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SSI is an amazing experience
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After A.L’s inflation
lecture, fine-tuning
of instability was
explored empirically

SLAC thinking about the
quantum industry way back
then ... writing on the floors

| had asked C.L.K for
intro on CMB ... he
gave us homework !



Introduction

Other lectures
this SSI

Theses of most Pls/lecturers ?

¢4 (|assical Sensing

Pick a text book
Standard Model (HEP)

Astrphyics / Coslgy
(this talk)




Introduction

Years after the Big Bang
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Introduction

Years after the Big Bang
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Video

Cosmology: large scale structures and their statistics.

inflation, curvature of the universe, role of dark matter / energy
with photons, neutrinos and gravity in seeding galaxies




Introduction

Star Forming Region
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Astrophysics: How do galaxies form”? Star formation rates,

energetics and feedback (baryons), the taxonomy and genealogy of
“modern” objects and the physics that connects them
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v > 1GeV detected or soon to be

detected with XENON, IceCube etc.
Quantum Sensing not needed

CvB is undetected, and quantum
sensing (what?) will be needed

Probes with neutrinos & gravity CONIHORRN P, Sl 20

Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei .
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Cosmic microwave Space Terrestrial
background Interferometers interferometers

polarization

Detectors

Classical
sensing likely ok

Quantum
Sensing

Novel GW searches like Gertsenshtein
effect might benefit from Quantum Sensing



Probes with light
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Frequency v [GHz]
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Probes with light
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Also relates to flux

P~ hv - (ny/s)

Homework: relate flux to occupation
number to bunching stats



Probes with light

Frequency v [GHz] Practically all of these photons
S U N AN A A are thermal in origin

Dole 2006 3
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B(v) = 2hv (—)Zn(y)
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S0, n is mostly boring:

e(v)
(exp(hv/kpTy) — 1)

n(v) ~
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Wavelength A [um]

~ very hot, 2 7K Black Not obvious if QS can revolutionize
lot’s of KE ~20K Gray body body Astrophysics in broad-strokes



Why give this lecture? Why am | here?

Careful case-by-case science < technology

development showcases quantum advantage

JPL Q-tech enabling Cosmo./Astro. for NASA
(and backing DOE efforts) will be discussed

S.C. physics, see O’ Brien, Ramanthan, Chang, Baxter and others, SSI’26



CMB and LIM at cm-waves ¢

Recombination
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CMB and LIM at cm-waves
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CMB and LIM at cm-waves =
synchrotron _"e
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Good science targets in their own right! ! Frequency [GHz]
E.g. CO and synchrotron CMB sensitivity target for NASA Probe




CMB and LIM at cm-waves Science

CO mapping (10-100 GHz,
~sub-GHz res.) synergistic
with synchrotron science
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KI-TWPAs Technology |

Traveling Wave Parametric Amplifiers (TWPAS)

INPUT Non-linear media OUTPUT = segeeeessssccccsscecceccecceeee..

ump Wsignal
ﬁ q pump (depleted) Wpump AN m»
mreasigna et - signal (amplified) “VWe- ¢t Y. " tf?eeseisK(“Cr?na(I)tvelgE)
Widler
I idler (generated) e TAYAYAS = '
TWPAs are a common Quantum Optics tool 4 Wave Mixing 3 Wave Mixing
. . P P
Hint = hgo/1p (aia}? e "t 1 q.a, e“""?t)
A nonlinear medium enables mixing of tones
Done optimally, phased power from a strong — > W "

pump amplifies a weak signal

2wWp = WS + wi Wp = WS + Wi




KI-TWPAs Technology |

JPL was an early pioneer in Kinetic Inductance TWPAs
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KI-TWPAs Technology |
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Far-IR Astrophysics ;

Star Forming Regigl Molecular / atomic excitations are at ~eV

Low Mass Star

Planetary

" scale (~um). H-atom, Quantum-101

4 »‘ ’ Stellar | o »
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Extinction, scattering,
reprocessing of UV/
optical in interstellar dust
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Far-IR Astrophysics

LI

The PRobe for-Infrared Mission for Astrophysics

SPECTRAL MEASUREMENT EVOLUTION

Ta @
@ @ (\ - 2 .
’ From water... to disks... to planet.

7=2 . young through rapid
| | galaxies... growth... 4

POLYCYCLIC AROMATIC METALLICITY \ £

HYDROCARBONS & ,
BUILDUP OF POLARIZED . . £
DUST AND 2=0 DUST I
METALS - EMISSION

JWST PRIMA ALMA PRIMA uses the power of the far-infrared to see into the
OBSERVED WAVELENGTH hearts of dusty and obscured sources across cosmic time.
- -\ PRIMAS instrument complement
| & - o K) ' enables a broad range of General

Observer (GO) programs.

COSMOLOGY GALAXIES ENERGETIC PLANET STARS SOLAR
PHENOMENA FORMATION SYSTEM

Massive COmmunity Support behind https://prima.ipac.caltech.edu/page/go-science-book-vol2
this $1B pr()pc)sed mission, see: . https://prima.ipac.caltech.edu/page/fact-sheet



Far-IR Astrophysics
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Far-IR Astrophysics

PRIMA spectral resolution

Spatial-Spectral SOFIA Bradicted (R) goes up to 4400
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MKIDs

Photon absorption
(hv > 2A) breaks

Cooper-pairs —dL —of
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~125 /s (25 ym) photons under 1 aW
Need to reach NEP ~

Day, P. K.; LeDuc, H. G.; Mazin, B. A.; Vayonakis, A.; Zmuidzinas, J. (2003).

"A broadband superconducting detector suitable for

o 19W\/

Technology |

Kinetic Inductance Detectors (KIDs) are superconducting LC resonators
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signal is a sharp
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with a time
constant 7qp

Sense one photon at a time, 1000x
over for focal planes in space!

rays". Nature. 425 (6960): 817-821



Technology
Made in JPL’s Micro Devices Lab
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MKIDs e R
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NEP [W/VHZz]

NLKIDs Technology |

Noise spectra from 102 to 10-6 aW
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of magnitude.
Frequency noise PSD for Paps = 0
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vanishingly small Paps



Far-IR Astrophysics X

a) FIR high-R Spectrometers Photon Rates (Zodi, 30% Eff.)
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g 101 -
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2 100
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Need to push photon counting limit with
What would NASA need for a kilopixel arrays to match R
Far-IR Flagship™ called for in the
Astro2020 Decadal report? Science cases define R, cryogenic telescope
sets background ... MKIDs still awesome for
* Probe ~$1B, Flagship ~$10B energy resolution and multiplexing




Far-IR Astrophysics Technology :

2.0 - Individual pulses at 150 mK
= Template

SNR is color dependent

1.0 A

Compare 12 and 5.6 THz photons in the same MKID

Pulse height as Az = (1 Loy y Ox |
fractional freq. shift PbTA SN,

Amplitude [6x x 10°]

} . Time [ms]
Number of gps generated Fractional freq. shift E———
per quasiparticle et
0x 1 1 g
— —YeS T)—— e 5
5qu 9 Vs 2(fr687 )Vnc < g
Reduce gap & volume - but limited runway

ask me during Q&A : I



NLKIDs

Kerr nonlinearity allows for quartic
tuning of a SHO ... common qubit
physics and quantum optics tool
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NLKIDs

Non Linear KIDs:

Kerr nonlinearity couples a strong

pump to a weak signal

Strong pump makes it a “NL"KID
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Basu Thakur, Day, Albert et al, in prep
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Only one tone per KID, and in situ amplification



Non Linear KID
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NLKIDs Technology |

(E[Ps] — E[Pn])? N ((pulse—amplitude) ) ?
Var|Pg| + Var| Py v/2 X noise-RMS

SNR =

Good nonlinear KID | Suboptimal nonlinear  Bad nonlinear KID

a) Study summary

operations KID operations operations
SNR 745 5 N/A

lOglo(InStab) e 10'1-53 10'2-8 S 10-0.7

Time stream examples:

Small gain & stable Large gain & stable Large gain & unstable
2 : 2 5 l .
1+ 117 1t |
: ope °\ Mu -’ J o
_10 0.15 1 1.I5 2 2i5 3 -10 0:5 1 1:5 2 2i5 3 _10 o.ls 1 1.|5 2 2i5 3
time [s] time [s]

time [s]




NLKIDs Technology |

104 Photon Rates (Zodi, 30% Eff.) | Single Photon Signal & Noise
5 20
: g
U ~ 15
* 7
; g 10 - pulse Amplification Noise Supression
S a
© e >
e Q Yoo ' Al 4o
o S 0 - ||H” b eyt
25 50 100 150 250 2 4 6
Wavelength (um) Time (ms)

KI-TWPAs for noise suppression
NLKID for SNR maximization in low-flux observations
Use linear mode ops (Same KIDs) for high flux targets

Grand plan for
Far-IR flagship:



Mid-IR Science

https://life-space-mission.com/

o
oo
1

Estimated spectrum

100

Planet flux Fj [ph s~ *m~2um~1]
~100

U T T T T T T T 100 0 _100
4 6 8 10 12 14 16 18 ARA [mas]

A [um]

LIFE (Large Interferometer for Exoplanets) study of Earth-like exoplanets.

Planetary systems < 65 light years. Interferometry to null bright host star signal.

Very low mid-IR photon flux !!

Mid-IR photon counting MKIDs to the rescue. Similar to Far-IR work in spirit.
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Mid-IR Science <
=
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D

Engineered molecules for QS and lab
astrophysics (not LIFE!) :

Heavy nucleus Optical control Electromagnetic control
for good sensitivity to for modern to suppress decoherence
fundamental symmetries gquantum tools and errors

Extreme Internal fields amplify

symmetry violations.
Credit: Hutzler

A
Pear-shaped nuclel boost hadronic
sensitivity, lab astrophysics probes

10-24 —

g‘ :82: <>TI 1] Atoms Molecules ‘1 =
. . 2. 10727 ¢ <>TI UYbF : é
Parity doublets cancel systematic e "™ 10 %
. : S 1029 | = + L@
noise. Also EMI suppression. S o0 T oo g
Explore the é 107" Modern .. gajie. S/Y/é, 5

Nucleus E -32 - Quantum o;o'x’ I’”{ﬁ‘;oizo —l \?’Zg/ ()@, 'i1000 >

: : : 50l Tools -k Nyl 2

Other applications: BB sensing, 0% R 1

Quantum-controls and simulators etc.

O OO OH H O v O & OH o O
O O & LD N M B 75 807 O M
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Mid-IR Science
Prepare Detect Push/cool

Vibrational States

A complexity price for flexibility ...
vibrational states can blow up
density-matrix uncertainties

“Molecules”

Technology |

Groundbreaking efforts in cryogenic gas-cells, but
Molecules will have roto-vibrational states with

energies In the far to mid-IR!
(recall our cold molecules in space)

4 Kelvin

Ablation beams Hot Ra/RaX

36 Credit: Hutzler



Mid-IR Science

A KID array, via a grating, directly sees the
excited molecules

Technology |

Laser mouts Proposed new implementation.

(not to scale)

mid-IR
‘ pathway

Laser
output path

Goal: direct measurements of mid/far-IR
transitions ... full transition spectrum to
reduce uncertainty, improve precision further

v Gas Cell @ 3K

Aperture for m = 1

Incidentally & directly helps with LIFE!

Terminate m =0 &
other modes

/

[ 4

Mid-IR output

Same meta-structure inductor
from PRIMA in midIR (~10 um) {

Laser for molecular
ablation & excitation

Mid-IR filter stack
D Laser optic / lens

Time Relative to Onset (ms

New project, just building up
MKIDs, the “telescope” it WIP

37

<D Mid-IR optic / lens
B \id-IR grating

Lensed mid-IR KID
array

O Target

e Mirrors




Far-IR Astrophysics X

_J | — z = 0 (rest frame) : SPIRE'Frs
= 10 (bserved e 700 x 400 x 400 mm
E—— L resolving power, R= 840

,'l a ‘LL—O
£ . =
“ b""-~‘
Seibal ™
!
,'l
“

1%
|i ;
LS

Log Intensity (a.u.)

Telescope & sky
input port

SSW output
port

0.5 1 2
Frequency (THz)

SLW output

port
Instrument

input port

A different but ultimate target in Far-IR astro is to do spectro-imaging.
In sub-THz, SPIRE’s FTS (Mach Zhender) revolutionized astrophysics...
but they are heavy, slow, bulky and mechanical.



Far-IR Astrophysics X

_J | — z = 0 (rest frame) : sleE-Fl'S
;():F;.Sob(ob:erved) (cn & 700 5 400 5 400 mm
B L resolving power, R= 840

,l ﬂ ‘LL -
£ 7 il
; b o N -,
! ; b ~.
1
| - ou
I\ :

Log Intensity (a.u.)

6x1x0.5mm
R= 1330

0.5 1 2
Frequency (THz)

Basu Thakur et al, JLTP, Volume 211, Issue 5-6, p.227-236

Per beam on the sky, obtain spectroscopy efficiently
SPIRE like FTSs are heavy, slow, bulky and mechanical.
We have an on-chip solution. Each spatial pixel can now be its own FTS



Supercond. On-chip FTS (SOFTS)

Technology |

o Hybrid Coupler Reconstructed spectrum

- N/ N Det.1 --- Det. 2 -

N = i< + I A

< 7] 'g 8 X .%‘

% 5 Ax() G | < [*ee,

3 E | [+ 2 e,
O | |4z i I
-SSR ¢ S
Calib } = 611
—alb. Diplexer m interf ‘A (]) - >
UCurrent (I) nierrerograms w.r. T requency
_ _ _ Non Linear Kinetic Inductance and delay in Ka-band
Nonlinear Kinetic Inductance allows for 1.25 0.85
adjusting delay with current bias 20| E——T v Los
Don’t need any moving mirrors! CREGEE - el -
31.15- i B ."_o' = 0. —
. . . . . <110 AT(I) =2 (\/L(I)C — /LI =0) 0,35
Photonic on-chip MZI by integrating microwave ( )
circuit elements. Hoor =
Large Kl leads to 0.1% c phase velocities, | E— et e —
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

therefore ultracompact

Phys. Rev. Research 3, 023184 — Published 4 June, 2021



SOFTS Technology |

= Fiybnig Coupler et o Reconstructed spectrum
n = I= - ¥
7 = Az(I) S | e < A o
: e g [T -
-GEE - ¢ - |
Calib. Diplexer} /’\ | | 61/ >
oac UCurrent 0 Interferograms w.r.t Az(/) Frequency
2 input ports Ka-band SOFTS demonstration (3 short scans)
0.6 :
Low frequency 1-40 GHz SOFTS ]| J s A ‘ :
. . . 3 Q ' a
demonstrated with NbTiN =5 2 o -, A ~
©
_ . N 0.0 A
Using MgB:2 to extend to THz s= 2 02\ - . : 329,78/
S e W 35.97
. . . SIS -0.41 ¥/ A TR VAT 32.84 |
S.C. MZI implies a nice Quantum =5 —— , ,
N 0.00 0.02 an4| (o.?e 0.08 0.10
P elay (ns

Optics testbed for other science

2 output ports Preliminary results



Technology |

105 Jovanov ic et al 2023 J. Phys. Photonics 5 042501
~320 MPc
- o “
\ . S-2 . SOFTS Flagship
OFTS Flagship 100x100 FPA 10¢] ¢
Redshift Z[CII o
g) 107 J0~/ .
S Mapping Speed
> 20 & Ngetectors
1500 - ‘Q 102 % Pathfinder
O v |
A SOFTS : 20
E 1000 - 9 O SPT-sLIM
S Y 10%:
” EXCLAIM =101y, -
m 500 Superspec-1 L-Spec
- (EXCLAIM)
104 | O o -
0 5 1 2 3 4 DESHIMA 1.0 .. DESHIMA 2.0
: 10° 101 102 103 10*
Redshift Z[cn) SOFTS Pathfinder 10x10 FPA Detectors per Spaxe|

A Pathfinder balloon telescope ($10M) can be used to 2x Herschel’s (>$500M)
HERCULES catalog, much more cheaply

Large survey size enabled by SOFTS useful for Line Intensity Mapping in a
Flagship telescope



Astrophysics with
Quantum Probes
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From coherent to iIncoherent
photons, from detectors to
Interferometers, from molecules
In space to those hand-made,
lots of QS work at JPL/Caltech.

New Ideas ?!

Funding acknowledgment :
RBT supported by NASA Early Career, JPL’s Innovative
Spontaneous Concept, NASA APRAs and SAT.

Caltech President’s awards.

Day is supported by NASA APRA and SAIT, Microsoft
and JPL Strategic investment grants

Hutzler is supported by Gordon & Betty Moore, DOE
and Caltech President’s awards

Our students are supported by NASA NSTGRO, NSF
GRFP grants and Caltech fellowships



JPL’s innovations in Quantum Sensors, but, for Astro!

Technology

Science & Pls

KI-TWPA

Qubit R/O (Day). CMB & Synchrotron (Day, Basu Thakur),
Dark Matter (Basu Thakur, Ramanathan)

MKID

Day, Zumdzinas at large

Single-photon far-IR
MKID

Day, Basu Thakur and others

“mid-IR MKID Day (Exoplanets), Quantum precision (Basu Thakur, Hutzler)
NLKID Far-IR Astro and Dark matter (Basu Thakur, Day)
QCD Far-IR Astro and Dark matter (Echternach, Shaw)
SOFTS

Far-IR Astro (Basu Thakur, Cunnane, Day)

SNSPD

Astro and Quantum Sensing (Shaw et al)
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