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Abstract The Simons Observatory (SO) includes four telescopes that will measure the tem-
perature and polarization of the cosmic microwave background using over 60,000 highly
sensitive transition-edge bolometers (TES). These multichroic TES bolometers are read out
by a microwave RF SQUID multiplexing system with a multiplexing factor of 910. Given
that both TESes and SQUIDs are susceptible to magnetic field pickup and that it is hard
to predict how they will respond to such fields, it is important to characterize the magnetic
response of these systems empirically. This information can then be used to limit spurious
signals by informing magnetic shielding designs for the detectors and readout. This paper fo-
cuses on measurements of magnetic pickup with different magnetic shielding configurations
for the SO universal multiplexing module (UMM), which contains the SQUIDs, associated
resonators, and TES bias circuit. The magnetic pickup of a prototype UMM was tested un-
der three shielding configurations: no shielding (copper packaging), aluminum packaging
for the UMM, and a tin/lead-plated shield surrounding the entire dilution refrigerator 100
mK cold stage. We also present measurements of the pickup in the UMM when aluminum
feedhorns are installed. The measurements show that the aluminum packaging outperforms
the copper packaging by a shielding factor of 8-10, and adding the tin/lead-plated 1K shield
further increases the relative shielding factor in the aluminum configuration by 1-2 orders of
magnitude. The addition of feedhorns provides a factor of 30 improvement when the tin/lead
shield is not installed and a factor of 5 improvement when it is.
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1 Introduction

Next-generation cosmic microwave background (CMB) experiments like the Simons Obser-
vatory (SO) [1] will utilize advances in multiplexing readout technology and high through-
put optical designs to field at least four times more detectors than the previous generation of
telescopes like the Atacama Cosmology Telescope (ACT) [2] and the South Pole Telescope
(SPT) [3]. SO will initially field over 60,000 transition-edge sensor (TES) bolometers across
its 6-meter Large Aperture Telescope (LAT) and three half-meter Small Aperture Telescopes
(SATs). These detectors will be read out by microwave multiplexing ({mux) circuits [4] that
utilize resonators tuned to different frequencies and SQUIDs to read out approximately 900
detectors per RF line. Both the detectors and the readout circuit are sensitive to magnetic
fields in ways that are difficult to predict or simulate. Since magnetic pickup from the move-
ment of the telescope through the magnetic field of Earth, cryogenic half-wave plates used in
the SATs, and other sources inside the telescope can produce spurious signals, it is crucial to
characterize empirically the effectiveness of the magnetic shielding of the deployment-grade
readout packaging to ensure that magnetic field pickup is being minimized.

Simons Observatory is packaging all of the cold readout technology into a common
universal microwave-multiplexing module (UMM) that can be used with all detector ar-
rays regardless of frequency across all of the SO telescopes [5]. Each UMM is composed
of umux chips containing the resonator-coupled SQUIDs, a silicon wafer that both con-
nects the gmux chips in series and contains the TES bias circuitry, and an enclosing copper
frame. An outer clamp surrounds the UMM on all sides except the bottom, where the read-
out module will be coupled to the detector array. The design for the outer clamp aims to
achieve good thermal and magnetic shielding properties by gold plating a superconduct-
ing aluminum clamp. For deployment on the sky, a TES detector wafer and an aluminum
feedhorn array are coupled to the UMM to make a universal focal-plane module (UFM).

In section two, we describe the experimental setup. In section three, we present mea-
sured results for a prototype UMM in three configurations: a copper clamp, an aluminum
clamp, and an aluminum clamp with a tin/lead-plated 1K shell surrounding the UMM. We
also present the magnetic sensitivity of the SQUIDs in the UMM when the feedhorns have
been added to make a UFM. The datasets analyzed during the current study are available
from the corresponding author on reasonable request.

2 Methods

For testing the magnetic sensitivity of the SO UMM, we worked with two configurations of
packaging on a prototype UMM: one with an aluminum outer clamp incorporating both lid
and walls and one with a copper outer clamp using a lid only that was made as simple as
possible to minimize any metallic components that could provide magnetic shielding (see
Fig. 1). Neither UMM configuration is completely enclosed by the clamp as both clamps
have a hole to allow a flexible cable to pass through, and there is no superconducting shield
on the “bottom” (i.e. sky-side) of the UMM. When the UMM is converted to a UFM, the
detector wafer stack and aluminum feedhorns are coupled at this sky-side face.

After installing the clamp, the UMM was mounted to the 100 mK stage of a Bluefors
dilution refrigerator (DR). During the cooldown, the fridge was surrounded by an external
high-permeability mu-metal shield to prevent magnetic flux from becoming trapped in the



Fig. 1 (Color figure online.) Left - Exploded view of UMM from [5] showing the outer clamp and inner
components. For these tests, only the outer clamp changes between different shielding configurations. The
two packaging configurations used for shielding measurements: Center - the gold-plated aluminum clamp;
Right - the copper clamp.

SQUIDs as they transition to the superconducting state. When the UMMs are deployed on
SO telescopes they will be inside of a high-permeability A4K magnetic shield, as described
in [6] and [7].

After the readout components were cold, the external shield was removed and a set
of Helmbholtz coils were installed around the DR. These coils are controlled by a constant
current source and provide constant DC fields perpendicular to the plane of the UMM, and
thus the SQUIDs, as shown in Fig. 2.

Fig. 2 (Color figure online.) The orientation of the Helmholtz coil around the DR (leff) and the mounting of
the UMM on the bottom of the DR mixing chamber plate (center) are aligned so the magnetic field passes
perpendicularly through the plane of the UMM readout components. The tin/lead-plated 1K DR shell is also
shown in position (right) to show the extent of coverage with which it surrounds the UMM.

For each data taking run, we first applied a field of 1.6 G for about a minute to settle the
resonators, a technique found in [8] to produce more consistent results for this system. The
field was then switched to -0.26 G without ramping to that value, data were taken, and the
field was switched to the next value. For each configuration tested, data were taken at ten
evenly spaced intervals from -0.26 G to 0.26 G. The current supply only supplies positive
current, so we flipped the polarity of the connector to swap the field polarity. These field
values are comparable to the ~0.5 G strength of Earth’s magnetic field expected on the
telescope, especially given that the field will be modulated by the scanning frequency of the
telescope.

In order to remove background magnetic fields and a discontinuity in measured phase
shift of resonators between the positive and negative setups, we measured the phase shift at
zero applied field in each configuration and subtracted it from subsequent measurements.

The data taken at each field value consisted of measuring the frequency of each SQUID
channel as the flux through it was driven through four ®ys to get an f-@ curve. Data col-
lection was done with the SMuRF hardware and software [9] that SO is using for warm
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readout. The data were then fit with a series of harmonics of a sine wave to extract the phase
shift of the SQUID-resonator channel. As the magnetic field changes, the fractional phase
shift tracks the magnetic field pickup in the channel. We excluded from the analysis chan-
nels that were identified by the SMuRF but whose response clearly showed they were not
real resonators or resonators with known fabrication issues like junction resonances (present
in a small number of channels in this prototype but not in other UMMSs). We also excluded
channels that deviated significantly from the expected linear response to applied fields to
remove channels where the SQUID acquired enough magnetic flux to wrap back around to
zero phase or that do not represent the ordinary behavior of these devices.

In addition to testing different configurations of the UMM packaging, we also tested
the effect of adding a superconducting shield around the UMM. This simulates the option
currently being explored of adding a tin/lead-plated shell around the readout and detector
electronics in both the LAT and SAT cryostats. We coated the sides and bottom of the 1K
copper shell from our dilution refrigerator with a 90/10 tin/lead alloy (see Fig. 2) and re-
peated our pickup measurements on the aluminum clamp configuration of the UMM. For
these measurements, we explored both the same range of magnetic fields as the earlier test-
ing and larger fields up to +10.5 G. While these field are substantially stronger than those
expected from Earth’s field on the telescope, we will be integrating for years while scanning
through Earth’s field to obtain a large signal-to-noise ratio. For the much shorter integration
time in the lab, it is appropriate to apply larger fields to measure the pickup more accurately.

Since the UMM will always be coupled to the detector wafers and aluminum feedhorns
during telescope operations, we also tested the magnetic pickup in a UMM once it had been
coupled to detectors and feedhorns to make a UFM. For all of these measurements, the TESs
were kept in the superconducting state in order to study the pickup in the SQUIDs of the
UMM by themselves in a more realistic deployment configuration. We tested the UFM both
with and without the tin/lead-plated shell.

3 Results
3.1 Magnetic Sensitivity of UMM Configurations

To measure the average sensitivity of a readout channel in the UMM to external magnetic
fields, we averaged together the magnitude of pickup in each channel for every field value
and fit the resulting data with a line for the positive applied fields and the negative applied
fields separately. The slope of that fit is the amount of phase shift per unit of applied magnetic
field, which is the sensitivity.

For the aluminum configuration, the empirically measured sensitivity is 0.039 £ 0.003
Dy/G for the positive fields and 0.038 + 0.003 Dy/G for the negative fields in the first run.
For the second run, the data for both the positive and negative field values yield a sensitivity
of 0.054 £ 0.004 &y/G. The positive and negative field values result in consistent fits for
the second run. These results are averages across 593 channels (out of 619 channels that
show real SQUID response) and 429 channels (out of 436), respectively. The two runs took
place in different cooldowns with slightly different thermal properties and slightly modified
RF packaging, which contributes to the different number of channels found between the two
runs. The quoted uncertainties are statistical uncertainties from fitting the sensitivities at plus
and minus one standard error. They do not account for systematic uncertainties like varia-
tions in the magnetic field in our cryostat due to inhomogeneities in the Helmholtz coil field,
small differences in the alignment from cooldown to cooldown, and minor repairs and mod-
ifications made to the UMM between cooldowns. These sources of systematic uncertainty
likely account for the difference in sensitivity between the two runs.
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Measurements of the copper configuration were more complex to interpret than the alu-
minum configuration. The overall shielding environment was less stable than the aluminum
configuration. The SQUID curves themselves were noisier, and many channels often ap-
peared to include random pickup (either an excess or a deficit) for only a few of the field
values while the remaining values followed a somewhat linear trend (see Fig. 3). We believe
that this behavior is related to decreased RF stability of the device and an increased sensi-
tivity to RF and magnetic signals from outside the cryostat other than the applied magnetic
field. There was also a significant increase in the number of channels with high enough mag-
netic field pickup to undergo wrapping in @y for one or more of the magnetic field values at
which data was taken. Taken together, these differences mean that far fewer channels passed
when applying the same cuts as we did to the aluminum configuration.
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Fig. 3 (Color figure online.) Top: Magnetic pickup given as the fractional phase shift for four resonators
for a test of the Al clamp (top left) and the same resonators in a test of the Cu clamp (top right) during
cooldowns with similar overall noise properties. With the Cu clamp, the resonators experience a significantly
higher magnitude of pickup which varies from resonator to resonator and deviations from a linear sensitivity
at different applied field values. While such jumps can occur in the Al clamp configuration (as in the bottom
left plot), they are comparatively rare. We hypothesize that this higher pickup with the Cu clamp is due to a
greater sensitivity to the lab environment. Bottom Left: Average phase shift of those channels on the UMM
with linear response as a function of magnetic field. Two runs are shown for the copper clamp (red, solid
and dashed) and two for the aluminum clamp (blue, solid and dashed). The aluminum clamp clearly has less
magnetic field pickup for these channels. Bottom Right: Data with standard errors and fits for the Al clamp
with the tin/lead-plated shell installed. Even at these significantly larger field values, the pickup remains
small.

Of the remaining channels, the measured sensitivity is considerably higher than for the
aluminum configuration. For the first copper test, the average sensitivity across 70 chan-
nels (out of 459) was 0.42 + 0.03 &/G for positive field values and 0.43 + 0.04 $&y/G for
negative field values. A second cooldown in which the UMM exhibited better overall noise
performance yielded 0.40 £ 0.03 /G for positive field values and 0.39 + 0.04 ¢y/G for
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negative field values across 61 channels (out of 562). Fig. 3 (bottom left) plots the sensitivi-
ties for the copper and aluminum clamps on the same axis for comparison.

The cuts for linearity may remove some of the channels that exhibit high sensitivity to
magnetic fields. Even so, since the largest number of cuts occurred for the copper clamp, we
expect that any reduction in the number of cut channels would only increase the advantage
seen in the shielding factor for the aluminum clamp compared to the copper clamp since
the measured sensitivity with the copper clamp sensitivity would increase more than the
sensitivity measured with the aluminum clamp.

3.2 Tin/Lead-plated 1K Shield

We repeated our pickup measurements in the aluminum UMM configuration with a 1K
DR shell plated with a 90/10 tin/lead alloy installed (Fig. 2). Initial measurements over the
same range of magnetic field values as before (-0.26 to 0.26 G) showed erratic pickup nearly
two orders of magnitude smaller than without the tin/lead-plated shell. After using a larger
range of field values (-10.5G to 10.5 G), a linear response was recovered with sensitivity
9.2 x 1073 £ 0.6 x 1073 Py/G for positive field values and 8.8 x 107> & 0.7 x 107 &y/G
for negative field values with 659 channels (out of 683) (Fig. 3, bottom right).

3.3 Magnetic Sensitivity of the UMM with Feedhorns Installed

Using a UFM with a gold-plated aluminum clamp and aluminum feedhorns, we tested the
magnetic sensitivity of the SQUIDs in the UMM with the detectors unbiased to see how the
feedhorns would affect the magnetic shielding. We took three sets of data with the UFM in
the superconducting state without the tin/lead-plated shell installed to test the repeatability of
our measurements. For the first run, both halves of the UFM were operational. Across 1277
channels, the sensitivity for the positive field values was 1.05 x 1073 £ 0.09 x 1073 &y/G
and the sensitivity for the negative field values was 1.02 x 1073 + 0.09 x 1073 &®y/G. For
the other two runs in a subsequent cooldown, only one half of the UFM was operable due to
issues with the RF connection on the UFM. For the first of these runs, the sensitivity for both
the positive and negative field values was 1.4 x 1073 £ 0.2 x 1073 @/G for the 474 channels
passing cuts. The second set of data from later in that same cooldown but with a factor of
10 stronger magnetic fields yielded a sensitivity for the positive field values of 1.0 x 1073
+ 0.1 x 1073 dy/G and for the negative field values of 1.1 x 1073 4+ 0.1 x 1073 &y/G for
469 channels passing cuts. Averaging these results together gives a sensitivity of 1.2 x 1073
+ 0.2 x 1073 Py/G for both the positive and negative field values, which represents a ~30
factor of improvement over the pickup for the UMM by itself (Fig. 4, left).

We also tested the pickup in the UFM with detectors unbiased while the tin/lead-plated
shell was installed. Using the same range of field values as in Section 3.2, we measured
a sensitivity of 1.9 x 107> 4 0.2 x 107 ®y/G for the positive field values and 1.8 x 107>
+ 0.2 x 107> ®y/G for the negative field values across 537 channels passing cuts. This
represents a factor of ~5 improvement over the UMM without feedhorns (Fig. 4, right).

3.4 Spatial Variation of Pickup

Apart from the overall sensitivity with different magnetic shielding configurations, we also
studied the spatial variation of pickup from individual resonator channels across the array.
Fig. 5 shows the array plot of the magnetic sensitivity of each resonator channel when the
prototype UMM is assembled with the aluminum clamp. Higher pickup is found on the
resonator channels near the outside of the UMM and the edges of the umux chips. The
latter is due to the asymmetry of the environment near edge channels as discussed in [10].
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Fig. 4 (Color figure online.) Left: Magnetic pickup given as the fractional phase shift for a UMM (cyan) and
for a UFM with all TESs superconducting (blue) without the tin/lead-plated shell installed. The addition of
the feedhorns to the UMM leads to a factor of ~30 improvement in pickup. Right: Magnetic pickup given as
the fractional phase shift for a UMM (yellow) and for a UFM with all TESs superconducting (red) with the
tin/lead-plated shell installed. The addition of the feedhorns to the UMM leads to a factor of ~5 improvement
in pickup.

While all the screws inside the footprint of the UMM are brass, stainless steel type 304
screws are used for the exterior vertices. To test if these screws were causing the higher
pickup around the outside of the UMM, we compared the magnetic sensitivity before and
after switching one of the internal brass screws to a stainless steel one with the expectation
that this would increase the pickup near that screw. No significant change in pickup was ob-
served in channels physically close to the screw, so it is unlikely that the hardware is causing
significant magnetic pickup. It is possible that the higher pickup around the edges reflects
the complicated shape of the magnetic fields as they are routed around the superconducting
clamp.
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Fig. 5 (Color figure online.) Left: Photograph of the UMM [11] without the outer clamp and copper lid. The
UMM used for these measurements was missing two of the 14 pmux chips (shown in green in the picture
directly above and below the strips of copper in the middle of the UMM) that a UMM would usually have
when tested. Right: Plot of the magnetic sensitivity of each SQUID channel (shown as a vertical line based
on location on the mux chip) in ®y/G. The red hexagon indicates the location of the screw that was changed
for the measurements described in the text.

4 Conclusion

We measured magnetic pickup in a prototype SO UMM with different packaging, or clamps,
as well as inside a 90/10 tin/lead plated shell. The aluminum clamp provides both a more
stable magnetic and RF environment and an improvement in shielding factor of eight to
ten relative to the copper clamp. It is clear that the aluminum clamp outperforms the cop-
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per clamp, thereby confirming that the choice of aluminum for the outer UMM clamp is
preferred over copper.

The spatial distribution of the pickup is consistent with the UMM clamp and the ymux
chip ground plane providing better shielding near their geometric centers with a modest
degradation in shielding near the edges.

These results also show that adding a 90/10 tin/lead plated shield at 1 K around the read-
out and detectors can significantly reduce the overall level of magnetic pickup. We measure
a shielding factor improvement >100 relative to the aluminum clamp with no tin/lead-plated
shell. Such a shell for the telescopes would need to have optical access to the detectors and
more feedthroughs for readout electronics, so the deployed shielding factor may be degraded
compared to these measurements. Based on these results, the same ratio of 90/10 tin/lead
plating will be applied to 1 K copper shells surrounding the detectors and readout in both
the SO SATs and the LAT receiver.

Tests of an SO Universal Focal Plane Module (UFM) that includes detectors and alu-
minum feedhorns along with the UMM readout while the detectors are in the superconduct-
ing state show a further improvement in shielding of ~30 without the tin/lead-plated shell
installed and of ~5 with the tin/lead-plated shell installed compared to the UMM alone,
suggesting that the feedhorns reduce the amount of magnetic pickup in the SQUIDs of the
UMM. Future studies of the magnetic pickup of the UFM might include characterization of
TES pickup levels while biased on the transition and in the normal state to further explore
the effects of magnetic pickup in the detectors while operating at the telescope.

Acknowledgements This work was supported in part by a grant from the Simons Foundation (Award
#457687, B.K.). ZBH acknowledges support from a NASA Space Technology Graduate Research Oppor-
tunities Award. SKC acknowledges support from NSF award AST-2001866. ZX is supported by the Gordon
and Betty Moore Foundation through grant GBMF5215 to the Massachusetts Institute of Technology.



Title Suppressed Due to Excessive Length 9

References

1.
2.

3.

NV s

10.
11.

P. Ade, et. al., JCAP, 1902, (2019), DOI:10.1088/1475-7516/2019/02/056.

S. K. Choi, et. al., J Low Temp Phys, 193, 267-275 (2017), DOI:10.1007/s10909-018-
1982-4.

A.J. Anderson, et. al., J Low Temp Phys, 193, 1057-1065 (2018), DOI:10.1007/s10909-
018-2007-z.

B. Dober, et. al., Appl. Phys. Lett., 118 (2021), DOI:10.1063/5.0033416.

H. McCarrick, E. Healy, et. al., arXiv e-prints, arXiv:2106.14797 (2021).

N. Zhu, et. al., ApJS, 256, 23 (2021), DOI: 10.3847/1538-4365/ac0db7.

AM., Alj, et al., J Low Temp Phys, 200, 461-471 (2020), DOI:10.1007/s10909-020-
02430-5

E. M. Vavagiakis, et. al., IEEE Transactions on Applied Superconductivity, 31 (2021),
DOI:10.1109/TASC.2021.3069294.

S. W. Henderson, et. al., Proc. SPIE 10708, Millimeter, Submillimeter, and
Far-Infrared Detectors and Instrumentation for Astronomy IX, 1070819 (2018),
DOI:10.1117/12.2314435.

J. Connors, et. al., J. Low Temp. Phys., This special issue (2021).

E. Healy, et. al., Proc. SPIE 11453, Millimeter, Submillimeter, and Far-Infrared Detec-
tors and Instrumentation for Astronomy X, 1145317 (2020), DOI:10.1117/12.2561743.



	The Simons Observatory: Magnetic Shielding Measurements for the Universal Multiplexing Module

