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neutron content (N = 52) and a high nuclear spin ( 92 ) [Ell88]. Another experiment proposed
by the Oxford group using the technology described above is an experiment to measure the
mass of the hypothetical 17 keV neutrino [Boo92].

4. Superconducting superheated granule detector

4.1. Basic principles

The detector principle is simple: a small granule of a type I superconductor, typically of the
size of a few µm, is placed in a static magnetic field, as shown in figure 23. The operating
temperature T0 is chosen to be slightly lower than the critical temperature Tc. Because of
the perfect diamagnetism of type I superconductors, the magnetic field is excluded from the
interior of the granule. When a particle interacts with the granule, e.g. by scattering off a

Figure 23. The magnetic fields around a granule before and after the deposition of energy of a
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Cryogenic	Detectors	in	~	1987:	Superconducting	Tunnel	Junctions
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Long	history	subsequent	to	Giaever’s	1960	and	1961	tunnel	junction	papers:
• Wood	and	White,	APL,	1969,	“Pulses	induced	in	tunneling	currents	between	superconductors	by	alpha-particle	

bombardment”	
• 1970s:	Numerous	papers	on	detection	of	phonons	and	excess	quasiparticles	with	STJs
• Kurakado,	NIM,	1981	&	1982,“Possibility	of	high	resolution	detectors	using	superconducting	tunnel	junctions”
• Excess	QPs	created	on	one	side	of	junction	produce	detectable	current	through	biased	junctionCryogenic particle detectors 401

From	D.	Twerenbold,	Rep	Prog Phys,	1996,	p401

2. SUPERCONDUCTING TUNNEL JUNCTIONS 
2.1 Basic principle  

A STJ consists of two superconducting layers separated by a thin insulating barrier (see Figure 1). It requires a magnetic 
field parallel to the barrier to suppress the Josephson current. The operating temperature is typically ~0.1Tc (with Tc the 
critical temperature of the superconductor), sufficiently low to avoid any significant population of thermally excited 
quasiparticles. The absorption of a photon with energy E in a superconductor is followed by a series of fast processes in 
which the photon energy is converted into free charge carriers (quasiparticles) by the breaking of Cooper pairs. For 
typical transition metals this conversion process ranges from nanoseconds (niobium) to microseconds (hafnium). The 
average number of excess carriers generated upon the absorption of a photon with energy E is No(E) = E/1.7Δ, with Δ 
the energy gap of the superconductor. Thus, in a superconductor such as tantalum (Δ~0.7 meV) the initial mean number 
of free charge carriers created No(E) is ~103 per eV of photon energy. The limiting energy resolution (Fano limit) is 
determined by the variance on No(E) and given by:  

δE EFFano = 2 355 1 7. . Δ       (1) 

with F~0.2 the Fano factor [5],[6]. 

 
Figure 1. Schematic representation of a superconducting tunnel junction. From	P.	Verhoeve et	al,	Proc.	SPIE,	2010,	vol.	7742,	p77420O-2

Around	1987,	
measure	
energy	of	
single	6	keV
x-rays	with	
~50	eV	
resolution	
(Rothmund
and	Zehnder,	
1988)
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Early	Detectors	Illustrate	Motivating	Principles
• Use	superconductors	and	low	temperatures	because	of	low	specific	heat	(granules)

Cph ~	T3 and						Cel ~	e-Tc/T
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• Use	superconductors	because	of	the	low	energy	required	to	create	an	electronic	excitation	(STJs)

DSi ~	1	eV DNb ~	1	meV if	you	count	excitations,																			and	energy	resolution	 D=µ gg EE
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• Use	superconductors	because	of	the	low	energy	required	to	create	an	electronic	excitation	(STJs)

• Use	thermometers	with	strong	temperature	dependence	(thermistors	and	especially	superconductors)
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(T/R)	(dR/dT)	=	100	– 1,000
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DSi ~	1	eV DNb ~	1	meV if	you	count	excitations,																			and	energy	resolution	 D=µ gg EE
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Big	Ideas
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1. Microfabrication

2. SQUID	Readout

3. TESs

4. Multiplexed	Readout

5. Dry	Cryogenics

6. MKIDs

7. Microwave	Readout
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Transition	Edge	Sensors	(TESs)
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critical parameter for device design due to its close connection
to achievable energy resolution. Large signal limit models can
also be used to inform the energy calibration process by
providing a theoretical basis for the calibration curves.
Finally, the large signal limits models provide a mechanism
against which we can fit pulses in order to better characterize
existing devices and understand their optimization.

To calculate the large-signal limit behavior, we solve the
standard nonlinear differential equations for the response of a
TES, equations (1) and (2). Then one of the various resistance
models is used for RTES. Given initial conditions, the response
of the TES at any time can be simply solved numerically. One
of these models, the two-fluid model with c 1R = , has been
used previously to numerically model TESs in the large-sig-
nal limit [151]. Figure 15(a) shows simulated pulses for three
different models for RTES: phase-slip model (solid), two-fluid
model with c 1R = (dashed-dotted), and weak-link model
based on equation (14) (dashed). The energy range of the
pulses runs from 250 eV (dark blue) to 20 keV (dark red). The

Figure 15. Simulated x-ray pulses in the large signal limit for different energies from 250 eV (dark blue) to 30 keV (dark red) for three
different resistance models, PSL (solid), two-fluid (dashed-dotted), and RSJ (dashed). equation (33) was used for the PSL and TF models and
equation (8) was used for the weak link model. (b) Calculated pulse height as a function of photon energy for the various models.

Figure 16. A surface plot of the resistance for the two-fluid model as
a function of current and temperature R I T( ( , )) for the parameters
used in the previous figures. The red line shows the equilibrium

Supercond. Sci. Technol. 28 (2015) 084003 J N Ullom and D A Bennett

physics [1], including future large-scale NASA space-
based cosmic microwave background [20] and x-ray
imaging-spectroscopy observatories [21].

To achieve high energy resolution, it is important to
control both the TESs Tc and !Tc. Because the energy
resolution of calorimeters improves with decreasing tem-
perature, they are typically designed to operate at tempera-
tures around 0.1 K. For a TES, this requires a
superconductor with Tc in that range. While there exist a
few suitable elemental superconductors, the best results
have been achieved using proximity-coupled S/N bilayers
[11,12], for which Tc is tuned by selection of the thick-
nesses of the S and N layers [2].

We report here the properties of TESs based on square
(L! L) electron-beam-depositedMo=Au bilayers consist-
ing of a 55 nm Mo layer (Tc " 0:9 K) to which 210 nm of
Au is added. The square side lengths L range from 8 !m to
290 !m, and the normal-state resistance per square is
RN ¼ 17:2$ 0:5 m". The bilayers are connected at op-
posite ends to Mo=Nb leads having measured supercon-
ducting transition temperatures of 3.5 and 7.1 K [22].
Further details on the device fabrication process can be
found in Ref. [23]. FIG. 2 (color online). Part (a) and inset (b) show measured

PRL 104, 047003 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

29 JANUARY 2010
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• Thin	metal	film	electrically	biased	in	superconducting-to-normal	transition
• Early	work	used	current-biased	films	and	voltage	readout	(beginning	with	Andrews	in	1940s)
• Current	bias	has	severe	problems:	thermal	run-away	and	extreme	sensitivity	to	inhomogeneity
• Major	breakthrough	=	voltage	bias	&	electrothermal feedback:	Irwin,	Applied	Physics	Letters,	1995	“An	application	of	

electrothermal feedback	for	high	resolution	cryogenic	particle	detection”
• Highly	successful	in	many	application	areas.		TESs	critical	to	growth	of	cryogenic	detector	field	(although	no	longer	alone)
• Many	implementations:	elemental	films,	bilayers,	and	alloys
• For	many	years,	TES	physics	poorly	understood,	but	lots	of	recent	progress:	weak-links	and	phase	slip	lines
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SQUIDs
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• low	noise	current-to-voltage	amplifiers	with	low	input	impedance;	required	for	TESs
• Welty	and	Martinis,	“A	series	array	of	dc	SQUIDS”,	1991.		Matches	output	voltage	noise	of	cryo components	to	input	

voltage	noise	of	conventional	preamplifier.		Suddenly,	readout	“easy”.
• There	are	some	who	complain	about	SQUIDs	but	we	are	lucky	to	be	able	to	use	them:

o can	locate	near	sensors
o low	noise
o low	power	dissipation
o low	input	impedance,	high	bandwidth	operation
o made	by	microfabrication	->	large	quantities,	many	variants

0.2 mm

SQUID current amplifier

Isensor changes
VSQUID

Isensor

VSQUID
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Figure 3. Orthogonal modulation functions for four channels in each of the basis sets for multiplexing TES microcalorimeters. The output
gain for each basis is plotted as a function of time in arbitrary units.
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Figure 4. A schematic representation of a 2 column by 8 row TDM
circuit. Each row is turned on sequentially, with the control bias to
turn on the SQUIDs corresponding to a given row in all the columns
connected in series. Reproduced from Doriese et al. Reprinted with
permission from [40]. Copyright 2007, AIP Publishing LLC.

Figure 5. A schematic representation of four-row Φ-CDM. The
current signal from a given TES is inductively coupled to all four
first-stage SQUID amplifiers with coupling polarity defined by the
appropriate column of the Walsh basis set. The rows are activated
sequential as in TDM. The signals from all the SQUID1ʼs (SQ1) are
summed into SQUID2 (SQ2) which is coupled to a SQUID series
amplifier (SA). The dynamic range is extended by implementing a
flux-lock loop using feedback applied to the SQ1s as in TDM.

Supercond. Sci. Technol. 28 (2015) 084003 J N Ullom and D A Bennett

3.1. Time-division multiplexing

TDM consists of combining the signals from a series of
sensors into a single shared amplifier chain by separating
them in the time domain [43]. Each sensor in TDM has a
dedicated first stage SQUID. The measurement sequence for a
column of sensors consists of turning on one of the SQUIDs,
waiting for transients to settle, averaging over some mea-
surement period, and then repeating for the next SQUID in
the column. As shown in figure 4, a TDM multiplexer is

designed so that a single pair of control lines can turn on
SQUIDs in otherwise distinct columns. An M column by N
row TDM SQUID multiplexed readout needs on the order of
M N+ signal lines instead of M N× that would be neces-
sary if each detector had its own readout chain.

The bandwidth of each measurement is set by the boxcar
modulation function, see figure 3, such that the noise band-
width is t1 2 sδ , where tsδ is the time the multiplexer dwells on

Figure 3. Orthogonal modulation functions for four channels in each of the basis sets for multiplexing TES microcalorimeters. The output
gain for each basis is plotted as a function of time in arbitrary units.

Figure 4. A schematic representation of a 2 column by 8 row TDM
circuit. Each row is turned on sequentially, with the control bias to
turn on the SQUIDs corresponding to a given row in all the columns
connected in series. Reproduced from Doriese et al. Reprinted with
permission from [40]. Copyright 2007, AIP Publishing LLC.

Figure 5. A schematic representation of four-row Φ-CDM. The
current signal from a given TES is inductively coupled to all four
first-stage SQUID amplifiers with coupling polarity defined by the
appropriate column of the Walsh basis set. The rows are activated
sequential as in TDM. The signals from all the SQUID1ʼs (SQ1) are
summed into SQUID2 (SQ2) which is coupled to a SQUID series
amplifier (SA). The dynamic range is extended by implementing a
flux-lock loop using feedback applied to the SQ1s as in TDM.
Reprinted with permission from [56]. Copyright 2012, AIP
Publishing LLC.
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Dry	Cryogenics
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• C.	Wang	et	al,	“A	two-stage	pulse	tube	cooler	operating	below	4K”,	Cryogenics,	1997.		Low	vibrations	of	pulse	tube	
well	matched	to	cooling	cryogenic	sensors.

• MilliKelvin systems	precooled	by	pulse	tubes	are	now	common	in	many	fields	but	particularly	impactful	for	sensors	
which	often	must	be	brought	to	the	photon	source

• Many	commercial	vendors	of	dilution	refrigerators	and	adiabatic	demagnetization	refrigerators

ADR	that	
mounts	on	
electron	

microscope

DR	in	Atacama	
desert

≲ 1	m
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these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iqLs also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, qLs.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy hn . 2D are

absorbed in a superconducting film cooled to T ,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hhn/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18 N (E ),

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (T 1.23 K)
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these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iqLs also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, qLs.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy hn . 2D are

absorbed in a superconducting film cooled to T ,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hhn/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (T c ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total
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• MKID	readout	is	extremely	attractive:	many	resonators	on	shared	feedline	with	one	input	and	one	output.		1	shared	
amplifier	at	output	port.

• 50	Ohm	impedances	and	commercial	HEMT	amplifiers	provide	many	GHz	of	readout	bandwidth.		Multiplexing	factors	
of	103 possible.

From	C.	McKenney,	NIST

Semiautomated layout and fabrication scheme for large MKID arrays 7
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FIG. 7. Measurements of the BLAST-250µm focal plane designed using the lithography methods defined in this paper. (a)
VNA measurement of S21 for a BLAST-250um rhombus tiled using the approach in this paper at 60 mK. Left half and right
segments are the X and Y polarizations respectively. The gap allows both polarizations to be clearly identified and serves as
a useful center frequency for the readout local oscillator. (b) Zoom in of the box region. The blue bar represents the design
frequency separation at this frequency which by eye is very nearly comparable to the frequency jitter between resonators. (c)
Comparison of model to the BLAST-250µm focal plane measured results. The best fit fractional frequency uncertainty is similar
to the value determined in the uniformity tests, �

x

⇡ 8 ⇥ 10�4. The lowest median quality factor of ⇠ 3 ⇥ 104 is achieved by
operating the ADR at 300 mK corresponds to the expected quality factor under optical loading.

len, B. Belier, A. Bideaud, N. Billot, B. Comis, A. D’Addabbo,
C. Kramer, J. Martino, F. Mayet, F. Pajot, E. Pascale, L. Per-
otto, V. Revéret, A. Ritacco, L. Rodriguez, G. Savini, K. Schus-

nium nitride kinetic inductance detectors,” Applied Physics Let-

ters, vol. 106, no. 7, p. 073505, 2015.
13N. Galitzki, P. A. R. Ade, F. E. Angilè, P. Ashton, J. A. Beall,

Circuit	S21 showing	few	hundred	resonators
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• MKID	readout	is	extremely	attractive:	many	resonators	on	shared	feedline	with	one	input	and	one	output.		1	shared	
amplifier	at	output	port.

• 50	Ohm	impedances	and	commercial	HEMT	amplifiers	provide	many	GHz	of	readout	bandwidth.		Multiplexing	factors	
of	103 possible.

RF-SQUID

• Circuit	can	be	adapted	for	TES	readout	by	addition	of	RF-SQUID:	
J.A.B.	Mates,	PhD	thesis,	2011

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), February 2018. 
Invited presentation ED6-2-INV was given at ISS 2017, December 13-15, 2017, Tokyo, Japan.



Evolution	of	Technologies
• Granules	gone Critical	Field	of	Single	

Granule	vs.	Angle	
data

model
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getting	good	performance	
from	ensemble	of	granules
Frank et al, NIM A, 1990
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Evolution	of	Technologies
• Granules	gone
• Thermistors:	notable	successes	but	now	rare
• STJs	continue	but	array	size	and	scope	of	applications	limited
• TESs	flourish,	many	versions

Critical	Field	of	Single	
Granule	vs.	Angle	

data

model

Shows	grave	obstacle	to	
getting	good	performance	
from	ensemble	of	granules
Frank et al, NIM A, 1990
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X-ray	Science
• Why	superconducting	sensors?		Unique	combination	of	resolving	power	and	collecting	efficiency

o Resolving	power	gives	access	to	chemical	and	spin	effects,	reduces	backgrounds	and	overlapping	lines
o Collecting	efficiency	(100-1,000x	better	than	xtals or	gratings)	good	for	dilute	and	radiation	sensitive	materials,	

also	good	for	weak	laboratory	sources
• Case	for	superconducting	sensors	in	laboratory	x-ray	science	was	always	strong.		Recent	work	shows	sup.	sensors	also	

have	role	at	large	facilities.		Several	spectrometers	at	synchrotrons,	one	under	development	for	LCLSII	XFEL.
• Case	for	use	in	ultrafast	time-resolved	x-ray	science	particularly	strong
• Most	x-ray	techniques	now	demonstrated:	XRF,	XES,	XAS,	RIXS,	elastic	scattering,	PIXE,	…

NIST	TES	spectrometer

AIST	STJ	data	
on	N-
implanted	SiC:	
Ohkubo	et	al,	
IEEE	TAS,	2014

Spin	cross-over	
measured	at	APS	
(above)	and	NIST	
tabletop.		Tabletop	
result	has	10x	better	
time	resolution	and	uses	~104x	fewer	photons:	

Miaja-Avila	et	al,	PRX,	2016
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Single	Optical	and	NIR	Photon	Detection
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• Done	with	TESs,	SNSPDs,	and	MKIDs,	each	with	different	strengths
• Wide	range	of		applications:

Quantum	Information	
Loophole-free	tests	of	Bell’s	inequalities exclude	theories	of	local	realism
• Giustina et	al,	PRL,	2015
• Shalm et	al,	PRL,	2015

Quantum	Key	Distribution
Provably	secure	communications.	

Laser-Based	Communication
Lunar Laser	Communication	Demonstration (LLCD),	2013-2014

Microscopy
K.	Hattori	presentation	this	past	Weds.

SNSPDs	in	ground	station	receive	information	via	
laser	light	from	satellite	in	lunar	orbit	(JPL,	MIT	LL)

Astronomy
Exoplanet	searches,	maybe	redshift	surveys

Excellent	talks	earlier	by	H.	Terai and	L.	You
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Thank	you!
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joel.Ullom@nist.gov
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