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Three Physics Targets — Two Very Different Energy Scales

Neutrinoless Double Beta Decay

Sub-GeV Dark Matter

Rol ~ sub-keV to few keV

Coherent Elastic v-Nucleus Scattering

Rol ~ MeV

o Q-value of isotope sets the Rol:
130Te at 2.528 MeV Ton-scale
experiments running: CUORE (760
kg Te02)

o Wired readout adequate at this
scale -> SOLVED

JR

Ton scale: achieved keV scale: readout limited

Rol ~ few keV

Rate proportional to N*2 — heavy
nucleiideal (Pb, Bi: N=126)

. Solar/SN neutrinos-> 0(0.1 - 1 keV)
nuclear recoils

o Need O(100 - 1000 kg), hundreds

o Rate proportional to AM2 —
coherent nuclear recoil
o 1 GeV/c"2 DM: < 0.8 keV recoil on

of channels at mK 0
. Wired readout cannot scale -> ° Sarr(;e mass Sbclale as CEVNS -> same
bottleneck readout problem
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Sub-keV scale: readout limited




The Wiring Bottleneck: Conventional SQUID Readout

Problem: wire-limited SQUID readout Simplified

. 1 amplifier chain + several wires per channel

o Heat load & wire count limit arrays to ~10s of / /

e Scaling to 100 - 1000 kg requires hundreds of TES  lnoise = 1-2 pA/sart(H2)
channels ’

J Each wire = thermal load Rbias []

. Wiring harness becomes the dominant L V

i 0

engineering challenge
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The Wiring Bottleneck: Conventional SQUID Readout

Problem: wire-limited SQUID readout Less simplified (still)

coil coil DC bias current

J 1 amplifier chain + several wires per channel é g ‘DC amp Integrator
o Heat load & wire count limit arrays to ~10s of F :
eedback :
detectors coil X | >—‘{:D*—‘ Output
T Kgremrshunddset LHe | | Y FLL suit
o Each wire = thermal load AN Flux
e Wiring harness becomes the dominant 1 rez?gt%?Ck offset

engineering challenge

FLL limits the bandwidth: 1 channel -> 1 squid



The Wiring Bottleneck: Conventional SQUID Readout

Problem: wire-limited SQUID readout Solution: Microwave SQUID Multiplexing (uMUX)

. 1 amplifier chain + several wires per channel

o Heat load & wire count limit arrays to ~10s of . Each TES coupled to an rf-SQUID + high-Q
detectors resonator

e  Scaling to 10-100 kg requires hundreds of e  Allresonators on ONE coaxial feedline
channels . One HEMT amplifier per array (N_mux = 52-

e  Each wire =thermal load 1000)

o Wiring harness becomes the dominant e 4-8 GHz band: ~ 1300 resonators possible

engineering challenge



uMUX: Circuit Principle & Flux-Ramp Linearisation

TES -> rf-SQUID

] A J’L g Feedling ------rsorommermemmesssnsensmneeens
== RFy I8 " = RFour
. R oy C ) ) D v B
Signal current |_TES produces flux Phi=M_in *lin a v c C c v
i . . .. . Frequency Comb C C C
dissipationless rf-SQUID. No resistive dissipation at the detector Generator L o L
* I+ o
stage. 5 5 5 &
= = z = -
. o S & i Temperature
rf-SQUID -> Resonator L 500
UL ‘v‘V\«}

The SQUID acts as a tunable inductance, shifting the resonant
frequency of a GHz superconducting resonator.

TES Bias R Rt

1/M_in ~ 23 uA/Phi0

_ . HOLMES Collaboration  D.T. Becker (NIST, Boulder) et al.
Flux Ramp DemOdUIatlon e-Print: 1910.05217 [physics.ins-det]
DOI: 10.1088/1748-0221/14/10/P10035 (publication)
A sawtooth flux ramp drives the SQUID through n_Phi0 = 2 flux Published in: JINST 14 (2019) 10, P10035
quanta per period. The tone phase winds periodically;

demodulation extracts the current sample atf_ramp.
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Reading the frequency comb

Each resonator appears as a Lorentzian dip in
|S21]| vs frequency

Resonance position fO shifts with TES current via
rf-SQUID inductance

bandwidth ~ 100 kHz at 4 GHz

Channels spaced 3 MHz apart (30x bandwidth) ->
negligible crosstalk

52-channel tower occupies only ~0.2 GHz of the 4-
8 GHz HEMT band

A 4 GHz band fits ~1300 resonators — ~20 towers
on one readout line

[S| [dB]

S [dB]

pmux16a wide scan - Band #1 and Band #2
T T

Frequency-Division: Lorentzian Resonances on a Shared Feedline
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Becker et al., JINST 14 P10035 (2019) — Fig. 8




The Thermal Model

Coupled thermal equations (prsbst, F., etal. J Low Temp Phys 100, 69-104 (1995) and

1 AE (particle) Pyle, M. e-Print: 1503.01200)
Absorber
Cy>> Cy (Co/V=TT3) Athermal phonon
) Ath | ph =(e- . — —
Thermal phonons ermal phonons J P.(t) = (e-AE/ t,) - exp(-t/t,) — power pulseto TES

eAE via glue spots
DE ,—t/T,
Pe=2%=e™™, Theem

(1 —€)AE via Ggp~T*
fra= 0.5 Hz (slow)

J

13 . t,cmY3 | &= phonons thermalized in the TES
o Thermal remainder (1-€)AE via G, ~ T4, f, ~ 0.5 Hz (slow channel)

TES / Sensor
Vbias (ETF)

¥

Cw, R(T), Ites(t)

Gy

Heat Bath

Tp=0.6T. (fixed)



https://arxiv.org/abs/1503.01200

Two Operating Modes: Bolometric vs Calorimetric

Calorimetric vs Bolometric (Athermal) Mode

1.2 = Calorimetric: 0r=6.6 €V, Tes=104 ms (100 g BGO, 15 mK)

1.0 == = Bolometric (athermal): gr=4.3 eV, Ter=2 ms

0.8 [signal =£AE/CW]

[signal = AE/Cmt]

0.6 1

Normalised signal (arb. units)

0 50 100 150 200 250 300

Time (ms)
Calorimetric Mode Bolometric Athermal Mode
o Signal = AE/ C, (total deposited energy) o Signal = €-AE / C,, (athermal phonon fraction)
o T4~ 104 ms (slow — both athermal & thermal) o T~ 10ms (faster — ETF speed-up)
o 0.~6.6eV (100gBGO, 15 mK) o o.~4.3eV (better — smaller C,)
J ETF optional — P, provides slow restoring force o ETF essential — stabilises R(T) & compresses t©




Electrothermal Feedback: Stable vs Unstable Operating Point

os Operating Point & Feedback Polarity With ETF (voltage bias, R€ <« Ro)
' ® ETF op. point (Ro=0.2R,)

No-ETF op. point (Ro =Rn/2)
0051 No ETF ( t bi ﬂ)_p

! Oconst _fl::rrfr,,\z ';?75_") 1> o . Operating point: R;=0.2R_ (low in transition)

b J=1p" w q
i‘Et 0.04 - Tw? - RT > P/T A runaway risk . V, const > P=V2/R(T,) > T1T =RT =P  restoring
o o T =T, /(1+L) =1,/4.7 (fast response)

0] /

=

8 0.039(with ETF (voltage bias)

g Vj, const — Py = VZ/R(Ty)

g Tw? - R? - Pl v reStoring

o 0.02 1

L

= No ETF (current bias, R€ = Ro)
0.01 A1 0.2Rn
0.00 A1

. . . . . . . : o Operating point: Ry=R /2= R_ (mid transition)
15 16 17 18 19 20 21 22 . l, const > P=PR(T,) > TT=RM =P A runaway risk
Temperature T (mK) o Requires careful G, tuning to avoid thermal runaway




Pulse Formation & Key Time Constants

Pole hierarchy: f_ta (0.1-1 Hz) << f_S/N (2 Hz) << f_eff (1-10 Hz) << f_nt (55-260 Hz) << f_L/R (3.5 kHz) << f_ramp (25 kHz)

time domain (log time axis)

Fourier domain: poles vs readout bandwidth
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100 keVin100 g BGO at 15 mK. Left: time-domain pulses (-dl plotted). Right: |I(f)| with poles marked vs f_ramp=25 kHz and DfBW=100 kHz.



Two Operating Modes on the Same Hardware

CALORIMETRIC — integrates full energy vs C_tot BOLOMETRIC (athermal) — measures epsilon*E vs C_W

o G_tbenlarged: f S/N~f nt | tau_eff~ 1.8 ms

J sigma_E(BGO 100g, 15mK) =4.3 eV — overtakes calo
above~30g

o Strong ETF required for speed + self-stabilization against
athermal bursts

o G_tb sized for f_S/N~ 2 Hz <<f_nt (integrating limit)

o sigma_E(BGO 100g, 15mK) =6.6eV | tau_eff ~ 104 ms

] Best for light crystals < 30 g; thermal component band-
limited for heavy ones

resolution response speed (rate capability)
T.=15 mK I I B e e P e s
—— calorimetric
— — calorimetric, no ETF
—— bolometric —_
== bolometric, no ETF E 102 4
S =
© 10" 1 N
w M —— calorimetric
) £ —— calorimetric, no ETF
g = —— bolometric =
E “:n_’ 101 1=- bolometric, no ETF | | __.=="7
© [ Iy
o 2 1 -
c ———
]
w
109 4 /
10t 102 103 10t 10? 103
BGO absorber mass [g] BGO absorber mass [g]

Left: resolution vs mass (bolometric overtakes calorimetric above ~30 g). Right: sensor fall
time (~100x faster in bolometric mode).



Frequency-Division: Lorentzian Resonances on a Shared Feedline

Reading the freq uency Comb one tower, one feedline: 2 x 32 resonators, spacing 3 MHz (4 » the gy Afpy minimum}), Afgy = 100 kHz, depth 15 dB
5 Spares
ol I ' I I . I II\-\-:\- F ‘ ‘ r .v'vxr\-\al'\:r
=TT
E -10 | [ -
o Each resonator appears as a Lorentzian dip in —151
| 521 | VS frequency -20 chip 1 (26+6 ch,) chip 2 (26+6 ch.)
. . . . 4.000 4.025 4.050 4.075 4.100 4.125 4.150 4.175 4.200
o Resonance position fO shifts with TES current via frequency [GHz]
rf'SQUID |nd uctance single resonance (fi,: = 4,033 GHz, Q; = 40331) signal bands vs per-channel sampling
. bandwidth ~ 100 kHz at 4 GHz o resonabor dhvr @
J Channels spaced 3 MHz apart (30x bandwidth) -> cambig e s @
[ = =5 o = D2,
negllglble CrOSStalk g strong-ETF current rise fm @
. 52-channel tower occupies only ~0.2 GHz of the 4- E 10l N I P
8 GHz HEMT band [
. @ thermal energy band foy
e A4 GHzband fits ~¥1300 resonators — ~20 towers 15 : L . .
H =600 =400 =200 0 200 400 800 10° 108 102 10° 10? 108
onone readout line F— foe [kHz) frequency [Hz]




Example Design: 52 BGO Crystals on a 200 mm Si Wafer

Configuration D: readout (west chips, saturated) + heater (east chips, light) -- BOTH on the top Nb layer, row-bus architecture
52 sites, 208 Nb wires | readout bus below each row / heater bus above, through the inter-row gaps | Luie 3-66 nH | crossings (all 384 wires): 0 | clearance = 4.1 MM | Fmax = 91 mm

site: readout (left) +

Finalized single-layer Nb routing on 200 mm wafer: 52 crystal sites, readout
(west) and heater (east) chips.

Si readout wafer
(traces, slots, chips)

52 x 100 g BGO = 5.20 kg

Cu collar 3 mm
(wirebond feedthroughs) _ ——

Cu base dI’
PTFE L-clamps
top + 4 bottom)

Wiring

On-wafer Nb traces: 3-66 nH -> total L_in+L_wire < 1.1
uH ->tau_L/R ~ 46 us -> resolution impact < 10”-4



Example Design: 52 BGO Crystals on a 200 mm Si Wafer

Si readout wafer
(traces, slots, chips)

Cu collar 3 mm
(wirebond feedthroughs) _ -

Cu base dI’ l

PTI

52 x 100 g BGO = 5.20 kg

FE L-clamps
top + 4 bottom)

baseline og [eV]

102 1

101 -

——— calorimetric TES limit, 15 mK -
—— calorimetric TES limit, 20 mK e

© bolometric TES limit, 15 mK P
demonstrated range (1.7—10 x bolometric) o
CRESST-III, 23.6 g (measured)

CRESST-Il Lise, 300 g (measured) R
Ewn/5, Ex, = M2 (Strauss et al.)

target: o =20 eV

101 102 103

absorber mass [g] (model: BGO; CRESST points: CaW0y)

TES-limited resolution vs mass (BGO example). Grey band: x1.7-10 above
bolometric limit (CRESST anchors). Key result is material-independent: sigma ~
sqrt(C_tot).




The Key Design Change: SQUID Input-Coil Sensitivity

Current uMUX devices Required for massive calorimeters

1/M_in ~ 23 uA/Phi0 1/M_in = 0.4-1 uA/Phi0

(bare rf-SQUID, M_in ~ 90 pH) (multi-turn transformer, M_in ~2-21 nH)

sqrt(S_I_ro) ~ 20-40 pA/rtHz sqrt(S_I_ro) ~0.4-2 pA/rtHz

2-4x above detector noise -> limiting



Conclusions

uMUX is the enabler for future many channels/large Lo mmm BGO 5 kg year o
. . ] HEE BGO 50 kg year i
scale cryogenic calorimeters — erlomit
10-36 4 CRESST-2017 L 100
—— Super CDMS 2017
10-38 4 —— DaskSide 50 L 10-2
) ) N —— LZ 2023
- The bandwidth can serve all TES operations: o \\ —_
E 10740 1 —= 10-4 8
. Ton scale 1 keV threshold detectors S, — =
.ge s}
o Many-kg scale sub-keV sensitive detectors Lo-é2 ] ______,/____/ .
e  Bolometric for massive units j \ :/
e Calorimetric for light units 10-44 L 108
. ETF for better stability & shorter signals
10-46 W - 10-10
- Routing does not introduce a limiting L

Need to tune the squid sensitivity 10° 101 102 103 10%
my [GeV/c?]
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