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Abstract:

The RICOCHET experiment, located at the Institut Laue Langevin (ILL) in Greno-

ble, France, is a Coherent Elastic Neutrino-Nucleus Scattering (CEVNS) observatory that
aims to detect reactor-neutrinos through sub-keV nuclear recoils. This low-energy
frontier presents itself as an opportunity to probe neutrino physics beyond the Stan-

dard Model as the coherent interaction amplifies the cross section, reducing the total
exposure required to reach new sensitivity limits or discovery. RICOCHET has been
commissioned at ILL and has been operating since early 2024 with an array of Ge
detectors utilizing heat and ionization readouts. Although in this talk, | will focus on the
development of the complementary detector array (Q-Array), which uses superconducting
crystals (e.g. Al, and Sn) of around 30 ~50 grams as the recoil target and Mn-doped Al transition-
edge-sensors (TESes) for heat readout.
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OUTLINE

1. Coherent elastic neutrino-nucleus scattering
(CEVNS)
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IWhat IS neutrino?
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IWhat IS neutrino?

It is the Sun!
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IWhat IS neutrino?

« The sun under a “Neutrino Telescope”!
« 50,220 tons of pure water
11,146 PMTs, a kind of photon sensor
* 1,000 meter underground
« Detect the electrons accelerated by
neutrinos.
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IWhat IS neutrino?

« The sun under a “Neutrino Telescope”!
« 50,220 tons of pure water
11,146 PMTs, a kind of photon sensor
* 1,000 meter underground
« Detect the electrons accelerated by
neutrinos.

« 7 x 1019 solar neutrinos per second per
square centimeter pass through the earth.
oy « 7000 solar neutrino detected over 504 days

2 of live time by this detector
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* Extremely hard to catch!
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. Neutrino: One of Fundamental Particle

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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. Neutrino: One of Fundamental Particle

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I I II1
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Gauge Bosons carry forces
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. Neutrino: One of Fundamental Particle

Northwestern

Standard Model of Elementary Particles
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‘Why we study Neutrinos?

* Known Property:

<0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? e Le ptO ns

0 0 0 .

N I * No electrical charge
electron muon tau e “No mass”
neutrino J{ neutrino J{ neutrino ;

3 flavors, each is a “sister” of the
charged lepton

Northwestern




‘Why we study Neutrinos?

* Known Property:

<0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? e Le ptO ns

0 0 0 .

N I * No electrical charge
electron muon tau e “No mass”

neutrino /| neutrino /| neutrino |

3 flavors, each is a “sister” of the
charged lepton

* Why we are interested in it?

* One of the most abundant particles in the Universe
« Remember the amount of solar neutrino

* Yet also one of the least well understood
« Even the mass is unknown

» Properties that confirm the existence of physics Beyond the

Standard Model!!!

» Like the neutrino oscillations: 3 flavors change to others when

propogating. ——

2015 NOBEL PRIZE IN PHYSICS
Z I T an
7 \ V” o *‘\
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Takaaki Kajita and
Arthur B. McDonald
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‘Why we study Neutrinos?

* Known Property:

<0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? e Le ptO ns

0 0 0 .

N I * No electrical charge
electron muon tau e “No mass”

neutrino /| neutrino /| neutrino |

3 flavors, each is a “sister” of the
charged lepton

* Why we are interested in it?

* One of the most abundant particles in the Universe
« Remember the amount of solar neutrino

* Yet also one of the least well understood
« Even the mass is unknown

» Properties that confirm the existence of physics Beyond the

Standard Model!!!

» Like the neutrino oscillations: 3 flavors change to others when

propogating. I——

2015 NOBEL PRIZE IN PHYSICS
AN s 0

* Physicists are eagering to study on Neutrinos! AP
=¥ 5

Takaaki Kajita and
Arthur B. McDonald

oooooooooooooo
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Coherent elastic neutrino-nucleus scattering

Coherent elastic neutrino-nucleus scattering

In short “CEVNS”, pronounced as 7’s
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Coherent elastic neutrino-nucleus scattering

Elastic means the nucleus does not change after the interaction.
Only momentum exchange happens.

Va Vo

V+A— V+A Z

and Nucleus (4,2) (4,2)
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Coherent elastic neutrino-nucleus scattering

Elastic means the nucleus does not change after the interaction.
Only momentum exchange happens.

Va Vo

+A— V+A Z

and Nucleus

Coherent means the neutrino scatters with the entire
nucleus, not single nucleon.
Due to this feature, the cross section is enhanced.
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Coherent elastic neutrino-nucleus scattering

Elastic means the nucleus does not change after the interaction.
Only momentum exchange happens.

Va Va

'+A— V+A :

(A, Z) (A, Z)

and Nucleus

Nno coherence

Coherent means the neutrino scatters with the entire
nucleus, not single nucleon.
Due to this feature, the cross section is enhanced.

do G#MQj, _, MT

at =~ 2m 4 T(@QC-5)

O : Ccross-section F: Nuclear form factor
T: Recoil energy E  : Neutrino Energy

Gr: Fermi constant  Qv: Nuclear weak charge
M: nuclues mass A
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Coherent elastic neutrino-nucleus scattering

do G#MQjy, _, MT

at = 2m 4 T Q@)

O . Cross-section F: Nuclear form factor
T: Recoil energy E,: Neutrino Energy

Gr: Fermi constant  Qy: Nuclear weak charge
M: nuclues mass

Qw =N — (1 —4sin?6,,)Z

sin%6,, = 0.231

SO protons unimportant
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Coherent elastic neutrino-nucleus scattering

do G#MQjy, _, MT

at = 2m 4 T Q@)

O . Cross-section F: Nuclear form factor
T: Recoil energy E,: Neutrino Energy

Gr: Fermi constant  Qy: Nuclear weak charge
M: nuclues mass

Qw = N — (1 —4sin?6,)Z o
=
=
sin?6,, = 0.231 -
SO protons unimportant -g
O
w
d_o- [0'¢ N2 g 10_38
dT 2

Due to this feature, the cross-

section is enhanced. 10 20 30 40 50 60 70

Neutron Numbers
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OUTLINE

2.Why measure it? What is the physics motivation?
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‘Why we measure it?

« CEVNS as a test for “known” physics
0.,, F(Q), quenching factor......
« CEVNS as a window for Beyond Standard Model Physics
®9HOO
electron tau sterile 1.2,
neutrino neutrino nevutrino
« CEVNS as a background for new physics
2 3 Gradlenwfdlscoveryhmlt n— d]mf/d]nN) lﬁ n parameterises the
10-% “fogginess” of the
. — 1041 neutrino fo
« CEVNS as a messager for astrophysics %' - s shows tht the
e iiifii’ifff'ihgg’y
everywnere

0—45
10-46 The “edge” of the fog
(n>2), once you get past
g . it, you can never do
EI 1048 better than Poissonian
c% 1074 again (because N,>1).

10! 10° 10! 10% 10° 10*
DM mass [GeV/c?]
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CEVNS as a test for “known” physics

» CEVNS is predicted by the Standard Model.
« Test for the Weinberg Angle

do GyMQjy MT

F2(Q)(2 -

dT =~ 2m 4 E3

)

* Interplay between electron weak and nuclear physics

« Test for the nuclear form factor F2(Q)

« Measurment for quenching factor

Z-pole
semi-leptonic

5 03
5 E
0.25 T TTTTT T T TIIT T T T T TTTITT T T LUBLBLILELLEL N S ALY "3 0_28:— Lindhard mOdeil k=0.162 + 0.004 Ge (BBK}
- | —— existing measurements % o:0 Z_ Correlated systematic uncertainties
| | — future measurements (anticipated uncertainty) 5 B
0.245 |- | === SM (MS scheme including higher orders) - & oo :
= c - 1
2 o
B curve by Jens Erler E 0.22 =
B c -
024} SLAC 5158{ JLabQ, (p]I NuTeV I
= = L ]
oz i -
= i Cs APV 0.18F
0235} =] r —e— E =(790% 11) keV

Z-pole leptonic

Ll PRI N T T SR AT WY TT] S SN I W T 171 S NI W1 T] SSSRNE WT 1T SES MW RRTT| N
0001 0.01 0.1 I 10 100 1000

Q [GeV]
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0.16

0.14

0.12

0.1

E,= (644 + 4) keV
—e— E,=(490+3) keV
E,= (249 + 2) keV

90% C.L.

2 3 4 5 6 7
nuclear recoil energy (keV )
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'CEVNS as a window for Beyond Standard Model Physics

« Beyond Standard Model Physics will modify the spectrum
* neutrino magnetic moment
 sterile neutrinos

. w =107 up
O — v-flux: 10'2cm=2s?
= . Ge Target
(0)) 3 .'~.
10° =— ""--..
g CET—
< ————— "~ .
N S L.
o 10°=— TR
£ e Standard Model
g 10=— ,
Lﬁ E he Reactor
L neutrino
1= Am? =1.3e\? nuclear recoil
E ) endpoint:
L 5 ~1keV
1 ool Lol Ll I R
10407 1072 10~

1 10
Recoil energy [keV]
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CEVNS as a background for new physics

 CEVNS is known as the “Neutrino Fog” for dark matter
direct detection.

Gradient of discovery limit, n = —(dlno/dIn N)~1
7 8 9

2 3 4 5 6 10 11 :
. T [ Parameterises the
1079 ' "fogginess” of the
o 10—41 neutrino fog
& — this shows that the
210742 " <« not
= parameter space is no
-_g 1074 uniformly foggy
Y . everywhere
L 10
n
g 10~%
g 10-4 The "edge” of the fog
% A (n>2), once you get past
3 107 react hep‘& it, you can never do
1 2 . .
S 10-48 better than Poissonian
A .
= 108 again (because Ny,>1).
10—50
107t 10! 102

DM mass [GeV /c?]
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CEVNS as a messager for astrophysics

* Neutrinos carry information from the deep universe.
« Solar neutrino detected by the CEVNS process

« Supernova: 99% of core-collapse energy goes into all
flavor neutrinos of 10s of MeV.

Infall Neutlronization Accretion  Cooling

_Ve
]

S18E Tt
> . .
§12
<11
AN 10E
V 9E

8E

5 L. Huedepohl et al.,

gg PRL 104 251101

]
Time (seconds)
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OUTLINE

3. How to measure CEVNS
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. First measurement on CEVNS

Hg » Neutrino source: the Spllation
Neutron Source at Oak Ridge
National Lab

* Done by the COHERENT
Collaboration with Csl scintillator

oapmre

Decay at rest

7~0.03 ps detectors
Pion decay at rest Decaig Zf rest v
7~2.2us
nt > ut +v : Recoil Energy (keV_)
+ M_}_ _ 0 5 10 15 20 25 30 35 40 45
ﬂ ﬁe +Ve+v‘u _lIIIIIIIIIIIIIlIIIl|llII|IIII|III.I|IIII|IIII
B -4-Data Residual ]
Energy 2ol l [Jv, CEVNS N
2 E LLI | VvV i
! v, L [dv, CEvNS
< 10:? From n* 2-body decay BNy E : .Vu CEVNS :
. " = [MBRN + NIN
10°E Ve o i |
E — O 10 —
10°E ! Ve @a = N
= | From p* 3-body decay ®
o 3] = .
: <
10 From p- capture Wb e
T 7 |
10 ; B — 1] N
é 0 gﬁ
10 j i | l | | | |
‘ ‘ 0 10 20 30 40 50 60
L 11 AT WMM Mm 0L, L] PE
0 50 100 150 200 250 300

Energy (MeV)
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How we measure it?

e Source

* Nuclear Reactor

« Spallation neutron source

l 800 MeV
synchrotron I

A

70 MeV linac

~Y.

» Solar neutrino, supernova...

Northwestern

1022 4

1020 i

1015 4

lU]E 4

1_014 4

1012 4

lo]l] o

Differential Rate[(MeV- s)™!]

E,[MeV]
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How we measure it?
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How we measure it?

Germanium Detector

/ : . I:wization/Heat Sezesrzr;s"im
lonization I :];::
Charge AN
N 4

Array

Cryogenic Bolometer with

Liquid Noble-Gas
Charge Readout

Dual-Phase Time
Projection Chamber

N

/ n n " /
Scintillation — Phonons

Light Heat

N D Scintillating Cryogenic\ )
o Bolometers
Scintillating Crystal Cryogenic Bolometer
Liquid Noble-Gas Detector Superheated Liquid
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How we measure it?

* Detector
« Solid state detector: Ge+NTD, CaWO4+TES, Si+TES, Skipper CCD...

» Liquid detector: LAr Bubble Chamber, LXe scintillator...

Ricochet Ge RED-100 LXe Detector

Detector
Titanium
cryostat
Skipper CCD Array Top PMT

array

lectrodes
Sensitive __ _
volume e o

Bottom
PMT array
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‘Worldwide CEVNS Race is coming!
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OUTLINE

4. The Ricochet experiment at ILL nuclear reactor
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The Ricochet Experiment RIS®CHET:

S5

Ricochet is a France, US, Canada and Russia collaboration accounting for about 60
physicists, engineers, and technicians, aiming at building a low-energy neutrino observatory.

ILL Nuclear Reactor Cryostat

'--------

8 2

CryoCube

ACENCE
NATIONALE
DE LA
RECHERCHE

eC @WZES

&

-------

o) ©
Tl v @ & - (
Hir ®ues e e e DU % b LPSC
" . TORONTO WISCONSIN Iréne Joliot-Curie Grenshle

........ University

@ LINCOLN LABORATORY

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Argonne &

NATIONAL LABORATORY
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The Ricochet Experiment

* Ricochet @ ILL installation finished! f““e;gl;glﬁi%gém Suigaliing,

« 58 MW power: ~11 evts/day/kg (50 eV threshold) - Pb/Cu: 15 cm . Pb:20cm

» Ability to turn ON/OFF: subtract uncorrelated : 3301\%6;::1: Muon Veto * gﬁ‘;ﬁigﬁ“’
backgrounds!

« Significant overburden (~15 m.w.e) to reduce cosmics
« Fast and thermal neutron flux characterized

» Eur. Phys. J. C 83, 20 (2023).
» Test run with 3 Ge detectors finished

« Commission paper will come out soon!

Reactor Cryostat Local Technical Cabin | |Control
Core & Shielding Crane (1t)| |(pumps etc.) Cabin

Calibration
Source
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The Ricochet Experiment RIS@eHET

* Ricochet @ ILL installation finished! f““e‘l;lsgl;i(f:l‘?i;:)g;m Suigaliing,

« 58 MW power: ~11 evts/day/kg (50 eV threshold) - Pb/Cu: 15 cm . Pb:20cm

» Ability to turn ON/OFF: subtract uncorrelated : ﬁzohirtlg Muon Veto - gﬁ‘;ﬁﬁgﬁ“’
backgrounds!

« Significant overburden (~15 m.w.e) to reduce cosmics
» Fast and thermal neutron flux characterized

» Eur. Phys. J. C 83, 20 (2023).
» Test run with 3 Ge detectors finished

« Commission paper will come out soon!

Versailles ' @ Paris o Stuttgart
Saint-Mall
O'Rennes
Le Mai
giing O Tou
- —ONantes
Y O Poitiers France
| O La Rochelle
Clermon t-Ferran d o o Lyon 0.Bergamo
' Institut Laue-Langevin O Milan o.Ver:
O Turin
O/Bordeaux Parma o
o
O Genoa
o'Avignon

Florence®©
O Toulouse o Montpellier. Monaco
. im
R 2m

o Carcassonne O Marseille

o Pamplona .
AAAAA O Perpignan

) o 1)~
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Searching for New Physics ~ R1S@BHET:

Energy threshold

v-flux: 102 em2.s1(8.8m from ILL reacitor)

10*

.. mv=100pp

-~
~
-"...
‘1'*‘ ey
]

10° Standard Model

L]
E I . = N E = .

Electronic recoils

10?2 (100 back. events/day)

I
1 ER/NR dz'scri.:

v

v

10

Event rate [evis/kg/keV/day]

(5 back. events/day)

=
1O'IO 1 . 10
Recoil energy [keV]
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Searching for New Physics ~ R1S@BHET:

Energy threshold

v-flux: 102 em2.s1(8.8m from ILL reacitor)

10*

Standard Model

Electronic recoils

1

'

'

.. puv=1010 ug :
'

'

'

: '

(100 back. events/day)

I
1 ER/NR dz'scri.:

v

v

10

Event rate [evis/kg/keV/day]

(5 back. events/day)

Requirements for detectors:
* Energy threshold below 50 eV

« Target mass ~ 1 kg
« Discrimination ability between nuclear recoil and electron recaoill
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Ricochet Detector Technologies

19 b4
Cryocube

lonization+Heat in Ge
Sensors: NTDs and HEMTs

lonization/Heat Sensors

Germanium
h+
'

V L ] ®  eat

¥ EM backgrouan

lonization
Energy [keV]
0.1
QYT [TLTITTTT

01 02 03 04
Heat Energy [keV]
Particle ID based on Heat/lon ratio

Northwestern

“Q-Array”

Heat Pulse Timing in
Superconductor
Sensors: TESs  Heat Sensors

Tin (superconductor)

\/ Prompt Heat

‘\ Delayed Heat

= Sﬂmu[l@fﬂ]@[m
® S,
o
T @
S o W&&&%\ﬂm s
CD E ¥ o .
m .
0 O Los ‘%ﬁ% TITR TR
3 CU '....' }.‘ .:' .'_-" '-. i ge Immas
& & v:: ‘ . CENNS . ;ea?
Cluua L] GENs

0 0.1 02 03 04

Energy [keV]
Particle ID based on

Prompt/Delayed heat Signal
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Ricochet Detector Technologies

19 b4
Cryocube

lonization+Heat in Ge
Sensors: NTDs and HEMTs

lonization/Heat Sensors

Germanium
h+
'

V L ] ®  eat

Simulation

Ved)ed

Sl .
QT - igi EM: backgrounds
C x O [ . 3
o =©C = ;
C C O " “CENNS
2 LL] Z,"’.""Tf:'-'
Coobe o b b b
0O O. 0.2 03 04

Heat Energy [keV]
Particle ID based on Heat/lon ratio

Northwestern
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Cryocube Technology

incoming particle

S
h
/ A eat

<
& T sensor
N »
= —— E time
(40] A A i
@
'
=
b
Q
4
4

charge sensor time

« apply AV to collect electron-holes pair (10’s e-h
sensitivity)
* measure heat elevation (UK sensitivity)
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Cryocube: Demonstration

Y4
R mggggis;

Normalized event rate [a.u.]

 Ge-based NTD detector.

* A mini-cryocube with three detectors was
tested. Mass: 318 gram

i
i 400 -
'| 200 - i
E |E
i 0 {
_ﬁ”] 110 it Reference:
iy I-" | First demonstration of 30 eVee
'y J ionization energy resolution with
| !;ibf-«,g'lﬂ-: 1 et an b ..-«'J"é i Ricochet germanium cryogenic
/i b RER AR s IR /1: Wi bolometers.
L i K o Eur. Phys. J.C 84,186 (2024).
10_4';__ 3ED237 1.30 keV E 10.37 keV i
0.2 0.3 05 1.0 20 3.0 50  10.0

lonization energy [keVee]

Northwestern
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Cryocube: Demonstration R1 m@%?i»

38 eV  The baseline resolution ~ 34 eV @

+ 45####&:::%# ##t:ﬁ IP2I in Lyon.
19 __Hf#ﬁ“}H? +ﬂ}ﬂ--ﬁ+¢ﬁ—4——§y « With optimized HEMT-based

preamplifier, shoot for 20 eV.

| t& ? SN2 . i i !
! ?: ﬁ;ﬁﬂffﬁ 30 e+§+/ Leading resolution on CEVNS!

0 40 80
Exposure Time [h]

38

30

Baseline Resolution [eV]
34

EI —
O 1
— e -1
[0 I
| - 1-1
't > 2o
% \"o
CD C}l == CENNS rate > 50 eVnr |: i A @O\_
< 00T T G
Lﬁ T ] —= rep2zr 1,i E Youu
O ~ - RED237 i | | Reference:
1 First demonstration of 30 eVee ionization energy resolution
20 30 40 100
with Ricochet germanium cryogenic bolometers.
Baseline Resolution [eV] Eur. Phys. J. C 84, 186 (2024).
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ILL Commissioning Result
%é Reactor: OFF S| Reactor: ON
) Baseline Resolution: 40-45 eV ~| Baseline Resolution: 45—47\leV
~S : \\J\\\\\ 3 i \J\\\\\
I o 2 eV
S \ J i DV J
8 o JiEL ; o , Mtlﬂihk ; . :
0.4 1.0 10.0 0.4 1.0 10.0
lon Energy [keV] lon Energy [keV]
= | Reactor: O!:F Reactor: oN |
og Baseline Resolution: 35-40,eV S Baseline Resolution: 25-27 eV
IR | N\ 2 = E W
- i S i _ v
- m 0 \'\l\"\’\ ‘)Q\"\’\\\
> ﬁ
0.4 1.0 10.0 0.4 1.0 10.0
Heat Energy [keV] Heat Energy [keV]

» First in-situ detector performance assessment Reactor ON/OFF data.

« Calibrated by the 71Ge L-Shell EC(1.30 keV) and K-Shell EC(10.37 keV).
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OUTLINE

5. The R&D of Ricochet experiment
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Z
Limit on Ge Detector Rie %ﬁg&

* Dielectric Detectors

« lonisation above energy gap ~ 1 eV
+ When Recoil Energy > ~10 eV: Heat and Charge T
« Discrimination between electron recoil and
nuclear recoil 7 f .
*  When Recoil Energy < ~10 eV: Only Heat Vi iy
+ Cannot do discriminaton | | | 59«? ;/\/\mi O
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Z
Limit on Ge Detector RIE®GHET-

* Dielectric Detectors

« lonisation above energy gap ~ 1 eV
+ When Recoil Energy > ~10 eV: Heat and Charge )
« Discrimination between electron recoil and
nuclear recoil 7 f .
«  When Recoil Energy < ~10 eV: Only Heat } o, o Oojﬁo
* Cannot do discrimination | | | ;’?«7 ;/\Mﬂl O

« Superconductors
 Energy gap ~ 1-10 meV

« 2 path of thermal transportation: Superconductor
* Phonon -> Thermal Sensor
« Phonons above the gap -> Break Cooper @
Pairs -> Quasiparticles -> Recombine as 7% Sﬁ /
Cooper Pairs and release phonon -> Sensor @go‘%,@\ /\;ﬁ &
« All energy goes into heat eventually o . %1 /
« Electron recoil and nuclear recoil might have X S 2 Z

different thermal response!
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Ricochet Detector Technologies

“Q-Array”

Heat Pulse Timing in
Superconductor
Sensors: TESs  TES Sensors

Tin (superconductor)

\/ Prompt Heat

‘\ Delayed Heat

= Sﬂmu[l@fﬂ]@n

o © By

o

C O "

%) % i RSB %7

o £ ;

0 E - {gf;&w ﬁi‘,in?a‘&#* A

3T ¥ " CENNS' &=
el b b b |gE":"13

0 0.1 02 03 0.4

Energy [keV]
Particle ID based on

Prompt/Delayed heat Signal
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Transition Edge Sensor RI m@é@}?ﬁi

S5
10 .
’ ouT
E 8 Amplifier
2 J
54
S —
o ﬁ/
S5 S8 1000 102 104
Temperature [mE]
Veies > : Energy Deposition ->
iE Temperature 1 ->
G1 TES E es TES Resistance 1 ->
Chip! Current | ->
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Ricochet Modular Sensor Design R B@EHETE:

« Al/Mn TES with
tunable Tc
fabricated at
Argonne National
Laboratory

* More than 1000
chips from a
single wafer

« Easytochange
design and re-
fabrication

i
i

i 5
N

4

est wafer

i T A 6-inch t
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Q-array and Modular TES Sensor Readout

* New modular sensor design
using Al/ Mn TES

e Scalable architecture :
decoupling target from

thermometer
» Designs for both Ricochet NN
iz Chipiny
underway AT
------ op Sn Detector

Detector Housing, T = 10 mK
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7
Prototype Q-Array Detector RI m@%ﬁ%\%

60
80 -
>
501 £ o
S Jlﬂ 40 o
gadl 1l 5
N © 20 A
(0]
S 304 M 0 ! ! ]
S 100 -50 0 50 100
2 Energy [eV]
S
3 20
O
104,
0 T
0 1 2 3 4 5 6 7 8
Energy [keV]

10’ .
I » First Q-Array style detector @ UMass
e « 1 gram of Si target

.
Z 1001 3 « Al/Mn bi-layer TES with Tc of 20 mK
£ 10! 3
= O
° « Baseline Resolution is about 30 eV.

105 Atiiru‘:;:ﬁ"s I 100 Reference:

102 Augier, C., & others (2023). Results from a prototype TES detector for the
Optimal Filter Energy [keV] Ricochet experiment. Nucl. Instrum. Meth. A, 1057, 168765.
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GTES m

GaUZ tes

Meander &
Gold Pad 3 SI Chlp H Gold Pad 2 ‘

wal u2
wal,aul
Wirebond2| | Glue | IGold Padl‘
Gg.b Ga,aul
waZ,b | Target
Ga,b
Bath
Northwestern
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[
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Count/day/keV
=)

10!

Ul il | | I
R m\ it B } ‘
AR R
Il | m |
100 ‘ | “

0 50 100 150 200 250 300 350 4
Energy [keV]

Larger Q-Array style prototype with 30 gram Ge
crystal

The baseline resolution is ~400 eV.

Why baseline resolution is not good?
A model was build to understand the detector.
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Complex Impedance of Ge detector R B@CHET

e
>

8
= ‘_&Qem" N
E =

>N\ &
S
C =

Impedance [Ohm]

Ge Absorber Tc = 20 mK Tb=10 mK
0.0 -
-
PN
—0.2 / \ _ 7.2e-10 2.7¢-09
WK
—0.4 Meander Gold Pad 2
2.9e-14 /K 3.0e-11| 2.5e-14 JK
1.0e-06 W/K] WK
—0.6 1.7e-05 WK
Wirebond 2 6.3e-07 W/K| Wirebond 1
\ 7.0e-12 VK 5.4e-12 VK
—0.8 7 1.7e-05 W/K]
Real of Simulation 1
G Imag of Simulation 1 Glue Gold Pad 1
. Mol SF Dala \ 5.8e-14 /K 1.3e-10 VK
= = Imag of Data \ 1.7e-06 W/K 3.2e-08 W/K]
_12 3 T T T T
-1 1 3 5 1.3e-10 WK Absorber
3 i -0 L 1.1e-10 JK
Frequency [Hz] 2.3e-11W/K

Information from complex impedance

Tune the model parameters to reproduce

Test different parameter to improve baseline resolution

Predicted energy resolution ~ 400 eV which matched the measurement!

Reference:

Chen, R., Figueroa-Feliciano, E., Bratrud, G. et al. Modeling and
Characterization of TES-Based Detectors for the Ricochet Experiment. J
Low Temp Phys 215, 217-224 (2024).
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Q-Array Detector: Superconductor R | B@EIEEE:>

Superconductor crystal

_ Sﬂmwﬂ@ﬁ]@n
. : = B S
Ultimately using o .© B
superconductors as the target & = —
is the goal of the Q-Array Do 5
q) E 3‘ A Y
l) E - ""-. . ".- - Gammas
* Discrimination between NR BN = CENNS D
and ER %:T‘;'TI: HH||J||J|H|||x.|2|ET:\13HII
0 O, 1 02 03 04

Energy [keV]
Particle ID based on

Prompt/Delayed heat Signal
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Q-Array Technology

103 patir i Energy Spectrum
103‘ 2 - w/ Ba-133 Source
v ,
3102
> _
ke it
Aqé) 5101 INan,
> 10° ‘
© -20-15-10 E—5 0 « .?/] 10 15 20
o] nergy [ke
= |
= AL Ay
=101
o1l0-
O |

105" 50 100 150 200 250 300 350 400
Energy [keV]

* Preliminary result from Sn crystal detector
« Baseline Resolution ~ 2.8 keV
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Q-Array Technology

Py * Blue: Raw Pulse
0.030| TN — "'m;hg?_‘ , * Black: Main Fit

, Green, Red:
3 components of fit
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Q-Array Technology

 Blue: Raw Pulse
 Black: Main Fit
, Green, Red:
3 components of fit
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Q-Array Technology

0.030

relin~:
m’hgﬁ"\/
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0.010

Blue: Raw Pulse
Black: Main Fit
, Green, Red:
3 components of fit

\)V

0.005
0.9 1.0

0.000 V
Time [s]

Preliminary result from Sn crystal
detector

Pulses always contain a 2
slow component. Potentially
Quasiparticle effect.

Model work is underway!
Simulation with lower Red component
amplitude

0.7 0.8

and a

Northwestern
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0.5

0.0

—-0.005
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0.644 0.646

e Gamma Source Events

o 25% less energy in Quasipartile
50% less energy in Quasipartile
75% less energy in Quasipartile

100

200 300 400
Energy [keV]

500 600 700 800
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(¢

ridge

4 Neutrons

DeteectorJ

~ Lead Shield \

Backing
Array

DD Generator

« Mono-energy neutron beam of 2.5 MeV

 Plan to start in a few weeks!

Northwestern
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Future of Q-Array Technology

diyd nwr

diya xnwr

« Goal: Improve the baseline
resolution

uMUX Chip

40 gram target crystal
-> Hexegon thin wafer of 2 gram

* Resolution « W/E

g TN

uMUX Chip

Northwestern
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Future of Q-Array Technology

—— Detector Noise —— Detector Noise
= o8 —— Event Pulse = 10-8 —— Event Pulse
E 10 \5 10
< <
Py
2
o 107°
a )
© ©
- —

-+~ -
(9] (9]
2 2
7] [7p]
@ 1010 0]
© ©
> =
2 2
) ey
£ £
1071
107! 100 10! 102 103 10° 10! 100 10! 102 103 104 10° 10°
Frequency [Hz] Frequency [Hz]

« Lower target mass will speed up pulses

* Move the signal away from the 1/f Electronic Noise
-> Increase Signal Noise Ratio
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Multi-Plexing

Au Wirebond RF Multiplexer
. L TR
| - RFline | >~
TES ‘ — e — e TWPA P oo
3 s - 7 //"‘
T ™

DC line
RF feedline I

* Encode low frequency
TES signals into
microwave resonators.

Flux bias
Y

« Readout multiple
detectors with a single

RF feedline. L, Ry, M,
TES bias FW_[MM’L

TES

W o

t

fsaup X @,
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Multi-Plexing

1. Raw pulse in eact TES

2. RF SQUID + Resonator
encode into RF line

3. Decode RF to get raw

RF feedline

Flux bias

fsaup X @,

pulses L Ruse M,
TES bias WUQ MM
— 'TES
\/\/\/\/\Rshunt
800 - 100 - —— Demodulated phase data
< 3 Injected Waveform
E.- e 80 -
S 3
§ 600 A =
3 ;-; 60 -
"E’ 4001
- < 40 -
5 S
©200] 2
il )
0 - O s
2.2 2.4 2.6 2.8 3.0 3.2 3.4
Time [s]
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Multi-Plexing

Northwestern

input lines

rf feedline

resonator
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Summary

1. CEVNS measurement is a key to exciting physics. : «
« Test old and search new physics “’
« Contribute to other precision measurement
 New messager for astrophysics

2. A worldwide race is ongoing!
e ~ 20 collaborations all over the world.

3. Ricochet is shooting for a world-leading result
* High neutrino flux from ILL research reactor
« Multiple technologies employed

= —
= =
1
o i
= Y S : :
E S
% "‘!“‘é";:_.
5
Al == CENNS rate > 50 eVnr -
%) ql) 3 == Cryocube goal li E
+~— 1 —— RED177 h
Lﬁ == RED227 1=
O RED237 (] ! I
T J I | i h
10 20 30 40 100

300 400 500
Energy [keV]

Baseline Resolution [eV]
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Backup
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Background and Shielding

Main Baground QOuter shielding: Inner Shielding:
« Neutrons and gammas from « PE:35cm  PE/Cu: 30 cm
reactor « Pb:20cm  Pb/Cu: 15cm
« Neutron induced gammas  Muon Veto « Cryogenic Muon Veto
« Cosmic muon « Soft Iron * Mu-Metal

Cosmogenic  Reactogenic Total (MC) CENNS (Ge/Zn)

Nuclear recoils No Shielding () 1554 +12 53853 + 544 55407 + 545 =
50eV, 1keV Passive Shieldi 11 42+ 3 44 + 3 -
[30e eV] assive Shielding (II) 94 L8
(evts/day/kg)  Passive + p-veto (11I) 7T+2 912 12.8 / 11.2
> | s CENNS
i i | === Cosmogenic NR
g Reactogenic NR
g
2
b1
©
et
c
[1}]

-
LLl
107"

107 10°
Recoil energy [eV]
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Complex Impedance RIE®GHET.

 Complex impedance measurement is a standard method to
characterize electronic and thermal properties of
microcalorimeters.

» The complex impedance of a TES-only devices could be written

3S: Zio(f) = Ro DAL 4
« where R, is the resistance of TES, B is the current sensitivity of
TES, C is the loop gain which oc temperature sensitivity q, T is the
time constant of the TES.
« Following is an example with following parameters:
* R,=69 mOhm
« B=1and C=14
e T=0.1ms

90°

0-10 180P

0.05

0.00

Impedance [Ohm]

—-0.05 T
—— Real part of Complex Impedance

----- Imag part of Complex Impedance

-0.10

10° 10! 102 103 104 10° 270°
Freq [Hz]
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