- Scaling the sub-eV frontier

- Microwave multiplexing for athermal phonon TESs
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Motivation: scaling up DM searches .8 = = o

sub-GeV projects are starting to cover
exciting new ground with a small
number of Transition-Edge Sensors

Example state of the art detector:
24 channels, ~150 wires

But getting to ~kg targets with current Johanna Wuko, CPAD 2025
readout techniques is not feasible 107 . —
|| HeRALD v1.0~p1u0bl|c projections
E 107 || 24 DC SQUID rea?dout chains
> |
é 10—37 “
D \
g \
é 1039 \\\
§ 10—41 \\~
% 1071 — 21 eV threshold
== (0.6 eV threshold
1042 : —_— : —_— : —_——
10° 107 10° 104

Dark matter mass [MeV]
”N

f\m BERKELEY LAR John Groh | CPAD 2026 1


https://indico.global/event/14966/contributions/133742/
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The readout problem

Though TESs lead the pack in energy resolution, their readout is not intrinsically scalable

Assuming # of sensors ~ target volume, then a 1 kg target would require >10,000 wires
running to 10 mK...

.................................

Cryostat

Oy

SQUID @

flux bias

SQUID @

current bias

ADC <

Minimum readout circuit for 1 TES w/ direct readout Could read and bias only a few sensors perstandard cryogenic ribbon cable
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Scalable TES readout via microwave SQUID @
multiplexing (¢#Zmux) }
to demod

Can achieve very high sensor count with TESs
using microwave multiplexing techniques

{ Drsaup  3)
4

Z'TES TES bias

hShunt @_1

resistor
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Scalable TES readout via microwave SQUID @
multiplexing («tmux) }
to demod

Can achieve very high sensor count with TESs
using microwave multiplexing techniques

Each TES coupled to a unique resonator through a { )rsaup  3X )
variable Josephson inductance '"% T
TES 54
e

TES bias
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Scalable TES readout via microwave SQUID

multiplexing («tmux)

Can achieve very high sensor count with TESs

using microwave multiplexing techniques

Each TES coupled to a unique resonator through a

variable Josephson inductance

Many CMB, y-ray, and x-ray detector systems have

been deployed at scale now
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’ to demod
{ Drsaup  3)
TES /‘% TES bias
[ W AW
Shunt @

resistor

X_ray mm-wave
256 sensors / line

Szypryt+, 2212.12073

1820 sensors / line
Groh+, 2507.10929



https://arxiv.org/abs/2212.12073
https://arxiv.org/abs/2507.10929

Athermal phonon detector-specific R&D setup

Microwave &
\"

?(\ Launch
g

Szypryt+.23

Mux components

TES array

syuauodwod XnN|y|
sjuauodw oo XN|p|

Mux components

Previous applications:

* Dense monolithic TES array

* Interconnects typically wirebonds
and/or lithographed traces

* Low TES resistance — cannot
tolerate connectors
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Athermal phonon detector-specific R&D setup

(2 TESs / cm?)

Collimator
+ TES Array =~

Microwave Judd™

?(\ Launch DC PCB
,0
5

Szypryt+.23

Mux components

TES array

syuauodwod XnN|y|
sjuauodw oo XN|p|

Mux components

Previous applications:
* Dense monolithic TES array

* Interconnects typically wirebonds
and/or lithographed traces

e Low  TES resistance —cannot
tolerate connectors

/\\ BERKELEY LAB

RFin RF out
—p1 Mux components Mux components [—p
EEN EEN
TES TES TES | TES
chip chip chip chip
TES TES TES TES
chip chip chip chip
TES TES TES TES
chip chip chip chip
M M L M
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Dark matter style sensors:

TES array may not be monolithic

Interconnects likely to be longer and
may need to follow complex 3D path

High TES resistance — connectors may
be acceptable
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Athermal phonon detector-specific R&D setup

2ch
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Mux components

Previous applications:
* Dense monolithic TES array

* Interconnects typically wirebonds
and/or lithographed traces

e Low  TES resistance —cannot
tolerate connectors
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(2 TESs / cm?)

Mux components

TES
chip
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Mux components

Dark matter style sensors:
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chip chip
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TES array may not be monolithic

Interconnects likely to be longer and
may need to follow complex 3D path

High TES resistance — connectors may

be acceptable
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10-100 mK 1K 4 K 40 K 300 K
s 4 2
YWy P ——Fw—Fwg Synthesizer
Attenuator
C s } Demod
LNA
Flux Ramp
{rsaup  3{)
| 3 _é 1-pole
| filter
L b | VWL Twisted pair wires

TES Bias

Our R&D form factor:
* Separate RF/grounding needs for mux

chip from IR/vibration needs of TESs
via separate packaging

* Twisted pair wiring as proxy for
complex wiring

RFSoC electronics

T .
\_ & TES bias .

TES box



Readout performance In isolation

No surprises with the off-the-
shelf components we put
together

End-to-end test setup works
with noise as low as
previously deployed at-scale
umux

SO baced o NIST First tests done w/ spare
ofu-based system from mm-wave optimized chip.
generates 4-8 GHz probe tones and .
performs demodulation on the fly Not Opt_|ma| for dark matter,
but easily swappable
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R&D progress: multiplexed TES operation

Connected “chocolate box” of TESs with
a wide range of saturation powers to
measure our background loading. Able
to bias all but one during initial testing

N
o
o
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~ o
() )
() o

.

0 100 200 300 400 500
TES bias power [fW]

o

The sample rate, background loading, and chip mounting (which introduces
lots of LEE events) are known to be non-optimal. These are next steps for us

/\‘ ) BERKELEY LAR John Groh | CPAD 2026



R&D progress: multiplexed TES operation

Multiplexing demonstration;

y . . simultaneous readout of
Connected “chocolate box” of TESs with coincident phonon pulses

a wide range of saturation powers to from 2 TESs coupled to the
measure our background loading. Able same absorber
to bias all but one during initial testing
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The sample rate, background loading, and chip mounting (which introduces
lots of LEE events) are known to be non-optimal. These are next steps for us
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R&D progress: TES parasitics

Readout itself should contribute parasitic power
loading on the TES from the microwave tones.

Previously this was poorly constrained and a big
unknown, as DM TESs saturate at ~fW rather
than ~pW

Probe tone injected
on readout line

AY.

.

Tone leaks through
SQUID coupling Small amount makes

A It j(i TES after filter
¢ 36
—

rrrrrr John Groh | CPAD 2026

Tone rings up
In resonator
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R&D progress: TES parasitics

Readout itself should contribute parasitic power
loading on the TES from the microwave tones.

Previously this was poorly constrained and a big
unknown, as DM TESs saturate at ~fW rather
than ~pW

Probe tone injected
on readout line

AY.

.

35
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SQUID coupling Small amount makes
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Tone rings up
In resonator
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New upper bound: <1 fW



R&D progress: TES parasitics

— 2 )
—
. . . = - ¥
Readout itself should contribute parasitic power it . I 2 t }:
loading on the TES from the microwave tones. 3 ,
Previously this was poorly constrained and a big 95 -90 -85 -80 —75
UnknOWH, as DM TESs saturate at ~fW rather Approx. tone power [dBm]

than ~pW
New upper bound: <1 fW

Probe tone injected
on readout line

AY.

>30 dB
stopband

I
N
o

——

m
O,
C
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% 5 ’J % —-40
0 g : y S
=% g Tone leaks through 5 50
T & SQUID coupling Small amount makes S _eo
2 “E’ A, It to TES after filter O
2 = . - ~ SMD component next to 0 2 4 6 8
l 1cm2TES chip for scale Frequency [GHz]
36— - .
— In parallel, we have identified a cryo-compatible
inline filter that could be used if needed
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ummary

Development of microwave multiplexed readout for athermal phonon
TES-based detectors

Tran Tsan, Douglas A. Bennett, Daniel T. Becker, Rebecca Carney, Johnathon D. Gard, John A.B. Mates, Joel N.
Ullom, Michael R. Williams, John C. Groh

[

E Demod
Abstract—Continued advancements in sub-eV calorimetric energy resolution: recent work has demonstrated a phonon
\O measurements are being enabled through the athermal phonon energy resolution of 0.361 eV at 3.06 eV [2]. While these jPade
n ';I Qetection channel, with applications spanning a diverse array (,)f detectors provide excellent sensitivity, scaling them to larger @ 1 3
. fields, including low-mass dark matter searches, coherent elastic asses and channel c ) sents a significs ad =
. (-] neutrino-nucleus scattering, and quantum information science, '2f8CL masses and channel counts presents a signihicant readout
. While Transition Edge Sensors (TESs) have achieved the lowest cxercise. Current implementations use O(10) individual DC
<) thresholds to date, they face significant scalability bottlenecks SQUID readout channels, for which the cryogenic wiring and
(O) due to the inherent constraints of conventional SQUID readout  readout complexity become increasingly difficult as detector |
architectures. To address this limitation, we present an update ts .. Fut - ts o scali t (103 |
] | | ] O on R&D to develop practical, highly multiplexed, microwave (':OUI‘I s‘gr(m. uture c?q':?c:lmcr;ls Zn\}sllon “dmgr 'O 9('1' bl) N
= readout for athermal phonon TESs which can enable a dramatic scm(_)rs or more, mou\d.mg the development of a scalable s 4
increase in both sensor count and target mass, with a focus mMultiplexed readout architecture.
"' on sub-GeV dark matter searches as a target application. This o 1o
40 work leverages ndv?l.:ces from highly. scaled mm-wave, x-ray, Multiplexed TES readout has been extensively developed cy [Hz] 1ts are still
O and ay TES s » adapting them to the unique g, ,nolications including mm-wave astronomy [S], [6], x-ray 11, the best
| needs of low-threshold rare event measurements. We quantify . o § - i .
“2 the basic readout functionality and noise level in our dilution SPCCITOSCOPY [7], and 7-1ay spectroscopy [8]j In particular, mal quality pmple rate,
= refrigerator testbed and demonstrate operation of a variety of ~microwave SQUID multiplexing (1mux) combines GHz-scale s show that dark matter
- TES devices with saturation powers significantly lower than readout bandwidth with high multiplexing factors, with re- ature. Right: resolve the
O “m:;iW?;""e:nd ":’3)(' d;vi:es.k We dzmo'.'s"t‘“‘full’s:mf;’f"o:cg‘“ cent system demonstrating multiplexing factors approaching TES bor Eent readout
o muitiplexed reacout of background evenl puises, boun € 2000 TES channels per readout unit [6]. In a pmux system, b /vHz s with 3~
readout’s contribution to the parasitic TES background load S . ) ) 0/ . L
, ] ~ to <1 fW, and discuss a cryogenic inline RF filtering scheme. ca?h TES is inductively (jouplcd through an rf-SQUID to a n mm-wave imple rates.
= These results demonstrate practical solutions to several of the key ~unique GHz-frequency microwave resonator. The resonators tom) of our R&D s currently
. = challenges that must be solved before a next-generation athermal share a common transmission line, and flux ramp modulation vs [5], [9], with Section III
phonon detector at scale is realized. linearizes the SQUID response. ing. The readout f a modern
— Index Terms—athermal phonon sensing, TES, SQUID, multi- psures connected detector by
=~ plexed readout, microwave resonator However, TESs optimized for low-energy phonons differ connectors. This I our setup recently in
| | ] | ] ] 4 significantly from those in existing ymux deployments, intro- b reduce readout s sweep. As ppling, tone
Py X ducing new constraints. For example, athermal phonon TESs [ sweeb. A preamplifi-
) I. INTRODUCTION . - [ one exhibit N
<t ) can be physically larger and distributed over a larger volume, mate desien noies in the
(Q\ OW-threshold athermal phonon detectors are being devel- imposing different constraints on the interconnects between ‘ to identi cgal loading on
: oped for a range of appl}cjallon§ requiring sensiivity 10 sensors and readout circuitry. They also generally operate near stage if required ’infcr 2 total he possibil-
~—extremely small energy depositions, including low-mass dark 10 mK, substantially below the typical operating temperature for a grounded L. led he ~10 cm
\O matter searches [1], [2], coherent elastic neutrino-nucleus scat-  (~.100 mK) of many existing pmux systems. Furthermore, o e low' ,rcda]rc :;'Cdr |TES chips
: 4 ¢ e s 2 L - and loading,
Ol tering [3], and quantum sensing [4]. In keV-GeV dark matter  athermal phonon TESs optimized for dark matter searches it chain provides nts with lhgc nout would
~ searches, where constraints on interaction cross sections are or-  ften have a saturation power, P, of O(1 —10) fW, several . - 1 protecting
« vt . i o an o aeses ; X > sals S . while the output will address .
v ders of magnitude weaker than at WIMP-scale masses, probing  orders of magnitude less than TESs optimized for CMB, x- lification. During es with the ‘ tones in a
_~ lower particle masses requires sensitivity to energy depositions  ray, and ~-ray detection. Consequently, parasitic power negli- m of probe tone ‘n>whcrc the it design. If
oo at the eV scale and below. This motivates the development gible in conventional pmux systems may therefore contribute it with optimum lations from e discussed
of highly sensitive superconducting sensors operating at cryo- appreciable background load or even saturate these detectors. le rar;gc for
genic temperatures. Transition-Edge Sensors (TESs) coupled Understanding and controlling this background is an important icern in adapting iss towards
to athermal phonon absorbers have demonstrated exceptional ;4 adapti 2 4 ‘tors .
P P part of adapting pmux to athermal phonon TES detectors. crowave loading. Tfo:"fulurc
Tran Tsan, John C. Groh, and Michael R. Williams are with the Physics . - sard d : . f ate the resonators = fhcally, we
Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA. We present progress towar cvcloplng pmux rc‘“!"“‘ or o the TESs. The f:’; (offset) ux readout
Douglas A. Bennett and John A.B. Mates arc with National Institute of ~ athermal phonon TESs for low-mass dark matter detection. We sed-element filter o is plausible
Standards and Technology, Boulder, CO 80305, USA. envision that these results could enable future scaled-up exper- i A ermore, we
Daniel T. Becker and Jonathan D. Gard are with the Department of Physics, . . o onre ok o . . fHz between the
University of Colorado, Boulder, CO 80309, USA. iments using sensors such as those used by the TESSERACT B. However, the Samnd system as
Rebecca Carney is with the Engineering Division, Lawrence Berkeley collaboration [2]. We describe cxpcrimcma] dcsign modifica- -mallcr—oplimizcd I3 10 yut-induced
National Laboratory, Berkeley, CA 94720, USA. tions (Section II), evaluate our readout performance at 10 mK haracterizati gger [ms] microwave
Joel N. Ullom is with the National Institute of Standards and Technology, . d e f-of-conc TES re: Sec | characterization .
[ | Boulder, CO 80305, USA and the Department of Physics, University of (SCCllon 1), L?monsudtc proof-of-concept . rcadou}( ec- ﬁllcring between hipS for the nonsu""f(’n
Colorado, Boulder, CO 80309, USA. tion IV), and discuss challenges and conclusions (Section V). ] ) 's spanning
several commer- de range of be direct]
® I ceramic (LTCC) + data points e
fave suppression. ilightly con- sy-c dmag
are smaller than 1 pulses; the fetave. A 'c
Y Am———— = - TSR the TES absorbers. Figure 2 shows the transmission of the ect the true of parasitic
| | | | | | | . f correlated 1 of future
Keysight PNA-X I correlate: s
2Keysight 335098 SMiniCircuits LFCN-1800D+, LFCN-2850D+, and LFCN-3000D+ stected with ]
their super-
nce, Office
n n . - S —— S — - fion, we see of Energy
34 pA/ VHz, comparable to previously reported readout noise  clear correlated background pulses in the two QET channels 's ChatGPT
[5], [7]. Together, these measurements demonstrate that the which share an absorber, as is expected of athermal phonon roofreading
readout system as implemented in our R&D setup maintains  bursts [16]. An example is shown in the right panel of Figure 4. assist with
expected performance. These are likely a mix of radiogenic decays, cosmic rays,

o T Ch T
for athermal phonon dark matter TES detectors works well
“using the "left” device described in [16] as an example, assuming it is

“MiniCircuits RCDAT-8000-60 biased to 10% of its normal resistance

* For further reading, see
Tsan+,arXiv:2610.24300
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