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Primary CMB Anisotropies
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* Primary CMB anisotropies
contain signatures of early
universe physics

* Power spectrum
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* ACDM 6 parameter model
— thz, Qbhz, QA’ T, ns, ARZ
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( Komatsu et al., ApJdS 2011 )




Current CMB Survey Research
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Current & Future CMB Survey Research
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( CMB-S4 Science Book, arXiv:1610.02743 )
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https://act.princeton.edu/
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Detectors versus Time

Number of detectors deployed by instrument/project
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Superconducting Transition Edge Sensors (TES)

— Sub-Kelvin operation

— Voltage biased at superconducting transition, 7,

Resistance (£2)
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Superconducting Transition Edge Sensors (TES)

— Sub-Kelvin operation
— Voltage biased at superconducting transition, 7.
— Low-T current readout => SQUIDs
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SQUID Multiplexing for large TES Arrays

Time-division multiplexing

Time (ms)

Frequency-division multiplexing

Time (ms)

Different signal modulation techniques

* Time-division multiplexing (Chervenak etal., APL 1999)

Current Advanced ACT arrays ~6000 detectors
( Henderson et al., SPIE 2016 )

Mature approach
=> Adopted for CMB-54 >500,000 detectors

observations starting ~2030
CMB-S4

Next Generation CMB Experiment

* GHz Frequency-division multiplexing

Simons Observatory arrays ~60,000 detectors
observations starting 2023!
( McCarrick et al. ApJ 2021 ) SIMONS

| OBSERVATORY }




SQUID Multiplexing for large TES Arrays

Different signal modulation techniques

Time-division multiplexing

A .4 e+ Time-division multiplexing (Chervenak etal., APL 1999 )
T . T— —— Advanced ACT array with 64x multiplexing
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k) "‘ ~> % . (Henderson et

al., SPIE 2016
Cho1 et al.,
JLTP 2018 )

CMB-S4 arrays — need to fold readout behind | s ===
array to fit many arrays side-by side C Elox SBaaa
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Flex cable

7 Readout modules

CMB-54 Collaboration — cmb-s4.org
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https://act.princeton.edu/publications/experimental
http://www.cmb-s4.org/

SQUID Multiplexing for large TES Arrays

Frequency-division multiplexing

GHz frequency-division multiplexing

* Difference frequency for each TES

* 2 coax + 2 twisted pair [+ osseruATOXY |

* 910x multiplexing factor

* Fewer wires than time-division, though focal
plane integration with TESes is still a challenge
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SQUID Multiplexing for larger TES Arrays

Frequency-division multiplexing

o ' ; 1 GHz frequency-division multiplexing

* Simons Observatory (simonsobservatory.org)

1 1 | - project is using this and it will be deployed in

small aperture telescopes
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http://simonsobservatory.org/

Kinetic Inductance Detectors for larger arrays

Newer detection approach

— Use kinetic inductance of
superconductor

— Circuit resonance changes

due to pair breaking
( Day et al. Nature 2003 )

Naturally multiplexable

— Frequency comb like
microwave SQUIDs

From Ben Mazin

Energy Gap
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Aluminum — eV

Energy resolution:
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adopted KIDs to be deployed

-prime

CCAT

ing for > 100,000 KIDs
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http://ccatobservatory.org/

Telescopes for CCAT-prime and Simons Observatory

... to illuminate ~10x more detectors

are being built in Germany!
( Niemack 2016 Applied Optics, Parshley et al. 2018 SPIE )
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Wrap up

 Feedhorn coupled Transition Edge Sensor (TES) detectors are achieving

background-limited performance on ACT and others

* Need more detectors to improve CMB measurements &'SIMONS’
OBSERVATORY |

* TESes will be used in Simons Observatory and CMB-S4
— Simons Observatory using frequency-division readout in 2023
— CMB-S4 using time-division readout in ~2030

CMB-S4

Next Generation CMB Experiment

* Kinetic Inductance Detectors (KIDs) enable more detectors per wafer
at wavelengths less than “1mm and will be used in CCAT-prime

— CCAT-prime using KID arrays in 2024
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