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Abstract The Simons Observatory (SO) is a ground-based cosmic microwave background
instrument to be sited in the Atacama Desert in Chile. SO will deploy 60,000 transition-
edge sensor (TES) bolometers in 49 separate focal-plane modules across a suite of four
telescopes covering three dichroic bands termed low frequency (LF), mid frequency (MF)
and ultra-high frequency (UHF). Each MF and UHF focal-plane module packages 1720
feedhorn-coupled detectors with cryogenic components for highly multiplexed readout us-
ing microwave SQUID multiplexing. In this paper we describe the testing program we have
developed for high-throughput validation of modules after they are assembled. The valida-
tion requires measurements of the yield, saturation powers, time constants, noise properties
and optical efficiencies. Additional measurements will be performed for further characteri-
zations as needed. We describe the methods developed and demonstrate preliminary results
from the initial testing of a prototype module.
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1 Introduction

The Simons Observatory (SO) is a suite of ground-based telescopes to be sited in the Ata-
cama Desert in Chile focusing on measuring the temperature and polarization anisotropy of
the cosmic microwave background (CMB). The initial deployment of SO will consist of one
6 m large aperture telescope (LAT) and three 0.5 m small aperture telescopes (SATs). Over
60,000 transition-edge sensor (TES) bolometers will be deployed to achieve the target map-
ping speed1. The TES bolometers and readout circuitry based on microwave SQUID multi-
plexers2 will be packaged into 49 separate universal focal-plane modules (UFMs) spanning
six frequency bands from 30 GHz to 280 GHz. The 30/40 GHz low frequency (LF) UFMs
use lenslet-coupled sinuous antennas, while the 90/150 GHz mid frequency (MF) and the
220/280 GHz ultra-high frequency (UHF) UFMs implement horn-coupled orthomode trans-
ducers3,4. Each MF and UHF focal-plane module packages 1720 optical detectors and 36
dark bolometers. Further details of the SO focal-plane modules can be found in McCarrick,
et al. (2021).5

During observations, UFMs will be mounted to the 100 mK stages of the LAT and SAT
receivers. Each UFM is connected to two cold readout chains, reading out 1820 readout
channels in a 2x910 multiplexing configuration. Each readout chain consists of cryogenic
coaxial cables and various RF components selected with considerations of system linearity,
noise performance, and thermal power dissipation6. The SLAC Superconducting Microres-
onator RF (SMuRF) electronics serve as the room temperature readout electronics7.

All 49 UFMs deployed in the observatory will first be tested and characterized in the
laboratory. Our testing program is based on testing runs, each of which yields both dark
and optical properties for three UFMs at the same time, in one dilution refrigerator cryostat
(DR) using readout chains which are analogous to those to be used in the SO receivers.
Section 2 describes the tools and the high-throughput validation methods developed for this
pre-deployment testing, and Section 3 describes preliminary testing results.

2 Methods

2.1 Testing Hardware

The laboratory characterization and testing of the UFMs takes place in two Oxford Instru-
ments Triton 200 DRs at Princeton University and one Bluefors LD DR at Cornell Univer-
sity.1 Each fridge can test three UFMs in the same cool-down as shown in the left panel of
Figure 1. The UFMs are mounted on a copper rack, which provides similar thermal contact
area as the focal-plane mounting plates for the UFMs in the LAT and SAT receivers. The
copper rack is bolted and heat sunk to the bottom of the DR mixing chamber (MXC), reach-
ing a temperature that agrees with the MXC temperature to within 1 mK. Therefore, we use
thermal control of the MXC, provided by an AC372 Lakeshore controller, to enable UFM
characterizations at different bath temperatures Tbath, which we define with a thermometer
permanently mounted on the MXC of each DR. We can ramp Tbath from 60 mK to 250 mK,
covering both the planned UFM operating temperature of 100 mK and the targeted device
critical temperature Tc of 160 mK.

An internal cold load is designed and fabricated to act as a cryogenic thermal source.
The cold load structure is shown in the middle panel of Figure 1. The cold load is made

1 The Bluefors DR has small differences from the others; in what follows, we focus on the Oxford systems
for concreteness.
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Fig. 1 Left: Schematics of the testing setup inside the DR showing: six readout chains with low-noise am-
plifiers (LNAs) located at the 40 K and 4 K stages; three UFMs mounted under the DR mixing chamber;
the free space filter stack; and the cold load. Top middle: Photograph of one of the DR cold loads, featuring
metamaterial absorbing tiles 8. Bottom middle: Heaters and thermometers beneath the cold load plate for tem-
perature control. Top right: The mechanical housing and metal-mesh low pass edge (LPE) filters for the cold
load. Bottom right: UFMs mounted inside the DR facing the internal cold load, showing the masks that cover
two-thirds of the detectors so that both dark and optical properties can be sampled for each UFM. (Color
figure online.)

of pyramids of emissive metamaterial microwave absorber8 bolted to a 20 cm diameter
aluminum disk. Heaters and diode thermometers are mounted behind the cold load plate.
During in-lab testing, four thermally-tuned standoffs support the cold load above the bottom
of the 4 K shield of a DR as shown in Figure 1. The standoffs define the thermal conductance
of the cold load to the DR 4 K stage and have been carefully tuned for sufficient isolation.
An LS336 Lakeshore controller records and commands changes in the cold load temperature
from 8 K to 24 K.

Two metal-mesh low-pass edge (LPE) filters9 are mounted along the optical path from
the cold load to the feedhorn apertures of the UFMs, one at the 4K stage and the other at
the 1 K stage, as shown in Figure 1. The LPE filters help define the highest-frequency band
edge for the dichroic UFMs and reduce sensitivity to possible blue leaks. We use separate
LPE filter stacks for each of the frequency ranges: LF, MF and UHF.

The plan is that all UFMs will be tested in lab with the internal cold load before being
deployed. Copper or gold-plated silicon masks are attached over the feedhorn apertures as
shown in the bottom right of Figure 1. Each mask covers two thirds of the detectors in a
UFM. We refer to these masked detectors as “dark” detectors and measure their properties
as described in Section 2.2. The mask exposes one third of the detectors to the optical loading
from the cold load, which we use to estimate their optical efficiencies in Section 2.3. The
measurements of dark detectors are also used to decouple the optical loading and thermal
coupling in optical efficiency calculations. Although occasional tests have been performed
without the internal cold load, the standard validation plan does not include such dark runs.

The UFMs are read out by the same type of RF chains and warm electronics as will be
used in the field. A series of attenuators on the input side of the RF chain helps achieve the
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optimal input power for the resonators. The output side of the cold readout chain uses two-
stage amplification with one low-noise RF amplifier (LNA) at the 40 K stage and another
at the 4 K stage to optimize the linearity and maintain low noise. The SMuRF electron-
ics provide the LNA and detector biases, and control the operation of all SQUID coupled
resonators.

2.2 Characterization of electrical and thermal properties

As described above, the dark (masked) detectors are used to validate the TES electrother-
mal properties10 of each UFM. The properties we validate in lab are saturation powers
(section 2.2.1), biasability (section 2.2.2), time constants (section 2.2.3), and noise perfor-
mance (section 2.2.4). We also measure the detector thermal conductances to the thermal
bath and the detector responsivities since they affect the thermal noise and the sensitivity of
the array. The TES critical temperature Tc and the normal resistance Rn are also measured
to trace fabrication stability and uniformity.

2.2.1 Thermal properties

Each TES resistor (with Rn ∼ 8 mΩ ) is in parallel with a shunt resistor (with Rs ∼ 400 µΩ )
so that it can be voltage-biased in its transition by a current into the circuit. That current is
proportional to Vbias provided by the SMuRF electronics. We measure TES I-V curves by
sweeping Vbias from high to low while reading the current in the TES. The TES resistances
can be calculated at each Vbias and the TES normal resistance Rn can be extracted by linear
fitting of the normal part of the corresponding I-V curve.

We define saturation power P90 as the electrical power through a TES at which its op-
erating resistance equals 90% of Rn as determined from an I-V curve. We use a superscript
d when the measurement is made on a dark detector. I-V curves taken across a range of
bath temperatures are used to estimate Tc and the thermal conductance G using the method
outlined by Sudiwala, Griffin and Woodcraft (2002).11,12,13 For the dark detectors, we fit

Pd
90(Tbath) = κ(T n

c −T n
bath), (1)

extract the parameters Tc, κ and n, and estimate G = nκT n−1
c . We also track Pd

90 at Tbath =
100 mK.

2.2.2 Biasability

Each UFM has 12 detector bias lines, each providing voltage biasing to ∼ 150 detectors.
During observations, variations in the sky conditions result in varying optical load on the
detectors. Whether detectors located on the same bias line can be biased into the transi-
tion simultaneously under various loading conditions impacts the overall detector yield. We
quantify what we call the UFM ”biasability” by the percentage of TESes with resistances
between 30 and 70% of Rn at a single (optimal) bias voltage on each of the 12 bias lines,
and measure it from I-V curves.
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2.2.3 Time constants and responsivity

The time constants and detector responsivity are measured in lab using bias step measure-
ments14, for which a small-amplitude square wave is added to the DC bias level on each de-
tector bias line. The step function can be thought of as a two-point I-V curve. The amplitude
of the resulting change in TES current can be used to calculate the TES responsivity. In ad-
dition, since the detector time constant functions as an effective low pass filter on the small-
amplitude square wave, the time constant can be extracted by fitting the exponential settling
of the TES response in time domain. A comparison of bias step and complex impedance
measurements of the effective time constant can be found in Cothard, et al. (2020).15

2.2.4 Noise in transition

A key indicator of the UFM quality is its noise performance. To characterize the detector
noise, we first apply sufficient bias voltage to drive the detectors normal, and then step down
in voltage, collecting two-minute time streams for each detector at every bias voltage step.
The white noise level for each detector is approximated using the median of the amplitude
spectral density of the time stream data between 5 and 50 Hz. This frequency range is se-
lected to avoid both the low frequency region which can be contaminated by thermal 1/ f in
the lab and the high-frequency roll-off defined by the anti-aliasing filter used in the SMuRF
electronics.

The measured noise levels with TESes in the normal, superconducting and in-transition
states for dark detectors and detectors exposed to the cold load are then compared to the
white noise levels expected for those six cases. The array sensitivity can be estimated from
the measured TES in-transition noise in combination with the responsivity measurements
described in section 2.2.3.

2.3 Characterization of optical properties

The optical property we validate in lab is the optical efficiency, defined as the fraction of the
incident power which is absorbed and measured by a detector. For each detector location, the
incident power Popt(TCL) at each temperature TCL of the cold load is calculated by integrating
its blackbody emission over the beam and the expected detector bandpass including the LPE
filters.12,13

We step TCL from ∼ 8K to ∼ 20K with the bath temperature fixed, typically at 100 mK.
At each TCL, we measure P90 from I-V curves for the unmasked detectors. We find the optical
efficiency η as the absolute value of the slope when fitting P90 versus Popt(TCL) to a line:

P90(TCL) = Pd
90 −ηPopt(TCL). (2)

Note that the offset of the line is an estimate of the saturation power in the absence of
optical loading (as in equation 1).

The cold load can also cause thermal loading on the UFM that increases with TCL. If
left uncorrected, it would result in an overestimation of the optical efficiency. This effect
is corrected by subtracting the median Pd

90 for the dark detectors from P90 for the optical
detectors at each value of TCL before performing the line fit.
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Fig. 2 Thermal and electrical properties of the prototype UFM Mv5 demonstrating testing methods and
capabilities. Left: Saturation powers at 100mK, critical temperatures and thermal conductances for the dark
detectors of the prototype UFM-Mv5. Middle and Right: Biasability of UFM-Mv5, showing two typical bias
lines of twelve. The targeted region of 30 to 70% Rn is indicated with grey shading. The detectors represented
in the bottom row were exposed to the cold load at a temperature of 10K. For each bias line, a range of possible
Vbias values could be used to put most detectors into the target zone of resistance. (Color figure online.)

3 Results and Discussion

To demonstrate the in-lab testing program presented here, we present some preliminary
results from testing a prototype MF UFM designated UFM-Mv5. Detailed results on labo-
ratory characterization of SO UFMs for deployment will be presented in future work.

The thermal properties for UFM-Mv5 are shown on the left side of Figure 2. The mea-
sured Tc, Pd

90 at 100 mK, and G for the dark detectors in UFM-Mv5 can be found in Table 1,
along with the noise equivalent power (NEP) for dark detectors biased at 50% Rn, measured
at 100 mK.

UFM Mv5
detector
frequency
(GHz)

Tc (mK) Pd
90 (pW) at 100 mK G (pW/K) NEP (aW/rtHz)

at 100 mK

90 163.1 ± 2.6 4.5 ± 0.7 113.1 ± 19.2 13 ± 3
150 166.1 ± 1.0 7.9 ± 0.7 212.5 ± 22.2 18 ± 4

Table 1 The medians and standard deviations of thermal parameters measured for each frequency band of the
prototype UFM-Mv5 using methods described in section 2.2. The rightmost column gives the noise equivalent
power measurements of dark detectors biased at 50% Rn at 100 mK.

Examples of the biasability of dark and optical 150 GHz detectors from two different
bias lines in UFM-Mv5 are shown on the right side of Figure 2. The plot shows that bias
voltages can be chosen such that almost all detectors from the two example bias lines have
operating resistances between 30 and 70% Rn.
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Fig. 3 Noise equivalent current at different points along the TES transition for dark (masked) detectors and
optical detectors (exposed to the 10 K cold load). The plot shows the median measured noise at a range of bias
voltages. With higher Johnson noise, the median TES noise in the superconducting state is higher than the
noise in the normal state as expected. The noise from photon loading from the internal cold load is apparent
when comparing optical and dark detectors’ median noises at the same percentage Rn. (Color figure online.)

Figure 3 shows noise performance. For the current readout system, the Johnson noise
in the TES-plus-shunt-resistor loop is inversely proportional to the resistance in the loop.
At low bias voltages, the TES is superconducting, so the shunt resistance dominates, and
the Johnson noise level is higher than when the TES is normal. When the detectors are in
transition, noise due to photon loading additionally contributes to the expected TES noise.
As can be seen from the right side of Figure 2, to reach the same TES resistance, different
bias voltages are needed for dark detectors compared to unmasked detectors. Figure 3 shows
different TES noise levels at a range of bias voltages and confirms the expected noise behav-
iors discussed above, including a higher noise at the superconducting state than the normal
state, and the effect of the photon noise when TESes are in transitions.

4 Conclusion

We discussed the in-lab testing and characterization program developed for the focal-plane
modules for SO. We described the methods developed to allow simultaneous testing of dark
and optical properties of three UFMs at the same frequency in one dilution fridge using
six readout chains. We have used the testing program to validate prototype MF UFMs and
reported here some preliminary results. We expect a total of 49 arrays to be tested and vali-
dated in the same manner before their assembly into the LAT and the SATs. Detailed results
from the full testing program, including measurements of optical efficiency, yield and time
constants, will be reported in future work.
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Data Availability The data that support the findings of this study are available from the corresponding au-
thors, YW and KZ, upon reasonable request.
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