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Astrophysics with 
Quantum Probes
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I had asked C.L.K for 
intro on CMB … he 
gave us homework !

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

SSI is an amazing experience 
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Other lectures 
this SSI
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BSM

Standard Model (HEP)

  Quantum Sensing Classical Sensing

Dark matter / energy searches, modified gravity, 5th force etc.

Pick a text book

Neutrino physics, some collider stuff

Astrophysics / Cosmology 
(this talk)

Theses of most PIs/lecturers ?

Introduction



Introduction
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Introduction

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
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Video



Introduction

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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Probes with neutrinos & gravity
7

𝜈 > 1GeV detected or soon to be 
detected with XENON, IceCube etc. 

Quantum Sensing not needed 
 

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

Quantum 
Sensing 

Classical 
sensing likely ok

Novel GW searches like Gertsenshtein 
effect might benefit from Quantum Sensing

Formaggio, Carney, SSI’26

Neutrinos

Gravity



Probes with light
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rays

Dole 2006

4 meV4 eV

Photons are not rare in an 
integral measure (plot)


>1012 CMB photons /s/ fingertip


All the photons out there
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Probes with light
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Narrow spectral or sky regions are fainter
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!P = !ω ·A” ·B(ω)

spectral resolution

patch of skyBrightness
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B(ω) = 2hω
(ω
c

)2
n(ω)

Quantum!

Dole 2006
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P → hω · (nω/s)

Also relates to flux

Homework: relate flux to occupation 
number to bunching stats



Probes with light
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Dole 2006

Practically all of these photons 
are thermal in origin
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B(ω) = 2hω
(ω
c

)2
n(ω)

Quantum!

So, n is mostly boring:
<latexit sha1_base64="wsjWZx6nC9EyUTeTlKhD9cp3D/Y="></latexit>

n(ω) → ε(ω)

(exp(hω/kBTω)↑ 1)

Not obvious if QS can revolutionize 
Astrophysics in broad-strokes

2.7K Black 
body~20K Gray body

~ very hot, 
lot’s of KE



So ….
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Why give this lecture? Why am I 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
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Hot & dense universe after the Big Bang


Expansion, increasing redshift       Cooling


e + p        H/He + photons
redshift

Neutral atoms form when it’s just cold enough 
… sudden transparency everywhere at once


These free streaming photons, considering 
red-shifting, constitutes the CMB

Hot 
Plasma

Colder 
atoms

12

Science



CMB and LIM at cm-waves
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Abundance of dark matter/ energy, baryons, neutrinos 
and photons, i.e., 𝜦CDM 

Age, size and curvature of the universe


Primordial fluctuations & correlations encode inflation* 
(1016 GeV) which stretched out initial quantum 

fluctuations, leading to over-densities today (us)

13.8 billion lightyears

X

Y

Graphics credit: Brian Powell 13

CMB, 2.7 K BB texture at the scale of 𝜇K- nK encodes:

*Polarized texture

Science



CMB and LIM at cm-waves
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But there’s literally the whole universe between 
the CMB and us! 
 
Huge number of complex foregrounds …  
 
Good science targets in their own right! 
E.g. CO and synchrotron CMB sensitivity target for NASA Probe

A

B

C

A B

C



CMB and LIM at cm-waves
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CO mapping (10-100 GHz, 
~sub-GHz res.) synergistic 
with synchrotron science

CO in molecular clouds trace structure 
formation from z = 7-0 (13 Gyrs to present) 
 
Mapping CO line intensity captures 
structure formation, DM/DE/gravity etc.

Science



TWPAs are a common Quantum Optics tool 

 
A nonlinear medium enables mixing of tones


Done optimally, phased power from a strong 
pump amplifies a weak signal

<latexit sha1_base64="Fpp+hygtHTwTkGlA7B5aOerKQ5I="></latexit>
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)

KI-TWPAs
16

Technology
Traveling Wave Parametric Amplifiers (TWPAs)

See Klimovich 
thesis (Caltech)

<latexit sha1_base64="6G+PHorMVOMuw01ZyVJND+fAnEA=">AAAB8XicdZDLSgMxFIbP1Futt6pLN8Ei1M0wU7W2u6IblxVsK7ZjyaSZNjSTGZKMUIa+hRsXirj1bdz5NqYXior+EDh8/znknN+POVPacT6tzNLyyupadj23sbm1vZPf3WuqKJGENkjEI3nrY0U5E7Shmeb0NpYUhz6nLX94OfFbD1QqFokbPYqpF+K+YAEjWBt01yEDdp8WS8fjbr7g2CfVarVyhlzbmQo5tgElt7QgBZir3s1/dHoRSUIqNOFYqbbrxNpLsdSMcDrOdRJFY0yGuE/bphQ4pMpLpxuP0ZEhPRRE0jyh0ZR+n0hxqNQo9E1niPVA/fYm8C+vneig4qVMxImmgsw+ChKOdIQm56Mek5RoPjIFJpKZXREZYImJNiHlTAiL2/8vmiXbLdvl69NC7WIeRxYO4BCK4MI51OAK6tAAAgIe4RleLGU9Wa/W26w1Y81n9uGHrPcvKrCQng==</latexit>
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KI-TWPAs
17

Technology
JPL was an early pioneer in Kinetic Inductance TWPAs

SOFTS 3

Fig. 2 A “zipper” STL: 115mm to-
tal length, on-chip length 24.7mm.

Fig. 3 Micrograph (zoom in) of
STL near a bondpad.

3 STL performance55

3.1 Phase delay measurements56

The crux of both parametric amplification and interferometric operations is sufficient slow57

down of light-speed and therefore controlled phase delay. Our measurements of phase delay58

per frequency, and fit model are shown in Fig. 3.1 and Eqn. 3. The model has two parameters59

(aI ,bI) and the coefficient K is extracted from data at zero current. The summary of our60

measurements are presented in Tab. 3.1. All parametric errors < 3%. Since these STLs have61

a ! 1, we may infer I⇤ = aI = 3mA, which implies a 0 =3.16.62

Fig. 3.1 STL phase delay with I, data and fit.

K(rad/GHz) u(0)/c(%) Ic(mA) aI (mA) bI (mA)
319.4 0.75 0.86 3.00 2.25

Tab. 3.1 Fit parameters.
63

Df(I)
n

= K

2

41�

s

1+
✓

I

aI

◆2
+

✓
I

bI

◆4
3

5 (3)

Fig. 3.1 shows that with 0.7 mA current we obtain phase shifts ⇠ O(10) radians/GHz. Ide-64

ally 4 ⇥ 2p = 25 radians of phase-delay is sufficient to resolve one wavelength. In this65

device, for 30 GHz (the lowest frequency of interest for sub-mm science) we will obtain66

300 radians. This implies that for such science as Line Intensity Mapping and Cosmic Mi-67

crowave Background, we can shorten our STLs from 24.7mm (chip length) to < 5 mm, and68

fabricate densely packed pixels. Broad-band antennas and low noise detectors to complete a69

focal plane of such SOFTS is now standard, and ever improving technology.70

4 Demonstration of a Superconducting On-chip FTS71

4.1 Interferometric setup and data72

SOFTS testing was carried out in a test cryostat at JPL; with a Gifford-McMahon cryocooler73

and a 1K He pot we operate the devices at 0.7 K (note all on-chip materials have Tc > 1K).74

The bias-tees, splitter and combiner described below are commercial units from Marki Mi-75

crowave. Frequency measurements are done by a standard VNA. The interferometric setup76

Since 2012, we’ve made 
this 10x more compact 

<latexit sha1_base64="63Xe26/zXTbnL5P745GhUj3Z9FI="></latexit>

L(I) = L0

 
1 +

✓
I

I⇤

◆2

. . .

!

=

Crucially, Nonlinearity is built in:
32

where the scaling factor ^⇤ = 1.37 from Usadel Theory.[80][81] It is apparent from

the scaling of the above equation that we are particularly interested in materials with

large band gaps or, equivalently, high )2. NbTiN is an excellent choice for both of

these parameters, due to it’s high normal state resistance and )2 ⇡ 14.5K.

p

m

l

Figure 3.2: A top view of a short section of our microstrip transmission line.
Capacitive fingers of average length ; are sinusoidally modulated by a wave of
amplitude </2 and spatial periodicity ? to tune the dispersion.

In maximizing the inductance, it is also necessary to provide a significant amount

of capacitance to obtain 50⌦ impedance matching (/ =
p
!/⇠). The dielectric

thickness required to do so is too thin to reliably fabricate, so we accomplish

this by introducing extra capacitive fingers similar to the interdigitated capacitive

fingers of coplanar designs.[63] The length of these capacitive fingers is then further

modulated to tune the dispersion of these device (see Figure 3.2). The calculations

for determining both of these criteria and calculating the expected gain are presented

in the subsequent sections.

Our main focus over the past few years has been towards the development of three-

wave-mixing devices, largely motivated by the physical readout systems necessary

for post-amplification. The typical pump power we provide for our amplifiers is

on the order of -30 dBm, which far exceeds the 1 dB saturation point of most

HEMT amplifiers. This power can be removed in one of two methods: injecting

a cancellation tone prior to the HEMT that is tuned in amplitude and phase to

destructively interfere with the pump [56] or by separating the pump and signal

using a diplexer.

In our experience, using a cancellation tone adds significant complications to para-

metric amplifier operation as any adjustments to the pump amplitude or frequency

Phasing by modulating 
impedance along the line
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Technology

72

With these quantities at hand, we readily obtain the noise, in units of quanta, referred

to the input of the parametric amplifier in both the on and o� case:

#on(a) =
%on � H0

<

✓
1

⌧ (a)

◆ ✓
:

⌘a

◆

#o�(a) =
%o� � H0

<

✓
:

⌘a

◆ (4.32)

where the factor of 1/⌧ (a) refers the amplifier on noise to its input rather than out,

and the expression :/⌘a converts the units of e�ective temperature to noise quanta.

The amplifier added noise is simply the di�erence between the on and o� cases:

�(a) = #on(a) � #o�(a). (4.33)

These measurements and calculation result in Figure 4.21, showing the calculated

values from the measured data and the theoretical noise limit for amplifiers as set

by 2.89 and the measured gain. As can be seen from the combination of plots, we

obtain near quantum-limit noise for an amplifier operated with 20 dB with nearly an

octave of bandwidth.
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Figure 4.21: The measured added noise in units of quanta for the parametric amplifier
operated as described in Figure 4.20 (blue) compared to the theoretical quantum
limit (red).

71

86 mm in length and uses our standard 250 nm wide and 35 nm thick NbTiN layer

with capacitive fingers of similar dimensions extending every 2 `m. The fingers

have an average length of 26 `m that is periodically modulated with an amplitude

of 2 `m and 110 `m period.
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Figure 4.20: The three-wave-mixing parametric amplifier gain measured at 20 mK
in the setup shown in Figure 4.17 from an 11.297 GHz -17.2 dBm pump and 0.579
mA DC current.

Using the above calculation, we then define

)
0

!
(a) = )e�(a,)!)

)
0

�
(a) = )e�(a,)�)

(4.29)

and calculate the slope

<(a) =
%� (a) � %! (a)

)
0

�
(a) � )

0

!
(a)

(4.30)

and intercept

H0(a) =
%! (a))

0

�
(a) � %� (a))

0

!
(a)

)
0

�
(a) � )

0

!
(a)

. (4.31)

88

Figure 5.4: Three-wave mixing gain of the parametric amplifier gain measured at 1
K with a -29.3 dBm pump tone at 38.8 GHz and �⇡⇠ = 0.75 mA. The gray curve
shows the raw data as measured by the VNA, while the blue curve is the smoothed
over frequency and the inset shows the gain ripple in more detail. The orange curve
shows the coupled mode calculation for the expected performance.[64]

Our measurement system for W band parametric amplifiers is housed in a separate

cryostat complete with WR-10 waveguide components that allow for measurements

from 75 to 110 GHz.[115] The schematic diagram for our W-band noise and gain

measurement setup is shown in Figure 5.5. The system design follows the same

motivations outlined for our low-frequency amplifiers, with a few alterations given

the availability of certain components at these higher frequencies.

Unlike our low-frequency setup where the base temperature required was on the order

of tens of milliKelvins, the cold stage is cooled by a Chase Research Cryogenics

single-stage 4He cooler (#CRC4-014) which allows for a base temperature of almost

exactly 1 Kelvin. We are able to operate at this relatively high temperature while

retaining sensitivity to quantum-limited noise due to the scaling of noise quanta

with temperature as given in equation 4.28. Operating at such a high temperature

for a 5 GHz amplifier would introduce roughly 4 quanta of input noise. In contrast,
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Figure 5.6: Gain relative to pump o� transmission of our W-band parametric
amplifier with a 90 GHz pump as measured in our initial device screening.
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Figure 5.7: Gain relative to pump o� transmission of our W-band parametric
amplifier with a 90 GHz pump during the noise measurement.

Gain translates to noise 
quanta, SQL = 0.5

Building a quantum 
radiometer 1-100 GHz: 
 
Over octaves, measure 
thousands of spectral 
channels, all at SQL !

Ever increasing freq. coverage



Far-IR Astrophysics
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Science

30 THz or 
124 meV

3 THz or 
12.4 meV

Molecular / atomic excitations are at ~eV 
scale (~𝜇m). H-atom, Quantum-101


Redshifting, moves these to far-IR


Extinction, scattering, 
reprocessing of UV/
optical in interstellar dust 
far-IR  is the only way



Science
20

The PRobe for-Infrared Mission for Astrophysics 

https://prima.ipac.caltech.edu/page/go-science-book-vol2

https://prima.ipac.caltech.edu/page/fact-sheet
Massive community support behind 
this $1B proposed mission, see: 20

Far-IR Astrophysics
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PRIMA complements JWST & ALMA
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R =
ω̄

εω
=

εϑ

ϑ̄

R is the mean number of 
spectral channels

Far-IR Astrophysics Science
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R= 100, for higher R, 
curve drops

PRIMA spectral resolution 
(R) goes up to 4400

R > 100, in space, implies 
photon counting measurements

Far-IR Astrophysics Science
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𝛿L

Kinetic Inductance Detectors (KIDs) are superconducting LC resonators 

Photon absorption 
 (hν > 2𝛥) breaks 
Cooper-pairs →𝛿L →𝛿f

Need to reach
~125 /s (25 μm) photons under 1 aW

<latexit sha1_base64="c79JS/U+nFOSpTzS0JQSO/HwiWA=">AAACHnicbZDLSgMxFIYz9VbrbdSlm2AR3FhmRKvuiiJ0JRXsBdpaMmnahmYuJmekdZgnceOruHGhiOBK38Z02oW2Hgh8+f9zSM7vBIIrsKxvIzU3v7C4lF7OrKyurW+Ym1sV5YeSsjL1hS9rDlFMcI+VgYNgtUAy4jqCVZ3+xciv3jOpuO/dwDBgTZd0Pd7hlICWWuZxA9gAoqvLUowbJAikP8C2dRsd2GdaSLyqBnUnIRpfiw9x3DKzVs5KCs+CPYEsmlSpZX422j4NXeYBFUSpum0F0IyIBE4FizONULGA0D7psrpGj7hMNaNkvRjvaaWNO77UxwOcqL8nIuIqNXQd3ekS6KlpbyT+59VD6Jw2I+4FITCPjh/qhAKDj0dZ4TaXjIIYaiBUcv1XTHtEEgo60YwOwZ5eeRYqhzk7n8tfH2UL55M40mgH7aJ9ZKMTVEBFVEJlRNEjekav6M14Ml6Md+Nj3JoyJjPb6E8ZXz/CtaLx</latexit>

NEP → 10
→19

W

↑
Hz

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

Technology

Single photon 
signal is a sharp 
change in Nqp 

 
System 
equilibrates 
with a time 
constant 𝜏qp

Day, P. K.; LeDuc, H. G.; Mazin, B. A.; Vayonakis, A.; Zmuidzinas, J. (2003). "A broadband superconducting detector suitable for use in large arrays". Nature. 425 (6960): 817–821
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Made in JPL’s Micro Devices Lab


Day et al Phys. Rev. X 14, 041005 – Published 7 October, 2024  
https://www.jpl.nasa.gov/site/research/media/posters/2023/R21012p.pdf

G.

F.

A) Short-wave (25 μm) KID array with lenslets. 
B—E) Device micrographs with successive 

zoom-ins on hair-pin absorber. 

F) Long-wave (210 μm) absorbers 

G) Both made into kilopixel flight-like arrays

24

Technology
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👍
👎

👍

Single photon pulses

12 THz optical filter (♣)

5.6 THz optical filter (♦)

Measurement & 
calibrations with 
blackbody & 
optical filters Veto-ing against coincident 

pulses, dark count rate is 5 mHz

O
ne

 K
ID

—

Another KID—

<latexit sha1_base64="m27LkmNpTvhwfhqTbOvIobgUyfs="></latexit>

NEP ⇠ h⌫
p
DCR ⇡ 5⇥ 10

�22
W/

p
Hz

♣♦
<latexit sha1_base64="fB6LyIkKnkGiMtWLM7xhX4giWbw="></latexit>

ωE

Ē
→ 17 meV

50 meV

25

Technology
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Technology

Fig. 5 Detector noise, time constants, and sensitivity as a function of absorbed optical power, which
includes the optical e!ciency factor of 0.46 determined from the photon count rate in Section 3.1.
Upper left: fractional frequency noise spectra show for multiple absorbed powers. Black dashed lines
show noise spectra fits incorporating a white noise component, the quasiparticle lifetime, the resonator
ringdown time, and a TLS component (only significant for the lowest absorbed powers). Upper right:
The measured responsivity as a function of the quasiparticle lifetime extracted from the fractional
frequency noise spectra fits, including a linear fit overplotted. Lower panels: NEP as a function of
audio frequency (lower left) and absorbed power (right). Data points with the ↭ symbol illustrate
measurements with the black body infrared source turned o” where the true absorbed power of these
data points is many orders of magnitude lower. The NEP is shot noise limited over nearly six orders
of magnitude of absorbed power.

incur an additional noise term due to the recombination of quasiparticles. Expressed
as a fractional frequency noise SR

N = 2Nqpωqp/(1 + (2εωqpf)2) [48], which approaches
V/R in the high optical power limit. The recombination noise is much smaller than
the photon noise as ϑpbhϖ → 2!0.

3.4 Quasiparticle conversion e!ciency from noise

A second method of deriving ϑpb compares the measured noise under photon illumina-
tion to thermal generation-recombination (GR) noise and provides ϑpb independently
of knowledge of both the precise inductor volume and the quasiparticle response
dx/dNqp.

The GR noise was measured by raising the base temperature of the detector.
The noise spectra are shown in Section C, and show a similar behavior to the noise
spectra under optical illumination. The low frequency white noise component of the
Lorentzian spectra increases initially with increasing temperature and then saturates
when the quasiparticle density becomes high enough that Rnqp → 1/ωmax. At that

10

Fig. 6 Left: Fractional frequency noise power spectra for (from bottom to top) Pabs = 0, 0.6 aW,
11 aW and 3.5 fW. Right: Corresponding Allan deviation plot showing stability out to tens to hundreds
of seconds.

exceeds these requirements, and o!ers additional opportunities. It both relaxes require-
ments on the modulation mechanisms (which are necessarily cryogenic), and enables
unique science cases which require long temporal stability. One example is wide-field
spectral mapping, also known as line intensity mapping, which requires recovering
large-scale (many-degree) modes of the Universe [6]; this necessitates spacecraft scan-
ning which generates modulation frequencies as low as 15 mHz. Another is studying
planetary atmospheres as they transit in front of and behind their hosts stars; these
timescales are on order hours [2], corresponding to sub-mHz frequencies, but typically
are accompanied by a large photon noise.

Fig. 7 Time stream data (top panel) taken with the black body modulated between 100 and 100.01 K
with a period of 8000 seconds. A linear drift term was removed. A 16% transmission neutral density
filter was inserted between black body and detector for this measurement. The average absorbed
power was 3.5 fW and the modulation was 2 aW. The black body thermometer record is shown in
the bottom plot.

12

Noise spectra from 10⁻² to 10-6 aW


Frequency noise PSD for Pabs = 0 
aW, 0.6 aW, 11 aW and 3.5 fW.


Stability out to O(100)s

NEP is shot-noise-limited over six orders 
of magnitude. 

 
Sensitivity maintained down to 
vanishingly small Pabs
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Need to push photon counting limit with 
kilopixel arrays to match R 

Science cases define R, cryogenic telescope 
sets background … MKIDs still awesome for 

energy resolution and multiplexing

What would NASA need for a 
Far-IR Flagship* called for in the 
Astro2020 Decadal report?

Far-IR Astrophysics Science

* Probe ~$1B, Flagship ~$10B
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SNR is color dependent 

Far-IR Astrophysics Technology

Compare 12 and 5.6 THz photons in the same MKID

Fractional freq. shift 
per quasiparticle

<latexit sha1_base64="+Ty5KvH1Li6ry+W72aKf67VMsV8="></latexit>

!x =

(
ωpb

Eω

!

)
→

(
εx

εNqp

)
Pulse height as 
fractional freq. shift

Reduce gap & volume - but limited runway 
ask me during Q&A

Number of qps generated
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Technology
Kerr nonlinearity allows for quartic 
tuning of a SHO … common qubit 
physics and quantum optics tool 

2

nonlinear resonator

γ1

γ2

γ3

test port

linear dissipation port

1a

2a

nonlinear dissipation port

3a

H0 = ~ ω 0A
†A 

+ (~/2) KA†A†AA

FIG. 1: The model includes nonlinear resonator coupled to
three ports, a test port, a linear dissipation port and a non-
linear one.

the case where the external signals employed for exter-
nally driving the resonator are all close in frequency to
one of the resonances at ω0. As we discuss in the ap-
pendix, under some conditions, which are assumed to be
satisfied, all other modes of the resonator can be disre-
garded. In this case the Hamiltonian of the nonlinear
resonator can be written as [17, 18]

Hr = !ω0A
†A +

!

2
KA†A†AA, (3)

where the Kerr constant K is given in Eq. A36.
As seen in Fig. 1, the resonator is coupled to a test port

(labeled as a1) serving as the input-output port. Oper-
ated as an amplifier, the signal returned or ”reflected”
from the input port is larger than the incoming signal.
This mode of operation, at microwave frequencies, is re-
ferred to as the negative-resistance reflection mode. Two
extra fictitious ports are added in order to theoretically
model dissipation [19]. Port a2 serves as a linear loss
port. Port a3 serves as the two-photon loss port. The
coupling of the a3 loss mode to the resonator mode A is
nonlinear and given in Eq. (10).

It is convenient to write the Hamiltonian as a sum of
terms,

H = Hr + Ha1
+ Ha2

+ Ha3
+ HT1

+ HT2
+ HT3

, (4)

each representing the Hamiltonian for a component of
the system.

The three ports coupled to the resonator (see Fig. 1)
serve as baths. One bath models the external modes
that couple to the resonator mode through the port that
serves both as the input port and as the output port.
The Hamiltonian Ha1 for this bath is given by

Ha1 =

∫

dω!ωa†
1(ω)a1(ω) . (5)

The other two baths are associated with the linear and
nonlinear cavity losses and their Hamiltonians are given
by

Ha2 =

∫

dω!ωa†
2(ω)a2(ω) (6)

and

Ha3 =

∫

dω!ωa†
3(ω)a3(ω) . (7)

The linear coupling of the bath modes a1 and a2 to the
cavity mode A is modeled by the hopping Hamiltonians

HT1
= !

∫

dω[κ1A
†a1(ω) + κ∗1a

†
1(ω)A] (8)

and

HT2
= !

∫

dω[κ2A
†a2(ω) + κ∗2a

†
2(ω)A] . (9)

The two-photon absorptive coupling of the resonator
mode to the bath modes a3 is modeled by a hopping
Hamiltonian in which two cavity photons are destroyed
for every bath photon created [20, 21, 22, 23, 24]

HT3
= !

∫

dω[κ3A
†A†a3(ω) + κ∗3a

†
3(ω)AA] . (10)

All the modes in this model satisfy the usual boson com-
mutation relations.

III. THE EQUATIONS OF MOTION

Since the creation and annihilation operators appear-
ing in Eqs. (??) through (10) do not have an explicit time
dependence, the Heisenberg equation of motion for these
operators has the form

i!
dO

dt
= [O, H ] (11)

where H is the total Hamiltonian. Using the boson com-
mutation relation for the cavity mode

[A, A†] = AA† − A†A = 1 , (12)

one has

dA

dt
= −iω0A − iKA†AA (13)

− iκ1

∫

dωa1(ω) − iκ2

∫

dωa2(ω) − i2κ3

∫

dωA†a3(ω) .

Using the boson commutation relations for the bath
modes

[ai(ω), a†
j(ω

′)] = δi,jδ(ω − ω′) (14)

[ai(ω), aj(ω
′)] = 0 , (15)

one obtains the following equations for the bath modes
a1(ω), a2(ω), and a3(ω):

da1(ω)

dt
= −iωa1(ω) − iκ∗1A , (16)

J. Lightwave Technol. 24, 5054-5066 and Phys. Rev. E 74, 046619
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Non Linear KIDs:  
Kerr nonlinearity couples a strong 
pump to a weak signal


Strong pump makes it a “NL”KID

Only one tone per KID, and in situ amplification

<latexit sha1_base64="PT/uYcDhO6Yp256/xgUUB2y4ahU="></latexit>

K =
3

4
ω
⊋ε2

0

I2→L
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Lk(I) → L

(
1 + ω

(
I

I→

)2
)

Technology

Linear KID 
NLKID

Video

Basu Thakur, Day, Albert et al, in prep
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12 THz pulses in our NLKID, 
strong pump power but 

varying pump frequencies

Amplification 
region

12 THz photons

~3 THz photons

Weak pump

Strong pump

Quantum Optics simulation Data

Identical photo-
excitation, NLKID 
has a larger pulse

In situ 
amplification!

New quantum optical detector realized!
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Technology

a)

b)
Small gain & stable Large gain & stable Large gain & unstable

c)

Pp

fp

Time stream examples:
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NLKIDs Technology

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:
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Science

34

 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.

https://life-space-mission.com/
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Science
Engineered molecules for QS and lab 
astrophysics (not LIFE!) : 

Extreme Internal fields amplify 
symmetry violations.


Pear-shaped nuclei boost hadronic 
sensitivity, lab astrophysics probes


Parity doublets cancel systematic 
noise. Also EMI suppression. 
 
Other applications: BB sensing, 
Quantum-controls and simulators etc.

Credit: Hutzler

35
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Technology

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

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)

36 Credit: Hutzler
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Technology

37

25 um

4.3 um Same meta-structure inductor 

from PRIMA in midIR (~10 um)


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

Laser for molecular 
ablation & excitation

Mid-IR output

Laser inputs
Laser 
output path

Target

Gas Cell @ 3K

Aperture for m = 1


Terminate m = 0 & 
other modes 

Mid-IR filter stack
Laser optic / lens Mid-IR optic / lens

Mid-IR grating
Lensed mid-IR KID 
array

mid-IR 
pathway

Mirrors

Proposed new implementation.  
(not to scale)A KID array, via a grating, directly sees the 

excited molecules 


Goal: direct measurements of mid/far-IR 
transitions … full transition spectrum to 
reduce uncertainty, improve precision further 
 
Incidentally & directly helps with LIFE!

37
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Far-IR Astrophysics Science

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.
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Far-IR Astrophysics Science

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 

Basu Thakur et al, JLTP, Volume 211, Issue 5-6, p.227-236
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Supercond. On-chip FTS (SOFTS) Technology

Nonlinear Kinetic Inductance allows for 
adjusting delay with current bias

Don’t need any moving mirrors! 


Photonic on-chip MZI by integrating microwave 
circuit elements.  
Large KI leads to 0.1% c phase velocities, 
therefore ultracompact

Phys. Rev. Research 3, 023184 – Published 4 June, 2021
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SOFTS Technology

Low frequency 1-40 GHz SOFTS 
demonstrated with NbTiN 
 
Using MgB2 to extend to THz 
 
S.C. MZI implies a nice Quantum 
Optics testbed for other science
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SOFTS Technology

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

SOFTS FPA

Jovanovic et al 2023 J. Phys. Photonics 5 042501



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

New Ideas ?!



JPL’s innovations in Quantum Sensors, but, for Astro!
44

Technology Science cases and PIs

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


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

SNSPD Astro and Quantum Sensing (Shaw et al)

Science & PIsTechnology


