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Abstract

The South Pole Telescope Summertime Line Intensity Mapper (SPT-SLIM) is a
pathfinder experiment that will demonstrate the use of on-chip filter-bank spectrom-
eters for mm-wave line intensity mapping. The SPT-SLIM focal plane consists of
18 dual-polarization filter-bank spectrometers covering 120—180 GHz with resolv-
ing power of 300, coupled to aluminum kinetic inductance detectors. A compact
cryostat holds the detectors at 100 mK. SPT-SLIM will be deployed to the 10-m
South Pole Telescope for observations during the 2023-2024 austral summer
without removing the primary receiver. We discuss the overall instrument design,
expected detector performance, and sensitivity to the carbon monoxide line signal
at 0.5 < z < 2. The technology and observational techniques demonstrated by SPT-
SLIM will enable next-generation line intensity mapping experiments that constrain
cosmology beyond the redshift reach of galaxy surveys.

Keywords SPT-SLIM - South Pole Telescope - Line intensity mapping -
Spectrometer - Kinetic inductance detectors

1 Introduction

Measurements of galaxies that trace large-scale structure (LSS) constrain the phys-
ics of our cosmological model and the astrophysics of star and galaxy formation
throughout the history of the Universe. However, large-scale optical galaxy surveys
are limited to low redshifts where individual objects can be detected, and facilities
that can detect high-redshift galaxies are limited to small survey areas. To make
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progress on open questions in fundamental cosmology and early-Universe astro-
physics, we are motivated to extend the redshift reach and cosmic volume accessible
by LSS surveys.

Line intensity mapping (LIM) uses low angular resolution spectroscopic obser-
vations of emission from atomic or molecular lines to map LSS in three dimen-
sions [1]. At high redshift, this allows large cosmological volumes to be measured
more efficiently than with galaxy surveys. LIM targeting far-IR emission lines (e.g.,
CO rotational lines or the [CII] ionized carbon fine structure line) is particularly
promising for measuring high-redshift LSS, and is capable of providing competi-
tive constraints on the expansion history [2], neutrinos [3], and the dynamics of the
reionization process [4]. But while first detections of the mm-wave LIM signal are
now being reported [5], current-generation instruments lack the sensitivity for com-
petitive constraints on cosmology and high-redshift astrophysics. New technology is
needed to build significantly more sensitive instruments.

In this paper, we present the South Pole Telescope Summertime Line Intensity
Mapper (SPT-SLIM), a pathfinder demonstrating the critical, enabling technology
for mm-wave LIM: on-chip, large-format mm-wave spectrometers. On-chip spec-
trometers (e.g., SuperSpec [6], DESHIMA [7], uSpec [8]) pack an order of mag-
nitude more detectors in a limited cold volume compared to current instruments [9,
10]. Building on CMB-heritage detector fabrication and readout, this technology
promises to rapidly improve the instantaneous sensitivity of mm-wave spectrometers
and enable deep measurements of LSS over a wide redshift range. SPT-SLIM will
deploy to the South Pole Telescope (SPT) in the 2023-2024 austral summer, observ-
ing with the highest-density on-chip mm-wave spectrometer to date, and will be the
first ground-based experiment to perform LIM with this technology. To accommo-
date the large detector counts needed for spectroscopy, we will use aluminum kinetic
inductance detectors (KIDs) and next-generation frequency-domain multiplexed RF
readout.

This paper is organized as follows: in Sect. 2 we discuss SPT-SLIM’s mm-wave
LIM measurement, in Sect. 3 we present the cryostat design, in Sect. 4 we discuss
the focal plane, detectors, and readout, and in Sect. 5 we present projected con-
straints on the LIM power spectrum and our deployment schedule. Two other manu-
scripts in these proceedings discuss the SPT-SLIM filter-bank simulations [11] and
the focal plane design [12].

2 Millimeter-Wave Line Intensity Mapping with SPT-SLIM

LIM measurements detect large-scale fluctuations in atomic or molecular line emis-
sion from many unresolved sources. Using a moderate-resolution spectrometer and
knowledge of the target line’s rest-frame wavelength, a 3-dimensional spectral-spa-
tial data cube of line emission can be measured. The power spectrum of the surveyed
volume is sensitive to a combination of the line emission physics and the underlying
dark matter distribution, which probes the cosmology.

SPT-SLIM will observe from 120-180 GHz, targeting CO J — J — 1 rotational
transitions from high-redshift galaxies with R = v/Av =300 spectroscopy and
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arcminute angular resolution. These rotational lines originate in dense molecular
clouds and trace the sites of star formation. In the 2 mm band we will detect CO(2-
1) from 0.3 < z < 0.9, CO(3-2) from 0.9 < z < 1.8, and CO(4-3) from1.6 < z < 2.8.
By measuring the amplitudes of multiple CO lines at different times in cosmic his-
tory, SPT-SLIM will inform models of the CO luminosity function and the cold
molecular gas fraction as a function of redshift for the full population of galaxies.

Figure 1 shows the expected CO brightness temperature as a function of observ-
ing frequency, in addition to the median atmospheric transmission at the South Pole
during the austral summer calculated with am [13]. Line confusion—i.e., emission
from multiple redshifts at the same observing frequency—will present a challenge
when analyzing the SPT-SLIM dataset, as seen in Fig. 1. Many approaches to miti-
gating line confusion exist in the literature, including masking galaxies with known
redshifts, using the power spectrum anisotropy in redshift space, and cross-correlat-
ing within a dataset or with external galaxy samples [14—16]. We anticipate using
internal cross-spectra across the 60 GHz bandwidth and cross-correlations with
external galaxy catalogs to isolate emission at each redshift.

3 Cryostat

SPT-SLIM will use a compact, custom cryostat that is mounted in the SPT receiver
cabin without needing to remove the SPT-3G receiver. In this section we discuss the
design of the receiver cryostat and optics.

Receiver Design and Cryogenics: The SPT is a 10m aperture off-axis Gregorian
telescope, configured such that the receiver cabin does not obstruct the beam [17].
The receiver cabin houses the SPT-3G receiver; a powered secondary and flat ter-
tiary mirror couple this cryostat to the main dish [18]. As illustrated in Fig. 2 left,
there is additional room in the cabin behind the SPT-3G tertiary, towards the pri-
mary. The Event Horizon Telescope (EHT) has previously used this space to install
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Fig.1 Spectral lines targeted by SPT-SLIM, which will observe from 120-180 GHz. Shown are the
model predictions for the brightness temperatures of CO(2-1), CO(3-2), and CO(4-3), their sum total
(dashed black), and median atmospheric transmission during the South Pole summer (thin blue). The
colors correspond to the observed redshifts of the lines (Color figure online)
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Fig.2 The SPT-SLIM cryostat and mounting. Left: The SPT-SLIM cryostat mounts in the SPT receiver
cabin without removing the SPT-3G receiver, and uses two auxiliary mirrors to redirect the beam. Right:
The cryostat uses an adiabatic demagnetization refrigerator to cool the focal plane to 100 mK, backed by
a PT407 pulse tube. The focal plane support structure is not shown (Color figure online)

a cryostat and conduct observations; SPT-SLIM will be positioned in the same loca-
tion as the EHT receiver [19]. We have designed a cryostat that can be lowered into
place from the roof of the receiver cabin when docked. A Cryomech PT407 pulse
tube cooler mounted to the side of the cryostat will provide cooling to 4 K. To maxi-
mize the sensitivity of the Al KIDs, the focal plane array must be held at 100 mK. A
High Precision Devices 155 adiabatic demagnetization refrigerator (ADR) will pro-
vide the sub-Kelvin cooling; with the expected loading (dominated by the coaxial
lines used to read out the detectors), we anticipate a duty cycle of ~ 70%. The inter-
nal cryostat components are shown in Fig. 2 right.

Optical Design: SPT-SLIM adapts the EHT optical design to redirect the beam
that normally illuminates the SPT-3G receiver. Two custom mirrors—a hyperbolic
secondary and ellipsoidal tertiary—will pick off the beam and focus it into the SPT-
SLIM cryostat. We plan to reuse the EHT secondary mirror, and have designed a
new tertiary mirror to accommodate the wider field-of-view required for the SPT-
SLIM focal plane. Removing these mirrors and installing the cryostat is straight-
forward when the telescope is docked. The f/2.2 optics provide a 40mm diameter
diffraction-limited area at the focal plane, allowing for 18 spatial pixels with a pixel
spacing of 1.5-2 FA. The HDPE entrance window has an aperture of 100 mm. Infra-
red filtering consists of a stack of Zotefoam filters at 300 K, HDPE and nylon filters
at 50 K, and a nylon and metal-mesh filter (7 icm cutoff) at 4 K. The internal cry-
ostat optics are unpowered and anti-reflection coated with expanded Teflon.

4 Detectors and Readout
SPT-SLIM will deploy an array of 18 dual-polarization R = 300 on-chip filter-bank

spectrometers. Here we discuss the design of the focal plane, filter-bank, detectors,
and readout; see the additional companion proceedings for more details [11, 12].
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Focal Plane Array: The SPT-SLIM focal plane is a hexagonal close-packed array,
where each of the 18 spatial pixels is sensitive to both polarizations (36 spectrom-
eters total). As seen in Fig.3 left and middle, radiation is admitted by conical pro-
filed horns made from gold-plated, machined Al and coupled by a planar orthomode
transducer (OMT) to separate pairs of superconducting microstrip lines, which are
combined with a 180° hybrid. This design covers the full 120-180 GHz band with
high efficiency. The focal plane consists of three identical submodules. Each sub-
module contains 6 dual-polarization pixels, coupled to 12 spectrometers. The length
of each filter-bank is 80 mm, oriented radially from the focal plane center. Dowel
pins and deep reactive ion etch features align the three submodules to a common
interface plate attached to the horn block. The Si wafer stack is then secured with
BeCu spring clamps to minimize microphonic noise. We have successfully demon-
strated this mechanical process with OMT-KID prototype devices [22].

Filter-Bank Design: Each spatial pixel is coupled to an R = 300 superconducting
filter-bank spectrometer, broadly based on the SuperSpec design [20, 21]. Broad-
band radiation is split into spectral channels via a bank of filter elements composed
of capacitively coupled 4/2 mm-wave resonators (Fig.3 right). The center frequency
of each channel is set by the resonator length; the resolution is controlled by the
coupling strength to each filter element and is ultimately limited by dielectric loss.
Filters are spaced so that the Lorentzian profiles overlap to provide a Nyquist-sam-
pled spectrum (oversampling factor of 2). Each filter-bank consists of 200 resona-
tors spanning 120-180 GHz. From simulations that incorporate realistic fabrication
errors and dielectric loss tangents we expect that a total filter-bank efficiency of
~ 60% is achievable with this design.

KID Design: The SPT-SLIM detectors are microstrip coupled lumped-element
KIDs [22], where the resonator is formed from a discrete inductor and capacitor.
At mm wavelengths, the inductor also doubles as a lossy transmission line coupled
to the output of each filter. Absorbing the incident radiation as it propagates along
the KID, the inductor must remain a superconducting high-Q material at the KID
resonant frequency, which constrains the superconductor to 7, < 2 K. We will use
a hybrid Al-Nb resonator, where the inductor/absorber is Al (T, ~ 1.3 K) and the
capacitor is Nb. This design makes use of well-characterized properties of Al for
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Fig.3 The SPT-SLIM horn block, focal plane, and filter-bank. Left: The focal plane packaging consists
of the horn block and coaxial lines for readout. Middle: Schematic of the focal plane with 18 dual-polar-
ization OMTs feeding the filter-banks. Right: Microscope image of the feedline and a capacitively cou-
pled /2 filter, which is coupled to the KID inductor (Color figure online)
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applications operating at similar sensitivities, and a Nb-Si interface that has shown
reduced two-level system noise.

Based on typical conditions at the SPT, for an R =300 spectral channel we
expect a loading of around 25 fW, and a noise target of ~ 3 x 10~'8 W Hz~!/2, This
per-detector sensitivity has been demonstrated on large-scale Al-based KID arrays
[23]. To minimize readout complexity and achieve a multiplexing density of at least
2k detectors per line, we require tight control over resonator placement. We have
demonstrated a process that enables near-perfect detector yield by lithographically
modifying detectors after testing, changing the resonant frequencies to separate res-
onators that were originally collided [24]. With a measured fractional accuracy of
< 2% 1073, all intact resonators will be recoverable.

Readout: The detectors will be read out with the ICE signal processing platform
[25] that has been adapted to a new operational domain with GHz KIDs. The ICE
system has been successfully deployed in a variety of experimental contexts, includ-
ing SPT-3G and CHIME. The system consists of a general-purpose Xilinx Kintex-7
FPGA motherboard (the “Iceboard”), which couples to modular daughterboards
specifically designed or chosen for each experimental use-case, which house the
analog-to-digital and digital-to-analog converters. For SPT-SLIM each Iceboard will
be equipped with a new frontend, consisting of two RF chains that can each read out
up to 1024 frequency-domain multiplexed detector channels over 500 MHz of band-
width. We will use 5 Iceboards to read out SPT-SLIM’s 8640 KIDs. The tones can
be placed anywhere from 0-6 GHz through direct digitization without external 1Q
mixing; each tone operates independently. To maintain each detector’s linearity over
a range of loading conditions, tone tracking may be implemented either continu-
ously, using the existing digital-active nulling feedback, or occasionally by updating
each tone when the resonant frequency of the detector shifts by a substantial fraction
of the resonator linewidth.

5 Observing Plan and Projected Sensitivity

SPT-SLIM will deploy to the South Pole during the 2023-2024 austral summer sea-
son. After SPT-3G has completed operations for the year, we will install SPT-SLIM
and its mirrors in the receiver cabin, commission and calibrate the instrument, and
begin science observations in January 2024. We anticipate observing for up to four
weeks, targeting an approximately 0.1° X 10° patch using constant-elevation scans.
The receiver will then be removed in time for SPT-3G winter operations in February
2024.

In one observing season, SPT-SLIM will have the sensitivity to make robust
detections of several CO lines in both the clustering and shot noise regimes. Figure4
shows projected constraints on the CO(2-1), CO(3-2), and CO(4-3) power spectra at
the redshifts corresponding to the 120-180 GHz observing band. These projections
assume an end-to-end optical efficiency of 25% and detector loading dominated
by the South Pole atmosphere during median Dec-Jan-Feb conditions; see Fig. 1.
Three curves are shown corresponding to integration times of 100, 200, and 300
hours, bracketing pessimistic to optimistic observing times obtainable in a month
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Fig.4 SPT-SLIM’s projected constraints on CO power spectra at z = 0.5 (left), z = 1.3 (middle), and
z = 2.1 (right) in the 120-180 GHz band. The expected clustering power spectra are in orange, the shot
noise power spectra are in yellow, and the totals are in blue. Anticipated noise curves for 100, 200, and
300 hours of integration are shown with gray and black arrows (Color figure online)

of deployment. For 200 hrs, we project 7, 19, and 13c detections of the total power
spectra for J,,... = 2,3,4 respectively. With these measurements, SPT-SLIM will
discriminate between several models of CO luminosity functions in the literature,
particularly in the range of L’CO = 10'%-10"' K km/s pc~2.

While SPT-SLIM is primarily a LIM pathfinder, the SPT’s arcminute resolution
also makes it capable of pointed observations and redshift identification of dusty
star-forming galaxies (DSFGs). In one hour of observing a typical 10!3 L, DSFG,
SPT-SLIM will detect CO(2-1) from z = 1.5 at 76, or CO(4-3) from z = 3 at 40. In
just a few days, SPT-SLIM could determine redshifts for hundreds of DSFGs identi-
fied in SPT broadband surveys, which could then be followed up at high resolution
with ALMA.

In future seasons SPT-SLIM will continue to serve as a pathfinder. Next-gener-
ation mm-wave LIM science will benefit from wide-bandwidth observations, and
SPT-SLIM could be outfitted with spectrometers in the 80-120 GHz and 180-310
GHz bands. After demonstration with SPT-SLIM, compact wide-bandwidth spec-
trometers will be promising candidates for next-generation receivers on the SPT or
other facilities with the sensitivity to constrain cosmology and astrophysics beyond
the reach of galaxy surveys.
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