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Fig. 5. Shown in the sensitivity on the GW strain h0 in

dependence on the integration time for the resonant cavity

setup with parameters assumed as shown in Table 1.

5 GravNet as Photon Counting Experiment
(GravNet-2)

5.1 Setup

As discussed in Section 3.3, the shape of the cavity does
not increase the likelihood of a conversion, but only the
active volume of the cavity within the magnetic field
is relevant. Given that the cost driving factor is always
the magnet system, but not the design of the cavities,
we assume the same magnet setup as in GravNet-1 but
assume two independent cylindrical cavities with di-
mensions of r = 4 cm and h = 12 cm instead of three
spherical cavities. While the volume increases the sen-
sitivity with V

5/3, one gains significantly more due to
the Binomial probabilities, discussed in Section 3.3.

5.2 Sensitivities

Similar to GravNet-1, we assume again N=10 di�erent
experimental setups, i.e. N = 20 operational single and
independent cavities. The cavities operate at a reso-
nance frequency around 5GHz and exhibit a volume of
0.6 l. The single RF photon detection e�ciency is taken
to be 50%, a dark count rate of 10 Hz and a time reso-
lution of 0.2 ms are assumed, as discussed in section 3,
the following sensitivities are expected.

Assuming a coincidenz time window of 0.2 ms, each
setup, consisting of 2 independent cavities, will show a
coincidence dark count rate of 1.2 counts per minute.
Requiring a coincidence of 5 cavities in total a dark
count rate of 1 in 190 years is expected.

The e�ciency to detect the coincident production of
RF photons in at least 5 out of 20 cavities is calculated
using the binomial distribution with n = 20 and p = 0.5
where P (x Ø 5) = 99.4%.

The question if how this translates to a sensitivity
on the GW strain h0. The photon flux from thermal

noise at 0.1 K and a sensitive bandwidth of 1 kHz is
about 10 photons per second at a photon energy of 5
GHz. At 1 MHz sensitive bandwidth the photon flux in-
creases to 400 Hz. Decreasing the temperature to 0.01 K
reduces the thermal photon flux by one order of mag-
nitude. Hence we assume for the following a photon
flux of 10 Hz from thermal radiation and a negligible
contribution to the dark count rate from the detector
itself. Clearly, to be able to discriminate the thermal
noise photons to a signal from a BPH merging event a
coincidence measurement is needed, as indicated above.

The photon flux Õ generated by a GW can be esti-
mated by dividing the signal power by the photon en-
ergy Õ = Psig/h‹. Using eq. 1 and assuming Q0 = 106

and ÷ = 0.1 the photon flux generated in one cav-
ity in dependence on the GW strain is shown in Fig.
8. Two cavity dimensions are shown: GravNet-a and
GravNet-b, whose parameters are summarized in Table
2. The smaller cavity (GravNet-a) shows a signal pho-
ton flux comparable to the thermal noise of 10 Hz at
h0 = 1.7 ◊ 10≠21 while the larger cavity (GravNet-b)
reaches that flux at h0 = 1.6 ◊ 10≠24.

Setup GravNet-a GravNet-b

radius 40 mm 40 cm

length 12cm 50 cm

Volume [m3
] 6 ◊ 10

≠4
0.25

Q0 10
6

10
5

Tsys [K] 0.1 0.1

B [T] 14 9

noise power [W] 4.4 · 10
≠23 W 4.4 · 10

≠23 W

h0(Psig = Pnoise) 1.6 · 10
≠22

3.4 · 10
≠24

“-flux [1/s] 10 10

Table 2. Parameters of the experimental setup defining the

signal and noise power. The measured values were obtained

using the Supax Cu cavity in LHe. The expected values as-

sume a superconducting, spherical cavity with 4 cm radius.

The target rate of accidental coincidences (ac) from
the thermal noise are set to one per year. This defines
the length of the allowed coincidence window ∆t in de-
pendence on the number of required coincidences k and
the background rate bkg:

1/∆t = (bkg · secPerYear)1/(k≠1) · bkg

The dependence is also shown in Figure 9. Knowing the
needed coincidence interval we can continue and calcu-
late the e�ciency to detect one photon from a GW in
k detectors within the coincidence window. The result
is shown for various assumptions on the signal photon
flux in Figure 10, assuming 20 independent detectors
in total. A photon flux of Õ = 30 Hz is not reliable de-
tected any more, while for a photon flux of Õ = 40 Hz

a detection e�ciency of 1 is still reached using a coinci-
dence of 18 out of 20 cavities with a coincidence window
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using a Network of RF Cavities

Tim Schneemann1,*, Kristof Schmieden1, Matthias Schott1,2
1Johannes Gutenberg-Universität Mainz    2Rheinische Friedrich-Wilhelms-Universität Bonn

Motivation
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

Cavity haloscopes
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

• Usually used to search for halo DM such as axions

• Mass peak of axions is enhanced by cavity resonance

• Conversion into photons by interacting with external B-field à power access

• Could also be used to search for GW signatures of PBH mergers

• Many axion haloscope experiments recast axion limits into GW strain limits

• Limitation on integration time often neglected (you can’t use several minutes - or 

even hours - of integrated data for signals which are fractions of sections long)

• Recasts must consider signal coherence time when analysing integrated data in 

frequency realm (as is usual in axion searches)
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FIG. 1 Rectangular Copper cavity, used

  for axion search[1]

 

*tschneem@students.uni-mainz.de

Axions GW signal of PBH merger
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external B-field
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via Primakoff effect inverse Gertsenshtein 
effect

Signal strength ~ Q0 Bext2 ~ Q0 Bext2

Signal integration
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dependent on axion rest 
mass

Transient signal, moves 
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FIG. 2 Spherical 
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search
 

Existing Experimental Setup
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

• Setup is in dual use

• while cool down and when cold: 

vector network analyzer (VNA) 

attached to track peak position 

and characterize setup

• Once characterized: real-time 

spectrum analyzer can take data 

in continuous readout (no power 

input, just thermal noise of the 

cavity)

• Most components commercial off 

the shelf products

• Cool down + ramping of magnet to 

max. field ~ 3h each

Sensitivity of existing cavity experiments
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

• Source: merger of inspiraling primordial black holes

• Expected sensitivities in GHz regime (SQMS, ADMX, etc.) several orders of magnitude 

away from theoretical models

• While detector development (Q-factor improvement, higher B-field, more volume) will 

help, a new approach to analysis might be necessary

FIG. 4 Expected sensitivity of different experiments, considering the longest integration
  time dictated by the maximum integration time in the detector. For the GHz
  experiments ADMX and SQMS the dashed lines are mPBH = (10−9, 10−10, 10−11,
  10−12)M⊙ and mPBH = (10−10, 10−11, 10−12, 10−13)M⊙ respectively[2]
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The GravNet[3] idea
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

• Use a network of several cavities

• Assuming 10 setups, scattered 

around the globe

 à combining phase aligned time-

  series data à effective power

  increase by factor of 10

 à Strain sensitivity increase by a

  factor 10 ≈ 3

• Sensitivity ℎ" < 10#$% at 1s 

integration time with this setup

Sensitivity improvement by single photon counter
_____________________________________________________________________________________________________________________________________________________________________________________________________________________________

• Even higher sensitivity possible by single photon counting 

• Assuming background rate of 10 Hz (even lower rates have already been achieved – this 

further improves the following estimates) and 20 detector setups
• Two possible setups:

 a) magnet as in use right now

  B = 14 T & 9 cm diameter

 b) Research NMR magnet

  B = 9 T & 80 cm diameter

• Achievable sensitivity 

estimated to be at least:

ℎ" < 3 𝑥 10#$$ … 3 𝑥 10#$&

with 32 ms integration time!

• Does not take into account 

recent advances on single 

photon counting techniques

• If signal is seen in (at least) 3 cavities the propagation direction of GW can be 

reconstructed by time delay between the signals

FIG. 3 Setup in use for axion and dark photon

  search in Mainz, Germany 
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