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Abstract—In the current submm and mm cosmology experi-
ments the focal planes are populated by kilopixel transition edge
sensors (TESes). Varying incoming power load requires frequent
rebiasing of the TESes through standard current-voltage (IV) ac-
quisition. The time required to perform IVs on such large arrays
and the resulting transient heating of the bath reduces the sky ob-
servation time. We explore a bias step method that significantly
reduces the time required for the rebiasing process. This exploits
the detectors’ responses to the injection of a small square wave
signal on top of the dc bias current and knowledge of the shape
of the detector transition R(7,I). This method has been tested on
two detector arrays of the Atacama Cosmology Telescope (ACT).
In this paper, we focus on the first step of the method, the estimate
of the TES %R,

Index Terms—Biasing, IV curve, superconducting transition,
transition edge sensor (TES).

1. INTRODUCTION

HERE is a rich amount of cosmology and astrophysics to

be obtained from measurements in sub-mm and mm bands

with angular resolution running from a few arcminutes up to a
few degrees.

One particularly exciting example is the primordial B modes,

a tiny polarized signal in the Cosmic Microwave Background

(CMB) predicted by inflationary theories [1]-[3]. Because the

primordial B-mode signal has been constrained to be so small

(<0.1 puK on one degree angular scales), we are now at a turning
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point where multi-frequency, large surveys of the sky (covering
30-50% of the sky) are necessary to improve our knowledge of
the so-called CMB foregrounds [4], astrophysical sources such
as interstellar dust [S]-[8] and the synchrotron emission [9],
whose polarization signals have a B-mode component.

The observations of the CMB foregrounds will also improve
the astrophysical knowledge of such sources, for example the
dust alignment mechanism with respect to the Galactic magnetic
field, the population properties of the interstellar dust grains, and
the surrounding environment of accelerated electrons that emit
synchrotron radiation. Interactions between the CMB photons
and intervening matter (such as gravitational lensing, which con-
verts E modes into B modes [10]) alter the intrinsic CMB signal
on arc minute angular scales. Measurements of these effects
provide information about the physics of galaxy clusters, struc-
ture formation, and neutrino properties (i.e. mass and hierarchy
(11D [12].

The current state-of-the-art detectors used to measure the
CMB are already photon-noise limited [13]. In order to improve
the signal-to-noise ratio of the CMB measurements discussed
above, it is therefore necessary to increase the optical through-
put. It can be increased, for example, increasing the focal plane
size, decreasing the F/# or using multi-mode detectors. Here we
focus on the first option. Expanding measurements to more fre-
quency bands, as required for separating the primordial B-mode
CMB signal from foregrounds, will also require more detectors.

TES bolometers are photon-noise limited detectors used
widely in CMB experiments. The straightforward multiplexibi-
lity of TES bolometers has allowed the development of kilo-
pixel focal plane arrays [14], [15]. Current CMB experiments,
both ground-based and balloon-borne, have performed sky ob-
servations with such kilo-pixel focal planes. Experiments using
focal planes containing anywhere from 3,000 to 10,000 TESes
represent the so-called CMB Stage-III: experiments like Ad-
vanced ACTPol [16], POLARBEAR?2 [17], SPT-3G [18] and
Simons Array [19], observe (or will observe) the sky with 5612,
7588, 15234 and 22764 TESes, respectively. The CMB Stage-1V
experiment, CMB-S4, will observe the sky with approximately
500k detectors. As we will discuss below, given the wide use of
TESes and the increasing size of the focal planes, the efficient
rebiasing of TES arrays is a key step in the optimal operation
of bolometric cameras.
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Fig. 1. Schematic of a 2-column by 2-row TDM TES readout (reproduced
from [26]) like the one used in ACTPol. The TESes are DC-biased in parallel
with shunt resistors on a common bias line. Each TES is inductively coupled,
via M, 1, to its own first-stage SQUID amplifier (SQ1). An inductive summing
coil carries the current signals from all SQ1s in a column to a common second-
stage SQUID (SQ2). Each SQ1 row is, then, sequentially addressed via /.
Finally a SQUID array amplifier measures the current in each SQ2.

lad2

In order for a TES bolometer to operate, the TES must be
voltage-biased onto its superconducting transition. The voltage
necessary to bias the TES on the transition to a certain percent of
the normal resistance (%R,,) changes if either the optical load
on the TES or the bath temperature change.

In a Time-Division Multiplexing (TDM) architecture, that we
follow here, groups of TESes are biased together on one bias
line (Fig. 1) to further reduce the number of wires routed from
room temperature to the lowest temperature stage. A bias current
Iy;q s 1s sent down the bias line, where each TES is connected in
parallel with one of the shunt resistors on the bias line. When the
shunt resistance, 7y, is small compared to the TES resistance,
the TES is effectively voltage-biased.

Due to variations in detector parameters across the array, there
may be significant variation in the optimal bias preferred by each
TES on the bias line. It should be noted that when Frequency-
Domain Multiplexing (FDM) is used, the TESes on the bias line
are each AC-biased with a unique frequency using LC filters.
A frequency comb spectrum is sent down the bias line with
various bias amplitudes at each of the TES bias frequencies,
so that each TES can be optimally biased with the amplitude it
needs. However, when TDM is used, the TESes are DC-biased
and a unique bias value cannot be applied to each TES on the
bias line.

Depending on the bath temperature and optical load, there is
an optimal Iy, that will maximize the number of TESes on
the bias line biased onto their transitions. One may also wish
to target certain regions of each TES’s transition, where the
detector operates with higher signal to noise ratio. The optimal
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Ipiqs 1s typically found by taking an IV curve for each detector
in the array simultaneously.

While any background optical load is constant on X-ray TES
calorimeters and is small with small variations for TES bolome-
ters on balloon-based CMB experiments, ground-based experi-
ments are subject to strong optical loading fluctuations (mainly
due to variations in the amount of precipitable water vapor in
the atmosphere) that can drive the TESes away from their tran-
sitions on a time scale of hours. This means the TESes must be
re-biased at least every few hours. Acquiring an IV curve to re-
bias the TESes takes a few minutes and can heat the focal plane
bath temperature by about 10 mK. Including the time required
to cool the focal plane back to its nominal working temperature,
taking IV curves to re-bias the TESes translates to a loss of a
few percent in sky observation time. During an IV acquisition,
the current is swept, across each detector, from about 1.5mA to
afew pA: on a kilo-pixel array this heats up the focal plane bath
temperature, even in presence of a good detector heat-sinking.

The time required for the rebiasing process, in principle, could
be reduced by carefully choosing a suitable subset of fiducial
detectors. However, the increasing number of TES signals be-
ing multiplexed (for example, 32:1 and 64:1 respectively for
ACTPol and AdvACT [20] from here on called MUX Factor,
and 128:1 [21] for future experiments) and the increasing focal-
plane size of future experiments makes this option impractical
since the subset of fiducial detectors risk of being poorly repre-
sentative of the entire array. The issues related to the rebiasing
process (heating and loss of time) will be much worse for the
next generation of CMB experiments.

The TES electrothermal time constant is commonly estimated
by measuring the TES response to a small square-wave signal,
called a bias step. In this work we study a method for rebiasing
the TES detectors using the bias step measurements, together
with a previously measured template [22], to rebias the TES
detectors.

We tested this method on the TES detectors of the Ata-
cama Cosmology Telescope (ACT) [23], a 6m diameter crossed
Dragone telescope located on Cerro Toco, at 5120m above sea
level in the Atacama Desert in Northern Chile. ACT is cur-
rently observing the CMB with three arrays (ACTPol PA2,
ACTPol PA3 [24], and AdvACT HF [25]), of polarization-
sensitive TES bolometers in frequency bandwidths centered at
150, 90/150, and 150/220. The TES arrays are read out with
time-division SQUID multiplexing (TDM). All of the ACT de-
tectors, SQUIDs, and auxiliary readout chips are fabricated at
NIST. The TESes are cooled to and maintained at 0.1 K by a di-
lution refrigerator. In Sections II and III we present the method
and the tests performed on the ACT TESes, respectively. The
results are summarized in Section I'V.

II. THE BIAS STEPS METHOD

The ACT TES bolometers are currently re-biased using IV
curves. During an IV curve, changes in the current through
each TES are measured as [j;,, is ramped from a value that
drives the TES normal to zero. It is assumed that the TES has
a constant normal resistance, R,,, at high bias currents and the

Authorized licensed use limited to: Princeton University. Downloaded on October 06,2020 at 16:49:49 UTC from IEEE Xplore. Restrictions apply.



SALATINO et al.: OPTIMIZATION OF ADVANCED ACTPOL TRANSITION EDGE SENSOR BOLOMETER OPERATION USING R(7,I) TRANSITION

&

TES Current (uA)

Feedback Current (mA)
2
TES Resistance (mil)

2

e e e oW B o o

=50 0 50 100150 200250 300 350400 o6 05 10 15 20 25
TES Voltage (nV) Bias Curent (mA)

00 05 10 15 20 25
Bias Current (ma)

Fig. 2. A typical IV curve from a detector in the ACTPol PA2 array. Left:
IV curve in raw units of SQUID feedback current vs. bias current. The SQUID
feedback current offset is calculated by fitting a line to the normal branch of
this curve. Then, the two plots shown to the right can be trivially generated with
knowledge of the bias circuit. Middle: IV curve in units of TES current vs. TES
voltage. Right: IV curve converted to units of TES resistance vs. bias current
for rebiasing.

offset current is calculated by fitting a line to this part of the IV
curve. It is then straightforward to calculate the TES resistance
at each Iy, value (Fig. 2). Using these R vs. I;;,5 curves for
each detector on a bias line, the optimal I;, that biases the
most TESes onto their transition is chosen.

Because we can only measure changes in TES current with
the SQUIDs, we cannot directly measure the TES resistance at
one I;,s value. One way to calculate the overall current offset
and then the TES resistance is to take an IV curve, as described
above. Under certain conditions, using a previously measured
template, it is also possible to calculate the TES resistance at
one [Ij;,s value with only a bias step measurement around that
Iy;qs point.

During the bias step measurement, we perturb ;. slightly
and measure the local slope dI /dI};, . The relationship between
the bias step slope and the TES resistance is given by [25]:

AT\
h= ot b <AIbms)

where [ is the TES current, L is the loop gain defined by Irwin
and Hilton [15]:

L -1
1+8+1L’

(D

sz'asa
L =
GT

Pyiqs 1s the electrical power due to the voltage bias on the
TES, « () is the local logarithmic derivative of the TES resis-
tance versus TES temperature (current), and G is the thermal
conductivity between the TES island and the bath.

Instead of calculating the above function from TES properties
measured under all relevant conditions, we can equivalently
directly calculate the two-dimensional function R(dI/dI};,s,
Iyiqs) from a set of IV curves. We can then use this template to
calculate the TES resistance from a bias step measurement.

The shape of the TES superconducting transition (R(7;1)) is
implicitly included in this template, as equation (1) depends
on « and (. TES bolometers are usually operated with strong
electrothermal feedback and have high loop gain. In the limit of
infinite loop gain, equation (1) reduces to:

A N\
R= Y <AIbias> > ; (3)

2
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which does not depend on any detector properties.

We find that for the ACTPol and AdvACT detectors, accurate
calculation of the resistance from a bias step requires the use
of the full expression (1), especially when the R(7,I) transitions
have non-linearities.

It is important to note that for particularly poorly behaved
detectors, the map from (dI /dIp;qs, Ipiqs) to R may not be well-
defined: there may be multiple values of R in the template that a
given (dI /dlyiqs, Ipias) pair could map to. In this case, the de-
tector resistance could be determined by taking bias steps often
enough (with respect to the rate of atmosphere loading drift) that
the choice between the multiple resistance values given by the
template is obvious based on the previously measured resistance
value.

After measuring each TES’s resistance with a bias step, the
new optimal [;;,s value could be determined without taking an
IV curve in one of two ways. The first method would consist
of repeatedly adjusting Iy;,5 (either decreasing if the TES re-
sistance are too high or increasing if the TES resistances are
too low) and measuring the new TES resistances until a suitable
Iyiqs value is found.

The second method exploits the fact that a detector’s IV curve
only depends on the Pi,qqing value [22], where Piyoqing 1S
defined by:

Ploading = nPw + ka" =kKT" — Pbias~

If the map from (Zyiqs, dI/dIpias) 10 Ploading is uniquely de-
fined, one can find the previously measured IV curve with a
dI/dIy;qs slope at I;, closest to the measured value from the
bias step, then use this IV curve to re-bias the detectors as usual.

In this proceedings, we discuss the results of a procedure for
the first step of both of these rebiasing processes: calculating
the TES resistance from the bias step measurement.

A. The TES Response to a Bias Steps Signal

A small amplitude (dIy;,s = 10pA wide (50 DAC'); period
= 1 second) square wave voltage signal is injected on top of
the DC bias current (of order 1-2 mA) I;,s applied to the
TES. For each bias step 2000 samples are acquired, resulting in
10 square wave periods. A suitable algorithm locates the TES
feedback current step, dIy;, produced in response to the bias step
signal by finding the data indices where the difference between
consecutive current values exceeds the median value more than
5 standard deviations. Since TESes are read out with SQUIDs,
we measure the current of the feedback coil of the TES readout
circuit. The knowledge of the readout circuit is then used to
estimate dI.

B. The Template Spanning the TES Operational Parameters

To calculate the TES %R, from a bias step, we first gener-
ate a unique template for each detector that maps (Ip;us,
dI/dIy;qs) to %R, using IVs taken during previous seasons
of observations. For each IV curve, we calculate dI /dI};,s and
%R, for each I;, point and add these data points to the tem-
plate. From the analysis of many IVs taken under different op-
tical loading conditions and bath temperatures, we reconstruct
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ACTPol PA3, top: % Ry, (dI/dIy;,s), TES normal resistance versus TES response to a bias steps signal. At low % R,,, the TES response results in a

noisy behavior. Center: Ry pg (T ps) to study the shape of the TES superconducting transition; the width of the transition is generally small (i.e. few mK) with
a less flat trend at lower temperatures. Bottom: the template % Ry, (Ipiqs, dI/dI};q5) used to estimate the optimal bias current, each template is built from a set
of 100 IVs. We also report the plot % R,, (Ij; 4 ) from the template. For each ACTPol PA3 TES we built the template, here we report the plots for two TESes: cIrl

and c1r25.

the parameter space spanned during typical operation. Typi-
cal templates built from on the order of 100 IVs are shown in
Figs. 3 and 4.

The bias step measurement provides a pair of values (1345,
dI/dly;.) for each TES fed by a given ;4. This point (Zp;45,
dI/dly;,s) is interpolated inside the template (Iy;qs, dI /dlpiqs,
%R,) to estimate the %R,,, since the interpolation method was

found to give a better estimate of the %R,, value than fitting
with an analytical expression. The algorithm estimates the %R,
from the TES response to a bias steps signal by comparing
the results of three different interpolation algorithms (closest,
linear and cubic). Below we describe how this method has been
implemented for testing the PA3 ACTPol and the AdvACT HF
TESes.
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Fig. 4.  AdvACT HF NW, top: %R, (dI/dIy;.s), TES normal resistance
versus TES response to a bias steps signal. At low %R, the TES response
results in a noisy behavior. Bottom: the template %R, (Iyiqs, dI/dIpiqs)
used to estimate the optimal bias current, each template is built from a set of
100 IVs. For each AdvACT HF NW TES we built the template, here we report
the plots for two TESes: c16r4 and c17r48.

III. TESTS ON ACT TESES

The ACTpol PA3 array is composed of about 1000 TESes fed
by 29 bias lines. Typically on ACT, IVs are acquired every 2-3
hours, while bias steps are acquired on time scales shorter than
30 minutes. Initially we built templates from all the IVs collected

2101606

from an entire past observing season, then we restricted the
analysis on a subset of IVs. In Fig. 3 we report the typical trend
of %R, (dI/dI};,s) and the template we built from 100 IVs
acquired during the past ACT observation season. We also plot
the TES R(T) transitions that show a behavior close to the ideal
one or small deviations from it (Fig. 3).

AdvACT HF is divided in four sectors (NW, NE, SW and SE),
each of which is fed by six bias lines. In this first work we present
the tests performed on the NW sector. The %R, (dI/dIyias)
and the templates from typical AdvACT detectors are reported
in Fig. 4.

The overall target is to improve TES operation by reducing the
time to set the optimal bias current with respect to the standard
IV analysis. The total time comes from three times: measure-
ment time (IV or bias steps), dead time due to heating (since we
need to wait the cool down back to the working temperature)
and the analysis time (the IV, or the bias step, is analyzed to
estimate the optimal bias current). For the standard IV method:
the running time takes 1-2 minutes, the dead time few minutes
and the analysis time less than one minute. For the bias steps
method: the running time takes few seconds, the dead time is
null since the bias step (given the involved current, about 10
uA, with respect to I'V, up to 1.5mA) does not heat up the focal
plane and the analysis time (currently) is about 1 minute. We
want to reduce the analysis time: if, with the bias steps method,
we already saved time for the first two steps but the third step
ends to be more time consuming than the traditional method, the
advantages in using the bias steps method become less strong
and we could end setting the optimal TES bias voltage with a
similar amount of time.

Instead of building the template for all the IVs acquired during
an entire season, the template is built with order of 100 IVs.
This avoids spreading the interpolation resolution over the entire
template and reduces the time necessary to run the analysis since
the most time consuming operation in this method is the template
interpolation. To reduce the time, the algorithm doesn’t perform
the interpolation on the entire template but only on a subset. It
starts interpolating a subset of data that deviates less than 1%
from the pair of values (Ij;45, dI/dI};qs). If no interpolated
point is found, the script is run again increasing the deviation
threshold, in steps of 5%, from 5% to 85%, until the interpolated
point is found. If no point is found, the script performs the
interpolation on the entire template.

The typical time for running the interpolation on a sub-
set of the template on order of 800 TESes is 50 s on
a Intel Core i5-4670 (3.40GHz) computer with 8 Gb of
memory.

For the ACTPol PA3 array, we have compared the % R,, cal-
culated with our bias step method to the %R,, calculated from
the IV acquired most recently before the bias step (typically 5
minutes before). When a bias steps measurement is acquired a
short time after the previous IV the agreement between the % R,
estimated with the two methods is good (Fig. 5), the distribution
of the error has a typical 75th percentile of about 3% R,,. In the
case of bias steps acquired after a significant amount of time,
the fluctuations of the weather conditions reduce the agreement.

Authorized licensed use limited to: Princeton University. Downloaded on October 06,2020 at 16:49:49 UTC from IEEE Xplore. Restrictions apply.



2101606

120

B BS close to IV |

Frequency of counts

20
SAR,

Fig.5. Histogram of the error of the estimated TES % R, from the standard IV
analysis and the bias steps analysis. The analysis refers to ACTPol PA3 detectors
and a bias steps measurement taken few minutes after the corresponding IV. Few
outliers detectors have been removed from the histogram.

The study of the evolution of the percentile of the distribution
can be used to forecast the necessity of acquire another IV.

IV. CONCLUSION

We explored a new method, first presented in [22], for es-
timating the optimal bias current that should be applied to the
TESes (rebiasing process) which exploits the knowledge of the
TES R(T)I) transitions and the injection of a small square wave
signal on the DC bias current. In this work we focused on the
first part of the method: the estimate of the TES resistance with
bias steps measurements. The second part, the estimate of the
optimal current bias, will be the subject of a following future
publication. This method, tested on the PA3 ACTPol and HF
AdvACT TESes, avoids the transient bath heating produced by
the standard IV analysis and significantly reduces the time re-
quired for the rebiasing process.
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