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•  X-ray	detector	op-ons	
•  Transi-on-edge	sensor	basic	

opera-on	
•  “Standard”	and	“small”	pixels	

	-	how	small	can	we	go?	
•  Mul--absorber	devices	&	Hybrids	
•  Mul-plexing	
•  Filter	op-ons	
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Suggested	X-ray	Surveyor	microcalorimeter	
requirements	from	earlier	study	

•  Pixel	size:		1”	
•  Field-of-View:	At	least	5’	x	5’	
•  Energy	resolu-on	[FWHM]:		<	5	eV	
•  Count	rate	capability:	<	1	count	per	second	per	pixel	
•  For	a	focal	length	of	op-c	of	10	m,	1”	corresponds		
		to	50	µm	pixels	

	
	 							5’	field-of-view	with	1”	pixels	requires	a	nominal	 		
	 	 	 	300	x	300	array	=>	90,000	pixels	



Semiconduc-ng	thermistors			
Transi-on	Edge	Sensors	–	TES			
Metallic	Magne-c	Calorimeters	–	MMC	
Magne-c	Penetra-on-Depth	Thermometers	–	MPT	
Superconduc-ng	Tunnel	Junc-ons	–	STJ		
Microwave	Kine-c	Inductance	Detectors	–	MKIDs		

	

Equilibrium:   
        ΔT prop to ΔE/C  - sensor is in thermal equilibrium 
        Resolution from: accuracy of measuring T in background of T fluctuations  
        Low-temperature => minimizing thermodynamic fluctuations & low C 

      For high energy resolution, T < ~ 0.1 K is required.  
 
Non-equilibrium:  
        Energy => quantized excitations (E >> kT) 
        Energy  prop. to # of excitations  
         

  Low T required to avoid thermally generated excitations 

Most	successful	low-temperature	detector	technologies:	

Two	categories	of	low	temperature	detectors	

} Equilibrium	detectors	

} Non-Equilibrium	detectors	



S.H.	Moseley,	J.C.	Mather,	D.	McCammon,	J.	Appl.	Phys.	56,	1257		(1984)	:	
	

	X-ray	microcalorimeters	capable	of	1	eV	energy	resolu-on	with	6	keV	X-rays	



Thermal relaxation time: 

Thermal conductance 



Transi-on-edge	Sensor	microcalorimeter	basics:	

Superconductor	voltage-biased	
	in	its	transi-on		
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Basic	op-miza-on	for	a	linear	response:		
	Choose	absorber	with	low	C	and	fast	thermaliza-on	
	C,	α	such	that	maximum	energy	events	approach	

satura-on		
	 	=>		large	quasi-linear	range	of	opera-on	
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•  No	heat	dissipated	in	the	sensor	
•  No	electrical	Johnson	noise	
•  Performance	proper-es	based	upon		

	equilibrium	thermodynamics	

Paramagne-c	sensor:	Au:Er	
	 	 	 				(Ag:Er,	…)	

	
	 M / 1

T

Metallic	Magne=c	Calorimeters	(MMC)	



•  T ≈ 32 mK
•  If  = 35 mA
•  Absorbers 250 x 250 x 3 µm – all gold
•  Very linear detector

•  T ≈ 20 mK
•  Absorbers 250 x 250 x 5 µm – all gold

Best	MMC	results:	

NASA/GSFC	–	meander	geometry	

Heidelberg,	Germany	–	sandwich	geometry	



Magne-c	Penetra-on	Thermometer	(MPT)	

Magnetic Penetration Thermometer (MPT) tests:!

Sensor:	MoAu	bilayer	

Current	=	1.25	mA	
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Noise	in	transi-on:	
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MPT:	
	
					Cabs			=	0.34	pJ/K	@	38	mK	

	
					∆EFWHM=	2.3	eV	@	5.9	keV	 						

	 			=	2.0	eV	@	1.5	keV		



Microwave	kine-c	inductance	devices	MKIDs	
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Fig. 1. Left: The basic operation of an MKID, from [12]. (a) Photons with energy h� are ab-
sorbed in a superconducting film, producing a number of excitations, called quasiparticles.
(b) To sensitively measure these quasiparticles, the film is placed in a high frequency pla-
nar resonant circuit. The amplitude (c) and phase (d) of a microwave excitation signal sent
through the resonator. The change in the surface impedance of the film following a photon
absorption event pushes the resonance to lower frequency and changes its amplitude. If the
detector (resonator) is excited with a constant on-resonance microwave signal, the energy
of the absorbed photon can be determined by measuring the degree of phase and amplitude
shift. Right: The top panel shows the results the equivalent circuit of multiplexed MKIDs,
and the bottom panel shows microwave transmission data from actual MKIDs with very
accurate frequency spacing.

the supercurrent requires extracting the kinetic energy stored in the supercurrent, which yields
an extra inductance. This change can be accurately measured by placing this superconduct-
ing inductor in a lithographed resonator. A microwave probe signal is tuned near the resonant
frequency of the resonator, and any photons which are absorbed in the inductor will imprint
their signature as changes in phase and amplitude of the probe signal. Since the quality factor
Q of the resonators is high and their microwave transmission off resonance is nearly perfect,
multiplexing can be accomplished by tuning each pixel to a different resonant frequency with
lithography during device fabrication. This is accomplished by changing the total length of the
inductor with a “trombone section”, resulting in a lower inductance and therefore a higher res-
onant frequency. A comb of probe signals can be sent into the device, and room temperature
electronics can recover the changes in amplitude and phase without significant cross talk [12],
as shown in Figure 1.

MKIDs are extremely versatile, as most resonators with a superconductor as the inductor will
function as a MKID. We have decided to pursue a lumped element resonator design [19], shown
in Figure 2. The resonator itself consists of a 20 nm thick sub-stoichiometric titanium nitride
(TiNx) film [20], with the nitrogen content tuned with x < 1 such that the superconducting
transition temperature Tc is about 800 mK. Due to the long penetration depth of these films
(⇥1000 nm) the surface inductance is an extremely high 90 pH/square, allowing a very compact
resonator fitting in a 100�100 µm square. Due to bandwidth limitations of our electronics we
use two feedlines to read out the array, each serving 512 resonators. The resonators are designed
to be separated by 2 MHz within a 4–5 GHz band.

To avoid crosstalk between pixels the inductors are made with a double meander design that
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shift. Right: The top panel shows the results the equivalent circuit of multiplexed MKIDs,
and the bottom panel shows microwave transmission data from actual MKIDs with very
accurate frequency spacing.
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transition temperature Tc is about 800 mK. Due to the long penetration depth of these films
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nar resonant circuit. The amplitude (c) and phase (d) of a microwave excitation signal sent
through the resonator. The change in the surface impedance of the film following a photon
absorption event pushes the resonance to lower frequency and changes its amplitude. If the
detector (resonator) is excited with a constant on-resonance microwave signal, the energy
of the absorbed photon can be determined by measuring the degree of phase and amplitude
shift. Right: The top panel shows the results the equivalent circuit of multiplexed MKIDs,
and the bottom panel shows microwave transmission data from actual MKIDs with very
accurate frequency spacing.

the supercurrent requires extracting the kinetic energy stored in the supercurrent, which yields
an extra inductance. This change can be accurately measured by placing this superconduct-
ing inductor in a lithographed resonator. A microwave probe signal is tuned near the resonant
frequency of the resonator, and any photons which are absorbed in the inductor will imprint
their signature as changes in phase and amplitude of the probe signal. Since the quality factor
Q of the resonators is high and their microwave transmission off resonance is nearly perfect,
multiplexing can be accomplished by tuning each pixel to a different resonant frequency with
lithography during device fabrication. This is accomplished by changing the total length of the
inductor with a “trombone section”, resulting in a lower inductance and therefore a higher res-
onant frequency. A comb of probe signals can be sent into the device, and room temperature
electronics can recover the changes in amplitude and phase without significant cross talk [12],
as shown in Figure 1.

MKIDs are extremely versatile, as most resonators with a superconductor as the inductor will
function as a MKID. We have decided to pursue a lumped element resonator design [19], shown
in Figure 2. The resonator itself consists of a 20 nm thick sub-stoichiometric titanium nitride
(TiNx) film [20], with the nitrogen content tuned with x < 1 such that the superconducting
transition temperature Tc is about 800 mK. Due to the long penetration depth of these films
(⇥1000 nm) the surface inductance is an extremely high 90 pH/square, allowing a very compact
resonator fitting in a 100�100 µm square. Due to bandwidth limitations of our electronics we
use two feedlines to read out the array, each serving 512 resonators. The resonators are designed
to be separated by 2 MHz within a 4–5 GHz band.

To avoid crosstalk between pixels the inductors are made with a double meander design that

!

The	good:	
•  Poten-ally	the	easiest	technology	to	mul-plex	with	

microwave	read-out	
	
However:	
•  High	energy	resolu-on	is	very	difficult,	especially	at	6	keV	
•  Superconduc-ng	absorbers	are	difficult	
•  Now	inves-ga-ng	normal	metal	absorbers	(TKIDs)	

Best	results	achieved	using	posi@on-
sensi@ve	MKIDs		~	60	eV	at	6	keV,	
(no	absorber).	



Random	transport	of	energy	=>	
fluctua-ons	in	energy	content	of	C.	
Easy	to	calculate:	
	
  ΔErms	~				√kB	T2C	
	
But	energy	fluctua@on	is	not		
energy	resolu@on	
	
In	absence	of	bandwidth	limit		=>		
arb.	good	energy	resolu@on	achievable.	

Intrinsic	resolu=on	for	equilibrium	detectors	?	
	

LTD14 - Cryogenic Particles Detectors Page Blas Cabrera - Stanford University

So what is intrinsic resolution for 
thermal detectors ?

Heat capacity C at temperature T has energy CT
The average energy per carrier ~kT
So there are N ~ CT / kT carriers
So statistical thermal noise
But we can detect smaller signal as shown 

18

 !E( )rms ! kT N = kT 2C

Physical Principles of Low Temperature Detectors 

effective fmax that can be substituted for !f.  Since the resolution depends 
only on the ratio  fc//fmax, something can be gained by making the detector as 
slow as the application can withstand.  Detector design usually ends up a 
complicated tradeoff of internal time constants, thermometer noise, heat 
capacity, and operating temperature. 
 The problem of how to filter the signal to get the best possible 
estimate of the its amplitude in the presence of an arbitrary noise spectrum 
can be solved quite generally for the linear small-signal case if we assume 
that the signal pulse shape and the noise power spectrum are both fixed and 
known.  The noise in different time bins is correlated, except for the special 
case of white noise, but is uncorrelated in frequency space so long as it is 
"stationary," which means that its statistical properties do not change with 
the signal.  This minimal requirement should be met by almost any linear 
system.  We can then readily construct the optimal filter in the frequency 
domain, given that in the i

th
 frequency bin the expected noise is ni and the 

Random transport of energy between heat 
sink and detector over thermal link G 
produces fluctuations in the energy 
content of C.  The magnitude of these can 
easily be calculated from the fundamental 
assumption and definitions of statistical 
mechanics:  

 

  

!E
rms

= kT
2
C  

Fig. 2. Fundamental thermodynamic fluctuation noise. 
 

Fig. 3. Signal can still be measured to high accuracy in presence of 
thermodynamic fluctuation noise by looking at the “corners”.  Here the 
signal amplitude is equal to the r.m.s. value of the fluctuations. 
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Thermal Equilibrium Calorimeters – An Introduction 3

Fig. 1. The ideal calorimeter. An instantaneous energy input E0 will raise the
temperature by an amount ∆T = E0/C, and it will then decay back to its starting
point with a time constant τ = C/G

value in the absence of a signal. The absorber can be characterized by its
heat capacity C, the thermal link by its conductivity G, and the heat sink
by its temperature T0.

The same configuration can be used to measure a steady power input, P ,
with ∆T = P/G. In this case the device is usually referred to as a bolometer.
Such detectors have been used for many years to measure infrared radia-
tion, and their theory is well-developed [2, 3, 4]. In particular, Mather has
presented a complete linear theory for simple bolometers with ideal resistive
thermometers [4] and made the straightforward extension to adapt these re-
sults to energy detectors [5]. These papers are somewhat terse. We will use a
slightly different approach to arrive at the same results, and will keep much
of the discussion of this section as general as possible so that it can be applied
to detectors with all types of thermometers.

Section 2.1 contains a qualitative discussion of the most basic factors
that influence energy resolution in any thermal equilibrium detector. It then
uses thermometer Johnson noise as a basic example of resolution limited
by a white noise source. Section 2.3 analyzes several major noise sources,
of which only thermometer and load resistor Johnson noise are specific to
resistive thermometers. The derivation in Sect. 2.4 of optimal filtering for en-
ergy detection should be entirely general for any linear system. Sect. 2.9 on
the symmetry of equations for voltage and current output and Sect. 2.10 on
common deviations from the simple detector of Fig. 1 are also quite general.
The detailed derivation for resistive thermometers begins in Sect. 2.2. Op-
timization of the detector and bias power discussed in Sect. 2.5, which also
contrasts the optimization of bolometers, or power detectors. Section 2.6 in-
troduces circuit capacitance and inductance, Sect. 2.7 external feedback, and
Sect. 2.8 the modifications necessary for thermometers where the resistance
depends on voltage or current as well as temperature.

2.1 Limits on Energy Resolution: A First Look

One irreducible source of noise comes from the random exchange of energy
between the absorber and the heat sink over the thermal link. It is an el-
ementary result of classical statistical mechanics that the magnitude of the
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features. The level of TC shift depends on L as well as the ge-
ometry of the Au features. The role of these features on
IC(T,B) has not been fully explored but might be expected to
introduce a highly non-uniform current density distribution
and significant deviation from the simple models described
above.

III. SAMPLE DESCRIPTION AND EXPERIMENTAL
SET-UP

Our TES development has focused on the use of
electron-beam deposited Mo/Au proximity bilayers in which
the intrinsic transition temperature of the Mo (!0.9 K) is
suppressed by the proximity of the normal metal Au layer.
By adjusting the thickness of the Au layer, the transition
temperature can be tuned to !100 mK. The Nb bias leads are
sputter deposited. In addition, these devices utilize sputtered
Au (350 nm thick) fingers that run perpendicular to the cur-
rent flow and are found empirically to reduce voltage noise
in the TES that has not yet been understood.18,28 The TESs
are fabricated on thin (0.5 lm) Si-N membranes, which
weakly thermally couple the TES to the !50 mK heat sink.
A 4.1 lm thick overhanging electroplated Au absorber with
lateral dimensions of 244 lm" 244 lm provides 96% quan-
tum efficiency for 6 keV x-rays. These absorbers make
contact with the TES and surrounding membrane area in a
“T”-shaped region. This “T”-shaped absorber attachment
stem is 15 lm wide and strongly thermally couples the
absorber to the sensor. The TES geometry is shown in Fig. 4.
The detectors are voltage biased using a shunt resistor of
RS¼ 0.2 mX. The Mo/Au has a normal resistance of 16 mX
per square. The presence of the addition Au features shown
in Fig. 4 provides parallel paths that reduce the normal state
resistance of the device to Rn $ 8 mX. The device tested
here is from a wafer from the same fabrication run as those
described in Refs. 27 and 29. Further details of these devices
may be found in those references.

These experiments were carried out in an adiabatic
demagnetization refrigerator (ADR) with an operational base
temperature of 50 mK. A 400-turn superconducting field coil
approximately 3 mm above the detector chip was used to
vary the magnetic field perpendicular to the plane of the TES
film. The field coil was calibrated at 4.2 K using a SQUID

magnetometer provided by Physikalisch-Technische
Bundesanstalt (PTB) Berlin. The applied field is calculated
to vary by <0.1% over the length scale of the TES and a few
% over the 2 mm length scale of a 8" 8 pixel array. The
detectors were housed within a superconducting Nb box to
shield against external magnetic fields. This box trapped in a
residual magnetic field of < 1 lT, which varied day-to-day
over the course of an experimental run. Any stray field will
suppress the measured transition temperature, thus by meas-
uring the applied field required to maximize the transition
temperature we can track the environmental field to
!0.05 lT. For ease of comparison, all data throughout this
report are presented with the required nulling field subtracted
from the applied magnetic field.

IV. CRITICAL CURRENT MEASUREMENTS
AND ANALYSIS

The critical current at different applied magnetic fields
and temperatures is derived from measurement of the TES
current I as a function of the voltage V applied to the electri-
cal bias circuit shown in Fig. 1. The voltage is swept sym-
metrically around zero at a rate of typically 0.2–0.6 Hz,
which was required to avoid thermal hysteresis from normal-
state self-heating that can suppress the measured IC. The
resulting data are digitized. The field is then incremented
before repeating the measurement. For a particular field, IC

is determined from the first on-set of resistance for both the
positive ICþ and negative IC& bias direction. The data are
sampled every !0.02 lT over a range of several lT. The
ADR temperature is controlled during acquisition to ensure
temperature stability.

Figure 5 shows the measured ICþ(B) for the positive
bias direction at T¼ 84.4 mK. The transition temperature of
the device (measured at an excitation current of !100 nA) is
85.1 mK at zero applied magnetic field. These data are com-
pared with a simple Fraunhofer diffraction pattern of Eq. (9)
and the one-parameter model of Eq. (10). The data show
modulation of the IC with applied magnetic field that is in-
dicative of weak-link behavior in this device. However, two

FIG. 4. Schematic diagram of 140 lm" 140 lm Mo(45 nm)/Au(190 nm)
TES. The absorber attachment stem is in a “T” configuration. The bias cur-
rent flows in the vertical direction. The three components that make up the
electric bias leads are labeled l1, l2, and l3.

FIG. 5. Measured IC(B) for a Mo/Au TES as depicted in Fig. 4. The data are
fitted using Eq. (10) with a¼ 4.4 (solid black line). Also shown for compari-
son is the Fraunhofer pattern of Eq. (9) assuming uniform J(x) (blue dashed
line). The inset shows the corresponding J(x) calculated from Eq. (11).
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We have developed arrays of X-ray microcalorimeters on a 50-µm pitch that utilize transition-edge sensors
(TESs). An array of this type of pixel is ideal for the study of point sources on future large-area X-ray
telescopes. The pixels have gold absorbers with dimensions 45 ⇥ 45 ⇥ 4.2 µm3 We measured an energy
resolution of 0.7 eV full width at half maximum (FWHM) for Al K↵ complex, which is the best resolution to
date using a non-dispersive detector at this energy. We describe full characterization of this device including
thermal conductance to the heat bath, heat capacity, temperature and current sensitivity of the transition,
and discuss the potential for improved performance of the detector.

PACS numbers: Valid PACS appear here
Keywords: Transition-edge sensor (TES), Al K↵ spectrum, detector characterization

I. INTRODUCTION

We are developing small-pixel X-ray microcalorime-
ters based on superconducting transition-edge sensors
(TESs)1 for astrophysics and solar physics2. Such an
array can achieve extremely high energy resolution with
relatively high count-rate capability, allowing us to study
some of the brightest X-ray sources in the sky3.

The close-packed array we tested consists of 12 ⇥ 12
pixels, and each pixel consists of a TES and an X-ray
absorber as shown in Fig. 1. The TES is a bilayer of
superconducting Mo and normal metal Au with thick-
nesses of 53 nm and 253 nm, respectively, and an area of
28⇥26 µm2, contacted at each end by Nb leads. The ge-
ometry was chosen to tune its superconducting-to-normal
transition temperature (T

c

) by the vertical proximity ef-
fect4 to approximately 0.1 K at very low excitation cur-
rent (⌧ 1 µA). Measured critical current (I

c

) of the TES
as a function of temperature is shown in Fig. 1(c). The
TES behaves as a superconducting weak-link between the
Nb leads and exhibits superconductivity above 120 mK,
far beyond its intrinsic transition temperature, due to the
longitudinal proximity e↵ect5.

When biased within the sharp transition, the resistance
of the TES becomes highly sensitive to a small temper-
ature change, making it a very sensitive thermometer.
The circuit for biasing and reading out the TES is shown
in Fig. 1(d). A constant current I

b

is applied to the
TES and an input coil (L) of a DC-SQUID in parallel
with a shunt resistor (R

s

= 0.2 m⌦). When an X-ray
stops in the absorber, its energy raises the temperature

a)NASA Postdoctoral Program Fellow at Goddard Space Flight
Center, administered by ORAU through a contract with NASA.
E-mail: sangjun.lee@nasa.gov
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FIG. 1. (Color online) (a) SEM image of the array. (b)

Schematic diagram (not to scale). The absorber on the lower-

left pixel is removed for clarity. (c) Measured Ic versus tem-

perature. (d) Read-out circuit diagram.

of the TES that is in a strong thermal coupling with the
absorber, and the TES returns to its quiescent temper-
ature through the relatively weak thermal conductance
between the TES and the substrate. The temperature
change leads to a resistance change, and the inductively
coupled DC-SQUID measures the current change in the
TES induced by the resistance change.
Each absorber is cantilevered 5 µm above a TES from

a small region of contact (“stem”) at the center of the
TES, forming a “mushroom” geometry. Such a geome-
try prevents absorbers from shunting the current flowing
through the TESs, and also allows for space for leads to
route, which otherwise would require large gap between

Absorber:	Gold	

Bias	Leads	



Absorber:	Gold	

Bias	Leads	

•  Best	energy	resolu-on	detec-ng	6	keV	x-rays	(energy	dispersive	detector)	
•  High	count	rate	capability		
•  More	demanding	read-out	requirements	

Higher	Tc	Small	Pixels:	



Gold	absorber:	57	µm	x	57	µm	x	4.5	µm,	Tc≈	90	mK	under	bias	

•  Performance	of	this	device	is	rela-vely	linear.	
•  All	measurements	used	straight-forward	op-mal	filtering.	
•  Pulse	decay	-mes	~	200	µs	
•  Higher	count	rate	capability	

High	dynamic	range	
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Fig. 2. Overhead view of the individual pixel design in an array with mi-
crostrip wiring. The lightly shaded region depicts the area of the absorber,
and is transparent for clarity. The inner square region is the area of the TES,
with wiring attachments on the left- and right-hand sides. The three small solid
circles are the small “stem” regions where the gold absorber contacts the TES
(center) and solid substrate (beneath). Nb traces contact the TES at each end and
then come together to form a microstrip. In operation the current flows through
the TES from left to right. Two microstrip wires underneath the cantilevered
absorber are shown on the right-hand side that make contact with other pixels.

thick with five much smaller regions of contact as depicted in
Fig. 1. This small contact region minimizes athermal phonon
loss and thus gives better spectral performance [10]. Athermal
phonon loss will be position-dependent and therefore needs to
be minimized to give the same detector signal for each x-ray
photon absorbed. Here we present new data from pixels that
have been designed to fit within relatively large 32 × 32 arrays
in which the pixels are close-packed.

II. ARRAY DESIGNS

The design of the individual pixels for these arrays is shown
in Fig. 2. The absorber dimensions are 65 × 65 × 5.0 µm, and
the close-packed array pitch is 75 µm. The absorber fabrication
process is continuing to develop, and the gap between absorbers
will evolve to ∼3–5 µm. The only contact between the absorber
and substrate is the small central stem that makes thermal
contact to the TES and the two supporting stems directly on
the silicon substrate. The size of the TES is 36 × 33 µm (the
slightly longer dimension being in the direction of current
flow). This size was designed to have as large of a TES area
as possible to maximize the thermal conductance to the heat
bath for the different temperatures of operation, and therefore
the speed and count-rate capability of the microcalorimeter.
This area was maximized within the constraint of needing to
fit the wires necessary to make contact to the full 32 × 32 array
between the TESs and underneath the overhang of the ab-
sorbers. Unlike many previous designs, there are no normal
metal features on top of the TES other than the point contact
between the TES and the absorber. There are no normal metal
banks along the two edges between the TES contacts, and no
normal metal stripes that have been shown in larger devices
to reduce so-called “excess noise” [11]. In the measurements
made so far on small TESs of this 35 µm size, there is no
clear difference in the performance with and without stripes,
other than the effect the normal metal stripes have on the TES
transition temperature [9].

Fig. 3. Scanning electron microscope image of a 32 × 32 array of close-
packed microcalorimeter pixels on a 75 µm pitch, all connected within array
with microstrip wiring.

A key aspect to the development of compact arrays is the
routing of fine pairs of wires between pixels that carry the TES
current signal. The most efficient routing of a 32 × 32 array
requires a maximum of 8 pairs of wires between pixels. We
report on two generations of such arrays. In our first close-
packed 32 × 32 arrays, planar wiring was used, with the signal
and return traces next to each other. Because of the spatial
constraints, not all the pixels could be wired out. In the second
generation, micro strip wiring was introduced that did allow all
pixels to be wired. The pitch of the micro strip was 4 µm, with
the lower lead width being 2.5 µm, the upper layer width being
1.5 µm, and the gap between each micro strip being 1.5 µm. The
space needed to accommodate the 8 pairs of wires is 32 µm, suf-
ficient for leaving enough space for the TES. These wires have
demonstrated critical currents that far exceed the typical oper-
ational currents of these devices of a few hundred microamps.
A scanning electron microscope image of one of the 32 × 32
arrays of pixels, fully wired with micro strip, is shown in Fig. 3.

III. RESULTS

The two generations of arrays that we have tested featured
TESs that had lower transition temperature than previously
developed small-pixel devices optimized for faster decay times
and thus high count-rate capability. The temperature depen-
dence of the thermal conductance is strong, going approx-
imately as T3 [12]. The transition temperature (Tc) of the
first generation array was 79 mK at very low currents, and
approximately 53 mK at the bias current of operation. This
was operated at a base temperature of 38 mK using an adia-
batic demagnetization refrigerator stable to within ±5 µK. The
devices were voltage biased using a 0.20 mΩ shunt resistor,
the current through the TES being measured with a single
stage SQUID array provided by collaborators in Berlin1 using
Magnicon XXF SQUID electronics. The TESs had a normal
resistance of 21.4 mΩ, and were operated with a quiescent
bias very low in the transition at 1% of the normal resistance,
0.2 mΩ. The heat capacity (C) was calculated to be 0.08 pJ/K
at 53 mK based upon the device dimensions.

1These SQUIDs were kindly provided by Joern Beyer at the Physikalisch-
Technische Bundesanstalt (PTB) in Berlin,
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We have developed arrays of X-ray microcalorimeters on a 50-µm pitch that utilize transition-edge sensors
(TESs) as the sensor for measuring the temperature rise when X-rays are absorbed. An array of this type
of pixel is ideal for the study of point sources on future large-area X-ray telescopes. The pixels have gold
absorbers with dimensions 45⇥ 45⇥ 4.2 µm3. We measured an energy resolution of 0.75 eV full width at half
maximum (FWHM) for Al K↵ complex, which is the best resolution to date using a non-dispersive detector
at this energy. We describe our full characterization of this device including its heat capacity, its thermal
conductance to the heat bath, and the temperature and current sensitivity of the transition, and discuss the
potential for improved performance of the detector.
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I. INTRODUCTION

We are developing small-pixel X-ray microcalorime-
ters based on superconducting transition-edge sensors
(TESs)1 for astrophysics and solar physics2. Such an
array can achieve extremely high energy resolution with
relatively high count-rate capability, allowing us to study
some of the brightest X-ray sources in the sky3.

The close-packed array we tested consists of 12 ⇥ 12
pixels, and each pixel consists of a TES and an X-ray
absorber as shown in Fig. 1(a),(b). The TES is a bilayer
of superconducting Mo and normal metal Au with thick-
nesses of 53 nm and 253 nm, respectively, and an area of
28⇥26 µm2, contacted at each end by Nb leads. The ge-
ometry was chosen to tune its intrinsic superconducting-
to-normal transition temperature (T

ci

) by the vertical
proximity e↵ect4. The TES behaves as a superconduct-
ing weak-link between the Nb leads and exhibited super-
conductivity above 120 mK, far beyond its T

ci

, due to
the longitudinal proximity e↵ect5.

When biased within the transition between the normal
and superconducting states, the resistance of the TES
becomes highly sensitive to small temperature changes,
making it a very sensitive thermometer. The bias cir-
cuit for reading out the TES is shown in Fig. 1(c). A
constant current I

b

is applied to the TES and an input
coil (L) of a DC-SQUID, in parallel with a shunt resistor
(R

s

= 0.2 m⌦). When an X-ray is stopped in the ab-
sorber, its energy raises the temperature of the absorber

a)NASA Postdoctoral Program Fellow at Goddard Space Flight
Center, administered by ORAU through a contract with NASA.
E-mail: sangjun.lee@nasa.gov
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FIG. 1. (a) Schematic diagram of the microcalorimeters (not

to scale). The absorber on the lower-left pixel is removed for

clarity. (b) SEM image of the array. (c) Read-out circuit

diagram.

and the TES that is strongly coupled to the absorber, be-
fore returning to the quiescent temperature T

0

through
the relatively weak thermal conductance between the
TES and the substrate. The temperature change leads
to a resistance change, and the inductively coupled DC-
SQUID measures the corresponding current change in the
TES.

Each absorber is cantilevered 5 µm above a TES from
a small region of contact (“stem”) at the center of the
TES, forming a “mushroom” geometry. This geometry
prevents the absorbers from shunting the current flow-
ing through the TESs, and also allows space for leads
to route, while maintaining a high areal fill-factor within
the array. Each absorber has an area of 45 ⇥ 45 µm2,
and the gap between two adjacent absorbers is 5 µm,
providing 82% areal coverage. The thickness of each ab-
sorber is 4.2 ± 0.1 µm, designed to have high quantum
e�ciency up to 6 keV. The area of the stem is 1% of the
absorber hood area, chosen to minimize the loss of ather-
mal phonons into the substrate that can cause spectral
broadening of the detector6, while maintaining a strong

Gold	absorber:	45	µm	x	45	µm	x	4.2	µm,	Tc	≈	60	mK	under	bias	

Energy	resolu-on	=	0.70	eV	[FWHM]	at	1.5	keV	
	 	 		

Best	achievable	theore-cally	energy	resolu-on	at	low	energies:	0.5	eV		
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TESs, and also allows space for leads to route, while
maintaining a high area fill-factor within the array. Each
absorber has an area of 45⇥45 µm2, and the gap between
two adjacent absorbers is 5 µm, providing 82% areal cov-
erage. The thickness of each absorber is 4.2±0.1 µm, de-
signed to have high quantum e�ciency up to 6 keV. The
area of the stem is 1% of the absorber hood area, cho-
sen to be very small to minimize the position-dependent
loss of athermal phonons into the substrate following an
X-ray event that can cause spectral broadening of the
detector8, while maintaining a strong thermal coupling
between the TES and the absorber to make the detector
response to X-rays su�ciently fast.

We fabricated the microcalorimeters on a solid silicon
substrate to provide su�cient thermal conductance be-
tween the TES and the substrate to have decay time con-
stants of less than 1 ms. To minimize thermal cross-talk
between pixels, there is a heat-sinking layer embedded
within the surface9. The heat-sinking layer is 3-µm thick
copper sandwiched by thin layers of metal that are di↵u-
sion barriers for the copper. One of these layers is MoN,
which is a superconductor and so creates a superconduct-
ing plane underneath the TES. This heat-sinking layer is
covered by SiO

2

layer to provide electrical insulation.

II. LOW ENERGY X-RAY SPECTRUM

To determine the bias current, I
b

, that resulted in
the best performance, we measured the detector re-
sponse to X-rays and the noise spectral density at dif-
ferent bias points. We measured the detector response
by irradiating the microcalorimeter array with soft X-
rays from a commercial X-ray source10 outside the cryo-
stat, where characteristic X-rays are produced by high-
voltage-accelerated electrons stopping at the anode (tar-
get). An Al target with a 2.5-kV voltage was used to
produce primarily fluorescent Al K↵ X-rays, and also X-
rays from C, Mg, and Si due to impurities in the target
and contaminants on its surface. These additional lines
allowed us to investigate the linearity of the detector re-
sponse as a function of energy.

A small change in the TES temperature due to absorp-
tion of an X-ray of energy E

X

induces a change of TES
current �I = IbRs

Rs+R0
� IbRs

Rs+R0+�R = IbRs
Rs+R0

· �R
Rs+R0+�R ,

where R
0

is the quiescent resistance of the TES, and
�R is the change of TES resistance. �R is nearly pro-
portional to E

X

due to a relatively linear dependence of
TES resistance on the temperature within the transition.
Traditionally, the current signal �I is used to determine
E

X

in most TES microcalorimeters that operate under
the condition R

0

� Rs and R
0

� �R3, which results
in �I /⇠ �R /⇠ E

X

. For a linear detector, optimal filter-
ing will provide the best signal-to-noise if the noise of
the device is stationary during the pulses11. Since our
TES is operated very low in the transition where R

0

,
R

s

, and �R are of the same scale as shown in Fig. 2(a),
the optimally filtered signal in terms of current (�I) as a
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FIG. 2. (a) An average pulse for Al K↵ X-ray in resistance.

Inset : magnification of the pulse region within the red box.

(b) Energy calibration curve obtained from the optimally fil-

tered analysis of current and resistance signal (symbols) and

their corresponding fits (solid lines). (c) Measured energy

spectrum of Al K↵ complex (black). The red curve is the

best fit to the spectrum and the blue curve is the line shape

used. Inset : Full-range X-ray spectrum. The broad back-

ground is due to Bremsstrahlung continuum X-rays from the

source; the low-energy cuto↵ near 1 keV is due to absorp-

tion from optical blocking filters between the source and the

detector.

function of energy is highly non-linear as depicted as the
blue curve in Fig. 2(b). This also makes the noise in the
current signal non-stationary, and thus other data pro-
cessing approaches have the potential to achieve better
energy resolution.
We have used optimal filtering of �R to determine E

X

instead of optimal filtering of �I because �R is more lin-
ear with energy than �I for our detector. �R can easily
be calculated from the measured �I using the known val-
ues of I

b

, R
s

, and R
0

. As a result, the detector response
is much more linear, as shown in Fig. 2(b).
The two fundamental sources of noise in a resistive mi-

crocalorimeter are the temperature dependent thermal
fluctuation noise between the microcalorimeter and the
substrate (phonon noise) and the Johnson noise11. In an
ideal resistive microcalorimeter, the signal and phonon
noise have the same spectral shape, thus the resolution
is determined by the bandwidth over which the phonon
noise dominates the Johnson noise. Converting the cur-
rent signal to a resistance change linearizes both the
impulse response and the phonon noise, relegating non-
stationary noise to the frequencies where the signal-to-
noise ratio is already diminished.
The integrated noise equivalent power (NEP) provides

0.70	±	0.03	eV	FWHM	



Large-format small-pixel arrays: 32x32 arrays fully wired 

Fully	wired	
Pixels	on	a	75	µm	pitch	
Microstrip	pitch	=	4	µm	



low-energy pixel (bare TES) 
 from hybrid array 

Re
sis
ta
nc
e	

Temperature	

Temperature	

Re
sis
ta
nc
e	

Highly	current	dependent	transi-on:	
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Multi Absorber TES “Hydras” - 1 TES, 4 absorbers 
– increase field of view for a fixed number of read-out channels 

Exponential 
decay after 
spatially variant 
equilibration 

Also	works	with	MCCs	



Hydras	with	3x3	array	of	65	µm	
absorbers,	5.0	µm	thick	

ΔErms	=	2.4	eV	(FWHM)	at	6	keV,	Mn-Kα

225	µm	



96x96	array	(9216	pixels)	-	fully	wired	within	array	–	absorbers	on	75	µm	pitch	
	 	-	32x32	array	of	3x3	Hydras	
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Demonstration model (DM) kilo-pixel arrays 
 - being fabricated and tested  
 

•  32	x	32	array	–	close-packed	microstrip	wiring	
•  Absorbers:	Au:	1.75	µm,	Bi:	4	µm,	on	250	µm	pitch	
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Athena X-IFU array configurations under study 

•  Athena: three different detector configurations currently under study:  

Didier BarretTES array optimization

TES array configurations
- We propose to conduct a scientific assessment of 3 different TES array configurations 

- Instrument as proposed: single size pixel with a 5’ field of view 

- Hybrid array keeping a 5’ field of view (typical size of the SPA is 30’’ x 30’’) 

- Hybrid array with increased field of view in the limit of a 300 µm pitch for the LPA 

- Further optimizations needed, e.g. the size of the SPA will be refined when we know the PSF oversampling factor required to 
improve the count rate capability 

- Feasibility of the 3 configurations will be studied in parallel by the X-IFU system team

4.21”	pixels,	249	μm	 4.40”	pixels,	260	μm	

18x18	array,	1.82”	pixels,	110	μm	

(1)	 (2)	 (3)	
FOV	=	5.0’	 FOV	=	5.0’	 FOV	=	5.6’	

18x18	array,	1.65”	pixels,	100	μm	

5.09”		pixels,	
									300	μm	
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Quantum efficiency versus energy  
Example: Athena – X-IFU 

Absorber:		1.7	um	Au,	4.2	um	Bi	
	 				90%	QE	at	7	keV	

Area	filling	factor	assumed	here	is	96.8%	(4	um	gaps)	
=>	Detector	QE	=	0.968	*	Absorber	QE	
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X-ray Surveyor QE verses energy 

4	um	gaps	on	50	um	pitch	=>	area	fill-factor	=	85%		



resolu-on	 speed	

field	of	view	

TRADE	
OFF	



Each 
colored 
block is 
1 pixel 

Time-division multiplexing (TDM)  
 •  Individual TES pixels are coupled (via each pixel’s SQUID) to a single amplifier 

•  Multiplexed by sequential switching between SQUIDs	
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Time division multiplexing 

•  Combined	spectrum:	32-row	TDM	
•  Trow	=	160	ns	(much	faster!)	
•  Almost	no	energy	resolu-on	

degrada-on	from	mul-plexing		



Multiplexed read out: switched SQUID multiplexing 
 

•  Code Division Multiplexing (CDM) will soon reach TDM TRL level  
–  All pixels ON all the time, polarity of coupling is switched 
–  CDM has a sqrt(N) SQUID noise advantage over TDM, where N is the 

multiplexing scale 
–  Define	Walsh	code	by	modula-ng	polarity	of	detector	coupling	

TDM CDM 

32	



•  MUX	factor	must	be	a	mul-ple	of	four	

•  One	non-modulated	channel	will	be	more	sensi-ve	to	interfering	signals	

•  Addi-onal	mathema-cal	subtle-es	worked	out	in	KD Irwin et al., SUST 23, 034004 
(2010). 

i ij j
j
W dγ =∑

1
i ij j

j
d W γ−=∑

Wij
−1 =

1
4

1 1 1 1
1 1 −1 −1
1 −1 −1 1
1 −1 1 −1

"

#

$
$
$
$

%

&

'
'
'
'

1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1

ijW

⎛ ⎞
⎜ ⎟− −⎜ ⎟=
⎜ ⎟− −
⎜ ⎟

− −⎝ ⎠

Walsh	code-division	mul-plexing	

dj	is	the	vector	of	detector	signals	
Wij	is	the	orthogonal	Walsh	matrix	
γj	is	the	vector	of	mul-plexed	signals	
Mul-plying	by	inverse	Walsh	recovers	signals	
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New	CDM	result:	
	
•  FWHM	=	2.45	+/-	0.08	eV	

	(TESs	on	16	of	32	rows)	
•  30k	pulses	
•  No	energy	resolu-on	degrada-on	

from	read-out	
•  Now	also	2.77	eV	in	30	sensors	

(excluding	unmodulated	channel).	
Combined%energy,%all%16%TESs%

•  A%no.crosstalk%cut%
removes%roughly%10.15%%
of%pulses%(~30k%remain).%

•  Records%are%20%ms%long.%
•  Rate%was%0.38%cps/TES.%

Exploring%whether%a%Technique%to%
Eliminate%X.talk%by%Approximate%
SubtracPon%can%work.%

•  Combined	spectrum	from	all	TESs	hooked	up		
•  FWHM	=	2.45	+/-	0.08	eV	
•  30k	pulses	

Code-Division Multiplexing  

Modula-on	matrix	

CDM:%16%TES%on%a%CDM.32%chip%
Doriese,%Morgan,%Fowler%

NIST%Boulder%Labs%
October%2015%(data%from%30%July%2015)%

CDM%data:%raw%and%demodulated%
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TDM/CDM	more	X-ray	Surveyor?	

•  If we assume “Hydra” approach, with ~ 
25 absorbers per TES

=> the number of sensors needed to be 
read out (~3600) is the same as is 
currently proposed for the X-ray 
Integral Field Unit instrument on Athena 
(~3840)	



Microwave	(GHz)	SQUID	Resonators		

HEMT	
amplifier	



Magne-c	calorimeters	with	microwave	SQUID	read-out	



Conclusions:	
	

Basic	ini-al	approach:	use	posi-on-sensi-ve	thermal	microcalorimeter,	“Hydras”.	
	 							These	have	~	25	absorbers	azached	to	each	thermal	sensor		

	

Sensor:	Either	a	transi-on-edge	sensor	(TES)	or	a	magne-cally	coupled	calorimeter	(MCC)		
	

With	5x5	array	of	absorbers	azached	to	each	sensor,	90k	pixels	read	out	with		60	x	
60	array	of	thermal	sensors	
	

Read-out	of	pixels	uses	conven-onal	-me-domain	mul-plexing	(TDM)	or	code	domain	
mul-plexing	(CDM),	or	alterna-vely	a	microwave	based	mul-plexing	read-out.	
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