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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.

Cosmology with LIM
• LIM with mm tracers can, in principle, 

improve constraints on cosmological 
parameters due to:


• Measuring more modes at higher 
redshifts


• Degeneracy breaking when 
combined with CMB and other 
probes


• Placing significant constraints on 
cosmology using LIM requires much 
larger arrays of detectors than 
currently exist ➔ opportunity for 
technology development.
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Many Lines, Many Experiments…
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Figure 3. The TIME-Pilot Instrument The instrument will be housed in a closed-cycle 4 K–1 K–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
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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 
spectrometer

CII 5 < z < 9

(180–320 GHz)

TIM:

Grating spectrometer

CII 0.5 < z < 1.5

NII, OI, OIII

(240-420 μm)

Crites, et al. 2014

EoR-Spec / CCATp:

Fabry-Perot

CII 3.5 < z < 8

(210-420 GHz)

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
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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
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On-Chip Spectrometers: Principle of Operation
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• Couple antenna to an bank of narrow-band RF 
filters, filling the atmospheric frequency 
“windows” used for ground-based observations.


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


• Multiple groups are pursuing on-chip 
spectrometers (e.g. SuperSpec, DESHIMA), but 
demonstrations are currently on very small arrays 
of detectors. Scaling is an important instrument 
R&D problem.
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On-Chip Spectrometers: Potential Advantages
• Compactness: On-chip spectrometers are more compact that e.g. grating spectrometers, 

which may make scale-up to large arrays easier.


• Programmatic economies of scale: Fully drop-in compatible with cryostats used for CMB 
detectors, which may open up more time on telescopes and reduce duplicative effort.

~20cm

~30cm

~1cm

TIME, R=100 (Li, et al., 2018)

SLIM, R=100 (nominal)
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SPT-SLIM Pathfinder 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 during austral summers.

Photo: A. Bender
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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



SPT-SLIM: SPT Summertime Shirokoff Line Intensity Mapper
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Detector Architecture
• Focal plane design consists of 9 optical 

pixels, split between 3 submodules, 
each coupled to two R=100 filterbanks:


• 65 detectors / filterbank


• 18 filterbanks ➔ 1170 KIDs


• Designed observing band: 120-180 
GHz


• Detectors fabricated at Argonne 
National Laboratory.


• Feedhorn / orthomode-transducer-
coupling of light to detectors using 
machined aluminum parts.

150mm

leKID filterbanks

G. Robson (Cardiff)

Active 
pixels

Readout 
microstrip
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Cryostat Assembly at Pole

3K

700mK

150mK

Adiabatic demagnetization 
refrigerator (ADR)

Cryogenic Performance of the SPT-SLIM Receiver
Matthew R. Young (Fermilab), for the SPT-SLIM collaboration

myoung@fnal.gov

II. Receiver

V. Conclusions

The SPT-SLIM receiver requires a 150mK operating temperature and compact 
design. The cryostat was built and tested at Fermilab prior to deployment, and features a 
Cryomech PT-407 cryocooler and FormFactor 2-stage ADR for sub-K operation. The ADR 
hold time is determined by the thermal load on each stage as well as the 4K stage 
temperature, with several design choices aimed at reducing thermal gradients to this stage.

Supported by:

• SPT-SLIM successfully demonstrated the use of mm-wave on-chip spectrometers for 
LIM during its 1-month observing campaign.

• The cryogenic performance is in agreement with model expectations, enabling an 
observing efficiency of up to 81% at 150 mK with < 0.1mK temperature stability.

• The OCS platform was utilized for cryogenic monitoring and control, allowing for 
automated observing with the SPT.

P2033

This manuscript has been authored by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the U.S. 
Department of Energy, Office of Science, Office of High Energy Physics.

III. Cryogenic Performance

I. Overview and Context
Line intensity mapping (LIM) is an emerging technique for surveying large-scale 
structure by observing the redshifted emission of atomic or molecular lines both spatially 
and spectrally. The cosmological information available from a LIM survey is similar to a galaxy 
survey, but the technique can, in principle, scale to higher redshifts.

Figure 2: SPT-SLIM 
conducted its first 1-
month survey during 
the 2024-2025 austral 
summer season on the 
10-meter SPT.

IV. Receiver Control System

Cryostat design key features:

• IR filtering: 

• UHMWPE window

• HD-30 foam stack (10x)

• 50K teflon + nylon, 

• 4K nylon + metal mesh

• Cryocooler: Cryomech PT-407

• Sub-K cooler: FormFactor 2-stage ADR

• Readout connections: 

• 18 coax lines (SS, CuNi, NbTi)

• 7 LNAs (2 removed)

• G10 tube standoff (4K stage)

• Multi-layer Insulation (MLI): 20-layers (50K)

• Thermometry: 13 diodes and 6 RTDs

Figure 4: (Left) Topside of the focal plane package, featuring a gold-plated copper shield above 
the aluminum detector module box. The shield is mounted via copper tabs to the underside. 
(Right) Underside of the focal plane package, showing the gold-plated copper spiderweb mount 
for the detector module box. These features were highly effective in reducing loading and 
thermal gradients across the detector module while also minimizing additional thermal mass.

Figure 6: Deployment cooldown curve of the 
SPT-SLIM cryostat, taking 46 hours to reach base 
temperature for ADR operation. 

Figure 8: Portion of the SPT-SLIM deployment team, 
pictured with the receiver electronics package.

The thermal performance of the SPT-SLIM receiver was largely in agreement with 
model expectations. The measured base 50K/4K head temperatures were 41 K and 2.7 K, 
corresponding to 15 W and 0.1 W loading on each stage respectively. The PTC frequency 
was re-tuned to 1.51 Hz, resulting in a 0.1 K improvement on the 4K head temperature. 
The resulting ADR magnet bath temperature was 3.2 K.

Stage Radiative load 
(modeled)

Conductive load 
(modeled)

Total load 
(modeled)

Measured load 
(inferred)

50K 11.7 W 3.8 W 14.5 W 15 W

4K 0.01 W 0.1 W 0.11 W 0.1 W

GGG 0.2 µW 14.6 µW 14.8 µW 17 µW

FAA 0.3 µW 1.2 µW 1.5 µW 1.7 µW

sub-Kelvin performance exceeded 
in-lab testing results. Observing efficiency 
is driven by the sub-K hold time of the 
ADR magnet, with SPT-SLIM achieving a 
hold time of 7 hours at 150 mK when 
running a 95 minute ADR magnetization 
cycle. This corresponds to an operational 
efficiency of 81%. 
Detector systematics are also impacted 
by the module temperature and stability. 
A thermometer on the underside of the 
module box (fig. 4 right) monitors the 
detector wafer bath temperature , 
measuring 160 mK with a stability of       
< 0.1 mK while observing. The module 
feed horn measures 155 mK during 
operation, demonstrating the focal plane 
package is isothermal (to within Rox 
accuracy of ±15 mK).

Table 1: Thermal performance summary

The Observatory Control 
System (OCS) platform was utilized 
for receiver monitoring and control 
(https://github.com/simonsobs/ocs). A 
custom OCS plugin was created for 
interacting with the SPT-SLIM 
hardware, with Grafana and InfluxDB 
providing real-time monitoring of 
housekeeping data. Additional scripts 
were used to interface between the 
SPT-SLIM OCS agents and the SPT 
Generic Control Program (GCP) in 
order to automate cryogenic cycling 
and telescope observing schedules. 

SPT-SL IM i s a p a t h f i n d e r 
experiment for demonstrating the 
u s e o f o n - c h i p m m - w a v e 
spectrometers for LIM, and deployed 
on the South Pole Telescope (SPT) 
dur ing the 2024-2025 Austral 
summer season. The mm-wave on-
chip filter bank spectrometers use a 
feed horn-coupled or thomode 
transducer (OMT) and microstrip to 
feed a bank of narrow-band filters. 
Each filter is instrumented with a 
lumped-element kinetic inductance 
detector (leKID), resulting in a 
compact planar form factor with high 
detector density. The SPT-SLIM 
camera contains a 9-pixel focal plane 
for observing redshifted CO in the   
150 GHz atmospheric window.

Figure 1: On-chip filterbank spectrometer 
architecture used by SPT-SLIM.

P. Barry, et al. 2111.04633

4 P. S. Barry et al.

surface prior to the dielectric and ground plane layers (see Fig. 1d). The inverted design
allows the detector to be fabricated on a minimally processed surface, which will minimise
the contribution from dielectric fluctuations to the detector noise. Futhermore, the photo-
sensitive section of the KID resonator is shielded by the ground-plane on the top side, which
acts to provide additional protection from stray light, whilst having a negligible e�ect on the
detector noise performance [20].

Fig. 2 a) Schematic of a prototype filterbank design and layout, including the OMT probes that are combined
an 180-deg hybrid to feed the filter bank. Inset shows a zoom of the micro strip-to-detector coupling. See
text for details. b) Prototype measurements using microwave microstrip resonators (left) to characterise SiN
(middle) and a-Si:H (right) (Color figure online).

The material loss tangent of the microstrip dielectric governs the ultimate performance
of the spectrometer [18]. Typical amorphous dielectrics are known to exhibit a wide range
of values for the dielectric properties that depend strongly on both the specific material, and
the particular deposition technique and process conditions. For SPT-SLIM we are exploring
several material options in order to achieve the desired spectral resolution whilst maintaining
high end-to-end optical e�ciency. To screen materials for SPT-SLIM we have adopted a
two-step process: performing measurements at microwave frequencies (6-8 GHz) using the
temperature dependence of the resonant frequency and loss of a superconducting resonator
as a relative probe of the loss tangent (Fig. 2b), and then following up with a characterisation
at mm-wave (150 GHz) using on-chip scalar transmission measurements of isolated mm-
wave filter channels. For initial prototypes we have baselined CVD silicon nitride (SiN) that
has been developed at Argonne [21], but are also exploring alternative deposition methods
(PVD, PE-CVD), as well as materials that are known to o�er improved performance, such as
hydrogenated amorphous silicon (a-Si:H). In fact, a preliminary microwave characterisation
of CVD-grown a-Si:H suggests a reduction in tanX of nearly 50x compared to our baseline
SiN process (Fig. 2b). If such an improvement translates to mm-wave, the implementa-
tion of a-Si:H for SPT-SLIM could provide a substantial (> 10%) increase in per-channel
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Figure 3: Cross-section 
of the SPT-SLIM cryostat. 

Don Mitchell (FNAL), 
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Jessica Zebrowski 
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Figure 5: SPT-SLIM cryostat install

Figure 7: Screenshot of ADR housekeeping data 
taken during 150mK temperature regulation, also 
demonstrating the utility of OCS and Grafana for 
system monitoring and control.
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Stage Thermal load 
(modeled)

Thermal load 
(measured)

50K 14.5 W 15 W

4K 0.11 W 0.10 W

700mK 15 uW 17 uW

100mK 1.5 uW 1.7 uW

Performance matches design goals:

81% ADR efficiency

300K to 3K in 46 hours
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Cryostat Assembly at Pole

3K

700mK

150mK

Adiabatic demagnetization 
refrigerator (ADR)

Cryogenic Performance of the SPT-SLIM Receiver
Matthew R. Young (Fermilab), for the SPT-SLIM collaboration

myoung@fnal.gov

II. Receiver

V. Conclusions

The SPT-SLIM receiver requires a 150mK operating temperature and compact 
design. The cryostat was built and tested at Fermilab prior to deployment, and features a 
Cryomech PT-407 cryocooler and FormFactor 2-stage ADR for sub-K operation. The ADR 
hold time is determined by the thermal load on each stage as well as the 4K stage 
temperature, with several design choices aimed at reducing thermal gradients to this stage.

Supported by:

• SPT-SLIM successfully demonstrated the use of mm-wave on-chip spectrometers for 
LIM during its 1-month observing campaign.

• The cryogenic performance is in agreement with model expectations, enabling an 
observing efficiency of up to 81% at 150 mK with < 0.1mK temperature stability.

• The OCS platform was utilized for cryogenic monitoring and control, allowing for 
automated observing with the SPT.

P2033

This manuscript has been authored by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the U.S. 
Department of Energy, Office of Science, Office of High Energy Physics.

III. Cryogenic Performance

I. Overview and Context
Line intensity mapping (LIM) is an emerging technique for surveying large-scale 
structure by observing the redshifted emission of atomic or molecular lines both spatially 
and spectrally. The cosmological information available from a LIM survey is similar to a galaxy 
survey, but the technique can, in principle, scale to higher redshifts.

Figure 2: SPT-SLIM 
conducted its first 1-
month survey during 
the 2024-2025 austral 
summer season on the 
10-meter SPT.

IV. Receiver Control System

Cryostat design key features:

• IR filtering: 

• UHMWPE window

• HD-30 foam stack (10x)

• 50K teflon + nylon, 

• 4K nylon + metal mesh

• Cryocooler: Cryomech PT-407

• Sub-K cooler: FormFactor 2-stage ADR

• Readout connections: 

• 18 coax lines (SS, CuNi, NbTi)

• 7 LNAs (2 removed)

• G10 tube standoff (4K stage)

• Multi-layer Insulation (MLI): 20-layers (50K)

• Thermometry: 13 diodes and 6 RTDs

Figure 4: (Left) Topside of the focal plane package, featuring a gold-plated copper shield above 
the aluminum detector module box. The shield is mounted via copper tabs to the underside. 
(Right) Underside of the focal plane package, showing the gold-plated copper spiderweb mount 
for the detector module box. These features were highly effective in reducing loading and 
thermal gradients across the detector module while also minimizing additional thermal mass.

Figure 6: Deployment cooldown curve of the 
SPT-SLIM cryostat, taking 46 hours to reach base 
temperature for ADR operation. 

Figure 8: Portion of the SPT-SLIM deployment team, 
pictured with the receiver electronics package.

The thermal performance of the SPT-SLIM receiver was largely in agreement with 
model expectations. The measured base 50K/4K head temperatures were 41 K and 2.7 K, 
corresponding to 15 W and 0.1 W loading on each stage respectively. The PTC frequency 
was re-tuned to 1.51 Hz, resulting in a 0.1 K improvement on the 4K head temperature. 
The resulting ADR magnet bath temperature was 3.2 K.

Stage Radiative load 
(modeled)

Conductive load 
(modeled)

Total load 
(modeled)

Measured load 
(inferred)

50K 11.7 W 3.8 W 14.5 W 15 W

4K 0.01 W 0.1 W 0.11 W 0.1 W

GGG 0.2 µW 14.6 µW 14.8 µW 17 µW

FAA 0.3 µW 1.2 µW 1.5 µW 1.7 µW

sub-Kelvin performance exceeded 
in-lab testing results. Observing efficiency 
is driven by the sub-K hold time of the 
ADR magnet, with SPT-SLIM achieving a 
hold time of 7 hours at 150 mK when 
running a 95 minute ADR magnetization 
cycle. This corresponds to an operational 
efficiency of 81%. 
Detector systematics are also impacted 
by the module temperature and stability. 
A thermometer on the underside of the 
module box (fig. 4 right) monitors the 
detector wafer bath temperature , 
measuring 160 mK with a stability of       
< 0.1 mK while observing. The module 
feed horn measures 155 mK during 
operation, demonstrating the focal plane 
package is isothermal (to within Rox 
accuracy of ±15 mK).

Table 1: Thermal performance summary

The Observatory Control 
System (OCS) platform was utilized 
for receiver monitoring and control 
(https://github.com/simonsobs/ocs). A 
custom OCS plugin was created for 
interacting with the SPT-SLIM 
hardware, with Grafana and InfluxDB 
providing real-time monitoring of 
housekeeping data. Additional scripts 
were used to interface between the 
SPT-SLIM OCS agents and the SPT 
Generic Control Program (GCP) in 
order to automate cryogenic cycling 
and telescope observing schedules. 

SPT-SL IM i s a p a t h f i n d e r 
experiment for demonstrating the 
u s e o f o n - c h i p m m - w a v e 
spectrometers for LIM, and deployed 
on the South Pole Telescope (SPT) 
dur ing the 2024-2025 Austral 
summer season. The mm-wave on-
chip filter bank spectrometers use a 
feed horn-coupled or thomode 
transducer (OMT) and microstrip to 
feed a bank of narrow-band filters. 
Each filter is instrumented with a 
lumped-element kinetic inductance 
detector (leKID), resulting in a 
compact planar form factor with high 
detector density. The SPT-SLIM 
camera contains a 9-pixel focal plane 
for observing redshifted CO in the   
150 GHz atmospheric window.

Figure 1: On-chip filterbank spectrometer 
architecture used by SPT-SLIM.
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surface prior to the dielectric and ground plane layers (see Fig. 1d). The inverted design
allows the detector to be fabricated on a minimally processed surface, which will minimise
the contribution from dielectric fluctuations to the detector noise. Futhermore, the photo-
sensitive section of the KID resonator is shielded by the ground-plane on the top side, which
acts to provide additional protection from stray light, whilst having a negligible e�ect on the
detector noise performance [20].

Fig. 2 a) Schematic of a prototype filterbank design and layout, including the OMT probes that are combined
an 180-deg hybrid to feed the filter bank. Inset shows a zoom of the micro strip-to-detector coupling. See
text for details. b) Prototype measurements using microwave microstrip resonators (left) to characterise SiN
(middle) and a-Si:H (right) (Color figure online).

The material loss tangent of the microstrip dielectric governs the ultimate performance
of the spectrometer [18]. Typical amorphous dielectrics are known to exhibit a wide range
of values for the dielectric properties that depend strongly on both the specific material, and
the particular deposition technique and process conditions. For SPT-SLIM we are exploring
several material options in order to achieve the desired spectral resolution whilst maintaining
high end-to-end optical e�ciency. To screen materials for SPT-SLIM we have adopted a
two-step process: performing measurements at microwave frequencies (6-8 GHz) using the
temperature dependence of the resonant frequency and loss of a superconducting resonator
as a relative probe of the loss tangent (Fig. 2b), and then following up with a characterisation
at mm-wave (150 GHz) using on-chip scalar transmission measurements of isolated mm-
wave filter channels. For initial prototypes we have baselined CVD silicon nitride (SiN) that
has been developed at Argonne [21], but are also exploring alternative deposition methods
(PVD, PE-CVD), as well as materials that are known to o�er improved performance, such as
hydrogenated amorphous silicon (a-Si:H). In fact, a preliminary microwave characterisation
of CVD-grown a-Si:H suggests a reduction in tanX of nearly 50x compared to our baseline
SiN process (Fig. 2b). If such an improvement translates to mm-wave, the implementa-
tion of a-Si:H for SPT-SLIM could provide a substantial (> 10%) increase in per-channel
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Figure 7: Screenshot of ADR housekeeping data 
taken during 150mK temperature regulation, also 
demonstrating the utility of OCS and Grafana for 
system monitoring and control.

FERMILAB-POSTER-25-0055-PPD

Stage Thermal load 
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Thermal load 
(measured)

50K 14.5 W 15 W

4K 0.11 W 0.10 W

700mK 15 uW 17 uW

100mK 1.5 uW 1.7 uW

Performance matches design goals:

81% ADR efficiency

300K to 3K in 46 hours

M. Young 
(Fermilab)

J.Zebrowski 
(Chicago)

9



Commissioning of kinetic inductance detector readout for SPT-SLIM
M. Rouble1 on behalf of the SPT-SLIM collaboration

1. Department of Physics and Trottier Space Institute, McGill University, Montreal, QC, H3A 2T8, Canada

Fig. 1: schematic diagram of the RF-ICE readout system in 
its SPT-SLIM deployment configuration.
To offset cable losses at the detector’s resonant  frequencies 
(2-3 GHz), an extra amplifier was added after synthesis. Chosen 
for convenience on a tight timescale, the low linearity threshold 
of this amplifier placed an unforeseen limit on the maximum 
total amplitude of the carrier waveform which could be used.

RF-ICE pairs general-purpose ICE motherboards with Analog 
Devices MxFE AD9082 mezzanines to synthesize and digitize 
at GHz frequencies. Each IceBoard operates two readout 
modules, each corresponding to a coaxial line that connects 
to one filterbank on the focal plane.
Each module operates up to 1024 carrier sinusoids, all 
independently and dynamically adjustable in amplitude and 
frequency. This flexibility allows the same system to be used in 
characterization as well as operation of the detector wafers.

The first deployment of the RF-ICE readout system
In the 2024–25 austral summer, SPT-SLIM—a pathfinder on-chip superconducting filterbank 

spectrometer—was installed on the South Pole Telescope.

A key goal of this pathfinding deployment is an understanding of the deployed instrument 
and its performance versus expectations. From a readout perspective, primary items of 

interest are signal levels and noise contributions.

Focal plane

Thin cryogenic 
coax to minimize 
thermal load

ADR

Off-resonance locations across the readout bandwidth were 
monitored to measure system noise performance (below). 
Noise levels agree with expectations: 1/f DAC noise 
dominates at low frequencies, and LNA dominates at higher 
frequencies.

System noise performance

Fig. 2: measured off-resonance noise spectrum, overlaid 
with expectations for hardware noise contributions and 
on-resonance noise for an updated deployment.

Hardware expectations: 
- Low frequency: DAC 1/f noise from transistor ladder:

- In I: thermal fluctuations add amplitude noise, 
independent of carrier frequency

- In Q: variations in switching time add phase noise – 
increases with carrier frequency, so is larger than I noise 
(as expected)

- Higher frequency:
- White noise floor set by LNA and warm amplification 

stages.
The location of the off-resonance knee is set by the carrier 
amplitude, as DAC 1/f noise scales proportionally.

The good agreement between expectation and measurement 
for the hardware contributions allows us to identify areas for 
improvement in the present design, such as increasing the 
carrier amplitudes arriving at the resonators.

Combining this with an analytical model of the SPT-SLIM 
resonators, we can forecast the on-resonance noise for a 
future deployment (black dashed line).

Takeaways & to-do’s for 
the next deployment

- Reduce signal transport 
losses to detectors, boosting 
sensitivity

- Address faulty cryo coax and 
increase carrier amplitudes 
at resonators

- Damp vibrations to improve 
on-resonance spectral 
contamination

Analog signal path
Hardware model vs measured roundtrip gain showed generally good agreement.
Carriers are transported to and from the detector array via coaxial cables, passing through a series of 
stages of attenuation and amplification. This serves two goals which each contribute to maximizing 
signal-to-noise ratio:
- Maximally utilize the dynamic range of the DAC and ADC
- Biasing the resonators at sufficient amplitude to raise the sky signal above the system noise floor
While the measured signal levels were generally in agreement with expectations under nominal 
conditions (shown at left), manufacturing defects in several of the cryogenic coaxial lines caused 
intermittent connectivity issues.

Alongside its primary experiment, SPT-3G, the SPT’s 
receiver cabin is designed to include additional space 
to install short-duration secondary experiments.

The South Pole Telescope is a 
10m mm-wavelength cosmology 
telescope located at the 
geographic South Pole.

Fig. 4

No in-band IMD due to 
integer-multiple base 
frequency scheduling

Image: A. Bender

A section of the cryogenic signal chain. Images: A. Anderson

Installed on the SPT in a temporary 
basis, SPT-SLIM was on-sky for 
approximately 3 weeks, observing 
in the 150 GHz atmospheric 
window with a spectral resolution 
of  R ~ 60. It is the first kinetic 
inductance detector camera to be 
deployed on the SPT.

Readout Electronics
• RF-ICE: Adapted “ICE” platform developed by McGill for 

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


• 1024x multiplexing x 2 RF chains / board in 500 MHz 
bandwidth.


• Excellent readout noise performance integrated with cold 
system, in good agreement with hardware-based model.


• Commercially available from Canadian company t0.

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

Rouble++, Proc SPIE 12190 (2022) Photo: J. Zebrowski

M. Rouble (McGill)
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Deployment in Theory…
• On-paper sensitivity of a SLIM-like 

instrument may be sufficient to 
measure CO power spectrum with 
low S/N in few 100 hours…


• But real-world effects are important:


• Short summer season limits 
available time on-sky, and 
transport delays are significant.


• Detectors are not as sensitive as 
designed.


• Goal for 1st deployment: Test end-
to-end performance of integrated 
system, debug problems, and 
characterize “real world effects”.

14 21 28 4 11 18 25 2 9 16 23 30 6 13 20
shipping
travel
on-ground commissioning
telescope installation
observing
decommissioning

Oct Nov Dec Jan

0.1 1 10

101

102

103

Total Line Power
Clustering Power
Shot Power
SPT-SLIM (100 hrs)
SPT-SLIM (200 hrs)
SPT-SLIM (300 hrs)

0.1 1 10 0.1 1 10

delays

Karto Keating (CfA)
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Deployment in Practice
Departing Fermilab, 14 October, 2025 Arriving South Pole, 6 December, 2025


(4 weeks late…)
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Deployment in Practice
Departing Fermilab, 14 October, 2025 Arriving South Pole, 6 December, 2025


(4 weeks late…)

SLIM Deployment Team

Not pictured: Cyndia Yu, Sasha Rahlin, Maclean Rouble, 
Dave Pernic
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On-Site Characterization

K. Dibert

(Chicago ➔ Caltech)

K. Fichman

(Chicago)

C. Benson

(Cardiff)

• Spectrometer channel frequencies, 
measured with Fourier Transform 
Spectrometer (FTS) are in good 
agreement with design.


• Template-fitting method used to extract 
unbiased measurement of spectral 
resolution from FTS data.


• Resolution is low (R~35 vs. R~100 
design), implying extra dielectric loss 
and/or impedance mismatch in 
filterbank design.
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Installation
• SPT-SLIM cryostat 

is onto the roof of 
the SPT receiver 
cabin and lowered 
into position.

cryostat lift and 
installationSPT receiver cabin cross section
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First Light - 15 January, 2025
• Observed HII region 

RCW38, a bright mm-
wavelength source.


• High S/N in per-pixel 
coadded maps, with 
minimal filtering.


• Observed other bright 
mm sources in the 
galaxy:

J. Zebrowski (Chicago) A. Rahlin (Chicago)
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Atmospheric Calibration
• Motivated by similar study with early DESHIMA data 

(Takekoshi, et al. 2001.05151).


• Use continuous monitoring of atmospheric opacity 
with 850 GHz radiometer to parameterize am 
atmospheric model and estimate optical power, given 
measured bandpass per-detector.


• Use large-angle sky dip with SPT-SLIM to fit model of 
resonator frequency shift:

SLIM band
• Compare with observed response from observations 

of moon. Spectrum agrees with expectation, after 
accounting for transmission of the atmosphere, 
including expected suppression from oxygen line.

Figure 5: Moon maps for a single detector 
with peak bandpass frequency at 155 GHz 
before (upper) and a@er (lower) 
calibraAon. IniAal maps are in units of 
fracAonal frequency shi@. To convert these 
to units of brightness temperature, the 
frequency shi@ from the detector tuning 
frequency ft is converted into an observed 
power using the atmospheric response 
model fit parameters (see Figure 3):

Figure 6: Calibrated moon spectrum for all SLIM detectors. The brightness 
temperatures computed above are averaged over the enAre moon disk, which was 
only parAally illuminated at the Ame of observaAon. The black dashed line is a fit to 
the data for a blackbody moon transmiNng through the median South Pole 
Summer atmosphere. The fit finds a moon temperature of 149K for a third-quarter 
moon, in rough agreement with expectaAons.

The On-sky Atmospheric Calibration of SPT-SLIM
Karia Dibert (UChicago)*, for the SPT-SLIM collaboration

4. Calibration of Moon Observations

3. Model Fits and Detector Responsivity

2. Data & Atmospheric Loading Model

* I am wintering over at the South Pole until November 2025 and 
am therefore unable to attend this conference in person. You can 
reach me at krdibert@uchicago.edu.

1. South Pole Telescope Shirokoff Line Intensity Mapper

Figure 2: Flow chart illustraAng the atmospheric loading model. Twelve slews 
in elevaAon (“elnods”), were performed, during which detector frequency 
sweeps and noise stares were obtained at every five degrees elevaAon from 
15-80 degrees. Data from an on-site atmospheric Apper were used in 
combinaAon with the atmospheric monitoring so@ware AM to simulate 
atmosphere temperature   and opacity   for each separate observaAon. 
The SLIM beam suffers from sidelobe power leakage, which is accounted for in 
the second term of the below sky temperature model, in which   is a fit 
parameter describing the fracAon of power in the sidelobe, which is offset in 
elevaAon by 90 degrees:

Tsky τ(ν)

α

SPT-SLIM is an on-chip spectrometer camera designed for 
line intensity mapping of redshi@ed emission lines from 
the rotaAonal transiAons of molecular CO. SLIM was 
deployed on the South Pole Telescope for an engineering/
commissioning run in January 2025. During this 
deployment, SLIM observed with 251 Microwave KineAc 
Inductance Detectors (MKIDs) from 100-200 GHz. This 
work uses an atmospheric responsivity model to calibrate 
SLIM detectors. The calibraAon method is then applied to 
moon observaAons. For more SPT-SLIM content, see 
posters by K. Fichman, M. Rouble, and M. Young. 

Figure 1: Detector bandpasses for one of the five 
operaAonal SLIM filterbanks. This set of bandpasses was 
measured in the SLIM cryostat at the South Pole using a 
Fourier Transform Spectrometer (FTS). Each posiAon-space 
interferogram generated from the FTS was fit with a 
decaying cosine funcAon, which was then Fourier 
transformed back into a frequency-space Lorentzian peak. 
Median atmospheric transmission for the South Pole 
summer is overplobed in gray.

Figure 4: Derived responsivity curves for one wafer of SLIM 
detectors. These lines are the derivaAves of the dashed lines 
in Figure 3, averaged over all observaAons, computed as 
follows: 

The colors of the lines in the above plot correspond to the 
detector bandpasses shown in Figure 1. Note the expected 
trend of higher responsivity in higher frequency detectors 
that are closer to the beginning of the SLIM filterbank.
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Figure 3: Fits for a single detector with peak bandpass 
frequency at 155 GHz to the model described in 
SecAon 2. Each colored set of points represents one 
set of response data from a single elnod observaAon. 
The model fits are shown by the dashed lines in 
corresponding colors. Note that the value of the 
unloaded detector resonant frequency varies 
depending on the tuning performed prior to each 
observaAon. The value of the sidelobe parameter   
was found to be  0.19   0.08.

α
α = ±

Sky power is computed in the single-polarizaAon, beam-filling approximaAon by 
integraAng the Planck funcAon Ames the normalized detector bandpass  .gKID(ν)
The frequency response of 
MKIDs is expected to follow 
the square root of opAcal 
power. The fit parameters of 
this model are alpha, A, and  .f0

Made by Karia Dibert The moon is assumed to be a blackbody 
emiber with some temperature  . In 
the Rayleigh-Jeans limit, and again in the 
single-polarizaAon beam-filling 
approximaAon, the moon brightness 
temperature as seen by a SLIM detector 
can be wriben as:

Tmoon

The SPT-SLIM receiver was mounted in the SPT cabin, with addiAonal opAcs 
added to redirect a part of the primary SPT beam into the SLIM cryostat. 
Atmospheric response data was obtained by slewing SPT through an elevaAon 
range of   to   degrees.θ = 15 θ = 80

Obtain precipitable water vapor 
esAmates from atmospheric Apper data.

Use AM so@ware to generate 
atmospheric spectra for each observaAon.

Obtain MKID frequency response data 
from elevaAon slews.

Fit MKID response data with a 
loading model, fiNng jointly for detector 

response parameters and opAcal 
sidelobe power.

Obtain MKID bandpasses from Fourier 
Transform Spectrometer data.

Combine bandpasses with 
simulated atmospheric spectra to 

simulate atmospheric loading.
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Atmospheric Calibration
• Motivated by similar study with early DESHIMA data 

(Takekoshi, et al. 2001.05151).


• Use continuous monitoring of atmospheric opacity 
with 850 GHz radiometer to parameterize am 
atmospheric model and estimate optical power, given 
measured bandpass per-detector.


• Use large-angle sky dip with SPT-SLIM to fit model of 
resonator frequency shift:

Figure 5: Moon maps for a single detector 
with peak bandpass frequency at 155 GHz 
before (upper) and a@er (lower) 
calibraAon. IniAal maps are in units of 
fracAonal frequency shi@. To convert these 
to units of brightness temperature, the 
frequency shi@ from the detector tuning 
frequency ft is converted into an observed 
power using the atmospheric response 
model fit parameters (see Figure 3):

Figure 6: Calibrated moon spectrum for all SLIM detectors. The brightness 
temperatures computed above are averaged over the enAre moon disk, which was 
only parAally illuminated at the Ame of observaAon. The black dashed line is a fit to 
the data for a blackbody moon transmiNng through the median South Pole 
Summer atmosphere. The fit finds a moon temperature of 149K for a third-quarter 
moon, in rough agreement with expectaAons.
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Figure 2: Flow chart illustraAng the atmospheric loading model. Twelve slews 
in elevaAon (“elnods”), were performed, during which detector frequency 
sweeps and noise stares were obtained at every five degrees elevaAon from 
15-80 degrees. Data from an on-site atmospheric Apper were used in 
combinaAon with the atmospheric monitoring so@ware AM to simulate 
atmosphere temperature   and opacity   for each separate observaAon. 
The SLIM beam suffers from sidelobe power leakage, which is accounted for in 
the second term of the below sky temperature model, in which   is a fit 
parameter describing the fracAon of power in the sidelobe, which is offset in 
elevaAon by 90 degrees:

Tsky τ(ν)

α

SPT-SLIM is an on-chip spectrometer camera designed for 
line intensity mapping of redshi@ed emission lines from 
the rotaAonal transiAons of molecular CO. SLIM was 
deployed on the South Pole Telescope for an engineering/
commissioning run in January 2025. During this 
deployment, SLIM observed with 251 Microwave KineAc 
Inductance Detectors (MKIDs) from 100-200 GHz. This 
work uses an atmospheric responsivity model to calibrate 
SLIM detectors. The calibraAon method is then applied to 
moon observaAons. For more SPT-SLIM content, see 
posters by K. Fichman, M. Rouble, and M. Young. 

Figure 1: Detector bandpasses for one of the five 
operaAonal SLIM filterbanks. This set of bandpasses was 
measured in the SLIM cryostat at the South Pole using a 
Fourier Transform Spectrometer (FTS). Each posiAon-space 
interferogram generated from the FTS was fit with a 
decaying cosine funcAon, which was then Fourier 
transformed back into a frequency-space Lorentzian peak. 
Median atmospheric transmission for the South Pole 
summer is overplobed in gray.

Figure 4: Derived responsivity curves for one wafer of SLIM 
detectors. These lines are the derivaAves of the dashed lines 
in Figure 3, averaged over all observaAons, computed as 
follows: 

The colors of the lines in the above plot correspond to the 
detector bandpasses shown in Figure 1. Note the expected 
trend of higher responsivity in higher frequency detectors 
that are closer to the beginning of the SLIM filterbank.
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Figure 3: Fits for a single detector with peak bandpass 
frequency at 155 GHz to the model described in 
SecAon 2. Each colored set of points represents one 
set of response data from a single elnod observaAon. 
The model fits are shown by the dashed lines in 
corresponding colors. Note that the value of the 
unloaded detector resonant frequency varies 
depending on the tuning performed prior to each 
observaAon. The value of the sidelobe parameter   
was found to be  0.19   0.08.

α
α = ±

Sky power is computed in the single-polarizaAon, beam-filling approximaAon by 
integraAng the Planck funcAon Ames the normalized detector bandpass  .gKID(ν)
The frequency response of 
MKIDs is expected to follow 
the square root of opAcal 
power. The fit parameters of 
this model are alpha, A, and  .f0

Made by Karia Dibert The moon is assumed to be a blackbody 
emiber with some temperature  . In 
the Rayleigh-Jeans limit, and again in the 
single-polarizaAon beam-filling 
approximaAon, the moon brightness 
temperature as seen by a SLIM detector 
can be wriben as:

Tmoon

The SPT-SLIM receiver was mounted in the SPT cabin, with addiAonal opAcs 
added to redirect a part of the primary SPT beam into the SLIM cryostat. 
Atmospheric response data was obtained by slewing SPT through an elevaAon 
range of   to   degrees.θ = 15 θ = 80

Obtain precipitable water vapor 
esAmates from atmospheric Apper data.

Use AM so@ware to generate 
atmospheric spectra for each observaAon.

Obtain MKID frequency response data 
from elevaAon slews.

Fit MKID response data with a 
loading model, fiNng jointly for detector 

response parameters and opAcal 
sidelobe power.

Obtain MKID bandpasses from Fourier 
Transform Spectrometer data.

Combine bandpasses with 
simulated atmospheric spectra to 

simulate atmospheric loading.

SLIM band
• Compare with observed response from observations 

of moon. Spectrum agrees with expectation, after 
accounting for transmission of the atmosphere, 
including expected suppression from oxygen line.

Figure 5: Moon maps for a single detector 
with peak bandpass frequency at 155 GHz 
before (upper) and a@er (lower) 
calibraAon. IniAal maps are in units of 
fracAonal frequency shi@. To convert these 
to units of brightness temperature, the 
frequency shi@ from the detector tuning 
frequency ft is converted into an observed 
power using the atmospheric response 
model fit parameters (see Figure 3):

Figure 6: Calibrated moon spectrum for all SLIM detectors. The brightness 
temperatures computed above are averaged over the enAre moon disk, which was 
only parAally illuminated at the Ame of observaAon. The black dashed line is a fit to 
the data for a blackbody moon transmiNng through the median South Pole 
Summer atmosphere. The fit finds a moon temperature of 149K for a third-quarter 
moon, in rough agreement with expectaAons.
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Figure 2: Flow chart illustraAng the atmospheric loading model. Twelve slews 
in elevaAon (“elnods”), were performed, during which detector frequency 
sweeps and noise stares were obtained at every five degrees elevaAon from 
15-80 degrees. Data from an on-site atmospheric Apper were used in 
combinaAon with the atmospheric monitoring so@ware AM to simulate 
atmosphere temperature   and opacity   for each separate observaAon. 
The SLIM beam suffers from sidelobe power leakage, which is accounted for in 
the second term of the below sky temperature model, in which   is a fit 
parameter describing the fracAon of power in the sidelobe, which is offset in 
elevaAon by 90 degrees:
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SPT-SLIM is an on-chip spectrometer camera designed for 
line intensity mapping of redshi@ed emission lines from 
the rotaAonal transiAons of molecular CO. SLIM was 
deployed on the South Pole Telescope for an engineering/
commissioning run in January 2025. During this 
deployment, SLIM observed with 251 Microwave KineAc 
Inductance Detectors (MKIDs) from 100-200 GHz. This 
work uses an atmospheric responsivity model to calibrate 
SLIM detectors. The calibraAon method is then applied to 
moon observaAons. For more SPT-SLIM content, see 
posters by K. Fichman, M. Rouble, and M. Young. 

Figure 1: Detector bandpasses for one of the five 
operaAonal SLIM filterbanks. This set of bandpasses was 
measured in the SLIM cryostat at the South Pole using a 
Fourier Transform Spectrometer (FTS). Each posiAon-space 
interferogram generated from the FTS was fit with a 
decaying cosine funcAon, which was then Fourier 
transformed back into a frequency-space Lorentzian peak. 
Median atmospheric transmission for the South Pole 
summer is overplobed in gray.

Figure 4: Derived responsivity curves for one wafer of SLIM 
detectors. These lines are the derivaAves of the dashed lines 
in Figure 3, averaged over all observaAons, computed as 
follows: 

The colors of the lines in the above plot correspond to the 
detector bandpasses shown in Figure 1. Note the expected 
trend of higher responsivity in higher frequency detectors 
that are closer to the beginning of the SLIM filterbank.
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Figure 3: Fits for a single detector with peak bandpass 
frequency at 155 GHz to the model described in 
SecAon 2. Each colored set of points represents one 
set of response data from a single elnod observaAon. 
The model fits are shown by the dashed lines in 
corresponding colors. Note that the value of the 
unloaded detector resonant frequency varies 
depending on the tuning performed prior to each 
observaAon. The value of the sidelobe parameter   
was found to be  0.19   0.08.

α
α = ±

Sky power is computed in the single-polarizaAon, beam-filling approximaAon by 
integraAng the Planck funcAon Ames the normalized detector bandpass  .gKID(ν)
The frequency response of 
MKIDs is expected to follow 
the square root of opAcal 
power. The fit parameters of 
this model are alpha, A, and  .f0

Made by Karia Dibert The moon is assumed to be a blackbody 
emiber with some temperature  . In 
the Rayleigh-Jeans limit, and again in the 
single-polarizaAon beam-filling 
approximaAon, the moon brightness 
temperature as seen by a SLIM detector 
can be wriben as:

Tmoon

The SPT-SLIM receiver was mounted in the SPT cabin, with addiAonal opAcs 
added to redirect a part of the primary SPT beam into the SLIM cryostat. 
Atmospheric response data was obtained by slewing SPT through an elevaAon 
range of   to   degrees.θ = 15 θ = 80

Obtain precipitable water vapor 
esAmates from atmospheric Apper data.

Use AM so@ware to generate 
atmospheric spectra for each observaAon.

Obtain MKID frequency response data 
from elevaAon slews.

Fit MKID response data with a 
loading model, fiNng jointly for detector 

response parameters and opAcal 
sidelobe power.

Obtain MKID bandpasses from Fourier 
Transform Spectrometer data.

Combine bandpasses with 
simulated atmospheric spectra to 

simulate atmospheric loading. Figure 5: Moon maps for a single detector 
with peak bandpass frequency at 155 GHz 
before (upper) and a@er (lower) 
calibraAon. IniAal maps are in units of 
fracAonal frequency shi@. To convert these 
to units of brightness temperature, the 
frequency shi@ from the detector tuning 
frequency ft is converted into an observed 
power using the atmospheric response 
model fit parameters (see Figure 3):

Figure 6: Calibrated moon spectrum for all SLIM detectors. The brightness 
temperatures computed above are averaged over the enAre moon disk, which was 
only parAally illuminated at the Ame of observaAon. The black dashed line is a fit to 
the data for a blackbody moon transmiNng through the median South Pole 
Summer atmosphere. The fit finds a moon temperature of 149K for a third-quarter 
moon, in rough agreement with expectaAons.
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Figure 2: Flow chart illustraAng the atmospheric loading model. Twelve slews 
in elevaAon (“elnods”), were performed, during which detector frequency 
sweeps and noise stares were obtained at every five degrees elevaAon from 
15-80 degrees. Data from an on-site atmospheric Apper were used in 
combinaAon with the atmospheric monitoring so@ware AM to simulate 
atmosphere temperature   and opacity   for each separate observaAon. 
The SLIM beam suffers from sidelobe power leakage, which is accounted for in 
the second term of the below sky temperature model, in which   is a fit 
parameter describing the fracAon of power in the sidelobe, which is offset in 
elevaAon by 90 degrees:
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SPT-SLIM is an on-chip spectrometer camera designed for 
line intensity mapping of redshi@ed emission lines from 
the rotaAonal transiAons of molecular CO. SLIM was 
deployed on the South Pole Telescope for an engineering/
commissioning run in January 2025. During this 
deployment, SLIM observed with 251 Microwave KineAc 
Inductance Detectors (MKIDs) from 100-200 GHz. This 
work uses an atmospheric responsivity model to calibrate 
SLIM detectors. The calibraAon method is then applied to 
moon observaAons. For more SPT-SLIM content, see 
posters by K. Fichman, M. Rouble, and M. Young. 

Figure 1: Detector bandpasses for one of the five 
operaAonal SLIM filterbanks. This set of bandpasses was 
measured in the SLIM cryostat at the South Pole using a 
Fourier Transform Spectrometer (FTS). Each posiAon-space 
interferogram generated from the FTS was fit with a 
decaying cosine funcAon, which was then Fourier 
transformed back into a frequency-space Lorentzian peak. 
Median atmospheric transmission for the South Pole 
summer is overplobed in gray.

Figure 4: Derived responsivity curves for one wafer of SLIM 
detectors. These lines are the derivaAves of the dashed lines 
in Figure 3, averaged over all observaAons, computed as 
follows: 

The colors of the lines in the above plot correspond to the 
detector bandpasses shown in Figure 1. Note the expected 
trend of higher responsivity in higher frequency detectors 
that are closer to the beginning of the SLIM filterbank.
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Figure 3: Fits for a single detector with peak bandpass 
frequency at 155 GHz to the model described in 
SecAon 2. Each colored set of points represents one 
set of response data from a single elnod observaAon. 
The model fits are shown by the dashed lines in 
corresponding colors. Note that the value of the 
unloaded detector resonant frequency varies 
depending on the tuning performed prior to each 
observaAon. The value of the sidelobe parameter   
was found to be  0.19   0.08.

α
α = ±

Sky power is computed in the single-polarizaAon, beam-filling approximaAon by 
integraAng the Planck funcAon Ames the normalized detector bandpass  .gKID(ν)
The frequency response of 
MKIDs is expected to follow 
the square root of opAcal 
power. The fit parameters of 
this model are alpha, A, and  .f0

Made by Karia Dibert The moon is assumed to be a blackbody 
emiber with some temperature  . In 
the Rayleigh-Jeans limit, and again in the 
single-polarizaAon beam-filling 
approximaAon, the moon brightness 
temperature as seen by a SLIM detector 
can be wriben as:

Tmoon

The SPT-SLIM receiver was mounted in the SPT cabin, with addiAonal opAcs 
added to redirect a part of the primary SPT beam into the SLIM cryostat. 
Atmospheric response data was obtained by slewing SPT through an elevaAon 
range of   to   degrees.θ = 15 θ = 80

Obtain precipitable water vapor 
esAmates from atmospheric Apper data.

Use AM so@ware to generate 
atmospheric spectra for each observaAon.

Obtain MKID frequency response data 
from elevaAon slews.

Fit MKID response data with a 
loading model, fiNng jointly for detector 

response parameters and opAcal 
sidelobe power.

Obtain MKID bandpasses from Fourier 
Transform Spectrometer data.

Combine bandpasses with 
simulated atmospheric spectra to 

simulate atmospheric loading.

Moon
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Lessons Learned and Next Steps
• Readout, detectors, cryostat, and optics were 

assembled and worked as an integrated system.


• Main issues are: microwave loss on the detector 
wafer, which limits optical efficiency; cryogenic 
cabling.


• Left cryostat in storage at South Pole. Can be 
commissioned and installed in ~2 weeks in future 
season (no shipping delays!).


• Deploy in 2025-2026 summer season for 
rework + another 2-3 week observing 
campaign. 2026-2027 also possible!

Long microstrip ➔ shorten! 

Decrease KID thickness ➔ 
more responsive detectors

More compact capacitor design

Extra space (heritage) 
can be eliminated

P. Barry

(Cardiff)

C. Chang++

(Argonne)

2024 20262025 2027
Figure 5: Moon maps for a single detector 
with peak bandpass frequency at 155 GHz 
before (upper) and a@er (lower) 
calibraAon. IniAal maps are in units of 
fracAonal frequency shi@. To convert these 
to units of brightness temperature, the 
frequency shi@ from the detector tuning 
frequency ft is converted into an observed 
power using the atmospheric response 
model fit parameters (see Figure 3):

Figure 6: Calibrated moon spectrum for all SLIM detectors. The brightness 
temperatures computed above are averaged over the enAre moon disk, which was 
only parAally illuminated at the Ame of observaAon. The black dashed line is a fit to 
the data for a blackbody moon transmiNng through the median South Pole 
Summer atmosphere. The fit finds a moon temperature of 149K for a third-quarter 
moon, in rough agreement with expectaAons.
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combinaAon with the atmospheric monitoring so@ware AM to simulate 
atmosphere temperature   and opacity   for each separate observaAon. 
The SLIM beam suffers from sidelobe power leakage, which is accounted for in 
the second term of the below sky temperature model, in which   is a fit 
parameter describing the fracAon of power in the sidelobe, which is offset in 
elevaAon by 90 degrees:
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line intensity mapping of redshi@ed emission lines from 
the rotaAonal transiAons of molecular CO. SLIM was 
deployed on the South Pole Telescope for an engineering/
commissioning run in January 2025. During this 
deployment, SLIM observed with 251 Microwave KineAc 
Inductance Detectors (MKIDs) from 100-200 GHz. This 
work uses an atmospheric responsivity model to calibrate 
SLIM detectors. The calibraAon method is then applied to 
moon observaAons. For more SPT-SLIM content, see 
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Figure 1: Detector bandpasses for one of the five 
operaAonal SLIM filterbanks. This set of bandpasses was 
measured in the SLIM cryostat at the South Pole using a 
Fourier Transform Spectrometer (FTS). Each posiAon-space 
interferogram generated from the FTS was fit with a 
decaying cosine funcAon, which was then Fourier 
transformed back into a frequency-space Lorentzian peak. 
Median atmospheric transmission for the South Pole 
summer is overplobed in gray.

Figure 4: Derived responsivity curves for one wafer of SLIM 
detectors. These lines are the derivaAves of the dashed lines 
in Figure 3, averaged over all observaAons, computed as 
follows: 

The colors of the lines in the above plot correspond to the 
detector bandpasses shown in Figure 1. Note the expected 
trend of higher responsivity in higher frequency detectors 
that are closer to the beginning of the SLIM filterbank.
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Figure 3: Fits for a single detector with peak bandpass 
frequency at 155 GHz to the model described in 
SecAon 2. Each colored set of points represents one 
set of response data from a single elnod observaAon. 
The model fits are shown by the dashed lines in 
corresponding colors. Note that the value of the 
unloaded detector resonant frequency varies 
depending on the tuning performed prior to each 
observaAon. The value of the sidelobe parameter   
was found to be  0.19   0.08.

α
α = ±

Sky power is computed in the single-polarizaAon, beam-filling approximaAon by 
integraAng the Planck funcAon Ames the normalized detector bandpass  .gKID(ν)
The frequency response of 
MKIDs is expected to follow 
the square root of opAcal 
power. The fit parameters of 
this model are alpha, A, and  .f0

Made by Karia Dibert The moon is assumed to be a blackbody 
emiber with some temperature  . In 
the Rayleigh-Jeans limit, and again in the 
single-polarizaAon beam-filling 
approximaAon, the moon brightness 
temperature as seen by a SLIM detector 
can be wriben as:

Tmoon

The SPT-SLIM receiver was mounted in the SPT cabin, with addiAonal opAcs 
added to redirect a part of the primary SPT beam into the SLIM cryostat. 
Atmospheric response data was obtained by slewing SPT through an elevaAon 
range of   to   degrees.θ = 15 θ = 80

Obtain precipitable water vapor 
esAmates from atmospheric Apper data.

Use AM so@ware to generate 
atmospheric spectra for each observaAon.

Obtain MKID frequency response data 
from elevaAon slews.

Fit MKID response data with a 
loading model, fiNng jointly for detector 

response parameters and opAcal 
sidelobe power.

Obtain MKID bandpasses from Fourier 
Transform Spectrometer data.

Combine bandpasses with 
simulated atmospheric spectra to 

simulate atmospheric loading.

• 1st deployment

• First-light

• Demonstrate 

technical approach

• New detectors + 
rework


• First LIM survey 
observations

• Continue LIM survey 
observations 
(pending telescope 
availability)

Larger 
detector 
arrays?
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Conclusions
• First commissioning observations with SPT-SLIM were performed during the 

2024-2025 austral summer season.


• Successfully observed bright mm-wavelength sources in the galaxy with the 
integrated system. Analysis of data is currently ongoing.


• Work is underway now to fabricate detectors with improved optical efficiency.


• Plan to deploy again for a second campaign in the 2025-2026 summer 
season with a goal of conducting LIM observations!
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