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Open window in the light dark photon search (Kinetic mixing )

The mass range between 10-5 and 10-4 eV is wide open
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Previous Light-shining through a wall experiments and THz gap

New LSW in 
this frequency

The setup in the laboratory 
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(A) Emitting cavity 
(B) Detecting cavity 
(C)  EM. Shielding enclosure, containing the signal receiver 
(D) Custom feed-trough filter for 230 V mains 

Hidden photons 

From power 
amplifier 

To signal 
analyzer 

3 GHz: M Betz, F. Caspers, Gaior, M. Thumm, 
and S. W. Rieger PRD 88 075014 (2013)

Laser: ALPS collaboration PLB 689 149 2010
X-ray: T. Inada, et al., PLB, 722, 301-304 (2013)3

On-resonance cavity 
approach by 
P.L. Slocum et al. 
NIMA 770 76 (2015)



Fabry-Perot resonator for 𝑚𝛾′<30 GHz

• Finesse ℱ = Τ2𝜋 (1 − 𝑅𝑒𝑅𝑓) = 3300

• Loaded Q 𝑄𝐿 = ℱ × Τ𝐿 𝜆 = 6.6 × 104

• Band-width of the cavities: 𝐵𝑊 = Τ𝑓 𝑄𝐿 = 0.45 MHz
• Spatial resonance width: 𝛿𝐿 = Τ𝜆 2ℱ = 1.5 µm
• Resonator build-up factor 𝛽 = Τℱ 𝜋~𝟏𝟎𝟎𝟎
• Coupling between two resonators is to be evaluated
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Dark photon
𝟎. 𝟐𝝎

Photons in a 
Fabry-Perot

𝐵(𝑡, 𝒓) = 𝜒𝑚𝛾′
2 න

𝑉′

exp ik𝛾′ 𝒓 − 𝒓′

4𝜋|𝐫 − 𝐫′|
exp −𝑖𝜔𝑡 𝑎 𝒓′ 𝑑𝑉′



Resonator 1~

power amplifierSignal 
generator 
30GHz

Resonator 2

30 dB HEMTmixer

ADC + FPGA for accelerator development

Dark 
photon

Faraday cage and cryostat

FFT

Synchronize the generator and the detector

HEMT low-noise 
amplifier 30 dB

• Noise level of better than 10-22 W
• Proven to be feasible in case of 3 GHz
• Commercial amplifier 20W
• Number of input photons 

ൗ𝑷 𝒉𝝂~𝟏𝟎
𝟐𝟒 𝐬−𝟏

Michael Betz PhD thesis (CROWS)

Commercial 
solid-state 
amplifier 20W

SG up to 67GHz

Lock!
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Standard cold dark matter allowed
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How?

Synchronize the generator and the detector



Future of millimeter-wave dark photon search
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Noise 
power 
ratio

Future!

𝑛 𝜈, 𝑇 =
1

exp
ℎ𝜈

𝑘𝐵𝑇
−1

→ exp
ℎ𝜈

𝑘𝐵𝑇
≫ 1

𝑃𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝑃𝑠𝑖𝑔𝑙𝑒
→

1

2𝜋𝜂

Δ𝜈𝑎

Δ𝜈𝑐
exp

ℎ𝜈

𝑘𝐵𝑇

Cavity bandwidth Δ𝑣𝑐 = 500 kHz
signal & detection bandwidth Δ𝜈𝑎

S.K. Lamoreaux et al Phys
Rev D 98 035020 (2013)

1Hz

Tsvetkov A.I. et al “Progress 
in the development of 
ultra-stable gyrotrons for 
spectroscopy and plasma 
applications”
The national Workshop on 
Far-Infrared Technologies 
(IW-FIRT 2021), March 8-9, 
2021

Super-stable high-power gyrotron by PLL

V.L Granatstein et 
al, Proc. IEEE 87 5 
pp 702-716 (1999) 

>20kW 
<1Hz is just 
achieved

Superconducting quantum sensor (STAX)

F. Paolucci et al Phys Rev Appl. 14 034055 (2020)

Josephson escape sensor



ALPS, LSW

CROWS
LSW

Standard cold dark matter allowed

Yale
LSW

UWA 
LSW

ALPS-IIb upgrade

Low 
power

Gyrotron

Future direction

Prototype 
quantum sensor
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Physics reach
𝑃𝑁𝐸𝑃 = 𝑘𝐵𝑇𝑠𝑦𝑠 Δ𝜈

Noise 𝑇𝑠𝑦𝑠 = 10 K/Hz

Experiment 1-a 1-b 2 3 4

f [GHz] 28 28 28 170 170

𝑃𝑖𝑛 [W] 20 20 2e4 1e6 2e4

𝛽1 1000 1000 1000 1 1000

𝛽2 1 1000 1000 1 1000

Efficiency 

𝜂 𝑚𝛾′

0.1 0.1 0.1 0.1 0.1

Δ𝜈 [Hz] 1e-2 1e-2 10 1e6 1e6

𝑃𝑁𝐸𝑃
[W/Hz1/2]

1e-23 1e-23 1e-22 1e-20 1e-25

𝑡𝑜𝑝 100 s 100 s 1 day 30 min 1 day

𝜒~
2𝑃𝑁𝐸𝑃

𝑃𝑖𝑛𝛽1𝛽2𝜂 𝑚𝛾′ 𝑡𝑜𝑝

1
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Coherent detection
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One challenge is noise handling
 Experience from CROWS



Conclusion
• Light-Shining-Through-a-Wall experiments with 30 GHz may be able to address a 

niche in the previous and future constraints of dark photon search
• Resonator development
• Narrow-band coherent detection

• New technology may open a new opportunity in WISPs search
• Super-stable high-power microwave generator
• Hypersensitive superconducting quantum sensor

• Acknowledgment (fruitful discussions during Covid-19 pandemic)
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Kinetic mixing between photon and dark photon

Ordinary photon Dark photon

Vector potential 𝑨 Vector potential 𝑩
Mass 𝑚𝛾′

Maxwell equation in vacuum
𝜕2

𝜕𝑡2
− 𝛻2 𝑨 = 0

Modified by the dark photon
𝜕2

𝜕𝑡2
− 𝛻2 + 𝜒2𝑚𝛾′

2 𝑨 = 𝜒𝑚𝛾′
2 𝑩

In parallel, another equation for the dark photon
𝜕2

𝜕𝑡2
− 𝛻2 +𝑚𝛾′

2 𝑩 = 𝜒𝑚𝛾′
2 𝑨

Very small coupling 
constant 𝜒 < 10−5

J. Jaeckel and A. Ringwald PLB 659 509 (2008)

 Photon is a tool to investigate light dark photon
11



More photons: gyrotron at Karlsruhe

V.L Granatstein et 
al, Proc. IEEE 87 5 
pp 702-716 (1999) 

ITER plasma heating

M. Henderson, et al., Phys. 
Plasmas 22 021808 (2015)

Number of photons 

ൗ𝑷 𝒉𝝂 > 𝟏𝟎𝟐𝟕 𝐬−𝟏

28 GHz 20kW gyrotron Narrow band
Intrinsically stable

170 GHz 1MW

<< MHz

Anton Malygin PhD thesis
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Super narrow-band gyrotron by Phase lock loop
cr

yo
m
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collector

body

anode

cathode

HV Controller

+
- -

+U0 UA

Synthesizer

Phase detector Reference

mixer

dummy 
load

Spectrum 
analyzer 10 dB

1 kHz

Linear scale

1 HzTsvetkov A.I. et al “Progress in the 
development of ultra-stable gyrotrons
for spectroscopy and plasma 
applications”
The national Workshop on Far-Infrared 
Technologies (IW-FIRT 2021), March 8-
9, 2021

• In March 2021, a Russian group reported Hz-level 
absolute bandwidth with 170 kHz 25 kW gyrotron

Promising and interesting classical microwave engineering 13



Is coherent detection useful forever?
No! Standard quantum limit

Coherent detection relies on phase information
Classical waves ~ coherent state

lim
𝛼→∞

𝑒 Τ− 𝛼 2 2 

𝑛=0

∞
𝛼𝑛

𝑛!
ۧ| 𝑛

Uncertainty principle
Δ𝑛Δ𝜙 > 1

Smaller mean photon number 𝛼 phase error Τ1 𝛼

From zero point energy at 30 GHz
𝑃𝑆𝑄𝐿 = 𝒉𝝂~2 × 10−23W/Hz

Minimum possible power handled by coherent system

S.K. Lamoreaux et al Phys
Rev D 98 035020 (2013)

Single photon counting can defeat the quantum-limited 
detection at low temperature of any bandwidth

Noise 
power 
ratio

Future!

𝑛 𝜈, 𝑇 =
1

exp
ℎ𝜈

𝑘𝐵𝑇
−1

→ exp
ℎ𝜈

𝑘𝐵𝑇
≫ 1

𝑃𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡

𝑃𝑠𝑖𝑔𝑙𝑒
→

1

2𝜋𝜂

Δ𝜈𝑎

Δ𝜈𝑐
exp

ℎ𝜈

𝑘𝐵𝑇

Cavity bandwidth Δ𝑣𝑐 = 500 kHz
signal & detection bandwidth Δ𝜈𝑎

Direct photon counting
Poissonian error 𝛼

𝑃𝑠𝑖𝑛𝑔𝑙𝑒 =
ℎ𝜈 𝛼

𝑡𝑜𝑝

Background: thermal photons from black body radiation
 Cooling down!

PMT is useless in millimeter waves 
 superconducting sensor 14



Transition Edge Sensor (TES) at NEST & INFN Pisa
TES operated in a dilution refrigerator (20-100 mK) in Pisa

the sensor is in the superconducting phase) to a finite value when it has switched to the normal state thanks to 

the energy released by an incoming photon. Proposed almost three decades ago [5] the superconducting 

HEBs join robustness and reliability with small electronic heat capacity, and a  thermal conductance which can 

be tailored at will.  An example of a TES sensor coupled with its antenna for photon detection is showed in Fig.

5: 

 

Recently, bolometers based on TES have been successfully exploited as single-photon quantum calorimeters 

for X-ray spectroscopy [5] as well as for secure quantum communication applications using near-IR photons 

[6]. Nano HEBs are able to extend the ability of conventional bolometers to detect both very tiny powers as 

well as small amounts of energy which potentially correspond to a single sub-THz or microwave photonic 

event. Currently, superconducting micro- and nanobolometers are widely used in sub-millimeter astrophysics 

applications as well as in high-energy physics and quantum calorimetry. 

Hot-electron nanosensor: the TES 

In the following we shall outline the physics underlying the transition edge sensors and their main 

characteristics. Figure 6 shows the scheme of a generic hot electron bolometer. In particular, the TES is 

able to join all the three main elements forming a bolometer in a single structure, namely, the absorbing 

element, the thermometer, and the thermal conduction mechanism. Typically a TES is made of a low critical 

temperature superconductor (S) inserted between two superconducting electrodes which possess an energy 

gap (Δ) larger than that of the TES in order to prevent the out diffusion of thermal energy from the sensing 

element.  

 

!14

Figure 6 Sketch of a generic hot-electron bolometer. A superconducting bridge made of a low-temperature superconductor forms 

the TES element. The device is realized on top of a solid substrate, and is laterally contacted to two superconducting electrodes 

which prevent  thermal energy from escaping the TES. The superconducting energy gap inside the TES is almost zero as the latter 

is operated in the resistive state near the superconductor-normal phase transition. FIR or microwave radiation can couple to the 

TES through a planar antenna or through a wave guide.

 

The fundamental dark count rate in TESs is mainly determined by the phonon noise existing in the device which can 

produce spikes in the detector output signal, and therefore can be mistaken for the signal itself. In general, the 

fundamental dark count rate Nd can be expressed by the following gaussian integral 

𝑁𝑑 =
𝛽𝑒𝑓𝑓

√2𝜋
∫ exp(−

𝑥2

2
)

∞

𝐸𝑇 𝛿𝐸⁄

𝑑𝑥, 

where 𝛽𝑒𝑓𝑓 ≈ 𝜏𝑒𝑓𝑓
−1  is the effective detection bandwidth, and ET is the discrimination threshold energy. The latter is 

determined by the detector bias or by the readout electronics. Similarly, the probability to detect a real photonic 

event, i.e., the quantum efficiency ( ) of the sensor is given by  

𝜂 =
1

√2𝜋
∫ exp(−

𝑥2

2
)

∞

(𝐸𝑇−ℎ𝜈) 𝛿𝐸⁄

𝑑𝑥, 

where h  is the energy of the incoming photon. It turns out that if ℎ𝜈≫𝛿𝐸, and ET is chosen several times larger 

than the energy resolution, one can suppress the dark counting rate and obtain at the same time a quantum 

efficiency close to 100%.  

Let us suppose, for instance, to use a properly designed TES with the above given frequency resolution of 560 MHz 

to detect single photons, and 𝛽𝑒𝑓𝑓 = 1 kHz. By choosing 𝐸𝑇~8𝛿𝐸we get 𝑁𝑑 ≈ 6×10
−13 s

-1
, i.e., around 5×10−8 

dark count events per day or, equivalently, something like one event in 10
5
 years! The corresponding sensor 

quantum efficiency turns out to be  ~100%  for 𝜈∈10÷100 GHz. All this shows that one can in principle realize 

TESs operating  at 10 mK and optimized to detect single photonic events in the sub-THz and MW spectral range with 

negligible intrinsic dark count number, and with quantum efficiency close to 1. The achievement of this limit is 

indeed challenging, and the realization of TESs capable of these performances will be the first relevant objective of 

the STAX proposal. 

Other possible dark count events are typically related to different background sources. In the following we provide 

the list of these main common contributions: 

 Cosmic rays: muons can reach directly the TES element, or induce scintillation light (due to absorption) 
thereby being detected by the sensor. The impact of cosmic rays can be limited by exploiting suitable 
shields in the laboratory environment. 

 Radioactivity: environmental radioactivity can be efficiently 
screened by the shields present in the dilution refrigerator. 
Moreover, the presence of radio-impurities in the materials 
forming the sensor, or parts of the fridge, can be at the origin 
of  undesired signals detected by the transition-edge sensor. 
Direct absorption or scintillation photons are possible as well. 

 Electromagnetic interference (EMI): external interference can 
couple either to the TES or to the read-out SQUID amplifier. 

 Thermal photons: materials inside the fridge will emit 
radiation according to the black-body spectrum. These 
thermal photons originating from surfaces at finite 
temperature inside the dilution cryostat can reach the TES.  

 
Standard pulse height analysis (PHA), pulse height and integral analysis 
(HIA), and pulse shape analysis (PSA) will be performed on the 

Fig. 3. Example of a NbN nanobolemeter (placed at 
the center of the image) integrated with a  log-
periodic spiral antenna [14]. Figure 5   A picture of a standard TES operating in the THz region with its antenna coupling
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Established technology in astroparticle physics
D. H. Andrews, et al, Review of Scientific Instruments 13, 281 (1942)

antenna structure 
to reduce 
broadband noise

Conventional TES can reach 10−17 W/Hz1/2 with promising improvement to 
reach 10−20 W/Hz1/2 and could even reach 10−25 W/Hz1/2

(Josephson escape sensor)

Detect dramatic 
change in 
resistance Superconduc

ting critical 
temperature

Compact dilution 
refrigerator at Pisa 
<100mK

F. Paolucci et al Journal of Applied Physics 128, 194502 (2020)
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