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High-resolution gamma-ray spectrometers using bulk absorbers coupled
to Mo/Cu multilayer superconducting transition-edge sensors

D.T. Chow”b, A. Loshakb, ML. van den Bergb, M. Frankb, T.W. Barbee Jr~, SE, Labovb

‘Department of Applied Science, University of California, Davis

~awrence Livermore National Laboratory, Livermore, CA, 94550

ABSTRACT

In x-ray and gamma-ray spectroscopy, it is desirable to have detectors with high energy resolution and high absorption
efficiency. At LLNL, we have developed superconducting tunnel junction-based single photon x-ray detectors with thin film
absorbers that have achieved these goals for photon energies up to 1 keV. However, for energies above 1 keV, the absorption
efficiency of these thin-film detectors decreases drasti:a fly. We are developing the use of high-purity superconducting bulk
materiats as microcatorimetcr absorbers for high-energy x-rays and gamma rays. The increase in absorber temperature due to
incident photons is sensed by a superconducting tramition-edge sensor (TES) composed of a MoICU multilayer lti” film.
Filmr of MO and Cu are mutuafty insoluble and therefore very stable and can be annealed. The multilayer stmcture allows
scaling in thickness to optimize heat capacity and normal state resistance. We measured an energy resolution of 70 eV for 60
keV incident gamma-rays with a 1 x I x 0.25 mm3 Sn absorber. We present x-ray and ganum-my results from this detector
design with a Sn absorber. We also propose tie use of an active negative feedback vottage bias to improve tbe per fonmmce
of our detector and show prelimimry res”ks.

Keyworck Microcalorimeter, cryogenic detector, gamma-ray spectroscopy

1. INTRODUCTION

At the Lawrence Livennore National Laboratory, we are interested in the development of high energy resolution, high
efficiency gamma-ray spectrometers for nuclear non-proliferation and arms control programs Nuclear materials intended for
different purposes such as power plants and weapons have different isotopic abundances. High energy resolution gamnmray
spectrometers can be used to determine the isotopic composition of nuclear materials to high accuracy. These specrmmeters
may also be used to analyze contamination by radioactive materials. Trace elements may be identified by their ““ique
gm-ra.y spectmm.

Commercially available semiconductor ionization detectors operate by excitation of electmmhole pairs created by imidmt
photons. The optimat resolution of these detectors is limited by the cascade statistics of the electron-hole pairs. For
germanium ionization detectors, the best possible resolution for a 60 keV photon is 300 CV full width at haff maximum
(FWHM)]. Commercially available germanium detecmrs have typical energy resolutions greater than 500 .V FWHM for 60
keV gamma-rays. Furthermore, the theoretical resolution of senriconducting detectors state with energy such that at higher
energies, the detector will have broader Iinewidths than at hmverenergies.

Superconducting materials offer many improvements for radiation detectors. Superconductors have much smaller energy
gaps than semiconductors, resulting in a statistical improvement over semiconductor detectors. Our resexch group has had
success in the development of s“perconducti ng tunnel junctions (ST]) as detectors for 10w energy x-rays’,%. We want to
expand the detection range to higher energy x-rays amd gamma-rays. Our STJS are thin film devices and have very poor
absorption efficiency for more energetic photons. Therefore, we are developing superconducting microcal orimet,zrs using
bulk materials as an absorber.

In a low temperature microcdorirmter, the energy resolution is primarily limited by thermal phonon tluctuatio”s. The
phonon noise resolution is dE = 2.3=, where k is Boltzman’s constant, T is operating temperature, and C is the heat
capacity of the device’. At low temperatures, superconductors have very small heat capacities, making them ideat materials
for a microcalorimeter. In our detector design, the phonon noise is -20 eV at the operating temperamre of O.I K.
Furthermore, the linewidth is independent of incident photon energy and can provide high resolution over a large energy
range.

—..
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Fkg.re 1: Schematic cross section of gain-ray rnicrocaloti!meter showing the bulk absorber, TES, epoxy, and Al
electrical leads fabricated on a S iN membrane window.
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2. DETECTOR DESIGN

‘fle basic elements of a micmcahimeter consist of an absorber, a sensitive thermometer, and a weak thermal link to
dissipate energy (figure 1). Wehavechosen touxhigll-purity Snzourabsorbing mterid. Snhasbeen demonstrated tobe
agoodabsorbe? ’,’. Thedimensions ofour Sn absorber are 1 x 1 x0.25 mm3, Theabso~tions efficiency isover70%for~
kcV gamma-rays. Theheat capxity of thesupercondLtcting S"absorber C.,,ti== 33 keVlmK at the operating temperature
TW=O. I K.

The bulk absorber iscoupled tothethennometerby means of a small (-0.5 #g) amount of Stycast 2850fT epoxy. The

Stycast isapproximately 100~min diameter and25vnthick. Stycast isastandard material incryogenics whose properties
am well doc”mented8. The heat capacity of the e~xy CSY.U,= 30keVlmK at TOP=O. I K.

Our thermometer is asupaconducting transition edge sensor (TES). ATES is a superconducting fibnwith avery narrow
transition between zero resistance and normal resistance such that small changes in tem~rature cause a kuge change in
resistance. Our TES is a multilayer superlattice of alternating layers of Mo and Cu. These two materials are mutwdly
immiscible, allowing the fabrication of a stable thin iitm which can also be annealed. Mo is a supermmductor at low
tem~ratures, while Cu remains anonnat metal ~etrasition tem~rature T.isdictated bytheproximity effect w,dcmbe
tuned byvWing the MolCu ratio. Themultilayer stmcture allows the MolCufilm to bescaled inttickness witiout:hmging
T* Chmging thetiickness ~titstijustments innonnd resistance R.andheatcapacity. The TESha.s aheatcapacity CTm
=5keVAnKa tT.P=0.1K. Tbetotal thickness of the Mo/Cumultilayer is2fH3nm.

Theabsorber mdTES=e we&lythemdly coupled tcacoldb athtodissipatet ieenergyf romabsorbedp hotons. Tbeweak

link is established by fabricating the TES on a 0.5 pm thick silicon nitride (SiN) membrane. In our detector design, wc
me~ured thethermd conductivity of S, NG,jN=0.28 rkW/Kat the bath tem~rature T~,,~=7OmK. This val.e incomparable
with the theoretical thermat conductivity of 0.32 nW/Y. for specular phonon scattering. The TES also has s“perccnducting
Alletis forelectricd contact witinegligible the4 conductivity. The TESandthe absorber arestrongly thermally coupled
with Gmhw.TEs -5 nWtK.

3. EXPERIMENTAL SETUP

‘t%edetector was tested in an adiabatic demagnetization refrigerator (ADR) capable of reaching a base temperature of 60 MK.
The detector output was measured using a voltage-biased circuit with aSQUID-based current amplifier. Thevoltagebimis
provided by a 10mS2shunt resistor in parallel withr.e TES. The vokagebias also atlowsnegative thenmd feedback to
stabilize tkTESon the superconducting transition’”. ~eSQUID isa Hypresmodel #3 Osingle-stage 2O8seriesamaytiti
typical noise less than 10 pAIHz’n.

Op-eration of the detector is as follows. Thedetector isvoltage bi%edon thesuperconducting timsition. Incident gamma
rays are absorbed in the Sn absorber. Thermal phonons quickly spread from the absorber into the TES, causing a small
increase in temperature. The small increase in temperature causes a Lmge increase in the resistance of the TES, which
decreases the current flowing through the TES. The absorbed energy slowly flows out into the cold bath via the SiN
membrane, thereby restoring thedetector to thermal equilibrium. The resulting signal fmmabsorption ofasingle photonis a
current pulse with a fast rise time and a slower decay. Typical values are: bias voltage Vt,j_ - I wV, operating temperature
TW-O. I K, bath temperature T,,,, -7 OmK, operating resistance of TES &P- lWti, cuxent Pulse riSetime~ti=- 10QPs.

current pulse decay time ~ti,y - 1 ms.

4. DEVICE CHARACTERISTICS

1nfigurc2 we show thecunent-voltage (IV) chancteristicso fthedetectorat different bath tempaatures. At high voltage
bias, the device assumes itsnomxd resistance of O.52 Q. Atlowvoltagc bias, the device becomes superconducting and

exhibits a supercurrent. Note that because the SQUID circuit isa2-wire meuurement, tiedevice's lead resistance c!f8.3&
is also measured. Each lV curve is takenat aconstant bath temperature. Duetothe voltage bias thedevice otxrates at new
constant power”. Radial lines emanating fmmt heo rigin are lines of constant resistance. Hwrbolas ze Iines of constant
Fower. The family of Wcurvesh aseffectivelyt woindependentp ammeters operating resistance of the TES (I&). and
operating power of the TES (Pw). Rha.sbeen shmvnexperimentaOy that operating at bighp., and 10w&Pgivesl~l;ecu~cnt
signals”.
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From the IV curves we can derive much information. We expect the opwating power of the TES to have the following form
P(T,,,,) = GSW(TWJ x (T.P-TM,I. where GsATwJ is the thermal conductivity of the SiN membr~e ~ a functiOIl Of ba~
temperature. Knowing the operating power at different bath temperatures, we can derive GSN (figure 3). Comparing with
theoretical models for specular scattering and complete diffuse (“dirty”) scattering, we see that our SiN membrane is quite
“clean”. Furthermore, since the dominant phonon wavdengths increase with decreasing temperature, scattering becc,mes less
effective at lower temperatures. We observed GSS ‘to approach the speculm limit with decreasing bath temperature, as
expected. .4t very low temperatures, phonon wavelengths may exceed the dimensions of the SiN membrane and exhibit
thernrd conductivity better than the specular limi?.

once we have determined Gs,(TwI,), we can calculate the tem~rature of each point of an IV curve taken at a constant bath
temperamre. Thus we can map out the superconducting transition by plotting RrES vs. T (figure 4). This method of
determining R vs. T is preferred because it atlows us to examine the su~rconducting transition at the act.at bias paint. Other
common means of measuring R vs. T involve applying a current bias and observing the resistance of the TES while <changing

the bath temperature. This method is often inadequate because it can only be made using a smafl current bias (<l vA) and is
not representative of actual bias conditions. In microc atorimeter theory, the figure of merit a = d(log R)Id( log T) (describes
the “steepness” of the transition. In this tansition, for :anoperating resistance of &P = 0.1 S2and operating current of Iw = 10

vA, a is about 600.

5. GAMMA-RAY SPECTRA

Radiation from an ‘“Am source was measured and a single pulse from one 60 keV photon is shown in figure 5. We
measured a pulse height of -5.5 IIA. The pulse rise time is -170 vs. Pulse decay time is -0.9 ms. We also note that in the
tail of tbc pulse there is a “kink” which is seen in all pulses taken at this energy. Tlis feature results from non-linearity of the

superconducting transition above the operating rcsistame of 105 d.

In figure 6 we show a spectrum obtained with the “Am source. In addition to 60 keV photons, we at so observed L-lines
from the decay prcduct Np. Since the absorber is Sn, there are Sn escape lines in the spectmm. The energetic Np L-tines
also excited Cu fluorescence from the detector mount.

With optimid bias and filtering, we achieved an energy resolution of 70 eV FWHM for 60 keV gamma rays. The calculated
phonon noise, Johnson noise, and SQUID amplifier noise contributes 22 eV, 5.2 eV, and 3 eV, respectively. The quadrature
sum of calculated noise sources is 23 eV. The measured baseline noise is 57 eV. The difference between calculated noise
and measured baseline noise is attributed to 6JI Hz pick-up. The difference between measured baseline noise and spectmm
Iinewidtb is attributed to bias point instability and pilt-up events. We are currently improving our measurement system to
reduce the effects of pickup and drifts. As described. below, we are also working to decrease the pulse length wbicb will
move the signal bandwidth away from the 643Hz noise.

6. ACTIVE FEEDBACK

In the inset of figure 6, we show the detector response as a function of energy. The detector exhibits some deviations from
linearity due to non-linearhies in the superconducting transition. The microcalorimeter is prone to these imperfections.
“Kinks” in the transition may arise from a variety of causes, such as contarrination in the TES film. poor photolithography
during micro fabrication, and stress exerted on the TES film by the epoxy. Gamma-ray spectrometers need m be able to
me=ure over a large range of energy (3 keV to 500 keV). A detector with a bigfdy non-linear response is extremely
undesirable.

Another limiting feature of the microcalorimeter is the relatively slow count rate. Because the micrccalorimeter depsnds on
complete thermalization of the photon energy, the reccvery time of the detector is slow compared to athermd systems such as
ST] photon detectors. The pulse length has been shor[ened significantly by operation in the extreme electrothermal feedback
mode13. Electrothenm.1 feedback uscs the reduction ifi Ohtic Joule heating (due to a constant voltage bias) during a pulse to

speed up recovery of the detector back to its equilibrium state. Tbe natural decay time constant T = C,~.,lGWN of the detector
is 40 ms. For this particular operating point, the electrothenmdly reduced decay time is less than 1 MS. Even so, the count
rate is limited to about 50 Hz with negligible pile-up.

——. .——--
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The pulse length can be further shortened by use of an active negative feedback voltage bias”. In this mode of operation, the
voltage bias is actively reduced in proportion with the currmt signal such that the reduction in Jode heating is greater than
that of traditional electmthennd feedback, atlowing even faster recovery of the detector.

An interesting feature of the active negative feedback voltage bias is that, when operated with the optimal gain settings, the
TES will maintain a nexly constant temperature during a pulse. When a photon is absorbed and the thermal energy begins to
flow into the TES thermometer, the active negative feedback immediately reduces the bias pwer of the TES to compensate
for the excess heat, effectively maintaining the TES at near constant temperature. For the TES thermometer biased on the
transition, a constant operating temperature corresponds to a constant operating resistance. In this “phase lccked mode, a
microcalmimeter is impervious to kinks in the transition and will respond Iinexly with energy. Furthermore, the emrgy
range of the detector will be extended, allowing detection of higher energy gamma-rays without introducing strong non-
Iinearities provided that the equilibrium bias power is sufficiently high.

We have extensively modeled our detector operating with an active negative feedback voltage bias and have begun
implementation of this operational mode in our latest detector. We show a schematic of the bias circuit in figure 7. V,,u ~ is
the equilibrium bias voltage. During a pulse, TES current decreases and is measured by the SQUID as VSWI. Vs5~, is fed
back, via a summing amplitier, to reduce V,,= With both the current and voltage of the TES decreasing during a pulse, Joule
heating in the TES is reduced greatly.

The active negative feedback bias voltage was implemented in a detector with propefiies slightly different thim the one
described above. Results from first measurements of this detection scheme are shown in figure 8 compared with numerical
models. Alt parameters used in the model ze calculated from published material propetiies and known device <operating
conditions. We see that measured current pulses agree reasonably with the model in both feedback and non-feedback
operating modes. For each pulse, we measured both the current and volta8e of the TES, which are related by the gain of tbe
summing amplifier. From this, we can calcutate the resistance of the TES during the putse. For this particular bias Pint, we
observed that the change in resistance due to absorption of a gamma-ray photon wu reduced by an order of magnitude with
active feedback bias, as expected. In our detector design using active negative feedback bias, the shortened pulse decay time
is timited by (CA,,.*n+C,W,=,)/G,ti.ti,.,,, - t.9 ms. We atso observed a reduction in pulse length from 2.6 ms to t.9 ms, as
expected. In order to shorten the decay time further, we need to increase the thermal conductivity between the absorber and
the TES by increasing the contact area and decreasing the thickness of the epoxy. But at the same time, the Iotid votume of
the epoxy should be decreased to reduce the heat capacity. We =e currently developing techniques to improve our
attachment procedure in a more automated and controlled fashion. Tbe detector used in this measurement responded tineady
over tbe energy range of interest witbout the aid of the active feedback, so we were unable to demonstrate this asvct of the
active feedback bias

We are confident that when detector geometry and o~rating conditions =e optimized, we will attain a shortened pulse decay

time of -100 PS, which corresponds to a count rate of 500 Hz. Since the 10M heat capacity of the detector is not limited by
the absorber, we cm increase the size of the absorber. We will also use higher-Z superconductors as our absorbers 10
improve absorption efficiency. For gamma-ray spectrometry, we intend to fabricate an array of detectors. For example, a 25-
element may of 2 x 2 x 0.25 mm’ detectors with shortened pulse decay times of -I W ws will have an effective collection
zea of I cm’ with a total count rate of> tO kHz. Our gamma-ray spectrometer system witl be abte to achieve high energy
resolution, high count rate, and linear response over a large energy detection range.

7. CONCLUSION

Wehavedevelo~d asu~rconducting gw-rayticrocalorimeter witia 1 x 1 x0.25 nun3bigh-purity bulk Sn absorber
coupied toa MolCumultilayer TES. Wehavextieved menergy resolution of70eVfor 60keV g--rays. Thephonon-
limited theoretical energy resolution is23eV. Totifiller improve theperfomcc ofourdetector, wepropsedtieuseofm
active negative feedback bia.s for the operation of these detectors to increase count rate, improve the linearity of the detector
response, and extend the energy range of the detector. First results of this operational mode has demonstrated proof of
principle and feasibility. Other improvements to be implemented include using aktrger absorber fmmme collection area,
high-Z absorber for better absorption efficiency, higher bias pwer for larger energy detection range, better coupling between
tbeabsorber andtbe TESforbighcr count rate, and arraying. Weex~ct full optimization oftbedetector system intbeneiu
future.

——
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