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Future X-ray project Athena+ (2028~ or 2035~)
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Table 4: Key parameters and requirements of the Athena+ mission. !e enabling technology is indicated. 
Parameter Requirements Enabling technology/comments 

Effective Area 
2 m2 @ 1 keV (goal 2.5 m2) 
0.25 m2 @ 6 keV (goal 0.3 m2) 

Silicon Pore Optics developed by ESA. Single 
telescope: 3 m outer diameter, 12 m fixed focal 
length. 

Angular 
Resolution 

5” (goal 3”) on-axis 
10” at 25’ radius  

Detailed analysis of error budget confirms that a 
performance of 5’’ HEW is feasible. 

Energy Range  0.3-12 keV Grazing incidence optics & detectors. 

Instrument Field 
of View 

Wide-Field Imager: (WFI): 40’ (goal 50’) Large area DEPFET Active Pixel Sensors.  

X-ray Integral Field Unit: (X-IFU): 5’ (goal 7’) Large array of multiplexed Transition Edge 
Sensors (TES) with 250 micron pixels. 

Spectral 
Resolution 

WFI: <150 eV @ 6 keV Large area DEPFET Active Pixel Sensors. 

X-IFU: 2.5 eV @ 6 keV (goal 1.5 eV @ 1 keV) Inner array (10”x10”) optimized for goal 
resolution at low energy (50 micron pixels). 

Count Rate 
Capability 

> 1 Crab3 (WFI) Central chip for high count rates without pile-up 
and with micro-second time resolution. 

10 mCrab, point source (X-IFU) 
1 Crab (30% throughput) 

Filters and beam diffuser enable higher count 
rate capability with reduced spectral resolution.  

TOO Response 4 hours (goal 2 hours) for 50% of time Slew times <2 hours feasible; total response time 
dependent on ground system issues. 

4.1.! Science payload 
!e strawman Athena+ payload comprises three key elements: 

! A single X-ray telescope with a focal length of 12m and an unprecedented e"ective area (2 m2 at 1 keV). !e X-ray 
telescope employs Silicon Pore Optics (SPO), an innovative technology that has been pioneered in Europe over 
the last decade mostly with ESA support. SPO is a highly modular concept, based on a set of compact individual 
mirror modules, which has an excellent e"ective area-to-mass ratio and can achieve high angular resolution (<5”).  

! !e X-ray Integral Field Unit (X-IFU), an advanced actively shielded X-ray microcalorimeter spectrometer for 
high-resolution imaging, utilizing Transition Edge Sensors cooled to 50 mK.  

! !e Wide Field Imager (WFI), a Silicon Active Pixel Sensor camera with a large #eld of view, high count-rate 
capability and moderate resolution spectroscopic capability.  

 
!e two instruments (shown in Figure 10) can be moved in and out of the focal plane by an interchange mechanism, 
which is a simpli#ed version of the IXO design. Key characteristics of the instruments are also listed in Table 4. 

 
Figure 10: !e Athena+ science instruments. Le!: Design drawing of the X-IFU showing the Dewar and a zoom on 
the focal plane assembly. Right: Design drawing of the WFI. 

 

                                                                    
3 1 Crab corresponds to a $ux of 2.4 10-9 ergs/s/cm2 (2-10 keV). 

Revealing the Hot and Energetic Universe:
From Large Scale Structure to accreting BHs

-Wide Fields Imager (WFI: DEPFET)
-X-ray Integral Field Unit (XIFU: Calorimeter)

-Kilo pixel array
-ΔE= 2.5 eV @ 6 keV, 1.5 keV @1 keV
-Multiplexing read-out (40 pix/ch)

       -For FDM, MHz range required
http://www.the-athena-x-ray-observatory.eu/

(HA: 44 yr old      52 yr old)

http://www.the-athena-x-ray-observatory.eu/
http://www.the-athena-x-ray-observatory.eu/


Low Temperature Detector 15 (LTD15): Hiroki Akamatsu 4

Test Device: NASA/GSFC TES calorimeter array
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Figure 8. (a) A spectrum of Mn K! x-rays from an 55Fe source with one of pixels with a “T”-shaped stem and a BiAu
absorber, with discrimination on TES temperature. The instrumental function is consistent with a Gaussian response
with a resolution of 1.8 eV FWHM. The dashed line shows the intrinsic line shape from Hölzer et al.,3 with correction and
extension provided by Hölzer via private communication. (b) Plot of the pulse rise time versus pulse height for MnK!

x-rays before reducing the high-frequency cut-o!, revealing a slight correlation.

The linearity of these detectors is shown in Fig. 7. We have plotted the pulse height as determined from
an optimal digital filter as a function of energy. In general the filtered pulse height is typically a more linear
function of energy than the raw pulse height.16 The slope at the origin is less than 10% steeper than the slope at
6 keV, and therefore the use of the integrated NEP as an estimate of the resolution in a scan of biases voltages
is valid.

3. GOLD/BISMUTH ABSORBERS
Using the combination of Bi and Au we can tune the heat capacity of the absorber over a wide range while
maintaining a constant QE. In our first arrays using electroplated bismuth, we electroplated only 0.5 µm of Au
on a 0.2 µm evaporated Au seed layer, then electroplated 6 µm of bismuth on top of the Au. These absorbers
have a heat capacity of 0.4 pJ/K. The electroplated bismuth has larger grains (5-10 µm) and a factor of 10
lower electrical resistivity than our evaporated bismuth films. We measured 2.1 ±0.1 eV FWHM at 6 keV with
such a device; the noise level and slope of the gain curve suggest that 1.6-eV resolution should be possible at
low energies. When the data are screened such that events are kept only if they occur while the TES operating
temperature is within a small acceptance range (as determined from the DC level of the signal current), leaving
approximately one quarter of the total counts, the resolution improves to 1.8 ±0.2 eV FWHM at 6 keV, as shown
in Fig. 8(a). The TES temperature is determined from the DC signal current just before the x-ray is absorbed.
This exercise highlights both the high intrinsic resolution of the device as well as the need to improve upon the
stability of the laboratory test platform if resolutions better than 2 eV are to be measured.

The first arrays we made using these new absorber designs were actually identical to the Au/Bi devices just
described except that both the Au and Bi were evaporated. In that case, the resolution was no better than 4-eV
FWHM, and the line shape was distinctly non-Gaussian, with a long shoulder to low energy.2 Thus it is the
combination of the novel absorber designs with the high-quality absorbers possible through electroplating that
has been the critical breakthrough.

In Fig. 8(b) we show a plot of the rise time versus pulse height in the sensors with electroplated Au/Bi
absorbers. There is a very slight negative correlation, indicating that the equilibration time in the absorber
might not be completely negligible. The e!ect is removed by reducing the high frequency cut-o! of the optimal
filter to 10 kHz, without any significant loss of sensitivity. The Au of these devices had a residual resistivity
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Figure 2. (a) Photograph of an 8!8 array of all-gold absorbers. The array includes “T”, “J” and “H” shaped stems.
(b) Spectrum of Mn K! x-rays from a pixel with a “T”-shaped stem and a 4 µm thick gold absorber. The instrumental
function is consistent with a Gaussian response and a resolution of 2.4 eV FWHM. The dashed line shows the intrinsic
line shape from Hölzer et al.,3 with correction and extension provided by Hölzer via private communication.

2. GOLD ABSORBERS
2.1 Array design and performance
The most extreme application of the new absorber designs is to make the absorbers with solid electroplated
gold. The advantages of this approach are that the physical properties of gold are well understood and that
electroplating is able to produce gold films with very high conductivity. Such a well-behaved absorber would
be expected to produce microcalorimeters with uniform, reproducible, and easily modeled performance. Even
the somewhat non-ideal aspect of the new absorber design, having absorber supports that touch the membrane
outside of the TES, is rendered negligible by such an absorber with a fast internal equilibration time. The
only consideration is whether the heat capacity of a gold absorber thick enough to achieve the required QE is
compatible with the resolution requirement. For the XMS pixel size and the characteristics of the superconducting
transition of our typical TES thermometers, a solid gold absorber has su!ciently low heat capacity for Tc <
0.09 K. On TES devices with Mo/Au bilayers and three interdigitated Au stripes (as shown in Fig. 1) we
typically have an ! of !100 (where !=(T/R)dR/dT characterizes the steepness of the transition) at a bias
point of 15% of the normal resistance. We typically achieve the highest signal-to-noise ratio at this bias point.
Depositing 6 keV of energy in a gold absorber at 0.087 K (1.4 pJ/K heat capacity) will cause the resistance of
such an optimally biased TES to double.4 While that appears to leave a lot of dynamic range above 6 keV before
the normal resistance is reached, the response becomes highly non-linear long before the onset of normal-state
saturation, because the signal current scales as the reciprocal of the resistance. A conservative rule of thumb is
to define the linear range as extending from the bias resistance to a resistance twice that starting point. By that
criterion, a gold absorber is an ideal match to our standard TES at 0.09 K.

We have fabricated 8x8 arrays of TES pixels with 4-µm gold absorbers that were electroplated on thin
evaporated seed layers.5 A picture of one of these arrays is shown in Fig 2(a). With such arrays we routinely
obtain better than 3 eV resolution at 6 keV, with the best measured result being 2.4 ± 0.2 eV, as shown in
Fig. 2(b). This spectrum was acquired with a heat sink temperature of 0.05 K, and with a TES transition
temperature of 0.088 K. A simple calorimeter model with parameters that fit complex impedance6 and current-
voltage measurements of these devices predicts a resolution of 2.3 eV.4

We have measured 13 pixels of the “T” and “J” types and found the energy resolution to be better than 3.1
eV in all pixels. In some of these pixels we observed some broadening of the MnK! x-ray lines that was greater
that predicted from the signal and noise. This broadening can be due to variation in the TES temperature over
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absorber j/ absorber
stem

Figure 1. (a) Illustration of x-ray absorbers and their contacts. The front-left pixel shows the TES without an absorber
and the middle front shows the part of the absorber that is in contact with the TES. In this example, the absorber is
supported by a stem that is shaped like a “T”. (b) Overhead view of the stem and TES design for a “T” shaped stem.
(c) Alternative “J” shaped stem that contacts the TES at only one of the electrical contacts.

We have been producing 8!8 TES arrays with a pitch of 0.25 mm. The TES thermometer is a Mo/Au
bilayer with a superconducting transition temperature, Tc, of "0.1 K. Each is 0.14 mm wide, allowing room
for routing the sensor wiring underneath overhanging close-packed absorbers as shown in Fig. 1. Atop the
bilayer we pattern additional Au features. Banks of thick Au are put along the edges parallel to the current
flow to define the superconducting boundary condition and make the transition shape more uniform than if
the superconducting boundary were etch-defined. Interdigitated gold stripes are oriented perpendicularly to the
current flow, which has been shown to diminish the excess white noise associated with TES devices.1 Initially
we deposited x-ray absorbers directly on top of the TES thermometers,2 limiting the first layer of the absorber
to a material that would not alter the properties of the TES itself nor shunt current away from it. We used
evaporated bismuth for the first layer, which has a su!ciently low electron density that it does not alter the
superconducting transition of the underlying Mo/Au bilayer (in the absence of chemical interaction). It also
has su!ciently poor electrical conductivity that significant shunting of the current was avoided. On top of the
bismuth we deposited a layer of copper to tune the heat capacity and to provide a continuous, highly conducting
layer to enhance thermal di"usion across the absorber. Finally, a top layer of bismuth was deposited that was
thick enough to provide the required QE. Although a resolution of "2 eV FWHM was predicted from models
and the measured signal and noise, the best resolution achieved using this design was 4.4 eV at 6 keV.2 This
result suggested that variations in the transport of energy across the loosely packed Bi grains to the thermalizing
Cu layer was limiting the resolution despite the adequate di"usivity of the Cu layer. This absorber design was
also vulnerable to interdi"usion and the formation of intermetallics at the interface with the TES, leading to
alteration of the TES transition in an uncontrolled manner, further degrading the performance.2

In our new design2 there is no direct contact between the absorber and the superconducting regions of the
thermometer; the absorber makes contact only at normal-conducting features that are already part of the sensor
design and is suspended over the active regions of the thermometer. The basic geometry is shown in Fig. 1(a).
In one approach, shown in Fig. 1(a-b), the supporting “stem” of the absorber takes the shape of a “T”, with
a narrow bar forming the central normal-metal stripe of the TES and a second bar touching the membrane,
perpendicular to the first, that provides mechanical stability without shunting current away from the TES. We
also analyzed a “J” geometry, as depicted in Fig. 1(c), in which the absorber touches only the membrane and
the Au banks on either side of the TES, and an “H” (shown only in the photograph of Fig. 2(a) ) in which a
central contact extends completely across the TES, connecting with on-membrane supports on either side. This
new design scheme enables deposition of a highly conducting metal as the first layer in the absorber, or even as
the entire absorber.
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TES: Mo/Au=35/100 nm, 
RN=7 mohm, Tc=95 mK
Au/Bi Absorber with stripes and stem
ΔE= 1.8 eV @ 5.9 keV (in-suti:1.5 eV)
(S. Bandler et al. 2007, Iyomoto et al. 2007, 
C. Kilbourne et al. 2007, etc...)
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Previous result: AC biased GSFC array @ 500 kHz
ASC2010: L. Gottardi et al. 2010

AC bias at 500-700 kHz 
Discrete LC filter (moderate Q factors) 

LC filter
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Mn Kα 5.9 keV
X-ray source

Previous result: AC biased GSFC array @ 500 kHz
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ASC2010: L. Gottardi et al. 2010
AC bias at 500-700 kHz 
Discrete LC filter (moderate Q factors)
X-ray Energy resolution is ΔE~ 4 eV
Not match to NEP resolution of 3.4 eV

LC filter

TES array
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Strong bias and magnetic dependences

Mn Kα 5.9 keV
X-ray source

Previous result: AC biased GSFC array @ 500 kHz
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Fig. 3 (Color online) Signal amplitude (i.e. Irms,TES TES current) and integrated energy resolution as a
function of the bias voltage of the AC biased pixel. The energy resolution shows an oscillating pattern as
a function of the bias point. The pattern is partially modulated by the magnetic field. Tbath = 65 mK

Fig. 4 Integrated energy
resolution as a function of the
bias voltage. The energy
resolution deteriorates at the
bias point corresponding to the
higher slope in the IV curve
steps. Tbath = 18 mK

trivial explanation. In an attempt to clarify these results, we performed a fine scan of
the detector I–V characteristic by measuring for every bias point the detector x-ray
response and the noise. We repeated the scan for different magnetic fields. We discov-
ered that the baseline energy resolution strongly depends on the detector bias point.
A very small variation (!2%) of the bias current could result in an energy resolution
degradation of more than a factor three.

The results of this measurement are shown in Fig. 3, where the baseline resolution
is plotted as a function of the bias voltage and for several value of the perpendicular
magnetic field.

The energy resolution oscillates between values from 3.5 eV to 9 eV as a function
of the bias point. The oscillating pattern is partially modulated by the magnetic field.

As visible in the insert of Fig. 3a, the sensor IV curve presents a staircase structure,
modulated by the perpendicular magnetic field.

The worst resolution is measured at the transition between two steps where the
slope of the I–V curve is the highest. This is clearly seen in Fig. 4.

In Fig. 5 we plot the NEP, the responsivity and the noise spectra taken under AC
and DC bias. For the AC bias case the spectra are taken respectively at the flat and
at the rising part of the observed steps in Fig. 4. The detector response bandwidth is
not identical under AC and DC bias due to the different load impedance of the two
circuits [1, 2]. One should refer to the NEP plot when comparing the AC and DC
cases. The NEP is the lowest under DC bias. At low frequency (f < 100 Hz) the

X-ray Resolution @ 500 kHz

ASC2010: L. Gottardi et al. 2010
AC bias at 500-700 kHz 
Discrete LC filter (moderate Q factors)
X-ray Energy resolution is ΔE~ 4 eV
Not match to NEP resolution of 3.4 eV
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Fig. 2 (Color online) Integrated NEP as a function of magnetic field and for several bias point with
TES DC biased (a) and AC biased (b). The cancelling magnetic field for the DC and AC bias pixels are
respectively !228 and 68 mGauss. The points in red up triangles are the results of measurements taken
under identical experimental condition, but on a different day

for the screening effect of the superconducting transformer and Lfb is an inductance
generated by the SQUID feedback loop. From the measured resonant frequency and
the filter capacitance reported above we get Ltot = 1.1 µH. The effective inductance
seen by the TES is Leff ,TES = 1.1 µH/Nr

2 = 17 nH.
In the experiment described here we used an xray TES microcalorimeter from the

GSFC. It is a 150 " 150 µm2 pixel from a uniform 8 " 8 array [3, 4], where a TES is
coupled to a micron-thick overhanging Au/Bi X-ray absorber. The sensor is a Mo/Au
proximity-effect bilayer with a transition temperature of TC = 95 mK, and a normal
state resistance of RN = 7 m!.

3 Experimental Results

When the GSFC pixel is DC biased good baseline and x-ray energy resolution is ob-
served. The x-ray resolution is comparable to the baseline resolution and is generally
of the order of 2.3–2.5 eV. The pixel responsivity and noise strongly depends on the
perpendicular magnetic field applied to the TES. In Fig. 2a. we show the integrate
NEP (dENEP) as a function of the applied magnetic field B and for different bias cur-
rent. At this pixel we observed a remanent perpendicular field of B = 228 mGauss.
The pattern observed is due to the dependency of the detector critical current on the
magnetic field as a result of the TES behaving as a weak-link [5]. The shift of the
Josephson patterns along the applied magnetic field is due to the self magnetic field
generated by the DC current flowing through the leads connecting the TES [12].

Under AC bias we measured the dENEP as a function of the applied perpendicular
magnetic field B as well. At this pixel we observed a remanent perpendicular field of
B = !68 mGauss. The results are shown in Fig. 2b.

From the plots we observe that, under AC bias: the Fraunhofer-like oscillations
are visible, but the pattern is more noisy and less reproducible than under DC bias;
the baseline resolution is slightly worse and strongly depends on the bias voltage.
While the former effect is likely due to the self magnetic field, the latter has a less
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Fig. 2 (Color online) Integrated NEP as a function of magnetic field and for several bias point with
TES DC biased (a) and AC biased (b). The cancelling magnetic field for the DC and AC bias pixels are
respectively !228 and 68 mGauss. The points in red up triangles are the results of measurements taken
under identical experimental condition, but on a different day

for the screening effect of the superconducting transformer and Lfb is an inductance
generated by the SQUID feedback loop. From the measured resonant frequency and
the filter capacitance reported above we get Ltot = 1.1 µH. The effective inductance
seen by the TES is Leff ,TES = 1.1 µH/Nr

2 = 17 nH.
In the experiment described here we used an xray TES microcalorimeter from the

GSFC. It is a 150 " 150 µm2 pixel from a uniform 8 " 8 array [3, 4], where a TES is
coupled to a micron-thick overhanging Au/Bi X-ray absorber. The sensor is a Mo/Au
proximity-effect bilayer with a transition temperature of TC = 95 mK, and a normal
state resistance of RN = 7 m!.

3 Experimental Results

When the GSFC pixel is DC biased good baseline and x-ray energy resolution is ob-
served. The x-ray resolution is comparable to the baseline resolution and is generally
of the order of 2.3–2.5 eV. The pixel responsivity and noise strongly depends on the
perpendicular magnetic field applied to the TES. In Fig. 2a. we show the integrate
NEP (dENEP) as a function of the applied magnetic field B and for different bias cur-
rent. At this pixel we observed a remanent perpendicular field of B = 228 mGauss.
The pattern observed is due to the dependency of the detector critical current on the
magnetic field as a result of the TES behaving as a weak-link [5]. The shift of the
Josephson patterns along the applied magnetic field is due to the self magnetic field
generated by the DC current flowing through the leads connecting the TES [12].

Under AC bias we measured the dENEP as a function of the applied perpendicular
magnetic field B as well. At this pixel we observed a remanent perpendicular field of
B = !68 mGauss. The results are shown in Fig. 2b.

From the plots we observe that, under AC bias: the Fraunhofer-like oscillations
are visible, but the pattern is more noisy and less reproducible than under DC bias;
the baseline resolution is slightly worse and strongly depends on the bias voltage.
While the former effect is likely due to the self magnetic field, the latter has a less
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Experimental setup for MHz AC bias: Shielding
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AC/DC:  experimental verification at SRON

Nb shield

Labyrinth with 
stray light absorber

Helmholtz 
coil

SQUID 
radiation 

shield

TES array

Features:

!  18 pixels under AC bias (FDM-Mux)
!  Low-L, high dynamic range 
   PTB and VTT SQUIDs 
!  4 pixels under DC bias (TDM-Mux)
!  High-Q LC filters
!  Light-tight environment
!  Optimal shielding of 
   ambient magnetic field
!  Improved B field uniformity 
   at TES location

-Light and Magnetic tight environment
-18 pixels under AC bias (FDM-Mux)
-4 pixels under DC bias (TDM-Mux)
-PTB/VTT SQUID
-High Q LC filter (Q > 10000)

55FeX-ray source

Nb Magnetic shield

Labyrinth with 
stray light absorber

TES arrayHelmholtz coil
Helmholtz coil
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-Light and Magnetic tight environment
-18 pixels under AC bias (FDM-Mux)
-4 pixels under DC bias (TDM-Mux)
-PTB/VTT SQUID
-High Q LC filter (Q > 10000)

55FeX-ray source

Nb Magnetic shield

Labyrinth with 
stray light absorber

TES arrayHelmholtz coil
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Experimental setup for MHz AC bias: Circuite

Superconducting 
transformer
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Experimental setup for MHz AC bias: Circuite

LC filter

Superconducting 
transformer
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Experimental setup for MHz AC bias: LC filter

696 J Low Temp Phys (2012) 167:695–700

Fig. 1 (Color online) Unit cell
of a set of 2 LC resonators with
oppositely wound coil pairs.
Large grey rectangles are
capacitor surfaces (1 mm wide)
Connection lines to the detector
are on the left, wire bonding
pads to the SQUID amplifier to
the right. AC-bias coupling
capacitors are placed next to
pads labeled “M”

Initial experiments with 18-channel LC filters in an FDM configuration were pre-
sented last year [3], together with more details on specifications, design and fabrica-
tion of the LC filter arrays [4]. In these publications we showed the feasibility of using
LC filters with Nb/a-Si:H/Nb based capacitors with quality factor Q > 10.000 in an
FDM system. In the present publication we focus more on the scalability of this pro-
cess for larger detector arrays, addressing issues on fabrication yield, cross-talk and
accuracy of center frequency of the filters. For this study we designed 72-channel
filter chips (and 72 pixel detector chips and interconnecting structures to the SQUID
amplifiers) as an intermediate step towards the SAFARI baseline design of multiple
units with 160 frequency channels in the range 1–3 MHz.

2 Design and Fabrication

The fabrication process of the LC filter chips was essentially not changed since the
previous publication, except for some minor improvements in deposition and etch-
ing procedures. The superconducting capacitor electrodes and all wiring layers still
consist of sputter deposited Nb with Ta protection. The capacitor dielectric layer is
made from PECVD amorphous silicon (a-Si:H), and insulating layers in the planar
coils and low inductance strip line wiring are sputtered SiO2. Patterning is done with
positive photoresist and reactive ion etching.

The main changes are visible in the design of the inductors on the chips. The induc-
tors are still planar spiral structures, but instead of a single spiral, a coil now consists
of a set of 2 spirals, wound in opposite direction. This design enables the coils to be
placed much closer together with similar mutual induction. The first neighbor is really
directly adjacent with essentially zero mutual inductance (except for very small asym-
metry effects). The design is backed by inductance calculations using FastHenry[5]
modeling software. For a 10!3 level of mutual inductance, the “gradiometric-like”
sets of inductors (2 to 5 µH with 4 µm line pitch) can be placed at a pitch of about
2 mm. A picture of a finished unit cell of the array is presented in Fig. 1. A magnified
view of the inductors is visible in Fig. 2.

a-Si:
Capacitor

Nb coil

Nb based superconducting circuit
Low losses aSi:H capacitors
Low inductance strip-line wiring
High Q (> 10000) and yield (> 90%)

Yesterday
Poster410: M. Brujin et al.

Tomorrow Afternoon
Talk: R. den Hartog et al

Brujin et al. 2012
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Same resolution between X-ray and NEP 
=> Noise dominated. possibly SQUID noise

Mn Kα 5.9 keV
X-ray source
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Transformer amplifier SQUID noise
SQUID noise ~ 6-8 pA/√Hz
Amplifier to 6-8 x 8~ 50-60 pA/√Hz

Comparable to Johnson noise (DC)

AC bias TES calorimeters @ MHz 

Frequency HzJ
2 4 6

Time Ems]
8 lOms

Figure 3. (left) The measured noise of a TES pixel with a gold absorber at its optimal operating point and the best fit
using parameters from fitting a simple calorimeter model to complex impedance data. The main noise components that
contribute to the total noise are also shown. (right) Measured pulse from a 6 keV x-ray compared with a simulated pulse
using the best fit detector parameters.

the course of data acquisition. The temperature of the heat sink was kept extremely stable, with a temperature
variation typically less than 100 nK rms, which would have negligible impact on the resolution. However, small
variations in the thermal load on the sensors and variations in the array substrate temperature due to the
absorption of x-rays on other pixels can cause broadening of the energy resolution. We also need to investigate
possible variation in the gain of the electronics.

2.2 Characterization and noise
We have made detailed characterization measurements of the pixels in our 8!8 arrays of TES microcalorime-
ters with gold absorbers and have developed models that describe the performance well, as has been described
elsewhere.4,7 This modeling has allowed us to determine that each TES pixel is well described as a simple
microcalorimeter in which the absorber thermalizes the energy of an x-ray instantaneously, and the sensor and
the absorber act as a single thermal mass. Detector characterization involves a measurement of the frequency-
dependent transfer function between the bias input and the output at various points throughout the supercon-
ducting transition, which is used to determine ! and " = (I/R)dR/dI at each point. These parameters, along
with the heat capacity C, thermal conductance G, and electrical circuit parameters, can be used in a simple
calorimeter model to generate simulated pulses and noise that can then be compared with the observed pulse-
shapes and noise throughout the transition. An example of the success of such characterization is shown in Fig.
3. In fitting the observed noise to the model, the detector and circuit parameters are fixed, and the only free
parameter is the magnitude of the so-called “excess” or “unexplained” noise1 that dominates the noise just above
the thermal signal band. At low frequencies (< 10 Hz), the noise is rolled o! by a low-pass filter, and at high
frequencies (> 10 kHz), after the L/R roll-o! from the detector circuit, the noise is dominated by the digitization
noise of the data acquisition system. As is demonstrated in this figure, both qualitatively and quantitatively our
noise data match the expected noise very well, and this is true for all points in the transition. The agreement of
the measurement and modeled pulse-shape is similarly very good. This agreement gives us confidence that the
performance of these arrays is well understood, and our models will allow us to perform further optimization.

2.3 Thermal Conductance and Time Constant
The thermal conductance G between each pixel and the heat bath is limited by the silicon nitride membrane.
From measurements of TES’s on solid substrates, we have determined that the electron-phonon and Kapitza
components of the conductance are much higher than the conductance in the membrane.8 Thermal transport
in the nitride membranes is quasi-ballistic because of extremely long phonon mean-free paths, as we and other
groups have shown,9,10 resulting in a thermal conductance that depends on the perimeter of the TES and the
thickness of the membrane. We have measured the thermal conductance for a number of pixels with di!erent

!"#$%&#'&(!)*&+#,%&--.-&&--.-/-01

Original SQUID noise lower than range

Modified coupling ratio n=8->5
Characterization on going

C. Kilbourne et al. 2007
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First demonstration of ΔENoise < 3 eV with MHz FDM

AC bias TES calorimeters @ MHz 
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Several kinks in IV curves

218 J Low Temp Phys (2012) 167:214–219

Fig. 5 (Color online) Responsivity (a), noise (b) and NEP (c) measured under DC bias and AC bias. For
the AC bias case the responsivity for two bias points is shown, taken respectively at the flat (red curve) and
at the rising (black curve) part of the step

degradation in the NEP observed in the AC bias case is probably due to a reduced
responsivity. At high frequency (f > 1 kHz) excess noise is observed in the AC bias
case. The excess noise is worse for the measurement taken at the rising part of the
steps and has the signature of excess Johnson noise. Furthermore, the noise level
at frequency f > 1 kHz in the spectra corresponding to the 3.5 eV integrated NEP
taken under AC bias, cannot be explained by simply including the SQUID and the
LC resonator thermal noise. An excess white noise of about 50 pA/

!
Hz is estimated

from the model. Under AC bias the responsivity is independent on the two bias points.

4 Discussion

In analogy with the analysis done for an rf-SQUID [6–11] we calculate the character-
istic parameters of a TES in a superconducting loop weakly coupled via a supercon-
ducting transformer to an LC resonant circuit. The TES is treated as a weak-link in
accordance with the RSJ model where Rshunt is assumed to be TES normal resistance.
For the detector described above we find the cut-off and the characteristic frequency
to be respectively !cut = R/L " 400 kHz, !JJ = 2"RIc/#0 " 100 MHz, where a
critical current of about Ic " 5 µA is assumed. Note that the TES critical current at
a Tbath # Tc is generally larger than 5 µA (700 µA at 55 mK [12]). However in bias
conditions the TES operating temperature is T " Tc and the critical current drops.
The screening parameter is $rf = 2"LI0/#0 " 273. The rfSQUID-like AC biased
TES operates then in an adiabatic and hysteretic regime, since !LC < min(!JJ ,!cut)

and $rf $ 1. rf-SQUIDs have shown the highest noise in this working regime [11].
The steps in the TES IV curves have a non zero slope (Fig. 3a). The tilting of the

steps in the rf-SQUID I–V characteristic and the rounding of the step edges reflect
directly the width of the quantum transitions distribution due to thermal fluctuations.
Kurkijärvi [7, 8] have shown that the ratio % of the voltage rise along a step &Vs

to the voltage difference &V0 between steps is directly proportional to the SQUID’s
intrinsic flux noise [6]. Their empirical formula gives % = 1

0.7#0
(
!rf

2" )1/2!S#. In the
same way we can estimate the flux noise in the TES superconducting ring. From the
step observed in the IV curves we get an % = &Vs/&V0 = 0.36, which corresponds to
a flux noise of

!
S# " 4 ·10%4 #0!

Hz
. For a 17 nH inductance ring this is equivalent to a
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Kinks may not DC current (may AC J current)
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- AC bias of TES calorimeters at MHz regime 
- Measurements are on going
- Energy resolution of ΔEX-ray=3.6 eV and noise ΔENEP=2.9 eV
- Kinks in IV curve
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Indications of Weak-link effect in TES calorimeter

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 # 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].

Our measurements are made in an adiabatic demagneti-
zation refrigerator (ADR) with mu-metal and Nb enclo-
sures providing magnetic shielding for the TES devices
and SQUID electronics. The magnetic field normal to the
TES device plane is controlled by a superconducting coil
with the field value determined from the coil geometry and
current. Measurements of the TES resistance R are made
by applying a sinusoidal current of frequency 5–10 Hz and
amplitude Ibias " 50–250 nA, with zero dc component, to
the TES in parallel with a 0:2 m" shunt resistor (Rsh). The
time-dependent TES current is measured with a SQUID
feedback circuit with input coil in series with the TES.
When Ibias is less than the TES critical current Ic, R is zero,
and all the ac current flows through the TES. However,
when Ibias > Ic and R> 0 during part of the ac cycle, the
TES current becomes nonsinusoidal, and its maximum
value I becomes less than Ibias. The TES resistance R at
the TES current I is then determined from R # Rsh%Ibias &
I'=I.

The critical current Ic is measured, with the ADR held at
constant temperature, by ramping the dc bias current from
zero and defining Ic as the TES current at the first measured
finite resistance (R" 10 !") across the TES. Record
averaging is used at higher temperatures where Ic becomes
small.

The solid curves in Fig. 2 show measurements of the
critical current Ic over seven decades versus temperature T.
Note that although we find the intrinsic transition tempera-
ture of the Mo=Au bilayer is Tci # 170:9$ 0:1 mK, at
very low currents a zero-resistance state is measured up
to much higher temperatures as the TES size is reduced,
three times Tci for L # 8 !m. On the other hand, for the
larger TES sizes (L # 130 and 290 !m), the critical cur-
rent Ic%T' decreases rapidly with T near Tci. The observed

Ic behavior as functions of both T and the length L pro-
vides strong evidence that our TESs behave as weak-link
devices. The dotted curves in Fig. 2 show calculated values
of Ic using the Ginzburg-Landau theory described below.
In addition, at appropriately chosen temperatures, the criti-
cal currents of these devices exhibit Fraunhofer-like oscil-
lations as a function of an applied magnetic field, behavior
characteristic of Josephson weak links [8,24]. See Fig. 3
for an example. However, the spacing between the minima
corresponds to a junction magnetic flux of approximately

FIG. 2 (color online). Part (a) and inset (b) show measured
(solid lines and markers) and theoretical (dotted curves) critical
current Ic versus temperature T for square TESs with side
lengths L ranging from 8 to 290 !m. The bold continuous
segments at the lowest currents are obtained by record averaging.
The intrinsic transition temperature of the Mo=Au bilayer weak
links is Tci # 170:9$ 0:1 mK (thin vertical lines). T and L
values of the constant current contours (horizontal dashed lines)
are plotted in Fig. 4(a).

FIG. 3. Ic versus applied field for the L # 44 !m device
showing Fraunhofer-like oscillations, similar to those seen in
Josephson junctions, providing further evidence that the TES
exhibits weak-link behavior.
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We have found experimentally that the critical current of a square thin-film superconducting transition-

edge sensor (TES) depends exponentially upon the side length L and the square root of the temperature T,
a behavior that has a natural theoretical explanation in terms of longitudinal proximity effects if the TES is

regarded as a weak link between superconducting leads. As a consequence, the effective transition

temperature Tc of the TES is current dependent and at fixed current scales as 1=L2. We have also found

that the critical current can show clear Fraunhofer-like oscillations in an applied magnetic field, similar to

those found in Josephson junctions. We have observed the longitudinal proximity effect in these devices

over extraordinarily long lengths up to 290 !m, 1450 times the mean-free path.

DOI: 10.1103/PhysRevLett.104.047003 PACS numbers: 74.45.+c, 74.25.Op, 74.50.+r, 74.78.!w

A superconductor cooled through its transition tempera-
ture Tc while carrying a finite dc bias current undergoes an
abrupt decrease in electrical resistance from its normal-
state value RN to zero. Superconducting transition-edge
sensors (TESs) exploit this sharp transition; these devices
are highly sensitive resistive thermometers used for precise
thermal energy measurements [1]. Various models [2–6]
have been used to explain the noise, Tc, and transition
width!Tc in TESs, all assuming spatially uniform devices.
Though some have been shown to be consistent with
certain aspects of particular devices, they do not explain
measured Tc and !Tc in TESs generally. In this Letter, we
emphasize the importance of a phenomenon that so far has
been neglected in previous theoretical studies of TESs: the
longitudinal proximity effect. The square superconducting/
normal-metal (S/N) bilayers at the heart of the TES have an
intrinsic transition temperature Tci without leads attached.
However, since the bilayers are connected at opposite ends
to superconducting leads with transition temperatures well
above Tci, superconductivity is induced longitudinally into
the bilayers from the ends via the proximity effect, Fig. 1.
As we shall explain later, many of the basic properties of
our TES structures are well described by regarding them as
SS0S or SN0S weak links [7–9].

This observed long-range longitudinal proximity effect
also contributes to the basic understanding of S/N hetero-
structures more broadly. Supercurrents have been mea-
sured through S/N/S sandwiches over N thicknesses D as
long as 40 !m [10]. In these pioneering experiments by
Shepherd, the clean normal metal (rolled Cu foils) has
mean-free paths ‘ " 16 !m giving a D=‘ " 2:5. In con-
trast, we present measurements on SN0S films well de-
scribed by our proximity effect model with N0 lengths L
from 8 to 290 !m with normal-state mean-free paths ‘ "
200 nm giving L=‘ ratios of 40–1450.

Despite poor understanding of the physics governing
TESs biased in the superconducting phase transition, sig-

nificant strides have been made in sensor development [1].
TES microcalorimeters have been developed with mea-
sured energy resolutions in the x-ray and gamma-ray
band of !E # 1:8$ 0:2 eV FWHM at 6 keV [11], and
!E # 22 eV FWHM at 97 keV [12], respectively—with
the latter result at present the largest reported E=!E of any
nondispersive photon spectrometer. TESs are successfully
used across much of the electromagnetic spectrum, mea-
suring the energy of single-photon absorption events from
infrared to gamma-ray energies and photon fluxes out to
the microwave range [1]. There are active TES research
and development programs underway in many physics
fields for materials microanalysis [13], mass spectroscopy
of biomolecules [14], nuclear nonproliferation [12], syn-
chrotron experiments [15], atomic physics [16], quantum
information [17,18], dark-matter searches [19], and astro-

FIG. 1 (color online). Part (a) from left to right shows a
Mo=Au bilayer to which Mo=Nb leads are added of separation
L (the current I flows from lead to lead) and a picture of the
L # 8 !m sample. (b) Schematic showing the modulus squared
of the order parameter jc j2 for temperatures above (dotted line)
and below (solid line) Tci. Far right schematic shows the spatial
variation of jc j2 enhanced in the Mo=Au due to the Mo=Nb
leads.
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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 # 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].

Our measurements are made in an adiabatic demagneti-
zation refrigerator (ADR) with mu-metal and Nb enclo-
sures providing magnetic shielding for the TES devices
and SQUID electronics. The magnetic field normal to the
TES device plane is controlled by a superconducting coil
with the field value determined from the coil geometry and
current. Measurements of the TES resistance R are made
by applying a sinusoidal current of frequency 5–10 Hz and
amplitude Ibias " 50–250 nA, with zero dc component, to
the TES in parallel with a 0:2 m" shunt resistor (Rsh). The
time-dependent TES current is measured with a SQUID
feedback circuit with input coil in series with the TES.
When Ibias is less than the TES critical current Ic, R is zero,
and all the ac current flows through the TES. However,
when Ibias > Ic and R> 0 during part of the ac cycle, the
TES current becomes nonsinusoidal, and its maximum
value I becomes less than Ibias. The TES resistance R at
the TES current I is then determined from R # Rsh%Ibias &
I'=I.

The critical current Ic is measured, with the ADR held at
constant temperature, by ramping the dc bias current from
zero and defining Ic as the TES current at the first measured
finite resistance (R" 10 !") across the TES. Record
averaging is used at higher temperatures where Ic becomes
small.

The solid curves in Fig. 2 show measurements of the
critical current Ic over seven decades versus temperature T.
Note that although we find the intrinsic transition tempera-
ture of the Mo=Au bilayer is Tci # 170:9$ 0:1 mK, at
very low currents a zero-resistance state is measured up
to much higher temperatures as the TES size is reduced,
three times Tci for L # 8 !m. On the other hand, for the
larger TES sizes (L # 130 and 290 !m), the critical cur-
rent Ic%T' decreases rapidly with T near Tci. The observed

Ic behavior as functions of both T and the length L pro-
vides strong evidence that our TESs behave as weak-link
devices. The dotted curves in Fig. 2 show calculated values
of Ic using the Ginzburg-Landau theory described below.
In addition, at appropriately chosen temperatures, the criti-
cal currents of these devices exhibit Fraunhofer-like oscil-
lations as a function of an applied magnetic field, behavior
characteristic of Josephson weak links [8,24]. See Fig. 3
for an example. However, the spacing between the minima
corresponds to a junction magnetic flux of approximately

FIG. 2 (color online). Part (a) and inset (b) show measured
(solid lines and markers) and theoretical (dotted curves) critical
current Ic versus temperature T for square TESs with side
lengths L ranging from 8 to 290 !m. The bold continuous
segments at the lowest currents are obtained by record averaging.
The intrinsic transition temperature of the Mo=Au bilayer weak
links is Tci # 170:9$ 0:1 mK (thin vertical lines). T and L
values of the constant current contours (horizontal dashed lines)
are plotted in Fig. 4(a).

FIG. 3. Ic versus applied field for the L # 44 !m device
showing Fraunhofer-like oscillations, similar to those seen in
Josephson junctions, providing further evidence that the TES
exhibits weak-link behavior.
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- TES proximated by lead (J. Sadier et al. 2010, 2011)

- Work as a Weak-link (Josephson Junction)
- AC Josephson current (L. Gottardi’s talk, Richard’s poster)
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AC bias TES calorimeters @ MHz 

First demonstration of ΔENoise < 3 eV with MHz FDM
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