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Abstract

Calorimeters that exploit the superconducting-to-normal transition are used to detect individual photons from near-infrared to y-ray
wavelengths. Across this wide range, absorption efficiency, speed, and energy resolution are key performance parameters. Here, we
describe recent improvements in the resolution of X-ray and y-ray transition-edge sensors (TESs). Using the measured dependencies of
the high-frequency unexplained noise in TESs, we have optimized the design of our TES X-ray sensors and achieved FWHM energy
resolutions of 2.4eV at 5.9keV in Constellation-X style sensors and ~2.9¢eV at 5.9keV in larger sensors suitable for materials analysis.
We have also achieved a FWHM energy resolution of 42¢eV at 103keV in a TES calorimeter optimized for the detection of hard X-rays

and y-rays.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Transition-edge sensors (TESs) are a promising technol-
ogy for the detection of single photons from near-infrared
to y-ray wavelengths. These sensors consist of super-
conducting thin films electrically biased in the resistive
transition. The ability of TESs to perform broad-band,
high-efficiency, and high-resolution X-ray spectroscopy
makes them powerful tools for X-ray astronomy and
terrestrial materials analysis. The best energy resolutions
obtained so far with X-ray TESs are approximately 4eV
full-width-at-half-maximum (FWHM) at 5.9 keV. Despite
this impressive performance, the resolution of TESs has
not yet reached the predicted theoretical limits and has
shown little improvement in recent years. Given the large
range of applications, there is considerable interest in
improving sensor performance. For instance, an energy
resolution of 2eV FWHM at 5.9keV is the goal for the
upcoming NASA satellite Constellation-X. Improved
energy resolution is also desirable for terrestrial materials
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analysis since the chemical shifts that distinguish techno-
logically relevant compounds such as Al,O3 and SiO; from
their elemental constituents are <0.5e¢V [l]. Here, we
present results from three optimized TES X-ray micro-
calorimeters. All three sensors perform better than those in
previous work, and the best device has an energy resolution
of 2.4+0.1eV FWHM at 59keV. We also present an
optimized y-ray TES with an energy resolution of 42eV at
103 keV. Sensors with this performance are desirable for
applications in astrophysics, nuclear materials analysis,
and fundamental physics. For instance, measurement of
the 1s Lamb shift in heavy ions with resolution
< 50-100eV can be used to test the predictions of quantum
electrodynamics [2].

2. Optimization of X-ray TESs

The energy resolution of a TES microcalorimeter
depends on its transition temperature 7T, heat capacity C,
and the sharpness of the superconducting-to-normal
transition, described by the parameter « = (T/R) dR/dT
where R is the sensor resistance. For simplicity, we take
p=(/R) OR/3I to be zero, although this quantity is
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known to be finite. We have modified the traditional
expression for the resolution of a TES [3] to include finite
bath temperatures and finite loop gain. In addition, we
include degradation by unexplained noise (UN): noise not
accounted for by either the Johnson noise or thermo-
dynamic fluctuations in the device thermal conductances.
The UN is treated as a white voltage noise whose
magnitude M is expressed as a fraction of the zero-
inductance high-frequency limit of the Johnson noise. The
spectral density of the resulting noise current is
M\/4k,T./RA/JHz, where R= V/I. Assuming a stiff
voltage bias, the FWHM energy resolution is

4k, T2Cn(1 + M?) - o1 — mF
062(1 _ [n) I’l(l + M2) >

where 7 is the exponent governing power flow between the
TES and the heat bath (typically 3-5), t = T1,/7. is the
ratio of the bath and transition temperatures, and F
depends on the nature of energy transport between the TES
and the bath. Recent measurements indicate that TES
calorimeters on unpatterned SiN, membranes are in the
specular limit [4] for which F = (1 +7*1)/2 [5]. In the
common limits T, <7 and o/(1 + M?) > 2n, we find

AErwaM = 2.355\/4ka§€;1/0¢\ /(1 + Mz)n/Z. It can read-

ily be seen that sensor performance is improved by
lowering T. and C. The narrow temperature range over
which the TES resistance responds to temperature imposes
an additional constraint on C and «: namely, the device
must retain temperature sensitivity during the temperature
excursion AT = E,/C produced by the absorption of a
photon with energy E,. Furthermore, because of the
inverse relation between signal current and device resis-
tance, the response of a TES to deposited energy becomes
nonlinear well before the device is fully saturated (driven
normal). While some nonlinearity is acceptable, excessive
nonlinearity degrades the energy resolution. The maximum
photon energy E, ...« that a sensor can measure without
degraded performance will be proportional to C/« since o
is inversely proportional to the temperature width of the
transition. We define E, .« to be 0.8 CT. /o, where o is
evaluated in the small-signal limit at R/ Ry = 0.25 [6]. This
expression is only an approximation; however, it provides a
good measure for comparing devices.

We next describe two strategies for optimizing the energy
resolution of a TES microcalorimeter. These strategies
build on Ref. [7], in which we found that the magnitude of
the UN increases with «. For the conditions in [7],
M~02¢'?. In addition, we found that o could be
controllably suppressed from intrinsic values greater than
500 to as low as 10 by the application of a perpendicular
magnetic field or by incorporating normal-metal regions
into the TES perpendicular the direction of current flow.
We consider first the case where the TES heat capacity is
fixed. This constraint arises if system requirements such as

collecting area dictate the pixel size. Substituting the
expression for M into AE, sensor performance is max-
imized by maximizing «, even though the UN is increased.
Hence, when Cis fixed, o should be increased until E,_ .
is matched to the peak photon energy of interest. We
consider second the case where C can be treated as a free
parameter. Here, it is desirable to simultaneously reduce C
and o while keeping the ratio C/x constant so that E,_nax
is matched to the peak photon energy of interest. The low
value of o reduces the UN and improves the energy
resolution.

To demonstrate these optimization strategies, we fabri-
cated three X-ray TESs with transition temperatures near
115mK. The devices consisted of bilayers of Mo and Cu
with a 1.5um Bi absorber. The devices are suspended on a
0.4 um Si;N4 membrane. The devices were fabricated using
our standard process, which includes an additional Cu
layer for edge passivation and the normal metal features
that suppress «. The normal-state resistance of the devices
was ~11mQ. The devices were operated at bath tempera-
tures of 60—70mK. A solenoid was used to control the
magnetic field perpendicular to the plane of the devices,
and 5.9keV X-rays were supplied by a >’Fe source. The
devices were operated with a voltage bias and the signal
currents were measured with a SQUID ammeter.

Device designs fall on the C—o plane shown in Fig. 1.
Lines through the origin correspond to a constant E,_ .
Methods used to determine C and « are given in Ref. [6].
Device A was 400 um on a side and had six perpendicular
normal bars to reduce o and M. Previous devices with these
dimensions but without the bars had an energy resolution
of 4.5eV. The best resolution obtained with device A was
3.2 eV when the perpendicular field was zero and « was the
highest. However, even in zero field, device A was far from
saturation; device A lies on the line for E,_,,x = 20.6keV.
To test optimization strategy 1, we fabricated device B
which was also 400 um on a side and had only three normal
bars to increase o and better match E, ... to 5.9keV.
Since the bars make only a small contribution to the heat
capacity, this change corresponds to horizontal motion to

20 o
e Earg,er E:y-max
S N R
298V -
A 32eV
1.5 -
X E,,,,_max = 20.6 keV
210
[}
e
0.5 //
7 Eopae = 10.2 ke
60 - / smalier B, .
' ¥ y ¥ Y g Y
9] 20 40 80 80 100

o at 25% Ry,

Fig. 1. Parameter space for X-ray TES design.
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Fig. 2. Fe-55 spectrum showing 2.38¢eV resolution at 5.9keV. The
displayed region of the histogram contains 7754 counts obtained over
3700s.

the right in Fig. 1. E,_max of device B was close to 10.2keV
and the energy resolution improved to 2.9eV. To test
optimization strategy 2, we fabricated device C, which was
250 um on a side and had five normal bars. Because of its
smaller size, the heat capacity of device C was roughly half
the heat capacity of device B (and A). The change from
three to five bars reduced o by a similar factor, thus
maintaining F,_ .., near 10.2keV. Hence, the change from
B to C corresponds to motion towards the origin of Fig. 1
along the line corresponding to E, .. = 10.2keV. For
both devices B and C, best results were achieved using a
small magnetic field to broaden the transition. Device C
had the lowest o, the lowest M, and the best resolution of
the three devices. As shown in Fig. 2, the resolution of
device C was 2.4eV at 5.9keV.

3. Optimization of y-ray TESs

Using similar design strategies to those described above,
we have fabricated y-ray TES calorimeters with resolution
better than previous work. Since thin films lack the
stopping power required for y-rays, our sensors consist of
a Mo/Cu bilayer thermometer and a bulk Sn super-
conducting absorber. The absorber has dimensions
0.9mm x 0.9mm x 0.25mm and is glued to the thermo-
meter. As shown in Fig. 3, we measured a resolution of
42eV FWHM at 103keV in a sensor with a thermal
response time of 1.2 ms.

The fabrication of arrays of 10* or more elements is
challenging because of the need for array-compatible
absorber attachment techniques. We have devised and
tested techniques to attach bulk absorbers across a TES
array. First, all the absorbers necessary for an array are
positioned in a micromachined carrier. Identical portions
of glue are applied simultaneously across the TES array
and then the TESs and absorbers are mated. Using these
techniques, we have successfully fabricated 9-pixel mechan-
ical test structures.
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Fig. 3. Gd-153 spectrum showing 42V resolution at 103 keV.
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Fig. 4. Real and imaginary components of the electrical impedance of a y-
ray TES detector. Each point corresponds to a different frequency. Theory
is shown for two values of the heat capacity C, of the absorber and the
conductance G, between the TES and absorber. While C,/G, is preserved,
only one theory curve fits the data.

To compare and optimize y-ray TESs, it is desirable
to understand their complex thermal circuit. As shown in
Fig. 4, measurements of the frequency-dependent impe-
dance can be used to determine important detector
parameters such as the heat capacity of the absorber and
the thermal conductance between the absorber and
thermometer [8,9].

4. Conclusions
We have demonstrated techniques for optimizing

the energy resolution of X-ray and y-ray TESs. We
have also demonstrated techniques for fabricating arrays
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of y-ray TESs and for characterizing their complex thermal
circuit. Further improvements in sensor resolution are
expected.
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