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Dark Matter
Particle-like 

Wave Dark Matter, Annual Review of Astronomy and Astrophysics, Vol. 59:247-289 (September 2021) and 
Direct detection of dark matter—APPEC committee report (2021) & FERMILAB-PUB-23-681-T (2023)

Wave-like: Large number 
densities, (sub)eV masses. 
Detection via photo-
conversion methods. 


1 THz

           Wave-like.            
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Far Infra Red: ~0.3 - 30 THz 
1 THz ↔︎ 4.13 meVHidden Photons, e.g.: SM 

photons mix with dark sector/ 
massive hidden-photons.

Maxwell

Technical need: FIR / THz 
photon counting detectors
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New massive 

field terms

Mixing 
between fields



QUALIPHIDE : Quantum-Receiver (Q-Rx) test-bed to qualify GHz-THz sensor 
technologies for hidden photon searches and extendable to axions, ALPs etc.


We use coherent detection at 100-to-2 GHz, & photon counting at 103-to-4 GHz. 


QUALPHIDE

Oscillating hidden-photon E-field → boundary condition 
on conducting surface sources standard E⊥ field.


Metallic dish focuses such HP sourced photons


Background mitigation:


Q-Rx

JCAP01(2016)005, JCAP04(2013)016 and
Broadband Solenoidal Haloscope for Terahertz Axion Detection (Phys. Rev. Lett. 128, 131801). 
Also, e-Print: 2503.20432 [hep-ph]
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FIR KIDs
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KIDs are nano fabricated 
superconducting LC resonators


High-energy photon absorption 
breaks Cooper-pairs →𝛿L →𝛿f


In these KIDs, the absorber itself is 
a low volume Al inductor, O(10) 𝜇m3

Kinetic Inductance Detectors (KIDs) 
made at JPL for FIR Astrophysics


A) KID array with lenslets. B—D) Device micrographs 
with successive zoom-ins on absorber


Day et al Phys. Rev. X 14, 041005 – Published 7 October, 2024

𝛿L
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Single photon pulses

12 THz optical filter (♣)

5.6 THz optical filter (♦)

Measurement & 
calibrations with 
blackbody & 
optical filters

THz Absorption profile

Veto-ing against coincident 
pulses, dark count rate is 5 mHz

O
ne

 K
ID

—

Another KID—

FIR KIDs

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

NEP ⇠ h⌫
p
DCR ⇡ 5⇥ 10

�22
W/

p
Hz

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

ωE

Ē
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NLKIDs

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)

Non Linear KIDs:  
Kerr nonlinearity couples a 
strong pump to a weak signal

J. Lightwave Technol. 24, 5054-5066 and Phys. Rev. E 74, 046619

Only one tone per KID, and 
we have in situ amplification



NLKIDs

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!



QUALIPHIDE @ FIR
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4 central pixels 
of FIR-KID array 
form the signal 
channels. 


E.g. cosmic ray, time 
staggered readout

Other pixels serve 
as background 
monitors to lower 
DCR to ~mHz



QUALIPHIDE @ FIR
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Engineering data set captures 5-50 𝜇m photon pulses in linear mode. 
Additionally, NLKID mode data set augments science reach at lower masses

Preliminary



QUALIPHIDE @ FIR

10

A)

B)

C) D)

F)

THz light 
pipe Slot antenna design + KID absorption calculation

E)
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3.4 THz KID array design

QCL

QCL @ 1.2-6 THz setup in the cryostat and measured modulated 
low-flux response with KIDs (A & B).  C-F: 3.4 THz antenna coupled 
KID design. C-E show antenna and KID absorption simulation, and F 
shows the designed array with zoom-in of the above elements. 



QUALIPHIDE @ FIR
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Blue: mean 5.3 mHz DCR on core 
pixels, ignores energy distribution


Gray: a “signal-given-background”
model indicates a final limit 
approaching 16 𝜇Hz DCR, ~103 
better than state of the art


Likelihood, w/ energy distribution, 
forms final limits — underway.


Preliminary

L.Yuan (internal)



QUALIPHIDE @ FIR
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From S. 
Knirck’s talk

JPL has already scaled the 44 pixel device to 1008 
pixels, ~80% operating in single photon counting mode

Goal-1: Push to lower (1 THz) 
and higher (100 THz) energies 
… but more importantly show 
the ~10 uHz DCR is realizable

Goal-2: Make a bigger version of 
QUALIPHIDE & simultaneously use 
these arrays for e-recoil DM searches



Conclusions
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QUALIPHIDE-FIR slated to provide world-leading sensitivity to 10-100 meV 
dark matter/ hidden photons, with photon counting KIDs.  
 
Novel NLKIDs enables lower energy searches.  
 
DOE integration, e.g. BREAD, enables much deeper dark matter searches.


Karthik Ramanathan (PI, spokesperson), Andrew Bear (UG), 
Lanqing Yuan (PD), Jacob Harris (GS)Ritoban Basu Thakur (PI), Peter Day, Byeongho Eom, Rick 

Leduc (Co-Is) and Chris Albert (primary GS, Caltech)


Nikita Klimovich (PI)

Boon Kok Tan (Co-I)

Collaborations & questions welcome!

Arjun Ghosh (GS)

 We acknowledge funding from JPL 
Innovative Spontaneous Concept program.
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Dark Matter
Particle-like 

Wave Dark Matter, Annual Review of Astronomy and Astrophysics, Vol. 59:247-289 (September 2021) and 
Direct detection of dark matter—APPEC committee report (2021) & FERMILAB-PUB-23-681-T (2023)

Wave-like: Large number 
densities, (sub)eV masses. 
Detection via photo-
conversion methods. 


1 GHz 1 THz

           Wave-like.            

15

Far Infra Red: ~0.3 - 30 THz 
1 THz ↔︎ 4.13 meVHidden Photons, e.g.: 

SM photons mix with 
dark sector/ massive 
hidden-photons.

Maxwell New massive 
field terms

Mixing 
between 

fields

Technical need: FIR / THz 
photon counting detectors



From GHz to THz
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At 10±1 THz designing high volume cavities are difficult and coherent 
measurements can be worse than SQL over wide bands.


So, every photon counts and we build photon counting THz detectors.


“Photon counting surpasses the standard quantum limit…”* 
~ Sushkov, PRX Quantum 4, 020101 – 22 May, 2023

FIR
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Noise Equivalent Power of radiometric vs photometric measurements.

Preliminary
Preliminary
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C) D)

F)

THz light 
pipe Slot antenna design + KID absorption calculation
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3.4 THz KID array design

QCL

QCL @ 3.4 THz setup in the cryostat and measured modulated low-flux response with KIDs (A & B).  
C-F: 3.4 THz antenna coupled KID design. C-E show antenna and KID absorption simulation, and F 
shows the designed array with zoom-in of the above elements. 



NLKIDs

E.g 12 THz pulses in our NLKID

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)

Top-left: Simulation of a Non-Linear 
Kinetic Inductance Detector responding 
to THz photons. Right: NLKID data

Pulse is amplified via optimally coupling 
pump power to signal power



NLKIDs @ 3 THz 12 THz 
photons

~3 THz photons

A) Optimization holding pump power and varying pump 
frequency reveals a high amplification region. Compared to 
linear operations, single photons are measured with much 
larger pulse amplitudes without increasing noise. 

B) Signal to Noise ratio from comprehensive pump tuning. 
We can easily enhance SNR from ~20 to > 1000.  

C) Amplification of the 12 THz photons (red) also “extracted” 
few-THz photons. This leads to a new form of natively 
multiplexed photon counting detector in the THz. 

A)

B)

C)

NLKID response in 12 THz maximization mode

Amplification 
region



QUALIPHIDE @ FIR
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Once this demonstration 
science run is done …. 


1) Future plans to have such 
single-photon sensing KIDs 
operate down to 0.6 THz 
(need to secure R&D $$) 

2) Integrate our detectors 
with BREAD and other major 
DM search experiments



HPs and photons are always mixing.


 

Symmetry breaking at the metallic surfaces: 
boundary conditions imposed on classical E-field 
… leads to HP production


HP energy largely driven by HP mass


 Angle ~normal, 0.1% scatter from f(v)

Emission from a plane mirror

Let us consider a wave as in Eq. (2.4) impinging on an ideal conducting plane surface (or a
mirror). Then the components of the ordinary electric field in the directions parallel to the
plane are eliminated by the movement of the electrons. This causes the emission of an ordinary
electromagnetic wave,

✓
E

Ehid

◆

emitted

= EDM,k

✓
1
�

◆
exp(�i(!t� k1x)), (2.6)

such that the boundary condition for the ordinary electromagnetic field parallel to the plane,

0 = Etot,k|surface, (2.7)

is fulfilled.
For our purposes the most important question is now the relation between the velocity of

the incoming dark matter particle and that of the emitted electromagnetic wave. This can
be obtained as follows. To fulfil the relation (2.7) everywhere on the surface requires for the
momentum k1 of the outgoing photon wave

kk,1 = kk,0. (2.8)

This result can also be easily understood from momentum conservation. Since the system has
translational invariance in the plane, momentum in these directions must be conserved.

The remaining component of k1 can be determined by energy conservation,

|k0|
2 +m2

X = !2 = |k1|
2. (2.9)

With this we can obtain the outgoing wave vector,

k1 =
q

m2

X + |k?,0|
2 n+ kk,0, (2.10)

where n is the normal vector of the reflecting surface.
Using these equations we can derive a simple law for the relation between the angles of the

incoming hidden photon and the outgoing proper photon wave (cf. also Fig. 1),

sin(�) = sin(↵)
v

p
1 + v2

, (2.11)

where

v =
|k0|

mX
. (2.12)

For completeness we note that the emitted photon power dP per area dA is given by

dP

dA
= hcos2(↵)i�2⇢CDM, (2.13)

where ↵ denotes the angle between the hidden photon polarization and the surface element and
the average is taken over the dark matter distribution3.
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With a suitable setup, measuring with mirrors at di↵erent angles, one could even think of measuring the

polarziation distribution of the hidden photons.
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Figure 1: Definition of the angles for the incoming dark matter particle and the outgoing photon
wave (figure from [8]).

3 Spherical mirror
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Emission from a plane mirror

Let us consider a wave as in Eq. (2.4) impinging on an ideal conducting plane surface (or a
mirror). Then the components of the ordinary electric field in the directions parallel to the
plane are eliminated by the movement of the electrons. This causes the emission of an ordinary
electromagnetic wave,
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such that the boundary condition for the ordinary electromagnetic field parallel to the plane,

0 = Etot,k|surface, (2.7)

is fulfilled.
For our purposes the most important question is now the relation between the velocity of

the incoming dark matter particle and that of the emitted electromagnetic wave. This can
be obtained as follows. To fulfil the relation (2.7) everywhere on the surface requires for the
momentum k1 of the outgoing photon wave

kk,1 = kk,0. (2.8)

This result can also be easily understood from momentum conservation. Since the system has
translational invariance in the plane, momentum in these directions must be conserved.

The remaining component of k1 can be determined by energy conservation,
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where ↵ denotes the angle between the hidden photon polarization and the surface element and
the average is taken over the dark matter distribution3.

3
With a suitable setup, measuring with mirrors at di↵erent angles, one could even think of measuring the

polarziation distribution of the hidden photons.
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HP-Dish searches Interesting region accessible 
to radio/ sub-mm instruments SNSPD …. TES
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1. Since the experiments are all in the GHz-
THz range, cryogenics makes sense 


Lower T, v_peak below signal band 

Same idea as CMB receiver design

1. Reduce stray emissions 

2. Improve photo detection to 
the standard quantum limit

<latexit sha1_base64="apzTg3UsT4hwUdCqvIwwuyDLsoY="></latexit>

⌫peak�background ⇡ 60GHz⇥ (T/K)

We operate at ~20 mK and the 
estimate for the background NEP 
is 10^-23 W/rt.Hz, sufficiently low 
for performing HP searches > GHz


Our approach
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1. Reduce stray emissions 

2. Improve photo detection to 
the standard quantum limit

2. Not background photon noise limited, amplify 
the signal to the standard quantum limit

Again, constraint 
on operating temp. 
We have T = 0.02K 

Lower the system temperature to 
SQL, i.e., use parametric amplifier

<latexit sha1_base64="8nvCODrkDpaDeYFoWkmFraQLVcQ=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSBoE3clqI0QtLGSCHlBNiyzk0kyZHZ2nbkrhmW/wcZfsbFQxNbKzr9x8ig08cCFwzn3cu89fiS4Btv+tjILi0vLK9nV3Nr6xuZWfnunrsNYUVajoQhV0yeaCS5ZDTgI1owUI4EvWMMfXI38xj1TmoeyCsOItQPSk7zLKQEjefmjqucCe4BED3WKL3AfuzLGx3iAXdoJAd94yV1MJJDUyxfsoj0GnifOlBTQFBUv/+V2QhoHTAIVROuWY0fQTogCTgVLc26sWUTogPRYy1BJAqbbyfilFB8YpYO7oTIlAY/V3xMJCbQeBr7pDAj09aw3Ev/zWjF0z9sJl1EMTNLJom4sMIR4lA/ucMUoiKEhhCpubsW0TxShYFLMmRCc2ZfnSf2k6JwWS7elQvlyGkcW7aF9dIgcdIbK6BpVUA1R9Iie0St6s56sF+vd+pi0ZqzpzC76A+vzB/Z+nQw=</latexit>

Tsys = h⌫/k ·Nquanta

At SQL (N_quanta = 0.5) 
5 GHz, Tsys = 0.12 K 
50 GHz, Tsys = 1.2 K 
0.5 THz, Tsys = 12 K

Our approach
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Non Linear Kinetic Inductance (NLKI)

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
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41�
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✓

I
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◆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

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

L(I) = L0

 
1 +

✓
I

I⇤

◆2

. . .

!
=

Transmission line = ladder of inductors and 
capacitors, i.e., “waveguides” in GHz-THz


30nm thin, 250nm wide NbTiN lines with 
capacitative fingers for impedance matching 

Modulating fingers 👉 dispersion engineering … 
enables Kinetic Inductance Traveling Wave 
Parametric Amplifiers (KI-TWPA)

Inertia of Cooper-pairs leads to kinetic 
inductance, or lag w.r.t oscillating EM 
fields… depends nonlinearly on current in 
thin-film superconductors like NbTiN, MgB2
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KI-TWPA

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
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(4.29)

and calculate the slope
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and intercept

H0(a) =
%! (a))
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(a) � )

0

!
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. (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.

Ever increasing freq. coverageGain translates to noise 
quanta, SQL = 0.5

Current driven nonlinearity -> 
3 and 4 wave mixing


High kinetic inductance 
enables high gain and 
compact scalable TWPAs


                       Peter Day, JPL 
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conductivity from Mattis-Bardeen theory, one can calculate the kinetic inductance

per unit length of a thin superconducting wire as [60]

L: =
'B@⌘

2|c2�
tanh�1 �

2:⌫)
(2.4)

where 'B@ is the normal state sheet resistance, � is the superconducting gap, and |

is the width of the transmission line.

This kinetic inductance has a highly nontrivial relationship on the applied current,

as has been demonstrated with mathematical rigor by other sources.[61] For our

purposes, it su�ces to approximate this current dependence by the Taylor expansion

L(�) ⇡ L0
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+
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0
⇤

◆4

+ ...

!
(2.5)

where �⇤, �0⇤, and so on set the scale of the nonlinearity. Note that this series expan-

sion has excluded all odd terms as time reversal symmetry demands they be zero.

An alternate derivation using the microscopic theory of nonequilibrium supercon-

ductivity [62] shows a similar e�ect for oscillating radio-frequency currents.

2.2 Coupled Mode Equations

Consider the wave equation for the current in a transmission line with inductance

and capacitance per unit length L and C in one dimension:

m
2
�

mI
2
�

m

mC


LC

m�

mC

�
= 0. (2.6)

If the inductance and capacitance are independent of the applied current, the solu-

tions to the di�erential equation will take the form of travelling waves with some

amplitude. The full expression for the current can be decomposed into a sum over

all frequencies of forward and backward propagating waves with various amplitudes

� =
1
2

 ’
=

�= (I)4
8(:=I�l=C) + �

⇤

=
(I)4

�8(:=I�l=C)

!
. (2.7)

Under the above assumptions of constant inductance, the amplitudes �= (I) will be

constant, and the oscillations at each frequency form a linearly independent basis

for the solutions. However, neither will be the case for a transmission line with a

nonlinear inductance per unit length of

L(�) = L0

 
1 +
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◆2
!

(2.8)
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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

35 nm NbTiN

 transm. Line.
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Focus of parabolic mirror at antenna waist


Mirror


KITWPAs with > 15 dB gain demonstrated in 4-10 GHz, 27-40 
GHz and 75-110 GHz (ongoing work)

QUALIPHIDE

Antenna + amplifier at 20 mK

Traveling Wave Parametric Amplifier (TWPA).


2

FIG. 1. Cryogenic-to-room temperature schematic of the exper-
imental layout, as described in text. Inset: Photograph of the
QUALIPHIDE setup showing the mK stage dish, support, and an-
tenna components.

Fig. 1 shows a diagram (inset) and schematic (right) of the
QUALIPHIDE setup. A 12.7 cm diameter gold-plated cop-
per dish (�d = 0.0127 m2) manufactured to O(mm) precision,
chosen for its very low thermal emissivity of Ys ⇡ 2 ⇥ 10�3

[15], is attached using a copper frame and pointed to a
4.75–11 GHz commercial horn antenna (AINFO LB-475110-
10-C-SF) placed 22 cm away at the antenna phase center. The
entire structure is mounted to the final mK stage of a Leiden
dilution refrigerator. We calculate the background radiation
equivalent NEP for the setup to be 2⇥10�23 W/

p
Hz [16]. The

antenna is routed to the TW-KIPA, with associated circuitry
for introducing and dumping the pump tone and DC current,
after which it is amplified by a commercial HEMT amplifier
(Low Noise Factory LNC0.3_14B, )noise ⇠ 3 K) and further
room temperature amplification, before being sent to a Signal
Hound SM200B spectrum analyzer. A cold switch before the
input of the parametric amplifier allows for the incident sig-
nal to be switched between the antenna-dish setup and 20 mK
load used for reference data. A second cold switch imme-
diately following the parametric amplifier connects to both a
"hot" 3.38 K and "cold" 20 mK load used for calibrating the

system noise.
The dish area, choice of antenna location, and single run

configuration were limited by available space and time in the
refrigerator as the measurement was conducted parasitically to
existing experiments. The signal at this frequency and config-
uration is expected to form a convergent spherical wave with
a circular focal spot [4, 11]. However, due to expected di�rac-
tion e�ects among others, we introduce a coupling e�ciency
nc consisting of three multiplicative coe�cients to fully model
the frequency dependent antenna-dish power coupling. The
first component, between 0.79–0.84 in the frequency regime
of interest, accounts for imperfect power coupling and is nu-
merically computed from an overlap integral between the focal
pattern and the antenna gain pattern taken from the manu-
facturer datasheet, using a Gaussian beam analysis similar to
[11, 17]. Next, nc encapsulates a conservative attenuation term
of 0.39 (-4 dB) to account for signal degradation between the
antenna switch and the parametric amplifier due primarily to
the placement of the first isolator. Finally, we measure the
angular deviation of the dish-antenna setup and estimate its
alignment as within 2° of vertical, which introduces a power
coupling systematic into n2 of 5%. We use a simplified COM-
SOL 5.5 simulation consisting of the dish and antenna setup
to validate the constrained geometry and verify the expected
signal coupling to within 20% across the frequency range. An-
gular shifts of the signal due to dark matter velocity dispersion
e�ects are also considered but are calculated to introduce only
negligible deviations of ⌧1% [4].

FIG. 2. The overall system noise with 95th-percentile upper bound
(yellow dashed), referred to the input of the parametric amplifier
along with inset gain of the TW-KIPA in the frequency regime of the
experiment.

Our experimental procedure involves four spectrum analyzer
measurements: the power emitted by the dish %d, the power
emitted by the reference load %ref, and the power emitted by
the hot and cold loads after the parametric amplifier (%H and
%C). The latter three measurements combined with ⌧pa allow
us to refer the spectrum analyzer noise level to the number of
noise quanta at the input of the parametric amplifier (#pa) in a
‘Y-factor’ style measurement as described in [13]. The overall
system noise is dominated by the HEMT and prior components
and is approximated by #sys = #pa + #HEMT/(⌧pa�). The at-

12.7 cm diameter

Radiation coupling eff.~0.4
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QUALIPHIDE 2

FIG. 1. Cryogenic-to-room temperature schematic of the exper-
imental layout, as described in text. Inset: Photograph of the
QUALIPHIDE setup showing the mK stage dish, support, and an-
tenna components.

Fig. 1 shows a diagram (inset) and schematic (right) of the
QUALIPHIDE setup. A 12.7 cm diameter gold-plated cop-
per dish (�d = 0.0127 m2) manufactured to O(mm) precision,
chosen for its very low thermal emissivity of Ys ⇡ 2 ⇥ 10�3

[15], is attached using a copper frame and pointed to a
4.75–11 GHz commercial horn antenna (AINFO LB-475110-
10-C-SF) placed 22 cm away at the antenna phase center. The
entire structure is mounted to the final mK stage of a Leiden
dilution refrigerator. We calculate the background radiation
equivalent NEP for the setup to be 2⇥10�23 W/

p
Hz [16]. The

antenna is routed to the TW-KIPA, with associated circuitry
for introducing and dumping the pump tone and DC current,
after which it is amplified by a commercial HEMT amplifier
(Low Noise Factory LNC0.3_14B, )noise ⇠ 3 K) and further
room temperature amplification, before being sent to a Signal
Hound SM200B spectrum analyzer. A cold switch before the
input of the parametric amplifier allows for the incident sig-
nal to be switched between the antenna-dish setup and 20 mK
load used for reference data. A second cold switch imme-
diately following the parametric amplifier connects to both a
"hot" 3.38 K and "cold" 20 mK load used for calibrating the

system noise.
The dish area, choice of antenna location, and single run

configuration were limited by available space and time in the
refrigerator as the measurement was conducted parasitically to
existing experiments. The signal at this frequency and config-
uration is expected to form a convergent spherical wave with
a circular focal spot [4, 11]. However, due to expected di�rac-
tion e�ects among others, we introduce a coupling e�ciency
nc consisting of three multiplicative coe�cients to fully model
the frequency dependent antenna-dish power coupling. The
first component, between 0.79–0.84 in the frequency regime
of interest, accounts for imperfect power coupling and is nu-
merically computed from an overlap integral between the focal
pattern and the antenna gain pattern taken from the manu-
facturer datasheet, using a Gaussian beam analysis similar to
[11, 17]. Next, nc encapsulates a conservative attenuation term
of 0.39 (-4 dB) to account for signal degradation between the
antenna switch and the parametric amplifier due primarily to
the placement of the first isolator. Finally, we measure the
angular deviation of the dish-antenna setup and estimate its
alignment as within 2° of vertical, which introduces a power
coupling systematic into n2 of 5%. We use a simplified COM-
SOL 5.5 simulation consisting of the dish and antenna setup
to validate the constrained geometry and verify the expected
signal coupling to within 20% across the frequency range. An-
gular shifts of the signal due to dark matter velocity dispersion
e�ects are also considered but are calculated to introduce only
negligible deviations of ⌧1% [4].

FIG. 2. The overall system noise with 95th-percentile upper bound
(yellow dashed), referred to the input of the parametric amplifier
along with inset gain of the TW-KIPA in the frequency regime of the
experiment.

Our experimental procedure involves four spectrum analyzer
measurements: the power emitted by the dish %d, the power
emitted by the reference load %ref, and the power emitted by
the hot and cold loads after the parametric amplifier (%H and
%C). The latter three measurements combined with ⌧pa allow
us to refer the spectrum analyzer noise level to the number of
noise quanta at the input of the parametric amplifier (#pa) in a
‘Y-factor’ style measurement as described in [13]. The overall
system noise is dominated by the HEMT and prior components
and is approximated by #sys = #pa + #HEMT/(⌧pa�). The at-
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FIG. 1. Cryogenic-to-room temperature schematic of the exper-
imental layout, as described in text. Inset: Photograph of the
QUALIPHIDE setup showing the mK stage dish, support, and an-
tenna components.

Fig. 1 shows a diagram (inset) and schematic (right) of the
QUALIPHIDE setup. A 12.7 cm diameter gold-plated cop-
per dish (�d = 0.0127 m2) manufactured to O(mm) precision,
chosen for its very low thermal emissivity of Ys ⇡ 2 ⇥ 10�3

[15], is attached using a copper frame and pointed to a
4.75–11 GHz commercial horn antenna (AINFO LB-475110-
10-C-SF) placed 22 cm away at the antenna phase center. The
entire structure is mounted to the final mK stage of a Leiden
dilution refrigerator. We calculate the background radiation
equivalent NEP for the setup to be 2⇥10�23 W/

p
Hz [16]. The

antenna is routed to the TW-KIPA, with associated circuitry
for introducing and dumping the pump tone and DC current,
after which it is amplified by a commercial HEMT amplifier
(Low Noise Factory LNC0.3_14B, )noise ⇠ 3 K) and further
room temperature amplification, before being sent to a Signal
Hound SM200B spectrum analyzer. A cold switch before the
input of the parametric amplifier allows for the incident sig-
nal to be switched between the antenna-dish setup and 20 mK
load used for reference data. A second cold switch imme-
diately following the parametric amplifier connects to both a
"hot" 3.38 K and "cold" 20 mK load used for calibrating the

system noise.
The dish area, choice of antenna location, and single run

configuration were limited by available space and time in the
refrigerator as the measurement was conducted parasitically to
existing experiments. The signal at this frequency and config-
uration is expected to form a convergent spherical wave with
a circular focal spot [4, 11]. However, due to expected di�rac-
tion e�ects among others, we introduce a coupling e�ciency
nc consisting of three multiplicative coe�cients to fully model
the frequency dependent antenna-dish power coupling. The
first component, between 0.79–0.84 in the frequency regime
of interest, accounts for imperfect power coupling and is nu-
merically computed from an overlap integral between the focal
pattern and the antenna gain pattern taken from the manu-
facturer datasheet, using a Gaussian beam analysis similar to
[11, 17]. Next, nc encapsulates a conservative attenuation term
of 0.39 (-4 dB) to account for signal degradation between the
antenna switch and the parametric amplifier due primarily to
the placement of the first isolator. Finally, we measure the
angular deviation of the dish-antenna setup and estimate its
alignment as within 2° of vertical, which introduces a power
coupling systematic into n2 of 5%. We use a simplified COM-
SOL 5.5 simulation consisting of the dish and antenna setup
to validate the constrained geometry and verify the expected
signal coupling to within 20% across the frequency range. An-
gular shifts of the signal due to dark matter velocity dispersion
e�ects are also considered but are calculated to introduce only
negligible deviations of ⌧1% [4].

FIG. 2. The overall system noise with 95th-percentile upper bound
(yellow dashed), referred to the input of the parametric amplifier
along with inset gain of the TW-KIPA in the frequency regime of the
experiment.

Our experimental procedure involves four spectrum analyzer
measurements: the power emitted by the dish %d, the power
emitted by the reference load %ref, and the power emitted by
the hot and cold loads after the parametric amplifier (%H and
%C). The latter three measurements combined with ⌧pa allow
us to refer the spectrum analyzer noise level to the number of
noise quanta at the input of the parametric amplifier (#pa) in a
‘Y-factor’ style measurement as described in [13]. The overall
system noise is dominated by the HEMT and prior components
and is approximated by #sys = #pa + #HEMT/(⌧pa�). The at-

Achieved sensitivity ~2 quanta of noise (top)


Experimental setup (left) built for VNA calibration 
of system S-parameters + cold/hot load Y-factor 
measurements, all of this allows us to quote the 
noise in units of “quanta”.
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FIG. 1. Cryogenic-to-room temperature schematic of the exper-
imental layout, as described in text. Inset: Photograph of the
QUALIPHIDE setup showing the mK stage dish, support, and an-
tenna components.

Fig. 1 shows a diagram (inset) and schematic (right) of the
QUALIPHIDE setup. A 12.7 cm diameter gold-plated cop-
per dish (�d = 0.0127 m2) manufactured to O(mm) precision,
chosen for its very low thermal emissivity of Ys ⇡ 2 ⇥ 10�3

[15], is attached using a copper frame and pointed to a
4.75–11 GHz commercial horn antenna (AINFO LB-475110-
10-C-SF) placed 22 cm away at the antenna phase center. The
entire structure is mounted to the final mK stage of a Leiden
dilution refrigerator. We calculate the background radiation
equivalent NEP for the setup to be 2⇥10�23 W/

p
Hz [16]. The

antenna is routed to the TW-KIPA, with associated circuitry
for introducing and dumping the pump tone and DC current,
after which it is amplified by a commercial HEMT amplifier
(Low Noise Factory LNC0.3_14B, )noise ⇠ 3 K) and further
room temperature amplification, before being sent to a Signal
Hound SM200B spectrum analyzer. A cold switch before the
input of the parametric amplifier allows for the incident sig-
nal to be switched between the antenna-dish setup and 20 mK
load used for reference data. A second cold switch imme-
diately following the parametric amplifier connects to both a
"hot" 3.38 K and "cold" 20 mK load used for calibrating the

system noise.
The dish area, choice of antenna location, and single run

configuration were limited by available space and time in the
refrigerator as the measurement was conducted parasitically to
existing experiments. The signal at this frequency and config-
uration is expected to form a convergent spherical wave with
a circular focal spot [4, 11]. However, due to expected di�rac-
tion e�ects among others, we introduce a coupling e�ciency
nc consisting of three multiplicative coe�cients to fully model
the frequency dependent antenna-dish power coupling. The
first component, between 0.79–0.84 in the frequency regime
of interest, accounts for imperfect power coupling and is nu-
merically computed from an overlap integral between the focal
pattern and the antenna gain pattern taken from the manu-
facturer datasheet, using a Gaussian beam analysis similar to
[11, 17]. Next, nc encapsulates a conservative attenuation term
of 0.39 (-4 dB) to account for signal degradation between the
antenna switch and the parametric amplifier due primarily to
the placement of the first isolator. Finally, we measure the
angular deviation of the dish-antenna setup and estimate its
alignment as within 2° of vertical, which introduces a power
coupling systematic into n2 of 5%. We use a simplified COM-
SOL 5.5 simulation consisting of the dish and antenna setup
to validate the constrained geometry and verify the expected
signal coupling to within 20% across the frequency range. An-
gular shifts of the signal due to dark matter velocity dispersion
e�ects are also considered but are calculated to introduce only
negligible deviations of ⌧1% [4].

FIG. 2. The overall system noise with 95th-percentile upper bound
(yellow dashed), referred to the input of the parametric amplifier
along with inset gain of the TW-KIPA in the frequency regime of the
experiment.

Our experimental procedure involves four spectrum analyzer
measurements: the power emitted by the dish %d, the power
emitted by the reference load %ref, and the power emitted by
the hot and cold loads after the parametric amplifier (%H and
%C). The latter three measurements combined with ⌧pa allow
us to refer the spectrum analyzer noise level to the number of
noise quanta at the input of the parametric amplifier (#pa) in a
‘Y-factor’ style measurement as described in [13]. The overall
system noise is dominated by the HEMT and prior components
and is approximated by #sys = #pa + #HEMT/(⌧pa�). The at-
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FIG. 3. Bottom Left: Integrated reference and dish data (o�set by +5 dBm for visualization purposes) taken over the 8 hr. exposure. Right:
Zoom into the 6.84 GHz region, showing both the impedance mismatch ripple structure and excess broadband power present in the dish data.
Right inset: Residual of the dish and reference, showing the ripple mismatch between datasets, which introduces further sinusoidal structure.
Dashed (purple) line is the Savitzky-Golay filter, as described in the text, used to compensate for these e�ects. Top Left: The final filtered
residual over the 3.5 GHz region of interest, with green band regions excluded from the analysis due to WiFi interference e�ects.

FIG. 4. Example of a signal at aDM=7 GHz with j= 3⇥10�12,
injected into a data window around 4 GHz, and overlaid with the signal
reconstruction. Inset: corresponding idler location and resultant fit.

⇤ is j2
1dof distributed as expected via another Monte Carlo sim-

ulation of 1000 injected and reconstructed signals each for a
set of 10 randomly chosen aDM spanning the search space. The
resulting 95% confidence limits on j from QUALIPHIDE are
shown in Fig. 5. The limit can be directly compared to those
shown from cavity haloscopes [6] and other dish experiments
[11], due to their reinterpretation by [5] to have consistent
dDM under a fixed polarization scenario. We note the char-
acteristic narrow but deep limits set by cavity experiments,
indicative of their resonant enhancement trade-o� with scan
time. Conversely, as QUALIPHIDE is able to demonstrate,
dish experiments can explore large chunks of parameter space
to within an order of magnitude sensitivity even with O(min)
exposures using an undersized O(100) cm2 dish relative to the
cryostat volume.

FIG. 5. 95% confidence limits (gray) on the kinetic mixing parameter
j as obtained by QUALIPHIDE (with WiFi cut-out regions) over-
laid with reinterpreted limits from the ADMX, HAYSTAC, CAPP,
SQuAD, and TASEH cavity experiment families [6, 7] along with the
SHUKET dish experiment [11]. Reinterpreted data taken from [5].

A few checks are performed to ensure robustness of the re-
sults. To ensure that the data cleaning process did not bias
any reconstruction, we Monte Carlo inject 1000 signals of
j between 0.7–4⇥10�12 and aDM between 4–8 GHz into a
100 MHz window around the 4 GHz region and verify accu-
rate reconstruction of j, an example of which is again shown
by Fig. 4. We modify the Savitzky-Golay filter parame-
ters (order+2

�1 and frequencies ± 10%), which change j limits
at the 10% level. Systematics in the received power arising
from polarization o�sets, and changes in the power-coupling
from e�ects like dish-antenna misalignment, frequency depen-

Data taken for reference-load only and mirror only sets


Analysis done with log-likelihood hypothesis testing. 
Additional tests with fake signals, MCMCs etc. done to 
make final parameter-search limits

Total freq. / mass scan 
range 3.9-7.4 GHZ


SA setup optimized 
freq. bins based on 
DM astrophysical 
dispersion… 762 Hz 
bins with 5.5 mins/bin
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FIG. 1. Cryogenic-to-room temperature schematic of the exper-
imental layout, as described in text. Inset: Photograph of the
QUALIPHIDE setup showing the mK stage dish, support, and an-
tenna components.

Fig. 1 shows a diagram (inset) and schematic (right) of the
QUALIPHIDE setup. A 12.7 cm diameter gold-plated cop-
per dish (�d = 0.0127 m2) manufactured to O(mm) precision,
chosen for its very low thermal emissivity of Ys ⇡ 2 ⇥ 10�3

[15], is attached using a copper frame and pointed to a
4.75–11 GHz commercial horn antenna (AINFO LB-475110-
10-C-SF) placed 22 cm away at the antenna phase center. The
entire structure is mounted to the final mK stage of a Leiden
dilution refrigerator. We calculate the background radiation
equivalent NEP for the setup to be 2⇥10�23 W/

p
Hz [16]. The

antenna is routed to the TW-KIPA, with associated circuitry
for introducing and dumping the pump tone and DC current,
after which it is amplified by a commercial HEMT amplifier
(Low Noise Factory LNC0.3_14B, )noise ⇠ 3 K) and further
room temperature amplification, before being sent to a Signal
Hound SM200B spectrum analyzer. A cold switch before the
input of the parametric amplifier allows for the incident sig-
nal to be switched between the antenna-dish setup and 20 mK
load used for reference data. A second cold switch imme-
diately following the parametric amplifier connects to both a
"hot" 3.38 K and "cold" 20 mK load used for calibrating the

system noise.
The dish area, choice of antenna location, and single run

configuration were limited by available space and time in the
refrigerator as the measurement was conducted parasitically to
existing experiments. The signal at this frequency and config-
uration is expected to form a convergent spherical wave with
a circular focal spot [4, 11]. However, due to expected di�rac-
tion e�ects among others, we introduce a coupling e�ciency
nc consisting of three multiplicative coe�cients to fully model
the frequency dependent antenna-dish power coupling. The
first component, between 0.79–0.84 in the frequency regime
of interest, accounts for imperfect power coupling and is nu-
merically computed from an overlap integral between the focal
pattern and the antenna gain pattern taken from the manu-
facturer datasheet, using a Gaussian beam analysis similar to
[11, 17]. Next, nc encapsulates a conservative attenuation term
of 0.39 (-4 dB) to account for signal degradation between the
antenna switch and the parametric amplifier due primarily to
the placement of the first isolator. Finally, we measure the
angular deviation of the dish-antenna setup and estimate its
alignment as within 2° of vertical, which introduces a power
coupling systematic into n2 of 5%. We use a simplified COM-
SOL 5.5 simulation consisting of the dish and antenna setup
to validate the constrained geometry and verify the expected
signal coupling to within 20% across the frequency range. An-
gular shifts of the signal due to dark matter velocity dispersion
e�ects are also considered but are calculated to introduce only
negligible deviations of ⌧1% [4].

FIG. 2. The overall system noise with 95th-percentile upper bound
(yellow dashed), referred to the input of the parametric amplifier
along with inset gain of the TW-KIPA in the frequency regime of the
experiment.

Our experimental procedure involves four spectrum analyzer
measurements: the power emitted by the dish %d, the power
emitted by the reference load %ref, and the power emitted by
the hot and cold loads after the parametric amplifier (%H and
%C). The latter three measurements combined with ⌧pa allow
us to refer the spectrum analyzer noise level to the number of
noise quanta at the input of the parametric amplifier (#pa) in a
‘Y-factor’ style measurement as described in [13]. The overall
system noise is dominated by the HEMT and prior components
and is approximated by #sys = #pa + #HEMT/(⌧pa�). The at-
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Idler part of “signal” as well, with different gain

This helps improves weak signal search

Example shown of injected signal and reconstruction
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FIG. 3. Bottom Left: Integrated reference and dish data (o�set by +5 dBm for visualization purposes) taken over the 8 hr. exposure. Right:
Zoom into the 6.84 GHz region, showing both the impedance mismatch ripple structure and excess broadband power present in the dish data.
Right inset: Residual of the dish and reference, showing the ripple mismatch between datasets, which introduces further sinusoidal structure.
Dashed (purple) line is the Savitzky-Golay filter, as described in the text, used to compensate for these e�ects. Top Left: The final filtered
residual over the 3.5 GHz region of interest, with green band regions excluded from the analysis due to WiFi interference e�ects.

FIG. 4. Example of a signal at aDM=7 GHz with j= 3⇥10�12,
injected into a data window around 4 GHz, and overlaid with the signal
reconstruction. Inset: corresponding idler location and resultant fit.

⇤ is j2
1dof distributed as expected via another Monte Carlo sim-

ulation of 1000 injected and reconstructed signals each for a
set of 10 randomly chosen aDM spanning the search space. The
resulting 95% confidence limits on j from QUALIPHIDE are
shown in Fig. 5. The limit can be directly compared to those
shown from cavity haloscopes [6] and other dish experiments
[11], due to their reinterpretation by [5] to have consistent
dDM under a fixed polarization scenario. We note the char-
acteristic narrow but deep limits set by cavity experiments,
indicative of their resonant enhancement trade-o� with scan
time. Conversely, as QUALIPHIDE is able to demonstrate,
dish experiments can explore large chunks of parameter space
to within an order of magnitude sensitivity even with O(min)
exposures using an undersized O(100) cm2 dish relative to the
cryostat volume.

FIG. 5. 95% confidence limits (gray) on the kinetic mixing parameter
j as obtained by QUALIPHIDE (with WiFi cut-out regions) over-
laid with reinterpreted limits from the ADMX, HAYSTAC, CAPP,
SQuAD, and TASEH cavity experiment families [6, 7] along with the
SHUKET dish experiment [11]. Reinterpreted data taken from [5].

A few checks are performed to ensure robustness of the re-
sults. To ensure that the data cleaning process did not bias
any reconstruction, we Monte Carlo inject 1000 signals of
j between 0.7–4⇥10�12 and aDM between 4–8 GHz into a
100 MHz window around the 4 GHz region and verify accu-
rate reconstruction of j, an example of which is again shown
by Fig. 4. We modify the Savitzky-Golay filter parame-
ters (order+2

�1 and frequencies ± 10%), which change j limits
at the 10% level. Systematics in the received power arising
from polarization o�sets, and changes in the power-coupling
from e�ects like dish-antenna misalignment, frequency depen-
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tenuation � between the parametric amplifier and HEMT is
based on measured (21 transmission reference data for indi-
vidual components and is taken to be a conservative estimate
of -4 dB in this analysis. The gain of the parametric amplifier
was only recorded above 4.5 GHz so we use the mirror image
of the corresponding idler gain above 5?/2 for the frequencies
below it. In the 1.15 GHz range where the data is present, this
estimate agrees to within a mean absolute deviation of 0.05 dB
and is dominated by the excess in our estimate of �. The fre-
quency dependent HEMT noise is extracted from its datasheet.
The noise result across frequencies is shown in Figure 2, with
the more than 20 dB gain of the amplifier shown in the inset.
The large-scale structures visible in this result stem from the
impedance linked ripples of both the TW-KIPA operation as
well as in switching the cold switch between hot load, cold
load, and amplifier channels. Since using the calculated value
directly would occasionally result in the unphysical choice of
#sys < 1, we instead choose a conservative 95th-percentile
upper bound, the dashed line in the figure, of #sys ⇡ 2.1.

Next, we integrate the signal emitted by both the dish and
reference load for 8.27 hours each. This sweep is performed
from 3.9 to 7.4 GHz, covering the 3.5 GHz bandwidth centered
around half the pump frequency (ap = 11.298 GHz) of the
parametric amplifier within which there is> 15 dB of gain, and
averaged over 1000 data runs, with resultant datasets as seen in
Fig. 3 bottom left. The spectrum analyzer has an instantaneous
bandwidth of approximately 160 MHz utilizing a high-speed
digitizer followed by a digital FFT. The spectrum analyzer was
configured to use a flat top window function with a resolution
bandwidth of 3 kHz and video bandwidth of 3 Hz, providing
for a bin size of �b = 762 Hz and a per bin integration time
of approx. 5.5 mins. These choices reflect a balance between
maximizing the SNR of the signal by matching the expected
frequency dispersion of the dark matter (Xa ⇡ 10�6a, O(kHz))
due to the relative velocity of the galactic dark matter halo,
and the bandwidth limited readout speed of the analyzer.

Switching the system input cold switch causes an additional
shift of the ripple structure due to the altered path length for
the standing wave reflections in the setup and the di�eren-
tial between the 377 ⌦ free-space impedance and 50 ⌦ RF
components. We also see a broadband ⇠0.4 dB excess in the
dish spectrum, attributed to environmental emission picked
up by the antenna. In conjunction, these di�erences create a
frequency-dependent o�set in the residual as seen in Fig. 3
right between the dish data and reference that must be mod-
eled. We compensate for these e�ects with a method similar
to that used by cavity experiments [6] — applying a combina-
tion of third order Savitzky-Golay Filters with a 2.5 MHz (250
kHz) window to remove structures within the residual broader
than 1 MHz (100 kHz). These two fits are smoothly stitched
together using a weighted average with weights (F2/F1)

2 and
1 � (F2/F1)

2 where F1,2 is the sum of the residual over a
500 kHz Blackman-Harris window centered at each data point
for the fit. The resulting residual, found to be Gaussian over
10 MHz windows, is seen in Figure 3 top left and shows that
fluctuations in the measurement have been averaged to ⇠0.01
quanta at the input of the parametric amplifier. We exclude
two data regions in the dish dataset with large noise features,

at 5.19–5.21 GHz (and its idler), traced to the existence and
use of WiFi channel 40 [18] in the lab. We also sum the power
of each neighboring set of five bins to e�ectively de-correlate
the spectrum analyzer e�ect of using overlapping windows on
the order of the flat-top width [6, 10].

We use a literature standard isothermal Maxwellian DM
velocity distribution with escape velocity vesc = 544 km·s�1,
mean v0 = 220 km·s�1, and periodic Earth motion with ve-
locity vE = 232 km·s�1. The velocity profile introduced
frequency dispersion results in a relation between hidden
photon frequency and dark matter velocity E of ⌘aDM =
<DM22

/

p
1 � (E/2)2.

Constraining the signal power is then done via a two-step
process. First, we implement a likelihood analysis in (j, <DM)
space. We generate a signal and idler model for a given fre-
quency aDM, stepping through the data in XaDM⇠10 kHz inter-
vals, which are then convolved with an experimentally mea-
sured flat-top spectrum analyzer response to a single frequency
tone. The fitting range is set at [aDM - 25 kHz, aDM + 75 kHz]
and mirrored for the idler. An example of the expected spectral
shape can be seen in Fig. 4, for a simulated signal injected into
the raw dataset around 4 GHz, chosen because no signal mode
will be supported by the antenna at that frequency. Notably,
a mirrored version of the signal with an amplitude scaling of
1 � 1/⌧pa should also appear at the parametric amplifier idler
frequency as a result of the amplification process, see Fig. 4
inset. Because this ratio is near unity, any dark matter signal
will e�ectively appear twice within the measurement, dou-
bling the integration time in terms of its signal to noise ratio.
The combined signal and idler model can then used to search
for excesses as a function of j within the data according to the
expected power given by Equation 1. We minimize the binned
Gaussian negative log-likelihood LL defined as,

LL =
’
x=S,I

=’
8=1

Log(f2
x,i) +

1

f2
x,i

⇣
Pmodel

x,i � Px,i

⌘

with f2
G = f2

white + f2
em + #G

(2)

for per bin signal and idler power %(,� , model power %model

(derived from Eq. 1) and bin error terms f(,� . The lat-
ter is composed of a white noise term estimated from two
neighboring non-overlapping fit windows, a thermal emis-
sion term accounting for the broadband subtraction between
the dish and reference, and a bin dependent shot noise term
#8 ⌘ 18 ·%

model
8 g/(haHP), based on the expected signal weight

18 and exposure time g, to account for potentially very weak
signals from small j.

We find minima consistent with a non-zero signal expecta-
tion (i.e. local ‘?-values’ of ⇠10�4) for certain mass values.
However we account for the look-elsewhere e�ect with the
methodology outlined in [19], where we use a Monte Carlo
simulation to determine the number of independent frequency
windows (' 104) in the sample and re-evaluate the discovery
significance. This analysis drops the significance of an excess
in any bin below ⇠1f, implying we find no robust presence of
hidden photon dark matter.

Next, we compute the 95% confidence limits by investigat-
ing the test-statistic⇤ = 2 (LLmodel � LLmin). We verify that
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FIG. 3. Bottom Left: Integrated reference and dish data (o�set by +5 dBm for visualization purposes) taken over the 8 hr. exposure. Right:
Zoom into the 6.84 GHz region, showing both the impedance mismatch ripple structure and excess broadband power present in the dish data.
Right inset: Residual of the dish and reference, showing the ripple mismatch between datasets, which introduces further sinusoidal structure.
Dashed (purple) line is the Savitzky-Golay filter, as described in the text, used to compensate for these e�ects. Top Left: The final filtered
residual over the 3.5 GHz region of interest, with green band regions excluded from the analysis due to WiFi interference e�ects.

FIG. 4. Example of a signal at aDM=7 GHz with j= 3⇥10�12,
injected into a data window around 4 GHz, and overlaid with the signal
reconstruction. Inset: corresponding idler location and resultant fit.

⇤ is j2
1dof distributed as expected via another Monte Carlo sim-

ulation of 1000 injected and reconstructed signals each for a
set of 10 randomly chosen aDM spanning the search space. The
resulting 95% confidence limits on j from QUALIPHIDE are
shown in Fig. 5. The limit can be directly compared to those
shown from cavity haloscopes [6] and other dish experiments
[11], due to their reinterpretation by [5] to have consistent
dDM under a fixed polarization scenario. We note the char-
acteristic narrow but deep limits set by cavity experiments,
indicative of their resonant enhancement trade-o� with scan
time. Conversely, as QUALIPHIDE is able to demonstrate,
dish experiments can explore large chunks of parameter space
to within an order of magnitude sensitivity even with O(min)
exposures using an undersized O(100) cm2 dish relative to the
cryostat volume.

FIG. 5. 95% confidence limits (gray) on the kinetic mixing parameter
j as obtained by QUALIPHIDE (with WiFi cut-out regions) over-
laid with reinterpreted limits from the ADMX, HAYSTAC, CAPP,
SQuAD, and TASEH cavity experiment families [6, 7] along with the
SHUKET dish experiment [11]. Reinterpreted data taken from [5].

A few checks are performed to ensure robustness of the re-
sults. To ensure that the data cleaning process did not bias
any reconstruction, we Monte Carlo inject 1000 signals of
j between 0.7–4⇥10�12 and aDM between 4–8 GHz into a
100 MHz window around the 4 GHz region and verify accu-
rate reconstruction of j, an example of which is again shown
by Fig. 4. We modify the Savitzky-Golay filter parame-
ters (order+2

�1 and frequencies ± 10%), which change j limits
at the 10% level. Systematics in the received power arising
from polarization o�sets, and changes in the power-coupling
from e�ects like dish-antenna misalignment, frequency depen-

We have surveyed a much larger mass 
-sensitivity range  than most experiments 

Our experiment’s costs were orders of 
magnitude lower than all others31
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<latexit sha1_base64="9FseMvUg0KUoYLSu6+Bw0FDf4cs=">AAACGHicbVDLSgNBEJz1bXxFPXoZDIJe4q74ugjBeFDwoGBMILuE3skkGZx9ONMrhGU/w4u/4sWDIl69+TfOxiAaLRioqeqmu8uPpdBo2x/W2PjE5NT0zGxhbn5hcam4vHKto0QxXmORjFTDB82lCHkNBUreiBWHwJe87t9Uc79+x5UWUXiF/Zh7AXRD0REM0Eit4rZ7wiUCdRESekRdfaswdQPAHgOZnmebZ1v0+1vNslaxZJftAehf4gxJiQxx0Sq+u+2IJQEPkUnQuunYMXopKBRM8qzgJprHwG6gy5uGhhBw7aWDwzK6YZQ27UTKvBDpQP3ZkUKgdT/wTWW+ox71cvE/r5lg59BLRRgnyEP2NaiTSIoRzVOibaE4Q9k3BJgSZlfKeqCAocmyYEJwRk/+S653ys5+ee9yt1Q5HsYxQ9bIOtkkDjkgFXJKLkiNMHJPHskzebEerCfr1Xr7Kh2zhj2r5Bes908Wmp/X</latexit>
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p
L(I)C
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conductivity from Mattis-Bardeen theory, one can calculate the kinetic inductance

per unit length of a thin superconducting wire as [60]

L: =
'B@⌘

2|c2�
tanh�1 �

2:⌫)
(2.4)

where 'B@ is the normal state sheet resistance, � is the superconducting gap, and |

is the width of the transmission line.

This kinetic inductance has a highly nontrivial relationship on the applied current,

as has been demonstrated with mathematical rigor by other sources.[61] For our

purposes, it su�ces to approximate this current dependence by the Taylor expansion

L(�) ⇡ L0
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where �⇤, �0⇤, and so on set the scale of the nonlinearity. Note that this series expan-

sion has excluded all odd terms as time reversal symmetry demands they be zero.

An alternate derivation using the microscopic theory of nonequilibrium supercon-

ductivity [62] shows a similar e�ect for oscillating radio-frequency currents.

2.2 Coupled Mode Equations

Consider the wave equation for the current in a transmission line with inductance

and capacitance per unit length L and C in one dimension:

m
2
�

mI
2
�

m

mC


LC

m�

mC

�
= 0. (2.6)

If the inductance and capacitance are independent of the applied current, the solu-

tions to the di�erential equation will take the form of travelling waves with some

amplitude. The full expression for the current can be decomposed into a sum over

all frequencies of forward and backward propagating waves with various amplitudes

� =
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 ’
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�= (I)4
8(:=I�l=C) + �

⇤

=
(I)4

�8(:=I�l=C)

!
. (2.7)

Under the above assumptions of constant inductance, the amplitudes �= (I) will be

constant, and the oscillations at each frequency form a linearly independent basis

for the solutions. However, neither will be the case for a transmission line with a

nonlinear inductance per unit length of

L(�) = L0
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Hidden Photon search
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Big mirror

Real photons from 
hidden photons

SOFTS will work in a broad-band


If the whole system is sub-kelvin, then at 0.1-1 THz 
we expect no real backgrounds… likely limited by 
dark count of detectors

Sketch of SOFTS with 
BREAD-like setup 

One 100-GHz photon/s ~ 6*10-23 W


Sensitivity calculations under way, 
estimate 𝛘 ~10-13



QUALIPHIDE
Going beyond spare-parts… 

Given the simple execution, we can envision 
extensions to this program with some funding.


These experiments use devices made for other* 
science applications, operations are parasitic and 
brief, and yields new results in new fields !


Wants for improvement (i) larger mirror [< m^2] & optimized horns (ii) dedicated 
cryostat space (iii) NbTiN TWPAs in Ka & W-bands (iv) electronics for higher 
frequencies (v) one PhD student


Our approach can make rapid impact in the GHz-THz window where experimental 
constraints are lacking, and cheaply

Future qualifications for QUALIPHIDE

*funded NASA / NSF research related to astrophysics34



QUALIPHIDE

KI-TWPAs can be easily made to operate 
here and our experiment can be extended. 


We can increase the scope of axion/ HP 
searches using B-fields and meta-material 
stacks for resonant enhancements. Such 
meta-material stack have similarity with 
filters considered in sub-mm telescopes


New cosmological (structure 
formation) simulations indicate 
axions / wave-like DM likely have 
mass ~65 ueV, or in 10-20 GHz band. 


https://
madmax.mpp.mpg.de/ 

arXiv: 2003.10894

MADMAX experiment
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QUALIPHIDE
Astrophysical distribution of DM implies 
imperfect focusing, driven by velocity-scale (vDM)


Directional imaging with multiple feeds can be 
done — easier at higher frequencies


Such multi-feed measurements can (?) also help 
with the famous DM-wind method of truly 
understanding the origin of the signal


Many interesting and exciting approaches lie 
ahead that extend the QUALIPHIDE method to 
search for broad ranges of wave-like DM

vDM x Rdish
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Sensitivity


