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Abstract
SPT-3G is the third survey receiver operating on the South Pole Telescopededicated to high-resolution
observationsof the cosmic microwave background (CMB).Sensitive measurementsof the temperature and
polarization anisotropies of the CMB provide a powerful data set for constraining cosmology. Additionally, CMB
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surveys with arcminute-scale resolution are capable of detecting galaxy clusters, millimeter-wave bright galaxies,
and a variety of transientphenomena.The SPT-3G instrumentprovides a significantimprovementin mapping
speed overits predecessors,SPT-SZ and SPTpol.The broadband optics design ofthe instrumentachieves a
430 mm diameter image plane across observing bands of 95, 150, and 220 GHz, with 1.2′ FWHM beam response
at 150 GHz. In the receiver,this image plane is populated with 2690 dual-polarization,trichroic pixels (∼16,000
detectors) read out using a 68× digital frequency-domain multiplexing readout system. In 2018, SPT-3G began a
multiyear survey of 1500 deg2 of the southern sky.We summarize the unique optical,cryogenic,detector,and
readout technologies employed in SPT-3G,and we report on the integrated performance of the instrument.
Unified Astronomy Thesaurus concepts: Cosmic microwave background radiation (322); Astronomical
instrumentation (799); Polarimeters (1277)

1. Introduction
Measurements of the cosmic microwave background (CMB)

have been instrumentalto the development of ΛCDM, the
standard model of the composition, structure, and evolution of
our universe.Satellite experiments have measured the CMB
temperature anisotropy to the cosmic-variance limit at angular
multipoles ℓ  1600 (Hinshaw etal. 2013; Planck Collabora-
tion et al. 2020); and high-resolution,ground-based experi-
ments have extended these measurements to arcminute scales
(ℓ  10,000) (Choi et al. 2020; Reichardt et al. 2021), providing
precise measurements ofthe base ΛCDM modelparameters.
Extracting further information from the CMB at cosmic-
variance dominated scales requires measurementsof the
polarization anisotropy,which provide additional statistical
power to constrain cosmological parameters,as well as a
unique sensitivity to gravitational waves produced during
inflation in the early universe.

The polarization of the CMB can be decomposed into E-modes
and B-modes, which correspond to the curl-free and divergence-
free components of the polarization field,respectively.E-modes
are created from quadrupole temperature anisotropies during the
epoch of lastscattering (Hu & White 1997).Precision measure-
ments of E-mode polarization will continue to improve constraints
on the physics parameters sensitive to the damping tailof the
CMB and will serve as a powerful consistency test of the ΛCDM
model (Galli et al. 2014). B-modes are generated by gravitational
lensing of primordialCMB E-modes,galactic and extragalactic
emission,and primordialgravitationalwaves produced during
inflation (Kamionkowski et al. 1997; Zaldarriaga & Seljak 1997).
Distinguishing lensed B-modes and foregrounds from primordial
B-modes requires an instrument with a combination of low noise-
equivalenttemperature,arcminute-scaleresolution,and broad
frequency coverage (Abazajian etal. 2016; Kamionkowski&
Kovetz 2016; BICEP/Keck Collaboration et al. 2021).

Low-noise maps ofthe microwave sky with arcminute-scale
resolution enable a broad range of cosmology and astrophysics
research beyond the CMB temperature and polarization power
spectra.Measurements ofthe lensing-potentialpowerspectrum
(Wu et al. 2019) provide an additionalway to further constrain
ΛCDM model parameters and extension models (Sherwin etal.
2017; Bianchini et al. 2020a). Massive clusters of galaxies can be
detected via the Sunyaev–Zeldovich effect, enabling the creation of
mass-limited catalogs of clusters, completely out to the redshifts at
which they are first formed (Huang et al. 2020; Hilton et al. 2021).
These cluster samples provide constraints on cosmologicalpara-
meters independentof those from the primary CMB (Hasselfield
et al. 2013; Planck Collaboration etal. 2016b;Bocquetet al.
2019).High-resolution CMB maps also provide a rich sample
of emissive pointsources,including active galactic nucleiand

high-redshiftdusty galaxies (Planck Collaboration etal. 2016c;
Everett et al. 2020; Gralla et al. 2020). In addition, time-
domain analyses of CMB data monitor the sky for millimeter-
wavelength transient sources,and CMB surveys are now
producing catalogs of strongly flaring transients (Whitehorn
et al. 2016; Naess etal. 2021; Guns etal. 2021). Dedicated
analyses of CMB maps are also capable ofprobing exotic,
beyond-the-Standard-Modelphysics. For example,searches
for both static and time-varying birefringence can constrain
extensions of the Standard Modelinvolving new axion-like
particles (BICEP2 Collaboration et al.2017; Bianchini et al.
2020b; Namikawa et al.2020; BICEP/Keck et al. 2021).

In this paper, we describe an instrument designed to perform
these measurements:SPT-3G, the third-generationsurvey
receiver installed on the South Pole Telescope (SPT).The
SPT is a 10 m telescope located at the Amundsen–Scott South
Pole Station in Antarctica and optimized to survey the CMB at
millimeter wavelengths (Padin etal. 2008; Carlstrom et al.
2011). The South Pole provides an idealsite for millimeter-
wave observations due to its altitude (2835 m) and exception-
ally low precipitable water vapor (Radford & Holdaway 1998;
Radford 2011). Furthermore, the absence of a 24 hr day–night
cycle provides relatively stable,low-noise atmospheric condi-
tions and minimal needsfor Sun-avoidance measures.The
survey receiver exploits the telescope’s large primary aperture,
using ∼16,000 polarization-sensitivedetectors to provide
arcminute-scaleresolution maps in three observing bands
located in the atmospheric transmission windows at95, 150,
and 220 GHz.The main SPT-3G survey covers a 1500 deg2

area of southern sky that overlaps the survey of the BICEP3/
BICEP Array experiment (Moncelsiet al. 2020), which has
lower resolution and is optimized to detect degree-scale
primordial B-modes. The order-of-magnitudeincrease in
detectors in SPT-3G—relative to its predecessorinstrument,
SPTpol (Austermannet al. 2012)—is made possible by
leveraging dual-polarization trichroic pixels,a readoutsystem
capable of higher multiplexing factors, and a wider throughput
telescope design.We detail these advances and the integrated,
on-sky performance of the SPT-3G instrument in this work.

The organization of this paper is as follows: Section 2
discussesthe optics design, cold-refractive elements,and
antireflection (AR)strategies;Section 3 describes the design
and performance of the cryogenicssystem,level of optical
loading on the detectors,and sub-kelvin assembly;Section 4
covers the design,fabrication,and properties of the detectors;
Section 5 details the readout system, with discussions on noise
characterization, operable detector yield, detector crosstalk, and
data acquisition (DAQ); Section 6 provides an overview of the
SPT-3G survey footprints and observing strategy,including a

2

The Astrophysical Journal Supplement Series, 258:42 (19pp),2022 February Sobrin et al.



description of calibration observations and relative-calibration
procedure;and Section 7 addressesthe integrated,on-sky
performance of the SPT-3G instrument,including measure-
ments of its optical efficiency, spectral response,beam
response,sensitivity,and polarization calibration.

2. Optics
The optics design for SPT-3G aims to maximize the

throughput and efficiency of the telescopesystem while
minimizing aberrations,reflections,and scattering.An anno-
tated illustration of the system is shown in Figure 1.

For SPT-3G, an off-axis Gregorian design is used to couple
the 10 m diameter primary mirror of the SPT to a new 1.7 m
ellipsoidal secondary (Stark 2018)and 0.8 m diameter flat
tertiary mirror. A set of refractive optics inside the SPT-3G
receiver reimages the Gregorian focus onto a flat image plane
where the detectors are located. The primary mirror is
underilluminated to shield against signals from ground
emission,sidelobe pickup, and stray light within the cabin
and receiver through the use of a 0.28 m diameter Lyotstop,
inside the receiver, which reducesthe primary illumination
from 10 m diameterto 8 m diameter.The secondary mirror,
tertiary mirror,and receiver are mounted on a movable optics
bench thatcan be adjusted relative to the primary mirrorto
optimize the focus quality. The optics design uses pixel sizes of
1.12/1.75/2.62 Fλ at 95/150/220 GHz. 37 In addition to
arcminute-scaleresolution, this design results in predicted
Strehl ratios greater than 0.98 for the detectors across all

three observing bands over the entire 430 mm diameter image
plane and diffraction-limited performance over the 1.88 °
diameterfield of view. Light enters the receiverthrough a
685 mm diameter vacuum window made of 30 mm
thick high-density polyethylene (HDPE). The AR-coating
of the window consists of triangular grooves directly
machined into the window surfaces, cut orthogonally on
both sides to minimize birefringence and cross-polarization
effects (Schroder etal. 2016). The design of the grooves is
based on Raguin & Morris (1993), with groove spacing of
0.652 mm and groove depth of 1.321 mm, which we calculate
to result in per-surface reflection of <0.3% over the 95 GHz
observing band,and <0.1% over the 150 GHz and 220 GHz
observing bands. Beyond the window, a set of three sintered,
polycrystalline, Coorstek AD-995 aluminum oxide (alumina)
lenses comprises the refractive optics chain.Each lens is a
0.72 m diameter, plano-convex, sixth-order asphere with
center thickness between 54 and 69 mm. Laboratory
measurementsof Coorstek AD-995 samples indicate an
index of refraction of n = 3.089 and a loss tangent of
tan 3 10 4d = ´ - at 77 K (Nadolski et al.2020).

At each pixel of the image plane, an extended hemispherical
lens (lenslet) couples radiation to a polarization-sensitive
sinuous antenna (Section 4.1). Lenslets consist of 5 mm
diameter alumina hemispheres epoxied to circular depressions
in a silicon lenslet wafer using thin fillets of Stycast
1266 (Nadolski2020).Each array of lenslets is clamped to a
silicon wafer containing the antennas and detectors.The two
wafers are positioned relative to each other with an accuracy of
<10 μm using alignmentmarks visible with an infrared (IR)
microscope.

Figure 1. Left: ray trace of the SPT optics design overlaid on a cross-sectional view of the telescope and receiver. The secondary mirror, tertiary mirror, and receiver
are mounted on an optics bench and housed inside a temperature-controlled cabin that moves with the telescope during observations. Reflected light from the primary
mirror passes through an environmental window (6.35 mm thick HD-30 Zotefoam) on the roof of the cabin. Right: cross-sectional view of the SPT-3G receiver with
ray trace overlaid.Components of the optics and cryogenics systems are labeled,with typical operating temperatures noted in parentheses.

37 Fλ is defined as the product of the optics design’s f-number and the
wavelength of light.
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Broadband AR coatings are used to minimize reflective
losses atthe alumina lenslets,lenses,and alumina IR filter
(Section 3) across the 80–250 GHz range.Separate prescrip-
tions utilizing three distinctlayers of polytetrafluoroethylene-
based dielectricswere developed for both the large-format
monolithic elements and the densely packed lensletarrays.A
complete description and characterization of these AR coatings
can be found in Nadolski et al. (2020). Figure 2 shows the
expected transmission at lens and lenslet surfaces assuming the
measured material properties. At the alumina IR filter and lens
surfaces,we expect an average reflection of 1.1/0.6/5.1
percentper surface acrossthe 95/150/220 GHz observing
band.Similarly, at the lensletsurface,we expectan average
reflection of 0.6/3.4/6.1 percentacross the 95/150/220 GHz
observing band.Absorption in the AR coatings is negligible
compared to the level of attenuation through the bulk alumina
and reflective loss at each surface.

To further control stray light inside the receiver, Eccosorb HR-
10 is attached using Stycast adhesive to the innermost aluminum
surfaces,both between the collimatorlens and Lyot stop and
between the Lyot stop and field lens. HR-10 is flexible, thereby
conforming to the aluminum surfaces and, more importantly, has
minimal reflection (2%)even at high angles of incidence
(80°) at millimeter wavelengths(Staniszewski2010). In
addition,a setof four baffle rings covered with HR-10 is pos-
itioned between the aperture and field lens to provide surfaces
at near-normalincidence to furtherimprove the absorption of
stray light.

3. Cryogenics
The SPT-3G receiveris cryogenically cooled to minimize

the instrument’s intrinsic in-band thermalemission onto the
detector array, as well as to provide a sufficiently cold
environment for the detector and readout systems to effectively
operate. In addition, several low-pass optical filters are
employed to shield downstream instrumentelements and the
detector array from submillimeter-wavelength, out-of-band
power.

The receiver—shown in Figure 1—is functionally separated
into an optics and detector cryostat, both cooled by the

dedicated Cryomech PT-415 cryocoolers (PTCs) while sharing
a single vacuum space.The optics cryostatsecurely positions
and cools the IR blocking filters,lenses,and Lyot stop. The
detector cryostat houses the ten detector modules and cryogenic
components of the associated readoutelectronics.Before the
initial cooldown from room temperature, the receiver is
pumped outto ∼millitorr pressure over∼24 hr, after which
the two PTCs are turned on. From that point, the receiver needs
roughly seven days to reach its base temperature of ∼3 K.

Past the window, a combination of filters minimizes the
transmission of IR radiation, which would raise the base
temperatures ofthe optics elements.Mounted to the flange
holding the vacuum window is a set of ten 3.175 mm thick HD-
30 Zotefoam sheets,separated by thermally-insulating G-10
spacers.The Zotefoam sheets are transmissive atmillimeter
wavelengths and absorptive at IR wavelengths,thereby acting
as a multilayered IR-absorptive filter (Choiet al. 2013; Kang
et al. 2018). We estimate this first filter assembly attenuates any
incident IR power through and from the window by a factor of
∼10, while attenuating the CMB signal by <1%.Beneath the
Zotefoam-filter assembly,and thermally connected to the first
stage of the optics PTC,is a 15 mm thick, 720 mm diameter
disk of alumina thatprovides additionalIR filtering. During
typical winter observations, this alumina IR filter equilibrates to
a temperature of 40 K, with a gradient of <1 K across the filter,
thereby contributing a radiative load of<0.1 W on the first
lens. A final metal-mesh low-pass filter (LPF), with a cutoff of
270 GHz,mounted atthe Lyot stop further suppresses power
above the observing bands of the detectors (Ade et al.2006).

The thermal stages,connected to the first- and second-stage
cold-heads of the PTCs (henceforth referred to as the 50K stage
and 4K stage, respectively),are mechanically supported and
thermally-isolated by a circular truss assembly of G-10 tubes.
The individual tubes are 6.35 mm in outer diameter,with
0.76 mm wall thickness,and have ∼25 mm length between
stages.

The base temperatures of elements within the receiverare
limited by the thermal loading on the PTCs.To mitigate the
development of significant thermal gradients across the
receiver, a combination of multilayered insulation (MLI), high
thermal-conductivity materialchoices,and IR-filtering techni-
ques are employed, as described in Sobrin et al. (2018).
Elevated base temperatureswithin the receiver would con-
tribute to an increasedextraneousoptical power on the
detectors,a lower observing efficiency, and a deteriorated
SQUID amplifier performance (Section 5).Table 1 shows the
predicted thermal power on both stages from a combination of
heat sources.Radiative sources include out-of-band (primarily
IR) thermal power coming through and from the vacuum
window and alumina IR filter, along with radiative heat transfer
between different temperature-stage cryostat shells. Conductive
sourcesinclude the readout wiring, aluminzed-mylarradio-
frequency shielding (RF shielding), and G-10 truss assemblies
mechanically supporting the radiation shields and alumina IR
filter. The measuredtemperaturesof the PTC cold-heads
provide a rough probe of the actual heat load on each thermal
stage,from which we infer lower-than-expected and higher-
than-expected loading on the 50K and 4K stage,respectively.
Given the lower optics PTC 50K cold-head temperature,it is
possible that the vacuum window equilibrates to a colder-than-
expected temperature during normal operations, thereby
emitting less thermal radiation to the alumina IR filter through

Figure 2. Predicted transmission through a single AR-coated alumina surface,
for both lens (solid line) and lenslet (dashed line) prescriptions. The predictions
use laboratory-measured values of dielectric constants and material thicknesses
for the constituent materials. The shaded regions denote the SPT-3G observing
bands,centered at 95,150, and 220 GHz (Section 7.3).
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the Zotefoam-filter assembly. It is also possible that the MLI
surrounding the entire 50K stage is slightly more effective
than predicted.Considering the higher optics PTC 4K cold-
head temperature,we suspect higher-than-expected radiative
power on the first alumina lens, either through the alumina IR
filter or through unanticipated radiative coupling to room-
temperature elements atthe top end of the optics cryostat.
Nonetheless,the level of additional loading on the 4K stage
is not high enough to noticeably affect the helium condensa-
tion (and therefore,performance) of the sub-kelvin sorption
refrigerator (Section 3.1), or dramatically affect the optical
loading on the detectors.The warmestSQUID amplifiers in
the receiver operate at 3.9 K, a temperature that does not
result in significantly elevated overall system noise.

Each elementof the optics system transmits in-band light
with imperfect efficiency and contributes its own extraneous
optical power onto the detectors through thermal emission. The
instrument’s sensitivity to the CMB depends on both its
cumulative opticalefficiency and its opticalloading onto the
detectors,details of which are summarized in Table 2.Each
element’s efficiency is determined by both the level of
reflection atthe surfaces and the levelof absorption through
the bulk material (which is a function of material loss tangent
and thickness). Extraneous optical power from the instrument is
minimized by cryogenically cooling most elements. In
addition, the cold Lyot stop and absorptive baffling define
the outer edges of the beams and terminate grazing reflections
to minimize the level of diffusive ray scattering onto hot,
emissive surfaces. Through a comparison of saturation powers
of optical and dark detectors (Dutcher et al. 2018), we find that
the optical loading on the detectors is reasonably consistent
with the predicted values in Table 2.The instrument’s optical
efficiency is further explored in Section 7.2.

3.1. Sub-kelvin Assembly
The detector array must be held at an equilibrium

temperature of∼300 mK to operate,which is achieved with
a custom closed-cycle 3He–3He–4He sorption refrigerator
fabricated by Chase Research Cryogenics (Bhatia et al.2000).
The refrigerator’s ultra-cold cooler (UC) is capable of reaching
a base temperature of265 mK under a 4 μW load, and is
bolstered by an intermediate cooler (IC) and buffer cooler (1K),

which reach 330 mK and 980 mK under 20 μW and 100 μW
loads,respectively.

The sub-kelvin thermal stages thermally isolate and position
the 22 kg detector array at the image plane of the optics system,
while maintaining sufficiently cold and stable temperatures by
contributing minimal thermal loads on the sorption refrigerator.
Graphlite,a proprietary carbon-fiberreinforced polymer,38 is
used in a truss configuration to robustly position and support
the individual thermal stages.Graphlite has been previously
measured to have a thermal conductivity of 1.8 m Wm−1 K−1 at
sub-kelvin temperatures (Runyan & Jones 2008),a value we
found to be consistent with our own laboratory measurements.
Although the inherent thermal conductivity of Graphlite below
4 K is an order-of-magnitude higher than other commercially
available plastics,such as Vespel, its superior strength and
stiffness provides a better balance of strength and conductivity
in this temperature range.The Graphlite rods are sanded on
their ends, concentrically positioned in tapped holes of
aluminum blocks,and bonded using 3M Scotch-Weld Epoxy
Adhesive 2216 Gray.Prototype joints were tension-tested at
liquid nitrogen temperatures,and consistently survived forces
in excess of 7000 N.

The detector modules are mounted to the UC stage,which
reaches a base temperature of 285 mK. Attached to the back of
each detectormodule is a setof circuit boards thathold the
lithographed inductor–capacitor (LC) chips (Section 5).These
boards (∼300 mK) are electrically connected to the SQUID
amplifiers (∼4 K) via low thermal-conductance NbTi striplines,
which are heat-sunk to the IC and 1K thermal stages.This
strategy reduces conductive loading at the UC stage by
shunting mostof the wiring heat to the intermediate thermal
stages,which have more cooling power.An additional source
of conductive heat on the 1K and UC stages comes through a
continuous sheet of aluminized mylar spanning the gap
between the 4K and UC stages.This sheetis a codominant
source of loading on the UC stage,but provides an important
part of the electromagnetic interference (EMI) shielding around
the sensitive readoutelectronics in the detectorcryostat.In
combination with a similar sheet between 300K and 4K in the
optics cryostat, the aluminized mylar acts as a continuous
Faraday cage,shielding the detectors and cryogenic readout
electronics from EMI entering primarily through the vacuum
window. The estimated heatloads on each thermalstage are
outlined in Table 3.

This current version of the sub-kelvin assembly,a photo of
which is shown in Figure 3,was installed in 2018 December.
An earlier version of the assembly was insufficiently stiff and
sensitive to vibrations induced by the telescope’smotion,
resulting in microphonic heating of the UC stage and excess
low-frequency noise in the detectors. To mitigate these effects,
the currently fielded assembly was designed to increase the
frequency of the lowest resonantmodes while maintaining an
acceptable levelof conductive heatload between the thermal
stages.Whereas the earlierversion utilized oxygen-free high
thermal-conductivity (OFHC) copper ateach thermalstage to
minimize thermal gradients,the current design usesthicker
gold-plated aluminum ateach thermalstage to improve the
assembly’sstiffness.Thicker Graphlite strutsare now used
between the thermalstages,and severaldesign features were
added to better account for differential thermal contraction

Table 1
Thermal Loading on the SPT-3G 50K and 4K Stages

Source 50K Stage 4K Stage
(W) (mW)

Vacuum Window 8.8 60
Radiation 18.1 90
RF Shielding 1.5 30
Readout Wiring 2.9 130
G-10 Supports 2.1 80

Total Predicted Load 33.4 390

PTC Cold-head Temp. 29/35 K 3.5/3.1 K
Total Inferred Load 25 800

Note. The values for each source are calculated for the fully-integrated
receiver.Cold-head temperatures are listed for the optics and detector PTCs,
respectively.Laboratory load-curve measurements are used to infer the actual
heat load on each stage from the PTC temperatures.

38 https://goodwinds.com/product-category/carbon-fiberglass/carbon/solid-
round/
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throughoutthe assembly.Compared to earlierversions,the
current design has a higher total heat capacity and level of heat
transfer between thermal stages, thereby decreasing our overall
observing efficiency by a few percent.However,the current
version decreases the mass of the total sub-kelvin assembly by
20%, and improves the overallstiffness of the assembly by a
factor of 2. We measured the vibrational modes of the assembly
and found the lowest mode to be above 50 Hz, consistent with

predictions from SolidWorks simulations and wellabove the
expected resonance frequenciesof the telescope and optics
bench. Since the current assembly was installed in 2018,
heating of the detector array and excess detector noise due to
the telescope vibrations are negligible.

During observations,the UC stage is held at 305 mK
(∼20 mK above the lowest achievable temperature)using a
proportional-integral-derivative controllerthat adjusts a sorp-
tion-pump heater in the refrigerator to controlcooling power.
Doing so reduces temperature fluctuations of the detector array
to 0.1 mK, slightly improving the hold-time of the refrig-
erator while negligibly impacting detectorperformance.The
refrigerator is capable of maintaining the detector modules at
this operating temperature for a total of 17 hr before needing to
be recycled,which sets a limit on the maximum observing
efficiency to ∼80 %. Though the refrigeratoris designed to
support the predicted heat loads for periods of over 72 hr,the
achieved hold-time is reduced primarily by two issues.First,
the assembly’s large heat capacity requires a significant portion
of the refrigerator’s finite cooling capacity per cycle to be used
in cooling the detector array to base temperature from ∼3 K.
Second, given the elevated operating temperaturesof the
refrigeratorIC and UC coolers, we believe that larger-than-
expected thermal gradients exist on the 1K and IC stages. Such
gradients would be responsible forlarger temperature differ-
entials through conductive components between the thermal
stages(e.g., NbTi striplines), leading to higher conductive
loads. This latter issue could be reduced by adding better
conductive heatpaths across the thermalstages to mitigate
gradients, thereby reducing the heat load (and required cooling
power) by a factor of ∼2 at each stage.Doing so could
potentially increase the time between fridge cycles by ∼75%,

Table 2
Predicted Optical Loading and Efficiency for SPT-3G

Source Temperature (K) Poptical (pW) Transmission/Efficiency (η)
95/150/220 95/150/220

Pixel and Lenslet 0.3 <0.01 across bands 0.81/0.83/0.73
Lyot Stop 4.2 0.16/0.10/0.01 0.56/0.82/0.96
Metal-mesh LPF 4.2 0.02/0.03/0.02 0.94/0.94/0.94
3 Lenses 4–5 0.13/0.19/0.21 0.75/0.71/0.46
Alumina IR Filter 40 0.24/0.49/0.96 0.95/0.95/0.85
Zotefoam-filter Assembly ∼150–280 0.03/0.15/0.26 1.00/1.00/0.99
Vacuum Window 280 0.73/2.59/2.50 0.98/0.96/0.95
Cabin Environmental Window 240 0.01/0.03/0.03 >0.99 across bands
Telescope Mirrors ∼250–280 0.45/1.36/1.31 0.99/0.98/0.97

Total Instrument 1.78/4.94/5.30 0.29/0.41/0.23
(excluding stop efficiency) ... 0.52/0.50/0.24

Atmosphere 230 1.69/2.83/1.91 0.93/0.95/0.95
CMB 2.7 0.11/0.13/0.03 ...

Total 3.58/7.90/7.24 0.27/0.38/0.22

Note. For each element,the optical-powercontributions are dependenton the element’s temperature,emissivity, reflectivity, scattering,and absorption.Each
element’s efficiency is defined as the band-averaged efficiency, averaged over the expected bandpass of the in-line filters on the detector wafers (Section 4.1).The
efficiency values for the pixel & lenslet are based on laboratory measurements using a tunable blackbody radiative source to illuminate SPT-3G pixels (Anderson et al.
2020). The Lyot stop efficiencies are the fractions of power that propagate through the stop, estimated from time-reverse Gaussian propagation analyses of the beams
at the lenslet;therefore,the stop does notcontribute true loss to the system,and we additionally include the total-instrumentefficiency withoutit. Transmission
through bulk elements is calculated assuming an attenuation of e− δ kz, where δ refers to the loss tangent of the material, k refers to the wavenumber, and z refers to the
thickness of the element. Loss at the telescope mirrors is dominated by the panel gaps in the primary mirror (∼1% of the total primary area; Carlstrom et al. 2011), and
the finite conductivity of the aluminum used for all three mirrors. Atmospheric loading is estimated assuming 50% median precipitable water vapor in the six month
period between June through November at the South Pole, using the AM code (Paine 2019). The table provides the predicted efficiency of any detector to a single
polarization.

Table 3
Thermal Loading on the SPT-3G Sub-kelvin Stages

1K Stage IC Stage UC Stage
Source (μW) (μW) (μW)

Graphlite Struts 39 2.1 0.06
Wiring 11 3.3 0.48
RF Shielding 21 ... 0.42
Radiation 0 0 0.16

Total Predicted Load 71 5.4 1.12

Cold-head Temp ∼1 K 312 mK 268 mK
Total Inferred Load ∼100 10 4.0

Note. The RF shielding bridges directly between the 1K to UC stages, and does
not contribute to the IC stage loading. Radiative loads are expected to be
negligible, except at the UC stage, where we expect the detector array to absorb
a nonnegligible amountof thermalradiation from its 4 K surroundings.Load
curves provided by Chase Cryogenics are used to infer the actual heat load on
each stage from the measuredcold-head temperatures.We believe the
discrepancy between prediction and measurementat the IC and UC stages is
caused by thermalgradients across the 1K and IC stages exacerbating the
conductive loads on the IC and UC stages,respectively.
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but this would only increase the overall, already high,
observing efficiency by a few percent.

4. Detectors
The SPT-3G detector array includes 10 detector wafers,with

each wafer containing 269 trichroic pixels. Within each pixel,a
broadband dual-polarized antennacouples to transition-edge
sensor(TES) bolometers via Nb microstrip transmission lines
(Figure 4). The signal from the antenna passes through the in-line
band-defining filters before being transmitted to the respective
detectors.This generalpixel architecture was developed atUC
Berkeley for the POLARBEAR-2/Simons Array (Suzukiet al.
2016),and is also planned for use in the Simons Observatory
(Galitzki et al. 2018) and LiteBIRD (Suzuki et al. 2018)
experiments.

4.1. Pixel Design
At the centerof each pixel is a sinuous antenna (O’Brient

et al. 2010), a type of log-periodic antenna thathas several
desirable properties,including dual linear polarization,planar
geometry thatallows for simple lithographic fabrication,low
cross-polarization,and broadband response with nearly fre-
quency-independent input impedance.

Sinuous antennas exhibit a periodic variation of polarization
angle with frequency, or polarization wobble. Ansys HFSS
simulations of this antenna design show polarization wobble
with an amplitude of ±5 ° (Edwards et al. 2012). To reduce
bias in the polarized maps,an equalnumber of mirror-image
antennasare included on each wafer, such that the biases
induced by the left-handed and right-handed wobbles cancel
out on average.In addition to the mirror-image antennas,half
of the antennas on each waferare rotated by 45 ° to evenly
sample the Stokes Q and U parameters.

The signal from each antenna couples to a microstrip
transmission line that lies atop the metalized antenna arms. An
in-line triplexer circuit (Figure 5) separatesthe broadband
signal from the antenna into the three observing bands,
centered at approximately 95, 150, and 220 GHz. The
triplexer (Suzuki et al. 2012) consists of quasi-lumped-element
filters, in which sections of microstrips are removed or formed

Figure 3. Left: picture of the SPT-3G detector array (consisting of 10 detector modules) and supporting sub-kelvin architecture. The thermal stages are mechanically
supported by a Graphlite truss structure that stands off the UC, IC, and 1K stages from a mounting ring at 4K. Each stage is machined from aluminum alloy 6061 and
gold-plated to promote thermal conductivity across the components and between interfaces. The thermal stages are coupled to the sorption refrigerator using pressure-
bonded annealed OFHC braided copper straps (Sobrin et al. 2018). Right: picture of a SPT-3G detector module. Each module contains a lenslet array, detector wafer,
and 12 LC readout boards. In the picture,the lenslet array is downward facing and hidden by a protective cover.The lenslet array and detector wafer are clamped
together in an invar frame, and mounted to a backplate containing an Eccosorb AN-72 absorber. The absorber-covered backplate controls the response of the pixels,
and also provides a mounting plate for the LC readout boards. Wire-bonded to the detector wafer are flexible cables with tinned-copper traces, which connect to the LC
readout boards.Low-thermal-conductance NbTi striplines connect the LC boards to SQUID amplifiers at 4K.

Figure 4. Scanning electron microscope micrograph ofan SPT-3G pixel,
showing the sinuous antenna at the center surrounded by six TES bolometers as
well as various test structures. The bolometers correspondingto one
polarization state have been labeled with their respective observing bands.
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into high-impedance coplanar waveguides to serve as capaci-
tors and inductors,respectively.Each microstrip transmission
line carrying the signal for a particular polarization and
frequency terminates in an impedance-matched 20 Ω resistor
on the bolometer island.

The bolometerisland is suspended by foursilicon nitride
legs (Figure 5). The silicon nitride legs carry the antenna
transmission and TES bias lines,while also providing a weak
thermallink to the bulk of the detector wafer.The bolometer
island contains the termination resistorthat thermalizesthe
signal from the antenna, the TES that measures this temperature
change,and an additional heat capacity that serves to increase
the bolometer thermal time constant. The TESs are held in their
superconducting transitionsby a tunable bias voltage and
operated under negative electrothermalfeedback,with a loop
gain of ∼5–10.

4.2. Detector Fabrication
The SPT-3G detector wafers were fabricated atthe Center

for Nanoscale Materials atArgonne NationalLaboratory.A
detailed description of the fabrication process can be found in
Posada et al.(2015,2018); a brief overview is given here.

The detector wafers start as 675 μm thick, 150 mm diameter
silicon wafers coated with low-stress silicon nitride. The
300 nm thick Nb ground-plane layer is deposited and patterned
to form the sinuous antennas and basic features of the triplexers
and bolometers. The wafer is heated to 250°C for the
deposition of the 500 nm thick SiOx dielectric layer to ensure
a conformal film. The termination resistorsand the TES
bolometers are then deposited as thin bimetallic films,
consisting either of Ti/Au (Carter et al. 2018) or Al–
Mn (Anderson et al. 2020), with similar performance from
both types of devices. The top layer of Nb is then deposited and
patterned using a two-step process:lift-off for the TES and
resistorleads,and etching for the microstrip and array-level
wiring. An 850 nm thick layer of palladium is deposited on the
bolometer islands and partially overlaps the TES to serve as an
additionalheatcapacity.Lastly, the wafers are diced to their
final dimensions, and an XeF2 etch removes the silicon beneath
the bolometer islands.

4.3. Detector Properties
The electrothermal properties of the bolometers define their

stability and noise performance.Sources of non-photon noise
in the detectors include the Johnson noise in the TES
bolometers,thermalfluctuations between the bolometers and
the bath (or phonon noise),and noise in the readoutsystem.
These noise sources generally increase with detector saturation
power, Psat, and so control over this parameter is critical for the
instrument performance.Our target for Psat is twice the
expected opticalloading values shown in Table 2;this keeps
Psat low while enabling stable operation under a range of
observing conditions. Both the TES transition temperature, Tc,
and the thermal conductance to the bath,G, affect Psat, as
discussed in Ding et al. (2018). To achieve a different Psat for
each observing band,Tc is held fixed while G is adjusted by
altering the bolometer leg lengths. The TES normal resistance,
RN, is the same for all detectors,as its optimal value is
constrained predominantly by the readout; see Section 5 for a
discussion of readout noise.

The bolometer thermaltime constant,τeff, is set by G, the
heat capacity of the bolometer island,C, and the loop gain of
the electrothermalfeedback, , according to the following
equation:

( )
C

G
1

1
. 1efft =

+ 

For stable TES operation,the thermal response time of the
bolometers must be slower than that of the feedback circuit, but
a fast thermaltime constant is desired to preserve the angular
resolution of the instrument along the telescope’sscanning
direction.These competing requirements restrictτeff to lie in
the range of ∼1–10 ms.Accurate measurements of τeff can be
used to deconvolve each detector’s temporal response function
from time-ordered data before mapmaking for science analyses.

In Table 4, we give the measuredvalues of selected
parametersfor the deployed detectorwafers. Wafers were
fabricated in batches of five, with occasional changes to target
parametersand layer geometries,based on feedback from
laboratory testing,leading to some levelof variation between
batches.The best performing wafers across batches were then
chosen for final installation into the instrument.Eight detector
wafers were also characterized on the instrumentduring the
2018 observing season (Dutcheret al. 2018), while wafers
w204 and w206 were installed in 2018 Decemberto replace
two wafers with lower performance.

5. Readout
SPT-3G uses a 68× digitalfrequency-domain multiplexing

architecture (Benderet al. 2014, 2016). In this scheme,each
bolometer is biased with an AC voltage at a unique frequency
between 1.6 and 5.2 MHz, corresponding to the resonant
frequencies ofa parallel network of LC filters in which the
detectors are embedded(L = 60 μH, C = 14 to 148 pF).
Incident radiation from the sky modulates the resistance of
each bolometer,and therefore the amplitude of the current
flowing through it. Each LC network is composed of
lithographed interdigitated capacitors and spiralinductors on
silicon chips, which are mounted behind the detector wafers at
the same temperature stage (Figure 3).

After a group of 68 multiplexed channels (henceforth
referred to as a multiplexing module) are summed,the signals

Figure 5. Zoom-in on the SPT-3G pixel, showing a triplexer filter circuit (top)
and the bolometer island (bottom).On the bolometer island,the termination
resistor is located at the top while the TES is at the bottom; the largest feature
on the island is a layer of palladium that serves as an additional heat capacity.
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are carried on broadside-coupled NbTi striplines to NIST SA13
SQUID series arrays (Linput= 60 nH to 80 nH), mounted at the
4K stage of the detectorcryostat (Stiehlet al. 2011; Doriese
et al. 2015;Bender etal. 2018).Since SQUIDs are nonlinear
amplifiers with a limited dynamic range, we use a digital active
nulling (DAN) feedback scheme to linearize their
performance (deHaan et al. 2012). DAN uses an integral
feedback loop operated by a field-programmable gate array
(FPGA) on room-temperature ICE electronics (Bandura etal.
2016) to null the signals in a narrow band (∼few kilohertz)
around each detector bias frequency, removing the vast
majority of current at the SQUID input coil due to the
bolometerbias. This has the additionalbenefit of creating a
virtual ground before the SQUID inputcoil, eliminating the
impedance of the inputcoil in series with the bolometer,and
therefore improving detector linearity. The sky signal is
reconstructed by digitally demodulating this nuller signalin a
narrow band around each bias frequency.

The readout electronicsare designed to achieve detector
stability, low readoutnoise-equivalentpower (NEP),and low
crosstalk between detectors.TES bolometers become unstable
when the impedance in series with the bolometer is a significant
fraction of the detector operating resistance.This requires
minimizing the inductanceof the wiring between the LC
network and the SQUIDs, motivating the use of low-
inductance,low thermal-conductivity NbTistriplines,electri-
cally connected using an ultrasonic soldering system described
in Avva et al. (2018). In addition, it also defines a minimum
operating resistance for the TES bolometers.Achieving a low
readoutNEP generally pushes the detectorresistance in the
opposite direction: for a lower-resistancedetector, readout
current noise terms refer to a smaller power at the detector. At
the same time, the SQUID input inductance and the bolometer
resistance actas a currentdivider for the readoutnoise terms
between the SQUID output and integral feedback loop,which
imposes a further requirement that the SQUID input impedance
be small relative to the bolometer resistance (Benderet al.
2018). Severaldistinct mechanisms produce electricalcross-
talk, which can be mitigated by careful design choices,as
described in Section 5.3.

5.1. System Noise
We measure the readout noise in situ by tuning the detectors

as usual,then slewing the telescope to the horizon,where the
optical power from the atmosphere saturates the bolometers.
This eliminates the photon and phonon noise, leaving only the
readoutnoise (dominant)and the TES Johnson noise (sub-
dominant)contributions.The conditions of the measurement
modify the observed noise: the lack of detector responsivity no
longer suppressesthe TES Johnson noise, resulting in an
increase to this noise source;and the incident atmospheric
power raises bolometer resistances outof the transition to the
normal resistance, RN, slightly decreasing the observed readout
noise. Each of these effects modify the measured noise by less
than 10%,and oppose one another,so thatnoise measured at
the horizon is a good approximation of the total readout noise
in transition. In this configuration, the median measured
readout noise is 10.4 13.0 16.0 pA Hz for 95/150/220
GHz detectors.The correlation of the readoutnoise with the
observing band occurs because the readout noise increases with
the detector bias frequency,and the 95 150, and 220 GHz
detectors are arranged in consecutive blocks of increasing bias
frequency (Montgomery etal. 2021). In Table 4, we compare
the readoutnoise, converted to an effective noise-equivalent
temperature (NET),to the total NET from all noise sources.
The contribution of the readoutto the total NET is largestat
220 GHz, which reflects the higher intrinsic readout noise,
lower detectorresponsivity (Section 7.2),and lower optical
efficiency of this band relative to 95 and 150 GHz bands. Total
NET values are measured using the median noise with the
detectors in transition, which is measured daily across the entire
2019 observing season.

5.2. Detector and Readout Yield
Several stagesof characterization during integration and

commissioning defined the set of operable detectors.The first
of these was a room-temperature continuity check at the wafer,
which identified TES channels that were open, shorted to their
neighboring detectors, or shorted to ground, primarily due to a
combination of wafer fabrication and wirebonding defects. The
wirebondsof channelsshorted to ground were removed to
preventthe entire multiplexing module from being shorted to

Table 4
SPT-3G Detector Properties

RN Tc Psat G τeff Readout NET Total NET
(Ω) (mK) (pW) (pWK−1) (ms) ( k sm ) ( k sm )

Wafer 95/150/220 95/150/220 95/150/220 95/150/220 95/150/220

w172 2.1 423 11/12/12 99/112/112 8/10 /6 202/171/881 516/451/1598
w174 2.2 414 11/14/14 108/151/139 10/10 /8 223/191/1141 551/466/1688
w176 2.2 493 15/17/18 102/120/120 5/5/4 383/316/1385 851/623/1962
w177 2.1 487 13/15/15 100/116/115 4/4/3 258/220/1048 637/487/1673
w180 2.0 460 ... ... 7/7/5 201/185/1177 551/480/1811
w181 2.0 469 12/14/14 111/124/122 5/6/3 214/160/926 651/472/1558
w188 2.0 459 11/13/12 90/109/104 9/8 /7 218/187/1080 558/469/1650
w203 2.6 ... ... ... 4/5 /2 196/139/828 529/426/1516
w204 2.7 432 11/16/18 103/136/157 4/4/2 242/198/1174 605/482/1738
w206 1.8 444 10/13/15 85/113/128 5/4/2 169/133/949 619/484/1761

Note. Median values of the TES normal resistance, RN, transition temperature, Tc, bolometer saturation power, Psat, dynamic thermal conductance, G, optically loaded
thermal time constant, τeff, NET from the readout noise per bolometer for each SPT-3G detector wafer, and total NET per bolometer are shown. Parameters are split by
observing band, where pertinent, and horizontal lines indicate wafer fabrication batches. Some testing data was not available for all wafers. NET measurements are
taken in situ in the deployed instrument,and are described in more detail in Sections 5.1 and 7.5.
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ground. In total, 14,166 out of 15,720 detectors (90.1%) tested
passed the room-temperature continuity check.

After cooling the receiver to its operating temperature,we
performed a network analysis by sweeping a voltage tone
across the bandwidth containing LC multiplexerresonances
and recording the resulting current through the system, thereby
mapping out resonances corresponding to known detectors. We
identified valid resonancesfor 14,261 detectors(90.7%), a
higher yield than our warm continuity check because many
channel-to-channelshorts atroom temperature remain >1 kΩ
at cryogenic temperatures.We further pruned the set of
operable detectors with additional network analyses performed
under a 300 K opticalload, above and below the TES critical
temperature;the resonance shapes under these conditions can
indicate detectorsthat are insensitive to incident radiative
power (e.g., due to defects in the TES fabrication). This was the
most significant cut, removing 1718 potential detectors.
Additionally, ten full multiplexing modules were disabled
because of elevated SQUID or readout noise, or because shorts
to ground on the detector array generated thermal heating when
operated (660 detectors).After all cuts, we operated a median
of 11,424 detectors (72.7%) during the 2019 observing season.

5.3. Crosstalk
Electrical crosstalk between the bolometers in SPT-3G is

predominantly sourced within a multiplexing module.There
are three expected origins of this crosstalk (Dobbs et al.2012;
Montgomery et al. 2021). First, as describedabove, the
resonant bandwidths of LC filters that are nearest neighbors in
frequency have nonzero overlap.This allows a modulation of
the resistance of one bolometer to modulate the amplitude of
the AC tone biasing the neighbor, producing a crosstalk signal.
Second, the wiring impedance in series with the LCRTES
network creates a divider for the applied voltage biases. As the
bolometer resistances modulate in response to sky signals,the
voltage ratio of this divider is similarly modulated.Last,pairs
of planar spiral inductors have a nonzero mutualinductance,
which can result in crosstalk.

Dense observations ofRCW38 (Section 6.2) are used to
measure the crosstalk in SPT-3G. In these data, the telescope is
rastered such thatevery detectorin the focal plane sees the
source,and individual maps are made for each detector.A
template modelfor RCW38 is used to extract the baseline
amplitude for the crosstalk source detector and then also at the
positions of the other recipient detectorswithin that multi-
plexing module (Benderet al. 2020). Crosstalk components
from source detectorswithin a 5′ radius of the recipient
RCW38 centroid are excluded to prevent confusion due to the
extended source profile.Taking the inverse variance weighted
averageacross28 observations,we find that 89% of the
crosstalk components meetour design targetof <0.5%. The
slight excess of detector pairs with crosstalk >0.5% is
correlated with channels whose LC resonant frequencies
scattered closerto their nearest-frequency neighborthan the
design.No crosstalk is detected when the analysis is extended
to include recipientdetectors in othermultiplexing modules,
indicating thatcrosstalk is primarily within a module.Due to
the low overall instrument crosstalk,we find no need to
analytically remove the measured crosstalk from our data,as
we have done for past experiments (Henning et al.2018). The
effect of any residual cross talk is accounted for in the
calibration.

5.4. Data Acquisition
The detectordata are digitized and sampled at152.5 Hz,

packetized by the FPGAs in the ICE readoutelectronics,and
streamed over gigabitethernet.These data are serialized and
written to disk at a rate of about 20 MB s−1 by the DAQ
software (part of the spt3g_software package SPT-3G
Collaboration 2019)running on a computer on the readout
network,using the cereal library (Grant & Voorhies 2017).
The DAQ also mediates the transfer of housekeeping
information from the readout electronics and telescope
information from the GeneralControl Program (GCP).GCP
is an independent process that handles the telescope control and
pointing, and is sampled at a lower rate than detector
data (Story et al.2012).

After each observation,detector data are compressed by a
factor of ∼8 using the lossless FLAC compression algorithm39

and merged with the housekeeping,calibration,and pointing
information to form the raw data thatis the input to the data
analysis and mapmaking pipeline. The SPT-3G observing
cadence results in about 300 GB of compressed data stored to
disk daily. To facilitate data transfer from the South Pole for
timely data analysis,we further downsample the time-ordered
data by a factor of 2 and remove the demodulator quadrature
that is out-of-phasewith the bolometer response.These
downsampled data are transferred every day via the TDRS
satellite network,and are primarily used for analyses thatdo
not require high-resolution (2′) maps.In addition to the full
downsampled data set, about half of the full-rate (compressed)
data are also transferred north via TDRS each day; the rest of
the full-rate data remain on local storage at the South Pole until
they can be shipped out during the austral summer season each
year. Some online data processingis performed on the
computing system atthe South Pole in near real time, such
as analysis of calibration data, preliminary mapmaking for
monitoring data quality,and a transient alert pipeline.

6. Observing Strategy
6.1. CMB Field Observations

The SPT-3G main survey covers a 1500 deg2 footprint
extending from 20h40m0s to 3h20m0s R.A., and −42° to −70°
decl. Our choice of the survey footprint, shown in Figure 6, is
motivated by the need for high-resolution,low-noise CMB
maps to remove the B-modes induced by gravitational lensing,
which contaminate searchesfor inflationary degree-scale B-
modes in BICEP/Keck data (BICEP2 Collaboration et al.
2018; BICEP/Keck Collaboration et al. 2021). As a result, the
SPT-3G footprint was chosen to closely match that of BICEP
Array (Moncelsiet al. 2020). From early Decemberto early
March, the Sun produces a detectable signal in the main survey
field because of diffraction sidelobes from panelgaps in the
primary mirror (George et al. 2012). Starting in the 2019–2020
austral summer, and continuing in the 2020–2021 austral
summer, we began a summer-only extended survey that
extends to both higher R.A. and higher decl., similar to Bleem
et al. (2020; see SPT-3G extended in Figure 6).The SPT-3G
extended survey will provide a larger sample of galaxy clusters
and improved cosmological constraints because of its increased
sky fraction.

39 https://xiph.org/flac

10

The Astrophysical Journal Supplement Series, 258:42 (19pp),2022 February Sobrin et al.



The main survey footprint is divided into four subfields
centered at−44.75°, −52.25°, −59.75°, and −67.25° decl.,
respectively,to limit the variation in detector responsivity
throughout each observation.Similar to previous SPT surveys
(e.g.,Henning et al.2018),we observe the CMB by rastering
the telescope across a subfield at a constant elevation, taking a
12 5 step in elevation,then repeating untilthe full elevation
range of the subfield has been observed, taking a total of ∼2 hr.
The raster scans composing each subfield observation have a

small global elevation offset of N 0. 5´ ¢ , with 0 � N < 25,
known as dither steps, improving the uniformity of coverage in
coadded maps.

6.2. Calibration Observations and Relative-calibration
Procedure

In addition to observations of each CMB subfield, a suite of
calibration observations is regularly performed to convertthe
time-ordered data into units of CMB blackbody temperature.
This conversion depends on the optical-power incident on each
detector,which varies due to changes in weather and the fact
that SPT-3G observes the regions of sky spanning elevations
from 28° to 70°. While the final temperature calibration of SPT
maps is performed by cross-correlating with Planck maps
(Section 7.4), this initial time-domain calibration is used to
weight and coadd individual observation maps.

The first step in the calibration chain entails a dense raster
scan of one of the Galactic HII regions,RCW38 or MAT5a
(NGC 3576; Coble et al.2003), in which every detector scans
over the source (henceforth referred to as a dense observation).
Both H II regions are observed in this manner every eight days.
RCW38 is used for the calibration of the two lower-elevation
subfields of the 1500 deg2 survey, while MAT5a is used for the
two higher-elevation fields. The H II regions have known
reference flux from previous Planck-calibrated observations by
SPT-SZ (Mocanu et al.2019).A map for each bolometer in a
dense observation is fitto a band-averaged template,and the
fitted source flux is compared to the reference flux to obtain the
calibration of each detector in CMB temperature units.Since
the dense observations are taken infrequently,two corrections
must be applied to obtain accurate relative temperature
calibrations for each CMB field observation.

First, a detector’s responsivity may be differentduring a
CMB observation than during the mostrecentdense observa-
tion, due to changes in optical-power incident on the detector or
detectorvoltage bias. A chopped thermal source is located
behind a small aperture in the secondary mirror and illuminates
all detectors in the focal plane.The response to this source is
measured both immediately before the dense observation,as
well as before every CMB field observation,and the ratio of
these two responsesis used to correct for changesin the
detector responsivity.

A second correction accounts forchanges in atmospheric
transmission between the time of the dense observation and a
CMB field observation.Immediately before every CMB field
observation,we perform a faster,sparse raster scan of one of
the HII regions, in which only a subset of detectors scans over
the source (henceforth referred to as a sparse observation), and
we also measure the response of the detectors to the chopped
thermalsource.The time-ordered data for the sparse observa-
tion are calibrated in units of watts at the TES and corrected for
the difference in detector responsivity between the sparse and
dense observations as described in the previous paragraph. For
each band, we form a coadded map of these time-ordered data
from the sparse observation, and another coadded map from the
most recentdense observation ofthe same HII region. The
band-averaged atmospheric transmission Tν, at the time of the
sparse observation tsparse, relative to the dense observation at
tdense, in each observing band (ν ä {95, 150, 220 GHz}), is then

Figure 6. Footprints of the SPT-3G 1500 deg2 survey (orange solid), the SPT-
3G extended survey (red solid), and BICEP3 survey (Ahmed etal. 2014;
yellow dotted), overlaid on the Planck thermal dust map (Planck Collaboration
et al. 2016a). The BICEP Array (Moncelsi et al. 2020) survey area (not shown)
is expected to have a similar footprint to BICEP3. The yellow contour is
chosen to correspond to an effective sky fraction atthe mean survey weight.
Since BICEP3 has a much larger field of view than SPT-3G, there is significant
sky area outside the yellow contour,but still overlapping with the SPT-3G
survey,on which BICEP3 has nontrivial survey weight.
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defined as the ratio of integrals of the maps over a4 4¢ ´ ¢ box:
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where Mν is the coadded map of the sparse or dense
observation of the H II region. Note that coadded maps are
constructed from a subset of bolometers in the focal plane that
observe the chopped source and HII region with high signal-to-
noise.

Taking these effects together, Ci, the conversion from
electrical power at the TES to CMB temperature for bolometer
i, is expressed as
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where ( ) [ ]R t Wi is the response of bolometer i to the chopped
thermal source at time t in units of watts at the TES, with tCMB
and tdense being the times of a CMB observation and its
preceding dense H II region observation, respectively;

( ) [ ]( )M Ki
ref Wn is the reference map from SPT-SZ of the H II

source calibrated in units of KCMB; and Âi is a best-fit
amplitude parameter obtained by a linear least-squares fit of a
dense H II region map for bolometer i to a template
Mν(i)(Ω; tdense) constructed from a map coadded across a set
of detectors. Coadded maps created using this calibration have
an absolute calibration thatis within 10% of that of Planck,
with nonidealities caused by differences in the bandpasses and
beams between SPT-3G and SPT-SZ.

7. Integrated Performance
7.1. Detector and Readout Yield

Several stagesof characterization during integration and
commissioning defined the set of operable detectors.The first
of these was a room-temperature continuity check at the wafer,
which identified TES channels that were open, shorted to their
neighboring detectors, or shorted to ground, primarily due to a
combination of wafer fabrication and wirebonding defects. The
wirebondsof channelsshorted to ground were removed to
preventthe entire multiplexing module from being shorted to
ground. In total, 14,166 out of 15,720 detectors (90.1%) tested
passed the room-temperature continuity check.

After cooling the receiver to its operating temperature,we
performed a network analysis by sweeping a voltage tone
across the bandwidth containing LC multiplexerresonances
and recording the resulting current through the system, thereby
mapping out resonances corresponding to known detectors. We
identified valid resonancesfor 14,261 detectors(90.7%), a
higher yield than our warm continuity check because many
channel-to-channelshorts atroom temperature remain >1 kΩ
at cryogenic temperatures.We further pruned the set of
operable detectors with additional network analyses performed
under a 300 K opticalload, above and below the TES critical
temperature;the resonance shapes under these conditions can
indicate detectorsthat are insensitive to incident radiative

power (e.g., due to defects in the TES fabrication). This was the
most significant cut, removing 1718 potential detectors.
Additionally, ten full multiplexing modules were disabled
because ofan elevated SQUID orreadoutnoise,or because
shorts to ground on the detector array generated thermal
heating when operated (660 detectors).After all cuts, we
operated a median of 11,424 detectors (72.7%) during the 2019
observing season.

7.2. Optical Efficiency
The overall sensitivity of the experiment is dependent on the

cumulative optical efficiency of the instrument, which we
characterize using the same single-detectormaps of RCW38
described in Sections 5.3 and 6.2.These single-detector maps
are compared againstthe known brightness temperatures of
RCW38 in each band, yielding a cumulative optical efficiency
measurement,η, for every detector.

To calculate η, the integrated flux across the source is
measured by each detector in units of W·sr,using the voltage
and current calibrations from the readout electronics. Coadded
maps of RCW38 in units of KCMB, which are absolutely
calibrated against Planck (Mocanu et al. 2019), are then used to
infer the integrated flux that would be measured by a perfectly
efficient polarization-sensitive detector and receiver with top-
hat spectralresponse and with band centersand widths as
defined in Section 7.3. The ratio of these two quantities
provides a measurement of η.

This measurementis limited by any systematic errors in
accurately converting between a change in measured current at
the TES and a change in the opticalpower deposited atthe
TES. These power calibration errors are largely due to small
fluctuations in the parasitic impedances in the readoutcircuit,
which are a complicated function ofbias frequency and not
very well constrained.Specifically, we define ηfmux as the
quantity obtained from the procedure described above,which
we claim is related to ηtrue through

( )V
dI

dI

dI

dP
1
2

, 4fmux fmux
fmux

true

true

true
trueh h=

where Vfmux is the measured voltage bias across the TES,the
first derivative term describesthe readout system’stransfer
function when measuring current acrossthe TES, and the
second derivative term is the true responsivity of the detector
under an AC bias (Irwin & Hilton 2005).

In the limit of high loop gain, low parasitic resistances, and a
negligible readout system transfer function, we have
ηfmux≈ ηtrue. However, the SPT-3G readout system has
nonnegligible parasitic series impedancesat lower bias
frequencies.These parasiticsgenerate a slight current bias,
boosting the responsivity of the 95 and 150 GHz detectors. The
220 GHz detectorsare operated at higher bias frequencies,
where this series impedance is smaller(Montgomery 2021).
They, therefore, have a lower total responsivity, but also
provide a means forroughly normalizing the excess respon-
sivity of the 95 and 150 GHz detectors.

Although it is challenging to accurately estimate the
magnitude of these systematic effectsfrom our incomplete
knowledge of the circuit dynamics,we have attempted to
remove them using theircorrelation with the readoutsystem
bias frequencies. In other words, we argue that ηtrue should be
uncorrelated with bias frequency, apart from the two
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discontinuities associated with observing band changes (detec-
tor bias frequencies are grouped by observing band, which we
do expect to have different values of ηtrue). For every wafer, we
fit a function encapsulating the bias-frequency dependence of
ηfmux and remove it,thereby removing allsystematic readout
calibration and responsivity effects dependent on bias
frequency,up to a single overall scaling factor for all three
bands.In light of the fact that the 220 GHz detectors are the
leastaffected by this systematic,this overall scaling factor is
constrained so that the median 220 GHz η value for each wafer
is preserved pre- and post-correction.On average, this
correction process results in a 29% and 15% downward shift
in the estimated cumulative efficiencies for the 95 and 150 GHz
channels,respectively.

In Table 5, we report the median η measurementfor each
wafer and the full array. The variation of median values
between wafers is likely dominated by the uncertainty
associated with the median ηfmux 220 GHz value, to which
each wafer’s corrected η is scaled.Considering the fullarray,
the 95 and 150 GHz efficiencies agree with predicted
efficiencies based on the opticalmodel and known element
properties of the instrument,whereas the 220 GHz channels
underperform predictions.

The consistency of measured and predicted optical loading in
Section 3 suggests thatthe level of unaccounted scattering or
reflection through the system should not be unexpectedly high.
Our current conclusion is that our laboratory measurements of
dielectric loss through alumina underestimated the 220 GHz
signal attenuation through our multiple alumina elements,and
that the details of the manufacturing process affected the optical
properties of the finalelements.It is plausible thatthe optical
properties of the largermonolithic elements may differfrom
those of the smaller samples explored during laboratory testing,
despite nominally being the same formulation from the same
vendor.

7.3. Spectral Response
The SPT-3G receiver spectral response, averaged across the

detector array and for each detector wafer, is shown in Figure 7.

The array-averaged band center and width are summarized in
Table 6. The spectralresponse was measured in situ with a
compact Fourier transform spectrometer, described in Pan et al.
(2018, 2019). The measurementgives the SPT-3G receiver
response to a beam-filling, flat-spectrum source at the
receiver’s vacuum window. Therefore, the shape of the
response is due to the combined transmission of the on-wafer
triplexer filter, and the optical elements internal to the receiver,
including any AR coatings.

7.4. Beams and Absolute Temperature Calibration
The SPT-3G point-source response (the beam response) is

estimated in a hybrid manner similar to the SPT-SZ beam
response (Keisleret al. 2011) using a combination of point
sources in the CMB observations and dedicated raster scans of
Saturn. These rasterobservationsproduce a high signal-to-
noise ratio (S/N) measurementof the beam response outto

Table 5
Measured SPT-3G Optical Efficiency,η

Wafer 95 GHz 150 GHz 220 GHz

w172 0.21 ± 0.04 0.35 ± 0.10 0.11 ± 0.02
w174 0.24 ± 0.04 0.37 ± 0.07 0.11 ± 0.04
w176 0.21 ± 0.03 0.36 ± 0.06 0.13 ± 0.03
w177 0.23 ± 0.03 0.39 ± 0.05 0.14 ± 0.02
w180 0.29 ± 0.05 0.46 ± 0.07 0.12 ± 0.03
w181 0.24 ± 0.05 0.49 ± 0.12 0.16 ± 0.04
w188 0.29 ± 0.04 0.48 ± 0.12 0.14 ± 0.03
w203 0.25 ± 0.04 0.49 ± 0.10 0.14 ± 0.04
w204 0.31 ± 0.08 0.50 ± 0.10 0.13 ± 0.03
w206 0.32 ± 0.09 0.59 ± 0.25 0.17 ± 0.05

Full Array 0.25 ± 0.07 0.44 ± 0.14 0.13 ± 0.04

Predicted 0.27 0.38 0.22

Note. 13 calibration observations during the 2019 austral winter were used to
determine the median η of every operating detector. These values were used to
determine the medians and standard deviations across each wafer,as well as
across the full array. The predicted efficienciesare based on the model
presented in Table 2.

Figure 7. Frequency response,g(ν), of the SPT-3G receiver at95, 150, and
220 GHz to a beam-filling, flat-spectrum source.The solid lines show the
response averaged by detectorwafer, and the dashed line is the average
response across allten wafers.The gray shaded region indicates atmospheric
absorption for 0.25 mm precipitablewater vapor at the South Pole. The
frequency response has been arbitrarily normalized. The power on the detector,
P, for a source with a spectrum, I(ν), would be P = ∫ηg g(ν)I(ν)dν, where ηg is
the optical efficiency.

Table 6
Measured Array-averaged Instrument Parameters

95 GHz 150 GHz 220 GHz

Measured Optical Efficiency 0.25 ± 0.07 0.44 ± 0.14 0.13 ± 0.04
(excluding stop efficiency) 0.45 0.54 0.14
Band Center (GHz) 93.8 ± 0.7 147.0 ± 1.2 219.9 ± 2.0
Band Width (GHz) 26.4 ± 1.2 32.5 ± 0.7 53.6 ± 1.9
Beam FWHM (arcminutes) 1.57 1.17 1.04
Median NET ( k sm ) 9 8 28
T Map Depth (2019+2020), 5 4 15
3000 < ℓ < 5000 (μK-arcmin)
Polarization-angle

Uncertainty (deg)
2.0 2.2 4.5

Note. In addition to the measured instrumentoptical efficiency taken from
Section 7.2,we quote the same efficiency measurementafter excluding the
predicted Lyot stop spillover loss, as described in Table 2. The band center is
defined as ∫νg(ν)dν/∫g(ν)dν and bandwidth defined as ∫g(ν)dν,where g(ν) is
the SPT-3G receiver frequency response (normalized to 1) to a beam-filling,
flat-spectrum source (as shown in Section 7.3).The uncertainties reflectthe
spread across detector wafers.
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radii of tens of arcminutes;however, the detectorsshow
evidence of nonlinearity and saturation in the form of a
suppressed response directly on the planet and a slow decay on
the falling edge.The response to pointsources in the survey
data is significantly more linear; however, the available S/N is
insufficient to resolve the extended beam structure. The
composite beam shape is calculated by stitching together the
planetmaps and pointsources using a radialrange where (a)
the beam is resolved at high signal-to-noise in the point-source
maps, (b) and the Saturn data can be cleaned of detector
saturation.

The Saturn beam response is cleaned of saturation
contamination by masking the data within a scan after the
detector has come within one beam radius of the planet center
until the end of the scan.This method allows each detector to
measure the rising edge ofthe beam and recoverfrom the
saturation before approaching Saturn from the other side. This
saturation masking radius is set by the extent of artifacts in the
difference between the planet maps and the point-source maps.
The CMB temperature anisotropies are resolved at a high S/N
in our planet raster scans. We subtract the scanned Planck PR3
maps40 from our planet maps, resulting in a percent-level
change in our beam measurement at the largest angular scales.
These cleaned planetmaps are fit to the field sources and
blended to form a composite beam response,shown in
Figure 8. After dividing out the small contribution to the beam
maps from statisticalerror in the pointing reconstruction and
the finite Saturn disk size,the main lobe of the full detector
array effective beam responsecan be approximated as a
Gaussian with an FWHM of 1 57/1′.17/1′.04 at 95/150/
220 GHz (Table 6).

We perform the same beam calibration using four subsets of
the field sources,split by the subfields defined in Section 6.1,
using only one of the two deep planet raster scans,and
sampling from the covariance of the amplitude and offset
parameters used to align the field source and planet maps. We
find a statistical uncertainty on our Bℓ measurement,shown in
Figure 9,across the ℓ range of the SPT-3G science results.

We also measure the beam response in cross correlation with
the Planck PR3 maps by comparing the temperatureauto
spectrum of our data with the cross spectrum of our data and
the nearest-frequency Planck map.This analysis,described
with further detail in Dutcher et al. (2021), provides a method
for setting the absolute temperature calibration ofSPT-3G
coadded maps in each observing band. In addition, this analysis

allows us to estimate the beam window function Bℓ in harmonic
space,independentof the main position-space analysis.The
harmonic space beam measurementis limited above ℓ  1500
due to the Planck noise and beam size and below ℓ  100 by
the timestream filtering used primarily to reduce atmospheric
noise.The uncertainties in this harmonic space beam calibra-
tion are established by direct Monte Carlo simulation. We find
consistent results with the measuredposition-spacebeam
analysis overthe range of multipoles where the temperature
cross spectrum is informative.

7.5. Sensitivity
Over the entire 2019 and 2020 winter observing seasons

(2019 March 21 to December 18, and 2020 March 21 to
November 26),the fraction of time spentobserving the CMB
was 58.4%,41 illustrated in Figure 10. Unscheduled main-
tenance on the telescope drive system during 2019 June and
severalbrief power outages account for mostof the deviation
from the optimal 60% efficiency. The primary routine losses of
observing time are due to cycling the3He–3He–4He sorption

Figure 8. Composite beam response by band formed by stitching together point sources in the science observations with deep raster scans over the planets.

Figure 9. Composite beam response as a function of multipole moment ℓ. The
shaded area shows the diagonal of the beam covariance calculated by repeating
the computation with differentsubsets of planetand field source inputs and
sampling from the covariance of the stitching parameters.All beam response
curves are normalized to unity at ℓ = 800.

40 https://pla.esac.esa.int/

41 An additional 3.3% of time spent observing the CMB is removed because
the telescope is changing direction in azimuth between consecutive scans and is
not moving at constant angular velocity.
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refrigeratorand retuning detectors (together,24% loss) and
calibration observations (12% loss).

The median NET for the array during the 2019 and 2020
observing seasons was9 8 28 K sm at 95/150/220 GHz,
and the NETs per observation are shown in Figure 10.To
estimate these values,for each observation,we make a map
with filtering settings optimized for detection of point sources
and galaxy clusters, including a high-pass filter with a cutoff of
ℓ = 500. We then measure the autospectrum ofthe resulting
map in the interval ℓ ä [3000, 5000], well above the 1/ℓ knee of
the data. The autospectrum includes both noise and sky signal,
but at these multipoles, the sky signal in a single observation is
negligible compared with the noise. This map noise is
converted to NET using the area of the uniform-coverage
portion of the field and the time spent observing it. These maps
are created daily, primarily for data-quality monitoring
purposes;as such,they do not correct for the filter transfer
function, biasing our reported NET to lower values by an ℓ-
dependent factor of 5%–10% in the range of ℓ ä [3000, 5000].
In addition, the temperaturecalibration for these maps is
derived from the H II regions RCW38 and MAT5a, as
described in Section 6.2, which results in an additional
10% difference relative to calibrating in cross correlation
with Planck. With these caveats,the coadd of these per-
observation maps from the 2019 and 2020 winter seasons has a
noise level of 5/4/15 μK arcmin at 95/150/220 GHz in

temperature (Table 6). We plan to continue observing the same
sky area with SPT-3G for the next three austral winters
(through the end of 2023). Since no major changesto the
instrumentalconfiguration or observing strategy are planned,
each of these upcoming seasonsshould have a sensitivity
comparable to the level achieved during 2019 and 2020.

At frequencies below 1 Hz, atmospheric temperature fluctua-
tions resultin a significant increase in noise above the white
photon-noise floor. Since the atmospheric signalis largely
unpolarized,these fluctuations can be efficiently removed by
differencing timestreams from detectors with orthogonal
polarizations in the same pixel. Figure 11 shows the reduction
in the low-frequency atmospheric noise achieved by differen-
cing polarization pairs, with spectra measuredwith the
telescope stationary and detectors operating as in CMB
observations.Quantitative characterizationof the low-fre-
quency noise in the map domain is an area of ongoing study
and will be described in future publications that use these data
products,while the low-frequency noise performance ofthe
readout electronics is discussed in Bender et al. (2020). In situ
measurementsof detector-levelNETs acrossthe array are
shown in the bottom panel of Figure 11. Using our under-
standing of the SPT-3G optical model, detector properties, and
readoutsystem design,we are able to roughly predict (with
some caveats)expected detector-levelNETs. In comparing
these values,we find an acceptable agreementbetween our

Figure 10. CMB observing efficiency, NET, and integrated noise of the 2019 and 2020 data from SPT-3G. Top: fraction of total calendar time during which SPT-3G
observed its main CMB fields. Time not spent observing the CMB was primarily spent tuning detectors, performing calibration observations, and cycling the sorption
refrigerator. Middle: array NET inferred from maps of subfield observations in the multipole range ℓ ä [3000, 5000] for the 95 GHz (blue), 150 GHz (orange), and
220 GHz (green) detectors. Bottom: depth in temperature of cumulative maps as a function of time. Noise is estimated from angular multipoles of ℓ ä [3000, 5000],
averaged over the four subfields comprising the SPT-3G main survey. The three curves correspond to the noise of the 95 GHz (blue), 150 GHz (orange), and 220 GHz
(green) maps.
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measurements and the noise modelat 95 and 150 GHz, but
elevated noise levels among the 220 GHz detectors.The
higher-than-expected 220 GHzNET levels are very likely
caused by the instrument’s lower-than-expected cumulative
optical efficiency across the 220 GHz band (Section 7.2),as
well as by the elevated readout system noise at the higher bias
frequencies (Section 5.1).

7.6. Polarization Calibration
As described in Section 4.1,each detectorwafer contains

dual-polarization pixelswith an alternating 45° rotation to
measure the Q and U Stokes parameters.Given the hexagonal
shape of the wafers, each containing detectorswith four
polarization orientations,there are a total of 12 polarization

orientations overthe entire detectorarray,each separated by
15°. Each detectoris attributed a nominalpolarization angle
based on the wafer’s orientation during installation. The goal of
our polarization calibration procedure is to confirm thateach
detectorhas been assigned the correctnominal polarization
angle,42 which we then assume to be its true polarization angle
when constructing CMB maps.This assumption results in a
modest loss of polarization efficiency,which can likely be
improved by further assigning average polarization angles to
subsets of detectors that have a systematic polarization rotation

Figure 11. Top panel: mean noise amplitude spectral density for polarization pair sum (orange) and difference (blue) for 95 (left), 150 (middle), and 220 GHz (right)
bolometers for the best 90% of noise measurements taken during the 2019 season. Noise observations are taken with the telescope at rest and detectors operating as in
CMB observations. Thin lines are averages for individual wafers, while thick lines include all detectors. Middle panel: median 1/f knees for the pair difference (left)
and pair sum (right) noise spectra from noise observations. Each entry in the histogram corresponds to the knee for a single polarization pair, with the median taken
over all noise measurements in 2019. Bottom panel: median NET for all bolometers. Each entry in the histogram corresponds to the noise level for a single bolometer,
evaluated between 3 and 5 Hz,with the median taken over all noise measurements in 2019.

42 This mapping is not known unambiguously a priori for every detector
because of frequency scatter and imperfectyield in the LCR resonators that
comprise the multiplexing readout circuit.
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relative to the nominalangle (e.g.,pixels with left- and right-
handed sinuous antennas).

Because of the difficulty in performing polarization calibra-
tion with a terrestrial source in the far-field of a large-aperture
CMB telescope, we use dedicated observations of Centaurus A
(CenA, NGC 5128) to derive the relative polarization angles of
detectors by fitting its large,arcminute-scale,polarized radio
lobes. The CenA method is described here and is currently
being studied using SPT-3G data.Final results and further
discussion of this method, as well as of a similar method using
the polarization of the CMB itself, will be included in a future
paper.

Each CenA observation takes ∼3 hr and consists of a dense,
0.25′ raster over a 3° × 3° area,centered on CenA.After the
observation, a full-array, polarized coadded map is constructed
for each observing band,along with single-detector maps for
each detectorin the array. Each single-detectormap, with
observing band b,is then fit to a model template given by

[( ) ( ) ( ) ] ( )t g T Q U2 cos 2 sin 2 , 5b b b br r r= - + Q + Q

where Tb, Qb, and Ub are the observed, per-band detector-array
coadded maps; an overall gain (g), polarization angle (Θ), and
polarization efficiency (ρ) per detector are the free parameters
of the fit. Because the template coadd maps are constructed
using the nominal polarization angles, efficiencies, and detector
gains, we lose the ability to constrain the absolute global
parameters.The fit parameters for each detector are estimated
from a least-squares fitof each single-bolometermap to the
model template of Equation (5).Since a single observation of
CenA by a single bolometer does not provide enough
sensitivity to yield a meaningfulmeasurementof its polariza-
tion angle, this calibration was performed on a cadence of
approximately once per week during the 2019 austral winter.

The polarization angle for each detector was computed for
each of 30 observations of CenA during the 2019 season. The
mean polarization-angle and associated uncertainty foreach
detector was estimated by the sample mean and standard error
over the 30 calibration observations.With this method, we
measure every detector’spolarization angle with a median
uncertainty of 2.0°/2.2°/4.5° for the 95/150/220 GHz
detectors (Table 6).This uncertainty is well below the 15°
difference between the nominalpolarization angles,allowing
us to assign each detector to its nominal angle with high
confidence. These nominal polarization angles were assumed in
the construction of maps for recentanalyses of SPT-3G data
(e.g.,Dutcher etal. 2021),as detailed characterization of any
real deviations from these nominal angles is a topic of ongoing
study. While these measurementsof individual detector
polarization anglesdo not imply significant deviation from
nominal angles,it may be possible to correctfor deviations
from nominal angles by averaging many detectors across the
array or a wafer.

At the level of sensitivity expected for SPT-3G, the primary
impact of assuming nominal polarization angles during
mapmaking is a small decrease in the average polarization
efficiency of the experiment. One notable cause of this decrease
is the polarization wobble of the sinuous antenna—which we
detect at high significance in our analysis of CenA observations
—together with our choice to use an equalnumber of pixels
with left-handed and right-handed antennas (Section 4.1). Left-
handed and right-handed pixels have polarization angles that

are slightly offsetby equal and opposite magnitudes from the
nominal angle, resulting in a decreased overallpolarization
efficiency. In Dutcher et al. (2021), we corrected for the change
in polarization calibration by comparing the TE and EE power
spectra ofSPT-3G to those ofPlanck, implying polarization
efficiencies of 97.2%/94.6%/88.0% for 95/150/220 GHz
maps.This comparison indicates that,even without correcting
for the mean polarization rotation due to the polarization
wobble, the assumption of nominal angles has at most a modest
effect on the overallpolarization sensitivity.We anticipate an
even smaller efficiency loss in maps constructed using the
mean measured polarization angles for left-handed and right-
handed detectors at each orientation.

8. Conclusion
We have presented the design and integrated performance of

the SPT-3G instrument, which has already achieved a
temperature map-depth of5/4/15 μK arcmin at 95/150/220
GHz, using two years of data from a multiyear survey. SPT-3G
is currently observing and plans to continue doing so through
the end of the 2023 season,providing deep,arcminute-scale
resolution CMB maps thatwill be usefulfor a wide range of
scientific analyses.

Already, measurementsof the EE and TE power spectra
using four months of SPT-3G data in 2018 (half of a typical
observing season) have improved upon previous results from
SPTpol at multipoles ℓ  1500 (Benderet al. 2020), and
provided stronger constraintson extensions to the ΛCDM
cosmologicalmodel (Balkenholet al. 2021).The instrument’s
increaseddetector count has improved the instantaneous
sensitivity to small angular-scale features,allowing for near
real-time detection of Galactic and extragalactic millimeter-
wave transient sources (Guns et al. 2021). Similarly, SPT-3G’s
large observing footprint and high re-observation cadence
provide a powerful look into high-resolution time-domain
astrophysics of a large range of sources from blazars to low-
luminosity active galactic nuclei and flaring stars.

In addition, analyses are underway to use currentdata to
measure temperature,polarization,and lensing power spectra
on arcminute scales to further explore tensions with the ΛCDM
model and constrain possible extensions.Joint efforts using
SPT-3G data along with BICEP/Keck data to de-lens the B-
mode polarization power spectrum will provide unprecedented
constraints on the energy scale of inflation.SPT-3G maps are
also currently being used to expand catalogs of emissive point
sources and high-redshiftgalaxy clusters.The complete SPT-
3G survey will produce maps with an unprecedented
combination of sensitivity and resolution that will enable
significant advances in millimeter-wave astronomy and cos-
mological constraints from the CMB.
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