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OUTLINE
§ Drivers for low energy (single) photon detection (and energy resolution)

– Dark matter detection
§ Introduction to TES photodetectors

– Detector configuration, energy resolution
§ Examples of TES photodetector researches and applications

– Large area TES photodetectors, single photon counting TES sensors, and 
Quasiparticle-trap-assisted Electrothermal-feedback Transition-edge-sensor
(QET)

§ Example of future directions:
– Ir/Pt bilayer TES photodetectors  

§ Summary 



DARK MATTER DETECTION WITH CRYSTALLINE TARGETS 
AND LARGE AREA PHOTON (PHONON) DETECTORS   

§ Sapphire and gallium arsenide crystals are 
optimal for electron recoils (ER)
– Hidden sector dark matter

§ Measure athermal phonons in sapphire 
with TES detectors on surface
– 0.35 eV

§ Measure scintillation photons from gallium 
arsenide with TES photon detectors
– 1.4 eV

§ Measure athermal phonons in gallium 
arsenide with TES detectors on surface
– 0.35 eV

One cm3 crystals. 
Graph from SPICE/HeRALD proposal.



DARK MATTER DETECTION WITH SUPERFLUID 
HELIUM AND LARGE AREA PHOTON (PHONON) 
DETECTORS

§ Optimal for nuclear recoils (NR) 
– Light helium nucleus 

§ TES detectors in liquid helium
– Triplet excimers, UV and IR photons, 

and quasiparticles (phonons and 
rotons)

§ TES detector above liquid helium 
– Evaporated helium atoms kicked off by 

quasiparticles at surface

Hertel et al., arXiv, 1810.06283

TES detector



OTHER PARTICLE DARK MATTER DETECTION 
CANDIDATES
§ Interactions with molecular targets

– Bosonic DM interacting with molecular gas (A. Arvanitaki et al., Phys. Rev. X 
8, 041001)

– Light DM scattering off CO gas (R. Essig et al., PRR 1, 033105 (2019))
– Spin-dependent light DM interaction with molecular crystals (G. Wang et al., 

arXiv:2201.04219)
§ Interactions generate long wavelength photons

– Faint signal requires low DCR
– Well defined energy motivates spectral resolution for background rejection 



WAVE DARK MATTER
§ Conversion of wave dark matter (higher mass axions/dark photons) into a long 

wavelength photon
– Faint signal requires low DCR
– Well defined energy motivates spectral resolution for background rejection 

M. Baryakhtar et al., 
Phys. Rev. D 98, 035006 

J. Liu et al., PRL 128, 
131801 (2022)



SUPERCONDUCTING TECHNOLOGIES
§ Multiple drivers and applications for good detectors at long wavelengths

– Dark matter
– Space applications
– Terrestrial imaging

§ Long wave photons are challenging to detect
– Superconducting systems are an attractive approach with typical excitation in

superconducting systems is smaller than photon energy
§ Transition Edge Sensor (TES) is a mature technology

– Well developed noise theory
– Thermal operating principles
– Demonstrated multiplexing for scaling up mass and/or channels
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to zero twice every cycle. (The bias arrangement 
is not shown in Fig. 4.) 

The second source of error is not likely to be 
large. It can be removed by adjusting Eb 
(providing the adjustment does not change its 
phase) so that Eg has always the same value 
when final balance adjustments are made. A high 
impedance voltmeter, preferably electronic, VM 
in Fig. 4, across the input to Tl will provide for 
this correction. A better way of removing this 
source of error is to make 8 equal to rf> by means 
of a phase shifting device. When this condition is 
obtained Rand R' of Eq. (10) will be equal and 
the position of S2 of Fig. 4 will have no effect on 
the balance adjustments. In this case Z will be 
simply equal to R. A convenient phase shifting 
device is described by Cosens.s 

• C. R. Cosens, Proc. Phys. Soc. London 46, 818 (1934). 
F. A. Laws, Electrical Measurements (McGraw-Hill and 
Company, New York, 1938), p. 474. 

Harmonics in the detector input are likely to 
prove a troublesome source of error. The rela-
tionship between alo a2, a3, etc., in (6) will vary 
according to the setting of R of Fig. 2. Hence, in 
order to obtain accurate balance indications the 
harmonics in E b, or E g , must be filtered out so as 
not to effect the galvanometer deflection appre-
ciably. The filter indicated in Fig. 4 is for this 
purpose. 
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Attenuated Superconductors 

I. For Measuring Infra-Red Radiation 

D. H. ANDREWS; W. F. BRUCKSCH, JR., W. T. ZIEGLER, AND E. R. BLANCHARD 
Chemistry Department, The Johns Hopkins University, Baltimore, Maryland 

(Received February 27, 1942) 

An apparatus for measuring infra-red radiation has been constructed of fine tantalum wire, 
operating at a temperature of 3.22-3.23°K in the transition zone between superconduction 
and normal conduction. The tantalum coil is mounted on a thermostated plate with temperature 
electrically controlled and operates in a special self-regulating shunt circuit by which its own 
temperature is automatically maintained constant. The ratio of developed electrical potential 
to radiation flux received is 150 MV (erg cm-2 sec.-I)-I. Minimum detectable flux is ca. 10-3 erg 
sec.-I. Absolute measurements of intensity of radiation from sources at temperatures between 
24° and 55° are consistent with the Stefan-Boltzmann law showing that instrument corrections 
for reflectivity, window-absorption, and changes with wave-length are very small. 

ALTHOUGH superconductivity has been 
studied extensively for a number of years, 

no use has ever been made of the striking possi-
bilities which it presents for the measurement of 
very small temperature changes and the detection 
of minute quantities of energy.1.2 The advantages 

1 D. H. Andrews, American Philosophical Society Year 
Book (1938), p. 132. 

2 A. Goetz, Phys. Rev. 55, 1270 (1939). 

in using superconductivity for such purposes may 
best be seen by reviewing briefly the essential 
problems in the measurement of radiant energy. 

Electrical detectors of radiant energy, such as 
bolometers and thermopiles, consist, function-
ally, of two elements: a solid body, called the 
receiver, which absorbs the radiation to be 
measured and is warmed thereby, and a sensitive 
thermometer which measures the temperature 
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experiments by removing the calorimeter can 
from the vacuum compartment and inserting 
apparatus for the emission and measurement of 
radiation as shown in Fig. lb. In the following 
description numbers and letters in parenthesis 
refer to the key numbers and letters in these 
figures. 

Starting at the outside and working in, we have 
first a metal Dewar vessel (7) which contains 
liquid nitrogen. Inside this and below the surface 
of the nitrogen there is a gas-tight brass case (6) 
containing another Dewar (5) which is filled with 
liquid hydrogen through the doubled-walled 
tube (11) which is vacuum-jacketed and silvered. 
Hydrogen is pumped off through tube (9). Below 
the surface of the liquid hydrogen there is a 
third gas-tight brass case (3) which contains the 
apparatus for the radiation studies. Wires for the 
electrical measurements emerge at a wax seal at 
the top of tube (10) and the case is evacuated 
through the side arm off this same tube. 

The Helium Container 

Liquid helium is formed by the Simon expan-
sion method in a heavy-walled copper vessel, 
hereafter referred to as the "pot" (1). Each 
expansion results in a temperature of 4.2°K in 
the vessel for about 90 minutes against the 
normal thermal leak. Temperature can be re-
duced to Ga. 2.2°K by pumpmg. The pot is 

SIDE VIEW 

I eM 

TOP VIEW 

FIG. 2a. Bolometer assembly. 

FIG. 2b. Bolometer (top). 

equipped with a gas thermometer (2) registering 
on a Bourdon pressure gauge for rough estimates 
of temperature. There is also wound on it a 
constantan resistance thermometer of Ga. 700-
ohms resistance. All electrical leads from the 
resistance thermometer and from the receiver 
(described below) are wound five times around 
the pot and cemented to it for thermal contact. 

The Bolometer 

The bolometer (B) is mounted on top of the 
pot beneath the radiation shield (E). A stud of 
copper, l-cm diameter, projects 2 mm above the 
top of the pot. To this is soldered with Wood's 
metal a rectangular copper plate 4.3 cm X 2 cm 
XO.8 mm, attached so that it is horizontal. At 
each corner a l-cm length of No. 30 copper wire 
is mounted in a vertical position. The upper ends 
of the wires are wrapped around and serve to 
support two Pyrex glass capillary tubes, 4.4 cm 
long and 1.0-mm diameter, which are parallel to 
the plate lengthwise. 

Another plate of copper (A), shown in more 
detail in Figs. 2a to 2d, rests on these glass 
capillaries. It is shaped in the form of an inverted 
U as is shown most clearly in the side view. The 
two bent-down ends have small vertical slots 
into which the glass capillaries fit so that the 
plate is held snugly in place by friction. The 
photographs show the top (2b), side (2c), and 
bottom (2d) of the assembly. 

This plate (A), hereafter referred to as the 
"platform," has mounted on its lower surface 
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(5) 

where we have (I) total current passing through 
shunt and Ta coil and (0") resistance of shunt. 

In Fig. 5 the heat generated by the current in 
the Ta coil (Up) with this circuit is shown by 
line III. The effect of the shunt is to decrease the 
slope so that at the intersection between (I) and 
(III) there is now true equilibrium. When radi-
ation flux (J) falls on the receiver, curve III is 
in effect shifted up by J units to the new position 
shown in the figure as IlIa. 

Operation 

In taking a measurement of radiation, the 
pumping line to the helium is opened wide so 
that the temperature of the pot comes to equi-
librium at about 2.3°K. Current is passed through 
the platform heater until the Ta coil is at about 
3.3°. Then with the normal measuring current of 
10-4 amp. passing through the Ta coil the tem-
perature of the platform is reduced so that the 
temperature of the coil lies in the middle portion 
of the transition zone. After temperature has 
remained constant for several minutes a series 
of readings of the potential drop is made, every 
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five seconds if possible, continuing throughout 
the series of measurements. During this pre-
liminary procedure the temperature of the 
radiator has been brought to constancy. The 
shutter is then opened and closed several times, 
each complete cycle taking about two minutes. 
The exposure in each instance is continued until 
equilibrium is established. Figure 6 shows the 
plot of galvanometer readings taken with the 
source of radiation at 48.6°K. 

RESULTS 

In order to interpret the results each gal-
vanometer reading is converted to temperature 
(8), with the help of a large scale plo't represent-
ing 8 as a function of galvanometer scale readings 
and based on Eqs. (3), (4), and (5) with appro-
priate numerical values inserted. 

Provided k is known, the radiation flux J may 
be calculated from the change in 8 corresponding 
to J by the following equations: 

k(82-81) = (Up)2- (Up)l+J, (6) 

k!:::.8=t::.H+J, (7) 

where subscripts one and two refer to the equi-
librium states before and after admitting radi-
ation. The A's are an abbreviation to indicate 
the changes between the states; and H = I t2 p. 
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FIG. 6. Galvanometer response to radiation. 
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FIG. 3. Superconducting transition for tantalum. 

against the transition points of superconducting 
tin and lead. It is very difficult to estimate the 
absolute accuracy. For example, the transition 
point for pure tantalum is 4.38°K as reported by 
Meissner. 7 A short straight sample of our own 
tantalum wire has a transition at 4.06°K. Keesom 
and Desirant8 report a transition for tantalum 
at 4.075°K. We find that the winding of hard 
metal wires usually depresses the transition point 
and believe that the apparent value of 3.23°K 
lying almost one degree below the normal transi-
tion can be attributed to this effect. It must be 
recognized, however, that because of the poor 
thermal con tact between the radiometer and the 
pot this figure may be in error by several tenths 
of a degree. 

Electrical measurements have been made with 
the help of White and Type K potentiometers 
and sensitive galvanometers manufactured by 
the Leeds and Northrup Company. The whole 
system is shielded; the wires are covered with 
lead sheathing and the instruments rest on metal 
plates. Sheathing and plates are connected 

7 W. Meissner, Physik. Zeits. 29, 897 (1928). 
8 W. H. Keesom and M. Desirant, Leiden Comm 257 b; 

Proc. Roy. Acad. Amsterdam 42,536 (1939). 

together to form an equipotential background. 
Under ordinary working conditions on the tan-
talum coil circuit one microvolt gives a deflection 
of about 7 mm on the scale. Zero-point shifts are 
less than 0.2 millimeter during a five-minute 
working period, so that potential measurements 
are made with a relative accuracy of ±0.1 p.v. 

Heating Circuits 

The first essential for measuring small changes 
of temperature is constancy of base temperature. 
In our initial experiments, the bolometer was 
mounted directly on the pot, and we tried to 
bring it to constant temperature at 3.225° by 
controlling the rate of pumping on the helium. 
The best we could get was a constancy of about 
0.003°±. This was far from satisfactory for our 
purpose and it did not seem likely that any more 
careful control of pumping rate would produce 
a much better result. 

We therefore decided to isolate the bolometer 
from the helium by means of the glass capillary 
platform described in the previous section. The 
temperature of this platform is controlled by the 
amount of current passing through the platform 
heater. In actual operation we find that after a 
steady state of pumping has been reached, the 
tendency is for the temperature of the top of the 
pot to rise at a very slow rate, roughly 0.001 ° 
per minute. This effect is most pronounced when 
the level of helium in the pot gets low. By slowly 
decreasing the heating current through the 
platform heater it is possible to compensate for 
this and to hold the temperature of the platform 
constant to 10-5 deg. or better over a period of 
several minutes. 

In addition to the heating from the heater coil, 
there is also appreciable heating from the current 
passing through the receiving element itself, 
especially when fairly high currents of the order 
of 10-4 amp. are used in order to get maximum 
dE/dT and consequent maximum sensitivity. 
Under these conditions there is an instability in 
the heat balance and it is necessary to use a 
special self-regulating shunt circuit. 

The analysis of the circuits and heat balances 
may be made with the help of Fig. 4. Consider 
first the circuit with key open. A constant current 
passes through the tantalum coil (p) and the 
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MODERN TES

§ Heat capacity thermally stood-off 
from heat sink

§ Voltage bias into superconducting 
transition

§ Low-impedance current 
measurement via SQUID

Bias PowerPhotons

Cryogenic Heat Bath: 10~300 
mK

Energy Absorber 
TES

G ~ Tn
Heat Capacitance C

∆T

∆ 
R

R vs T 
of an Ir/Pt  

bilayer 
TES 



ELECTROTHERMAL FEEDBACK
§ Shape of R(T) curve together with voltage 

bias establishes natural negative feedback
§ TES temperature stabilizes at Tc

§ Increases bandwidth
§ Linearizes response: 

– ΔPabsorbed ≈ ΔPbias = Vbias × ΔITES

§ “Loop gain” determined by slope of R(T), 
which can be steep making feedback 
strong.

10

∆T

∆ 
R

R vs T 
of an Ir/Pt  

bilayer 
TES 



SENSITIVITY
§ Fundamental noise comes from thermal fluctuations (~kT), which can be made 

small by choosing suitable Tc

§ Energy resolution:

§ Improve by reducing Tc

§ Incorporating athermal techniques can further reduce volume

Δ𝐸 ≈ 2 2 𝑙𝑛2
4𝑘!𝑇"#𝐶

𝛼
𝑛
2

𝐶 ∝ 𝑇" n~3 − 5𝛼 =
𝑇
𝑅
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A LARGE AREA PHOTON DETECTOR IN CRESST

§ Evaporated W TES thermometer with a Tc of 
15 mK
– Measure heat of target calcium tungstate
– Measure scintillation light with a silicon-

on-sapphire light detector of 20 × 20 ×
0.4 mm3

– The light yield is used to discriminate 
between electron recoils and nuclear 
recoils in the target

§ Baseline noise energy resolution lies 
between 4.1 eV and 6.7 eV

Cryogenic Rare Event Search with Superconducting Thermometers

A. H. Abdelhameed et al. (CRESST Collaboration), Phys. Rev. D 100, 102002



TES SINGLE PHOTON DETECTOR AT 1550 NM 
§ 25 µm × 25 µm x 35 nm single-moded fiber-fed W TES
§ Pulse height proportional to photon number. The inset shows the measured 

probability distribution. ∆E=0.12 eV
§ The graph on the right shows the measured distribution with a Au/Ti (10/20 nm) 

bilayer TES (8 µm × 8 µm and a Tc  of 115 mK). ∆E=0.067 eV
§ Ultra-low DCR: detection threshold > 2.3∆E + pulse shape discrimination

A. J. Miller et al., Appl. Phys. Lett. 83, 791 (2003) K. Hattori et al., arXiv:2204.01903v1



Quasipartiple density n

∆R

W
Al

Silicon Wafer

Photons
Ir/Pt

A large area TES 
photon detector

• Detector sensitivity depends 
on 
§ TES volume (heat 

capacity)
§ TES Tc

LARGE AREA PHOTON DETECTOR WITH A SUB-EV 
THRESHOLD 
§ Quasiparticle-trap-assisted Electrothermal-feedback Transition-edge-sensor 

(QET)
– Superconductor Al as photon absorber + TES as quasiparticle readout sensor
– Originally developed in the CDMS collaboration measuring phonon with a 

large area coverage



IR/PT BILAYERS

Tc of 100 nm Ir film: 195 mK   

Pt
Ir

R. Hennings-Yeomans, C. L. Chang, J. Ding, et al., J. Appl. Phys. 
128, 154501 (2020); 

Fabricated at Argonne and tested at UC 
Berkeley



A LARGE AREA TES PHOTON DETECTOR FOR 
NLDBD

§ Working with the CUPID 
collaboration, to develop a large 
area photon detector to measure 
the scintillation light from Li2MoO4  
crystals
– Measure heat & light to reject

background
§ 45nm/20nm Ir/Pt TES at the center 

of a 2-inch silicon wafer, Tc~33 mK, 
Rn=0.75 Ω

§ Two large Au pads (900 µm × 900 
µm × 0.2 µm) thermalize contact 
between the Si wafer and the TES



PERFORMANCE OF THE LARGE AREA TES PHOTON 
DETECTOR

§ Operated at a bath temperature of 15 mK and at 
R=0.3Rn

§ Excited back of the wafer with varying amplitudes 
of blue LED (475nm) pulses 

§ Pulse height is proportional to the number of 
photons impinging on the wafer

§ Used photon statistics to calibrate the LED spectra
– Statistics derived energy resolution is better 

than 40 eV

Graph credit:
Vivek Singh 
at UC Berkeley



IR/PT QET

§ Developing athermal coupling
– Reduce TES Tc and volume.

• Thin IrPt bilayers
• Narrow TES lines

– Al QP collector fins



SUMMARY
§ Applications: 

– particle & wave dark matter searches
– single photon spectroscopy

§ TES photodetector has a high resolution and low dark counting rate   
§ Reviewed three kinds of TES photodetectors

§ A large area TES photodetector: a large dielectric photon absorber + a TES 
sensor for temperature readout 

§ Sensitive large area QET: Superconducting photon absorbers + TES sensors 
for  quasiparticle readout

§ Single photodetector: TES is used both as an absorber and a readout sensor
§ Future development aims to use lower Tc materials to improve detector 

sensitivity



THANK YOU.


