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Thermal model: a brief introduction and applications
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Outline of this lecture

Part I: Basics of electro-thermal modelling
Part II: lllustration with Ricochet detectors
Part lll: Other recent examples:
- High impedance TES X-ray calorimeter
- Dark matter DC heating

Conclusion

J. Billard (IP2l) - DRTBT



Part I: Basics of electro-thermal modelling

Thermometer

AT = E Absorber
C
Weak Thermal Link
Refrigerator
10-40 mK

e Based on:

« K. D. Irwin and G. C. Hilton, Transition-Edge Sensor, In : Cryogenic Particle Detection. Ed by C.
Enss. Berlin : Springer, 2005. Chap 3, pp. 63-149.

* D. McCamon, Thermal Equilibrium Calorimeters — An Introduction, In : Cryogenic Particle Detection.
Ed by C. Enss. Berlin : Springer, 2005. Chap 3, pp. 63-149.

M. Lindeman, Ph.D. thesis, University of California at Davis, (2000)
J. Billard (IP2l) - DRTBT



Part I: Basics of electro-thermal modelling

Thermometer

AT = Absorber

Ql =

Weak Thermal Link
Refrigerator
10-40 mK

The height of the pulse is

proportional to the energy
deposited

/

Temperature

Time
J. Billard (IP2l) - DRTBT

» Advantages of a phonon readout:

e Direct measurement of the recoil energy, no
quenching involved

* ~100 % of the recoil energy 1s sensed, allowing
for low-thresholds

* No intrinsic threshold

e From thermodynamics, ultimate energy
resolution is: ~eV (RMS) for ~ 10 g detectors

 Commonly used phonon readouts

* High impedance NTD
» High impedance TES
e Low-impedance TES

n
ET X Mdetector

Scaling law (n~1) depends on phonon readout



0P

T,C
G Py =g(T" - Ty")
Tb [ Refrigerator j
10-40 mK

Part |: Basics of electro-thermal modelling

We can derive the usual thermal equation with
no Joule heating:

dT
C— =—-P,+ 0P
o b+

Using first order perturbation: 7T'(t) ~T + 6T (t)
C’d?—tT = —ngT" AT + 6P
= —GAT + 0T

l Laplace transform

CpAT = —GAT + 6P

[ AT = 6P !
1
AT (w) = dP(w) ca +Tz'w7')’ with 7 = C/G

J. Billard (IP2l) - DRTBT



Part |: Basics of electro-thermal modelling

SP . Electrical circuit to read the thermometer
(still with no Joule effect for now)
| R
T, C!R o Ry V_VBRL+R
G P, =g(T" — T} T l Ist order
. R V —
Tb [ Refrigerator j _ K R;, dR
10-40 mK AV RRL +R dT TAT
0P @ T | AT V R, dR AV
> > > | = — >
Cp RRL+R dT|;
V Ry dR| 7 1
AV (w) = 0P(w)—= - V/W
( ) ( )RRL-I-R dTTC'(l-I—in) ( / )

J. Billard (IP2l) - DRTBT



Part |: Basics of electro-thermal modelling

J g Now adding the Joule heating:
P;=V?*/R d_T — _ . V=V i
T,C,R Car T Pb+PJ+5Pl PR.+R
G Py =g(T" - Ty) JAT v V? dR
efrigerator j _
V R dR
10-40 mK _
A = RRL+R ar 7 AT
: l
2— |«
l R
opP 1 AT V Ry dR AV
> > > | — — >
Cp RR.+R dT|;
‘ V2?2 dR
Gt oarl. |7

J. Billard (IP2l) - DRTBT



Part |: Basics of electro-thermal modelling

opP 1 AT Vv R, dR AV
> > > | — — >
@ Cp RR.+ R dT |7
A
V2 dR| (R-Rp
G+ﬁd_TT(R+RL) )
V R; dR 1 T
AV = 0P _ _ V/W
) (w)RRL+R dTl' |+ (1 +iwt") C (V/W)

Similar equation as before with a modified tim tant: 7 =C/ [G L V2 dR (R . RL)]
q W odifie € constant: E 7 ar |\ B R,
/ . . V2 dR |
' =C/(G+Gprr) if Ry > R with Gerr = - %5 % Negative ETF
T
T =C/G if R =R No ETF
7 =C/(G—-Ggrr) if Rp <R Positive ETF

J. Billard (IP2l) - DRTBT



Part |: Basics of electro-thermal modelling

Fluctuations of the energy content in C

T,CR

2 2
due to exchanges via G 1s given by: <AE > =kpT"C

One can derive that to obtain such energy dispersion,

G 5Pren the thermal fluctuation noise can be modelled as a

white noise power spectrum:

Tb [ Refrigerator j

10-40 mK 0P}y (w) = 4kpTEGy X Fink(T, Ty,n) W’/Hz
OPTFN
> > > | = = >
L V2?2 dR R - Ry,
TR oar T(mRL) .
V RL dR 1 7!

— P A — D D
errN(w) = 0PTrrNAV (w) 5PTFNRRL + R dT

(/i)

7 (1+iwt’) C

TFN noise is unavoidable and has similar frequency dependence as the signal — ultimate noise

J. Billard (IP2l) - DRTBT
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Part |: Basics of electro-thermal modelling

1%
2— |«
l R
Ry,
T Lm0
C RR; + R dT |+
R v - P = T :
V2 dR R
G+ =5 5= | L
R2 dTT RL‘I'R

__ R, oV / R; \ dR
mn.J — 4k TR — ].'_T —
en, (w) = V4ks RL+R[ R (RL-i—R) dT

1 7'” -1 /r
V/vH
T 1 + ,I:w,rl/ G//] ( Z)

Assuming a current biased NTD:

) IR lim e, (w)= \/ 4kgTR Expected Johnson noise at high I
Rr >R and —| <0 =p W=++00

d1 |- —
g lir% en, (W) < \/4kBTR ETF damping at low F
w—>

Note for a current biased high impedance TES, noise is boosted at low F'!
J. Billard (IP2l) - DRTBT
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Part II: Illustration with Ricochet detectors

Ricochet coll., Eur. Phys. J. C 84 (2024), 186

N
““““““
N
!

o

P e AR

Detector: 42 g Ge 10 mK electronics 1K-10mK CryoCube integration

* Measurement of both heat and ionisation
* Spin off, or upgrade from the EDELWEISS-III experiment/technology:
» Must accommodate the migration from wet cryostat to dry cryostat (and the ILL environment)

* Must accommodate for above ground operation
 Targeted performance: 10 eV (RMS) heat and 20 eVee (RMS) ionisation

J. Billard (IP2l) - DRTBT 11



Part II: Illustration with Ricochet detectors

Based on D. Misiak, PhD

ATe

Pz’j =

Electro-thermal model:

Ry = 1.04£0.02 [Q)]
To = 4.77 £ 0.01 [K]

Gep = 55.6 £ 0.5 [W/K°/em?]
gr = (5.124£0.03) x 107° [W/K*/mm?]
Jgtue = (1.4675:57) x 107* [W/K*® /mm?]
Ce (1.03 £0.04) x 107° x T, [J/K/cm?]
= (2.66 +0.05) x 107° x T [J/K/cm?]

] Cryostat

i )6/“

Current biased:
Rr, > RNTD

Eampli Suiveur

e N .> R(Tc
szl
€ivrp

V /N U
\_/ J|i=o0

ta mpli.

—gglueSNTD (T};IQ - T:g) + VSQCP (Tt? - T}?)

- 1)

dT,
Ca dta = gglueSNTD (T}?y - Tar.lg)
dT,
Cp—-=
Pdt
T, V2 )
Ce dt - R(Te) - VSgep (:IL
C. av. _Vg-V V
I g R.  R(T.)

— 9kSau (T3 — Tp*)

12




Based on D. Misiak, PhD

Part II: Illustration with Ricochet detectors

dT,

P = —9giueSNTD (Tp* — Ta*) + Vsgep (T2 — T5')

C dT;,
dT, V2
C. =
dt R(T:)
dvV Vg-V
Cyi =
fil dt Ry,

Caﬁ = ggiueSnTD (Tp* — Ta*)

- V:S’gep (1:3” - T}?)

V

 R(T.)

- ngAu (T;k

-1

« Such set of coupled non-linear differential equation can be solved

numerically

- Use of the odeint function in PYTHON for instance or pseudo-
analytical model: M. Pedretti (PhD, CUORE)

- Particularly relevant for high energy deposition (e.qg. double beta

experiments)

 Or it can be solved analytically using first order perturbation theory

- Use of linear algebra

- Particularly relevant for small energy deposition (low-threshold

dark matter experiments)

J. Billard (IP2l) - DRTBT

Steady state Time evolution

V4

zz/

T, (t) ~[Ty + 0T, (t)
Tp(t) =Ty + 0T, (t)
T.(t) ~/Te + 0T, (t)
V(t) =~V + §V (¢)

13



Based on D. Misiak, PhD

Part II: Illustration with Ricochet detectors

Temperature [K]

1st order perturbation around equilibrium: 0 = ggueSxrp (T2 — T3¢
- | T T N T N Tl
Steadly state solution | Y — (T;zg _ Tag) + Vsgep (Te _ T;) — xS (T,, - k)
| . 7&; - -~
0= =— — V5ge ( o Tm)
.. . P\~e p
No trivial solution R(Te)
Has to be solved numerically V-V Vv
0= - =
RL R(Te)
0.030 r T 1072
. — Temp. NTD-electron ’
i Temp. NTD-Phonon
| — Temp. Absorbeur 10-32 -
i Temp. Cryostat 1
0.025 #/ "
-4 e
S 10 /T
L)
. RO=5.79e+00 Q
= T0=3.17e+00 K
> 107 gep=2.16e+02 W/KS/cm?
E gk=4.38e-05 W/K*/mm?
0.020
Fit 15.0mK 15.0 mK
10—6 e Fit 16.0mK ® 160mK
= Fit 18.0mK ® 180mK
---------------------------- Tb = 0.018- - - 4 — Fit200mK @ 20.0mK
— Fit220mK @ 22.0mK
B p w— Fit 25.0mK ® 250mK
B 10_7 1 - e Fit 30.0mK ® 300mK
] = Fit 40.0mK ® 400mK
0.015 : ' L L L ~— Fit50.0mK @ 50.0mK
0.0 0.5 1.0 1.5 2.0 2.5 3.0 —r ~ - - - . . — ——
le-8 10711 10710 1079 10-¢ 1077

Current [Q]
current [A]

J. Billard (IP2l) - DRTBT current [A]



Based on D. Misiak, PhD

Part II: Illustration with Ricochet detectors

déT, _ Gop Gy Gi- Li : it
: e s — . Linearized conductivities
1st order perturbation around equilibrium: i — ¢, Mat 50T )
- Time domain solution dsT, G2, Gh,+GE +GP, L %o
| dt Cp C'p Cp
dsT, GP 1 V2 dR 1V
Linearization E LTy — (Ge = 0T +2 1%
Has to be solved thanks to linear algebra di Ce Ce R(Te) dT' |7, Ce R(Te)
dP déV: 1 lf dR 6T—1 1+ 1_ 5V
E = —-MP + F(t — tO) dt Cti R(T.)? dT |1, © Cri \Rr R(T,)
Fit 16.0mK
10-6 § gglue=1.91e-04 W/K"/cm?
eps=4.88e-01
e
Go or B 1077 gpgra=2.61e-05//K
( aﬂ _EE 0 0 \ % gpara=1.49e-02 W/K:
_G3, Ghy+GE,+Gh, _Gsy 0 § 107y deakmme0a i ;
M=| & % “, R 15 g
0 —f-e'f CL (Ge +W dT|T) _QR(gL) 1079 4 ’I:”;g% -'-—_;'gl:: '"’«1\?} ! “
'l\ \
o ity Bl i (+at) ) e R
Time [s]
Couplmg matrix Fit 18.0mK
10-% 4 gglue=1.91e-04 W/K"/cm?
| taup=6.026-03 5
ATG (1 — G)E/Ca 1077 5 gsg}c‘::li?gf:c}sw
ATp 0 = gpara=1.49e-02 W/K*
?=| AT F—t)=|  cgg, |01 Furjomgnennt
NG 0 SIS
State vector Initial perturbation 10710 i L B

15

Time [s]




Based on D. Misiak, PhD

Part II: Illustration with Ricochet detectors

1st order perturbation around equilibrium:  (iw + M)®(w) = F(w) —> ®(w) = Z7}(w)F(w)
- Frequency domain (noise treatment)

AT, z z} z}' z) AP,
AT, zt z1 Zx!' Z) AP, RPN
P — _al P_Pl 1?1 }fl P = Z I(W)F((JJ)
Fourier Transform of the differential equations AT, ey Lep Lo Loy AP,
...... AV 2. Zy L Zi) \ A
Total noise referenced to the NTD voltage: Johnson Noise from NTD and load resistor
sources |a,p.ew . SVR Iy = 4k3TeR(Te) IZ R = 4kBTRLRL | |
(/- ) T " 1L vv
Svtotal = Z Z Z w)Fw)|  [V¥/H2 RL) = " Ripyr |
Thermal Fluctuation Noise (TFN) Noise from the electronics
R 2 2 o 2 2 o —112
Sp,l) - 2kB (Tt + 7:'] )th [W /Hz] S"’.seurnp!t. = eamplz S‘f;iurnph. = ztzzmplz \ZUUII
To be referenced to Vnmp Requires an accurate characterization of the electronics
16

J. Billard (IP2l) - DRTBT



Based on D. Misiak, PhD

Part II: Illustration with Ricochet detectors

DC biased, FET @ 300 K

10°®
= T =40 mK, R=5.75e+04 () == 7T =24 mK, R=1.38e+06 2
=== T = 35 mK, R=1.22e+05 — T =21 mK, R=3.65e+06 2
== T =30mK, R=3.11e+05 (2 = T'=18 mK, R=1.22e+07 Q2
< = T =27 mK, R=6.16e+05
T 107

PSD [V/

10-9 . | i
10° 10! 10° 10°
Frequence [HZz]
10 AC biased, FET @ 100 K
T =40 mK, R=5.75e+04 ) === 7 =25 mK, R=1.04e+06 O
T=35mK, R=1.22e4+05Q == T =20 mK, R=5.30e+06 Q
== T=30mK, R=3.11e+05 === 7= 18 mK, R=1.22e+07 Q
Y107 | |
S
4 !
10°® _ .
— —— /\ /"W\J‘ h 1l A
Il | "I' e—— ]\
10° . . .
10° 10? 102 103

Frequence [HZz]

Thevenin-Norton transform:

.2 .2 eJRL 2 €JNTD 2 2
Thruit = Lampli T R, + R(T.) [A°/HZ]
iompii, = 12 + (iBV )2 + (icf)?  [A*/HZ]

2 2
e ec
€2 pii. = €4 + €5 = €4 + (—\/’}) + (—f ) [V2/H]

« Work with Ip = 0 to cancel TFN and ETF
contributions

« Scan in T to scan in Zeq to adjust free
parameters thanks to Markov Chain Monte
Carlo approach

Clear gain in intrinsic electronic noise by working with FET @ 100 K:
~3 nV/sgrt{Hz} @ 10 - 100 Hz with Rnto = 5 MOhm

J. Billard (IP2l) - DRTBT
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Based on D. Misiak, PhD

Part II: Illustration with Ricochet detectors

JFET-based @300K

EDELWEISS

Cyit = (2.94+0.01) x 10710 [F] Crir = (4.80£0.02) x 10" [F]
R isg=(194003)x10"° [A/VHz] ip=(617+£48) x107"®  [A/VHZ]
N ip = (6.114+0.01) x 107  [A/Hz] ip = (276 £0.01) x 107  [A/Hz]
= x: ic = (116 £0.01) x 1077 [A/HZ*/?] ic = (128 +£0.02) x 10718 [A/HZ*/?|
© ea = (328+001)x10° [V/VHz ea = (1.60£0.00) x 10°  [V/VHz]
2 ep = (3.03£0.04) x 1078 [V] ep = (2.39£0.04) x 1078 V]
e ,L’.\: ec = (1.08+0.02) x10® [V -vVHZ] ec = (7.81+£0.07) x10° [V -VHZ]
"’:W fg = (2.70£0.01) [wa] | epac=(202+19)x10™°  [V/VHz
IL.
>
\:}b
- '\,’J’b‘
'\:'1:."
Vv
x‘
<
fb.
& “’2
Q.
b‘b
’L&Q
F Vi
’1:’%
¥
\gJ
A%
E
& Ay
A°
g - .
& [ i
O .S 9 ©
. le-12+1.597e-9 le-9 oac le-9

J. Billard (IP2l) - DRTBT
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Based on D. Misiak, PhD

Part II: Illustration with Ricochet detectors

1st order perturbation around equilibrium:  (iw + M)®(w) = F(w) — ®(w) = Z7}(w)F(w)

- Frequency domain (noise treatment) AT, 77! 72 77 7 AP,
[ Lozl z-l 7] AP,
A’I:F’ -— Zpa pr pe pv P _ Z—l( )F( )
) ) ) ) = -1 -1 -1 -1 = W W
Fourier Transform of the differential equations AT, biga Ly Lge L, AP,
AV Z,b z.' Zy' Z) Al
™
E = TFN elec./phon.
yu -7 TFN phon./abs.
O 10 ] = TFN Ehon./bath
g T o e o = —— Johnson (NTD + RL)
] ~ o, —— HEMT en
Y ~~\.... —— HEMT in
q_) \\.O. mmm TFN + Jonhson
= ~ ’.. mmmm Total noise
+ ) *d == 1 sV: no athermal
2 10_8 ] \\ ’v‘ == sV:43% athermal
% :_l_l_l_l B B ‘
'© [
g - % %
O _
®
Ty 10-9 / LA Y ‘,‘ \
2 ] NN
S j NS
) 9, M —
o) ' NNy
S / \
S 10710 Ll R N WA W . ]
_ > 101 109 101 102 103 104 19
J. Billard (IP2l) - DRTBT Frequency [Hz]



Based on D. Misiak, PhD

Part II: Illustration with Ricochet detectors

A concrete example with a simple detector: RED20

1st order perturbation around equilibrium:

~

(iw + M)®(w) = F(w) —> ®(w) = Z7 (w)F(w)

I ) (68

/A /A /A AP -
pa pp pe pv P — 71, ,
va Zoy Zyt Z3) AT

- TFN elec./phon.
TFN phon./abs.
=== TFN phon./bath

7 == Johnson (NTD + RL) ]
= HEMT en

A
= HEMT in

=mmm Total noise

- Frequency domain (noise treatment) AT
a
ATP —
Fourier Transform of the differential equations AT, B
AV
Detector sensitivity
10-12
sv(w) = [1-6)Z,, +eZ,.'] H(w)
10—13
Noise Equivalent Power (NEP)
10-14
Sv,total (W)
2 __ MVtotal 2
NEP*(w) = sy’ W*/Hz 1o-15

//

2 =

[

9
[
(o)]

Theoretical energy resolution (RMS)

% Not flat|due to small

=

9
[
~

/

/7 : contribution of athermal

OE — :
o 27 [NEPP(w)

Noise Equivalent Power (NEP) [W/sqrt(Hz)]

10—19'

1018 -
100 100 100 102 10°  10*  10°

J. Billard (IP2l) - DRTBT

Frequency [Hz]



Based on D. Misiak, PhD

Part II: Illustration with Ricochet detectors

Expected energy resolution around 10 eV

Leading to a (5sigma) threshold of 50 eV

Component Value Notes
Bath
Temperature 13 mK
Absorber Ge
Volume mx22/4%x2=6.3cm? 334¢g
Heat capacity C,=5.97x 10711 J/K C, = 2.7 x 107°T3 J/K/cm?
NTD Ge
Surface (Sy7p) 2 X 2 = 4 mm?
Thickness 0.45 mm
Volume (Vyrp) 1.8 mm?
Surface electrodes (S .) x (0.15 x 2) = 0.6 mm?
Ro /Ty 0.96 /452K R(T.) = RoeVTo/Te
Heat capacity (phonon) C,=171x10""JK Cp = 2.7 x 107°T? J/K/em®
Heat capacity (electron) C.,=3.17x 10711 J/K C 1.1 x 10~ 6T J/K/em3
Conductivities

Electron-Phonon (NTD)
Phonon (NTD-Abs.)

Ge, ~ Gr, = 1.12nW/K
G2, =GP, = 55.9nW/K

Gep = 100 W/KS/cm?3
Galue = 1.4 x 10~ W/K35/mm?

. 104 =
g E : v-flux: 102 cm2s-1
S — -
£ 100 = .
2 E :
..‘2 I | |
3 1= :
2 — .
© — .
= :
> — -
m = .
1 = -
B | IIIIIII| | IIE IIIIIII| | L L1l
1010“3 1072 107 1 10
Recoil energy [keV]
J. Billard (IP2l) - DRTBT

Phonon (Abs-Bath) G = 0.42nW/K gr = 5 x 107° W/K*/mm?
Equilibrium state ¢(0)
NTD-electron T.=159mK
NTD-phonon Tp =152 mK
Absorber T,=152mK
Voltage V =3.82mV V =V,R/(R. + R)
Electronic considerations
Voltage bias V, =02V I,=V,/(R,+ R) ~ 0.2nA
Load resistor R, =1GQ TRL =13 mK
NTD Resistance R= 19 48 MQ R = R(T.)
IF1320-JFET (Ct.: = 50 pF) ez =e? + 4 2/ f {ea, e} = {0.5,7.3} nV/v/Hz
z,i =2 +zb x f {ia,is} = {18,50} aA/VHz
200pF-HEMT (C},; = 250 pF) ez =e? + 4 2/ f {€a, e} = {0.18,5.2} nV/v/Hz
,2 =24+ xf {ia,ip} = {8.2 x 104,21} aA/vHz
Time constants of the system driven by :
1st eigenvalue 71 = 0.3 us Tap = Cp/Gap = 0.3 s
2nd eigenvalue 7o = 118.7 ms Tab = Co/ (Gpp || Gop) = 143.2 ms
3rd eigenvalue 73 = 16.4 ms Tep = Ce/Gep = 28.2 ms
4th eigenvalue (FET) T4 = 979 ps Tetee. = RC, = 974 ps
4th eigenvalue (HEMT) T4 = 5.7 ms Totee. = RC,. = 5 ms
Energy resolutions (RMS) |¢ =0 (¢ = 0.43,7, = 6 ms)| € # 0 to match observations (Sec. 5.3)
Sensitivity [ V/keV] sy =18]|sy =5 Pulse height in time domain (with FET)
FET (DC) op=10.7eV | op =7.6 eV
HEMT (DC) op=9.0eV| o =63eV
FET (AC) op=132eV|op=99eV 400 Hz modulation
No elec. noise og=65eV| o =4.8eV Only TEN + Johnson noise
Theoretical limit og=17¢eV o =/ kBTazCa 21




PART 1I: ILLUSTRATION WITH RICOCHET DETECTORS

Salagnac & al: arXiv:2111.12438

—
o
[¢M)

—
o
N

RED serie (Ge)
EDELWEISS (Ge)
CRESST (CawoO,)
Nucleus (AIZOS)
SuperCDMS (Ge)

CryoCube goal (Ge) | — - Res. « M

Res. « \/M

Heat energy resolution (RMS) [eV]

CDMS R&D (Si)

4
IIIIIIII| A IIIIIII|

J. Billard (IP2l) - DRTBT

10

2 3
D1e?ector mass [gﬂo

Threshold defined for all experiments as 5o

% 10 — % CryoCube goal (Ge) |—  Res. « M
g E ® RED serie (Ge) Res. « m e
= | O EDELWEISS (Ge)
2 1 CRESST (CaWO,) | ... AP BN NP
9, — ® Nucleus (ALO,) | [
I 1 O SuperCDMS (Ge) o
n N CDMS R&D (Si) A ~ ®
S 1 z A N\
GL) 10 E_ .............................. ............. x‘/ x" ................................ ......... \\ ........................
o E T N\
o) — | |
© — // 5 5 \
- O R No threshold (Ge
([)10—2 e Y o, oAl s ( . ) \ ..... e
Z — P No threshold (Si) \
= = / SPCalt R PR No threshold (ALO,)
O 7 S No threshold (Caw0) |
10—3 1/f | IIIIII| | | IIIIII| | | IIIIII| | | I\IIIII
10° 1 10

2
D1e?ector mass [gJP

* Achieved 17 - 40 eV (RMS) heat resolution on 10 Ge detectors (38 g) with JFET
electronics with no cryogenic suspension

» With respect to the community our detectors achieve among the best resolution-to-mass
ratio and exhibit the largest CENNS signal strength per crystal from above ground
operation of about 0.3 evt/day (goal 0.6 evt/day) 8.8m away from the ILL reactor.

* Our detector performance are still impacted from electrodes and environmental noise

(vibrations, E&M pick ups) — See Jules C. for more details on data processing

22
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https://arxiv.org/abs/2111.12438

PART 1I: ILLUSTRATION WITH RICOCHET DETECTORS

= TFN elec./phon.
TFN phon./abs.

= TFN phon./bath

= Johnson (NTD + RL)

== HEMT en

= HEMT in

mmm TFN + Jonhson

= Total noise

== 1 sV: no athermal

= = sV:43% athermal 4

S~
o

S

Voltage power spectral densitities [V/sqrt(Hz)]

10—10
107t 100 10! 10? 103 104
Frequency [Hz]
400 A 2|
2 .2 2 |A(S)]
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Timing resolution 1s very important for Ricochet
because of active muon veto coincidence

From noise and signal power spectral densities (PSD)

we can derive the timing resolutions:
» High sampling frequency helps the ionization
timing resolution

* No gain in timing resolution beyond few 100 Hz

for heat
J. Billard (IP2l) - DRTBT
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PART III: OTHER RECENT EXAMPLES (ACTIVE ETF)

Contre-réaction électro-thermique passive

—— Electrons
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Contre-réaction électro-thermique active
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* Use of two NbS1 high impedance TES to: measure the heat from particle interaction
(thermometer) and to regulate the temperature actively (heater)

* The « thermometer » 1s then weakly current biased to minimise Te-Tp decoupling
» Use of the heater to actively stabilise the thermometer (active negative ETF)

* For more details, see PhD theses from: G. Jego and B. Criton (CEA Saclay)
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PART III: OTHER RECENT EXAMPLES (ACTIVE ETF)
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» Use of equivalence between thermal and

electrical equations to use LTSpice

» Very good agreement between LTSPice and

analytical model

* Allows for detector parameter optimisation
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PART III: OTHER RECENT EXAMPLES (ACTIVE ETF)

Parametre Valeur
Température source froide 70mK
Température des phonons 91.61 mK
Température des électrons thermometre 92.21 mK
Température des électrons chauffage 109.15mK
Résistance thermique source froide 10 GK/W
Constante de découplage 600

Volume NbSi thermometre
Volume NbSi chauffage
Volume absorbeur

Volume Silicium

v;ol

Ver

}2pol

]%ch

dR/dT

Ry

3 x 10~ %cm?
2 x 10~ %m?
3 x 10~ %cm?
1.25 x 10~ %cm3
10 mV
-2.8mV
10 MQ2
3MQ
150.1 GQ/K
423.3 k)

Densité spectrale de bruit (V/VHz)

* Role of the active ETF very well demonstrated
* Expected energy resolution of 2.1 eV (FWHM)

e First results with a measured ~800 eV (FWHM)
resolution with significant improvements planned ahead

J. Billard (IP2l) - DRTBT
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Figure 3.2.28 — Pulse d’un photon de Fer 55.




PART III: OTHER RECENT EXAMPLES (DC POWER)

J. Billard, M. Pyle, S. Rajendran, H. Ramani, arXiv: arXiv:2208.05485

Try to measure a DC power impinging on the crystal target

Use of 2 sensing slabs with 2 NTDs each to

* Measure precisely electrothermal responses and

li.ﬁep DM heating
thermal conductivities ;

» Reduce correlated noise

Must allow for DM heating « ON » and « OFF » mode by
simply breaking the wire bonds

Very very very difficult measurement but this was a fun
model to derive with potentially significant science reach

. Billard (IP2l) - DRTBT 27



PART III: OTHER RECENT EXAMPLES (DC POWER)

J. Billard, M. Pyle, S. Rajendran, H. Ramani, arXiv: arXiv:2208.05485
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Solving the 15 dimension ODE numerically to derive the steady states

Also showing a 100 MeV energy deposition (muon going through) using:

Bath = 10 mK, Vbias al = Vbias bl =30 mV and Vbias a2 = Vbias b2 = 10 mV for illustration

J. Billard (IP2l) - DRTBT
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NEP [W/VHz]

PART III: OTHER RECENT EXAMPLES (DC POWER)

J. Billard, M. Pyle, S. Rajendran, H. Ramani, arXiv: arXiv:2208.05485
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We consider two weeks of data taking leading to a DC
power sensitivity (5-sigma):
- 2 x 1021 W with an ideal 20 kg detector
Limited by the absorber-bath TFN and Johnson noise
- 1 x 1020 W with a 1 kg detector with backgrounds
(1x10-1¢ W/kg)
Limited by the sapphire phonon-phonon coupling and
the Johnson noise to accommodate from the event rate

. Billard (IP2) - DRTBT 29

1 kg EDWIII backgrounds
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PART III: OTHER RECENT EXAMPLES (DC POWER)

J. Billard, M. Pyle, S. Rajendran, H. Ramani, arXiv: arXiv:2208.05485
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Building such a detector is very challenging as it requires
precise knowledge of all the thermal conductivities of the 10-29
system but it will come with significant science reach:

Watt /20kg

on [cm2 ]

- Closing the gap on strongly interacting massive particle 107

- Extending the ALPs direct detection sensitivities to
~meV masses
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PSD [V/sqrt(Hz))

CONCLUSION

Thermal modelling is a very useful tool to:

- understand our detector behaviour

- Optimize the design of our detectors and experiments with solid a priori knowledge

But one should always consider these models only as proxy to better understand their detectors

Lastly, in real life noise 1s usually much less easy to model: vibration, E&M pick ups, ...

N. Martini PhD thesis
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This is why data processing is key to fully optimise the output of a cryogenic detector...
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