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ABSTRACT

Cryogenic microcalorimeters are outstanding tools for x-ray spectroscopy due to their unique combination of excellent energy resolution and
close to 100% detection efficiency. While well-established microcalorimeter concepts have already proven impressive performance, their
energy resolution has yet to improve to be competitive with cutting-edge wavelength-dispersive grating or crystal spectrometers. We hence
present an innovative SQUID-based superconducting microcalorimeter with an in situ tunable gain as alternative concept that is based on
the strong temperature dependence of the magnetic penetration depth of a superconductor operated close to its critical temperature.
Measurements using a prototype device show no sign for any hysteresis effects that often spoil the performance of superconducting microca-
lorimeters. Moreover, our predictions of the achievable energy resolution show that a competitive energy resolution (300 meV) with a suit-
able combination of absorber and sensor material should be easily possible.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0179862
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Cryogenic microcalorimeters such as superconducting transition-
edge sensors (TESs)"” or metallic magnetic calorimeters (MMCs)™*
have proven to be outstanding devices to measure the energy of x-ray
photons with utmost precision. They rely on sensing the change in
temperature of an x-ray absorber upon photon absorption using an
extremely sensitive thermometer that is based on either a supercon-
ducting (TES) or a paramagnetic (MMC) sensor material. Thanks to
their exceptional combination of an outstanding energy resolution and
a quantum efficiency close to 100%, they are highly attractive for x-ray
emission spectroscopy (XES), both at synchrotron light sources and in
a laboratory environment.”® They strongly relax the requirements on
x-ray beam intensity as compared to state-of-the-art wavelength-
dispersive x-ray spectrometers based on diffraction gratings or bent
crystals.” Moreover, they cover the entire tender x-ray range’ that is
hardly accessible with both, grating and crystal spectrometers, and
allow studying strongly diluted as well as radiation-sensitive samples
that can, even at the most brilliant synchrotron light sources, only be
investigated with greatest efforts.””

Current cutting-edge TES- and MMC-based detectors achieve an
energy resolution AEpwim of 0.72eV for 1.5keV photons8 and of

1.25eV for 5.9keV photons’ and provide a quantum efficiency close
to 100% in this energy range. In terms of resolution, they come close
to the resolution of wavelength-dispersive x-ray spectrometers while
offering orders of magnitude higher efficiency. However, despite
this great success, both detector types face some challenges that pres-
ently prevents these detectors from reaching an energy resolution
in the range of 100 meV as required for investigating vibrations or
d-d-excitations in soft x-ray spectroscopy or resonant inelastic x-ray
scattering. It might hence be worthwhile to look for alternate detector
concepts in addition to advancing the present leading technologies.
Here, we present an innovative SQUID-based microcalorimeter
with in situ tunable gain that appears to be particularly suited for
high-resolution soft x-ray spectroscopy. It is based on the strong tem-
perature dependence of the magnetic penetration depth A(T) of a
superconducting material that is operated close to its critical tempera-
ture T.. Figure 1 depicts a simplified schematic circuit diagram of our
microcalorimeter, which we denote as A-SQUID. It largely resembles a
conventional low-T, dc-SQUID that comprises two identical resistively
shunted Josephson tunnel junctions with critical current I. and normal
state resistance R as well as a closed superconducting loop formed by
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FIG. 1. Schematic circuit diagram of a A-SQUID. Inductors depicted in black are
made from a superconducting material with critical temperature T;. The A-coil dis-
played in blue is made from a different superconducting material with critical tem-
perature Tci < T, and is in strong thermal contact with the absorber. The device is
operated at temperature TOSTC)‘. A current source runs a constant current fy
through an input coil with inductance Lj,. The /-coil and the input coil are inductively
coupled via the mutual inductance Mi,(T) that is temperature-dependent because
of the temperature dependence of the magnetic penetration depth A(T) of the
A-coil.

two inductors with inductances L; and L, respectively. The
Josephson junctions, the inductor Lgg, as well as the superconducting
wiring are made from a superconducting material with critical temper-
ature T, > T that is much greater than the operating temperature T
of the microcalorimeter. In contrast, the inductor L;, which we will
refer to as A-coil is made from a superconducting material with much
lower critical temperature T7 = T that exceeds only barely the device
operating temperature Tp. It is worth mentioning that for a practical
device, the operation temperature will be chosen according to the tran-
sition temperature of the A-coil, and not vice versa. The A-coil is cou-
pled to the input coil with inductance L;, via the mutual inductance
Min = k/L;L;,. Here, k denotes the magnetic coupling factor. Since
the A-coil is operated near its critical temperature, its magnetic pene-
tration depth A(T) depicts a strong temperature dependence, resulting
in a temperature dependence of its inductance L;(T) = L; geo(T)
+L; 1in(T). Here, L geo(T) and L; i (T)) represent the geometric and
kinetic contributions to the total coil inductance. The magnetic pene-
tration depth influences the geometric inductance L; g, (T') via the dis-
tribution of current density in the cross section of the inductor, which
ultimately causes a temperature dependence of the mutual inductance
Min(T).

The device is biased either with a constant current I,, with the
resulting voltage drop Vsq across the device being used as output sig-
nal, or with a constant voltage V},, the current Isq running through the
devices acting as output signal. In any case, the output signal depends
on the total magnetic flux @y, threading the SQUID loop. A current
source supplying a constant current I, is connected to the input coil.
This current induces a magnetic flux ®(T) = M;,(T)I;, within the
SQUID loop that is temperature dependent via the temperature depen-
dence of the mutual inductance M;, (T).

By attaching a suitable x-ray absorber to the A-coil, the absorption
of an x-ray photon causes a temperature rise of this coil that is
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transduced into a change of magnetic flux within the SQUID loop.
The latter can be sensed as a change of output signal. An additional
coil with inductance Ly, is inductively coupled to the A-SQUID via the
inductor Lg;, and mutual inductance Mj,. This coil allows for addi-
tional control of the magnetic flux threading the SQUID loop by run-
ning an externally controlled current Iy, through it.

For the following discussion, we assume a constant current bias.
In this case, the relationship between output signal voltage Vsq and
temperature T'is defined by the gain coefficient

aVsQ B BVSQ aMm

or oo or "
where the flux-to-voltage transfer coefficient can be estimated by
OVsq/0® = R/Lsq for an optimized dc-SQUID."” Here, Lsq denotes
the total SQUID inductance. From Eq. (1), the tunability of the gain
factor gets clearly apparent: with I;;, being limited solely by the ampac-
ity of the input coil and the temperature dependence OM,/0T
depending on the operation temperature, the gain coefficient can be
varied by both, the input current and operation temperature, over a
wide range. Moreover, with a sufficient choice of the current I, the
gain coefficient can be made suitably large, even if OM;, /0T itself is
rather small. In addition, as the current I;, can be changed fast, e.g., by
external control electronics, the gain can be even tuned in situ, ie.,
even during the acquisition of a detection event. This enables addi-
tional degrees of freedom during readout, e.g., by ensuring that the
dynamic range of analog to digital converters in the readout chain is
always fully utilized.

We fabricated a prototype device that is depicted in Fig. 2(a). It is
based on the design of one of our custom-made dc-SQUIDs for MMC
readout and features four superconducting loops that are connected in
parallel [Fig. 2(b)]. Each loop is inductively coupled to a flux biasing as
well as an input coil where the coil arrangement is engineered such
that the mutual inductance between these coils is greatly reduced. The
majority of the device including the actual input coil with inductance
Li, and flux biasing coil with inductance Ly, is fabricated from nio-
bium having a critical temperature T. ~ 8.9 K. The part of the SQUID
loop that is coupled to the input coil acts as A-coil and is made from
aluminum with critical temperature T/ ~ 1.2 K. We note that alumi-
num is an unfavorable sensor material for a real microcalorimeter (as
the thermal noise at ~ 1.2 K would prevent to reach an energy resolu-
tion in the range of 1 eV or below). However, this choice was triggered
by our intention to use this device only for proving the suitability of
our microcalorimeter concept and to estimate its sensitivity as well as
the fact that an easy-to-deposit elemental superconductor with T
in the range of 50 — 100 mK does not exist. We consequently post-
poned the development of a sophisticated deposition process for a
superconducting material with suitable T, and also omitted the particle
absorber. A full working microcalorimeter comprising a low T, mate-
rial for the /-coil as well as a suitable x-ray absorber will hence be the
subject of future work.

We comprehensively characterized our prototype device in a
*He/*He dilution refrigerator that was tweaked to smoothly run up to
temperatures of about 1.5 K. We used a resistive heater mounted at
the mixing-chamber platform to control the operation temperature
and bias and read out the detector using a direct-coupled high-speed
dc-SQUID electronics.'" Figure 3(a) shows the measured output volt-
age Vsq across the device vs the applied input current I, at two
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© = S
I Lo Lin FIG. 2. () Micrograph (left) and design

layout (right) as well as (b) equivalent cir-

cuit diagram of our prototype A-SQUID.
The A-coil (green in the design and circuit

different operating temperatures T, close to the critical temperature T*
of the A-coil. The periodic response of dc-SQUID:s is clearly visible.
For small input currents, the tiny temperature-induced change of the
mutual inductance hardly creates a measured voltage change AVgq.
However, the larger the Iy, the larger was the AVsq. This directly
resembles the prediction according to Eq. (1) and proves the in situ
tunability of the gain factor. In Fig. 3(b), the gain coefficient dVsq /0T
is depicted vs both the input current I, and the reduced operation
temperature fo = T/ T?, illustrating the large tuning range available
with these two parameters.

To determine the temperature dependence of the mutual induc-
tance My, (T) as well as the sensitivity coefficient OVsq /0T, we per-
formed two different types of measurements: For static measurements,
we injected a linear current ramp into the input coil and monitored
the output voltage Vsq. The current change AL, for a flux change of a
single flux quantum @, then allows to determine the mutual induc-
tance via M, = ®y/AlL,. For flux ramp modulated' "’ (FRM) mea-
surements, we injected a constant input current I, into the input coil
and applied a periodic sawtooth-like current ramp with amplitude
Iiamp and repetition rate framp to the flux biasing coil. We chose the
ramp amplitude Iramp such that in each cycle an integer multiple of
flux quanta was induced into the 2-SQUID. In this mode of operation,
the output voltage Vsq is modulated with a well-defined frequency.
Any flux signal @ that is quasi-static with respect to the ramp repeti-
tion rate frump is then transduced into a phase shift ® = 2nd/®,
of the periodic output voltage Vsq. The flux contribution
O(T) = Min(T)Ln resulting from the constant current within the

0 10 20 180 190

diagram, bright yellow in the micrograph)
is made from Al (TZ ~ 1.2K), while the

other parts of the device are made from
AR Nb (T, ~ 8.9K). In (a). the paths of the
input and flux biasing coils are traced in

¢ l > magenta and blue, respectively.

input coil changes with temperature and can be derived from the phase
shift @(T) of the 2-SQUID response. The latter can be determined by
demodulation of the SQUID output voltage. It is worth mentioning
that a change in the SQUID output voltage can be caused by a shift of
the working point, too, and may affect the shape and offset of the peri-
odic output voltage. However, the FRM phase and thus demodulated
flux signal remain unaffected. The FRM method hence allows to dis-
tinguish different contributions affecting the SQUID voltage.

Figure 4(a) shows the measured mutual inductance M, of our
prototype device as a function of reduced temperature = T/T/. We
have performed several static measurements while both, warming up
and cooling down, in order to check for potential hysteresis effects that
would potentially spoil the detector performance.”* The FRM mea-
surement was performed with an injected current I;, = 500 A and
served to affirm the results of the static measurements. The FRM curve
can hardly be seen in Fig. 4(a) as it fully overlaps with the data from
the static measurements, indicating excellent agreement. We per-
formed an empirical fit of the measured curves using the function

fa(#) = M {1 — all — 2(D)]}, @
Z(H=1-1HN

The fit parameter MY, describes the mutual inductance at zero temper-

ature, and the constant a quantifies the magnitude of the temperature

change of M;,(T). This fit is used for the prediction of noise perfor-

mance. The overall shape of the curve with the very strong increase in

Min(T) close to T/ arises from the temperature dependence of A(T),

FIG. 3. (a) Output voltage Vsq of our test
device vs the input current /;, for two differ-
ent operation temperatures. The change in
M;, is small, but with a sufficiently large
choice of the input current fp, a sizeable
signal AVsq can be achieved. (b) Gain
coefficient 9Vsq/OT vs the input current
In and the reduced operation temperature
to = To/T¢.
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FIG. 4. (a) Mutual inductance M,, (left axis) as a function of reduced temperature t = T/T¢ for two static measurements (performed with increasing and decreasing tempera-
ture, respectively,) as well as an FRM measurement with f;, = 500 ©A. Moreover, an empirical fit to these curves is shown as explained in the main text. Additionally, the
signal flux @ (right axis) is displayed for the FRM measurements. (b) Deviation of the curves for rising temperature (red, V), falling temperature (green, A), and FRM with
I, = 500 A to a common, smoothed reference curve (ref.) to substantiate the excellent agreement. A histogram of the deviation data is also provided. The mean deviation
from 0 is below 250 ppm, indicating that no significant hysteresis is present between measuring during warm-up and cooldown. (c) is equivalent to (b), but for a second test
device of identical design. For this device, six curves of Mi,(T) while cooling down (¥, various colors) and four curves while warming up (A, various colors) were acquired

using the static method. Again, no statistically significant deviation is present.

which diverges at the critical temperature. To illustrate the excellent
agreement between the three datasets and hence the absence of any
hysteresis effects, their deviation from a common, smoothed reference
curve is displayed in Fig. 4(b). The deviation of some data points in the
curve for rising temperature (red, A) is due to a thermal instability of
our cryostat in the temperature range of 800 mK to 1 K, leading to sud-
den and fast changes in temperature causing an offset between mea-
sured and actual temperature of the test device. Over a large
temperature range, the deviation between data sets is lower than
250 ppm, as can be seen from the histogram representation. Similarly,
a total of ten static measurements were performed on a second, identi-
cal test device. Six of these were measured while cooling down, four
curves while warming up. Again, their deviations to a smoothed refer-
ence curve were determined and are displayed in Fig. 4(c). The related
histogram proves again that no statistically relevant offset between
warming up and cooling down is present and hence that no hysteresis
effects occur.

We additionally performed an FRM measurement without apply-
ing an input current to check for parasitic inductance effects
[see Fig. 4(a)]. Since I;, =0, we cannot use the equation ®(T)
= My (T)Iiy to relate the signal flux @ to a change in mutual induc-
tance Mj,. In this scenario, no flux signal is induced via the input coil.
Instead, the measured signal is caused by the temperature dependence
of the inductance L; coupling to the bias current of the SQUID. The
parasitic inductance effects are negligible as compared to the change of
mutual inductance.

We used the acquired data on M;,(T') to estimate the achievable
energy resolution AEpwpy of a fully equipped microcalorimeter with
T/ below 100 mK. For this, we assume that the temperature dependence
M;, (7) solely depends on the reduced temperature t = T/T?, ie.,

dM M di

aT - ordr ®

This assumption is well justified as the magnetic penetration depth
of a superconducting material shows this scaling behavior. We hence
can use our measured data to extrapolate the energy resolution for a
device comprising a superconducting material with lower critical
temperature T* than Al If the noise of the readout chain reading out
the detector is sufficiently low, for example, by using a voltage bias of
the detector as well as an N-dc SQUID series array as a first amplifier
stage, there are two noise contributions to consider: thermal noise
Sgrp resulting from random energy fluctuations among the
absorber, sensor, and heat bath as well as SQUID noise Sgsq. The
latter is given by
Vs T\
SesQ = Svv (G—;Q %) ) (4)

where Syv is the voltage noise of the SQUID, 0Vsq/OT is the gain
coefficient, and 1/Cyey = OT/OE is the inverse total heat capacity. For
an optimized dc-SQUID,'’ the SQUID voltage noise can be readily
estimated by Syy = 18kgTR. To determine the gain coefficient

dVsq _ OVsq OMin Iin
aT 00 It T

®)

we deduce OM;, /Ot from the empirical fit in Fig. 4(a) by evaluating its
derivative at the operating temperature T. The thermal noise Sg1p
among absorber, sensor, and heat bath follows the relation™'”

4(1 — ﬁ)l’o
1+ (2mtef)?

4f7,

1+ (2nuf)| ©)

SE,TD = kBCsens Tz

Here, 7y and 7, represent the signal rise and decay time, Cqeps is the
heat capacity of the temperature sensor, and ff = Ceepns/ Ciot- The
energy resolution AEpyy is then determined by the integral™'”
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-~ —-1/2
TS p(f)I*
AEFWHM =2v2In2 J; SE,TD (f) n SEysQ(f) df ) (7)

with the detector responsivity
2p7
p()] = i .
1+ @raf 21+ (220,

For the achievable energy resolution, both noise contributions appear
in the denominator of Eq. (7). To calculate the energy resolution
caused by only one of these noise contributions as used in the compar-
ison below, only the considered noise appears there.

Figure 5 shows the predicted energy resolution(s) vs the total heat
capacity Cy of the detector for three different critical temperatures of
the A-coil. For these calculations, we assumed a conservative input cur-
rent of I, =500 uA, rise and decay times of 7o =1pus and
7 = 1 ms(Ref. 16) and § = 1/2 as well as an operating temperature
of Ty = 0.95TC;'. The contributions from SQUID noise (dotted) and
thermal noise (dashed) scale differently with the heat capacity, leading
to a crossover point below which the thermal noise is dominating. It is
worth mentioning that the SQUID noise scales with total heat capacity
as the heat capacity and hence the geometric size of the A-coil must
match the absorber heat capacity. As expected, a decrease in T* (and
thus Tj) leads to an overall improvement of the energy resolution as
well as a shift of the crossover point toward higher heat capacities. To
give a specific example, we want to assume an x-ray detector with a
sensitive detection area of 250 x 250 um? and a thickness d of 5, 8.6,
and 50 um for the absorber materials Au, Bi, and Sn, respectively.

®)

10!
100 ]
S
)
£107! 1
z
w
< B Sn
_2 -¢"’ "‘
o — Th=100mK —— full
— Ti= 50mK  ~=- Sem
— T)= 20mk T Se.sQ
1073 ; : .
10—14 10—13 10—12 10—11
Crot (k)

FIG. 5. Predicted energy resolution AEgwhy Vs total heat capacity Gyt of the detec-
tor. The achievable energy resolution (solid line) is displayed as well as the effective
energy resolutions if we only consider the thermodynamic noise Se1p (dashed) or
only the noise Sg sq of the A-SQUID (dotted), respectively. Curves for three values
of T/ = 100mK (red), T/ = 50 mK (green), and T/ = 20mK (blue) at a constant
input current of f, = 500 wA. Stars, circles, and squares mark the full energy reso-
lution when using absorbers made from Au, Bi, and Sn, respectively, at the respec-
tive temperatures.
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Thus, the stopping power is roughly identical for all materials and
exceeds 99.99% at photon energies up to 1keV. We select gold, bis-
muth, and tin as absorber material as these materials are often used in
the cryogenic microcalorimeter community.””'* Figure 5 shows that
for a proper combination of absorber material and critical temperature
of the sensor material, an energy resolution as low as 300 meV should
be feasible. It should be mentioned that a Bi absorber operated close to
50 mK with a specific heat of 6.5 x 107 JK~! would experience a
temperature increase in 2.46mK (or just below 5% of T/) upon
absorption of a 1keV photon. It is thus expected to display some non-
linear behavior, which may potentially be predicted theoretically and
compensated for. Moreover, it should be noted that increasing the
input current I, suppresses the SQUID noise contribution further [cf.
Eq. (1)]. This allows, for example, to compensate for a potential read-
out noise degradation when using SQUID-based multiplexing
techniques."”

In conclusion, we have presented an innovative concept for a
SQUID-based superconducting microcalorimeter with an in situ
tunable gain. It is based on the strong temperature dependence of
the magnetic penetration depth of a superconductor close to its crit-
ical temperature T, that affects the mutual inductance M;, between
the SQUID loop and an input coil that is biased with a constant cur-
rent. The latter can be easily tuned in situ. This allows, for example,
for compensating a potential noise degradation when using cryo-
genic multiplexing techniques. We have designed, fabricated, and
characterized a prototype device using aluminum as sensor material
to study the temperature dependence of M;,. We find that there is
no sign for any hysteresis effects that often spoil the performance of
superconducting microcalorimeters. Using these data, we have
made predictions of the achievable energy resolution. We found
that the lower the total specific heat Cyo, of the detector, the easier it
is to suppress the 2-SQUID noise below the thermal noise floor.
More specifically, we found that an energy resolution (300 meV)
with a suitable combination of absorber and sensor material is
possible.
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