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Abstract

Characterizing and understanding, in detail, the behavior of a Transition Edge Sensor (TES) is required for achieving
an energy resolution of 2 eV at 6 keV desired for future X-ray observatory missions. This paper will report on a suite of
measurements (e.g. impedance and /-7 among others) and simulations that were developed to extract a comprehensive
set of TES parameters such as heat capacity, thermal conductivity, and R(T,I), «(T,I), and S;(T,I) surfaces. These

parameters allow for the study of the TES calorimeter behavior at and beyond the small signal regime.
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1. Introduction

The behavior of a Transition Edge Sensor (TES)
in the small signal, linear regime is described
by two differential equations [1] where the two
free parameters, «=0InR/0InT, and f;=
0ln R/0In 1, are treated as constants. In order to
obtain optimal resolution over a large energy
range, however, one must make understand the
behavior of pulses for which a large portion of the
transition is sampled. For such a case o, and f;
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cease to be constants and must be treated as
functions of temperature and current. Knowledge
of the function R(T,I) of a TES, along with
various heat capacities and thermal conductivities
allows for the construction of a comprehensive,
non-linear model of the TES response to absorbed
X-rays.

2. Mapping the R(T,I) surface
The I-V curves of a TES illustrate a DC

response and thus are a good way of extracting
R(T,I) information independently of other
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quantities such as C, G, or the inductance of the
circuit (L). Since our TESs are operated in voltage
bias mode [1] an I-V curve traces a path on the
R(T,I) surface which keeps the power dissipation,
not the current, in the TES constant.

Eq. (1) shows the dependence of the TES power
dissipation on base temperature (7}) and thermal
conductivity (Gpp)

P=k(T"—T"
_ opP _ n—1
pr = ﬁ = nkTe (1)

where T, is the TES electron temperature and # is
a constant. The /-7 measurement allows a direct
determination of both Gy, and n, by fitting Eq. (1)
to the data as shown in Fig. 1.

The dependence of the TES impedance, Ztgs(f),
on the various TES parameters is given in [2]. In
the limit of high and low frequencies the impe-
dance is seen to depend primarily on o and f3; as
shown in Eq. (2).

Z1es(f = 0) = Ro(1 + B))
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where Ty, Iy, and Ry are the equilibrium tempera-
ture, current, and resistance, respectively, of the
TES at a given bias. By measuring the high and
low frequency impedance as a function of TES
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Fig. 1. Power dissipation in the TES as a function of base
temperature. Fitting Eq. (1) to this data yields the TES to heat
bath thermal conductivity (Gpp) and the exponent of the power
law (n).

bias voltage we obtain «, and f; throughout the
transition as shown in Fig. 2. This information is
complementary to the /-V data and we are able to
reconstruct a profile of the R(T,I) surface as
shown in Fig. 3.

Knowledge of the R(T,[) surface is not just
relevant for properly modeling the TES behavior.
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Fig. 2. Variation of o and f; throughout the transition. This
data was obtained in a model independent fashion by
measuring the high and low frequency limits of the TES
impedance Ztgs(f).
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Fig. 3. Reconstructed R(7,I) surface. The shape of the
superconducting transition is reconstructed from I-JV data
and can be used as an input to the TES model.
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Kinks in the surface can have significant (usually
detrimental) effects on pulse shape and noise
response, and we must ensure that the TES is
not biased near such a point.

3. Measuring C & G

All TES properties described so far are model
independent and are directly measurable. In order
to fully understand the behavior and resolution of
the TES beyond the linear, small signal regime a
complete TES model is required. Fig. 4 shows a
schematic of the TES model in which the TES is
coupled to the heat bath via the phonon system,
while the X-ray absorber is connected to the TES
electron system.

The TES pulse shape, impedance characteristics,
and noise spectrum are computed numerically and
fitted to data in order to obtain values for the
various Cs and Gs. Fig. 5 shows impedance data
through the transition of an actual and a simulated
TES. The parameters used to simulate the
impedance are not the result of a fit, but have
been chosen to demonstrate a qualitative agree-
ment with the data. Fig. 6 shows a 6 keV X-ray
pulse with two decay time constants that is well
fitted by our model.
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Fig. 4. Electrical and thermal circuit representing the TES
calorimeter model. With such a model linear and non-linear
simulations of pulse shapes, impedance responses, and -V
characteristics can be calculated and compared to data in order
to pin down the values of the various conductances (G) and
heat capacities (C).
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Fig. 5. Variation of TES impedance (Zrgs(f)) throughout the
transition for an actual TES (top panel) and a model simulation
(bottom panel). The simulation parameters are not the result of
a fit, but are chosen to indicate qualitative agreement.
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Fig. 6. A 6keV X-ray pulse exhibiting two decay time
constants is well fitted by a TES model which assumes a
hanging absorber phonon heat capacity.
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