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A brief history

1960: Frank Low develops cooled semiconductor (Ge)
bolometer

— Improved over next 40 years
— Leads to COBE, SCUBA, Planck HFI, SPIRE...

1970: Wilson, Jefferts & Penzias detect CO(1-0)
— 115 GHz Schottky diode heterodyne receiver
— Extended x40 to 4744 GHz (O | @ 63 um; Betz) by 1995

1979: SIS receivers demonstrated (Phillips, Richards)
— Displace Schottky receivers by mid-1990s
— SIS enables ALMA, Herschel HIFI

2000: Semiconductor bolometers superceded by
multiplexed superconducting arrays (e.g. SCUBA 2)

What happens next ?




The next 10-20 years will bring:

* Megapixel submm cameras
— CCAT FOV can approach 1 degree
— Cost is the key issue

* “3D” redshift machines with R~ 700 and 103
or more simultaneous beams on the sky

— Size and cost are key issues

* 10x sensitivity improvement for ALMA
— Need to expand instantaneous bandwidth
— More cost effective than adding dishes




CCAT

25m diameter

10 um rms

80% efficiency @ 350 um
3”.5 beam @ 350 um

1 deg FOV




Bethermin et al. (2010)
A =350 um

Faint source confusion
~ 2 beams per source

Bright source confusion
15 beams per source

Gain with CCAT :

Herschel/SPIR
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CCAT vs Herschel
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Credit: J. Glenn/U. Colorado



Camera relay with small HDPE lenses

Tertiary
corrector

Sub-field camera
at 0.4° field angle

\\VJ\ 3-lens focal reducer
0.03° FoV

(4k pixels at 350um)
HDPE lenses

(80mm max diameter,
20mm total thickness,
loss ~20%,

machined AR coatings)
2 aspheric surfaces

g <

Spot spacing 0.02°

Strehl ratio

o

0

+X

STREHL RATIO VS FIELD

F/6 CCAT WITH TERTIARY CORRECTOR CALTECH

11/5/2010
350 1E+Q03

REFERENCE: CENTROID

PASADENA CA 91125

CCAT_F6_TERTIARY_CORR_3BCLENS_OFFSET . ZMX

Credit: S. Padin




Cost is the overriding issue

SHARC 1 (1995)
— S1M / 20 detectors = S50k/detector

SHARC 2 (2000)
— S2M / 400 detectors = S5k/detector

SCUBA 2 (2010)
— S30M / 10k detectors = S3k/detector

CCAT goal
— S10M / 1M detectors = S10 / detector

Keep it simple !




Frequency-multiplexed superconducting

microresonator detectors (MKIDs)

TiN inductor & ElEEEEEE )] 7)) I
radiation absorber illﬁﬁllil@lﬁﬂmnuuuuﬂﬁ]i]l@% A

capacitor
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Readout feedline

‘ﬂﬂi II

270 MHz
1.5 155 16 165 1.7

Resonator Index Frequency (GHz)

Internal Quality Factor Q

80 90 100 110 120 130 140




Sensitivity

Microwave dissipation: 3 pW — Dissipation NEP

Far-IR loading: 5 pW — Frequency NEP
T.=2K —— Combined NEP

Toath = 120 mK (goal: 350 mK)
| Q= Q,=800,000 (goal: 200,000)

A\
Mn AM‘W SCUBA 2 specification @ 450 um

Expected performance at 350 mK

Note: NEP of 4 x 10'1® W Hz'/2 demonstrated
usmg smaIIer vqume MKIDs

‘\H

101 1o2 103 104

Frequency (Hz)




Readout Electronics

* Generate sum of sine waves
— Store in waveform buffer RAM
— Play out continuously to DAC
— Send to array

* Digitize array output

— 500 MSPS for 250 MHz bandwidth

* Calculate FFT to separate carriers
— N~ 10* (f/Af) *Q
— Keep ~10° carrier channels, discard rest
— Decimate to 100 — 200 Hz (complex) data rate
— Stream to disk




Readout Cost

* Rough estimate

— few 103 detectors per S10k
— < S5 per detector achievable today

' ROACﬁ%t?u‘sto‘m ADC, DAC " /s

~




Evolution of the Z-spec concept

Thermal noise and correlations in photon detection

) 1 September 2003 / Vol. 42, No. 25 / APPLIED OPTICS 4989
(o] [®] [©] [] [® p|] [p] [p] \ Jonas Zmuidzinas
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Superconducting mm-wave spectrometer, revisited
(G. Rebeiz: cochlea-inspired channelizing filter)
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Aiotal < 1 cm? for R =700, A = 1 mm

Will enable MOS/MBS with N~103.
Science: see Visbal & Loeb 2010, 2011;
also Gong, Cooray et al 2011

Absorption Efficiency

L
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Frequency (GHz)

A. Kovacs & J. Zmuidzinas, 2010

SuperSpec: + P. Barry, M. Bradford, G.
Chattopadhyay, N. Llombart, H. G. LeDuc, D.
Marrone, P. Mauskopf, S. Padin, E. Shirokoff Also: DESHIMA/SRON, A. Endo et al.




Traveling-wave KI Amplifier

Amplify 350 and 450 um
windows simultaneously

Requires 1 mW pump at
500 GHz

e 0.8 m NbTiN CPW line

Quantum-limited noise
predicted

— J. R. Tucker & D. F. Walls
1969, Phys. Rev. 178, 2036

— Measured losses are
extremely low (Q ~ 107)
Area ~ 1 mm? for
600-900 GHz device

Use wideband Schottky CW high power
. pump laser

mixers for

downconversion \

Microwave prototype "\ bandpass fiter

producing 10 dB gain

Input signal

J. Zmuidzinas & P. K. Day, 2010




Ultra-wideband coherent receivers
(Atmosphere: Marrone et al 2005, 93 um PWV)

Wideband amplifier gain profile:
450 & 350 um windows
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Summary

e Superconducting devices under development
will enable:

— Megapixel submm cameras
— “3D"” spectroscopic imagers: 1000 x Zspec++

— Coherent submm receivers with 200+ GHz
instantaneous bandwidth

* Enabled by the amazing properties of
superconducting nitrides (TiN, NbTiN, ...)

* The fun is just beginning !
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For more detail:
(Annual Reviews of Condensed Matter Physics, 2011)

Superconducting Microresonators: Physics
and Applications

JONAS ZMUIDZINAS

California Institute of Technology, Division of Physics, Mathematics, and
Astronomy, 301-17, Pasadena CA 91125

Key Words Superconductivity, microwaves, resonators, superconducting de-
tectors, two-level systems

Abstract Interest in superconducting microresonators has grown dramatically over the past
decade. Resonator performance has improved by several orders of magnitude through the use of
improved geometries and materials as well as a better understanding of the underlying physics.
These advances have led to the adoption of superconducting microresonators in a large number
of low-temperature experiments and applications. This review outlines these developments, with
particular attention given to the use of superconducting microresonators as detectors.




