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Axion: pseudo-Nambu Goldston boson of broken global U(1)
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QCD contains a term which violates CP
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However, neutron EDM shows

- Theory: 𝑑𝑛~4.5 × 10−15𝜽 ecm
- Experiment: 𝑑𝑛 < 2.9 × 10−29 ecm
 𝜃 < 0.7 × 10−11 ≪ 1 : naturalness problem
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Global U(1) NG boson as a by product

Axion coupling, mass, and 
symmetry breaking scale

𝑔𝑎𝛾𝛾 ∝ 𝑚𝑎 ∝
1

Λ
(No anthropic solution)

Primakoff effect: axion to photon coupling

Photon and magnets are two key technology

PDG 2020



Dark matter axion(s)

NASA/CXC/M. Weiss - Chandra X-Ray 
Observatory: 1E 0657-56

• Axion can be a cold dark matter by cooling via some 
mechanisms (eg. Misalignment mechanism) 

• Several cosmological scenarios are considered

Phys Rev D 100 015049 (2019)Post-inflationary scenario is 
recently a trend in Europe 
(MADMAX, ALPHA, …) and 
this indicates meV axions 
corresponding to 20-100 
GHz microwave photons
Millimeter waves



axion“s”  Axion-Like-Particles (ALPs)

Lust, 0707.2305

Dark matter Non dark matter

QCD axion ADMX,… LSW, CAST,…

ALPs ADMX,… LSW, CAST,…

String thery also naturally predicts NB bosons, 
not necessarily a solution of strong QCD problem

4 different categories

QCD axion can be 
more general if 
SUSY is introduced 
but here we do 
not consider this

Today, we focus on the technical difference between ADMX and LSW



Dark photons: extra U(1) gauge bosons

𝑆𝑈 5 → 𝑆𝑈 3 𝐶 × 𝑆𝑈 2 𝐿 × 𝑈 1 𝑌

Classic example: Grand Unified theories

SM
Electroweak theoryQCD

𝑆𝑂 10
→ 𝑆𝑈 5 × 𝑈(1)

𝐸6 → 𝑆𝑂 10 × 𝑈(1)

Lust, 0707.2305
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Origin of mass
- Dark Higgs
- Stückelberg
- (massless DP)

String theory naturally generates extra U(1)

Kinetic mixing to a photon

Dark photon search can be considered as a proof-
of-concept before axion search without magnets

arXiv:2105.04565v3 



20-100 GHz is an open window in dark photon search

The mass range between 10-5 and 10-4 eV is wide open
 Corresponding to 20-100 GHz photons

Astrophysical, haloscope, and helioscope

FIRAS
COBE Solar 
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Cold dark matter 
scenario

target
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Laser

RF

Cold dark matter 
scenario

YaleUWA

Purely laboratory constraints

target



Principle of dark photon / axions search via photons
Dark matter search Laboratory-based search (LSW-type)

Photon signal Photon signalPhoton pump

The setup in the laboratory 

7 

(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 

Axions Detect ion Idea Out look

The MADMAX Idea

Mirror Dielectric  Disks Receiver 

Be 

P/ A = 2.2⇥10− 27 W m− 2

✓
Be

10T

◆2

Caγ
2 ·β2

β2: power emitted by booster / power emitted by single mirror (✏= 1 )

Stefan Knirck | MADMAX - Foundat ions 8/ 14

ALPS (optical/IR laser)

CROWS (RF)

Spring-8 (X-ray)

FUNK (optical)

ADMX (RF)

MADMAX 
(dielectric, mmw)

ALPHA
(plasma, mmw)

STAX (mmw)



Laboratory-based search: main idea

https://www.independent.co.uk/news/science/old-fashioned-light-bulbs-
could-be-set-comeback-after-light-recycling-breakthrough-a6806446.html

https://tomroyreleased.files.wordpress.com/2016/12/wp-1481922375633.jpeg

Dark 
photon

photon

We look at an opaque wall

Light Shining through a Wall (LSW)

Very intense light

× 𝜒2 ≪ 1 × 𝜒2 ≪ 1

11

Single photon 
detection!?



Technological keys

1.Photon generation
2.Photon resonator
3.Photon detection
4.Magnetic field (for axions)

What is a photon?
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Wave detection vs photon detection

cavity

RF amp

LO mixer

signal

broadband

broadband

I/Q ADC FFT

cavity

sensor

DC amp

signal

broadband

Flash ADC

Coherent wave detection Incoherent photon detection

ൗS N =
𝑃𝑠𝑖𝑔

𝑘𝐵𝑇

𝑡

Δ𝜈 ൗS N =
𝑃𝑠𝑖𝑔

𝑘𝐵𝑇

𝑡

Δ𝜈



What is a “photon” of given frequency 𝜔?

Classical electromagnetic wave Quantized electromagnetic field

𝛻 ⋅ 𝐸 = 0
𝛻 ⋅ 𝐵 = 0

𝛻 × 𝐸 = −
𝜕𝐵

𝜕𝑡

𝛻 × 𝐵 =
1

𝑐2
𝜕𝐸

𝜕𝑡

→
𝜕2

𝜕𝑡2
− 𝛻2 𝐸 = 0

𝐸 = 𝐸+𝑒−𝑖 𝜔𝑡−𝒌⋅𝒓 + 𝐸−𝑒𝑖 𝜔𝑡−𝒌⋅𝒓
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1

2
ℏ𝜔

𝐸 𝒓, 𝑡 = 𝑖
ℏ𝜔

2𝜖0𝑉
ො𝑎𝑒−𝑖 𝜔𝑡−𝒌⋅𝒓 − ො𝑎†𝑒𝑖 𝜔𝑡−𝒌⋅𝒓

ො𝑎, ො𝑎† = 1;

ො𝑎 ۧ𝑛 = 𝑛 ۧ𝑛 − 1

ො𝑎† ۧ𝑛 = 𝑛 + 1 ۧ𝑛 + 1

ො𝑎, ො𝑎 = ො𝑎†, ො𝑎† = 0

𝐸+ = 𝑖
ℏ𝜔

2𝜖0𝑉
ො𝑎 𝐸− = 𝐸+

†

 “Quantization”

“electric field operator is proportional to 
the annihilation operator”

A single photon state

ۧ|1 = ො𝑎† ۧ|0



Particle physics primer: single photon counting

E. H. Bellamy, NIMA 339 468-476 (1994)

This 𝜇 contains 
quantum efficiency 
from a photon to a 
photoelectron

Quantum state of photons: | ۧ𝜙
Measurement: projection onto | ۧ𝑛

𝑃 𝑛; 𝜇 = 𝑛 𝜙 2

Poisson distribution of with mean photon # 𝜇

The data is convoluted with PMT’s response: 

0 𝜙

1 𝜙
1 𝜙

0 𝜙

2 𝜙

3 𝜙

4 𝜙



Microwave engineering primer: coherent wave detection

RF amp

LO

mixer

I/Q ADC FFT~

RF source

DUT

Quantum state of photons: | ۧ𝜙
Measurement: expectation value of 𝐸 𝒓, 𝑡

 𝜙 𝐸 𝒓, 𝑡 𝜙

Directly digitize 
voltage and take 
sinusoidal waves

Spectrum analyzer

Under coupled cavity reflection Cavity resonance



Paradox: electric field of a single photon state

1 𝐸 𝒓, 𝑡 1 = 0 ො𝑎 𝐸 𝒓, 𝑡 ො𝑎† 0 = 𝑖
ℏ𝜔

2𝜖0𝑉
0 ො𝑎 ො𝑎𝑒−𝑖 𝜔𝑡−𝒌⋅𝒓 − ො𝑎†𝑒𝑖 𝜔𝑡−𝒌⋅𝒓 ො𝑎† 0

∝ 0 ො𝑎 ො𝑎 ො𝑎† 0 𝑒−𝑖 𝜔𝑡−𝒌⋅𝒓 − 0 ො𝑎 ො𝑎† ො𝑎† 0 𝑒𝑖 𝜔𝑡−𝒌⋅𝒓

= 0 ො𝑎(1 − ො𝑎† ො𝑎) 0 𝑒−𝑖 𝜔𝑡−𝒌⋅𝒓 − 0 1 − ො𝑎† ො𝑎 ො𝑎† 0 𝑒𝑖 𝜔𝑡−𝒌⋅𝒓

= 0 − 0 ො𝑎† − ො𝑎† 1 − ො𝑎† ො𝑎 0 𝑒𝑖 𝜔𝑡−𝒌⋅𝒓 = 0

 “Uncertainty relation” between number of photons and phase
Δ𝜙Δ𝑛 > 0

Single photon state has a single photon by definition so Δ𝑛 = 0
 Phase information is totally lost

But energy is non-zero 1 𝐸2 𝒓, 𝑡 1 ≠ 0



An RF cavity can be resonated with “<<1 photons”

What does “<<1 photons” rigorously mean?

J. G. Hartnett et al Phys Lett B 698 346 (2011)



Quantum coherent state = quasi-classical theory

RF amp

LO

mixer

I/Q ADC FFT~

RF source

DUT

𝐸+| ۧ𝛼 = 𝑖
ℏ𝜔

2𝜖0𝑉
ො𝑎| ۧ𝛼

An engenstate of annihilation operator with a complex engenvalue

ො𝑎 ۧ𝛼 = 𝛼 ۧ𝛼 : Coherent state

= 𝑖𝛼
ℏ𝜔

2𝜖0𝑉
| ۧ𝛼

𝐸+

is a typical model of laser, maser, and signal generator

| ۧ𝛼

𝛼 𝐸 𝒓, 𝑡 𝛼 = 𝐸+𝑒−𝑖 𝜔𝑡−𝒌⋅𝒓 + 𝐸−𝑒𝑖 𝜔𝑡−𝒌⋅𝒓

The expectation value of the electric field is the classical electrodynamics 𝑥1

𝑥2

Classical 
trajectory

Quantum 
fluctuation

ො𝑥1 =
1

2
ො𝑎 + ො𝑎†

ො𝑥2 =
1

2𝑖
ො𝑎 − ො𝑎†

The wave detection 
measures the 
expectation value of 
electric field (voltage)



Single photon counting of a coherent state

| ۧ𝛼 = 𝑒− Τ𝛼 2 2 

𝑛=0

∞
𝛼𝑛

𝑛!
| ۧ𝑛

Expansion by number states

𝑃 𝑛 = 𝑛 𝛼 2 = 𝑒− Τ𝛼 2 2 

𝑚=0

∞
𝛼𝑚

𝑚!
𝑛 𝑚

2

= 𝑒− Τ𝛼 2 2
𝛼𝑛

𝑛!

2

=
𝛼 2 𝑛

𝑛!
𝑒− 𝛼 2

𝑃 𝑛; 𝜇 =
𝜇𝑛

𝑛!
𝑒−𝜇

Poisson distribution is reproduced by 𝛼 2 = 𝜇

Projection measurement

If single photon counting is feasible, we will observe 
Poisson distribution with a very small 𝜇 in axion
experiment but wave detection is still an option



Single photon state ≠ attenuated coherent state 

| ۧ1 | ۧ1

| ۧ𝛼
| ۧ𝛼

𝜇 = 𝛼 2 = 1 mean # of photons 𝜇 = 𝛼 2 = 0.5

Power 
−30 dBm = 1/1000

From wiki

Minimum power 
− 140 dBm = 10−17 W Series attenuation

 Single photon 
energy of 30 GHz
ℎ𝜈 = 2 × 10−23 J

Per 1 s: -200 dBm

Attenuated coherent signal shows completely different statistics from the single photon state



Cf. well-known example in quantum optics
𝑃2,0 = 𝑃0,2 of single photon state
𝑃1,1 of classical statistics

𝑃2,0 = 𝑃0,2 of 
classical statistics

𝑃0,2 of coherent 
state (𝜇 = 1)

𝑃2,0 of coherent 
state (𝜇 = 1)

𝑃1,1 of coherent 
state (𝜇 = 1)

𝑃1,1 of single photon state

Beam splitter 
(half mirror)

A

B C

D

Single photon 
sensor C

Single photon 
sensor D

ො𝑎𝐵

ො𝑎𝐴

ො𝑎𝐷

ො𝑎𝐶

Phase 
shifter

𝑒𝑖𝜙

AND

𝑀

• A single photon state | ۧ1 and a coherent state lim
𝛼 2→1

| ۧ𝛼 can be distinguished by the inference pattern

• Both have a completely different inference pattern from incoherent classical statistics



Coherent detectors vs photon sensors

In competition Incoherent photon detectionCoherent wave detection

Depends on the 
expected signal and 
background level

24



Pros and cons
Coherent detectors
• Phase information is kept

• Via down conversion and direct sampling of 
sinusoidal voltage

• Standard quantum limit
• Amplifiers is subject to a fundamental noise 

due to zero-point oscillation ℎ𝜈 [W/Hz]

• Narrow-band detection
• Digital filter can distinguish narrow-band 

signal and broad-band noise background

• Difficult in higher frequency
• RF, microwaves, millimeter waves are 

straightforward
• Optical heterodyne is still possible
• X-ray and g-rays are true challenge

• Cooling is not necessary in the beginning

Photon sensors
• Phase information is lost

• Δ𝜙Δ𝑛 = 0

• No fundamental limit
• Zero-point oscillation causes the shot 

noise but particle counting is still feasible

• Broad-band detection
• We need to cool-down the system to 

address signal below black body radiation

• Difficult in lower frequency
• X-ray, g-rays and optical photons are 

straightforward
• IR is possible with TES
• Microwaves are (beyond) state-of-the-art

• Cooling is critical for low frequency 
applications
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Dark matter axion search Review of Scientific Instruments 92, 124502 (2021)

𝑓 = 580 − 890 MHz
𝑄 = 4 − 8 × 104 MHz

ADMX cavity

They reached the standard quantum limit 𝑘𝐵𝑇𝑠𝑦𝑠 = ℎ𝜈

𝑇𝑠𝑦𝑠 = 0.05 K for 1 GHz

T. Nitta, Patras2021

ൗ𝑆 𝑁 =
𝑃𝑎→𝛾
𝑘𝐵𝑇𝑠𝑦𝑠

𝑡

Δ𝜈



Toward single photon detection
S. K. Lamoreaux et al PRD 88 035020 (2013)

ൗ𝑆 𝑁 =
𝑃𝑎→𝛾

𝑘𝐵𝑇𝑠𝑦𝑠

𝑡

Δ𝜈
~

𝑃𝑎→𝛾

ℎ𝜈 ത𝑛 + 1

𝑡

Δ𝜈

S/N of the coherent detection is limited by the standard quantum limit

Δ𝜈 is limited by either
• DM axion’s velocity spread 𝑄𝑎~10

6

• Cavity Q
• Normal conducting 𝑄𝑐~10

4−5

• Superconducting 𝑄𝑐~10
5−7

ത𝑛 =
1

𝑒 Τℎ𝜈 𝑘𝐵𝑇 − 1

S/N of the photon sensor is given by Poisson statistics

ൗ𝑆 𝑁 =
𝑃𝑎→𝛾

ℎ𝜈

𝑡

𝜂ത𝑛Δ𝜈𝑐

𝑃𝑠𝑝 =
ℎ𝜈𝛿𝑁

𝑡
=
ℎ𝜈

𝑡
𝜂 ത𝑛𝜈𝑐𝑡

𝑃𝑙 = ℎ𝜈 ത𝑛 + 1
Δ𝜈

𝑡

Ratio of noise power

𝑃𝑙
𝑃𝑠𝑝

=
1

2𝜋𝜂
ത𝑛 +

1

ത𝑛

𝑄𝑐
𝑄𝑎

Since 𝑄𝑎 is fixed by the dark matter halo, the single photon sensor can have lower noise 
power for lower temperature (blackbody radiation ത𝑛 → 0), higher frequency and higher 𝑄𝑐



Toward single photon detection
S. K. Lamoreaux et al PRD 88 035020 (2013)
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Since 𝑄𝑎 is fixed by the dark matter halo, the single photon sensor can have lower noise 
power for lower temperature (blackbody radiation ത𝑛 → 0), higher frequency and higher 𝑄𝑐

Example:

If dark current rates are negligible, the single photon detectors become better 
than the coherent detection with 100 mK, Τ𝑄𝑎 𝑄𝑐 = 20, and 10 GHz

 Development of single photon sensors is motivated for DM axion search
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Conceptual setup for the dark photon search

photon source resonators photon sensor

Photon 
(frequency 𝜔)

Photon-dark-
photon mixing 𝜒

wall

Photon (frequency 
𝜔)

Photon-dark-
photon mixing 𝜒

Length 𝐿1 Length 𝐿2

photon 
source

photon 
sensor

Dark photon 
(mass 𝑚𝛾′)

Generation resonator Regeneration resonator

The probability of one photon penetrating the wall via dark photon mixing is

𝑝𝛾→𝛾′→𝛾 = 𝑝𝛾→𝛾′ 𝐿1 𝑝𝛾′→𝛾 𝐿2 =

𝜔 + 𝜔2 −𝑚𝛾′
2

𝜔2 −𝑚𝛾′
2

4

𝜒4 sin2
𝐿1
2

𝜔 − 𝜔2 −𝑚𝛾′
2 sin2

𝐿2
2

𝜔 − 𝜔2 −𝑚𝛾′
2

31

coherent



Major difference from DM: Δ𝜈𝑎 is under control
Dark matter: Passive radar

Narrow band: axion, dark photons
(Broadband: CMB)

ADMX is this type

ൗS N =
𝑃𝑠𝑖𝑔

𝑘𝐵𝑇

Δ𝑡

Δ𝜈𝑎

LSW: Active radar

Lock-in

LSW can be this type if we can lock-in the signal

ൗS N =
𝑃𝑠𝑖𝑔

𝑘𝐵𝑇

Δ𝑡

Δ𝜈𝑟
=
𝑃𝑠𝑖𝑔

𝑘𝐵𝑇
Δ𝑡

The setup in the laboratory 

7 

(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 

The sensitivity can be increased over the coherence timeSingle photon counting can be better above 10 GHz

Coherent axions or dark 
photons are generated



Intuitive image of phase locking

𝑥1

𝑥2

Classical 
trajectory

Quantum 
fluctuation

ො𝑥1 =
1

2
ො𝑎 + ො𝑎†

ො𝑥2 =
1

2𝑖
ො𝑎 − ො𝑎†

The phase rotates within the bandwidth Relative phases are locked-in

𝑥1

𝑥2

Quantum 
fluctuation

ො𝑥1 =
1

2
ො𝑎 + ො𝑎†

ො𝑥2 =
1

2𝑖
ො𝑎 − ො𝑎†

• Classical drift (decoherence) is suppressed
• The signal is linearly enhanced by integral over 

the relative coherence time
• The precision of the locking must be checked

The implementation is RF/MW/mmw is very simple
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WAVEGUIDE 

ISOLATOR 

2.0 Environment specifications 

2.1 Operation Temp. -32ºC~+63ºC 

2.2 Storage Temp. -50ºC~+125ºC 

2.3 Altitude 30,000 ft 

2.4 Vibration 10g rms (15 degree 2KHz)  

2.5 Humidity 90% RH at 35c, 95%RH at 40 deg c 

2.6 Shock 20G for 11msc 

3.0 Electrical Specifications 

3.1 Frequency 27-32GHz 

3.2 Bandwidth 5GHz  (Anywhere within band) 

3.3 Average Power 15W (CW) (Forward and reverse) 

3.4 Insertion Loss 0.40dB 

3.5 Isolation 20dB 

3.6 Max. VSWR 1.35 : 1 

1.0 Mechanical Specifications 

1.1 Waveguide type Rectangular Waveguide WR28 

1.2 Flange type COVER 

1.3 Flange Holes Through (As shown)  

1.4 Basis-material Aluminum 

1.5 External Body Finish Body painted with gray/black epoxy enamel 
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PoP of coherent detection for studying 
dark photons with low power

~ FFT

Agilent E8257D 
250kHz-67GHz @ UU

10 MHz PLL

RF to 
optics

R&S FSW43
10Hz-43GHz @ KIT

LNF-LNR23_42WB
From Low noise factory

Main Features:

• Frequency Range: 30 to 31 GHz.

• Typical values: Psat 44 dBm, Gain 47 dB

• RF connectors (I/O): 2.92mm (F) /  WR28

• TTL ON/OFF Control

• Power, current and temperature monitoring

• Compact aluminum housing

• Hi-reliability and dedicated screening/

environmental tests available under request

ERZ-HPA-3000-3100-46

The ERZ-HPA-3000-3100-46 is a High Power

Amplifier providing an output power of 44 dBm

and a gain of 47 dB. The compact size and

modularity makes it ideal for a wide range of

applications.

Typical applications:

• Industrial /  Laboratory

• Satcom / Telecom

• Space /  Aerospace /  Military

Performance

Specifications at case temperature of 25ºC 

Parameter Value Units

Min Typ Max

Frequency 30 - 31 GHz

Output Power (Psat) @CW 44 44.5 45 dBm

Small Signal Gain 44 47 49 dB

Gain Flatness - ±1.5 - dB

Switch ON/OFF Time - 200/1000 - ns

VSWR input - 1.2:1 1.5:1 -

VSWR output - 1.5:1 1.8:1 -

DC Voltage 18 24 36 V

Power Consumption @Psat - 210 240 W

Power Consumption @Disable mode - - 5 W

RF Connectors 2.92mm (F) IN / WR28 OUT -

ERZ-HPA-
3000-3100-46
From ERZIA

20W 
amp

synthesizer

15 W 
circulator

20W load

LNA

EMC (in-house)

fiber
Optics 
to DC

fiber

DC to 
optics

Optics 
to RF

RFWI28A27G32G 
from RF-Lambda

Copper 
resonator 
(in-house)

Copper 
resonator 
(in-house)

WR28 to coaxial adaptor 
RFWA28E0F 
from RF-Lambda max 20W

PPM-5 DC 
5VDC 1W
From JDSU
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Key Features: 

 Frequency Range: 0.1-30 GHz   

 Low spurious level  

 High SFDR 111 dB/Hz 

 Excellent Phase Noise 

 Excellent phase linearity  
 
Configurations:  

 Standard (stand-alone)  

 1U Generic enclosure (4 units) 

 1U Removable panel enclosure (2/4 units) 

 Outdoor (2/4 units) 
 
Applications:  

 Distributed Antenna 

 Satcom 

 Radio telescopes 

 Telecommunication: 
o Antenna Remoting 
o Long RF links via fiber 

 EW 
  
Options: 

 Extended Frequency range 

 Customized RF Gain, P1dB, Noise Figure 
by adding Pre & Post amplifier(s) 

 Extended low frequency bandwidth. 
 
 

RFOptic's analog RFoF compact modules enable long 

distance transport of wideband RF signals. The Tx unit, uses 

an optical transmitter, converts wideband RF signals to an 

Optical signal and the Rx unit converts the Optical signal 

back to RF signal. The two units are connected by the 

customer’s fiber. 

In general, a wide range of spurious-free dynamic range 

(SFDR) is desirable when multiple signals of very different 

power levels are expected. High SFDR transmission RFoF 

simplifies signal conditioning requirements intended to 

avoid signal saturation and subsequent consequences such 

as power level adjustment, and ALC and power range 

switching by attenuators. During e.g., antenna testing, radar 

or communications system testing, high SFDR is essential 

due to the typical large amplitude ratios between main and 

side lobes or close and distant targets. The same applies to 

DF/ELINT systems which have to handle strong jammers 

concurrent with weak signals of interest. 

RFOptic’s high SFDR 12, 18, 20, 30 and 40 GHz RFoF solutions 

provide high SFDR of minimum 111 dB/Hz. Due to their 

improved NF, an additional preamplifier may not be needed 

anymore. Among the current customers that are using our 

RFoF high frequency product line are civil and defense 

systems integrators, space program companies, 

communications companies and more. 

 
 

 

 

30GHz RF over Fiber Mini-Q High SFDR 

RFoF-30GHz-Q2-Mini
gain 10dB, noise figure 17dB

WR28 WR28

2.92mm

WR28

WR28 
2.92mm

WR28
2.92mm 2.92mm

RFWA28E0F

RF-LAMBDA USA LLC: www.rflambda.com

Sales: sales@rflambda.com Technical: support@rflambda.com
Rev 5. 10-11-2021 | Subject to change without notice 

End Launch Full Band Waveguide Adapter 

WR28 to 2.92mm 

26.5 - 40GHz

Parameter Min Typ Max Units

Frequency Range 26.5 – 40 GHz

Insertion Loss 0.15 0.20 dB

VSWR 1.15 1.2 :1

Impedance 50 Ω

Power Handling 20 W

Waveguide Type WR28

Input / Output Connectors 2.92mm-Female

Product Description

The RFWA28E0F is a end launch full band waveguide adapter with a 

frequency range of 26.5 to 40GHz. 

The maximum insertion loss is 0.2dB. 

The operating temperature of this product is within -40 to +85⁰C

Features
• High power handling up to 50W

• Wide band operation 

• High isolation within operational band

• Low Insertion Loss

Typical Applications
• Wireless Infrastructure

• Military and Aerospace Applications

• Test Instrumentation

• Radar Systems

• 5G Wireless Communications 

• Microwave Radio Systems

• TR Modules 

• Research and Development

• Cellular Base Stations

Electrical Specifications(TA=25℃)

Dark photon/axion



FFT (>>1s ) dramatic filtering of white noise
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Noise power in given detection bandwidth 

𝑃𝑁 = 𝑘𝐵𝑇𝑆
𝐵𝑊

𝑡
With noise temperature 𝑇𝑠 and integration time of FFT

𝑡 = 𝐵𝑊−1

30 GHz single photon per second
ℎ𝜈/𝑠~2 × 10−23 W

𝒕 𝑩𝑾 𝑃𝑁 #photon/s

100 ms 10 Hz 4.2e–20 W 2100

1 s 1 Hz 4.1e–21 W 200

10 s 100mHz 4.1e–22 W 21

5 min 3 mHz 1.4e–23 W 0.7

1 hour 278 µHz 1.1e–24 W 0.06

1 day 12µHz 4.8e–26 W 0.002

Phase-locking of photon generator 
and emitter enables this relative 
accuracy

 Thermal photons (white noise) can be dramatically suppressed 
by FFT without cooling

𝑇𝑆 = 300 K

Locked

Unlocked

The signal is demonstrated to be narrow-band within the BW

SG 30GHz FFT device

10MHz

Ref IN Ref IN

30 GHz 
signal

Without LNA

A. Miyazaki et alCERN-ACC-NOTE-2021-0032

Coherence time 𝑡𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑐𝑒 = 𝐵𝑊−1 > 1 hour was achieved!



Limitation of coherency
• Decoherence by phase noise of amplifiers and mixers

• Marginal because of “relative” phase locking between signal generator, detector, and local 
oscillators

• The “absolute” phase stability is only a few Hz over hours
• Ultimate “relative” phase stability is unknown (mHz? uHz? nHz?)

• Fundamental decoherence due to the axions/dark photons
• The unknown finite mass causes unknown time of flight and leads to decoherence but is still very 

small if 𝜔 > 𝑚

• Systematic caused by the digital circuit and self-locking
• The S/N was preliminary evaluated with the digital circuit (FPGA + software)
• Digital down-conversion and filtering cause systematic uncertainty which would reduce the true 

S/N
• A critical evaluation of the digital circuit and/or implementation of analog circuit may be required

M. Betz PhD thesis

Digital circuit may distort the true S/N 
and therefore the exclusion limit



High power coherent source is available

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

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

ITER plasma heating

• Gyrotrons are a unique microwave source in millimeter-wave range
• Coherent (<MHz), high-power (>>kW), high frequency (>30GHz), CW
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Gyrotron as a dark photon generator
Number of photons in 
170 GHz 1MW

ൗ𝑷 𝒉𝝂~𝟏𝟎
𝟐𝟕 𝐬−𝟏

Dark 
radiation

Dark photons
𝒎𝜸′ = 𝟎. 𝟐𝝎

Inside 
waveguide

Preliminary 30 GHz

𝐵 𝑟, 𝑡 = 𝜒𝑚𝛾′
2 න

𝑉′

exp 𝑖𝑘′ 𝒓′ − 𝒓

4𝜋 𝒓′ − 𝒓
𝐴 𝑟′, 𝑡 𝑑𝒓′

𝑘′ = 𝜔2 −𝑚𝛾′
2

𝜕2

𝜕𝑡2
− 𝛻2 +𝑚𝛾′

2 𝑩 = 𝜒𝑚𝛾′
2 𝑨
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Naïve consideration @ KIT
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MW-class gyrotrons

Load (beam dump)

Behind the load

Dark photons

If 𝜒 = 10−7, 1 MW gyrotron generates
𝑃𝑡𝑟𝑎𝑛𝑠~𝑃𝑖𝑛𝑝𝛾→𝛾′𝑝𝛾′→𝛾 = 𝑃in𝜒

4 = 1MW× 10−7×4

= 10−22 W < 𝟒. 𝟏 × 𝟏𝟎−𝟐𝟏 (300K blackbody radiation)

𝜒2 𝜒2
photon photon

Dark 
photon

How about the coherency?

mmw
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•Line-width 2MHz
•frequency drift 20MHz

Recent breakthrough: super narrow-band gyrotron

A. Miyazaki, Springer thesis, 2015

free running gyrotron (2014) Phase locked gyrotron (2021)

cr
yo

m
ag

n
et

collector

body

anode

cathode

HV Controller

+
- -

+U0 UA

Synthesizer

Phase detector Reference

mixer

dummy 
load

Spectrum 
analyzer

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

1 Hz
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Very encouraging for mmw science (and accelerators)

• Absolute BW of 1Hz
• KIT is developing a similar system



Some scenarios of dark photon search with mmw

ALPS Laser LSW

LCDM  dark matter dark photon

RF LSW

2

1

WUA Yale

1 2 3 4 5

Frequency [GHz] 30 30 30 170 170

Power source 
𝑃𝑖𝑛 [W]

20 20e3 20e3 1e6 1e6

Generation cavity 
build-up 𝛽1

1000 1000 1000 1 1000

Regeneration 
cavity build-up 𝛽2

1000 1000 1000 1000 1000

Efficiency 𝜂 𝑚𝛾′ 0.1 0.1 0.1 0.1 0.1

Temperature 300K 300K 10K 4K 20mK

sensor LNA LNA LNA SIS-
LNA

Single
photon

BW [Hz] 3e-4 3e-4 3e-4 6e-3 -

tOP 1h 1h 1h 3min 3min

4

3
5
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ALPS-IIb

The results will be complementary to the ALPS-IIb (IR 100m-100m resonators)
The coherent detection scheme is a good starting point



Outlook

• Introduction: axions and dark photons

• Photon detection and wave detection

• Dark matter axion search

• Light-Shining-Through-a-wall

• Potential of photon detection

• Conclusion



Single photon sensors surpass coherent method of any Δ𝜈 at cold
S.K. Lamoreaux et al Phys Rev D 98 035020 (2013)

Superconducting single photon sensors may be a solution in the future
 Launch 1st physics run with coherent method and continue on developing photon sensors
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Ratio of noise power

𝑃𝑙
𝑃𝑠𝑝

=
1

2𝜋𝜂
ത𝑛 +

1

ത𝑛

𝑄𝑐
𝑄𝑎

Δ𝑣𝑐 = 500 kHz

𝜈 = 30 GHz

ത𝑛 =
1

𝑒 Τℎ𝜈 𝑘𝐵𝑇 − 1



Superconducting photon sensors in Pisa are promising

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

Josephson Escape Sensor (JES)
• Absorption of a photon by “phase particle” in JJ under current
• Tunable sensitivity in-situ by bias current
•  expected 10-25 WHz-1/2 with similar infrastructure as TES

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

Nano-Transition Edge Sensor (TES)
Tiny volume & Andreev mirror effect at the border
 Reactive to small heat dissipation
 Extremely high sensitivity 10-20 WHz-1/2

Andreev 
mirror effect
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Further application: relic neutrino?

3𝐻 → 3𝐻𝑒+ + 𝑒− + ҧ𝜈(𝑒)

𝜈𝑒 +
3𝐻 → 3𝐻𝑒+ + 𝑒−

Cosmic neutrino background can be captured by tritium

With a background of b-decay process (KATRIN)

arXiv:2108.03695

How to separate the signal from the background?

e–

𝑩

𝑓 =
𝑒𝐵

2𝜋𝛾𝑚𝑒
~27 GHz

𝐾~18 keV → 𝛾 =
𝑚𝑒 + 𝐾

𝑚𝑒
~1.035

𝐵~1 T

Phys. Rev. Lett. 114, 162501 (2015)

Coherent detection was already achieved to observe the background
 Opportunities of single photon sensors?



Even further: Gravitational wave?

A. Ringwald et al, JCAP 03 (2021) 054

Relic gravitational wave radiation from the Big Bang

peak at 80 GHz

Conventional GW 
observatories

GW couples to photons of the same 
frequency under static magnetic field

M. E. Gertsenshtein JETP 41 113 1961

High-power 80GHz gaussian beam may 
enhance the signal level
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• Wide-band tunability is probably necessary
• How to separate the pump and probe photons?



Outlook

• Introduction: axions and dark photons

• Photon detection and wave detection

• Dark matter axion search

• Light-Shining-Through-a-wall

• Potential of photon detection

• Conclusion



Conclusion
• Axions and dark photons are motivated both in particle physics and in cosmology as 

dark matter candidates

• Experimental searches of these particles are linked to photon science

• Electromagnetic wave detection and photon detection are in competition

• The wave detection scheme can benefit from the phase information

• The dark matter axion search is approaching to the standard quantum limit of the 
coherent detection scheme

• The very sensitive coherent detection is still appealing in LSW via the Lock-in 
amplifier method

• The coherent LSW around 30 GHz for dark photons is a good starting point

• Single photon detection is extremely important in the future for relatively 
incoherent phenomena


