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ABSTRACT

Superconducting Gamma-ray microcalorimeters operated at temperatures around ~0.1 K offer an order of magnitude
improvement in energy resolution over conventional high-purity Germanium spectrometers. The calorimeters consist of
a ~1 mm’ superconducting or insulating absorber and a sensitive thermistor, which are weakly coupled to a cold bath.
Gamma-ray capture increases the absorber temperature in proportion to the Gamma-ray energy, this is measured by the
thermistor, and both subsequently cool back down to the base temperature through the weak link. We are developing
ultra-high-resolution Gamma-ray spectrometers based on Sn absorbers and superconducting Mo/Cu multilayer
thermistors for nuclear non-proliferation applications. They have achieved an energy resolution between 60 and 90 eV
for Gamma-rays up to 100 keV. We also build two-stage adiabatic demagnetization refrigerators for user-friendly
detector operation at 0.1 K. We present recent results on the performance of single pixel Gamma-ray spectrometers, and
discuss the design of a large detector array for increased sensitivity.
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1. INTRODUCTION

1.1. Operating principle

Cryogenic Gamma-ray microcalorimeters operated at temperatures of ~0.1 K offer an order of magnitude
improvement in energy resolution over conventional high-purity germanium (HPGe) detectors. They have been
developed over the last decade for applications ranging from nuclear analysis to high-energy astrophysics [1].
Microcalorimetry can significantly enhance the analysis of complicated nuclear mixtures when HPGe detectors cannot
separate the individual Gamma emission lines from different isotopes. It also enables precise measurements of Doppler
broadening for dynamic studies in nuclear astrophysics, or of Lamb shifts for tests of the Standard Model.

Cryogenic Gamma-ray calorimeters typically consist of a bulk absorber with heat capacity C attached to a
sensitive thermistor, both of which are weakly coupled to a cold bath through a thermal conductance G. In the simplest
case [2], random energy fluctuations 4kgT°G across this thermal conductance fundamentally limit the energy resolution
of microcalorimeters to

AEpwhm =~ 2.355JkBT2C (1)

Intuitively, equation (1) can be understood considering that the energy in the absorber is mostly stored in phonon lattice
vibrations. At a temperature T, the average phonon carries ~kgT of energy, and the absorber stores a total energy of
~CT. The total number of phonons is thus given by ~CT/kgT = C/kg. Assuming Poisson's statistics, this number of
phonons will fluctuate by V(C/kg), thereby leading to rms energy fluctuations of kgTV(C/kg) = V(kgT>C). A more
rigorous derivation of the energy fluctuations from the derivatives of the partition function in the grand canonical
ensemble shows that equation (1) is in fact correct for arbitrary weakly coupled systems at temperature T. Since average
excitation energies at ~0.1 K are only of order ~10 peV per phonon, statistical fluctuation in the number of phonons
impose a much lower limit on the energy resolution of calorimeters compared to conventional Gamma spectrometers
where excitation energy per electron hole pair are of order ~leV.
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Fig.1. (left) Schematic design of a microcalorimeter (not to scale). Fig.2. (center) Superconducting-to-normal transition in a Mo/Cu
multilayer TES calorimeter. The steep transition ensures high sensitivity. Fig. 3. (right) Adjustability of the superconducting
transition temperature as a function of the Mo:Cu ratio. The Mo thickness is 2 nm for all devices in this test series.

High energy resolution single photon Gamma-ray calorimeters thus require low temperatures T and low heat
capacity C. Operating temperatures around ~0.1 K are a practical compromise, since they are comparably easy to attain
with modern adiabatic demagnetization or dilution refrigerators. The maximum absorber size is then set by the heat
capacity of the absorber material and the desired energy resolution. In addition, the heat capacity sets the detector's
count rate capabilities, since the return of the detector to the bath temperature Ty, takes a characteristic relaxation time
T = C/G. Superconducting, insulating or semi-metallic absorbers are preferred, because they do not have an electronic
contribution to the specific heat. For typical absorber materials such as Sn, HgTe or Bi, a desired energy resolution
below 100 eV limits the absorber volume to ~1 mm® for a single pixel detector. Larger spectrometers for higher
sensitivity (in nuclear analysis) or for imaging (in astrophysics) require the fabrication of detector arrays. In addition,
multi-pixel arrays also increase the total count rate capabilities by a factor equal to the number of independent pixels.

1.2. Current state of the art

Several thermistor technologies are currently being developed as sensors for cryogenic Gamma-ray or hard X-
ray detectors. Microcalorimeters based on ion-implanted Si, originally developed for X-ray astrophysics [2, 3], have
been modified to allow precise measurements of Lamb shifts in hard X-ray emission lines of highly-charged ions as a
precise test of the Standard Model of particle physics [4]. Neutron transmutation doped (NTD) Ge detectors have been
developed for and used in laboratory astrophysics [5], and a balloon-borne mission to study **Ti nuclear emission lines
from supernova remnants is currently being planned [6]. These sensors all use bulk absorbers of different size and
composition glued to a cryogenic thermistor, and have achieved an energy resolution between ~50 and ~100 eV FWHM
for energies below 122 keV. More recently, magnetic microcalorimeters based on Er-doped Au sensors, in which the
increase in temperature is detected as a change in sensor magnetization, have emerged as an alternative cryogenic
sensor for hard X-ray and Gamma-ray detection, with an energy resolution currently of 130 eV FWHM at 122 keV [7].

We are developing Gamma-ray spectrometers based on superconducting-to-normal transition edge sensors
(TESs) for nuclear non-proliferation applications [8, 9]. They consist of a superconducting Mo/Cu multilayer film held
at the transition between its superconducting and its normal state where its resistance varies sensitively with
temperature. A bulk Sn absorber is attached for increased efficiency (figure 1 and 2). The Mo/Cu TES is held on a thin
SiN membrane that provides the weak thermal link to the cold bath. The thickness of the superconducting Mo (T.(Mo)
~ 1 K) and the normal metal Cu films is chosen to produce the desired intermediate transition temperature through the
proximity effect (figure 3). Since the TES resistance is low (cf. figure 2), a superconducting quantum interference
device (SQUID) is used as a preamplifier. Our detectors have achieved an energy resolution of ~60 eV at 60 keV, about
a factor of 5 better than the Fano limit for conventional HPGe detectors at that energy [10]. We also develop frequency-
based multiplexing technology to read out multiple Gamma-detector pixels with a single SQUID preamplifier [10]. This
can be done without degradation of detector resolution, and is crucial for the readout of large arrays to limit the heat
load into the cold stage due to the number of wires. In addition, we have built several two-stage adiabatic demagnetiza-
tion refrigerators for comparably user-friendly detector operation at ~0.1 K [11]. Here we discuss the current
performance of the spectrometers, as well as the design of a multi-channel spectrometer for increased sensitivity.
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2. THEORY

2.1. Detector design and SPICE modeling

Simple transition edge sensor (TES) microcalorimeters, i.e. those where absorber and thermistor are either
identical or are sufficiently well coupled to be considered a single thermal unit, have been under development for high-
resolution single photon spectroscopy below ~10 keV for over a decade [1]. For optical or soft X-ray detection, they
consist of a bilayer TES that simultaneously serves as the photon absorber. For energies between ~1 keV and ~10 keV,
a thin film absorber is usually deposited in direct electrical and thermal contact with the TES. Fast thermalization and
thermal stability considerations require the impedance Rrgs of a simple TES microcalorimeter to be low, typically on the
order ~0.1 Q [12]. This precludes a direct FET-based readout, in favor of superconducting quantum interference device
(SQUID) preamplifiers (figure 4). The TES is typically voltage biased across a shunt resistor Rg << Rgg to benefit from
electrothermal feedback (ETF), i.e. the reduction in bias power Vbiasz/RTEs whenever photon absorption increases the
temperature and thus the resistance of the TES. ETF maintains the detector bias constant at a resistance Rrgs(T) where
the bias power Vs /R1es balances the power flow into the substrate (T-Tpa)Gres, it speeds up the pulse decay by
reducing the bias power during a pulse when Rrgs is increased, and it suppresses the phonon noise of the TES by
counteracting random TES temperature fluctuations [13]. TES microcalorimeters with ETF can theoretically achieve an
energy resolution of order ~1eV FWHM, and several groups have attained an energy resolution of ~4 to ~6 eV FWHM
at 6 keV, with pulse decay times on the order of ~100 pus [14-17].

Composite microcalorimeters consisting of a small TES thermistor and a large attached bulk absorber allow
increasing the absorption efficiency and thus the spectrometer sensitivity above ~10 keV while minimizing the
associated increase in noise. Still, there are now two finite thermal conductances, one from the glue between the bulk
absorber and the TES (Gy,ys), and one from the membrane between the TES and the cold bath (Grgs), and both contribute
energy fluctuations kgT°G to the total noise (cf. figure 1). In addition, the phonon noise kgT°Gyp, from the finite
conductance between the absorber and the TES is no longer suppressed by the electrothermal feedback, which only acts
on the TES itself and does not counteract the random energy fluctuations between TES and absorber. On the other hand,
the finite conductance serves as a thermal bottleneck and thereby reduces spatial variation in the detector response.
Other noise sources, such as the current noise of the SQUID preamplifier or the Johnson noise of the resistive
components of the circuit, can be kept sufficiently low to not further degrade the energy resolution.

To simulate the response of a composite microcalorimeter in a particular circuit configuration, and to optimize
its design for best energy resolution, we can exploit the analogy between thermal and electric circuits. Identifying
temperatures with voltages, power flow with currents, heat capacities with capacitances and thermal with electrical
conductances (G = 1/R), we can integrate thermal and electrical circuits and calculate the response using the whole
range of commercially available SPICE circuit simulation routines [18, 19]. The implementation of such a simulation is
shown in figure 5. The left part of the simulation represents the composite microcalorimeter, characterized by the heat
capacities of the absorber (C,s) and TES microcalorimeter (Crgs), and by the two thermal conductances Gyys and Grgs.
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Fig. 4. (left) Schematic of the electronic readout for a cryogenic microcalorimeter. The voltage bias is implement through a shunt
resistor Rg << Rygg in parallel with Rygg and L;,. Fig. 5. (center) SPICE model of a composite microcalorimeter (feedback electronics
not shown). Fig. 6. (right) Simulated current of the SPICE model (dotted), compared to measured 60 keV Gamma-ray pulse (solid).
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The calorimeter is coupled to the electronic readout through the resistance of the TES, represented as a dotted rectangle
in figure 5. The temperature dependence of the TES resistance is parameterized by the dimensionless sensitivity
o = T/RyesdR1es/dT. The TES bias is represented as a current into the TES, and the absorption of a Gamma ray
corresponds to a d-function current input into the absorber. Electrothermal feedback is implemented as a change in TES
bias controlled by a change in TES resistance (dotted line). The SPICE simulation reproduces the measured current
waveform reasonably well (figure 6). The comparison with measured pulse shapes also permits extracting certain device
parameters that are difficult to predict from known material constants, such as the thermal conductance of the epoxy dot
between the absorber and the TES.

We can now simulate the performance of the composite microcalorimeters for a range of different device
parameters. Figure 7 shows the different contributions to device noise. For most of the signal band of a few kHz the
noise is dominated by the phonon noise G,,s between absorber and TES. Only at low frequencies below Gyps/27tCps this
noise contribution is reduced, because the absorber cannot change its temperature relative to TES and can thus benefit
from electrothermal feedback (ETF). Increasing G,y therefore improves the device performance, since it increases the
frequency range over which ETF reduces the dominant noise source. The Johnson noise contribution 4kgT/Rrgs only
contributes at very high frequencies and is negligible. The theoretical energy resolution for any set of detector
parameters can be calculated from the simulated spectral noise density by integration over the appropriate optimum
filter bandwidth (figure 8) [2]. As expected from equation (1), the noise for composite microcalorimeters increases with
increasing absorber heat capacity and thus absorber volume. The detector resolution improves with increasing thermal
coupling G,,s between absorber and TES, with typical values for Gy, in the 10 nW/K range for the ~200 um diameter
~25 pm thick epoxy dots used in our detector design.

One therefore faces a trade-off between energy resolution and absorption efficiency, with the overall
performance improving with increasing G,p,s. For many ultra-high resolution nuclear analyses an energy resolution
below 100 eV is desirable, and we typically choose an absorber volume to achieve this given the constraint of Gys =
10 nW/K. We are currently investigating alternative adhesives to increase Gyps. It is surprising that most cryogenic
Gamma spectrometers to date rely on Sn absorbers [4, 5, 9], although e.g. Ta has higher absorption efficiency and lower
heat capacity. The reasons for poor resolution of calorimeters with Ta and other high-Z absorbers are not understood,
and will be the subject of future studies.
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Fig. 7. (left) SPICE simulation of the different noise contributions for a typical Gamma ray detector (Cp,s = 10 pJ/K, Crgs = 1pJ/K,
Gaps = 10 nW/K, Grgs = 1 nW/K, a =100, T = 0.1 K). Electrothermal feedback suppresses the phonon noise only at frequencies
below G,py/2nC,ps Where absorber and TES are thermally coupled. Fig. 8. (right) Simulated energy resolution of a TES Gamma-ray
calorimeter as a function of absorber heat capacity, i.e. of absorber size and thus efficiency. The numerical values of the heat
capacities for 1 mm® of two absorber materials (Sn and Ta) at 0.1 K are marked for comparison.
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