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Gamma-ray Spectrometers using
Superconducting Transition Edge Sensors with
External Active Feedback Bias

D. T. Chow, M. L. van den Berg, A. Loshak, M. Frank, T. W. Barbee, Jr., S. E. Labov

Abstract_We are developing x-ray and gamma-ray
spectrometers with high absorption efficiency and high energy-
resolution for x-ray and gamma-ray spectroscopy. They are
microcalorimeters consisting of a bulk Sn absorber coupled to a
Mo/Cu multilayer superconducting transition edge sensor (TES).
We have measured an energy resolution of 70 eV FWHM for 60
keV incident gamma-rays using electrothermal feedback. We
have also operated these microcalorimeters with an external
active feedback bias to linearize the detector response, improve
the count rate performance, and extend the detection energy
range. We present x-ray and gamma-ray results operation of
this detector design in both bias modes.

Index Terms__Cryogenic detectors, microcalorimeters,
transition-edge sensors, bulk absorbers, active feedback bias.

[. INTRODUCTION

The Lawrence Livermore National Laboratory is interested
in the development of high energy-resolution, high efficiency
gamma-tay spectrometers for nuclear non-proliferation and
arms control programs [1]. These gamma-ray detectors can
be used to identify isotopic compositiens of nuclear materials
intended for different uses.

In cryogenic microcalorimeters, the energy resolution is
limited by thermal phonon fluctuations [2]. Phonon noise is
independent of energy and is given by AE = 2.35 .Jkrzc )
where & is Boltzman’s constant, T is the operating
temperature, and C is the heat capacity of the detector.
Superconducting materials operate at low temperatures and
have small heat capacities, making them ideal for this
application [3]){4]. In our detector design, the typical phonon
noise is ~20 eV at the operating temperature of 0.1 K.

1. DETECTOR DESIGN AND EXPERIMENTAL SETUP

A microcalorimeter consists of an absorber, a sensitive
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thermometer, and a weak thermal link to a cold bath. In our
detector design, we use bulk polycrystalline Sn as the
absorber. Sn has been demonstrated to be a good absorber
for x-ray and gamma-ray microcalorimeters {5)[6][7). The
dimensions of the Sn absorber are 1 mm x 1 mm x 0.25 mm,
which has a 70% absorption efficiency at 60 keV. We use' a
Mo/Cu multilayer transition edge sensor (TES) with critical
temperature T¢ ~ 0.1 K as the thermometer [1]. A TES is a
superconducting film with a very narrow (ransition between
zero resistance and normal resistance such that small changes
in temperature cause large changes in resistance. A silicon
nitride (SiN) membrane substrate serves as the weak thermal
link to the cold bath with typical thermal conductivity Ggp ~
0.25 nW/K at a bath temperature of 70 mK [8]. The bulk Sn
is strongly coupled to the TES with a small amount of Stycast
epoxy. The dimensions of the epoxy are typically 100 pm
diameter and 25 pm thick, with mass ~0.5 pg. The combined
boundary and bulk thermal conductivity of the epoxy is Gepoxy
~ 5 nW/K [9].

The detector can be operated in a constant-voltage bias
mode [10] or an active bias mode [11]. The active bias mode
is described in the next sectton. In the constant-voltage bias
mode, the TES is voltage biased on the superconducting
transition. Energy deposited by incident gamma-rays will
thermalize in the abserber and TES, causing a small increase
in the temperature and a large increase in the resistance of the
TES. The increase in resistance causes the current through
the TES to decrease, which is measured with a SQUID
amplifier.

In the past, we have achieved an energy resolution of 70 eV
FWHM for 60 keV gamma-rays using a constant-voltage
biased TES with a 1 mm x 1 mm x 0.25 mm Sn absorber (8].

However, the count rate performance of our
microcalorimeter was limited by a slow recovery time to less
than 50 Hz. Furthermore, a constant-voltage biased TES is
sensitive to non-linearities in the superconducting transition
which cause a non-linear detector response. These artifacfs
can arise from a variety of sources, such as contamination of
the TES film, poor lithography during microfabrication, and
stress exerted on the TES film by the epoxy. i

[II. ACTIVE NEGATIVE FEEDBACK VOLTAGE BIAS

In the active bias mode, the bias voltage of the TES is
actively reduced in proportion to the change in current of the
TES during a pulse, such that the reduction in Joule power
bias will maintain the TES at near-constant temperature. This




allows the detector to recover very quickly. It also remedies
the non-linear response due to non-linearities in the transition.

Active bias can be explained most easily by considering a
pair of coupled, first-order, differential equations which
describe our microcalorimeter geometry:
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and temperature of the TES and absorber, and Gipoyy, Gaiv 18
the respective thermal conductivity of the epoxy and SiN
membrane. The temperature of the cold bath is denoted by
Tam- The operating bias power applied to the TES is Py,

In the case of constant Py, the solution to the differential
equations is a simple exponential. An absorbed gamma-ray
with energy E will increase the temperature of the TES by
AT s = EfCryar, where Cryy = Caps + Cres. The TES will
return to equilibrium with a characteristic decay time constant
of = Cro/Gsv

In the constant-voltage bias mode, the operating bias power
is given by Pg,. = V¥/R, where R is the resistance of the TES
i10]. At equilibrium, the operating temperature of the TES is
elevated above the bath temperature to transition by
Prias/Gay. An absorbed gamma-ray increases the temperature
and resistance of the TES. At the same time, Pg,, is
intrinsically reduced, allowing the TES to retum to
equilibrium faster. The solution of the differential equations
has an effective time constant Tyuuage.sas < To» and a change in
temperature of the TES AT rgs < E/Cryp.

In the active bias mode, the operating bias power is given
by Py = IV, with [ and V related by:

V=Vo+Roumx(1-1), 2)
where vo, 19 are the cquluuumu 'v'miage and current vmuca,
and Rgan 15 the feedback gain of a transimpedance amplifier
[11]. During a pulse, the voltage bias applied to the TES is
reduced in proportion to the change in current through the
TES. The reduction in Pg,, in this mode is greater than in the
constant-voltage hias mode. The solution of the differential

equations has an effective time constant Tu ivepias < Tvorage-bias
< 1, and change in temperature of the TES ATy << E/Cryyr.

For optimum operation of the active bias, it is essential that
the energy flow rate from the absorber to the TES be smaller
than Pg,,. at ali times. Otherwise, the TES cannot not be
maintained at constant temperature. In our devices, the
energy flow from the absorber to the TES is limited by the
thermal conductivity of the epoxy and its boundaries.
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Fig. 1. Numerical mode! of two-clement detector operating in voltage bias
and active bias modes. Dotted lines represents change in temperature of the
absorber. Solid lines represent change in temperature of the TES.

We have extensively modeled our detector operating in
both bias modes. A temperature profile simulation is shown
in fig 1. In the voltage bias mode, both the zbsorber and TES
heat up before the photon energy is dissipatcd into the cold
hath
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In the active bias mode, the reduction in P, Bins INAINTAINS

the TES at near-constant temperature. The absorber cools off
more quickly due to a larger temperature difference between
the absorber and TES.

Active bias thus shortens the recovery time of the detector.
Active bias also allows operation of the TES at near-constant
temperature, making it impervious to any non-linearities, or
“kinks”, in the superconducting transition. A detector
operating with an active bias will have higher count rates and
a linear response.

IV. EXPERIMENTAIL RESULTS

A. Pulse Shortening

We have operated a detector with a constant voltage bias
and an active bias. We measured pulses of different energies
ranging from 60 keV »*'Am gamma-rays, Sn escape lines, Np
L-lines, down to 8 keV Cu fluorescence from the sample
mount. Fig. 2 shows normalized typical current pulses
measured in both bias modes. We observed a significant pulse
shortening with the active bias by a factor of three. Our
numerical mode] fits the measured pulses reasonably well.
Discrepancies between the measurement and the model in the
bottom part of the pulse tail are attributed to long
thermalization times in the absorber. Efforts are underway teo
understand these features [9].

Becanse of the two-element des

un of the detector, the nulse
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shortening is limited by the time constant of energy ﬂowmg
out of the absorber through the epoxy. given by Cap/Goon-
So to further shorten the pulse, we would need either a
smaller absorber heat capacity, or better thermal coupling
between the absorber and TES.
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Fig. 2. Normalized current pulses showing pulse shortening. Dashed line is
an averaged pulse taken with voltage bias, solid line is an averaged pulse
taken with active bias. Doted lines are numerical models for each
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Fig. 3. Change in temperature of TES. Dashed line is an averaged pulse
taken with vollage bias, solid line is an averaged pulse taken with active
bias. Dotted lines are numerical models for each respective case.

B. Linearization of Detector Response

Knowledge of the superconducting transition [8] allows us
to infer the change in temperature of the TES in both modes
(fig. 3). We see that the change in TES temperature A7y in

the active bias mode is nearly an order of magnitude smaller
than in the voltage bias mode, as expected. The reduction in
the change in temperature of the TES during a pulse
decreases the possibility of encountering non-linear artifacts
in the transition.

The significant reduction in the change in temperature of the
TES during a pulse linearizes the detector tesponse (fig 4).
We have taken data in the voltage bias mode, low-gain active
bias mode, and high-gain active bias mode. The gain of the
active bias can be adjusted by changing the value of Fgyy in
(2). In the low-gain active bias mode, all the effects of active
bias are present but to a lesser degree than in the high-gain

active bias mode.

With the voltage bias, the detector response is non-linear
due to the non-linear transition of the TES. With the low-gain
active bias, the low energy response is closer to linear, but the
high energy response is still non-linear. With a high-gain
active bias, the low enecrgy response is completely linear.
However, the high energy response remains non-linear.
Analysis of the active biased pulse shape at 60 keV reveals
the cause (fig. 4 top inset). For high energy gamma-rays (>30
keV), the energy rate flowing from the absorber into the TES
is greater than the equilibrium bias power applied 1o the TES.
The active bias is unable to reduce Pg, enough to
compensate for the incoming energy. The reduction saturates,
or rather “boitoms out”, at zero power and cannol maintain
the TES at near-constant temperature. In contrast, fig. 4
bottom inset shows a 60 keV pulse taken with the voltage
bias. The current pulse is not saturated, indicating that its
non-linear response is an artifact of the transition. All pulses,
saturated and unsaturated, agree with a single comprehensive

froa 1, o 2w adc et
numerical model whose only free parameters are d

photon energy and active bias gain.

C. Energy Resolution Unchanged

Fig. 5 shows the low energy spectra taken with voltage bias,
low-gain active bias, and high-gain active bias.  After
compensating for non-linearity in the voltage bias case, all
three spectra exhibit the same energy resolution of 120 eV for
17.75 keV x-rays. Note that significant peak shifting is
noticeable for the 21 keV x-ray near the pulse height of 1.2
au., indicating the onsei of non-iinear behavior. The
unchanged energy resolution ensures that, when detector
design is optimized for active bias operation, there will be no
degradation of resolving power.
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Fig 4. Detector esponse as a function of energy for different modes of bias,

g. 4. Detector re
Main figure: circles are measured pulse heights using voltage bias, squares
are measured pulse heights using low-gain active bias, trianglet are
measured pulse heights using high-gain active bias. All lines are numerical
models of each respective mode. Dotted lines indicate regions of pulse
saturation. Insets: Solid lines are measured 60 keV pulses in active bias and
voltage bias modes. Dotted lines are numerical models of each respective
mode.
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Fig. 5. Spectra tzken in voltage bias, low-gain active bias, and high-gain
active bias modes. After compensation for non-linearities, all three spectra
exhibit similar resolution of 120 eV for 17.75 keV x-rays.

V. CONCLUSIONS

We have demonstrated that active negative feedback
voltage bias improves our high energy-resolution, high
absorption-efficiency gamma-ray spectrometer. The
improvements include speeding up detector recovery time to
increase the count rate, and linearization of detector response
by holding the TES at near-constani temperature during a
pulse. More improvements can be made 1o maximize
performance.

Currently, our pulse shortening is limited by the thermal
conductivity of the epoxy. By increasing the contact area of
the epoxy, we can further shorten the pulse length and
increase the count rate.

In order to linearize the detector response over a large
energy range, several improvements can be made. The most
desirable of which is to increase Py, by a combination of
decreasing Ty, and increasing Gy, The only criteria is that
G must be significantly smaller than Gggy,.

In the next iteration of this detection system, these
improvements will be implemented. Results will no doubt be
interesting and promising.
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