Millimeter wavelength
spectrometers
(0.01 -3 mm, or 0.4 —120 meV)
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1986: C*in W51 iy
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C* is an efficient coolant of interstellar gas
Dalgarno & Rudge, ApJ 1964

The cooling mechanism is the excitation of low-lying levels of C* and Si* in spin-flip
collisions with hydrogen atoms:

*P3/2 91 K
CH(2p 2P1js) + H— CH(2p *P3p0) + H,
1900 GHz
Sit(3p 2Pyjs) + H— Sit(3p 2P;p0) + H . 2|31/2 157 um
By a straightforward generalization of the theory used by Dalgarno (1961), it may be
shown that the cross-section for these processes has the form
0=2% i (204 1)sin? (it — m),
353 L= : -

Z 4+  Element 2 Mass fraction in parts per million ¢

1 Hydrogen 739,000 | 71 x mass of oxygen (red bar)

A. DALGARNO 2 | Helium 240,000 | 23 x mass of oxygen (red bar)

M. R. H. RupGe 8 | Oxygen 10,400 IS
March 30 1964 6 Carbon 4,600
)
DEPARTMENT OF APPLIED MATHEMATICS 0  Neon et
THE QUEEN’s UNIVERSITY OF BELFAST 26 Iron 1,090
NORTHERN IRELAND 7 Nitrogen -
14 | Silicon 650
v <3 y 12 | Magnesium 580
16 | Sulf 440
A. Dalgarno (1928-2015) .

2013 Benjamin Franklin Medal
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Galaxies are predicted to be bright in C*

THE ASTROPHYSICAL JOURNAL, Vol. 155, February 1969

FINE-STRUCTURE TRANSITIONS AND THE
BACKGROUND MICROWAVE RADIATION*
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Panchromatic SED of a Galaxy

* Dustgrains absorb stellar UV/optical, radiate thermallyin IR, heat

neutral gas
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Cosmic Reionization

Cosmological Redshift 1 1
- scale factor a= 1+ 2 photon wavelength 4 &

1+2z z=20
t=13.7 Gyr

Redshift (2)

Cosmic
“Dark Ages”

—“ - , ; < 3 5 B Z v\‘- = _'\_-
First First T P Modern

stars galaxies Nl . g AT malaxiesiorm , ‘Brefentday-
135 4 "~ Billions of Years Ago )
Recombination Robertson+10
z~ 1100 zZ ~6 —15 z~1-3
t~370,000 yr t<1Gyr t~2 —6Gyr
Recombination Epoch of Epoch of
Reionization Galaxy
Assembly
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Model Predictions for Intensity Mapping, z=0-5

107 ¢

lergs™ em ™2 Sr]

bx v,
(-

o

(e}

10-10

12/8/16

Cll
01145
OllI88
Ol163
Oll152
NIII58
NII122
CMB

50

100

. . | .
200 500
Observed wavelength [pum]

SUB-EV 2016 BEPP/LBNL

1000

Fonseca et al. 2017

8



Progress on SuperSpe&A Broadband On- Chip

Millimeter- Wave. Spectrometer f
Steve Hailey- Déinsheath, Caltech LAl
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Caltech The SuperSpec Team
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Introduction + Overview

e SuperSpecisan on-chip spectrometer we are developingfor
moderate resolution, large bandwidth, (sub)millimeter astronomy

 Asingle chip integrates
— antenna
— moderate resolution (R ~ 100 — 500) filterbank with large BW (6v/v ~ 0.6)
— associated detectors (KIDs)

e Each chipis ~10 cm?in size
e Facilitate construction of multi-
object survey spectrometers

e Scientific Motivation: galaxy
spectral surveys and line intensity

mapping

* Prototype filterbank covering 20%
of the 200 — 300 GHz range
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Microwave Circuit Model

Input from antenna ~ S

half-wave > N2[ | ] L ] e
resonator

coupling capacitors

total power detector /

spectral response

Channel Response (dB)

Kovacs and Zmuidzinas 2010 , . . , . .
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Optical Coupling and Filterbank Architecture

wr og

O 105 A/m
1 B 1 N 1
R Q. 0
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Die Packaging




50 Channel Log-Spaced Filterbank
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Qi = 620 (designed for 800)
Qc = 420 (designed for 462)
Qr = 200 (designed for 293)
peak coupling = 0.24
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Normalized Profiles

uniform sensitivity across the full

band
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Noise Budget

 Construct noise budget using current spectrometer efficiency, best
detector NEP (achieved for T, = 1.2K).

 Total NEP is x2 higher than fundamental photon limit.

1016 B: Typical Noise PSDs

— Noise PSD T, —1.85K Device 20x10° T T T
= Noise PSD T, =1.2K Device
== R=100 NEP Requirement L
== R=400 NEP Requirement 1.5x10" "7 -

1.0x10™"7 L

NEP (WHz1/?)
NEP [W/Hz'/?]

10V 5.0x107'8 - #¥

. ‘2 ‘3 240 245 250 255 60 265
10 10 10 frequency [GHz]
Frequency (Hz)

NEP,, (Ewarm = 15%, Twarm = 260 K)/

NEP, + NEP NEP yet
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Summary

* Prototype 50-channelfilter bankvery close to meeting
requirements for ground-basedinstruments

 Future goals:
— Design and test full-band filter bank

— Demonstrate single spectrometer on ground-based telescope
— Develop imaging array spectrometers



(Microwave) Kinetic Inductance Detectors
1999 - present




MAKO: A pathfinder instrument for on-sky demonstration of
low-cost 350 micron imaging arrays

Loren J. Swenson®?, Peter K. Day?®, Charles D. Dowell?, Byeong H. Eom®, Matthew 1.
Hollister®?, Robert Jarnot?, Attila Kovacs?®, Henry G. Leduc?, Christopher M. McKenney?,
Ryan Monroe?, Tony Mroczkowski®?, Hien T. Nguyen®, and Jonas Zmuidzinas®®

?California Institute of Technology, 1200 East California Blvd, Pasadena, California, United

States;
®NASA Jet Propulsion Labora,tory; California Institute of Technology, 4800 Oak Grove Drive,
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CSO Deployment, May 2015
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Some Details
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MAKO @ CSO
May 2015
DR21 @ 850 um




NASA Astrophysics 30-year Roadmap (2013)

Near-Term Formative Visionary

Gravitational
Waves

Gravitational Wave Surveyor | Gravitational Wave Mapper

Cosmic rays M

JEM-EUSO

.

Radio
Cosmic Dawn Mapper
Microwaves
CMB Polarization Surveyor
Infrared & e
JWST
Far IR Surveyor
WEFIRST-AFTA Euclid
LUVOIR Surveyor ExoEarth Mapper
-~
Optical "’ ‘
TESS Gaia
Ultraviolet
h <&
X-rays h .% .
NICER Astro-H
Xray Surveyor Black Hole Mapper

Gamma rays



ORIGINS | Capabilities &

&, s
Space Telescope | Characteristics

Origins is planned to be a large aperture, actively-cooled telescope covering a wide span of the mid- to far-infrared
spectrum. Its spectrographs will enable 3D surveys of the sky that will discover and characterize the most distant
galaxies, exoplanets and the outer reaches of our Solar System. The Science and Technology Definition Team would
like to hear your science questions and goals for this mission.

Contact us at: firsurveyor_info@lists.ipac.caltech.edu

>250 K
4-27K 87K 53Kk A . <5k Actively-Cooled
Large Aperture
\ ,:' Will attain sensitivities
° ° 100-1000x greater
o / than any previous far-
Spitzer WFIRST  Herschel Webb ‘ ’ infrared telescope
0.85m Hubble 35m 6.5m
24 m
Potential
Wavelength
Coverage from
10 pm-1 mm

Enables observations of biosignatures in the atmospheres of transiting Earth-like planets, mid- and far-infrared
diaanostic lines in qalaxies out to redshifts of 10. and characterization of water from the Solar System to the ISM.



Spectroscopy with OST

Herschel Unprecedented Sensitivity

Fast mapping speed with hundreds or
L Vebb MIRI thousands of independent beams will enable
/ ot A 3D surveys of large areas of sky, pushing to
oL n unprecedented depths to discover and
2= 6.0 / characterize the most distant galaxies to the
e outer reaches of our Solar System.
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Origins Space Telescope

PR |
100
Wavelength [pm]

|tze Timeline of IR
<5 pm _Wﬂ itzer WF'RST Space Telescopes

2000 2010 2020 2030

FS-2016-10-503-GSFC
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NEP (W/V Hz)

Backgrounds for Cold Space Telescope

Wavelength (um)

300 100 30
— : .
i — Total (R=3.3)
.17 | NEP~ few x 10-1¢ (ground) Zodiacal Emission

107 | oon . ~+ Zodiacal Emission}
E NEP ~few x 10 (space) Galactic Emission ]
[ — Total (R=1,500) |1
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The Benford-Cleland plot
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Small-volume absorber-coupled KIDs

Meandered Interdigitated
Inductor Capacitor Why this architecture?
i | T e T * Low volumeinductors
<> Width: 150 nm
<> Thickness: 20 nm
<~ Al: lowresistivity = Good
optical absorption with a low
absorbervolume
< Lens coupling = Minimize
inductor area, allow for IDCs
* Low f,: few x 100 MHz
* T, ~ 1msforAl
* Challenge: Highyield?

Coupling Detector
Capacitor pitch: 1 mm

Microlens
Array

JPL /CIT / U. Colorado
J. Glenn+SPIE 2016




Follow-on project: [CarlS

Balloon payload, e
proposed to NASA — i,
C*at 240-420 um — B

e z=0.5-15

U. Penn: Aguirre, Devlin
(integration, gondola)

JPL/CIT: Bradford, T
Hailey-Dunsheath

(detectors - low-volume
Al KIDs)

U. Arizona: Marrone =\ e

(telescope) . :ﬁj;ﬁ%};w o, TS
llinois: Vieira (optics) : ﬁ@“‘%gﬂ w
Chicago: Shirokoff ..
(detector testing) |

ASU: Groppi, Mauskopf
(readouts,machiningf




The Quantum Capacitance Detector o i
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OST's

1 Technology Challenge
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Ssummary

* Full-system demonstrations of KID instruments
(MAKO, NIKA2, A-MKID, ARCONS...)

* Mm-wave chip spectrometers nearing fruition

* Future cold far-IR space telescopes will require
detectors with energy resolution in the meV range,
scalable to arrays with > 10° pixels



KID imaging Array

Lens/antenna coupling
GHz readout

Identical antenna’s

Resonators have different length
Different resonance frequencies

1 readout line connecting all pixels

Credit: J. Baselmans, SRON

\ A A4

Flies eye lens array, 1 lens/pixel
-~ i3 &
COSMONANOSCIENCE GROUP
b Ro N ; T U D 8| ft @ superconductivity and photons

Netherlands Institute for Space Researc|




KIDS: basic concept

Transmission (dB)
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KIDs — Current Status

Fundamentals of KIDs are well demonstrated and well understood

* Reaching photon noise limit
* NEP ~few 101° W/Hz/2 (SPACEKIDS)

A very active area of research
» Activities at ~2 dozen groups/institutions

Large KID instruments are on the way
e 1-25 kpixels (NIKA2, A-MKID, BLAST-TNG, DARKNESS/MEC; + proposals)
* Enabled by very large multiplexing factors (vs. TES bolometers)
* Readout electronics now available

Connectionstointeresting physics problems (not all solved yet)
* Quasiparticle recombination dynamics
* Quasiparticle generation/recombination noise
* Nonequilibrium superconductivity
* TLS noise in amorphous materials (= TLS interactions)

Several spinoffs
* Resonators + qubits: cQED (Schoelkopf/Yale)
* Kinetic inductance paramps
* Kinetic inductance magnetometers
* Kinetic inductance bolometers (e.g., YBCO)



GPU Readout

Chirp pulse excites Resonator ring-down digitized with 500 MSPS ADC

KID resonators 3.6 kHz pulse repetition rate
S
=
E’-
<
Time
ADC data streamed via PCle bus to GPU, which performs FFT
Find peaks and measure resonance frequencies of all KID resonators
100 ‘ 1
g o Al || AR 1 | “ M\ J M | W l,lx‘mw '\LH! WM HNW Il lw
o ikl
: ﬁ\'f i | L
0 | | | | | |
140 160 180 200 220 240

Frequency (MHz)
No need to locate resonances beforehand
Insensitive to frequency shifts due to changes in atmospheric loading

Special tricks: fast GPU centroiding algorithm, handling resonator nonlinearity °’



On-sky Testing of Chirp Readout

Jupiter @ 350 um
May 29, 2015
(in poor weather)




