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FR ZEN : The Dark Version

Overview: DM candidates & search strategies

Overview: “exotic” neutrino physics
* CEuNS, Oufip
Current / next-gen cryogenic detectors

* CCDs, semiconductor crystals, liquid nobles
Neutrinos vs DM signals in cryogenic detectors
Cryogenic infrastructure

 Dilution fridges, adiabatic demagnetization fridges, cryostats
Backgrounds & calibrations in cryogenic detectors




DM Candidates &

Search Strategies




The Dark Matter Question

Other
nonluminous

components

Dark Energy Dark Matter intergalactic gas 3.6%
0

~ 68% ~27% neutrinos 0. 1%

supermassive BHs 0.04%

Luminous matter
stars and luminous gas 0.4%
radiation 0.005%

you are here

QUARKS @ LEPTONS @@ BOSONS @ HIGGS BOSON

So far, evidence for existence of DM comes from astrophysics
Meanwhile, HEP theory tells us Standard Model is incomplete




Targeting “Beyond the Standard Model” Searches

DM searches — look for BSM particle(s) with MY LOVE MY LOVE
particular properties: for you is like for you is like
Cold (non-relativistic) dark matter: dark matter:
Stable on cosmological timescales
Gravitationally interacting
Feeble, if any, non-gravitational self-interactions

Feeble, if any, non-gravitational interactions You can't see it Sl havart

. : but it’s :
with luminous matter ALWAYS THERE. found it.

What mass scale?

What interactions with SM?

Are there “dark forces”?

How many new particle species?




Weakly Interacting Massive Particles: WIMPing out?

Decades of searches where we most expected to find WIMPs haven’t found them!
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What now? Options include:

* Very feebly-interacting WIMPs

* Sub-GeV WIMP-like particles

* Low-mass dark photons (sub-GeV)

* Lightly-ionizing / millicharged
particles (sub-GeV)

 Axion-like particles (sub-eV)




DM Search Strategies

Complementarity between different types of experiments

Collider &
Fixed-Target Indirect

Won’t cover here




Indirect Detection of DM

Collisions of WIMPs in outer space could

Positrans

ph produce SM particles that travel to Earth

2 :._'-_ lI_|-I.
Sldras, - e
Madium-gnargy ¥y Electrons
Qoemmd roYs

“Signals” (e.g. excess photons of a certain
e . frequency) detected by ground- or space-
: based telescopes




Indirect Detection of DM

Expect some cosmic
neighborhoods to have
more DM than others

But some also give off
more backgrounds




Direct Detection of DM
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Direct Detection: Interaction Types

DM particles collide with SM particles in detector “target” and are absorbed, or
cause nuclear and/or electronic recoils

near-term
longer-termm
* Nucleon
BEEHEI'IHQ

EIE{:’trﬂmagn etic
scattering
,ﬁ S

LI LI

electron proton
mass mass




Direct Detection: DM Event Rate

particle nuclear |5.g properties
structure ¢+ pMm halo

Local ppy = 0.4 GeV/icm?®
Vpu = 250 km/s (non-relativistic)

recoil energy 9 reduced mass of
of nucleus ,+m, DM-nucleon system

For mpy, = 1 GeV:
fluxgy, = 10 million / cm?s




Direct Detection: DM Event Rate

particle nuclear local properties
theory structure of DM halo

dR |l F Sk
dE '_ T . rn2

r

e Simplest case: Spin Independent interactions
e The scattering amplitudes from individual nucleons interfere.
e For zero momentum transfer collisions (extremely soft bumps) they add coherently:
4
oo = 20 170 (A= DT
4 m?2 Enormous enhancement for

Oo = heavy nuclei target!

coupling constant

Slide credit: Enectali Figueroa-Feliciano




Direct Detection: DM Event Rate

particle nuclear |5.g properties

theory structure of DM halo

J, = Bessel function of the first kind, cylindrical harmonic
g = momentum transferred

s = effective “nuclear skin thickness” (distance through which charge density of nucleus drops
to 0, not a step function due to QM effects)

Slide credit: Enectali Figueroa-Feliciano




Direct Detection: Choice of Target Material

o More complicated interactions could lead to different rates (and different spectral
shapes) in different target materials

o Robust program with multiple targets necessary to determine which (Effective Field
Theory) operators are contributing to any detected signal
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The GeV-Scale & Sub-GeV DM Direct Detection Challenge

e Low-mass DM stretches
traditional WIMPYy direct
detection searches

* Can rely on elastic NR
signal for DM masses down
to ~ few GeV

* But not for sub-GeV DM:
inefficient momentum &
energy transfer

* Alternatives: inelastic
processes, electron recoils
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“Exotic” Neutrino Physics




Coherent Elastic Neutrino-Nucleus Scattering

CEVNS cross-section gets N2 enhancement compared to other v interactions

Allows for kg-scale (not ton-scale) detectors

First measured by COHERENT at spallation neutron source with Csl[Na], Ar, and Ge detectors

Could be measured at nuclear reactors in future
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Coherent Elastic Neutrino-Nucleus Scattering

Fermi constant
(SM parameter) Kinematics

d_o' _ G%ZM(I
dr 4

Weak nuclear charge

swZ = 0.23 — protons unimportant
Neutron contribution dominates

QW = {Z(l — 4Sil’12 Uw) — IV}

e E: is the incident neutrino energy
e M: the nuclear mass of the detector material
 3-momentum transfer gz= 2MT

Axial contribution is small for most nuclei, spin-dependent.
It vanishes for nuclei with even number of protons and neutrons

Slide credit: Valentina De Romeri, NuDM 2022 conference




Coherent Elastic Neutrino-Nucleus Scattering

Various BSM scenarios change spectral shape at low momentum transfers
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Neutrinoless Double Beta Decay

Total electron energy

Image credit: Bradford Welliver, TAUP 2021 conference

Double beta decay: rare SM process in
which 2 neutrinos are emitted

* Broad energy distribution

* Observed half-lives T > 10%° years

Neutrinoless version (OvBB): hypothetical,
as-yet-unobserved process that can only
occur if lepton number is violated in
neutrino sector

* Tiny peak at high edge of 2vB spectrum

 Majorana mass for neutrinos?

* Explanation for universe’s baryon asymmetry?




Neutrinoless Double Beta Decay

Parameter space: effective Majorana mass vs Only a few isotopes make good candidates,
lowest neutrino mass eigenstate based on their Qg

Experiments have just begun to probe Inverted (circled ones to be mentioned later)
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Cryogenic Detectors for DM Direct
Detection & Neutrino Studies




Rare Event Searches: 3 Basic Detection Channels

DM searches and neutrino experiments share same basic “rare event search” needs:

Cryogenic
bolometers absorb ~100%

: Large Exposure (Target Mass x Time) B0 T
. Low Energy Threshold PHONONS / HEAT

. Good Energy Resolution
: Low Backgrounds Cryogenic bolometers Scintillating cryogenic
. Signal vs. Background Discrimination "/th charge readout WIMP?\ bolometers

Silicon /

Germanium - * Scintillating
/ \‘ crystals

detectors

CHARGE LIGHT @absorb ~few%

T of E~1 keV/y
absorb ~20% Liquid noble-gas Liquid noble-gas

of E~10 eV/e- duthhase time detectors
projection chambers

arXiv:1509.08767

Leads to some joint development of cryogenic detectors



https://arxiv.org/abs/1509.08767

Solid-State:
Charge-Coupled Devices (CCDs)

and Semiconductor Crystals




CCDs for Rare Event Searches

currently commissioning/operational

Multiple generations, for multiple Halo Dark ;
applications Matter direct o~ - OSCURA

detection
(<1 GeV mass)

Run warm (~80 K, liquid nitrogen cooled)
. Nucl t Dark Matt
compared to semiconductor crystals e arreace @ VIOLETA park Matwer

] in space
COVNLe

conduction
band =

O
83888

valence band

coherent elastic scattering
Images credit: Ana Martina Botti




CCDs for Rare Event Searches

* Pixels ~15 x 15 um?, hundreds of um thick
» “Skipper” CCDs reliably detect excitations as small as 1 electron in a pixel

[ = _
Low-ener 2 2000 +° I ndf 49.45 [ 49
energy o - Prob 0.4552
candidates =] 1800 :— Constant 668.5 + 8.1
€ - Mean 1.002 + 0.001
# 3 1600 Sigma 007221+ 0.00052
1400 —
2 -
X 1200—
o o
R 1000 —
800 —
600 —
400 :—
200
- | 1 |
Ly 0 0.5 1 15 2
Charge [e-]
5 10 15 20 25 30 - -
Energy measured by pixel [keV] https://damic.uchicago.edu/detector.php



https://damic.uchicago.edu/detector.php

CCDs for Rare Event Searches

R&D for specialized CCDs still ongoing

MAS-CCD Sisero-CCD
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IEEE Transactions on Electron Devices, Phys. Rev. Lett. 133, 121003
vol. 71, no. 6, pp. 3732-3738 (2024).

Skipper-CMOS
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IEEE Transactions on Electron Devices, vol. 71,
no. 11, pp. 6843-6849,2024

Slide credit: Ana Martina Botti




CCDs for DM Direct Detection

Hour[s] of “exposure time” per “image”

DAMIC (Dark Matter in CCDs)
@SNOLAB

SENSEI (Sub-Electron-Noise
Skipper-CCD Experimental
Instrument) @SNOLAB
DAMIC-M @Modane
OSCURA (Observatory of
Skipper CCDs Unveiling DAMIC
Recoiling Atoms) collaboration SNOLAB




Cryogenic Crystal Detectors

* Collect phonons [plus electrons or photons] | .. il A

 Calorimetry, not tracking/imaging

* Operated at tens of mK: liquid He cooling required! Crystal absorber

Mon-thermal phonon

br
Y

=1
A

Thermal phonon

Weak thermal link

Thermal bath https://arxiv.org/abs/1509.08767



https://arxiv.org/abs/1509.08767

Cryogenic Crystal Detectors: Modular Design

Decoupling thermometer from crystals for ease of fabrication: an alternative to depositing
thermometer directly onto crystal surface
e.g. Ricochet (for CEVNS):

Au-wire

arXiv:2304.14926
TES

Thermal link

to heat bath m m

arXiv:2111.00349

’
s
;
s
s
L4
1 Thermal bath
Photon 1 \ Germanium wafer “ _

detector
:‘MC forphoton (a) With absorber (b) Without absorber
etector

48deplC 21000160 "

_— Thermal conduction facilitated by a gold wirebond
detector (at the back) Can be Coupled tO a Varlety Of target mater|a|s

Phonon
detector |

arXiv:1903.09483
Slide credit: Ziging Hong




Cryogenic Crystal Detectors: Basic Model of Phonon Channels

Thermometer types include:
Transition Edge Sensors
Neutron Transmutation Doped Thermistors
Metallic Magnetic Calorimeters
Microwave Kinetic Inductance Detectors

Thermometer

Absorber The height of the pulse is

proportional to the energy
deposited

/

Temperature

Weak Thgrmal Link

Refrigerator
10-40 mK

Slide credit: Ziging Hong




Cryogenic Crystal Detectors: Basic Model of Phonon Channels

Using Transition Edge Sensors (TESs) as example

50 <a <1000

Superconductor biased in its transition

o Elemental, e.g.: W, Al, Re, Pb

o Paramagnetic impurity doped, e.g. : Al/Fe, Al/Mn
o Bi-layers, e.g. : Mo/Au, Mo/Cu, Ti/Al

g
Q
)
3]
=
Z
6
==

0096 0098 0100  0.102  0.104

Low resistance allows readout with Superconducting

Quantum Interference Devices (SQUIDSs)
Temperature [K]

Cold reduces transition width (parameterized via a), improves detector sensitivity

Slide credit: Ziging Hong




Cryogenic Crystal Detectors: Basic Model of Phonon Channels

Key performance parameters:
- Signal-to-noise ratio I CE==EEE = e e Ideal Signal
] N : : Signal with

Thermalization
Phonon Noise

- Energy resolution *s =

AFE, ms = VET?C

S
=
2
B
E
=
@]

-

o

o
|

]

G(T)| p = V4kT2G
- ]
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Frequency

Cold reduces noise, improves energy resolution Slide credit: Ziging Hong




Cryogenic Crystal Detectors: Basic Model of Phonon Channels

Energy Threshold for
Bolometric Detectors
Mo/Au TES

—
)
o

— Si20g
- Si30 g
— S140 g
5150 g

Si75¢g
- 51100 g
===Ge20g
-==0Ge30g
~==Ged40g
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-==Ge 100 g
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Cold reduces heat capacity, lowers energy threshold

Slide credit: Ziging Hong




Cryogenic Crystal Detectors for Ovp[3

CUORE (Cryogenic Underground Observatory for Rare Events), Gran Sasso: tonne-scale, using 128Te & 13%Te

Fig. 1. CUORE calorimeter.

Shown are (i) the absorber (TeOy crystal of 5 by 5 by 5 cm size); (i and iii) weak thermal couplings (PTFE
spacer and Au wire, respectively); (iv) temperature sensor (NTD Ge thermistor); (v) heat sink (Cu frame);
and (vi) auxiliary Joule heater (Si chip). A spotlight was used to increase the visibility of the 25-um wires
used for electrical connection.

DOI: 10.1126/science.adp6474

Counts/(2.5 keV)

— Best fit
90% CI limit on Ty,

| | |
2500 2520 2540
Energy (keV)

Top Lead
Shield

Side Lead
Shield

Detector
Towers

Bottom Lead
Shield



https://doi.org/10.1126/science.adp6474

Cryogenic Microcalorimeters for DM Indirect Detection

Side View Top View

Mushroom Absorber [ -- Arrays of eV-resolution sensors can be

used as ultra-sensitive X-ray detectors

"’.so |.nJ | Widely used in Earth-based telescopes,

rocket & satellite-based probes

Array cross-section

’ absorber absorber r
nitride P _ 2 . o &
’ : stem -
mem e 7 4
%  — S -
;,;f- x o s
I . = .
iy 7 -
rid A i, X

&

7/

Fig. from E. Figueroa, COFI PIRE 20017




Cryogenic Microcalorimeters for DM Indirect Detection

il NASA Goddard Space Flight
Transition-edge sensor arrays Center TES Arrays

Fully wired 32x32 array (8x8 mm?) with
64 pixels connected to bond pads on each side

2} AEpwuw = 2.34 + 0.004 eV
§ Counts: 491596

Counts / 0.05 eV bin
9
(= ]
(=]
o

N
o
o
o

Natural line
shape

0 ; ,r". R e S
1475 1480 1485 1490 1495 1500 1505 S0

Slide credit: Ziging Hong Energy [eV]




Cryogenic Crystals with Phonon Amplification for DM Direct Detection

* Drifting charges across a V, generates cascade of “Luke phonons”

* Lowers recoil energy threshold

e But “true calorimetry” lost

0 volts

Readout S1 phonons

Electron propagation

— Luke phonons

Total Primary Luke phonon

Primary recoil phonons

Hole propagation

phonon recoil energy
energy energy

-V, volts

EDELWEISS (Expérience pour Detecter Les WIMPs En Site Souterrain) @ Modane
SuperCDMS (Cryogenic Dark Matter Search) “High Voltage”




Cryogenic Crystal Detectors with Charge Channels: Phonons + lonization

eld
N

Combination of phonon and ionization
channels allows NR vs ER discrimination
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EDELWEISS FID .
I' https //arxw org/abs/1706 01070
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https://arxiv.org/abs/1706.01070

Cryogenic Crystals with Charge Channels for DM Direct Detection

EDELWEISS

SuperCDMS “iZIP” (Interleaved Z-sensitive
lonization & Phonon)

Transition Edge Sensor (TES)
phonon readout

High Electron Mobility Transistor
(HEMT) ionization readout

Crystal face

Al Fin Length Vortex Sinks
—+}—drain battery

300K

J’-b

TES Length Al/W QP Trap

h

recoil ener
3 el energy
~

53 :\\: (tens of keV)

phonons
> N

i

|

Image credits: Mike Kelsey




Cryogenic Crystal Detectors with Charge Channels for CEVNS

T
Apr

A

1200 1300 1400
lonization energy (keV,,)

Counts / (5 keVge)

Ricochet: array of Ge crystals, 42g each, at Institut Laue-Langevin reactor

Counts / (0.06 keVee)

Operates at ~8-9 mK, during reactor-on and reactor-off cycles . _RICOCHETREDIGT
lonization energy (keVg)

3-crystal demonstration run, 2024 Planned 18-crystal setup
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. RICOCHET RED167, , ,
10 15 20 25 30
Total phonon energy (keVp,)

"« Reactor on | 252cf RICOCHET RED167

lonization yield

arXiv:2507.22751
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Recoil energy (keV)




Cryogenic Scintillating Crystals: Phonons + Light

Along with phonon signal: instead
of collecting electrons in
semiconductor crystals, collect
light in scintillating crystals

Light Yield

Combination of phonon and light
channels allows ER & gammas vs
NR discrimination

NR oxygen
NR tungsten

e e R R
Energy (keV)
https://arxiv.org/abs/1904.00498



https://arxiv.org/abs/1904.00498

Cryogenic Scintillating Crystals for DM Direct Detection

e.g CRESST-III (Cryogenic Rare Event Search with Superconducting Thermometers):
calcium tungstate crystals

Operated at ~“5 mK @LNGS P CaWa0, isticks
l-’- l—"_ (with holding clamps & TES)

-«— reflective and
scintillating housing

-« light detector (with TES)

block-shaped target crystal
(with TES)

'—«_--IE— CaW0, light detector holding

https://arxiv.org/abs/1904.00498 sticks {Wlth clam F"E}



https://arxiv.org/abs/1904.00498

Cryogenic Scintillating Crystals for Ov[3(3

e.g. CUORE Upgrade with Particle ID (CUPID):
Li,1®°Mo0O, (LMO) crystals, at Gran Sasso

- NTD Ge sensors

- 20 LMO crystals, ~200 g each

—
)

T T TTTIT

— Data
— Blinded Region
---- Mean ROI

CUPID-Mo
2.71 kg x yr, Preliminary

10- | ||

1 1 L 1 I 1 1 1 - L L | L 1 I Il : I: L L | 1 1 1 1
2500 2600 2700 2800 2900 3000 3100 3200
Energy [keV]

Counts/keV

I LR =

Image credits: Bradford Welliver, TAUP 2021 conference
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Liguid Nobles




Noble Liquid Detectors: Time Projection Chambers

Large tank of liquid noble element
(xenon or argon) attached to sensors
for light and ionization energy of
particle interactions

May also have gaseous layer (“dual-
phase”)

Shielded, and often underground, to
avoid interference from cosmic rays
and ambient radiation

Run warm (~85K for LAr, ~175 K for
LXe) compared to crystals

DM direct detection, Ovp3f3, CELNS,
and other neutrino measurements
(e.g. flavour oscillations, multi-
messenger astro)

Sensitive |
volume




Noble Liquid Detectors: Time Projection Chambers

Lt - = “pulse shape
Charge Yield discrimination”
A W . for Particle ID,
Muclear Recoil I:NH]: - Won't get intO
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Liguid Noble Detectors: Argon Program

Several generations of LAr experiments for DM direct detection, growing in target mass

Global Argon Dark "l DarksSide 20k Argo
Matter Collaboration e LNGS SNOLAB

MiniCLEAN
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Slide credit: Art McDonald




Liguid Noble Detectors: Xenon Program

The LZ Detector

7 tonne liquid xenon | Instrumentation conduits
time-projection T
chamber

Liquid Xe
heat
exchanger ¥ | 4 120 outer
' . detector
PMTs

liquid scintillator

feedthrough :
494 photomultiplier tubes (PMTs)

Additional 131 xenon “skin” PMTs  Neutron beampipes

SI WIMP-nucleon

cross-section (cm?

—

10—43

1 0—44

p— p—
o (]
Lk
=N N

[ Ililllll |HHI'I1 Hillmi T TTIm

Several generations of LXe-
TPCs for DM direct detection
since early 2000s: ZEPLIN,
XENON, LUX/LZ, Panda-X

® best limit (90% CL)
o XENON10 = sensitivity goal
)
ZEPLIN-III

If\llll ll\l\lll LILJ

o XENON100
L]
LUX J PandaX-II

XENONIT ®  ®PandaX-4T

neutrino fog (1 evt)
neutrion floor, Billard [32]

target mass (t)
https://doi.org/10.1098/rsta.2023.0083

Plus, neutrino detection!



https://doi.org/10.1098/rsta.2023.0083

Liquid Noble Detectors: Xenon Program

Next gen: XLZD would feature 60 tonnes active mass (~3m diameter x 3m height)

Dark Matter Neutrino nature
WIMPs ol ey ~wrds, Neutrinoless double
Sub-GeV _” §.hW Dbeta decay
Inelastic o Neutrino magnetic
Axion-like particles . A -"f ’ moment

Planck mass gy, : ‘k Double electron
Dark photons T _ capture

Early alert 3 ¥ - e R pp neutrinos
Supernova neutrinos [t | ' SRR R Solar metallicity
Multi-messenger o i SRS 'Be, °B, hep

astrophysics arXiv:2410.17137




Noble Liquid Detectors: Helium

TESSARACT: currently in prototyping stage, for DM direct detection
gram-scale TES-based detectors

_ 104 . "
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Slide credit: Ziging Hong



Neutrinos vs DM In cryogenic

detectors




Neutrino “Floor” or “Fog” in DM Searches

Gradient of discovery limit, n = —(dInc/dIn N)~1 v floor traditionally defines
; : r . . . - region of parameter space

where DM signals get hidden
under “irreducible” v bg
Newtrino “Soar e under arbitrary choices of
exposure, threshold

i
|
i
|
i

1o

New definitions proposed, e.g. :
n = index in scaling of discovery
limit o with #bg events N,

fog = n>2 regime

<
£

Still:

* Depends on target material
* Influenced by systematic
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Neutrino “Floor” or “Fog” in DM Searches

Exposure required to reach n=2

v NRs on Xe (darker colour) and Ar (lighter) (systematic-limited) SI v fog

T T T TTTT T T T T T L LR T LI '“]4 T T T ITIT] T T T ITIT T T T T T TTTTT] T T TTTTT
—-= WIMP SI (6 GeV/c?)
— —== WIMP SI (100 GeV/c?) | 10° - —
! Atmospheric E
> — B = 107 -
~x — =
- ke
—_— 1 |
i X 10
o £
= -1 = 100 —
g =
= 2
e g_m-'l —
i T ~=a hes 102 —
. %H\
. b -3 Lol Ll L1l Ll L1 L1t
10—5 1 Lol 1 1 I Ll 1 . | 1 L1 10 lﬂ_l -IL'ID 1{]1 1{]2 1{'_]3
101 109 101 102 103 Dark matter mass [GeV /c?]

Nuclear recoil energy [keV]
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DM Directional Detection?

Look for annual or daily modulation signal to bypass constant backgrounds

|

a
Nuclear recoil

Distribution of angle between
solar motion and recoil direction:
peaks at a=180°

c:——-

Diurnal modulation: mean recoil
direction rotates over one sidereal day

Slide credit: Enectali Figueroa-Feliciano




And Now For Something Confusing... DAMA

21-6 keV

DAMA/LIBHA-phacé? <250 kg (L13 towoyr) > DAMA/LIBRA sees 12-sigma “annual
modulation” signal, incompatible
with null-results from direct
detection experiments that use
background subtraction / modelling!

Residuals [cpd/kg/keV)

Time (day)

See also, lack of replication by
COSINE and ANAIS

SIMPLE (2012)
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Cryogenic Infrastructure




Cryogenic Detectors Require Lots of Infrastructure

e.g. SuperCDMS SNOLAB:

Dilution fridge and readout electronics
outside detector shield, “C-Tank” & “E-Tank” i s
larger than cryostat itself

Cryosystem PLC

Dilution

: Shielding
Refrigerator

Gantry crane

Cable trays, vacuum lines...

.& !
Seismic Platform
SNOBOX

Utility Space

- Cryocooler compressors
- Water cooling

- Radon removal system

1 - Electrical utilities

Experiment Assembly




Cryogenic Detectors Require Lots of Infrastructure
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LHe Dilution Refrigerators

Temperature (K)

Approaching OK, “concentrated” phase
becomes pure He-3, “dilute” He-4 rich phase
maintains ~6.6% of He-3.

H,;(dilute) > H,;(concentrated) , so moving
He-3 from concentrated to dilute phase takes
thermal energy

He-3/He-4 Mixture Phase Diagram

Fermi liquid He-3 Normal fluid He-3/He-4
in superfluid He-4

Forbidden region

Phase separation line

50

He-3 concentration (%)

(courtesy of BlueFors)

He-3-rich gas phase

. Still

Heat exchangers

. He-3-poor phase

Mixing Chamber
Phase separation
He-3-rich phase




LHe Dilution Refrigerators

e.g. BlueFors:

1. Room Temp Flange

2. 50K Flange

3. 4K Flange

4., Still Flange

5. Cold Plate

6. Mixing Chamber Flange

7. Experimental space

8. Vacuum enclosure &
radiation shields

9. Dilution unit

10. Heat Switch

11. Two-stage pulse tube

1. Fridge on its support frame
2. Gas Handling System
3. Pulse Tube compressor



LHe Dilution Refrigerators

HE oUT 4 “COuC R HEIN

e.g. BlueFors:

P3 0311 har

P1 59843 ubar

P2 1422e-2 mhar

v
-
L

304501 mmol's
e

Bla 1670w  BlA
T i
B2 0.000 mW L'L!j;
Rla 183.0 W
T

TEST/EXT
LEAK DET

_{vna
P6 4.700e+0 mba Al P4 0330 bar HELIUM
TANK

PE L4 e mbar

Ovine L0 vin )
—
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=L
.
L L

P7T 4. 400e+H) mbar
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Adiabatic Demagnetization Refrigerators

I "

Uses magnetocaloric (MC) material:

salt pill” _
MC Refrigerant
Heat Absorbed + Material

Heat Sink + Cycle starts with MC material (MCM) at T,

\\\\ \\ MCM is placed inside a higher magnetic field L— — .B

_ resulting in MCM temperature increase to T, +
——— Heat Switch AT

H>0

Salt Heat is rejected from the MCM to ambient while B (evtemal e
Magnet inside the higher magnetic field, reducing its SR
Pill temperature to T
0

MCM is removed from the higher magnetic field; Mgt

material

resulting in reduced temperature to T, — AT WL o e

Heat source i 3 :
{CHEX) g L  Working fltid

Heat is absorbed by MCM from refrigerated P I s
compartment; increasing its temperature to T, , 3
and the cycle is repeated

]
Lol |

th

. . Schematic representation of the total AMR Bra on-li;(é;
Can only run for ~hours before salt pill must “regenerate” (spins must re-set) P eytle ina Tos diagram [1] 4

But may be more portable & less expensive than dilution fridges u.s DEPARTMENT OF | Energy Efficiency &
Y P P & ENERGY

“Wet fridge” uses a lot of LHe

3 Renewable Enerqgy




“Stages”: matching temperatures to components

e.g. SuperCDMS:
connector to
cable to 300K
LH stiffener

LH stage
ST stiffener

aturarrCoax
Assembly (Upper
ST stage
CP stage

Vacuum Coax Upper/
Lower Connecta ‘
CP stiffene

MC stage
MC stiffener/heat sink
Vertical Flex Cable

Vacuum Coax
Assembly (Lower)

packages

65 Slide credit: Ziging Hong



Cryostats

Beware of all the connections! Light leaks, He leaks, electrical discontinuities, ...

Size & complexity varies widely depending upon detector “payload”, e.g.
SuperCDMS test facility for prototypes Cryogemc Underground Test (CUTE) @SNOLAB

\ F 4 Clrculatuon —— .z PeItler cooler
turbo i; i

Si crystal/
phonon sensors

Crystal holder

Dilution refrigerator
sample stage (30 mK)

Bias voltage line

Fiber optic




Backgrounds & Calibrations




The most troublesome backgrounds

Most from trace radioactivity, or cosmogenic
(cosmic ray muons produce fast neutrons via
spallation, difficult to shield against)

I?'hoton and electrons scatter
|/ / from the atomic electrons

& |
L

. NR

- I

WIMPs and neutrons scatter

Rt 1\: often indistinguishable from WIMP

o: on surfaces

¥ Recoiling nucleus: another surface event

68 Slide credit: Enectali Figueroa-Feliciano



Passive shielding to help reduce backgrounds

e.g. CUTE (Cryogenic
Underground Test)
facility @SNOLAB:

2 km rock overburden

~ 10 cm low activity Lead in drywell
Mu-metal reduces external B-field ~x50
~1.5 m water, 20 cm Polyethylene lid
15 cm Lead “plug” inside cryostat
Active low Ra air purge in drywell

Slide credit: Andrew Kubik

T

HDPE Shield -+

Stainless Steel__

Drywell

Inner Pb shield
Outer Pb shield

Magnetic Shield
Mu Metal

Water Tank

~ Internal Pb

shield
Detectors




Active shielding to help reject backgrounds

/0

Muon Veto: water Cherenkov or scintillator, tags
muons passing through/near experiment

Neutron Veto: liquid scintillator doped with isotope
w/ high neutron capture cross-section; tags
radiogenic neutrons originating from contaminated
material

Proposed SuperCDMS
neutron veto

o e

Slide credit: Enectali Figueroa-Feliciano

Darkside€

Veto

Neutron




Calibrations: Getting the Energy Scale Using n or y Sources

e.g. CUTE:

I

133Ba gamma
source deployable

inside shielding L..
Storage xﬁ_ = =
- Pb or HDPE "
| [}
Source chain ‘ \
Internal source %

>>Fe can be deployed
internally for low- “
energy calibration. 252Cf source for

neutron calibrations

Stepper motor

/71
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