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Abstract

A new receiver for the South Pole Telescope, SPT-3G, was deployed in early 2017
to map the cosmic microwave background at 95, 150, and 220 GHz with ~ 16,000
detectors, 10 times more than its predecessor SPTpol. The increase in detector count
is made possible by lenslet-coupled trichroic polarization-sensitive pixels fabricated
at Argonne National Laboratory, new 68x frequency-domain multiplexing readout
electronics, and a higher-throughput optical design. The enhanced sensitivity of SPT-
3G will enable a wide range of results including constraints on primordial B-mode
polarization, measurements of gravitational lensing of the CMB, and a galaxy cluster
survey. Here we present an overview of the instrument and its science objectives,
highlighting its measured performance and plans for the upcoming 2018 observing
season.
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1 Introduction

Deep, high-resolution maps of the temperature and polarization anisotropy of the cos-
mic microwave background (CMB) provide a wealth of cosmological information. At
degree angular scales, B-mode polarization may provide direct evidence for gravita-
tional waves produced during inflation [1-3], while the anisotropy at arcminute scales
contains information about gravitational lensing of the CMB by foreground struc-
ture [4,5] and about neutrino mass and the number of relativistic species [6]. Although
arcminute-resolution CMB measurements are well motivated, realizing significant
progress on these science topics requires a large increase in sensitivity over the exist-
ing generation of receivers with O (103) detectors, such as a SPTpol [7], ACTpol [8],
and POLARBEAR [9]. The design of SPT-3G, a new receiver for the 10-m South
Pole Telescope (SPT), combines a 10x increase in detector count with the excellent
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1 arcmin resolution of SPT. Deployed on SPT in January 2017, the SPT-3G receiver
employs trichroic pixels with ~ 16,000 polarization-sensitive bolometers operating in
observing bands centered near 95, 150, and 220 GHz. The large number of bolometers
necessitates significant changes to the optics coupling to the SPT primary, as well as
a new frequency-domain multiplexing system operating at higher (68 x) multiplexing
factor. In this paper, we describe the scientific motivation for SPT-3G, summarize the
key developments in detectors, readout, and optics that enable its advance in mapping
speed, and give an overview of the current status of the instrument during its first year
of observations.

2 Science Motivation

The high raw sensitivity of SPT-3G, coupled with the 1 arcmin angular resolution of
the telescope, will maximize the science that can be extracted from measurements
of B-mode polarization. The amplitude of primordial B-mode polarization on degree
scales is parameterized by the tensor-to-scalar ratio », and SPT-3G data on their own
are forecast to achieve a 1o sensitivity to » of 0.01 after 4 years of observing using
data with multipoles greater than 50 [10]. In addition, because gravitational lensing
by foreground matter converts E modes into “lensing” B modes, measuring and effi-
ciently removing the lensing signal from B-mode maps (e.g., “delensing” [11,12])
will become increasingly important for future constraints on r. SPT-3G can delens
internally to improve the sensitivity of its own data, but its delensing power is also
naturally complementary to low-resolution, small-aperture telescopes. Delensing is
a strong function of resolution, and high-resolution SPT-3G data can delens obser-
vations made on the same patch of the sky by low-resolution experiments, such as
BICEP/Keck, improving their sensitivity to r.

Beyond B-mode searches, the high-resolution data of SPT-3G will enable a variety
of other cosmological measurements. SPT-3G will measure the lensing of the CMB,
which provides an estimate of the integrated mass along the line of sight. This lensing
measurement, in combination with Planck [13] and BOSS [14], will yield constraints
on the sum of the neutrino masses of o (3 _ m,) = 0.06 eV and the number of effective
relativistic degrees of freedom at recombination of o (Negr) = 0.06. Neutrino mass
constraints at this level will begin to constrain the inverted neutrino mass hierarchy,
a scenario in which the sum of the neutrino masses is greater than 0.10 eV. SPT-3G
will also find some ~ 5000 galaxy clusters at a signal to noise > 4.5 via the SZ effect,
expanding the mass threshold and redshift range of the SPT-SZ and Planck cluster
catalogs [10]. In particular, when combined with overlapping measurements from
the optical Dark Energy Survey [15], the cluster measurements will enable improved
constraints on dark energy and the growth of structure.
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3 SPT-3G Instrument
3.1 Focal Plane

The SPT-3G focal plane consists of ~ 16,000 transition-edge sensor (TES) bolome-
ters arranged on ten 150-mm-diameter wafers containing 269 trichroic pixels each,
representing a 10x increase in detector count relative to SPTpol. Multichroic pixels
used in CMB experiments couple multiple sensors to a single, broadband absorber
element (e.g., antenna) via filters that define frequency bands. This design increases
the detector packing density in a fixed focal plane area. SPT-3G uses trichroic pixels
with bands centered near 95, 150, and 220 GHz. Alumina lenslets focus light onto
dual-polarization sinuous antennas, as shown in Fig. 1, which are sensitive over two
octaves of bandwidth [16,17]. Signals from each polarization are split into frequency
bands by three-pole quasi-lumped-element inline filters and routed to the TESs via
microstrip transmission lines.

The TESs used for the 2017 observing season are Ti/Au/Ti/Au quad-layers of thick-
ness 5 nm/5 nm/(160-200) nm/(20-30) nm with a critical temperature (7¢) ranging
from 480 to 540 mK, and normal impedance of 1-1.5 or 2-2.5 Ohm, depending on
wafer [18,19] (Table 1). Varying the thickness of the Au layers of the TES provides
control of the critical temperature [20], while the bottom 5-nm Ti layer promotes
adhesion of the Au to the substrate. The variation of T, within a wafer is < 40 mK.
SPT-3G uses a three-stage *He—*He sorption fridge, made by Chase Research, to cool
the focal plane to a typical temperature of 280 mK in operation [21]. The saturation
power of a typical deployed wafer is 17/22/25 pW for 95/150/220 GHz bolometers, but
variation among the wafers spans 10-25 pW for 95 GHz bolometers, and 12-30 pW
for the 150 and 220 GHz bolometers. These saturation powers are generally higher
than optimal, resulting in elevated readout noise-equivalent power due to the higher
voltage bias required to operate the bolometers. New wafers have been fabricated for
deployment in the 2017-2018 austral summer which meet saturation power targets
that are 2 x the expected optical loading, or Py = 10/15/20 pW for 95/150/220 GHz
bolometers [22,23].

The combined optical efficiency of pixel, alumina lenslet, and lenslet AR coating
(described in Sect. 3.3) was measured in the laboratory to be 60—90% for all three bands
on the deployed wafers, and on-sky calibration of 95 and 150 GHz detectors using
astronomical sources yields consistent efficiencies [24]. The total optical efficiency
measured using astronomical sources for the 2017 season is lower than expected for
the 220 GHz bolometers due to the non-optimal, two-layer antireflective (AR) coating
of the alumina lenses, as described in Sect. 3.3.

The yield of operable bolometers is 75.8%, with the largest sources of loss being
open circuits in the cryogenic wiring (13.0%) and open TESs due to on-wafer wiring
defects (6.3%). Improved assembly techniques and fabrication methods are expected
to substantially improve both sources of loss in the 2018 observing season.
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Fig. 1 a Cross-sectional drawing of cryostats containing lenses and focal plane. b Assembled focal plane
of SPT-3G prior to installation on the telescope. ¢ Detector assembly module, showing alumina lenslets,
mounting hardware, and multiplexing electronics. d SPT-3G trichroic pixel, showing broadband sinuous
antenna, inline triplexers that define the three observing bands, and six TES bolometers measuring three
bands in two polarizations (Color figure online)

Table 1 Summary of detector properties for wafers deployed for the 2017 observing season and targets for
the wafers to be deployed for the 2018 season

95 GHz 150 GHz 220 GHz
Tc (2017) 480-540 mK 480-540 mK 480-540 mK
Psar (2017) 10-25 pW 12-30 pW 12-30 pW
Ry (2017) 1.2-2.5 Ohm 1.2-2.5 Ohm 1.2-2.5 Ohm
Band center (2017) 101.2+ 1.2 GHz 153.8 £ 1.3 GHz 223.5+2.6 GHz
Bandwidth (2017) 22.7+0.6 GHz 37.7+1.2GHz 47.4 £+ 1.8 GHz
T¢ (2018 target) 450 mK 450 mK 450 mK
Pgat (2018 target) 10.2 pW 15.4 pW 20.0 pW
Ry (2018 target) 2 Ohm 2 Ohm 2 Ohm

Ranges given for 2017 parameters encompass the variation between wafers. Existing wafers to be deployed
in 2018 have achieved significantly better consistency meeting target parameters than 2017 wafers

3.2 Frequency-Domain 68 x Multiplexing Readout Electronics

To accommodate the larger detector count, SPT-3G uses new 68x digital frequency-
domain multiplexing (DfMUX) readout electronics [25], compared with the 12x
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Fig.2 a Schematic of the DFMUX system [28]. Bolometers are voltage-biased at frequencies in the range
1.6-5.2 MHz, defined by a parallel array of LCR resonators. A nuller signal produced by a digital integral
feedback loop is injected before the SQUID input coil, efficiently nulling signals in a few-kHz bandwidth
around the carrier tone. b LC chip with capacitors and inductors lithographed on a silicon wafer and
mounted on a PCB. ¢ Network analysis and model fit showing logarithmically spaced resonances with
excellent uniformity (Color figure online)

multiplexing used in SPTpol. Bolometers are biased with AC signals at frequen-
cies between 1.6 and 5.2 MHz defined by a parallel array of inductor—capacitor—TES
(LCR) resonant circuits, as shown in Fig. 2. These “LC chips” consist of components
lithographed on silicon at LBNL [26], and they exhibit > 95% yield and low scat-
ter of resonances. The dynamic range required at the SQUID for 68 x multiplexing is
achieved using a feedback scheme, called digital active nulling, that nulls out signals at
the SQUID in a narrow bandwidth around each of the bolometer bias frequencies [27].
This screens the input inductance of the SQUID amplifiers, reducing the impedance in
series with the TESs, which can degrade the voltage bias and stability. Digital active
nulling is implemented using new warm electronics developed by McGill [28].

The 240 SQUID arrays fabricated by NIST [29] and deployed for the 2017 sea-
son have > 99% operational yield and excellent overall performance, but their large
~ 300 nH input inductance results in a readout noise enhancement at high bias fre-
quencies. This occurs because the SQUID input coil and the LCR network of the
bolometers form a current divider for signals injected by the nuller, so noise sources
inside of the digital feedback loop (e.g., from amplifiers, digital-to-analog convert-
ers) are effectively amplified because some of the nulling current leaks “unmeasured”
through the LCR network and bias resistor. SQUIDs with input inductances in the
10-50 nH range reduce the excess noise to a subdominant level over the full readout
bandwidth. Development of low-inductance SQUIDs in collaboration with NIST and
STAR Cryoelectronics is ongoing, and SQUIDs with acceptable characteristics have
been tested in the laboratory and will be deployed for the 2018 observing season.

3.3 High-Throughput Optical Design

SPT-3G has a 1.9-deg-diameter field of view, achieved by new warm secondary optics,
compared with the 1.2-deg field of view of SPTpol [30]. An ellipsoidal secondary
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Table2 Noise-equivalent temperature expected for the 2018 season of SPT-3G and mapping speed relative
to SPTpol

95 GHz 150 GHz 220 GHz
NETholo 509 WK/s 460 LK /s 1188 pK./s
NETarray 7.4 nKy/s 6.5 nK/s 17 pK/s
mapping speed (x SPTpol) 16.4 53 N/A

Values assume deployment of three-layer plastic AR coating on all alumina surfaces, SQUIDs with < 50 nH
input inductance, and bolometers with saturation powers at the targets described in Sect. 3.1

mirror and flat tertiary mirror (both at 300 K) couple light from the primary into an
optics cryostat, which consists of an HDPE window, Zotefoam filters, an alumina IR
filter at 50 K, and three 720-mm-diameter alumina lenses manufactured by CoorsTek
at 4-5 K to reimage at the focal plane [10]. A Lyot stop at 4.5 K with a metal mesh
low-pass filter reduces stray light and reduces optical loading. The 10 K secondary
mirror used in SPTpol was over-illuminated such that a large fraction of the 150 GHz
beam terminated on HR10 at 10 K to form an optical stop [30]. In contrast, 3G has
a colder stop and under-illuminated secondary and tertiary mirrors, which results in
optical power from the stop, secondary, and tertiary mirrors nearly identical to the 10 K
secondary of SPTpol (~ 1.1 pW). On the focal plane, hemispherical alumina lenslets
are mounted on silicon wafers which are clamped on top of the detector wafers. A
three-layer AR coating of PTFE and ePTFE is adhered directly to the alumina lenslets.

The use of broadband detectors and eight large alumina surfaces (one filter and
three lenses) in the optical design imposes stringent requirements on the AR coatings
used in the system. The 2017 receiver deployed a suboptimal two-layer AR coating for
the alumina lenses, using a plasma-sprayed mixture of alumina powder and ceramic
microspheres to tune the dielectric constants [31]. For the 2018 observing season, we
plan to replace the two-layer coatings with a three-layer stack of PTFE and ePTFE
bonded with LDPE, which has improved transmission of 99/99/98% per layer for the
95/150/220 GHz bands in simulations.

4 Status and Future Plans

During 2017, SPT-3G was used to observe a 500- deg> CMB field as well as astro-
nomical sources for calibration and characterization of the instrument performance.
Observing will stop in November 2017 for upgrades to the SQUIDs, AR coatings, and
detector wafers, with observations of a 2500 deg? CMB field beginning in January
2018. Table 2 shows the array sensitivity expected during the 2018 observing season.
Following the completion of a 4-year 2500- deg? survey, SPT-3G is projected to reach
map depths in temperature of 3.6/3.3/8.5 WK arcmin at 95/150/220 GHz, which will
enable measurements of CMB lensing, constraints on neutrino masses, and searches
for inflationary B modes.
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