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Line Intensity Mapping (LIM)
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I. Introduction

Line-intensity mapping (LIM) [1] measures the spatial fluctuations in the integrated emission
from spectral lines originating from many individually unresolved galaxies and the di↵use
IGM to track the growth and evolution of cosmic structure. Line fluctuations trace the un-
derlying large-scale structure of the Universe, while the frequency dependence can be used
to measure the redshift distribution of the line emission along the line of sight. Traditional
galaxy surveys probe discrete objects whose emission is bright enough to be imaged directly.
LIM is advantageous as it is sensitive to all sources of emission in the line and thus en-

ables the universal study of galaxy formation and evolution. As high angular resolution is
not required, LIM can cover large sky areas in a limited observing time, allowing various

tests of the standard cosmological model, and beyond it, across under-explored volumes of

the observable Universe. In addition, relaxed angular resolution requirements are an im-
portant attribute for space-borne instruments, where aperture drives cost, but low photon
backgrounds yield very high surface brightness sensitivity.

To illustrate the promise of LIM, consider as a figure-of-merit the numberNmodes of accessible
modes. As the uncertainty on any quantity we wish to measure roughly scales as 1/

p
Nmodes,

the goal is clearly to maximize this number. The cosmic microwave background (CMB),
which provides the farthest observable accessible to measurement, contains Nmodes ⇠ `2max ⇠
107 modes. Intensity mapping of a chosen line at a given frequency provides maps that
resemble the CMB, but with two important advantages: (i) there is no di↵usion (Silk)
damping, so small scale information can in principle be harvested down to the Jeans scale;
(ii) huge redshift volumes can be measured in tomography through hyperspectral mapping.
The total number of modes, NLIM

modes ⇠ `2max⇥Nz, can potentially reach as high as 1016(!) [2],
limited in reality by partial sky coverage and both di↵use and line foreground contamination.
Compared to galaxy surveys, LIM retains full spectral resolution probing higher redshifts.
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FIG. 1: Line-Intensity Mapping can access the uncharted &80% volume of the observable Universe.

Targets for LIM range from the 21-cm emission from neutral hydrogen in the IGM to line
emission from galaxies, including the 21-cm line, as well as rotational carbon-monoxide (CO)
transitions, the [CII] fine-structure line, the hydrogen Ly-↵ line, H-↵, H-�, [OII], [OIII], etc.
The vast range of targeted wavelengths necessitates the employment of di↵erent instruments.

This paper describes the various science goals achievable by pushing LIM to its next frontier.
As we will stress throughout, there is unique potential in using multi-line observations, which
motivates a coordinated e↵ort to plan the future generation of LIM experiments.

• Large redshift range z > 3 that is relatively unexplored: provides information on 
expansion history of universe, reionization, star-formation, ++


• LIM is efficient: we measure all sources and do not need to threshold on galaxies

• Multiple lines available across radio, millimeter, IR

Line intensity mapping - Map 
total emission of a redshifted 
atomic/molecular line, e.g. CO 
and C[II] at mm-wavelength

Epochs: Probes:

2

Astro2020 LIM 
white paper, 
1903.04496



LIM Cosmology Cases

Science case
Inflation / 
Primordial non-
Gaussianity

Neutrino masses Light relic particles Dark energy, 
modified gravity

Measurement
Scale-dependent 
bias in power 
spectrum, 
bispectrum

Suppression of 
power spectrum on 
small scales, 
expansion history

Power spectrum 
amplitude, phase 
and amplitude of 
BAO

Power spectrum 
(BAO), growth of 
structure

Parameter fNL M𝜈 Neff w0 , wa
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Snowmass white paper on LIM, Karkare, et al. (2203.07258)



Impact on Cosmological Parameters
Snowmass white paper on LIM, Karkare, et al. (2203.07258)

• Experiment size parameterized by spectrometer-hours 

• Significant improvement possible relative to Planck due to more 
modes and breaking of parameter degeneracies in CMB data

Cosmology with mm-wave line intensity mapping
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Figure 3: Projected 1� constraints on several extensions to ⇤CDM (blue) and optimal sky cover-
age to achieve these constraints (red), as a function of a mm-wave LIM experiment’s sensitivity
parametrized by spectrometer-hours. A spectrometer is assumed to measure 80–310 GHz with
R = 300 from excellent mm-wave observing sites. The dashed lines correspond to the case where
interloper lines are neglected (i.e., perfect line separation), while the solid lines include the inter-
lopers as noise terms. In all cases ⇤CDM parameters are marginalized over and Planck priors are
imposed.
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Many Lines, Many Experiments…

1

Absorber 

TES 
thermistor 

Grating Arc   
Feedhorn 

Focal Arc 

Absorbers 
TES  Support 

beams 
Remaining 
substrate 

60 K 

4 K  

1 K  

300 mK  

Space for support 
beams , traces , 
and TESs 

Flex 
connectors 

Absorbers 

Clips 

Figure 3. The TIME-Pilot Instrument The instrument will be housed in a closed-cycle 4 K–1K–300mK cryostat (bottom
left), with an enlarged cryogenic volume to allow insertion of the spectrometer stacks and optics (top left). The 32
waveguide grating spectrometers are assembled into two stacks of 16, they couple the same 1-D linear field on the sky
via a polarizing grid (top center). Each grating spectrometer is similar to that used in Z-Spec (bottom center), but they
are smaller and simpler for TIME-Pilot since they operate at lower resolving power (R=150, vs. R=300 for Z-Spec).
The dispersed light is detected with twelve 2-D arrays of TES bolometers which span the spectrometer stacks (right)
with a total of 1840 detectors. The TESes are similar to those built at JPL for CMB polarimetry as well as more
demanding (lower-background) spectroscopic applications. Sixteen 150 GHz broadband channels view the same sky as
the spectrometers via a dichroic filter, and will be used for precise measurements of the kinetic SZ e↵ect in galaxy clusters.

detail below. The spectrometers are arrayed in two stacks of 16, one stack for each polarization. The input feeds
for both stacks are arranged to couple to the same line on the sky via a polarizing grid. The feed spacing is
2.2 f�, giving a total 1-D field-of-view of 13.60. We emphasize that all TIME-Pilot key technologies have been
demonstrated in scientific applications. Measuring the low-k modes sensitive to clustering (see Fig. 2) requires
simultaneous wide-band spectral and wide-field spatial coverage. The spectral bandwidth is provided naturally
with our spectrometer, but we also target coverage on angular scales ⇠ 1�. TIME-Pilot uses an observing strategy
that optimizes the S/N needed to detect the amplitude of the [CII] clustering signal on large spatial scales. We
find the optimal solution is a concentrated line scan that is 156⇥1 beams = 1.3� ⇥ 0.50 on the sky.

Instantaneous wide-band spectral coverage with background-limited sensitivity requires a di↵raction grating
spectrometer. Fabry-Perot and Fourier-Transform systems have penalties for scanning and excess noise, respec-
tively. This once presented a problem, since conventional slit-fed echelle grating spectrometers are too large
and bulky in the millimeter band. However, we have pioneered a unique approach using a curved grating in

Proc. of SPIE Vol. 9153  91531W-5 Figure 1. Top: CONCERTO optical design (using Zemax software with details of the cold optics inside
the cryostat and the 100 mK stage cold pupil, polariser and the two arrays). Bottom left: picture of the
fabricated CONCERTO cryostat and warm electronics in the laboratory at Neel in Grenoble. Bottom
right: baseline sweeps for one array (6 feedlines) taken with Vector Network Analyser (VNA).

the o↵-line analysis. In addition, instead of the sky itself, the second input can be taken from
a cold reference, which is a cold black-body at a given tunable temperature.

The 18.6 arcmin focal plane is fully covered by two arrays of single polarisation alu-
minium LEKID containing 2152 pixels each and separated by a 45 degrees polariser. Each
array has a di↵erent optical band 195-310 GHz for the High frequency array (HF) and 130-
270 GHz for low frequency array (LF).

We recall in Table 1 the main characteristics of CONCERTO.

Telescope primary mirror diameter [m] 12
Field-of-view diameter [arcmin] 18.6

Beam Widths [arcsec] 30 (HF) 35 (LF)
Absolute spectral resolution [GHz] � 1
Relative spectral resolution R [#] 1–300
Frequency range HF | LF [GHz] 195–310 | 130–270

Pixels on Sky HF | LF [#] 2,152 | 2,152
Instrument geometrical throughput [sr m2] 2.5⇥10�3

Single Pixel geometrical throughput [sr m2] 1.16⇥10�6

Data rate [MBytes/sec] 128

Table 1. Main characteristics of CONCERTO at APEX.

3 Installation and first phase of on-sky commissioning

After installation of the whole instrument, the cryostat has been first cooled down. After
reaching a base temperature of 70 mK CONCERTO has been switch on for the first time the
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Fig. 2 Renderings of the CCAT-prime telescope (top left)and Prime-Cam receiver (top right), and ray traces
of the telescope (top center) and EoR-Spec instrument module (bottom). The instrument module uses anti-
reflection coated silicon lenses to re-image the sky onto the detector arrays. The optics of the module have
been optimized to maximize beam collimation through the Fabry-Perot interferometer.

The Prime-Cam receiver will sit at the f/2.7 focus of CCAT-prime, with a 7.8 degree
field of view, extending over 2 m in diameter in the image plane. The EoR-Spec instru-
ment module will occupy 1.3 degrees of the image plane. Figure 2 shows renderings of the
CCAT-prime telescope and Prime-Cam receiver, and ray traces of the telescope and EoR-
Spec instrument module. The entrance window will be high-density polyethylene with a
laminated, expanded, teflon, anti-reflection coating. Silicon lenses with metamaterial ARCs
create collimated beams passing through the 4 K FPI at the Lyot stop and subsequently fo-
cus the beams onto the detector arrays. Metal mesh IR-blocking and low-pass filters will be
used throughout to minimize out of band thermal and detector loading.

3.2 Fabry-Perot Interferometer

A scanning, cryogenic Fabry-Perot interferometer (FPI) will enable our intensity mapping
observations by providing high-sensitivity, wide-field, broad-band spectroscopy. During ob-
servations, the telescope will be scanned across the sky with the FPI in a fixed position. After

TIME:

Grating 
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C[II] 5 < z < 9

TIM:

Grating 
spectrometer

C[II] 0.5 < z < 1.5

N[II], O[I], O[III]

Crites, et al. 2014

EoR-Spec / CCATp:

Fabry-Perot

C[II] 3.5 < z < 8

CONCERTO:

Fourier transform 
spectrometer

C[II] 5 < z < 9

CO 0.3 < z < 2

Vieira, et al. 2019

Cothard, et al. (1911.11687)

for several hours in a vacuum environment and operated nominally. The FPGA internal temperature stabilized
at 7�C higher than the baseplate radiator temperature. We expect this di↵erential to increase modestly when we
implement the full firmware dissipating 40W. For TIM, the boards will be stacked in a rack mounted enclosure
with similar heat pipes carrying the heat to a thick aluminum enclosure baseplate. This baseplate will be
thermally coupled to a radiator viewing cold sky. The RFSoC enclosure(s) will be mounted in “saddlebag”
fashion next to the cryostat in a location that is intended to be permanently shaded by the experiment sunshades.
With su�ciently careful design of the baseplate and radiator, we expect no issues during flight with either two
or four RFSoC boards.

5. GONDOLA AND CONTROL SYSTEM

5.1 Mechanical Design

The gondola design (shown in Figure 4) relies heavily on the BLAST-TNG heritage,10,11 which used a welded
aluminum gondola inner frame (mounting the cryostat and mirror) and outer frame (providing the bulk of the
mechanical strength), suspended by a pivot from steel cables, with a carbon fiber spreader bar on the front cables
to provide clearance around the mirror. In addition, since BLAST-TNG had to observe close to the sun for its
science targets and had a 2.5 m mirror, it had both a long sunshield and a high overall profile, especially the
height to the pivot. For the TIM outer frame, we have gone with an Al-7075-T6 spreader bar and an all-bolted
design, which provides a greater factor of safety for launch and parachute opening stresses, as well as allowing for
field disassembly on recovery. The overall dimensions of the gondola and sunshield are smaller than TNG, with
the hook height reduced by 1.4 m in particular. The mass is roughly comparable to TNG due to the increase
in the cryostat volume. The inner frame, whose primary requirement is the necessary sti↵ness for supporting
the mirror without optical distortion, is a similar welded aluminum monocoque which mounts the cryostat and
miror and maintains their alignment.

Figure 4. (left) The TIM payload, showing the gondola outer frame (blue), inner frame (light grey), telescope (gold),
cryostat (red), and sunshield (partially cut away). Electronics, counterweights, motors, cables, and other subsystems are
not shown. The overall height from the pivot to the ground is 5.3 m. (right) An FEA of the outer frame (with a cylinder
standing in for the inner frame), showing the maximum stress of ⇠ 20 ksi on parachute opening at the end of flight.

5.2 Control software and computers

Onboard control of in-flight operations is handled by two redundant ARK-2150L fanless embedded box comput-
ers∗∗. Each computer runs an instance of the BLAST-, BLAST-pol- and BLAST-TNG-heritage flight software

∗∗https://www.advantech.com/products/ark-2000_series_embedded_box_pcs/ark-2150l/mod_
8a83164f-3899-4baa-b2a7-e6183adf2374

Proc. of SPIE Vol. 12190  1219008-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Figure 2. The assembled TIM primary mirror. This segmented aluminum 2-meter mirror and its carbon fiber backup
structure and tripod were designed by mtex Antenna Technology. The measured figure accuracy is better than 5µm rms.

reflection o↵ of mirrors directly behind the slits. The slits are oriented vertically (north-south as projected onto
the sky), spanning 56 arcmin and separated by 3.9 arcmin. The subsequent Czerny-Turner spectrometers each
incorporate a collimator, reflective grating used at first order, and camera mirror to feed the focal planes. The
overall optical configuration and cryogenic optics are shown in Figure 1.

While imaging performance is not a critical parameter for line intensity mapping observations, the optical
design performs well considering the very long 150 mm slit. In a forward-modeled ray analysis, the Strehl ratio
is >0.9 (>0.87) across the whole spatial-spectral field of view for the short (long) wavelength design. In the focal
plane, there is some curvature of the position of a given wavelength across the spatial dimension, though this
should not have any scientific impact.

The mechanical implementation of the TIM cold optics (Figure 1, Right) is anchored by a 4K optical bench
perpendicular to the cryostat cold plate. This is the mounting surface for all optical components and the
focal plane units. A-frame structures at each end of the bench sti↵en the structure against deformation under
gravitational loads. The bench and all optics are CNC machined from M1 mold plate aluminum, a low stress,
thermally stable mold making aluminum. Each optical element is machined on a 5-axis milling machine referenced
to the optical component mounting surface. Precision dowel pins locate each optic on the optical bench, and also
locate each optic on the milling machine dividing head for fabrication. The milling machine datum is set from
the mounting surface and guide pin locations. This ensures that the optical surface is referenced to the mounting
surface and pin locations to the milling machine’s positioning accuracy of ⇠5µm (XYZ) and 0.1� (AB). When
possible, we have combined multiple optical elements into a single monolithic machined unit (e.g. the O↵ner
relay) to eliminate error stackup from multiple mechanical interfaces. Finite element simulations of gravitational
deformation confirm that the optics should not sag under operation by any more than 1/20th of a wavelength.

3. CRYOGENIC SYSTEM

The cryogenic design of the TIM experiment, illustrated in Figure 3 (Left), is based upon that of the BLAST-
TNG cryostat(9,18). The optics box (slightly larger than that of BLAST-TNG, in order to accommodate the
more complex optics) is located directly below a 280 L liquid helium (LHe) tank. The optical bench is bolted
directly to the base of the helium tank, in order to provide a solid thermal connection. The LHe tank and optics
box are surrounded by two concentric vapor-cooled shields (VCS1/2), which intercept thermal radiation from

Proc. of SPIE Vol. 12190  1219008-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
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LIM with Millimeter-Wavelength Tracers
• The CII line and the CO rotational ladder 

over 1 < z < 10 redshift to the ground-
based CMB observing frequencies


• CMB community has invested decades 
in R&D on detectors, cryogenic optics, 
and survey design for observing in the 
20-300 GHz range


• Transfer our CMB expertise to line 
intensity mapping 

• Many small experiments (TIME, COMAP, 
CONCERTO, EXCLAIM, TIM, …) trying 
this with extremely diverse approaches: 
coherent detectors vs. bolometers; 
grating spectrometers vs. fourier 
transform spectrometers vs. …

2.2 Intellectual Merit: Breakthrough Science with SPT-Spec

IM is a promising new probe of large-scale structure [1]. Low angular resolution observations of
an emission line trace the 3D matter distribution without resolving sources; IM therefore measures
cosmological modes more quickly and at higher redshift than galaxy surveys. SPT-Spec is sensitive
to far-IR emission lines from early galaxies. The CO rotational ladder and the [CII] ionized carbon
fine-structure line are bright in early galaxies [2], and at high z are redshifted into the mm band.
As shown in Fig. 2, this wideband spectroscopic receiver will detect galaxies from 0 < z < 9.
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Figure 2: SPT-Spec covering 80–310 GHz detects CO at intermediate redshifts and [CII] at high redshift.
Projected line strengths, redshifts, and atmospheric transmission are indicated. Figure: Garrett Keating.

IM power spectrum measurements with multiple lines and redshifts uniquely answer key astro-
physical and cosmological questions. The amplitude probes the line luminosity function. Unlike
galaxy surveys, IM detects all of the galaxies instead of just the brightest ones, providing a more
complete picture of the population. The shape is sensitive to cosmology: baryon acoustic oscil-
lations (BAO) are a standard ruler that measure the expansion history of the Universe, while
primordial non-Gaussianity probes multi-field inflation and imprints additional bias at large scales.

IM is especially powerful in conjunction with external measurements. During the Epoch of
Reionization, unknown sources ionized the intergalactic medium. Correlating SPT-Spec’s [CII]
maps at 5 < z < 9 with 21 cm neutral hydrogen maps will be a uniquely systematics-immune
probe of reionization physics [3]. At lower redshifts that overlap with galaxy surveys, IM provides
an independent measurement of the same cosmological modes but with a di↵erent bias.

Astrophysics projections: A single-year SPT-Spec survey would be an order of magnitude
more sensitive than existing IM experiments. Mid-redshift CO will be detected at extremely high
significance: 250� for CO(2-1) at z = 0.5, 320� for CO(3-2) at z = 1.5, and 140� for CO(3-2) at
z = 3. Solid detections of reionization-era galaxies at higher redshift with [CII] (12� at z = 6 and
6� at z = 7) will also be possible. Together these measurements will tightly constrain the detailed
shapes of the star formation rate density and molecular gas fractions as a function of z.

Cosmology projections: A multi-year, wide-area survey with a fully-populated focal plane
would constrain the BAO scale to sub-percent precision at z < 5 and at the 1–5% level from
5 < z < 9. Using the BAO phase, the e↵ective number of neutrino species could be measured
to �(Neff ) ⇠ 0.06 in combination with LSST and Planck. Primordial non-Gaussianity would be
measured at �(fNL) ⇠ 3 using SPT-Spec alone; with LSST, �(fNL) ⇠ 0.9 is possible.

In addition to IM, SPT-Spec will e�ciently measure redshifts of individual galaxies identified
in broad-band surveys such as SPT-3G. This will allow identification of the most interesting high-
redshift candidates for detailed followup with ALMA and optical observations.

2

ground-based CMB observing frequencies

Figure: J. Vieira

C[II] line

CO rotational transitions

galaxy spectrum
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On-Chip Spectrometers
• Couple antenna to an RF filter-bank to 

achieve tunable narrow-band response, 
filling the atmospheric frequency 
“windows” used for ground-based 
observations


• Couple a microwave kinetic indutance 
detector (MKID) to each filter channel


• Demonstrated in few-pixel field tests (e.g. 
SuperSpec, DESHIMA), but not in 
monolithic arrays needed for future surveys


• Development of on-chip mm spectrometers 
for large-scale structure surveys endorsed 
by DOE Basic Research Needs Study on 
HEP Detector Research and Development 
(2020)

Measured Spectra

Wheeler et al. 2016

...can also move band around and tune the channel spacing 

Funded!  NASA APRA 2019-2022
R~1000 @ 300 GHz, R~300 @ 1 THz
Other lines possible, e.g. [OIII]

7



SPT-SLIM: South Pole Telescope Summertime Line 
Intensity Mapper
Argonne: 
T. Cecil

C. Chang

Z. Pan


Cardiff: 
P. Barry

G. Robson


Harvard / CfA: 
G. Keating


Fermilab: 
A. Anderson

B. Benson

S. Simon

M. Hollister


McGill: 
M. Dobbs

M. Rouble


U. Arizona: 
D. Kim

D. Marrone


U. Chicago: 
K. Karkare

R. McGeehan

J. McMahon

E. Shirokoff


Three-Speed Logic 
G. Smecher


8



SPT-SLIM Experimental Concept
SPT optics include mount point for optional receiver, used 
by Event Horizon Telescope (EHT) during 2017-present

SPT-SLIM - Replace EHT cryostat with on-chip 
spectrometers and observe for one summer season

Photo: A. Bender

9

SPT-SLIM

Event Horizon Telescope / 
SPT-SLIM location

South Pole Telescope is 10-m CMB telescope 
observing at 90/150/220 GHz during both 
austral winter and summer

Figure: J. Kim, et al. 1805.09346



Detector Architecture
• Millimeter-wave (~150 GHz) light from telescope is 

coupled via feedhorn to orthomode transducer 
(OMT).


• Narrow-band filters channelize the broadband power 
feeding lumped-element kinetic inductance detector 
(leKID).


• Power breaks Cooper pairs in Al inductor and LC 
resonator is coupled to microwave (~2GHz) feed line.


• Inverted microstrip design reduces microwave losses. 

2 P. S. Barry et al.

205 µm), and doubly ionised oxygen (O���, 52 and 88 µm) – mm-LIM is set to provide unique
insights into the evolution of LSS out to I ⇠ 10. The first generation of experiments dedicated
to mm-LIM are well underway, with a recent group of on-sky deployments [1, 2] along with
several new instruments currently under construction [3, 4]. Most of these experiments are
built around technologies that are well established, but are challenging to scale. To e�ciently
carry out wide-field high-redshift LIM surveys, future mm-LIM experiments will require a
new class of large-format spectroscopic imaging arrays.

Superconducting filterbank spectrometers have emerged as a promising candidate for
future spectroscopic focal planes operating at mm-wavelengths (70-500 GHz). The integrated
on-chip architecture enables a substantial reduction in size and cost relative to existing
approaches, allowing multiple spectrometers to be patterned onto a single silicon wafer.
Recent progress in spectrometer design and thin-film fabrication techniques has resulted in
a number of successful small-scale laboratory demonstrations [5, 6, 7], as well as the first
on-sky deployment of a single-pixel filterbank spectrometer [8].

The Summertime Line Intensity Mapper is a new pathfinder instrument on the South
Pole Telescope (SPT-SLIM) that builds on this technical foundation to demonstrate the
in-field performance and suitability of multi-pixel mm-wave filterbank spectrometers and
their application to mm-LIM. Combining low-loss mm-wave superconducting circuits with
arrays of ultra-sensitive kinetic inductance detectors (KIDs), SPT-SLIM will serve as a key
demonstration for large-format highly multiplexed spectroscopic imaging arrays. Scheduled
for deployment in 2023, the SPT-SLIM cryostat (Fig. 1a) is being constructed as a drop-in
replacement for the Event Horizon Telescope VLBI receiver [9] and will observe during
the austral summer. Benefitting from the existing infrastructure at the SPT, a pick-o� mirror
diverts the telescope beam coming from the primary aperture to a custom-built tertiary
mirror that feeds the SLIM focal plane. The optical bandwidth at the detectors is designed to
span the 2 mm atmospheric window (120–180 GHz), and is defined through a set of infrared
blockers and metal-mesh quasi-optical lowpass edge filters. The focal plane assembly is
then cooled to ⇠ 100 mK using a cryogen-free adiabatic demagnetisation refrigerator that
provides the operating temperature needed to achieve the desired detector sensitivity.

Fig. 1 Layout of the SPT-SLIM instrument, a) a CAD rendering of the SPT-SLIM cryostat, b) cross section
view of the conceptual design of the focal plane array, c) a schematic top down view of the layout of the
sub-module assembly, and d) cross section view of the dielectric and wafer stack. (Color figure online.)
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scheduled to deploy to the South Pole for observations in the
2023–2024 austral summer.

II. SPECTROMETER DESIGN

The spectrometers for SPT-SLIM are a filterbank style
spectrometer [8], [9]. The key components for the spectrometer
are shown in Figure 1. Optical signals from the telescope
are coupled to the spectrometer via a feedhorn to ortho-
mode transducer (OMT) coupling. The signal from opposing
OMT probes are combined in a hybrid-tee and the resulting
signal continues down a microstrip transmission line. For each
filter bank channel one end of a �/2 channelizing resonator
is capacitively coupled to the microstrip feedline with each
filter picking off a narrow frequency band. The channel filters
are arranged from high to low frequency along the feedline
with the higher frequency channels closer to the hybrid-tee.
The channel filters are designed to oversample the 120–180
GHz band. The other end of the channelizing resonator is
capacitively coupled to the inductor of a leKID that is used
to detect the power in each channel and provides readout
multiplexing. The other end of the leKIDS is capacitvely
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on insulator wafer (SOI) with a high-resistivity device layer
(> 10k Ohm-cm) to limit losses from the substrate. The
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on the high-resistivity silicon substrate. The first layer is
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The same lithography layer that is used for the DRIE step also
serves as a liftoff layer for the Nb backshort.

Realization of this fabrication process required addressing
key technical challenges which are addressed in more de-
tail below. The first key challenge was identifying a low-
temperature dielectric deposition process that yields a low-
loss dielectric. The second challenge was achieving a ro-
bust galvanic contact between the Al and Nb layers in the
hybrid leKIDS despite the presence of native oxides. The
last challenge seeks an alternative substrate than SOI wafers.
Although high quality leKIDs have been fabricated on SOI

ASC2022-2EPO2E-01 2

scheduled to deploy to the South Pole for observations in the
2023–2024 austral summer.

II. SPECTROMETER DESIGN

The spectrometers for SPT-SLIM are a filterbank style
spectrometer [8], [9]. The key components for the spectrometer
are shown in Figure 1. Optical signals from the telescope
are coupled to the spectrometer via a feedhorn to ortho-
mode transducer (OMT) coupling. The signal from opposing
OMT probes are combined in a hybrid-tee and the resulting
signal continues down a microstrip transmission line. For each
filter bank channel one end of a �/2 channelizing resonator
is capacitively coupled to the microstrip feedline with each
filter picking off a narrow frequency band. The channel filters
are arranged from high to low frequency along the feedline
with the higher frequency channels closer to the hybrid-tee.
The channel filters are designed to oversample the 120–180
GHz band. The other end of the channelizing resonator is
capacitively coupled to the inductor of a leKID that is used
to detect the power in each channel and provides readout
multiplexing. The other end of the leKIDS is capacitvely
coupled to a co-planar waveguide that serves as the readout
line. The leKIDs are designed to resonate at ⇠ 2 GHz with
a frequency spacing of 2.5 MHz between each resonance.
This will enable placing 200 channels in a 500 MHz readout
bandwidth.

III. FABRICATION PROCESS

The process flow to fabricate the filter bank spectrometer
is shown in Figure 2. The spectrometer begins with a silicon
on insulator wafer (SOI) with a high-resistivity device layer
(> 10k Ohm-cm) to limit losses from the substrate. The
spectrometer design uses an inverted microstrip layout; using
this geometry limits the number of processing steps prior
to the deposition of the Al inductors and deposits the AL
on the high-resistivity silicon substrate. The first layer is
the spectrometer wiring including OMT probes, transmission
lines, channelizing filters, and leKID capacitors is deposited
and patterned using a reactive ion etch. This layer consist of
170 nm thick Nb with a 30 nm thick NbN capping layer,
which is used to improve galvanic with the Al inductor (for
additional details on the NbN capping layer see Section III-B).
Next the 30 nm Al inductors are patterned using a bilayer
liftoff process. The Al thickness is chosen based upon the
inductor volume to achieve high signal to noise for the readout
leKIDs for the expected optical loading levels. Following
the wiring layers is the dielectric layer. The current baseline
is a Si-rich SiNx deposited by plasma-enhanced chemical
vapor deposition (PECVD) at a temperature of 100C to avoid
damaging the Al inductors. After the dielectric, the Nb ground
plane is deposited and patterned via liftoff. Using a liftoff
process avoids any shorting the could occur from material that
is deposited on the sidewall of steps but not removed during
an anisotropic etch. Next, the OMT well is formed by a deep
reactive ion etch (DRIE) from the back side of the wafer to
remove the SOI handle wafer from behind the OMT probes. A
wet etch with 10% HF buffered oxide etch is used to removed

Fig. 1. Layout for a filter bank spectrometer. (A) Layout showing main spec-
trometer features including the OMT probes, hybrid-tee, central microstrip,
channelizing filters, and readout leKIDs. (Note: while SPT-SLIM will use
dual-polarization pixels we show a single polarization for simplicity) (B)
Zoom-in showing channelizing filter coupled to the meander inductor and
capacitor of readout leKID. (C) Zoom-in showing readout leKID connected
to the readout microstrip via a coupling capacitor.

the buried oxide layer in the OMT well. Finally a layer of Nb is
deposited on the backside to create a quarter-wave backshort.
The same lithography layer that is used for the DRIE step also
serves as a liftoff layer for the Nb backshort.

Realization of this fabrication process required addressing
key technical challenges which are addressed in more de-
tail below. The first key challenge was identifying a low-
temperature dielectric deposition process that yields a low-
loss dielectric. The second challenge was achieving a ro-
bust galvanic contact between the Al and Nb layers in the
hybrid leKIDS despite the presence of native oxides. The
last challenge seeks an alternative substrate than SOI wafers.
Although high quality leKIDs have been fabricated on SOI

ASC2022-2EPO2E-01 2

scheduled to deploy to the South Pole for observations in the
2023–2024 austral summer.

II. SPECTROMETER DESIGN

The spectrometers for SPT-SLIM are a filterbank style
spectrometer [8], [9]. The key components for the spectrometer
are shown in Figure 1. Optical signals from the telescope
are coupled to the spectrometer via a feedhorn to ortho-
mode transducer (OMT) coupling. The signal from opposing
OMT probes are combined in a hybrid-tee and the resulting
signal continues down a microstrip transmission line. For each
filter bank channel one end of a �/2 channelizing resonator
is capacitively coupled to the microstrip feedline with each
filter picking off a narrow frequency band. The channel filters
are arranged from high to low frequency along the feedline
with the higher frequency channels closer to the hybrid-tee.
The channel filters are designed to oversample the 120–180
GHz band. The other end of the channelizing resonator is
capacitively coupled to the inductor of a leKID that is used
to detect the power in each channel and provides readout
multiplexing. The other end of the leKIDS is capacitvely
coupled to a co-planar waveguide that serves as the readout
line. The leKIDs are designed to resonate at ⇠ 2 GHz with
a frequency spacing of 2.5 MHz between each resonance.
This will enable placing 200 channels in a 500 MHz readout
bandwidth.

III. FABRICATION PROCESS

The process flow to fabricate the filter bank spectrometer
is shown in Figure 2. The spectrometer begins with a silicon
on insulator wafer (SOI) with a high-resistivity device layer
(> 10k Ohm-cm) to limit losses from the substrate. The
spectrometer design uses an inverted microstrip layout; using
this geometry limits the number of processing steps prior
to the deposition of the Al inductors and deposits the AL
on the high-resistivity silicon substrate. The first layer is
the spectrometer wiring including OMT probes, transmission
lines, channelizing filters, and leKID capacitors is deposited
and patterned using a reactive ion etch. This layer consist of
170 nm thick Nb with a 30 nm thick NbN capping layer,
which is used to improve galvanic with the Al inductor (for
additional details on the NbN capping layer see Section III-B).
Next the 30 nm Al inductors are patterned using a bilayer
liftoff process. The Al thickness is chosen based upon the
inductor volume to achieve high signal to noise for the readout
leKIDs for the expected optical loading levels. Following
the wiring layers is the dielectric layer. The current baseline
is a Si-rich SiNx deposited by plasma-enhanced chemical
vapor deposition (PECVD) at a temperature of 100C to avoid
damaging the Al inductors. After the dielectric, the Nb ground
plane is deposited and patterned via liftoff. Using a liftoff
process avoids any shorting the could occur from material that
is deposited on the sidewall of steps but not removed during
an anisotropic etch. Next, the OMT well is formed by a deep
reactive ion etch (DRIE) from the back side of the wafer to
remove the SOI handle wafer from behind the OMT probes. A
wet etch with 10% HF buffered oxide etch is used to removed

Fig. 1. Layout for a filter bank spectrometer. (A) Layout showing main spec-
trometer features including the OMT probes, hybrid-tee, central microstrip,
channelizing filters, and readout leKIDs. (Note: while SPT-SLIM will use
dual-polarization pixels we show a single polarization for simplicity) (B)
Zoom-in showing channelizing filter coupled to the meander inductor and
capacitor of readout leKID. (C) Zoom-in showing readout leKID connected
to the readout microstrip via a coupling capacitor.

the buried oxide layer in the OMT well. Finally a layer of Nb is
deposited on the backside to create a quarter-wave backshort.
The same lithography layer that is used for the DRIE step also
serves as a liftoff layer for the Nb backshort.

Realization of this fabrication process required addressing
key technical challenges which are addressed in more de-
tail below. The first key challenge was identifying a low-
temperature dielectric deposition process that yields a low-
loss dielectric. The second challenge was achieving a ro-
bust galvanic contact between the Al and Nb layers in the
hybrid leKIDS despite the presence of native oxides. The
last challenge seeks an alternative substrate than SOI wafers.
Although high quality leKIDs have been fabricated on SOI

capacitor

inductor

channelizing 
filter

capacitive coupling to 
microwave (~2 GHz) readout

T. Cecil (ASC 2022)Power from sky

P. Barry++ (2111.04633) 10



Detector Architecture
• Millimeter-wave (~150 GHz) light from telescope is 

coupled via feedhorn to orthomode transducer 
(OMT).


• Narrow-band filters channelize the broadband power 
feeding lumped-element kinetic inductance detector 
(leKID).


• Power breaks Cooper pairs in Al inductor and LC 
resonator is coupled to microwave (~2GHz) feed line.


• Inverted microstrip design reduces microwave losses. 

2 P. S. Barry et al.

205 µm), and doubly ionised oxygen (O���, 52 and 88 µm) – mm-LIM is set to provide unique
insights into the evolution of LSS out to I ⇠ 10. The first generation of experiments dedicated
to mm-LIM are well underway, with a recent group of on-sky deployments [1, 2] along with
several new instruments currently under construction [3, 4]. Most of these experiments are
built around technologies that are well established, but are challenging to scale. To e�ciently
carry out wide-field high-redshift LIM surveys, future mm-LIM experiments will require a
new class of large-format spectroscopic imaging arrays.

Superconducting filterbank spectrometers have emerged as a promising candidate for
future spectroscopic focal planes operating at mm-wavelengths (70-500 GHz). The integrated
on-chip architecture enables a substantial reduction in size and cost relative to existing
approaches, allowing multiple spectrometers to be patterned onto a single silicon wafer.
Recent progress in spectrometer design and thin-film fabrication techniques has resulted in
a number of successful small-scale laboratory demonstrations [5, 6, 7], as well as the first
on-sky deployment of a single-pixel filterbank spectrometer [8].

The Summertime Line Intensity Mapper is a new pathfinder instrument on the South
Pole Telescope (SPT-SLIM) that builds on this technical foundation to demonstrate the
in-field performance and suitability of multi-pixel mm-wave filterbank spectrometers and
their application to mm-LIM. Combining low-loss mm-wave superconducting circuits with
arrays of ultra-sensitive kinetic inductance detectors (KIDs), SPT-SLIM will serve as a key
demonstration for large-format highly multiplexed spectroscopic imaging arrays. Scheduled
for deployment in 2023, the SPT-SLIM cryostat (Fig. 1a) is being constructed as a drop-in
replacement for the Event Horizon Telescope VLBI receiver [9] and will observe during
the austral summer. Benefitting from the existing infrastructure at the SPT, a pick-o� mirror
diverts the telescope beam coming from the primary aperture to a custom-built tertiary
mirror that feeds the SLIM focal plane. The optical bandwidth at the detectors is designed to
span the 2 mm atmospheric window (120–180 GHz), and is defined through a set of infrared
blockers and metal-mesh quasi-optical lowpass edge filters. The focal plane assembly is
then cooled to ⇠ 100 mK using a cryogen-free adiabatic demagnetisation refrigerator that
provides the operating temperature needed to achieve the desired detector sensitivity.

Fig. 1 Layout of the SPT-SLIM instrument, a) a CAD rendering of the SPT-SLIM cryostat, b) cross section
view of the conceptual design of the focal plane array, c) a schematic top down view of the layout of the
sub-module assembly, and d) cross section view of the dielectric and wafer stack. (Color figure online.)
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(> 10k Ohm-cm) to limit losses from the substrate. The
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on the high-resistivity silicon substrate. The first layer is
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which is used to improve galvanic with the Al inductor (for
additional details on the NbN capping layer see Section III-B).
Next the 30 nm Al inductors are patterned using a bilayer
liftoff process. The Al thickness is chosen based upon the
inductor volume to achieve high signal to noise for the readout
leKIDs for the expected optical loading levels. Following
the wiring layers is the dielectric layer. The current baseline
is a Si-rich SiNx deposited by plasma-enhanced chemical
vapor deposition (PECVD) at a temperature of 100C to avoid
damaging the Al inductors. After the dielectric, the Nb ground
plane is deposited and patterned via liftoff. Using a liftoff
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the buried oxide layer in the OMT well. Finally a layer of Nb is
deposited on the backside to create a quarter-wave backshort.
The same lithography layer that is used for the DRIE step also
serves as a liftoff layer for the Nb backshort.

Realization of this fabrication process required addressing
key technical challenges which are addressed in more de-
tail below. The first key challenge was identifying a low-
temperature dielectric deposition process that yields a low-
loss dielectric. The second challenge was achieving a ro-
bust galvanic contact between the Al and Nb layers in the
hybrid leKIDS despite the presence of native oxides. The
last challenge seeks an alternative substrate than SOI wafers.
Although high quality leKIDs have been fabricated on SOI
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temperature dielectric deposition process that yields a low-
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Fig. 5. (Top) Photo of a membrane step test chip with three different leKID
variations: left leKID - entire leKID on SiNx membrane; center three leKID -
inductors on SiNx membrane and capacitors on bare silicon; and right leKID
- entire leKID on bare silicon. (Bottom left) Closeup of leKID in blue box.
(Bottom right) Closeup of membrane stepdown shown in red box. The leKID
Nb layer transitions from SiNx to SiO2 to bare silicon, pink to grey to light
blue, respectively.

well matched to the needs of future mm-wave LIM ex-
periments. We describe the development of superconducting
spectrometers designed to operate in the 120–180 GHz band
for the upcoming SPT-SLIM instrument which is scheduled to
deploy in the 2023-2024 austral summer. This instrument will
serve as a pathfinder to demonstrate the viability of ground
based LIM measurements in the mm-wave bands.
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Focal Plane and Prototypes 
• Baseline 18 dual-pol pixels with R~300 = 8640 detectors (240 

detectors / pixel) 

• Use 118-186 GHz atmospheric window, sensitive to CO(2-1), CO(3-2), 
CO(4-3) in 0.5 < z < 2.1


• Filter banks are much larger than 1 pixel, so array them around perimeter 
on segments of 3x 4-inch wafers and read out KIDs from perimeter


• Oversampling of millimeter-wave spectrum boosts  total optical 
efficiency of system

ASC2022-2EPO2E-01 5

Fig. 5. (Top) Photo of a membrane step test chip with three different leKID
variations: left leKID - entire leKID on SiNx membrane; center three leKID -
inductors on SiNx membrane and capacitors on bare silicon; and right leKID
- entire leKID on bare silicon. (Bottom left) Closeup of leKID in blue box.
(Bottom right) Closeup of membrane stepdown shown in red box. The leKID
Nb layer transitions from SiNx to SiO2 to bare silicon, pink to grey to light
blue, respectively.

well matched to the needs of future mm-wave LIM ex-
periments. We describe the development of superconducting
spectrometers designed to operate in the 120–180 GHz band
for the upcoming SPT-SLIM instrument which is scheduled to
deploy in the 2023-2024 austral summer. This instrument will
serve as a pathfinder to demonstrate the viability of ground
based LIM measurements in the mm-wave bands.
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SPT-SLIM Cryostat

12

• Very compact design required to fit in SPT receiver cabin

• Use 2-stage ADR backed by PTC operated at 100mK—

design that requires strict control of thermal loading
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SPT-SLIM Cryostat

12

• Very compact design required to fit in SPT receiver cabin

• Use 2-stage ADR backed by PTC operated at 100mK—

design that requires strict control of thermal loading



Optical Design

F/3.1
17.74 mm clearanceCryostat Top Flange

Daewook Kim, Trenton Brendel, 
Hill Tailor, Dan Marrone

• Unusual off-axis Cassegrain design subject to fixed 
condition for primary mirror and focal plane position


• Numerically optimized field corrector achieves >40mm 
diameter usable focal plane at f/2.5
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Next-Generation 
Microwave Readouts
• Adapting “ICE” platform developed by McGill for 

readout of TESs in SPT-3G and radio receivers in 
CHIME


• Maintain legacy motherboards while swapping RF 
mezzanine based on the AD9082 chip:


• 4x DACs (12 GSPS) and 2x ADCs (6 GSPS) per 
board, supporting 2048x multiplexing at 
baseband


• Enables reuse of full software stack developed for 
SPT-3G TESs: major reduction in effort!


• Upgrade path with RFSoC FPGAs: McGill spin-off 
company called t0 developing board for KIDs and 
quantum readout and controls using adapted RF-
ICE firmware


• FNAL has also developed prototype KIDs readout 
firmware for RFSoC demo board (ZCU111)

ICE motherboard14

Figure 1: The digital hardware of the RF-ICE platform: an ICE motherboard (1; the “IceBoard”) with Analog
Devices AD9082-FMCA-EBZ mezzanine (2). A multi-purpose signal processing platform, the IceBoard pairs
with the mezzanine through one of its two available standard FMC interfaces, one of which is visible as (3).
The mezzanine is an evaluation board for the AD9082 mixed-signal front-end device, housing two independent
readout modules which interface with external analog readout electronics via SMA connectors (4). The IceBoard
communicates with a control PC via wired Ethernet (5).

Each IceBoard is paired with one AD9082 mezzanine, which houses two “readout modules”, independent
signal processing chains operating from 0 to 6 GHz, each simultaneously synthesizing up to 1024 channels in
firmware over an instantaneous bandwidth of 500 MHz to give a total possible detector count per motherboard
of 2048. Each module comprises two DACs (a “carrier” and a “nuller”) and one ADC, with a numerically-
controlled oscillator (NCO) which determines the placement of the instantaneous bandwidth. Although not in
use at present, the nuller synthesis pathways allow the use of active feedback for nulling carrier tones to improve
amplifier stability, or to implement continuous tone tracking. The system uses direct sampling for synthesis and
demodulation, without the need for external quadrature mixing.

Designed to be mounted in a “crate” (a high-density equipment rack housing an array of IceBoards), the
system receives its 18V power supply either through a custom crate backplane or through attachment points
on the motherboard, and communicates with a control computer over a wired Ethernet connection. A single,
experiment-wide clock prevents intermodulation products from, for example, peripherals or beating oscillators,
and can be sourced either from the motherboard’s onboard precision oscillator or from an external source. Each
readout module interfaces with the analog electronics of the external signal chain through SMA connectors on
the mezzanine.

2.2 Firmware and digital signal path

The RF-ICE readout firmware is shown in Figure 2. This firmware is chiefly di↵erentiated by the use of polyphase
filter-bank (PFB) converters [10] on both demodulation and synthesis paths. PFB demodulators are in conven-
tional among frequency-domain multiplexed TES [11] and MKID [12, 13] readout. However, PFBs in MKIDs
synthesizer paths are relatively unusual, and provide two key benefits:

Synthesizer parameters may be continuously varied in real time, allowing feedback-control schemes such as
continuous tone tracking and dynamic nulling, and
By using a highly-decimated timestream representation for each channel, PFB synthesizers eliminate band-
width and data-storage bottlenecks associated with static playback bu↵ers for bias tones.

Proc. of SPIE Vol. 12190  1219024-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 27 Nov 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Legacy motherboard

RF daughter card

Figure 5: Example data products from the RF-ICE system, in operation characterizing a prototype MKID
wafer. The left panel shows an output of the resonance finder, which measures the S21 response of the system
(blue trace) and uses filtering and a peak finding algorithm to locate resonant features associated with the
detectors on the wafer (red circles). Once identified, each resonator’s optimal carrier bias power is determined
by performing localized frequency sweep measurements across it at a range of probe powers as shown in the
right two panels, with warmer colours corresponding to larger carrier powers; top showing the magnitude of the
response as a function of frequency, bottom showing the quadrature-demodulated I and Q components of the
same data plotted on the I-Q plane. Fitting an appropriate detector model to the data, its optimal bias point is
identified by determining the power at which its responsivity is maximized – this occurs at the maximal rate of
change of the trace on the I-Q plane relative to frequency. At carrier powers above this, the resonance exhibits
“bifurcation” behaviour (for example, yellow trace in right-hand panels), where its state may jump between two
stable solutions. This process can be done for multiple detectors simultaneously, allowing rapid characterization
of the entire array.

what will be used in a deployment context, and so also serves as a test-bed for the final analog electronics
configuration. The system, depicted in Figure 6, is comparatively simple versus readout electronics for previous
generations of SPT cameras, and consists only of a series of attenuators, the detectors themselves, a cryogenic
low-noise amplifier (LNA), and room-temperature amplification. The primary function of each electronic element
of the chain is to scale the carrier tones to provide optimal bias conditions for the detectors while fully utilizing
the dynamic range of the AD9082’s ADC and DAC. The simplest case of this testing is done using detectors
which are not optically coupled, to avoid the complications of varied optical loads.

This electronics configuration is considered a single readout chain, and is an independent, scalable, and
complete unit capable of operating up to 1024 detectors. In a deployment context, multiple readout chains
operate together to allow control over the complete focal plane.

In assembling the analog signal chain, two key quantities are of interest: signal level and noise. The readout
system must supply carrier tones to the detectors at an optimal power level in order to maximize their respon-
sivity, and contribute a low enough total noise power such that the system remains photon-noise limited. The
current design targets an optimal MKID bias power of -100 dBm per resonator.

Carrier levels. Evenly distributing the DAC’s output power amongst 1024 carriers, each carrier leaves the
mezzanine at approximately -40 dBm. Several stages of attenuation, distributed across the temperature stages of
the test cryostat, combined with small losses in the coaxial cabling, result in a signal attenuation of approximately
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Forecast and Experimental Outlook
• Conservatively expect 50-75% total observing efficiency for ~4 weeks, so >300 hours on-

target time is realistic


• Raw sensitivity of SPT-SLIM could be sufficient for a first detection of the CO power spectra 
(0.5 < z < 3) with high significance in a single summer season
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Conclusions
• SPT-SLIM is funded by internal Fermilab LDRD 

funds and NSF, and target deployment to South 
Pole is 2023-2024 austral summer


• Demonstration of scaling the on-chip spectrometer 
technology from single pixels to a full array


• High-significance detection of CO power spectrum 
is possible even with a small technology 
demonstrator 
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