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where P is the bias power dissipated in the TES bilayer, R = R(Tt, I) is the TES operating resistance, I is
the current through the TES, τa = Ca/Gsa is the stray heat capacity time constant, and α, β are logarithmic
derivatives:

α =
Tt

R

(
∂R

∂Tt

)
, and β =

I

R

(
∂R

∂I

)
.

3. EXPERIMENTS AND ANALYSIS

The SRDP is a 3He dip probe refrigeration system to cool the TES thermal bath of a single column assembly from
room temperature to ∼ 0.4 K in three hours.30 We use the SRDP to collect data for each of the approximately
100 columns needed for the three ACT arrays.

For each bolometer on a column assembly, we acquire SQUID V-φ curves to evaluate the multiplexing chip’s
performance, TES I-V curve to determine TES operating current, resistance and bias power as a function of
applied TES bias voltage, TES noise spectra at multiple operating resistances, and noise spectrum when the TES
is superconducting; this last measurement is used to extract the shunt resistance and the inductance in the TES
loop from the observed Johnson noise level and its lowpassed filter response.31 We also measure the TES critical
temperature. For a subset of TES bolometers, we measure their I-V curves at multiple bath temperatures
to obtain the parameters Ksb, nsb and Tt, assuming Kts is large so that Tt ≈ Ts. For some of these TES
bolometers, we also measure the TES transfer functions, complex impedances and noise spectra at different
operating resistances and different bath temperatures. We use an HP 35670A spectrum analyzer to collect TES
transfer functions, complex impedances and noise spectra.

We fit the model described by Fig. 2(b) to the complex impedance data, and compares the noise data to the
predictions derived from the parameters extracted from the complex impedance fit. Following Lindeman et al
2007,32 we construct a Thevenin equivalent circuit to extract the TES complex impedance. The free parameters
in the fit of the model to the impedance data are α, β, Ct, Cs, Kts, Ca and Ksa. In a global fit, we allow α,
β, Ct to vary at different TES operating resistances and bath temperatures, while keeping Cs, Kts, Ca, Ksa
fixed. We assume that phonon transfer is the main heat transfer mechanism among the different components in
the thermal circuit. We also fix nts = 4 and nsa = 4, as in the case where phonons make no collisions over the
connecting path between the two corresponding bodies.33 When evaluating Eq. (1) during the fit, we calculate
Ts, Gt

ts, Gs
ts from Tt, Kts, nts, Pts; Gsa from Ts, Ksa, nsa; and G from Ts, Ksb, nsb. If we choose nts and

nsa differently, Kts and Ksa will change accordingly to keep Gt
ts, Gs

ts, Gsa, Ts, and hence G, approximately
unchanged, while α, β, Ct, Cs, Ca will also largely remain fixed. The thermal conductances Gt

ts, Gs
ts, Gsa, G

and the parameters α, β, Ct, Cs, Ca enter the calculation of complex impedance directly. Therefore the complex
impedance fit is not sensitive to this particular choice of nts and nsa. The extracted Kts is much larger than
Ksb. Hence Ts is close to Tt. Because of the robustness of the thermal conductance calculations described above
and the small differences among Tt, Ts and Ta, our noise calculation is also insensitive to this particular choice
of nts and nsa.34 Changing the heat transfer mechanism between the TES bilayer and the silicon substrate or
between the silicon substrate and the stray heat capacity to electron-phonon decoupling only slightly changes
the noise calculation.35

4. RESULTS AND DISCUSSIONS

Table 1 summarizes the parameters extracted from the fit of the model described by Fig. 2(b) to complex
impedance data taken at different TES operating resistances at two different bath temperatures on a particu-
lar ACT bolometer. Although we describe here the model fit on just one ACT bolometer, we have obtained
qualitatively similar results on eight ACT bolometers in three column assemblies for which sufficient complex

Proc. of SPIE Vol. 7020  70200O-5

Downloaded from SPIE Digital Library on 13 Sep 2011 to 137.82.117.28. Terms of Use:  http://spiedl.org/terms



R/Rn, Tbath (K) 12%, 0.317 31%, 0.317 52%, 0.318 72%, 0.318 93%, 0.318

α 176 (169) 136 (124) 113 (109) 95 (95) 67 (68)

β 2.47 (2.40) 0.80 (0.78) 0.30 (0.29) 0.09 (0.09) -0.01 (0.00)

Ct(pJ/K) 0.33 (0.30) 0.33 (0.29) 0.33 (0.31) 0.33 (0.32) 0.32 (0.33)

R/Rn, Tbath (K) 12%, 0.393 31%, 0.394 52%, 0.394 72%, 0.394 92%, 0.394

α 236 (188) 178 (172) 132 (139) 106 (111) 81 (82)

β 2.95 (2.90) 0.97 (0.95) 0.31 (0.31) 0.07 (0.08) -0.03 (-0.03)

Ct(pJ/K) 0.32 (0.25) 0.32 (0.30) 0.33 (0.34) 0.32 (0.35) 0.31 (0.33)

Cs(pJ/K) 1.30 (1.22± 0.17)

Kts(nW/K4) 15.5 (15.5± 1.0)

Ca(pJ/K) 0.96 (0.93± 0.06)

Ksa(nW/K4) 4.2 (4.7± 1.0)

Table 1. An instance of the extracted parameters from fitting the model described by Fig. 2(b) to the complex impedance
data of an ACT bolometer. The first four rows in this table are for a bath temperature of approximately 0.32 K, and
the next four rows are for a bath temperature of approximately 0.39 K. The complex impedance data with model fits
and the noise data with predictions of this ACT bolometer at the bath temperature of 0.39 K are shown in Fig. 3 and
Fig. 4. As described in the text, results from other ACT bolometers are qualitatively similar. For each fit parameter,
the table gives two estimates to illustrate robustness. The first comes from the global fit described in the text. The
parenthetical estimate comes from refitting all the parameters at each specified bath temperature and TES operating
resistance combination. For the parenthetical estimates of Cs, Kts, Ca and Ksa, we list their averages and standard
deviations across the two bath temperatures and all TES operating resistances, instead of giving their values at each
individual bath temperature and operating resistance combination. The extracted parameters in this table have not been
verified by independent measurements and can be far from their expectations, as discussed in the text.

impedance and noise data have been acquired. Fig. 3 shows the complex impedance data with its fit at one of
these two bath temperatures, and Fig. 4 compares the noise data to the predictions derived from the parameters
extracted from the complex impedance fit at the same bath temperature.

To estimate the error on the extracted parameters, we also fit the model to complex impedance data at each
combination of TES operating resistance and bath temperature, and compare the resulting parameters to those
from the global fit. The parameters obtained from these two different methods agree to approximately 10% in
most cases, as indicated by Table 1.

The complex impedance fits show reasonable agreement with the data from 10 Hz to 10 kHz, and the noise
predictions are in general accurate in the same frequency band. The random energy flow between the silicon
substrate and the heat bath is insufficient to account for all the noise in the frequency band of interest to ACT,
from ∼ 1 Hz to ∼ 100 Hz.36 At present, the detector model predicts that the excess noise in this frequency band
is due to random energy flow between the TES bilayer and the silicon substrate, as well as between the silicon
substrate and the stray heat capacity.

Several of the extracted parameters are far from their expectations, suggesting that the current physical
interpretation of the model may be flawed. For instance, the fit results in an extracted thermal conductance
Gt

ts between the TES bilayer and the silicon substrate of approximately 6 nW/K. This value is at least an order
of magnitude smaller than the expected combination of the TES electron-lattice decoupling and the Kapitza
resistance between the TES lattice system and the silicon substrate.37 However, this relatively small Gt

ts is
necessary to explain the peak in the noise data at ∼ 2 kHz. The discrepancy between the extracted thermal
conductance Gt

ts and the calculated one indicates that the TES bilayer-silicon substrate thermal coupling in the
ACT bolometers is not as tight as we expected, or that the decoupling suggested by the model is not between
the TES bilayer and the silicon substrate as in the current interpretation, among other possibilities.

We also note that the sum of the silicon substrate and the stray heat capacity extracted from the complex
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Figure 4. Comparison of noise data to predictions derived from the parameters extracted from the complex impedance fit
at a bath temperature of approximately 0.39 K for the bolometer described in Table 1 and Fig. 3. The decomposition of
the predicted noise into different contributors is also shown. In particular, “TES-substrate noise”, “substrate-stray noise”
and “substrate-bath noise” represent the noise contributed by random power flows between the corresponding components
in the thermal circuit described by Fig. 2(b). The noise data shown have been smoothed.

impedance fit, which is around 2 pJ/K, is larger than the expected heat capacity of approximately 1 pJ/K of the
silicon substrate with ion implant. In addition, the extracted heat capacity of the TES bilayer is approximately
two to three times higher than the current estimate. We have postulated several candidates for the origin of the
additional heat capacity unaccounted for by our calculation, such as the silicon legs or the TES wiring, but at
present we have no data to support these ideas.

We have also implemented other models for the ACT bolometers, such as thermal circuits with only two
separate heat capacities, and another thermal circuit with three heat capacities, one of which is a heat capacity
on the silicon legs instead of a stray heat capacity connected to the silicon substrate. The two-heat-capacity
models do not fit the complex impedance data well, independent of which heat capacity we designate as the TES
bilayer. One example of a complex impedance fit of a two-heat-capacity model described by Fig. 2(b) without
the stray heat capacity is shown in Fig. 3. The fits of the model to complex impedance data and the total noise
predictions in the the heat-capacity-on-the-leg case are almost identical to those obtained in the model described
by Fig. 2(b).
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5. CONCLUSIONS AND PLANS

We have described a model for the ACT bolometers. This model explains our observed TES complex impedance
and noise behavior reasonably well. However, several extracted parameters from the model fit are far from
expectations, suggesting that the real physical interpretation of the model may be missing. We plan to carry
out several concrete experiments to seek a better understanding of the model. For example, we plan to test
TES bolometers with different heat capacity configurations, such as a TES bolometer with a silicon substrate
not implanted with ions (which should result in significantly reduced heat capacity of the silicon substrate).
Examining what modifications these configurations introduce to the parameters extracted from the complex
impedance fit could help to determine the origin of the stray heat capacity and to break the degeneracy between
the model described by Fig. 2(b) and the alternate heat-capacity-on-the-leg model described above. We also
plan to test a TES bolometer whose silicon substrate is directly heat sunk to the heat bath (instead of through
the silicon legs) to extract the thermal conductance between the TES bilayer and the silicon substrate and to
explore the cause of the unexpectedly small value of this thermal conductance in the current model fit. Several
of the bolometers for which we have made fits to complex impedance data are now in the MBAC. We plan to
measure their time constants – their current response to changing voltage bias or optical power as a function
of frequency. Because our thermal model predicts different time constants for the different components in the
TES thermal circuit (in particular the TES bilayer in which bias power is dissipated and the implant layer in
which photon power is absorbed), comparing the predicted time constants to the measured ones could help us
appropriately interpret the TES model. The insights we gain through a sound TES model may inform future
TES bolometer designs.
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