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ABSTRACT

Mod-Cam is a first light and commissioning instrument for the CCAT-prime project’s six-meter aperture Fred
Young Submillimeter Telescope (FYST), currently under construction at 5600 m on Cerro Chajnantor in Chile’s
Atacama Desert. Prime-Cam, a first-generation science instrument for FYST, will deliver over ten times greater
mapping speed than current and near-term facilities for unprecedented 280–850 GHz broadband and spectroscopic
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measurements with microwave kinetic inductance detectors (MKIDs). CCAT-prime will address a suite of science
goals, from Big Bang cosmology to star formation and galaxy evolution over cosmic time. Mod-Cam deployment
on FYST with a 280 GHz instrument module containing MKID arrays is planned for early science observations in
2024. Mod-Cam will be used to test instrument modules for Prime-Cam, which can house up to seven instrument
modules. We discuss the design and status of the 0.9 m diameter, 1.8 m long Mod-Cam receiver and 40 cm
diameter 280 GHz instrument module, with cold stages at 40 K, 4 K, 1 K, and 100 mK. We also describe the
instrument module’s cryogenic readout designs to enable the readout of more than 10,000 MKIDs across 18
networks.

Keywords: Cryogenics, Cryostat design, Mechanical design, Focal plane arrays, Superconducting detectors,
Cryogenic readout, Cosmic Microwave Background, Kinetic Inductance Detectors, Millimeter and sub-millimeter
astronomy

1. INTRODUCTION

The Fred Young Submillimeter Telescope (FYST) will be a 6-meter aperture crossed-Dragone telescope for the
CCAT-prime Observatory at 5600 m elevation on Cerro Chajnantor in the Atacama Desert, Chile.1,2 Prime-
Cam, a 1.8-meter diameter cryogenic receiver, will be a first-generation science instrument for FYST, taking
advantage of the high-efficiency telescope and high-elevation site to enable wide-field and deep mapping between
100 and 900 GHz (Fig. 1).3,4 FYST is currently under construction by CPI Vertex Antennentechnik GmbH in
Germany, and will begin assembly at the Cerro Chajnantor site for first light in 2024. The Simons Observatory
(SO)5 Large Aperture Telescope6 shares most aspects of the mechanical design and the same optical design as
FYST, making it natural for the Prime-Cam and instrument module designs to evolve from the design of the
SO Large Aperture Telescope Receiver7 and modules.

Figure 1. Left: A cross section of the FYST model, revealing the 6 meter primary and secondary mirrors which focus light
into the instrument space where Prime-Cam or Mod-Cam will be installed (Prime-Cam model shown in render). Right:
A model of Prime-Cam with a possible instrument module configuration (Figure from Ref. 4).

Prime-Cam’s millimeter and sub-millimeter measurements will enable new science goals as well as overlap
with surveys at other frequencies for synergistic analyses. Prime-Cam will house up to seven independently
developed ∼41 cm diameter instrument modules, each with up to 1.3◦ field of view, filling a total of 4.9◦ of
FYST’s 8◦ diameter field of view at 3 mm. When fully populated, Prime-Cam will field up to five broadband
polarization-sensitive modules for observations between 220 and 850 GHz, and at least two imaging spectrometer
modules for line intensity mapping from 210 to 420 GHz.4 When populated with seven instrument modules,
each deploying three microwave kinetic inductance detector (MKID) arrays, Prime-Cam will field a total of
>100,000 detectors, larger than any deployment of broadband KIDs yet. Together, these modules will target
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Figure 2. Mod-Cam in testing at Cornell University. In this configuration, a Cryomech PT-420 is installed in addition to
the Bluefors LD-400 DR. Mod-Cam sits on a custom Minitec frame. A wheeled frame supporting the main cylinder can
be adjustably positioned relative to the DR frame, which can be leveled, raised or lowered using four leveling feet. Left:
Thermometry is read out through the readout harness. Right: The side-car DR design is visible. The hexagonal window
is blanked off with a piece of 6061-T6 Al for initial cryogenic testing.

science goals ranging from Big Bang cosmology through reionization and the formation of the first galaxies to
energetic transients, galaxy cluster evolution via the Sunyaev-Zel’dovich (SZ) effects, galactic polarization and
star formation within the Milky Way.1 Prime-Cam is currently under construction by Redline Chambers for
delivery to Cornell University for initial testing in 2022.

Mod-Cam is a single instrument module cryogenic receiver for Prime-Cam and a first light instrument for
FYST, currently in testing at Cornell University.8 The first 280 GHz MKID array for the CCAT-prime project is
currently in testing at Cornell University,9 and Mod-Cam will deploy the 280 GHz first light kinetic inductance
detector arrays within the first instrument module on FYST for early science observations in 2024. When Prime-
Cam is ready for deployment, Mod-Cam will serve as a module testbed for Prime-Cam at Cornell University. In
Section 2, we present the design and status of the Mod-Cam cryostat. In Section 3, we discuss the design of the
280 GHz instrument module. We detail the 280 GHz detector array design and development status in Section 4,
and the readout system design in Section 5. We present results from initial tests in Section 6, and future plans
in Section 7.

2. MOD-CAM

Mod-Cam is a 0.9 m diameter, 1.8 m long single instrument module cryogenic receiver with 40 K and 4 K stages,
currently in testing at Cornell University (Fig. 2). Mod-Cam will be a first light and commissioning instrument
for FYST, and then serve as a testbed for Prime-Cam,3 allowing for optical testing of instruments before they
are deployed to the CCAT-prime site for installation in Prime-Cam.

2.1 Mechanical Design

Mod-Cam enables easier swapping of instrument modules as compared to Prime-Cam due to its off-axis dilution
refrigerator design and significantly faster turnaround times than the larger cryostat. Each instrument module
tested or deployed in Mod-Cam will be optimized for a specific subset of the overall Prime-Cam science goals
and be able to hold up to three detector arrays cooled to 100mK by a Bluefors LD-400 dilution refrigerator (DR)
along with silicon lenses and filter stacks at 1K and 4K. The instrument modules are mounted to Mod-Cam’s
4 K plate. The Mod-Cam cryostat and G10 tabs were fabricated by Precision Cryogenics.

The design of the Mod-Cam cryostat portion which houses the instrument module (viewed in cross-section
in Fig. 3) was scaled down from the Prime-Cam cryostat design.3 The off-axis DR shell portion was designed to
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Figure 3. A cross-section view of the Mod-Cam model, showing the interior of the main cylinder of the cryostat which
houses the instrument module. Section 2.1 details the design of the 300 K vacuum shell and 40 K and 4 K stages of the
cryostat, supported by a series of G-10 tabs and cooled by a Bluefors LD-400 dilution refrigerator and Cryomech PT-420.
Light from the telescope passes through an AR-coated UHMWPE window and IR-blocking filters at 300 K and 40 K
before entering the instrument module. The filters labeled “80 K” will be mounted on Prime-Cam’s 80 K stage, but are
mounted on the 40 K stage in Mod-Cam. The 4K DR adapter thermal connection to the 4 K shell (purple) and DR cold
finger connections to the instrument module cold fingers are visible, and shown in detail in Fig. 4. The design of the
instrument module is presented in Sec. 3 and Fig. 5.

allow flexible access to both the rear of the cryostat for instrument module installation and removal as well as
to the DR. The instrument modules, which can be 41 cm in diameter or smaller, are installed from the back of
the cryostat and are cantilevered off of the 4K stage.

Mod-Cam’s 6061-T6 Al 300 K vacuum shell consists of 89 cm diameter front and rear shells, front and back
plates, a two-piece DR shell, and a DR shell bottom plate (Fig. 4). The size of the optical axis cryostat and
the two-piece DR shell were chosen to accommodate one 41 cm diameter optics tube and enough clearance for
the Prime-Cam G10 tab design and thermal connections to the cryogenics. The thicknesses of the plates (2.54
cm) and shells (0.64 cm) were motivated by finite-element analysis (FEA) results for the Prime-Cam cryostat.3

The front vacuum plate holds a 44 cm hexagonal ultra-high-molecular-weight polyethylene (UHMWPE) vacuum
window, identical to the Simons Observatory Large Aperture Telescope Receiver7 and Prime-Cam designs. The
vacuum windows are designed to be thick enough to withstand the atmospheric pressure at the site while being
as thin as possible to achieve our desired sensitivity. For site operations, a 0.32 cm (1/8”) thick window, anti-
reflection (AR) coated at Cardiff University will be used. A 0.64 cm (1/4”) thick UHMWPE window will be
used for laboratory testing to reduce the risk of vacuum window failure.7 Behind the vacuum window lies a
double-sided IR-blocking filter fabricated by Cardiff University to reduce loading.10

Mod-Cam’s 40 K stage consists of a 52 cm diameter, 0.64 cm thick front shell, a 65 cm diameter, 0.64 cm
thick rear shell, a 1.27 cm thick front filter plate, a 0.32 cm thick back plate, a 1.27 cm thick G-10 mounting ring,
a DR shield mounted to the 40 K DR plate, a DR shell to main cylinder adapter, and a DR shell bottom plate.11

All stage components are fabricated of 6063-T5 Al (with the exception of the 6061-T6 Al DR shell bottom plate)
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for enhanced thermal conductivity and reduction of thermal gradients.12 The front filter plate holds a filter stack
that will be held at 80 K in Prime-Cam, consisting of two double-sided IR-blocking filters fabricated by Cardiff
University and one alumina filter. The alumina wedge filters act as IR absorbers, and for off-central tubes in
Prime-Cam, as prisms to bend off-axis beams parallel to the long axis of the cryostat such that the instrument
modules can all be coaxial with the cryostat shells.13 While Mod-Cam will not see loads necessitating an 80 K
plate, the 80 K filters are included at 40 K to test the full optical chain. An additional double-sided IR-blocking
filter is mounted to the 40 K plate, which will also be mounted to the 40 K plate in Prime-Cam. The optical
elements in Mod-Cam are module-specific and will be swapped out when testing other modules. They are also
all compatible with Prime-Cam and will be installed in Prime-Cam along with the tested instrument module.

Nine 0.24 cm thick, 16 cm by 16 cm G-10 tabs epoxied into 6061-T6 Al feet with Armstrong A-12B PT epoxy
by Precision Cryogenics mechanically support the 40 K shells off of the rear 300 K vacuum shell while thermally
isolating the 40 K stage (Fig. 3). Precision Cryogenics sourced the G-10 material from McMaster-Carr∗. The
design of the G-10 tabs follows from the FEA-motivated designs for the SO LATR.12 The rear 40 K shell is
thermally connected to the 40 K stage of a Cryomech PT-420 via an oxygen-free high thermal conductivity
(OFHC) tube and a set of custom compressed OFHC foil straps, as well as to the 40 K DR shell via the 40 K
adapter and set of braided OFHC straps from TAI† (Fig. 4). The rear shell also supports the 40 K stage of
the readout harness (Figure 7). The 40 K shells and plates are wrapped in 30 custom-cut layers of multi-layer
insulation (MLI)‡, and the G-10 tabs are wrapped in 10 layers of MLI to reduce radiative loading from the room
temperature vacuum shell.

Mod-Cam’s 4 K stage consists of a 3.8 cm thick plate, a 57 cm diameter, 0.40 cm thick shell, a DR shell
mounted to the 4 K plate of the DR, a DR shell to main cylinder adapter, and a DR shell bottom plate, all
fabricated from 6061-T6 Al. The 4 K plate is mechanically supported and thermally isolated from the 40 K
ring by a series of nine 21.4 cm x 15 cm, 0.24 cm thick G-10 tabs epoxied into 6061-T6 Al feet with Armstrong
A-12B PT epoxy by Precision Cryogenics (Fig. 3). The 4 K plate is the only mechanical mounting point for the
instrument modules. The 4 K shell supports the 4 K stage of the readout harness (Figure 7). The 4 K plate is
thermally connected to the 4 K stage of a Cryomech PT-420 via a set of braided OFHC straps from TAI, and
the 4 K DR adapter is also connected to the 4 K shell by two braided OFHC straps from TAI (Fig. 4). The 4
K shells, plates, and G-10 tabs are wrapped in 10 custom-cut layers of MLI to reduce radiative loading from the
40 K stage.

A mock-up model of the Bluefors LD-400 300, 40, and 4K plates and offsets was designed and fabricated for
construction of the Mod-Cam cryostat at Precision Cryogenics to ensure the alignment of the DR shells relative
to the optical axis Mod-Cam shells. A two-part custom Minitec§ frame allows for adjustable positioning of the
main cylinder and DR shells (Fig. 2). The side-mounted DR provides cooling to the 40 and 4K stages, and an
optional Cryomech PT-420 (currently installed) or PT-410 pulse tube can provide cooling power at 40K and
4K, through custom OFHC braided straps from TAI or straps made in house (Sec. 2.2). Thermometry and
RF signals are read out through a custom modular harness based on the SO Universal Readout Harness14,15

that is installed on the opposing side to the DR (Sec. 5). The modularity of the harness allows for flexible and
upgradable readout options, and its design leaves the rear of Mod-Cam relatively clear for instrument module
installation and removal.

2.2 Cryogenic Design

The cooling requirements for Mod-Cam are driven by the 100 mK operation of our MKID detectors (Sec. 4),
which are mounted on a stage thermally connected to the 100 mK plate of the LD-400 DR via an instrument
module cold finger, flexible TAI straps, DR cold finger and mounting block (Fig. 4). The instrument module 1
K stage is connected to the 1 K DR plate through an analogous chain (Fig. 4). The Mod-Cam shells at 40 and
4 K and the 4 K instrument module stage are cooled by the PT-420 backing up the LD-400 DR as well as by an
additional Cryomech PT-420.

∗https://www.mcmaster.com/
†https://www.techapps.com/
‡Beyond Gravity Austria GmbH, Stachegasse 13, 1120 Vienna
§https://www.minitecframing.com
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Figure 4. A cutaway view of the Mod-Cam model to reveal the DR to main shell interfaces. 1 K and 100 mK cold fingers
attach to the DR plates via OFHC copper blocks and extend into the main cylinder of Mod-Cam to attach to the OFHC 1
K and 100 mK instrument module cold fingers via braided OFHC copper straps from TAI. The 40 K DR adapter cylinder
that runs between the 40 K DR shell and the 40 K rear shell is shown in teal. The adapter shell is connected to the 40 K
rear shell via two braided OFHC copper straps from TAI (not visible). Similarly, the 4 K DR adapter cylinder that runs
between the 4 K DR shell and the 4 K shell is shown in purple, and is connected to the 4 K shell via two braided OFHC
copper straps from TAI (one shown).

Stage 40 K [W] 4 K [W] 1 K [mW] 100 mK [µW]
Shell radiation 9.4 0.07 0.002 0.2

Support structure 3.6 0.12 0.755 16.1
Wiring 5.4 0.29 0.121 3.1

Beam radiation 11.8 0.03 0.029 31.2
Total heat load 28.4 0.51 0.907 50.6

Available cooling power 110 4 24 400

Table 1. Loading estimates for each stage of Mod-Cam. The cooling power at 40 K and 4 K is supplied by the PT-420
in the Bluefors LD-400 and the backup Cryomech PT-420, and the cooling power at 1 and 0.1 K is supplied by the DR
still and mixing chamber stages respectively. Our estimated cooling power is more than sufficient to meet our estimated
needs at all stages for an SO-style instrument module.

In considering the thermal loads for Prime-Cam and Mod-Cam, we scaled from the SO LATR thermal model.7

This thermal model combines material properties and radiation estimates with custom Python estimates of the
optical filter elements. The thermal loading estimates for Mod-Cam are presented in Table 1. The thicknesses
and materials of the Mod-Cam shells were determined based on estimated loading and temperature gradients,
and the room-temperature mechanical offsets were designed based on anticipated contractions during cooling.11

Proc. of SPIE Vol. 12190  1219004-6



Figure 5. A section view of the 280 GHz instrument module model, showing the 4 K, 1 K and 100 mK stages holding
three silicon lenses and LPE filters. The details of the design are presented in Sec. 3. Metamaterial tiles on the upper 4
K tube (Fig. 6) and 1 K Lyot stop serve as antireflection coatings to absorb stray light, as do the 1 K baffles and shell
coated in carbon-loaded epoxy (Fig. 6). The detector array packages detailed in Sec. 4 are shown, offset from the 1 K
stage by a carbon fiber truss. The 100 mK to 4 K readout detailed in Sec. 5 is shown in the back along with the 1 K and
100 mK cold fingers which thermally connect to the cold stages of the DR inside Mod-Cam (Fig. 4).

3. 280 GHZ INSTRUMENT MODULE

The first instrument module for Mod-Cam and Prime-Cam will be the 280 GHz module, which will contain
the first light MKID arrays for the CCAT-prime Project, as described in Section 4 and Ref. 8. The instrument
module design is based on the optics tube designs for the Simons Observatory LATR,7,16–18 and like all the
modules planned for Prime-Cam, is a self-contained assembly of filters, lenses, and detector arrays. The module
will be mounted on the 4K plate of Mod-Cam (and compatible with Prime-Cam) (Sec. 2). Each module is
approximately 41 cm in diameter and 130 cm long, and mounts through the rear of Mod-Cam (Fig. 3).

3.1 Cold Optics

The design of the 280 GHz module is shown in Fig. 5. Light entering Mod-Cam is filtered through the AR-coated
UHMWPE window, 300 K IR-blocking filter, 80 K IR-blocking filters and alumina wedge (located on the 40
K stage in Mod-Cam), and 40 K IR-blocking filter to reduce the loading on the colder stages (as described in
Sec. 2) before entering the instrument module. At 4 K, two low-pass edge (LPE) filters (capacitive mesh filters on
polypropylene substrates10) manufactured at Cardiff University are mounted before the first lens of the module.

The cold optics chain continues at 4 K with the first of three metamaterial AR-coated silicon lenses which
re-image the telescope focal plane onto the detector arrays. The optical design for the 280 GHz module is adopted
from the SO LATR designs.7,13 Silicon is the preferred lens material at Prime-Cam’s desired wavelengths due
to its high resistivity, extremely low loss, high thermal conductivity (ensuring lens temperature uniformity and
limiting detector background loading), and high index of refraction.3,7, 13 Mechanically robust metamaterial
antireflection lens coatings applied with a custom CNC machine produce less than 1% reflection across an octave
of bandwidth.19–21 The second and third lenses are cooled to 1 K. One additional LPE is mounted before the
second lens at 1 K and one before the feedhorn arrays at 100 mK (Fig. 5).

To mitigate stray light inside the module, the injection molded, carbon-loaded plastic metamaterial tile
coating design developed for the SO LATR modules was adopted.6,7, 18 Approximately 240 wedge-shaped meta-
material tiles are installed in the upper 4 K section of the instrument module to absorb stray light before the 1 K
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Figure 6. Left: The ∼240 metamaterial injection-molded plastic tiles6,7 mounted to the upper 4 K shell of the 280 GHz
module to absorb stray light. Center: 1 K baffles installed in lower 1 K tube and coated in carbon-loaded epoxy. Right:
1 K to 100 mK carbon fiber truss.

optics (Fig. 6, left). The 1 K Lyot stop at the module’s pupil is also coated in flat versions of these metamaterial
absorbing tiles. After the stop, a series of 1 K ring baffles and the surrounding 1 K shield are coated with Stycast
2850 FT, loaded with coarse and fine carbon powder (Fig. 6, center). This stage of blackening is less critical for
the optical design because of the larger radial beam clearance and position in the module.7 The final lens then
focuses the light onto the detector feedhorn arrays (Sec. 4).

3.2 Mechanical Design

The 280 GHz instrument module, which contains 4 K, 1 K, and 100 mK stages, is mechanically supported by the
4 K mounting flange on the 4 K plate of Mod-Cam. The Prime-Cam 4 K plate is designed to mount up to seven
of the same instrument modules with 4 K flanges. The LPE filters are mounted in 6061-T6 Al clamps axially
spring-loaded with Spira¶ gaskets to reduce the likelihood of delamination via thermal contraction.7 Each lens
clamp also supports the lens with axial and radial Spira gaskets. The lens clamps were modified from the SO
LATR tube design to include a finger hole and block for ease of assembly when installing the silicon lenses.

The 4 K components of the module include the welded 6061-T6 Al upper tube which is covered with 4 K
metamaterial wedge-shaped tiles (Fig. 6, left) and the welded 6061-T6 Al lower tube which includes the 4 K
mounting flange and mounting point for the 4 K magnetic shielding. The A4K‖ magnetic shielding for the
module was developed from the SO LATR design to accommodate the 280 GHz MKID readout design (Sec. 5),
and extends along the interior of the lower 4 K tube past the second lens, as well as around the outside of the
rear of the module. Laboratory testing of superconducting detectors and readout components like the TESes
and SQUIDs used for SO motivated the design of this shield.22 MKIDs are anticipated to be less sensitive to
magnetic fields than TESes or SQUIDs, but initial magnetic sensitivity testing has illustrated the importance of
shielding MKID arrays.9

The 1 K stage of the instrument module is mechanically supported and thermally isolated from the 4 K shells
by a 38.54 cm diameter, 0.3 cm thick carbon fiber tube from DragonPlate/Allred and Associates∗∗, epoxied into
6061-T6 Al rings in an alignment jig with Scotchweld 2216 cured at room temperature. The welded 6061-T6
Al upper 1 K tube supports the first LPE filter, second lens, and 1 K Lyot stop, which is coated with flat
plastic metamaterial antireflection coating tiles (Sec. 3.1). The welded 6061-T6 Al lower tube supports a series
of blackened baffles (Fig. 6, center) and the third lens.

¶www.spira-emi.com
‖Amuneal 4K material, www.amuneal.com/
∗∗www.DragonPlate.com
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Stages 40K 4K 1K 100mK Total
Thermometers 6 7 2 3 18

Table 2. Planned number of thermometers for each stage in Mod-Cam. Six 40K thermometers will measure temperature
at the 40K PT stage, 40K DR adapter, and across the 40K shells and plates. Seven 4K thermometers will measure
temperature at the 4K PT stage, 4K DR adapter, 4K instrument module components, and across the 4K shells and
plates. Two 1K and three 100mK thermometers will measure temperatures in the instrument module. Cernox sensors
will be used at 1K and above, while ROXs will be used at 100mK.

A carbon fiber truss supports the 100 mK stage off of the rear of the 1 K stage (Fig. 5, 6 right). This truss
will be composed of 4 mm outer diameter, 3 mm inner diameter carbon fiber rods made with a pultrusion process
from vDijk Pultrusion Products††. The design of the truss is based on the SO LATR tube truss, but is modified
to minimize off-axis loading of the carbon fiber tubes by incorporating updated strut end cap designs from the
SO Small Aperture Telescopes.23 The carbon fiber rods are epoxied into 6061-T6 Al feet with Scotch-Weld
DP2216 following the procedure in Crowley at al. 2022.23 FEA performed on this new design predicts that
this truss will support at least five times the expected operating load, and load testing of individual epoxied
pultruded carbon fiber struts sourced from Aopin confirm the FEA predictions, with results showing that each
strut can support at least 10× its expected load. SolidWorks modal analysis predicts that the lowest vibrational
mode for this truss design will be above 200 Hz. The 100 mK stage supports the feedhorn and detector array
packages described in Sec. 4. The 100 mK stage is surrounded by the 1 K radiation shield. The 1 K radiation
shield and 4 K magnetic shielding support the module readout components described in Sec. 5.

The thermometry plan for Mod-Cam involves 18 temperature sensors at important thermal interfaces, loca-
tions on plates and shells to probe potential gradients, and within the instrument modules at each temperature
stage.11 The number of sensors planned at each temperature stage is presented in Table 2. Cernox‡‡ 1080 thin
film resistance cryogenic temperature sensors are selected for the 40K stage, Cernox 1050 for the 4K stage,
Cernox 1030 for the 1K stage, and Ruthenium oxide sensors (ROXs) for the 100mK stage. LEMO connectors
are used for four-lead sensor measurement and read out using Lakeshore resistance bridges. Custom cables from
Universal Cryo, Inc.§§ have been ordered for optical testing and deployment.

4. 280 GHZ DETECTOR ARRAYS

In order to meet the desired instrument sensitivity and required detector densities, all of the currently planned
instrument modules for Prime-Cam will use microwave kinetic inductance detectors (MKIDs). Signals are mea-
sured by coupling incident photons to a superconducting inductive element of an LC resonator and measuring the
shift in kinetic inductance caused by Cooper-pair breaking. By combining the absorbing and inductive elements,
MKIDs are naturally frequency multiplexed, and have greatly reduced readout complexity in comparison to that
required for similarly sensitive transition edge sensors.

Within the first-light 280 GHz module, there will be more than 10,000 feedhorn-coupled, polarization-sensitive
MKIDs divided between three tiled array packages with two unique designs. These include a first array of TiN
detectors coupled to aluminum feedhorns and a further two arrays of Al detectors coupled to silicon feedhorns.
The first array has been described previously in Ref. 8. It contains 3,456 total detectors (1,728 pixels), of
which 3,450 are optically coupled. The array was fabricated by the Quantum Sensors Group at the National
Institute for Standards and Technology, drawing on previous work done for BLAST-TNG24,25 and TolTEC,26,27

while the aluminum feedhorns were machined at ASU. Two additional arrays using updated Al MKID designs
are currently being fabricated and tested, along with Si-platelet feedhorn arrays, also by the Quantum Sensors
Group at NIST.28 Each of these arrays will have 3,448 total detectors (1,724 pixels), of which 3,418 are optically
coupled. This change from TiN to Al detectors was driven by dark testing results demonstrating reduced
low frequency spectral noise.28 The array packaging differs slightly between both designs to accommodate the

††vDijk Pultrusion Products, Aphroditestraat 24, NL-5047 TW TILBURG, The Netherlands
‡‡shop.lakeshore.com/temperature-products/temperature-sensors/cernox.html
§§www.ucryo.com
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Figure 7. Partial cutaway view of the cryogenic readout for Mod-Cam, including the readout harness, 280 GHz instrument
module, and cold straps by TAI. For simplicity, coaxial cables and some transitional elements are not shown. Flexible RF
stripline carries both input and output signals for all 18 networks between 300 K and 4 K, where they are transitioned to
a combination of flexible and semi-rigid coaxial cables down to the three arrays at 100 mK. 18 low noise amplifiers are
mounted and heatsunk on the rear face of the 4 K magnetic shield.

different alignment and heat-sinking requirements of the two feedhorn types, though overall pixel spacing and
placement is the same. One advantage of this mixed design is the opportunity to sample the same sky using
two sets of detectors with unique noise properties, though this does add complexity to data analysis at these
frequencies.

5. READOUT SYSTEM

The 280 GHz module cryogenic readout design is the first for the Prime-Cam module development effort, and
enables the readout of more than 10,000 KIDs (∼3,500 per array) across 18 networks. Each individual 280
GHz array is split into 6 networks with either 576 or 572 resonators placed at frequencies roughly between 500
MHz and 1 GHz to be measured over a single RF feedline. The readout of a fully populated 280 GHz module
with three arrays will require 18 RF networks and accompanying low noise amplifiers. The room temperature
microwave frequency multiplexed readout system for Mod-Cam and Prime-Cam is currently in development, and
is designed to run on the Xilinx ZCU111 Radio Frequency System on a Chip (RFSoC).29 In both Mod-Cam
and Prime-Cam, the cryogenic readout is broken up between a shared readout harness spanning 300 K to 4 K,
individual instrument modules with stages from 4 K to 100 mK, and an isothermal 4 K transition to connect the
two. While the instrument modules are fully shared between both receivers, the readout harness and isothermal
transitions are modified in Mod-Cam to accommodate its unique layout and purpose as a flexible testbed.

The readout design for the module is shown in Fig. 7. The readout from the 100 mK arrays to 4 K relies
on a combination of semi-rigid and hand-formable coaxial cables, with the hand-formable cables being used
at isothermal stretches to reduce complexity during installation. Attenuation is included at each stage on the
input side to reach the desired tone power and noise temperature, and low-loss superconducting cables carry the
output signal across all temperature stages between the array and low noise amplification at 4 K. Coaxial cables
running from the focal plane arrays are heat sunk at 1 K on the 1 K radiation shield, as well as at 4 K on the
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Figure 8. A cooldown plot from Grafana for a dark test of the Mod-Cam receiver in which no instrument module is
installed and the window plate, 40 K and 4 K plates are blanked off. A subset of the thermometers installed are plotted
for clarity, including thermometers on the 40 K, 4 K, 1 K and 100 mK DR stages and the 40 K and 4 K thermometers on
the Mod-Cam shells farthest from cryogenic thermal connections. Base temperature for the DR cold stages at 1 K and
100 mK is reached in roughly 8 hours after the DR is turned on, and the warmer stages reach base in approximately 2.5
days after the two PT-420s are turned on.

magnetic shield where all LNAs are located. After being routed through the magnetic shield, coaxial cables are
surrounded by slotted A4K covers to complete the magnetic shielding. PCBs for breakout for LNA bias lines
and thermometers are also located at 4 K.

From 4 K to 300 K, an RF stripline design based on those used for ALPACA30 runs roughly 18 inches of
flexible RF stripline through a readout harness with mechanical designs based on the Universal Readout Harness
for the Simons Observatory14,15 (Fig. 7). Each flexible board holds 6 RF feedlines with custom SMP connectors
on both ends. These SMP connectors then mate to a transition board that switches all lines to SMA connectors.
The readout harness design shown, which is specific to Mod-Cam, sacrifices some efficiency in stripline density
to allow for greater modularity when testing modules with alternative readout requirements or additional DC
line requirements. Not shown in detail is coaxial cable routing required for transitioning between the readout
harness and instrument module. This will require the greatest modification between Mod-Cam and Prime-Cam,
and, as such, is still being finalized.

6. INITIAL TESTS

Dark testing of the Mod-Cam cryogenic receiver without an instrument module installed has been performed.
An initial DR-only cooldown led to a slower cooldown rate than anticipated, so we added a PT-410, and later
a PT-420 for comparison. The performance of the DR was tested in a configuration in which a PT-410 was
coupled to the 40 and 4K main shells of Mod-Cam, and the 40 and 4K DR adapters were uncoupled from the
main shells such that the DR was not cooling the main shells. In this configuration, the DR mixing chamber
achieved over 400 µW of cooling power at 100mK, which is more than sufficient for one LATR-style instrument
module.16

Live monitoring of Mod-Cam’s pressures and temperatures during cooldowns is achieved using Grafana¶¶,
an open source web application for visualization of time series data, via the Observatory Control System (OCS)
used by the Simons Observatory.31 A plot of a test cooldown from Grafana is shown in Fig. 8 for a dark test

¶¶https://grafana.com

Proc. of SPIE Vol. 12190  1219004-11



configuration in which no instrument is installed, the window is blanked off (Fig. 2), and the 40 and 4 K Mod-
Cam plates are covered. In this configuration, base temperature is reached approximately 3.5 days after the two
PT-420s are turned on. The DR cold stages at 1 K and 100 mK reach base temperature in roughly 8 hours after
the DR is turned on.

Lab characterization of the aluminum feedhorn-coupled 280 GHz TiN polarimetric MKID array is ongoing at
Cornell.9 An LED mapper array PCB has been developed to map MKID resonator frequencies to the physical
array positions, in order to lithographically trim the interdigitated capacitors and remove frequency collisions.32

7. STATUS AND FUTURE PLANS

The 280 GHz module is currently under construction at Cornell University and will shortly be dark tested in
Mod-Cam for the first time to test base temperatures and thermal gradients present in the module without
optical loading, as well as robustness of the module’s epoxied components and coatings after thermal cycling.
Modal analysis of the Mod-Cam cryostat is ongoing, and vibration tests with a Buttkicker Mini Concert haptic
transducer∗∗∗ are planned following the method outlined in Ref. 7 to test the heating of the cold stages from
pickup of anticipated low-frequency modes that will be present in the vibrational environment on FYST.

Characterization of the first Al feedhorn-coupled 280 GHz TiN MKID array is ongoing, and two more 280
GHz MKID arrays using aluminum inductors and silicon feedhorns are being fabricated and tested at NIST.
Full characterization of the 280 GHz arrays will be presented in a future publication. Optical testing of the first
MKID arrays in the 280 GHz module will follow dark testing, with the goal of early science observations on
FYST in 2024.

8. CONCLUSION

The Mod-Cam cryogenic receiver will be a first light and commissioning instrument for the Fred Young Sub-
millimeter Telescope (FYST), deploying the first light MKID arrays at 280 GHz for the CCAT-prime Project.
Mod-Cam will also serve as the instrument module testbed for Prime-Cam, a first-generation science instrument
for FYST that will perform unprecedented 280–850 GHz broadband and spectroscopic measurements with KIDs.
The 0.9 m diameter, 1.8 m long Mod-Cam receiver with 40 K and 4 K stages is currently in testing at Cornell
University, and the 41 cm diameter 280 GHz instrument module with cold stages at 40 K, 4 K, 1 K, and 100
mK, is currently under construction for initial cryogenic testing. The first 280 GHz MKID array is currently in
testing in the lab, and the readout of more than 10,000 KIDs across 18 networks has been designed. Mod-Cam
will be installed on FYST for early science observations in 2024.
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