calibration of

nuclear recoils at the 100 eV

scale using neutron capture 4
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* Multi-Y : induce continuum of nuclear recoil

* Intense peak at 112 eV « easy » to detect

Counts/capture/eV
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Promising target for CRAB : CaWO,

* 3 main natural isotopes of W : 186\, 182\ and 183\V :
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-~ peaks at 81, 112 and 160 eV

Resolution : 0 eV
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Experimental validation

* 252Cf neutron source next to the NUCLEUS * 112 eV peak detected at 2.9 o
cryostat in Munich.

* Neutron capture events at 6 o

Bluitars 252Cf source * Confirmed by CRESST at6.6 o
crystat 3 < ?g in moderator . CRAB works !
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e Fast neutron background induced by the source
prevents high precision measurement 7



Phase Il : Toward high precision

« CRAB at atominstitut in Vienna
* Research reactor, P ~ 250 kW
e Collimated and pure thermal n beam

Vienna

"TRIGA Mark-Il reactor in Vienna "



Experimental setup : The neutron beam

Reflective Graphite crystal
mounted on hexapod

1

Beam dump_

Dilution
refrigerator
\

Cryogenic

Gas handling system

detector

2D neutron detector
R (®He filled wire chamber)
2" graphite

crystal mounted
Qo hexapod ./

Gamma

beam detectors \
L 2D neutron detector
< shielding

1°t graphite

crystal * Electronics /

DAQ rack

TRIGA Mark-Il reactor Collimated

beam

Measured flux :
¢ = 469 * 47 nicm?/s 9




Experimental setup : The cryostat

Dilution Gas handling system

refrigerator '\
Beam dump 0

\\

\  Cryogenic
detector

2" graphite
crystal mounted
on hexapod .

Gamma
detectors \‘

2D neutron detector

1* graphite

crystal Electronics /

DAQ rack

TRIGA Mark-Il reactor

Wet dilution refrigerator

RuOx thermometer

Ohmic stage heater

i

Detector -
. holder
LS mechanics

Experimental volume

Lifting frame

Still pumping port

LHe recovery port

IVC top plate

LHe dewar

1K plate

Still plate

Heat exchangers
?,/\lAI))((I(I‘:\)g chamber

Inner vacuum
chamber (IVC)

Outer vacuum
chamber (OVC)

OVCrelief valve

Liquid “He (LHe) cryodetector
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Installation : summer 2024
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Experimental setup : The Y-detectors

BaF, detector array

Dilution
refrigerator
\

Beam dump\ N otenic

detector

2" graphite
crystal mounted
on hexapod ~_

detectors \
s 2D neutron detector

< shielding

1*t graphite

crystal - Electronics /

DAQ rack

TRIGA Mark-Il reactor

Cryodetector * Tag NR in Time, Energy and Direction
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Coincidence Y-NR

%4.5

5 Ak
* Detection of NR in coincidence with the Y reduces §as %

multi-y background = (/{96‘
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* Relax constraint on energy resolution >
0.5
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Coinc %

w 500
c = Coincidence spectra
3 450 E,E [4.7, 5.5 MeV
© 400 E, =80.8+0.1eV
E L —0U.0 T U
350
E Ep =8l4eV
300;—
250
200
150
100
50
il RPN RPN PR R la
%O 40 60 80 100 120 140 160 180 13

Energy(eV)



Cryodetector signal

Stream with pulses :

pulse amplitude o Energy =~ — o=
s
zﬁ 0.03-
&
: -
L= T 0 AT A s umes s sems  me omes  ow  ashs

time (s)

e Continuous stream
* Offline analysis

Aluminium PCB



Current status

We have so far :

We want :

Challenging energy
resolution <10 eV not
achieved in Vienna yet

MeV Y
Cryodetector

Y or conv-e:
10-200keV

Degraded energy resolution : 20 eV
(E,, =100 eV)

Unexpected very low gain in a
CaWO4 cube operation
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High energy CRAB events from multi-Y cascades

« 0.7g CaWO,cube :
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Results : energy spectrum

* Data show electron conversion lines - L o
200(- [ N R TR S
* Good agreement data/simulation after 1; :
update of the *¥”W decay scheme! 150~ 3
. g |
* New input for nuclear database ! S ook~ i Eneray (ko)
o - : : :
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____________________________________ 5 204.9 3/2- 50—
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Beam induced “4
events

Results : Rate time evolution

High energy event (>20 keV)

Method : fit on the data a model with several contributions

3 normalization parameters :

O,

) A Argon

Fitted neutron flux : ¢,=442 + 2 n/cm?/s

Argon activation

— Measured ¢,=469 = 47 n/cm?/s

* Excellent data/model agreement

Rate (Hz)
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0.5*’
0.4
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Reactor ON
— n capture G4
187W-FISPACT
—— Argon model BaF2
Bkg OFF
- Fit model
¢ Data
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20
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- validation of our understanding of signal and background components

80
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Coincidence Y- Cryodetector

 Time difference between events in
cryodetector and y-detector

* Flat background : accidental

coincidence Cryodetector
* Coincidence peak shifted by 580 us
due to readout delay w“: —
{ 10-100keV Y ~100eV NR :

https://arxiv.org/pdf/2505.15227 Fem e mmeeeseemssesssssssesssesoseea- '

Submited to EPJC
19


https://arxiv.org/pdf/2505.15227

Coincidence y-cryodetector

 Time difference between events in
cryodetector and y-detector

* Flat background : accidental
coincidence

* Coincidence peak shifted by 580 us
due to readout delay

https.//arxiv.org/pdf/2505.15227

Submited to EPJC
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https://arxiv.org/pdf/2505.15227

Perspectives : Hardware improvement

LED calibration
* ER calibration from light

* Reach better energy resolution pulse
* Detector response
 Electronic noise reduction different from ER to NR

* u-metal shielding * Inter-calib ER/NR

* LED system

Optical fiber

* Next cool down : July 2025

21



CaWaO, : Insight to crystal defect

Impact in CRAB spectrum : Impact in CEVNS/DM spectra :
. i S, LT S S - 4 = 3
» Stored energy in crystal defects Ly ﬁ— Raw . F e
induced by NR C — Corrected 5 | 5
e I ‘{ \ f‘\ 2 i = ]
* July-December 2025 : Probe crystal Sty % 3 b o 1 E
defect creation in CawO, with CRAB I VI = [ ——rawcews 5
- \ ! \ Corrected CEVNS
L \\ SCx 10° = ‘ J
 Lead to spectral distortion that should  Recollenergy(eV) “ I
be taken into account for CEVNS and I
low mass DM spectra 3 T
Nuclear recoil 112 ]
energy eV g —— DM ratio
Average 8.9 S T —epans
energy stored e\l -
in defects I g ‘ ‘
L I 1 I o8 10 10°

Nuclear recoil energy (eV)

Non-linearity

(defect creation
thresholds)

PRD, 2025, 111 (8), pp.085021. -



AlLO, : Multi-Y cascade’s timing

Multi-Y : NR energy depends on the cascade’s timing

« ALO,: Probe timing effects between Y and displacement cascades
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072009

Extension to Germanium

Incident
: . article
* Preparation of a double readout heat/ionization P
Germanium detector from TESSERACT and _ _
RICOCHET Nuclear recoil !l Electronic
(NR) recoil (ER)
* Quenching factor study : Crucial for particle
Identification Atomic lonization yields - )
o . displacements ‘ TTTLLLELLL LY ectronic
* Implementation in the CRAB setup in 2026 P > excitations
Germanium
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Thank you for your attention !
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Back up



NR detection In cryodetector

400 Amplitude < Energy
:pﬂ—w“ So.zs-

Calorimeter: NR induce heat 1 ) .
measured by phonon collection & ., ' 3% -

100 £ Fd AT

i

TES operated at normal-supra e n . , , ‘ | | j—
transition (15 mK) Tk ST e
Gpa!: mpluce low energy NR to Thermometer & >
mimic signal (TES) P ¢ NUCLEUS: Cawo,

r—

CRAB : Calibrated Recoil for
Accurate Bolometry
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Detector material Target nucleus Compound nucleus
Formula & E[n_-l_; Pcaptune I'.' E‘. Half-life Er FoM
Size (mm) Isotope ) N
(em=!) (%) (%) (MeV) (ps) (eV)  (x10%
- 6.90 4.133 ;
27 99.89 571.0 0.89
1173 <3 3.560 0.03
- 0.56 3.825 ;
27 99.89 572.0 0.28
46,08 —3.902 0.19
N 3.12 3.849 )
27 99.89 572.0 268
78.06 < 3.876 0.02
- 0.87 3.789 ;
27 p 99.89 572.0 0.39
4065 - 3.936 0.02
Al203 s
E £ [ 1.10 = 10 - 0.73 4.015 -
R 2 99.89 573.0 0.30
3717 < 3.705 0.19
- 6.90 4.134 .
27 p 99.89 575.0 4.49
5027 < 3.902 0.03
N 6.80 4.260 )
27 99.89 578.0 6.55
87.72 <> 3.466 0.04
- 3.39 7.693 .
27 p 99.89 1135.7 372
100 s 0.031 2070
27 g 99.89 26.81 7.724 ) 1144.8 29.46
) 7.10 7.200 ;
285 94.60 990.4 5.53
5 4,93 x 10-3 100 <31.273 0.29
s PN *
10 107520 285 94.60 217 8.474 i 1330.1 169
29gj 3.38 6.73 10.609 . 2016.0 0.19
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Detector material

Target nucleus

Compound nucleus

Formula & E[n.-. ) ISOtDpe Pl:aptl.lle JT-I E- Half-life Er FoM
Size (mm) (em=Y) (% (%) (MeV) (ps) (eV) (> 10%)
L 11.75 6.253

"iGe 8.58 280.6 9.69
9852 0253  1.36 (W)
_ 530 6.117
Ge 28.30 2960 1151
78.65  <1.299 0.4
Ge 8.58 283 6.506 303.2 237
i 262 6.276
Ge 28.30 307.9 5.59
7731 <1139 4.00
e 3 —3
0.76 % 1072 h 4.80 6.708
10 x 10 x 10 Ge 28.30 3443 1265
9544 0708 <1070
i 383 6.916
Ge 28.30 3639 1050
9930 0500  0.18 (W)
T Ge 28.30 1.95 7416 416.2 5.39
1.02 8.732
™ Ge 51.55 99.95  —0.868 153 561.8 512
99.86  —0.596 12.14
_ 7.42 5.262
186y 58.11 79.6 28.34
2773 0205  2.6(W)
) 524 5165
12y 29.01 81.3 18.84
523 31,026
Cawoa
247 % 101 _ 526 5321
48x48x 48 ' 186y 58.11 814 2768
3821 0146 7A(W)
186y 58.11 0.26 5.467 85.8 358
182y 29.01 13.94 6.191 1125 9584
183y 762 583 7.411 1603  10.53
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CRAB in AlLO,

* |sotope 27Al : Intense peak at 1140 eV

* Additionnal structure at 570 eV from a 2 y transition (slow)

Resolution : 0 eV Resolution : 5 eV
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- - : N — Conmerce e
CRAB In Germanium o
Several peaks in 200-600 eV from _
slow multi-y transition o M,

550 600
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100 150 200 250 300 350 40 colew b 1o | CPTN L dof] nlellththin ]

o B ,
500 520 540 560 580 600 620 640 660 680 700
Energy(eV)
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I I b h h 800_— Ery =294.720.6 €V 400_— E, =3531+06eV
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Air dumpers

32



Gas Handling
System
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Lead

Lead wall
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Commissionning BaF2

BaF2 characterisation
* Energy calibration with radioactive sources

* Detection efficiency

On site backgound measurement
e Characterisation Y+n background source
* Background mitigation : passive shielding — meet specifications

10°F i i é
: Argon pealgs —— ON, no shielding
N H —— ON, shielding
10 — OFF
v 1 |
z
Z 1
g 10
107°E
107
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Cryodetector analysis

Software : CAIT developped at
HEPHY (Vienna)

Template pulse to build a standard
event (SEV) from physical pulses

Clean baseline to build the Noise
Power Spectrum (NPS)
Optimum Filter (OF) :

- Enhance signal frequencies and
supress noise frequencies

- Increase SNR for low threshold
sensitivity

Amplitude (V)

=3

0.8

Amplitude (V)
=
= o

<
o

=
=]

Time domain

Standardevent
Parametric Fit

0 200
Time (ms)

400

Amplitude (VA2/Hz)

10—5 4

10710 1

» Frequency domain :

10* 107 10*
frequency (Hz)

Channel 0 NPS

10!

10? 10?
Frequency (Hz)



Cryodetector analysis

Filtered pulse amplitude ~ deposited
energy

Used to reconstruct the recoil
energy spectra

Clean cut applied to remove
artefacts or pile up

Energy calibration

Amplitude (V)

Event : ~200 eV

—— non filtered pulse
—— filtered pulse

0.0100 -

0.0075 4

0.0050 A

0.0025 -

0.0000 - ea
-0.0025

-0.0050 1Y

—0.0075

0.000 0.025 ©0.050 0075 0,100 0.125 0150 0175 0.200
timeis)

 Resolution : 8 eV
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Phase diagram
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Experimental validation : CaWO4

e 112 eV peak detected at 3 o
significance by the NUCLEUS
collaboration and at 6.6 ¢ by the
CRESST collaboration

* First validation of the CRAB
method !

PRL: Observation of a nuclear recoil peak at
the 100 eV scale induced by neutron capture
(PhysRevLett.130.211802)

PRD: Observation of a low energy nuclear
recoil peak in the neutron calibration data of the
CRESST-III experiment (Phys. Rev. D 108,
022005)

Counts /4 eV

f2eV

Clonnts

Data

Complete Model

Simulated CRAB events

Simulated fast n background

Model of measured external background

N L s o

150 200 250 300

Energy (eV)

[—1 Data
—— Thest Fit
Biu':-i'_{lunlnci Diata
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Experimental setup

iii) Cryogenic infrastructure

ii) Reflective Graphite Dilution Gas handling system
crystal mounted on hexapod Bédm dirs S ) Litng frame -+
= 3 . % Cryogenic il
\  detector " [

HOPG || Ratary tabis 0] Hexapod @ :

2™ graphite
crystal mounted
on hexapod -

Heaters

: Mixing chamber
Primary bearm-._

SRS p Detector volume
s = etector
//' Neutron Liquid helium —— e
beam port : | !
/ P Relief valve —
Y

i) TRIGA Mark-Il reactor

,ll * graphite

“F
| crystal oy Electronics /

DAQ rack
Cryostat insert
Upper structure
Devwvar

Lead-loaded pockets
Alr damper

Beam axis

Crown of p-detectors

Meutran beam monitor

Lower structure
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