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We are developing large TES arrays in combination with FDM readout for the next generation of X-ray space observa-
tories. For operation under AC-bias, the TESs have to be carefully designed and optimized. In particular, the use of high
aspect ratio devices will help to mitigate non-ideal behaviour due to the weak-link effect. In this paper, we present a full
characterization of a TES array containing five different device geometries, with aspect ratios (width:length) ranging
from 1:2 up to 1:6. The complex impedance of all geometries is measured in different bias configurations to study the
evolution of the small-signal limit superconducting transition parameters ¢ and 3, as well as the excess noise. We show
that high aspect ratio devices with properly tuned critical temperatures (around 90 mK) can achieve excellent energy
resolution, with an array average of 2.03 £ 0.17 eV at 5.9 keV and a best achieved resolution of 1.63 4 0.17 eV. This
demonstrates that AC-biased TESs can achieve a very competitive performance compared to DC-biased TESs. The
results have motivated a push to even more extreme device geometries currently in development.

I. INTRODUCTION

We are developing large arrays of Ti/Au Transition Edge
Sensors (TESs) optimized to be readout using Frequency Do-
main Multiplexing (FDM), intended for the next generation of
X-ray observatories. One of such observatories will be ESA’s
Advanced Telescope for High Energy Astrophysics (Athena),
scheduled for launch in the early 2030’s. This mission will
study the hot and energetic universe by detecting X-ray emis-
sion or absorption near compact objects including Active
Galactic Nuclei (AGN) and defuse emission from extended
sources ranging from SuperNova Remnants (SNR) to clusters
of galaxies!2. One of the two instruments on board will be the
X-ray Integral Field Unit (X-IFU), a detector consisting of an
array of over 3000 Transition Edge Sensor (TES) calorime-
ters, each with an intrinsic energy resolution of 2.0 eV for
7 keV X-rays'3#. The SRON TES array has been selected as
the backup option for the Athena mission. Furthermore, the
Ti/Au TES detectors are one of the candidate detectors for the
Hot Universe Baryon Surveyor, HUBS?.

TESs can be used as imaging detectors with a very high
spectral resolution, with applications over a wide range of
wavelengths, from sub-millimeter waves to gamma-rays®-19,
In essence, a TES calorimeter consists of three main compo-
nents: an absorber, a thermometer, and a weak link to a ther-
mal bath. An absorber is used to absorb the photon energy
and convert it into heat. This heat is transferred to a thin su-
perconductor, biased to within the superconducting transition,
that acts as a very sensitive thermometer. This sensor is then
thermally isolated from the bath, typically by fabricating it on
a silicon nitride membrane. The thermal and spectral band-
widths of the calorimeter are determined by the combined
properties of these three main components. Excellent reviews
have been written about both the physics and applications of
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TESs'12. In terms of the efficient readout of many TES de-
vices, the two main techniques are Time Division Multiplex-
ing (TDM), in which the TESs are DC-biased, and FDM, in
which the TESs are AC-biased. Additional techniques such as
Code Division Multiplexing (CDM)!3 and microwave SQUID
multiplexing!? are under development.

Traditionally, TESs used for X-ray calorimetry have been
pushed to low resistance values (R, < 10 mQ). This type of
device is very suitable for the DC-biased TDM readout since
they typically have very sharp superconducting transitions and
low internal thermal fluctuation noise between different parts
of the calorimeter!2, leading to very good energy resolution®.
However, these low-Ohmic devices are generally unsuited for
AC-biased readout. First, low-ohmic TESs suffer severely
from AC losses in the normal metal structures surrounding
the TES, as the losses can be a significant fraction of the TES
resistancel-? Secondly, short, low-Ohmic TESs are in gen-
eral more affected by the weak-link effect, in which (a part
of) the bilayer is proximized by the presence of the niobium
leads. This can result in changes in the effective critical tem-
perature (T¢) of the bilayer!®, a fraunhofer-like dependence
of the critical current on the magnetic field'?, and steps in the
superconducting transition2’.

To understand why low-Ohmic devices are more sensitive
to the weak-link effect, we quickly review the main results re-
ported by Gottardi et al.2%, who compared the weak-link be-
haviour of several TES-based microcalorimeters and bolome-
ters. It is stated that the amplitude of the Josephson current
decreases with the increase of the superconducting phase dif-
ference across the TES:
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where P is the detector power, R is the resistance, and @ the
frequency of the AC-bias. From this it is clear that the re-
sistance of the devices should be increased. However, at the

same time it is required to go to low power devices to increase
the multiplexing number of the FDM readout, increasing the
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weak-link effect. This further drives the demand for high re-
sistance devices.

For this reason we are developing TESs with high normal
resistances (R, 2 100 m€). This has to be done carefully
though: Fabricating high normal resistance devices by chang-
ing the resistivity of the bilayer is not a viable approach, as
it was shown by Wakeham ef al. that this would increase the
internal thermal fluctuation noise (ITEN)!2. Therefore, we are
keeping a constant sheet resistance, and instead develop TESs
with high aspect ratios (width:length up to 1:6) with values
for the normal resistance of ~ 50-150 mQ. Whether the ITFN
also increases for TESs of equal sheet resistance but increas-
ing total resistance is not completely clear and has yet to be
experimentally verified.

We have previously reported on the first generation of high-
aspect ratio devices, where we focused purely on the energy
resolution and noise-equivalent power (NEP)2!. However, the
critical temperature of those devices was about 110 mK, 20
mK higher than the target value. In the current work, we
have improved on these devices by fine-tuning 7; to the de-
sired 90 mK, resulting in reduced Johnson and phonon noise
and thereby an improvement of the energy resolution by a fac-
tor of 1.34. Additionally, we have extensively investigated the
small-signal limit parameters of the transition obtained from
measurements of the TESs complex impedance, as well as
the bias-dependent excess noise obtained from noise spectra.
We will use the data to look for trends in the performance of
the difference designs. We will try to determine if we have
reached a limit in the improvements that can be achieved by
using high aspect ratios, or whether there might be more opti-
mized geometries for better performance under an AC-biased
readout scheme.

This paper is structured as follows: In Sec. [ we explain
the details of the measured TES array, and the setup that was
used for all the measurements. In Sec. [[IIl a full charac-
terization of all devices is presented, including the thermal
properties, small-signal parameters obtained from complex
impedance measurement, and excess noise values. Finally,
the obtained energy resolution at 5.9 keV is shown in Sec.[[V]

Il. DETECTORS AND MEASUREMENT SETUP
A. TES array

In this work, we have investigated 5 different TES de-
signs, shown in Fig. [[ka). The designs are rectangular
with dimensions (length x width) 10020 pum?, 120 %20 um?,
140x30 pm?, 80x20 um?, and 80x40 pum?. This means we
have designs with aspect ratios (width:length) ranging from
1:2 up to 1:6. The fabrication of the TES array is described
in detail by Nagayoshi er al.22. Here we only summarize its
most relevant properties.

The TESs are fabricated in a 5 x5 mixed array with a pitch
size of 250 wm, in which each column contains 5 identical
designs to allow measurements on the various designs at dif-
ferent bias frequencies. The layout of the 5x5 mixed array
chip is shown in Fig.[Ilb), in which the positions of the TESs
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FIG. 1. (a) The five different TES designs investigated in this re-
port. The designs are all rectangular with dimensions 100x20 pum?,
120%20 um?2, 140%30 um?2, 80x20 pm?, and 80x40 pum?. (b) Mi-
croscope image of the layout of the various TESs on the chip. Visible
are the Au absorbers and the 6 stems connecting the absorber to the
TESs (2 central stems) and to the SiN membrane (4 outer stems). The
blue rectangles indicate the position and dimensions of the TESs un-
derneath the absorber. (c) Schematic layout of the TES array. The
top number (black) indicates the numbering of the TESs as used in
the rest of this paper. The bottom number (red) gives the AC-bias
frequency of each TES in units MHz. TESs 1, 4, 23, 24, and 25 have
not been studied.

are indicated by the blue rectangles. The numbering of the
TESs as used in the rest of this paper, as well as the AC-
bias frequency at which they are measured can be read from
Fig. [[lc), where the black top number in each box indicates
the TES number, and the red bottom number is the AC-bias
frequency in units MHz.

The superconducting bilayer consist of Ti (35 nm) and Au
(200 nm) fabricated on a 0.5 um thick SiN membrane used
to thermally isolate the TES from the thermal bath. The bi-
layer is designed to have a critical temperature of ~90 mK,
and a squared normal resistance of 26 mQ/[]. The bilayers
are connected using niobium leads. Each TES is coupled to
an 240x240 um? absorber made of gold. In the final design
for the X-IFU instrument, the absorber will also include bis-
muth, which has a high absorption efficiency (stopping power)
whilst adding a negligible heat capacity. However, it was
shown that bismuth absorbers can be responsible for low en-
ergy tails in the energy spectrum?>2*  Therefore, by using
gold as an absorber we can better study the noise and physics



intrinsic to the TES without additional complexity. The thick-
ness of the gold absorber is 2.35 um, such that it has the same
heat capacity as the final gold/bismuth absorber will have, ap-
proximately 0.85 pJ/K at 90 mK. The absorber is connected
to the TES via two pillars in the center, and is further sup-
ported by four stems, one on each corner, on the SiN mem-
brane. These supporting stems are visible in Fig.[I(a) and (b).

This specific TES array has been measured and previously
reported about by Taralli er al.2!. However, at that time the
transition temperature of the TESs was about 110 mK, higher
than the anticipated value of 90 mK, which limited the mea-
sured energy resolution to 2.4 - 2.8 eV. By baking the chip at
135°C for 3 hours, a metal diffusion process has been used to
reduce the transition temperature to the desired 90 mK2222,
This lower transition temperature has several beneficial ef-
fects, such as a reduction of the heat capacity as well as lower
phonon and Johnson noise. The expected improvement of this
action follows from the thermodynamic limit for the energy
resolution of a calorimeter, given by <AE2> = kgT?C, where
kp is the Boltzmann constant, and 7" and C are the operating
temperature and absorber heat capacity, respectively. Taking
into account that C scales linearly with the temperature?®, we
expect an improvement in the energy resolution of up to a fac-
tor of 1.35 compared to the previous result.

B. FDM readout and cryogenic setup

The characterization of the TES array described in the pre-
vious section is done by means of an FDM readout system de-
veloped at SRON. In this readout scheme, a TES is biased us-
ing a carrier signal with a frequency between 1 - 5 MHz. Each
TES is coupled to a high-Q superconducting LC resonator to
define a specific resonance frequency used for biasing2’2?. In
this setup, all LC resonators have a coil inductance of 1 uH.
While this inductance is too low to achieve critical damping
necessary for good multiplexing performance, it is well-suited
for studying the single pixel performance where one should be
close to the small-signal limit depending on the detector nor-
mal resistance. The current through each TES is measured
using a two-stage SQUID assembly, developed by VTT3C. A
schematic of this AC readout system is shown in Fig. Rla).
The bias capacitor Cp,,y is chosen such that C/Cp;ys = 25.
Base-band feedback (BBFB) is used to increase the linearity
and dynamic range of the SQUIDs?!. A more detailed expla-
nation of the FDM readout is given by Akamatsu er al.3234,
In order not to add additional complexity to the interpretation
of the data, in this work the TESs are measured in single-pixel
mode, where only one device is biased at a time, and all others
are left in the superconducting state.

All cryogenic components of the FDM setup are mounted
on a copper bracket, a picture of which can be seen in
Fig. 2Ib). A copper collimator is placed over the array to
prevent stray photons hitting the substrate. Fig. BPlc) shows
the backside of this bracket, including a Helmholtz coil that
is placed over the TES array, and can be used to apply a ho-
mogeneous perpendicular magnetic field. Also visible is the
backside of the LC resonator chip, where much of the cop-

BBFB electronics
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FIG. 2. (a) Schematic of the single-pixel AC-bias readout used to
measure all TESs. Each TES is coupled to an LC resonator with a
unique resonance frequency. The current that flows through the TES
is measured using a two-stage SQUID developed by VTT. (b) Photo-
graph of the copper bracket carrying all cryogenic components: (1)
Amplifier SQUID; (2) front-end SQUID; (3) LC resonator chip; (4)
interconnect chip; (5) TES array; (6) Shunt resistor. (c) Photograph
of the backside of the setup shown in (b) mounted on the end of a
Leiden-Cryogenics cold-insertable probe. A hole in the bracket is
created at the location of the LC resonators (7) to reduce AC losses.
A small Helmholtz coil (8) is used to apply perpendicular magnetic
fields.

per is removed to reduce AC losses due to eddy currents. The
setup is mounted at the bottom of a cold-insertable probe in a
Leiden Cryogenics CF-400 dilution refrigerator32. Magnetic
shielding is achieved using a lead and cryoperm shield at the
cold stage, and a mu-metal shield around the outside of the
cryostat. The setup can be cooled to a base temperature of
about 50 mK. All measurements in this paper were done at
bath temperatures of ~ 55 mK. A heater and germanium ther-
mistor can be used to regulate the temperature to a stability
within 1 puKyyg at this bath temperature.

Ill. TES CHARACTERIZATION

In order to compare the device performance with the the-
oretical models, in the following section we will character-
ize the relevant thermal and electrical properties of all pixels.
First, we determine the critical temperature and thermal con-



ductance of each TES. Then we evaluate the o and 8 param-
eters from the measurement of the TES complex impedance.
We subsequently use these parameters to fit the acquired noise
spectra, in order to quantify the observed excess noise. Fi-
nally, for each device we estimate the expected energy resolu-
tion in the small-signal limit.

A. Critical Temperature and Thermal Conductance

We have determined the thermal conductance and the crit-
ical temperature of all TESs in the array using measurements
of IV-curves taken at different bath temperatures. From these
IV curves, we extract the TES power (at R = 0.5R,)) and con-
struct power versus temperature (PT) curves. We fit these
curves to a power law to extract values for the critical temper-
ature and thermal conductance (at 7). The obtained values
are presented in Figs. Bland [l

The critical temperature, visible in Fig. B(a), depends on
both the width and the length of the devices. This dependence
is due to a combination of the longitudinal proximity effect
(LoPE) from the higher 7. Nb leads connected to the bilayer
and the lateral inverse proximity effect (LaiPE) from the over-
hanging Au edges of the bilayer. As a result, short devices
show an increase in T, while narrow devices show a decrease.
These effects are described in detail by Sadleir e al.2%37. In
order to separate the contribution of the LoPE from that of the
LaiPE, we first look at the TESs of equal width, but different
lengths to identify the effect of the Nb leads. The results are
then used to correct for the LoPE and look at the effect of the
LaiPE in the devices of varying widths.

For the LoPE, the shift in 7, scales with the spacing be-
tween the leads (equal to the length of the TES) following the

relation3?:

(TC—TCO)
T

0]

o< 1/L2 )

with 7, the transition temperature without the leads con-
nected. The 1/L? behavior has also been observed in other
Ti/Au devices'8. We can fit the data for the 100x20 um?,
120%20 pum?, and 80x20 um? pixels to this model, as shown
in Fig. Blb), where the dashed line indicates the best fit. We
find a reasonable agreement with the predicted scaling, with
T, = 89.2 mK. Note that this value is lower than the intrinsic
transition temperature of the Ti/Au bilayer due to the presence
of the LaiPE from the bilayer edges. The fit confirms that the
relation 7, o< 1/L? remains valid even for these long devices.
The measured T, for all devices is shown in Fig Blc) as a
function of the width of the device. As remarked previously,
this is caused by the LaiPE originating from a small Au over-
hang. The overhang results from the HF etch used to pattern
the titanium of the bilayer. From visual inspection it can be
seen that the etching creates a Ti undercut of approximately
1 um at both sides of the bilayer, leaving an Au overhang. We
expect that the thickness of the Au overhang is similar to that
of the Au layer in the rest of the bilayer. We check the validity
of the LaiPE model by correcting the data of all geometries
for the LoPE using the previous result. The corrected critical
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FIG. 3. (a) Heatmap of the TES critical temperature 7, clearly show-
ing the dependence on geometry, but high uniformity within one ge-
ometry. (b) Averaged 7 for all pixels with W = 20 um as a function
of TES length L. The error bar shows the standard deviation. The
dashed black line is a fit of the data as explained in the main text.
(c) T versus TES width W. Note that the three pixel designs with
W = 20 um have been spaced for clarity. (d) Shift of the critical
temperature AT due to the lateral inverse proximity effect, after cor-
rection for the longitudinal proximity effect. The dashed black line
is a fit to the data using a 1/ W2 scaling law.

temperatures are fitted using a model that scales with 1/W?2,
with W the width of the device, as expected for the LaiPE3.
The results are shown in Fig. B(d). Shifts of the 7, of up to
3.5 mK are observed for the smallest TES width of 20 pum.
This value is very similar to the values observed by Sadleir et
al., who observed a shift of ~ 2-5 mK in devices with nor-
mal metal structures on top of the bilayer at the same 20 um
spacing3’. This agreement supports our interpretation that the
Au overhang is equivalent to a normal metal bank at the edge
of the TES.

Despite the large differences between geometries, the crit-
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FIG. 4. (a) Heatmap of the thermal conductance G between the TES
and thermal bath for the full TES array. (b) G plotted as a function
of the TES perimeter = 2W + 2L.

ical temperature is very constant within each design, with all
identical devices within 0.2 mK of each other. The small scat-
ter in the T; results from a combination of the uniformity of
the fabrication process and the measurement error. We have
measured similar scatter in 7, for larger kilo-pixel arrays3®

Additionally, because of the small values of the TES width the
change in the transition temperature due to the LaiPE is pre-
dominant. This is something that should be considered when
going to devices of even smaller width, in which case T, will
be suppressed by several mK compared to the intrinsic value.

The thermal conductance, evaluated at the critical tempera-
ture, is shown in Figs. [@{(a) and (b). From previous measure-
ment of similar devices it is expected that the dominant pro-
cess for the thermal conductance is two-dimensional radiative
transport in the silicon nitride membrane34?, in which case
the thermal conductance scales with the TES perimeter. The
current results are consistent with that interpretation. A com-
parison of the absolute value of our measured thermal conduc-
tance to earlier tests of similar devices fabricated by NASA
Goddard reveal that our current results are about 20 pW/K
above the expected values*!#2, This is the result of a parallel
thermal conductance via the stems of the absorber. This ad-
ditional thermal conductance can be reduced by using smaller
diameters for the stems supporting the absorber on the mem-
brane. The spread in the measured data for each geometry is
most likely due to small deviations in the calibration of the
front-end electronics. The power of the TESs depends on the
geometry, ranging from 2 - 3 pW when biased at R = 0.5R,,.

B. Complex Impedance

We have used measurements of the complex impedance to
extract values for o and f3, the unitless logarithmic deriva-
tives of the resistance versus temperature and versus current,
respectively. Details about the method to measure the com-
plex impedance under AC-bias can be found in Taralli et
al®3. Briefly speaking, to measure the complex impedance,
a small AC signal is added to the bias, and the resulting cur-
rent through the TES is measured as a function of frequency.
From this frequency-dependent response of the TES it is pos-
sible to extract the parameters that describe its thermal and
electrical properties. This measurement is repeated at various
points in the superconducting transition.

We have fitted the complex impedance data with as a sin-
gle thermal body including weak links effects, as outlined by
Kozorezov et al**, which describes our devices quite well.
The extracted o and f3 for all geometries measured at R/R,
between 10-40% are shown in Fig.[5l The different colors in
each figure show the different TESs measured at different bias
frequencies. Since only 16 TESs can be measured per cryostat
cycle, priority was given to high aspect ratio devices follow-
ing our understanding of AC-biased TESs. For this reason,
only two out of five 80x40 um? devices were investigated,
and relatively little data was collected for these devices.

All geometries show similar trends. The lower frequency
pixels have a very smooth transition with little structure. In
some TESs, an abrupt step is observed in both & and f3, for
instance visible in TES2. The high frequency pixels are char-
acterized by strongly fluctuation values of & and f3, especially
for low values of R/R,. The oscillations are caused by the
weak-link effect!®2?. The low frequency pixels are less af-
fected by this problem. All TESs for all geometries reach val-
ues of o ~ 300 and 3 ~ 5, with the higher frequency pixels
showing higher peak values due to the sharp steps in the tran-
sition. Note that o and B are small-signal parameters, and
when an X-ray is absorbed by a TES, typically a large part of
the transition is sampled, smoothing these peaks.

The relation between « and B is independent of the bias
frequency, something which becomes clear when « is plotted
versus 3, as we have done in Fig.[6l The TESs measured at
different bias frequencies, which in Fig. [5] show completely
different behavior (i.e. the strong oscillations), now in general
fall on a single line, with only a modest increase in the ratio
between o and f for the highest bias frequencies. The relation
between a and f follows a simple power law. This observa-
tion is shared for all geometries. The dashed black line is a fit
of the data to the empirical function @ = ¢f3". For all geome-
tries we obtain similar values, with the pre-factor ¢ ~ 75 —90
and power n ~2/3.

C. Excess noise

At each bias point where we measure the complex
impedance we also measure noise spectra. The values ob-
tained for o and B from the complex impedance measure-
ment are then used to fit these spectra. The main sources of
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noise in our TESs are phonon noise at low frequencies and
TES Johnson noise at higher frequencies. Additionally, there
is the white SQUID noise and shunt Johnson noise, but these
terms are much smaller than the other factors. Details about
this analysis are described by Taralli er al.#3. We fit the high-
frequency part of each noise spectrum to the following expres-
sion for the voltage noise:

Va=\[4ksTR(1 +2B)(1+ M) 3)
Here kg is Boltzmann’s constant and M? is the excess noise,
given by the difference between the measured and predicted
noise. This excess noise is typically explained by other noise
sources, such as the weak-link effect described by the re-
sistively shunted junction (RSJ) model2®#, the presence of

phase-slip lines*®, or ITENU-1347-49 " Tn this paper, we will
not go into a detailed analysis of the origin of the excess noise,
but instead use it as a guideline to find the optimal TES design.

The obtained excess noise term M? is shown in Fig. [ (top
row). In general, the excess noise is correlated with ¢ and 3,
with increasing oscillations for higher bias frequencies. How-
ever, there are some clear exceptions to this, where M? in-
creases at R/R,, > 20% (this can for example be seen clearly in
the curve of TESS). At this moment it is unclear whether this
additional bump in the excess noise is related to the readout,
an intrinsic property of this TES design, or simply the result
of individual bad devices. Excluding outliers, M? varies from
1 - 20 depending on the precise bias point. Several authors de-
scribe the existence of two regimes: o > 100 and a < 100. In



the latter regime, they report that M? becomes less than one,
so no significant excess noise>>2!. We do not observe this
relation.

The expected energy resolution of each device in the small-

signal limit can be estimated using the following equation:

dE ~ 2.355\/4kBT02 : g\/(l +2B)(1+M2)  (4)

Here we assume that the total heat capacity C is dominated by
the absorber, and thus constant for all devices. The predicted
energy resolution for all bias points for each device can be
seen in the bottom row of Fig.[7l In general, most of the de-
vices for all geometries appear to have an expected resolution
around 2.0 eV for a broad region of the superconducting tran-
sition. Despite the fact that the high frequency pixels show
very inhomogeneous transitions, the expected energy resolu-
tion can be much lower than that of the TESs read out at lower
bias frequencies. In these cases, the high M? observed in some
bias points is balanced by a high o, with the ratio between
these two scaling favorably for the higher bias frequencies.
This balancing has been observed before in MoAu TESs un-
der DC bias™2.

In Fig. B we show (1 +2B)(1 +M?) as a function of
(142p), the first order expansion term of the Johnson noise.
Again, all frequencies and geometries exhibit common behav-
ior. Note that at no point in the transition the data approaches
the M? = 0 line, something which was reported in earlier re-
ports on DC-biased TESs>®. The deviation from the M? = 0
line is very similar for each geometry, clearly visible when
looking at the dashed red line, which is a guide to the eye with
equal slope for all figures.

IV. X-RAY ENERGY RESOLUTION AT 5.9 KEV

In the previous section, we have calculated the expected
small-signal energy resolution. However, due to non-linear
effects in the TESs, the actual energy resolution can be far
different. Therefore, we have measured the real energy reso-
lution by exposing the TES array to a standard >>Fe source,
providing Mn-Ko X-rays at an energy of 5.9 keV and a count
rate of approximately 1 count per second (cps) per pixel. Typ-
ically, for each spectrum we collect about 3000 - 4000 X-ray
events to get a statistical error of about 0.15 - 0.18 eV for
the reported energy resolution. An example of an X-ray en-
ergy spectrum is shown in Fig.[Bla). This particular spectrum
was measured using TES8, operated at a bias frequency of
2.2MHz at R/R,, = 22%.

The best energy resolution obtained for each TES can be
seen in the heat map of Fig. O(b). The achieved energy res-
olution averaged over the entire array is 2.03 + 0.17 eV.
This average energy resolution is a big improvement upon the
2.73 £ 0.26 eV achieved on the same TES array before the
reduction of the critical temperature2!. The improvement by a
factor of 1.34 is in almost perfect agreement with the expected
improvement calculated in Sec. [l indicating that our devices
are indeed thermodynamically limited, and no significant sec-
ond order effects are present. Only three of the TESs did not

achieve an energy resolution below 2.2 eV (ignoring the error
bar). All of these devices were measured at the highest bias
frequencies of 4.0 and 4.1 MHz, the frequencies that suffer
most from the weak-link effect and AC losses. The best en-
ergy resolution was achieved for TES8 with the 120x20 pum?
geometry, where we found a full width at half maximum of
1.63 £ 0.17 eV. This is the best resolution ever achieved with
a Ti/Au TES, and within 0.1 eV from the best energy resolu-
tion reported for a single pixel under DC bias®1032,

The energy resolutions shown in the heatmap in Fig.[9| were
obtained after careful tuning of the pixel bias to optimize the
performance. Changes in the bias current leads to different
energy resolutions, as reflected by predicted energy resolution
shown in Fig.[ll Reducing the sensitivity of the pixels to the
precise bias points is an import beneficial effect of reducing
the weak-link effect. Alternatively, the consequences of the
sensitivity could be mitigated by the use of a well-designed
pixel tuning algorithm.

In Fig. we have plotted the measured X-ray resolution
separated for the 5 different geometries. The number next to
each data point indicates the bias frequency (in MHz) used to
measure that pixel. From this figure, we can check the effect
of the bias frequency at which a pixel is measured, and see
which of the geometries outperforms the others. The differ-
ence between the geometries is very small, with all geome-
tries performing equal within the error. Any apparent differ-
ences in performance between geometries are most likely not
caused by the intrinsic noise of the pixels, which would have
shown up in the complex impedance and noise measurements
presented in Secs. [IBland [ILCl Instead, they are a result of
the homogeneity of the transition and the corresponding ease
of finding the optimal bias point. Since the lower aspect ra-
tio pixels suffer more from the weak-link effect, higher aspect
ratios have wider tolerances in the operating parameters.

No relation is observed between the bias frequency and
the single pixel energy resolution. Both pixels measured at
low bias frequencies as well as pixels measured at high bias
frequencies achieve equal average energy resolution. This
is clear after averaging the performance of the 6 lowest fre-
quency pixels (< 1.7 MHz), resulting in 2.00 £+ 0.12 eV,
and the 6 highest frequency pixels (> 3.7 MHz), leading to
2.11 £0.16 eV, showing no statistically significant difference
between the two sets. Note that this observation is based on
a small number of devices. A more detailed investigation of
the bias frequency is reported by Taralli er al.38. We also did
not find a correlation between the optimal R/R,, value and the
bias frequency. The best energy resolutions for all devices are
achieved for R/R, values ranging from 10-30%.

Based on this data it is not possible to definitively say
that higher aspect ratios lead to better X-ray performance.
The data shows that, given that the devices are tuned to the
right critical temperature, the AC-biased TESs perform at the
same level as their DC-biased competitors. In particular the
120x20 um? devices are interesting, as these consistently
achieved energy resolutions below 2.0 &= 0.17 eV for several
bias points. These results show that even for a high aspect ra-
tio and normal resistance there appears to be no degradation
of the energy resolution nor an increase in the excess noise, a
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devices, while the thermal conductance scales with the TES
perimeter. All device geometries have similar small-signal
parameters obtained from complex impedance measurements,
and show comparable excess noise. The calculated energy
resolution predicts that all devices are capable to measure
5.9 keV X-ray with a resolution below 2.0 eV for a properly
chosen bias point.

All tested devices show excellent energy resolution at
5.9 keV, with an average of 2.03 + 0.17 eV over the full
array. The best performing pixel achieved a resolution of
1.63 £+ 0.17 eV, a record for an AC-biased TES X-ray
calorimeter, as well as the first time such a resolution has been
attained using a Ti/Au TES. This result is within 0.1 eV of the
best performance achieved under DC-bias using devices fab-
ricated at GSFC22. The achieved resolution is getting very

result that supports the idea that the ITFN indeed only scales
with the resistivity and not with the total resistance. From
this we expect that aspect ratios higher than 1:6 might also
give very good results, possibly better than what we have seen
here, should these devices really show a bigger reduction of
the weak-link effect.

V. CONCLUSIONS

We have investigated five different TES designs with vary-
ing aspect ratios ranging from 1:2 to 1:6. First, we have ther-
mally characterized the devices. We have found that the crit-
ical temperature is dependent on the width and length of the
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close to 1.5 eV, the Athena energy resolution goal for X-rays
with energies below 7 keV2. That we so far have not reached
the 1.5 eV level could in part be imputed to the AC-bias, but
most likely a full understanding of the interplay between o,
B, and M? is required, something that is still under discussion
for both AC- and DC-biased TESs.

Due to the small number of TESs per geometry that were
investigated, together with the strong bias-frequency depen-
dence of the TES behavior, more experiments are needed to
reach hard conclusions on which geometry should be used.
However, it is clear that even for the highest aspect ratio
devices we have studied here we see no limits in the per-
formance, exemplified by the good overall results of the
120%x20 um? TESs. Given the idea that the weak-link ef-
fect should be reduced in high normal resistance devices, this
opens the way to study even higher aspect ratio devices, in
which we might find an optimum for the normal resistance
and final performance. New designs are currently under study.

VI. ACKNOWLEDGEMENT

This work is partly funded by European Space Agency
(ESA) and coordinated with other European efforts under
ESA CTP contract ITT AO/1-7947/14/NL/BW, and partly
by the European Union’s Horizon 2020 Program under the
AHEAD (Activities for the High-Energy Astrophysics Do-
main) project with Grant Agreement Number 654215.

VIl. DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

ID. Barret, T. Lam Trong, J.-W. den Herder, L. Piro, X. Barcons, J. Huovelin,
R. Kelley, J. M. Mas-Hesse, K. Mitsuda, S. Paltani, G. Rauw, A. Rozanska,
J. Wilms, M. Barbera, E. Bozzo, M. T. Ceballos, I. Charles, A. De-
courchelle, R. den Hartog, J.-M. Duval, F. Fiore, F. Gatti, A. Goldwurm,
B. Jackson, P. Jonker, C. Kilbourne, C. Macculi, M. Mendez, S. Molendi,
P. Orleanski, F. Pajot, E. Pointecouteau, F. Porter, G. W. Pratt, D. Préle,
L. Ravera, E. Renotte, J. Schaye, K. Shinozaki, L. Valenziano, J. Vink,
N. Webb, N. Yamasaki, F. Delcelier-Douchin, M. Le Du, J.-M. Mes-
nager, A. Pradines, G. Branduardi-Raymont, M. Dadina, A. Finoguenov,
Y. Fukazawa, A. Janiuk, J. Miller, Y. Nazé, F. Nicastro, S. Sciortino,
J. M. Torrejon, H. Geoffray, 1. Hernandez, L. Luno, P. Peille, J. André,
C. Daniel, C. Etcheverry, E. Gloaguen, J. Hassin, G. Hervet, I. Maus-
sang, J. Moueza, A. Paillet, B. Vella, G. Campos Garrido, J.-C. Damery,
C. Panem, J. Panh, S. Bandler, J.-M. Biffi, K. Boyce, A. Clénet, M. DiPirro,
P. Jamotton, S. Lotti, D. Schwander, S. Smith, B.-J. van Leeuwen, H. van
Weers, T. Brand, B. Cobo, T. Dauser, J. de Plaa, and E. Cucchetti, in
Space Telescopes and Instrumentation 2016: Ultraviolet to Gamma Ray,
Vol. 9905, edited by J.-W. A. den Herder, T. Takahashi, and M. Bautz
(2016) p. 99052F, larXiv:1608.08105.
2D. Barret, A. Decourchelle, A. Fabian, M. Guainazzi, K. Nandra, R. Smith,
and J.-W. den Herder, Astronomische Nachrichten 341, 224 (2020),
arXiv:1912.04615.
3E. Pajot, D. Barret, T. Lam-Trong, J.-W. den Herder, L. Piro, M. Cappi,
J. Huovelin, R. Kelley, J. M. Mas-Hesse, K. Mitsuda, S. Paltani, G. Rauw,
A. Rozanska, J. Wilms, M. Barbera, F. Douchin, H. Geoffray, R. H. den
Hartog, C. Kilbourne, M. Le Du, C. Macculi, J. M. Mesnager, and P. Peille,
Journal of Low Temperature Physics 193, 901 (2018).


http://dx.doi.org/10.1117/12.2232432
http://arxiv.org/abs/1608.08105
http://dx.doi.org/ 10.1002/asna.202023782
http://arxiv.org/abs/1912.04615
http://dx.doi.org/10.1007/s10909-018-1904-5

4R. H. den Hartog, P. Peille, J. van der Kuur, D. van Loon, B. D.
Jackson, J.-W. den Herder, B. J. van Leeuwen, and L. Ravera, in
Space Telescopes and Instrumentation 2018: Ultraviolet to Gamma Ray,
July, edited by J.-W. A. den Herder, K. Nakazawa, and S. Nikzad (SPIE,
2018) p. 167.

SW. Cui, L. B. Chen, B. Gao, F. L. Guo, H. Jin, G. L. Wang, L. Wang,
J. J. Wang, W. Wang, Z. S. Wang, Z. Wang, F. Yuan, and W. Zhang,
Journal of Low Temperature Physics 199, 502 (2020).

K. Niwa, T. Numata, K. Hattori,
Scientific Reports 7, 45660 (2017).

P, Khosropanah, T. Suzuki, M. Ridder, R. A. Hijmering, H. Aka-
matsu, L. Gottardi, J. van der Kuur, J. R. Gao, and B. D. Jackson,

and D. Fukuda,

Millimeter, Submillimeter, and Far-Infrared Detectors and Instrumentation for AéfMlorﬁ’y \HI9914,100 1 4uBt42(]6)R. H. den Hartog,

8S. J. Smith, J. S. Adams, M. E. Eckart, C. N. Bailey, S. R. Bandler, J. A.
Chervenak, F. M. Finkbeiner, R. L. Kelley, C. A. Kilbourne, F. S. Porter,
and J. E. Sadleir, Journal of Low Temperature Physics 167, 168 (2012).

9R. Horansky, J. Ullom, J. Beall, W. Doriese, W. Duncan, L. Fer-
reira, G. Hilton, K. Irwin, C. Reintsema, L. Vale, B. Zink,
A. Hoover, C. Rudy, D. Tournear, D. Vo, and M. Rabin,

10

23R. Divan, L. M. Gades, P. Kenesei, T. J. Madden, A. Miceli, J.-S. Park,
U. M. Patel, O. Quaranta, H. Sharma, D. A. Bennett, W. B. Doriese, J. W.
Fowler, J. D. Gard, J. P. Hays-Wehle, K. M. Morgan, D. R. Schmidt,
D.S. Swetz, and J. N. Ullom, Applied Physics Letters 111, 192602 (2017),
arXiv:1708.08481.

L. M. Gades, T. W. Cecil, R. Divan, D. R. Schmidt,
J.. N. Ullom, T. J. Madden, D. Yan, and A. Miceli,
IEEE Transactions on Applied Superconductivity 27, 1 (2017).

25N. J. Van Der Heijden, P. Khosropanah, J. van der Kuur, and M. Ridder,
Journal of Low Temperature Physics 176, 370 (2014).

20F. Pobell, in Matter and Methods at Low Temperatures) (Springer Berlin
Heidelberg, Berlin, Heidelberg, 2007) pp. 1-6.

H. F. Hoev-
ers, M. Kiviranta, P. A. De Korte, and J. van der Kuur,
Journal of Low Temperature Physics 167, 695 (2012).

M. P. Bruijn, A. J. van der Linden, L. Ferrari, L. Gottardi, J. van der
Kuur, R. H. den Hartog, H. Akamatsu, and B. D. Jackson,
Journal of Low Temperature Physics 193, 661 (2018).

L. Gottardi, J. van der Kuur, M. Bruijn, A. van der Linden,

Nuclear Instruments and Methods in Physics Research Section A: Accelerators, SpebtrdmetenstaDetdctobkanthtAissodatetbkiqiiprivent S78d 6K (280 nsberg,

105, R. Bandler, J. S. Adams, C. N. Bailey, S. E. Busch, J. A.
Chervenak, M. E. Eckart, A. E. Ewin, F. M. Finkbeiner,
R. L. Kelleyy D. P. Kelly, C. A. Kilbourne, J.-P. Porst,
F. S. Porter, J. E. Sadleir, S. J. Smith, and E. J. Wassell,
IEEE Transactions on Applied Superconductivity 23, 2100705 (2013).
K. D. Irwin, G. C. Hilton, and C. E. Ed, Topics Appl. Phys., Vol. 99 (2005)
pp. 63-149.

Journal of Low Temperature Physics 194, 370 (2019).

30Http://www.vttresearch.com/.

3IR. den Hartog, D. Boersma, M. Bruijn, B. Dirks, L. Gottardi, H. Hoevers,
R. Hou, M. Kiviranta, P. de Korte, J. van der Kuur, B.-J. van Leeuwen,
A. Nieuwenhuizen, M. Popescu, B. Young, B. Cabrera, and A. Miller, in
AIP Conference Proceedings, Vol. 1185 (2009) pp. 261-264.

32H. Akamatsu, L. Gottardi, J. Adams, S. R. Bandler, M. Bruijn,

12J N. Ullom and D. A. Bennett, Superconductor Science and Technology 28, 084003 .(Z0Hévenak, M. Eckart, F. Finkbeiner, R. Den Hartog, H. F. Hoev-

BK. M. Morgan, B. K. Alpert, D. A. Bennett, E. V. Denison, W. B. Doriese,
J. W. Fowler, J. D. Gard, G. C. Hilton, K. D. Irwin, Y. I. Joe, G. C.
O’Neil, C. D. Reintsema, D. R. Schmidt, J. N. Ullom, and D. S. Swetz,
Applied Physics Letters 109, 112604 (2016).

“D. A. Bennett, J. A. B. Mates, S. R. Bandler, D. T. Becker,
J. W. Fowler, J. D. Gard, G. C. Hilton, K. D. Irwin, K. M. Mor-
gan, C. D. Reintsema, K. Sakai, D. R. Schmidt, S. J. Smith,
D. S. Swetz, J. N. Ullom, L. R. Vale, and A. L. Wessels,
Journal of Astronomical Telescopes, Instruments, and Systems 5, 1 (2019).

SN. A. Wakeham, J. S. Adams, S. R. Bandler, S. Beaumont, J. A. Cher-
venak, A. M. Datesman, M. E. Eckart, F. M. Finkbeiner, R. Hum-
matov, R. L. Kelley, C. A. Kilbourne, A. R. Miniussi, F. S.
Porter, J. E. Sadleir, K. Sakai, S. J. Smith, and E. J. Wassell,
Journal of Applied Physics 125, 164503 (2019).

log,, Gottardi, H. Akamatsu, J. van der Kuur,
S. J. Smith, A. Kozorezov, and J. Chervenak,
IEEE Transactions on Applied Superconductivity 27, 1 (2017).

17K Sakai, J. S. Adams, S. R. Bandler, J. A. Chervenak, A. M. Datesman,
M. E. Eckart, F. M. Finkbeiner, R. L. Kelley, C. A. Kilbourne, A. R.
Miniussi, F. S. Porter, J. S. Sadleir, S. J. Smith, N. A. Wakeham, E. J.
Wassell, W. Yoon, H. Akamatsu, M. P. Bruijn, L. Gottardi, B. D. Jackson,
J. van der Kuur, B. J. van Leeuwen, A. J. van der Linden, H. J. van Weers,
and M. Kiviranta, Journal of Low Temperature Physics 193, 356 (2018).

M. Ridder, K. Nagayoshi, M. P. Bruijn, L. Gottardi, E. Taralli,
P. Khosropanah, H. Akamatsu, J. van der Kuur, K. Ravensberg,
S. Visser, A. C. Nieuwenhuizen, J. R. Gao, and J.-W. den Herder,
Journal of Low Temperature Physics 199, 962 (2020).

L. Gottardi, A. Kozorezov, H. Akamatsu, J. van der Kuur, M. P.
Bruijn, R. H. den Hartog, R. Hijmering, P. Khosropanah, C. Lam-
bert, A. J. van der Linden, M. L. Ridder, T. Suzuki, and J. R. Gao,
Applied Physics Letters 105, 162605 (2014).

2L, Gottardi, S. J. Smith, A. Kozorezov, H. Akamatsu, J. van der
Kuur, S. R. Bandler, M. P. Bruijn, J. A. Chervenak, J. R. Gao,
R. H. den Hartog, B. D. Jackson, P. Khosropanah, A. R. Miniussi,
K. Nagayoshi, M. Ridder, J. E. Sadleir, K. Sakai, and N. Wakeham,
Journal of Low Temperature Physics 193, 209 (2018).

2IE. Taralli, L. Gottardi, K. Nagayoshi, M. Ridder, S. Visser, P. Khos-
ropanah, H. Akamatsu, J. van der Kuur, M. Bruijn, and J. R. Gao,
Journal of Low Temperature Physics 199, 80 (2020).

22K. Nagayoshi, M. L. Ridder, M. P. Bruijn, L. Gottardi, E. Taralli,
P. Khosropanah, H. Akamatsu, S. Visser, and J.-R. Gao,
Journal of Low Temperature Physics 199, 943 (2020).

ers, R. Kelley, C. Kilbourne, J. van der Kuur, A. J. Van Den Lin-
den, F. S. Porter, J. E. Sadleir, S. J. Smith, and M. Kiviranta,
Journal of Low Temperature Physics 176, 591 (2014).

33H. Akamatsu, L. Gottardi, C. P. de Vries, J. S. Adams, S. R. Bandler, M. P.
Bruijn, J. A. Chervenak, M. E. Eckart, F. M. Finkbeiner, J. R. Gao, J.-
W. den Herder, R. den Hartog, H. Hoevers, R. E. Kelley, P. Khosropanah,
C. A. Kilbourne, J. van der Kuur, S.-J. Lee, A. J. van den Linden, F. S.
Porter, K. Ravensberg, J. E. Sadleir, S. J. Smith, T. Suzuki, E. J. Wassell,
and M. Kiviranta, Journal of Low Temperature Physics 184, 436 (2016).

34H. Akamatsu, L. Gottardi, J. van der Kuur, C. P. de Vries, M. P. Bruijn,
J. A. Chervenak, M. Kiviranta, A. J. van den Linden, B. D. Jackson,
A. R. Miniussi, K. Ravensberg, K. Sakai, S. J. Smith, and N. Wakeham,
Journal of Low Temperature Physics 199, 737 (2020).

35Http://www.leidencryogenics.com/.

36]. E. Sadleir, S. J. Smith, S. R. Bandler, J. A. Chervenak, and J. R. Clem,
Physical Review Letters 104, 047003 (2010)} larXiv:0910.2451.

37J. E. Sadleir, S. J. Smith, I. K. Robinson, F. M. Finkbeiner, J. A.
Chervenak, S. R. Bandler, M. E. Eckart, and C. A. Kilbourne,
Physical Review B 84, 184502 (2011).

38E. Taralli et al., submitted to RSL

3H. F. C. Hoevers, M. L. Ridder, A. Germeau, M. P. Bruijn, P. A. J. de Korte,
and R. J. Wiegerink, Applied Physics Letters 86, 251903 (2005).

40, P. Hays-Wehle, D. R. Schmidt, J. N. Ullom, and D. S. Swetz,
Journal of Low Temperature Physics 184, 492 (2016).

41C. A. Kilbourne, S. R. Bandler, A. D. Brown, J. A. Cher-
venak, E. Figueroa-Feliciano, F. M. Finkbeiner, N. Iy-
omoto, R. L. Kelley, F. S. Porter, and S. J. Smith, in

UV, X-Ray, and Gamma-Ray Space Instrumentation for Astronomy XV,
Vol. 6686, edited by O. H. W. Siegmund (2007) p. 668606.

48. J. Smith, J. S. Adams, S. R. Bandler, S. E. Busch, J. A. Cher-
venak, M. E. Eckart, F. M. Finkbeiner, R. L. Kelley, C. A. Kil-
bourne, S. J. Lee, J. P. Porst, F. S. Porter, and J. E. Sadleir,
Journal of Low Temperature Physics 176, 356 (2014).

43E. Taralli, P. Khosropanah, L. Gottardi, K. Nagayoshi, M. L. Ridder, M. P.
Bruijn, and J. R. Gao, AIP Advances 9, 045324 (2019).

#4A. Kozorezov, A. A. Golubov, D. D. E. Martin, P. A. J. de Ko-
rte, M. A. Lindeman, R. A. Hijmering, J. van der Kuur, H. F. C.
Hoevers, L. Gottardi, M. Y. Kupriyanov, and J. K. Wigmore,
Applied Physics Letters 99, 063503 (2011).

“A. Kozorezov, A. A. Golubov, D. D. E. Martin, P. A. J. de Ko-
rte, M. A. Lindeman, R. A. Hijmering, J. van der Kuur, H. F. C.
Hoevers, L. Gottardi, M. Y. Kupriyanov, and J. K. Wigmore,


http://dx.doi.org/ 10.1117/12.2312793
http://dx.doi.org/10.1007/s10909-019-02279-3
http://dx.doi.org/10.1038/srep45660
http://dx.doi.org/ 10.1117/12.2233472
http://dx.doi.org/ 10.1007/s10909-012-0574-y
http://dx.doi.org/ 10.1016/j.nima.2007.04.032
http://dx.doi.org/ 10.1109/TASC.2013.2238752
http://dx.doi.org/10.1007/10933596_3
http://dx.doi.org/10.1088/0953-2048/28/8/084003
http://dx.doi.org/10.1063/1.4962636
http://dx.doi.org/10.1117/1.JATIS.5.2.021007
http://dx.doi.org/10.1063/1.5086045
http://dx.doi.org/ 10.1109/TASC.2017.2655500
http://dx.doi.org/10.1007/s10909-018-2002-4
http://dx.doi.org/10.1007/s10909-020-02401-w
http://dx.doi.org/10.1063/1.4899065
http://dx.doi.org/ 10.1007/s10909-018-2006-0
http://dx.doi.org/10.1007/s10909-019-02254-y
http://dx.doi.org/ 10.1007/s10909-019-02282-8
http://dx.doi.org/ 10.1063/1.5001198
http://arxiv.org/abs/1708.08481
http://dx.doi.org/ 10.1109/TASC.2017.2662007
http://dx.doi.org/10.1007/s10909-014-1158-9
http://dx.doi.org/10.1007/978-3-540-46360-3_1
http://dx.doi.org/ 10.1007/s10909-011-0422-5
http://dx.doi.org/ 10.1007/s10909-018-1951-y
http://dx.doi.org/ 10.1007/s10909-018-2085-y
http://dx.doi.org/10.1063/1.3292328
http://dx.doi.org/ 10.1007/s10909-014-1130-8
http://dx.doi.org/10.1007/s10909-016-1525-9
http://dx.doi.org/10.1007/s10909-020-02351-3
http://dx.doi.org/ 10.1103/PhysRevLett.104.047003
http://arxiv.org/abs/0910.2451
http://dx.doi.org/ 10.1103/PhysRevB.84.184502
http://dx.doi.org/10.1063/1.1949269
http://dx.doi.org/10.1007/s10909-015-1416-5
http://dx.doi.org/ 10.1117/12.734830
http://dx.doi.org/10.1007/s10909-013-1031-2
http://dx.doi.org/ 10.1063/1.5089739
http://dx.doi.org/ 10.1063/1.3621829

Journal of Low Temperature Physics 167, 108 (2012).

40D A. Bennett, D. S. Swetz, R. D. Horansky, D. R. Schmidt, and J. N.
Ullom, Journal of Low Temperature Physics 167, 102 (2012).

4TH. F. Hoevers, A. C. Bento, M. P. Bruijn, L. Gottardi, M. A. Korevaar, W. A.
Mels, and P. A. De Korte, Applied Physics Letters 77, 4422 (2000).

“Y. Takei, L. Gottardi, H. F. C. Hoevers, P. A. J. de Ko-
rte, J. van der Kuur, M. L. Ridder, and M. P. Bruijn,
Journal of Low Temperature Physics 151, 161 (2008).

491, J. Maasilta, AP Advances 2, 042110 (2012)|

11

303, J. Smith, J. S. Adams, C. N. Bailey, S. R. Bandler, S. E. Busch,
J. A. Chervenak, M. E. Eckart, F. M. Finkbeiner, C. A. Kilbourne,
R. L. Kelley, S.-J. Lee, J.-P. Porst, F. S. Porter, and J. E. Sadleir,
Journal of Applied Physics 114, 074513 (2013).

SIN. Jethava, J. N. Ullom, K. D. Irwin, W. B. Doriese, J. A. Beall, G. C.
Hilton, L. R. Vale, B. Zink, B. Young, B. Cabrera, and A. Miller, in
AIP Conference Proceedings, Vol. 1185 (2009) pp. 31-33.

22A. R. Miniussi, J. S. Adams, S. R. Bandler, J. A. Chervenak,
A. M. Datesman, M. E. Eckart, A. J. Ewin, F. M. Finkbeiner,
R. L. Kelley, C. A. Kilbourne, F. S. Porter, J. E. Sadleir, K. Sakai,
S. J. Smith, N. A. Wakeham, E. J. Wassell, and W. Yoon,
Journal of Low Temperature Physics 193, 337 (2018).


http://dx.doi.org/ 10.1007/s10909-012-0489-7
http://dx.doi.org/ 10.1007/s10909-011-0431-4
http://dx.doi.org/ 10.1063/1.1336550
http://dx.doi.org/ 10.1007/s10909-007-9621-5
http://dx.doi.org/10.1063/1.4759111
http://dx.doi.org/10.1063/1.4818917
http://dx.doi.org/10.1063/1.3292343
http://dx.doi.org/10.1007/s10909-018-1974-4

