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Array-compatible transition-edge sensor microcalorimeter y-ray detector
with 42 eV energy resolution at 103 keV
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The authors describe a microcalorimeter y-ray detector with measured energy resolution of 42 eV
full width at half maximum for 103 keV photons. This detector consists of a thermally isolated
superconducting transition-edge thermometer and a superconducting bulk tin photon absorber. The
absorber is attached with a technique compatible with producing arrays of high-resolution y-ray
detectors. The results of a detailed characterization of the detector, which includes measurements of
the complex impedance, detector noise, and time-domain pulse response, suggest that a deeper
understanding and optimization of the thermal transport between the absorber and thermometer
could significantly improve the energy resolution of future detectors. [DOI: 10.1063/1.2352712]

Low temperature microcalorimeters and microbolom-
eters represent the state of the art in photon detection over a
wide range of Wavelengths.l For example, microcalorimeters
based on superconducting transition-edge sensors (TESs),
which can measure the energy of x rays in the 6 keV regime
to within 2.4 eV, have potential uses for x-ray astronomy
and x-ray microanalysis.2 For some time, researchers have
realized the potential of TES microcalorimeters for measur-
ing hard x-ray and v radiations, where a bulk absorber is
required for sufficient absorption efficiency. Previous work
has demonstrated that attaching superconducting bulk tin ab-
sorbers to TES microcalorimeters provides a potential route
to high-resolution y-ray detectors,” but higher energy resolu-
tion and the implementation of arrays of detectors are neces-
sary for the most promising applications, which include pas-
sive, nondestructive assay of nuclear materials such as
plutonium isotopic mixtures® and spent uranium fuel
assemblies,5 and precise determination of the Lamb shift in
heavy hydrogenlike atoms.’

In this letter we present experimental results obtained
with a composite microcalorimeter in which the thermometer
is an optimized, voltage-biased, Mo/Cu TES and photons are
absorbed in a superconducting bulk tin slab. The y-ray spec-
tra show an energy resolution of 42 eV full width at half
maximum (FWHM) at 103 keV, more than an order of mag-
nitude better than typical high-resolution y-ray detectors. We
also characterize the detector by comparing measurements of
the TES complex impedance Zrgg, current noise /,, small-
signal pulse response, and energy resolution to the predic-
tions of thermal models. Our results suggest that a deeper
understanding of the thermal transport in the device could
lead to further improvement in energy resolution.

Figure 1(a) is an optical micrograph of the composite
microcalorimeter. The design of the Mo/Cu TES, which is
thermally isolated from the bulk Si substrate with a silicon-
nitride (Si-N) membrane, is described elsewhere.” We pat-
terned a 150 um diameter, 20 wm tall post on the TES using
a negative photoresist and coated the top face with a thin
layer of glue. We then cut a 250 um thick sheet of high-
purity cold-rolled Sn into a 900—950 um square, aligned the
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TES and post to this absorber, and mated them to form a
composite microcalorimeter with estimated quantum effi-
ciency of 25% for 100 keV photons. This technique allows
arrays of composite microcalorimeters to be assembled in a
single gluing step. Figure 1(b) shows a 16 pixel composite
TES y-ray detector array that we are currently testing using a
time-division superconducting quantum interference device
(SQUID) multiplexer. The energy spectrum of a **Gd cali-
bration source measured with the TES voltage biased such
that the equilibrium resistance, Ry=0.25R, (normal state re-
sistance R,=8.3 m(}), appears in Fig. 1(c).

The simplest thermal model of a composite microcalo-
rimeter appears in Fig. 1(d). C, represents the heat capacity
of the absorber, which is linked to the TES heat capacity
Crgs via a thermal conductance G,. Heat flow from the TES
to the bath at 7} is largely through the Si—N membrane,
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FIG. 1. (Color online) (a) Side-view optical micrograph of the composite
TES microcalorimeter. (b) A 16 pixel composite TES array. (c) Spectrum of
optimally filtered and drift-corrected pulse heights from *>Gd, with lines at
97 and 103 keV. The inset graph shows the 103 keV peak, where the solid
line is a least-squares Gaussian fit with AEgrwv=42 eV. A simple scaling
predicts that a similar detector with 4 mm? collection area would have
AEpwiv ~ 84 €V. (d) Thermal model of the composite microcalorimeter.
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FIG. 2. (Color online) Parametric plot of Re[Zygs] vs Im[Zpgg] from
5 to 5000 Hz. Solid lines are fits to Zpps=Ry(1+ B;)+Ro(2+ L) (Py/Tp)F,
where F is the function of «; and the thermal parameters of the model
shown in the figure. P is the equilibrium power dissipated in the TES. The
single dotted line is the prediction of the thermal model with no C; and Gy
for Ry=0.60R, and the other parameters fixed.

represented by Gg;y. This model is described by three
coupled differential equations. We determine the expressions
for Z1gg and I, used below by extending the formalism pre-
sented by Irwin and Hilton® to the composite microcalorim-
eter in the small-signal limit.

The complex impedance of the voltage-biased TES cir-
cuit is the current response to a frequency-dependent voltage
added to the bias voltage, Z(w)=06V/8I=R;+iwL+Zrgs,
where R; is the effective load resistance, and L is the self-
inductance of the input coil of the SQUID amplifier which
measures S1.° Measurements of Z1gs provide a powerful tool
for characterizing TES microcalorimeters. 10 Figure 2 plots
Im[Zygg] vs Re[Zrpg] measured for a series of bias voltages
at 7,=80 mK. For a simple calorimeter, Zrgg traces a semi-
circle on this plot. The data in Fig. 2 deviate from this be-
havior in two ways: a bulge appears in the higher f region
due to C, and G,, and a low-f shift requires the presence of
a third C and G, as shown in the inset of Fig. 2.

This three-body thermal model introduces an additional
thermal impedance between the TES, which is the center
pixel of a small TES array, and the heat bath. Heat flowing
from the TES travels through the Si-N membrane to an in-
termediate heat capacity, Cy, formed by the Si frame support-
ing the pixel. Heat then flows from the frame along the Si
bars to the exterior of the Si chip held at 7}, via the thermal
conductance Gy. C; and G add a fourth differential equation
to the system and appear in the predicted equation for Zpgg
given in Fig. 2. Note that each term in the numerator and
denominator of F contains exactly two of the fit parameters.
This means multiplying all C’s, all G’s, and «; by the same
factor gives the same fit. Therefore, a separate measurement
of one or more of these parameters is required to extract
meaningful values from the fit. Measurements of the TES
I-V curve allow calculation of the power dissipated at a
given 7T, which gives dP/dT=Gy=(1/Gsn+1/G))™
=514+17 pW/K. The fit parameters in the upper inset of
Fig. 2 are averages of fit results for all bias points and are in
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FIG. 3. (Color online) (a) Small-signal pulse response for Ry=0.5R,,. Solid
line is the measured response of the TES to 5.9 keV x-ray pulses, dashed
line shows calculated response determined using fit parameters from Zpgg.
Measured 7p,;=1.302+0.012 ms, calculated 7;,;=1.30 ms, and the value es-
timated from the simple equation displayed is 7~ 1.40 ms. (b) I, vs f.
Lines are calculated from Eq. (1) with I'=1.66.

reasonable agreement with values of heat capacity and ther-
mal conductivity available in the literature. The resulting «;
varies nonmonotonically with R, from 14 to 50, while S5,
shows a general trend from 1.1 to 0.1 with increasing R.
Using these parameters we can calculate the expected behav-
ior of [, and small-signal pulse response and compare to
values measured at the same 7, and on the same cooling
cycle as the Zrgg data shown in Fig. 2.

Figure 3(a) shows the measured current response of the
TES to a 5.9 keV x ray, with the predicted time-domain re-
sponse calculated by numeric solution of the coupled electro-
thermal differential equations. These calculations give a fall
time which agrees well with the measured 7; of small-
signal pulses. Conversely the calculated rise time 7. signifi-
cantly underestimates the measured values (T
=111x4 us). Figure 3(a) also includes a simple approximate
expression for the small-signal fall time in the limit of small
L, R; <R, and Gy <G, that also roughly agrees with the
measured 7. A further departure from expected behavior is
a second, ~10 ms time-constant apparent in the measured
pulse. This long athermal tail also appears in y-ray pulses
and has been reported in  other  composite
microcalorimeters.'' These effects could be due to interac-
tions between phonons and photon-generated quasiparticles
that are absent from the model. We are currently designing
experiments to more carefully probe the physics of the
absorber.

Figure 3(b) shows the measured I, for Ry=0.25R,. Al-
though calculations using the three-body model give slightly
better agreement, for simplicity we use the two-body thermal
model with Ggj=Gy.. To calculate I,=VS; we use the non-
linear equilibrium ansatz,® which has been shown to be rig-
orous for small deviations from e uilibrium,12 and write
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where Sy =4k, ToRo&(1p)(1 +17), &) =1+28, Sp,
=4k, ToG,, SPsm=4ka(2)GSiN’ Yl{]:(Z;l),-,j, and Z; is a matrix
that describes the 7 and [/ response to internal power
fluctuations,®
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Here A=(1-2f,,,), and f,, is an adjustable parameter (0
< f.»=1) that controls the degree of correlation between the
power flowing out of the absorber and the power flowing
into the TES. Yl{ ; therefore depend on f,, and are most easily
determined numerically. The adjustable parameter I'=1.66
characterizes the typical “excess” or “unexplained” out-of-
band TES noise”® and was determined by x> minimization.

The dashed line in Fig. 3(b) is the prediction of the
model with f.,.,=1, which is the energy-conserving case. The
low value at low f is a result of the correlation between noise
power at either end of G,. The actual noise of the detector
significantly exceeds this prediction and is best described by
the f.,,=0 case, where the noise power at either end of G,, is
uncorrelated. This suggests that the thermal transport from
the absorber to the TES is more complicated than the simple
lumped-element model predicts, and that the system is non-
Markovian. The transport could perhaps be described by a
more physical but mathematically cumbersome model that
replaces G, with a large collection of small C’s and corre-
sponding G’s."® The introduction of feor allows us to use the
simple but physically incorrect model as a tool to character-
ize the detector. We calculate expected optimally filtered en-
ergy resolution, AE_,. by numerically integrating the results
of Fig. 3(b)."* With f,,=0, AE.,.=38 eV, in good agree-
ment with the measured AFEpwyy. Using fo,=1 gives
AE =14 eV. This f.,=1 calculation suggests that under-
standing and improving the thermal transport between the
absorber and the TES could lead to improvements in
AFEgwiwm of up to a factor of 3.

In summary, we presented y-ray spectra with AEgwpm
=42 eV measured with a TES microcalorimeter with an
~1 mm? Sn absorber. We also characterized the detector by
measuring Zrgs, 1,,, and small-signal pulse response and used
the results to compare predicted AE with measured values.
Our current work is focused on understanding the physics
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behind f., and the athermal behavior of the absorber and
on demonstrating arrays of TES microcalorimeter v-ray
detectors.
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