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Abstract: Heterodyne detection using microwave cavities is a promising method for de-

tecting high-frequency gravitational waves or ultralight axion dark matter. In this work, we

report on studies conducted on a spherical 2-cell cavity developed by the MAGO collabora-

tion for high-frequency gravitational waves detection. Although fabricated around 20 years

ago, the cavity had not been used since. Due to deviations from the nominal geometry, we

conducted a mechanical survey and performed room-temperature plastic tuning. Measure-

ments and simulations of the mechanical resonances and electromagnetic properties were

carried out, as these are critical for estimating the cavity’s gravitational wave coupling

potential. Based on these results, we plan further studies in a cryogenic environment. The

cavity characterisation does not only provide valuable experience for a planned physics run

but also informs the future development of improved cavity designs.
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1 Introduction

In the search for gravitational waves (GWs) the central focus has been on the Hz to kHz fre-

quency range, which is where the strongest signals from known astrophysical objects were

expected. This is the frequency band where the LIGO/Virgo interferometers discovered

GWs in 2015 which were produced in the merging of two massive black holes [1]. Interfer-

ometers were not the only technology developed in the search for GWs. Another class of

instruments, notably the modern Weber bars, relied on resonant mechanical bars and were

the leading detection instruments before the advent of interferometers [2]. Electromag-

netic (EM) cavities can also be employed as mechanical bars in the search for GWs. In this

case, the eigenmodes of the EM cavities act as mechanical-to-EM transducers, analogous

to Weber bars where the transducer is an LC circuit.

In this detection concept, an electromagnetic resonator is configured with two nearly

degenerate modes, where RF power is injected into only one mode. An incoming GW

can transfer power from the loaded mode (0) to the quiet mode (π) which is maximised

when the resonant condition |ωπ − ω0| = ωg is met. This process, in which signals of two

frequencies are combined, is commonly referred to as heterodyne detection. The power

transfer is indirectly induced by the deformation of the cavity walls, which leads to the
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described mode mixing. Additionally, this power transfer can also be caused by the direct

interaction of the GW with the electromagnetic field loaded in the cavity. However, this

effect—known as the Gertsenshtein effect [3, 4]—is subdominant in the frequency range

considered in this work and will not be explicitly addressed.

The idea to detect GWs with superconducting radio-frequency (SRF) cavities dates

back to the 1970’s. At the beginning of the 70’s one of the first theoretical concepts

explored the Gertsenshtein effect for detection and did not use the heterodyne frequency

conversion [5, 6]. Towards the end of the 70’s Pegoraro et al. [7, 8] and Caves [9] published

papers which proposed the heterodyne detection and the mechanical interaction of GWs

with the cavity wall. In the 80’s Reece et al. [10, 11] started an experimental R&D

programme which was based on the configuration proposed by Pegoraro. This work was

based on pillbox cavities and the excited mode was measured through the reflection of the

input ports. It was shown that small (order of 10−17 cm) harmonic displacements were

detectable with such a superconducting parametric converter.

This detection concept was further developed starting at the end of the 90’s within

the MAGO proposal with the goal for a scaled-up experiment with 500 MHz cavities as

a CERN-INFN collaboration [12–14]. Since this proposal stems from the time before the

discovery of GWs, the aim was to reach frequencies in the lower kHz range which have

sensitivity to astrophysical sources. Although the final project was not funded, three SRF

niobium cavities were built during the R&D activities. The first cavity (a pill-box cavity)

was used as a proof-of-principle experiment, which demonstrated the working principle and

the development of an RF system to drive and read out the cavity with the necessary preci-

sion [12–14]. The second prototype cavity had two spherical cells with fixed coupling. The

third cavity, shown in figure 1, was a spherical 2-cell cavity (denoted PACO-2GHz-variable)

with an optimised geometry and a tunable coupling cell to change the coupling between

the cells and so the frequency difference between the two modes. This cavity was never

treated nor tested.

Figure 1. The PACO-2GHz-variable prototype niobium spherical cavity. In the picture we high-

light which cell we refer as cell 1 vs cell 2.

The heterodyne detection with microwave cavities is especially suitable in the higher

– 2 –



frequency range kHz to GHz, outside of the LIGO/Virgo detection band, a vast region of

frequency range not yet sufficiently explored. An overview of recent experimental efforts

in the high-frequency range is summarised in [15]. The concept was resurrected in recent

work [16], which provided an enhanced analysis of various noise sources and an improved

estimate of the resulting sensitivity for a cavity similar to the PACO-2GHz-variable cavity.

It was found that the noise-equivalent strain power spectral density (PSD) could reach

Sh ∼ 10−21/
√
Hz cross frequencies extending up to the GHz range, approaching the typical

signal strengths expected from phenomena such as black hole superradiance. Additionally,

by overcoupling to the signal mode of the cavity, the experiment can operate in a broadband

mode, allowing two to three decades of frequency to be covered in a single measurement

with sensitivities better than Sh ∼ 10−18/
√
Hz.

Because of these promising projections it was decided to continue the R&D efforts

with the PACO-2GHz-variable cavity at the University of Hamburg, Deutsches Elektronen-

Synchrotron (DESY) and at the Superconducting QuantumMaterials and Systems (SQMS)

Center at Fermi National Accelerator Laboratory (Fermilab) with measurements at room

and at cryogenic temperatures. This paper summarises all of the work which was con-

ducted before the cryogenic RF tests. These include a mechanical survey of the cavity

and its room temperature plastic tuning. In addition, it describes the measurements and

simulations of the mechanical resonances and electromagnetic properties, which are crucial

ingredients for estimating the gravitational wave coupling properties of the specific cavity

under investigation.

2 Mechanical survey

Since the cavity was fabricated over 20 years ago, limited information was available, and

it exhibited significant deviations from the nominal geometry. Therefore, the first crucial

step was to conduct a comprehensive survey of both the cavity’s geometry and its wall

thickness. This data is essential not only for simulating the mechanical eigenmodes but

also for accurately modelling the electromagnetic eigenmodes, as they oscillate within the

volume defined by the cavity’s geometry. Only with this detailed information can we

validate our models and accurately predict the experiment’s sensitivity.

2.1 Cavity metrology

The cavity was surveyed using a Hexagon Metrology™ 7-axis portable measuring arm

equipped with a RS6-Laserscanner. The maximum error for unidirectional length mea-

surements of the system is 0.03mm. The inspection showed three severe deviations from

the nominal geometry. First, in one of the cells, a large toroidal-shaped dent was found

around the rotational axis of the prolate spheroid. After optical inspection, it was found

that this dent was also seen inside the cavity. Second, a dent on the so-called coupling

cell, which is the small cell in the centre, was found, see figure 2. This dent was aligned

with a severe bending of the cavity, starting at the centre, of approximately 24◦, shown

in figure 3, which is the third strong deviation of the scanned geometry from the nominal

design. The cavity shape was scanned using the high-speed laser scanner, yielding a 3D
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showed an average wall thickness of (1.0±0.1)mm. This is in agreement with the observed

wall thicknesses of the RF cells corrected by the estimated removal of the turning.

2.3 Mechanical resonances

The indirect detection of high-frequency gravitational waves relies heavily on the mechani-

cal behaviour of the superconducting cavity. Mechanical vibrations, induced by the passing

gravitational wave, modulate the RF eigenmodes of the cavity, allowing their reaction to

be measured and analysed. For this reason, a study of the mechanical resonances of the

MAGO cavity has been conducted.

The technical drawings of the MAGO prototype cavity with the tunable coupling cell

were not available, however, they were for the fixed-coupling sibling prototype (denoted

PACO-2GHz-fixed). Combined with a half recoverable STEP file from the MAGO collabo-

ration of the cavity in use, we constructed a model for the full cavity geometry. A complete

and thorough model is important to obtain accurate results in the mechanical and electro-

magnetic simulations and also for further development of the low-level RF (LLRF) system.

Throughout this work we will refer to this reconstructed geometry as the ‘nominal’ model.

Since the nominal geometry does not capture all the geometric details of the existing

MAGO cavity, we also utilized STEP files obtained from the metrology measurements.

These files represented the cavity as a hollow shell without any wall thickness. While the

cavity walls are known to vary in thickness, as discussed earlier, we approximated a uniform

wall thickness of 1.85 mm. We will refer to this geometry, based on the scan data, as the

‘scanned’ model.

The material properties used for the simulation are summarised in table 1 and the

software used for finite element method simulations was COMSOL™.

Table 1. Material properties used for Nb.

Temperature ASTM Density Young’s modulus Poisson’s ratio ν

293K 5-6 8570 kg· m-3 106GPa 0.4

A first impression of the complexity of this study is shown in figure 5, which shows

a comparison of the amount of eigenmodes of the nominal and scanned cavity geometry.

Besides a shift of the eigenfrequencies and an increase of the eigenmodes, the deformation

patterns of the eigenmodes became more complex due to the bending and dent of cell 1.

Hence, it was not straightforward to identify the lowest lying quadrupole mode, which is

the most sensitive mode for a gravitational wave.

Measurements were carried out using the FPS3010 optical interferometer from at-

tocube™. The cavity was mounted on a Rose&Krieger™ structure and placed on an optical

table to minimise mechanical noise from the surrounding laboratory environment. Addi-

tionally, the support structure of the interferometer was positioned on a concrete block,

which further helped reduce noise levels and vibrations affecting the support structure

itself.
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Figure 8. S21 measurements and simulation of the cavity at room temperature. Measurements

at DESY (blue) have been performed with a pin-antenna which couples to the electric field of

the modes, while the measurement at Fermilab (green) used a loop-antenna which couples to the

magnetic field of the modes. The simulations (red) have been performed using the DESY antenna

setup, using the scanned geometry and an averaged wall thickness.

at Fermilab used a loop-antenna which couples to the magnetic field of the modes. Com-

paring these S21 measurements, the impact of the antenna is obvious at the lower lying

TE011 modes. The loop-antenna leads to a better separation of the three distinct polarities

of the TE011 mode, where the field distributions are shown in figure 6, resulting in different

resonance peaks in the S21 measurement.

Comparing to the simulation, there is a clearly visible constant shift in the spectrum of

around 5 MHz. As for the simulation of the mechanical resonances, we assume an averaged

wall thickness of 1.85mm. However, we find that the effective wall thickness would have

to be ∼ 250 µm thinner compared to the measured wall thickness to match the measured

spectrum, which results in a sensitivity of 20 kHz/µm.

The cavity was designed to have symmetric and anti-symmetric oscillations of the

TE011 mode with a frequency spacing of O(10) kHz [14]. However, the spectrum reveals an

apparent frequency spacing of O(1)MHz instead, see figure 8. Each of the two cells can be

measured individually by either shorting one cell and measuring the other, or by performing

an S21 measurement using loop antennas inserted into the flanges of the same cell. Both

measurement methods show good agreement, and we found that the eigenfrequencies of the

individual cells closely matched one of the resonant frequencies of the seemingly coupled

system, indicating that the cells have a low coupling coefficient and behave as an uncoupled

system at room temperature. In order to understand this behaviour in more detail, we can

turn to an equivalent circuit model for the MAGO cavity.
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Figure 9. The equivalent RLC circuit for a MAGO-like cavity with one RF port per cavity cell.

3.3 Equivalent circuit modelling

The two coupled cells of the MAGO cavity can be modelled as two inductively coupled

RLC circuits with a transmission line connected to an RF port in each cell (figure 9). We

denote the input and output impedance of the ports as Zin and Zout respectively. The

impedance of each cell is given by Z
(j)
c (ω) = R

(j)
c + iX

(j)
c (ω), where

X(j)
c (ω) := ωL(j)

c − 1

ωC
(j)
c

, j = 1, 2 (3.1)

and the coupling impedance depends on the inductance Lcpl

Zcpl(ω) := iXcpl(ω) := iωLcpl . (3.2)

This allows us to derive the general scattering matrix of our linear network

S =
1

(Z
(1)
c + Zin)(Z

(2)
c + Zout)− Z2

cpl

(3.3)

×
(

(Z
(1)
c − Zin)(Z

(2)
c + Zout)− Z2

cpl 2
√
ZinZoutZcpl

2
√
ZinZoutZcpl (Z

(1)
c + Zin)(Z

(2)
c − Zout)− Z2

cpl

)

.

If the internal resistances R
(j)
c , Zin and Zout are negligible, we can find two separate reso-

nance frequencies of this system from the criterion

X(1)
c X(2)

c −X2
cpl = 0 . (3.4)

The solution depends on the coupling strength between the cells kcc := Lcpl/

√

L
(1)
c L

(2)
c , as

well as the difference in the parameters of the cells k̃12 :=
ω̃2−ω̃1

ωc
, where ω̃j = (L

(j)
c C

(j)
c )−1/2

are the single cell eigenfrequencies and ωc := (ω̃2 + ω̃1)/2. Using this, we find for the two

eigenfrequencies of the coupled system

ωπ/0 =







ωc√
1∓ kcc

for k̃12 ≪ kcc ≪ 1

ω̃2/1 for kcc ≪ k̃12 ≪ 1
. (3.5)
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the input port is given by

A1

A2
=

∣

∣

∣

∣

∣

Z
(2)
c (ω) + Zout

Zcpl(ω)

∣

∣

∣

∣

∣

(One Sided) . (3.7)

Another interesting mode of operation is when both sides of the coupled cavity are driven

at the same time. In this case, the amplitude ratio becomes

A1

A2
=

∣

∣

∣

∣

∣

Z
(2)
c (ω) + Zout ∓ Zcpl(ω)

Z
(1)
c (ω) + Zin ∓ Zcpl(ω)

∣

∣

∣

∣

∣

(Two Sided) , (3.8)

where the upper (lower) sign corresponds to both ports being driven (anti-) symmetrically.

Figure 11 shows the amplitude ratios for a coupled cavity driven symmetrically on both

sides for different couplings and values of k̃12. A very similar picture emerges if only one

cell is driven. Parametrically, we find A1/A2 ∼ 1 + k̃12/kcc i.e. the weaker the coupling

between the cells is, the more sensitive is the amplitude ratio to a difference in the two

cells. Amplitude ratios 6= 1 affect the gravitational wave sensitivity of the coupled cavity

in two ways. First, an amplitude difference only allows the amplitude in one cell to be

operated at the maximal (quench limited) field values. This lowers the maximum power at

which the cavity can operate and in our case the GW sensitivity. Second, the mechanical-

electromagnetic coupling Cm
01 multiplies the pump and signal fields. Since the lower field

amplitude usually switches sides between ω0 and ωπ, this lowers our coupling coefficient

by a factor of about A2/A1.

Arbitrary phase shifts 6= 0, π can lower the gravitational wave sensitivity as well since

it is unlikely to find mechanical vibrations that match the phase shift and couple well to

the EM mode. However, it turns out that such arbitrary phase shifts only occur for quality

factors . 106 and can also be eliminated by driving both cells of the cavity simultaneously.

Therefore, arbitrary phase shifts do not affect the GW sensitivity of a coupled SRF cavity.

Overall, the study of the equivalent circuit leads us to two conclusions. First, whenever

two weakly coupled cavity cells need to have the same field amplitude in both cells, there are

stringent requirements on how similar both cavity cells need to be manufactured. Second,

the MAGO prototype cavity as we received it did not meet these requirements and needed

to be tuned in order to restore the gravitational wave sensitivity it was designed to have.

4 Cavity tuning

In order to improve the merging of the two cells into a coupled system, for the given cell-

to-cell coupling kcc, it was necessary to plastically deform the individual cells and therefore

tune their RF eigenfrequencies. This would then decrease the observed difference between

the two eigenfrequencies from the order of O(MHz) down to the intended O(kHz). It should

be noted that such a weak cell-to-cell coupling kcc is inherent to the detection scheme. As

the difference of the eigenmodes is designed to be O(10 kHz), and the frequency of the

TE011 mode is O(2GHz), equation 3.6 results in a cell-to-cell coupling kcc of ∼ 10−5.

First, the bend in the cavity, shown in figure 3, was eliminated in order to facilitate

preparation steps of the inner cavity surface such as a buffered chemical polishing (BCP)
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Figure 11. The amplitude ratio according to Eq. (3.8) of two coupled circuits driven symmetrically

on both sides for different values of kcc and k̃12. The ratio is evaluated at the lower resonance

frequency ω0. We have chosen ω̃1 = 2.1 GHz and Q1 = Q2 = 1010. The point marked in grey

corresponds to the state of the cavity when it first arrived at DESY and is taken from the fit in

figure 10. The three subsequent points are obtained from the three tuning steps in figure 14 where

the cavity was first straightened and then tuned with a chain-tuner (see section 4).

.

which removed ≈ 5µm from the cavity inner surface, and high pressure rinsing in prepa-

ration for the cold RF test. These activities will be the subject of a future publication,

covering also the results of the RF cryogenic tests. At Fermilab, the cavity was constrained

in a frame designed to support the cavity during the RF cold tests. Removing one of the

external support spiders, it was possible to delicately push on the cavity flange until the

bent was removed and the cavity was plastically straightened, see top left of figure 12. This

step was conducted after a heat treatment of twenty four hours at 600 oC under vacuum,

to anneal the material and relieve the fabrication stress. Comparative measurements of the

Sij parameters of the cavity before and after each step showed no measurable change in

the eigenfrequencies. The cavity was assembled with four small loop antennas for this step,

and the following tuning, to monitor the frequency changes via a 4-port vector network

analyser.

Cavity production for projects, such as the European XFEL, showed that a cell shape

accuracy on the level of 1% can be expected [18]. However, the cavity production of

the European XFEL was standardised and well monitored, while the MAGO cavity was

fabricated as a prototype, hence further deviation can be expected. As a result, the radii

of the two cells could differ by about ±2mm or even more. For the tuning, it was planned

to plastically deform cell 1, the cell with the lower eigenfrequency, by squeezing the minor
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where M is the cavity mass, ωm the mechanical eigenfrequency and Qm the mechanical

quality factor of mode m. The generalised force density is hence given by

fm(t) = −1

2
ω2
gV

1/3
cav MĥTT

ij Γij
meiωgt (5.2)

with the cavity volume Vcav and the dimensionless and scale independent GW-mechanical

coupling

Γij
m =

1

V
1/3
cav M

∫

Vcav

d3xρ(~x)xi · ξjm(~x). (5.3)

We have numerically evaluated the Γij
m coupling coefficients with simulations in COMSOL™

covering the mechanical eigenmodes in the frequency range 1− 8 kHz. In figure 15(a) the

direction and polarisation averaged values of Γij
m are shown for the eigenfrequencies ωm/2π.

General considerations [16, 20] suggest that GWs most efficiently transfer energy to the

quadrupole modes of a sphere. However, for overall geometries like the MAGO detector

the coupling coefficient Γij
m is a measure of how much quadrupole moment the mechanical

mode m has. We expect that a few mechanical modes will dominate the coupling, primarily

allowing the GW signal to couple to the cavity. From the numerical analysis we find that

for both the ideal and the scanned MAGO model the maximal GW-mechanical coupling

is of order O(0.1).

5.2 Mechanical-EM mode coefficient

As shown in more detail in [16, 21] the change of boundary conditions due to the gravita-

tional deformation of the cavity shell generates a mixing between the loaded pump mode

and the empty signal mode, transferring energy between the two. After a decomposition

of the electromagnetic fields inside the cavity ~E(t, ~x) =
∑

n en(t)
~En(~x), where ~En is the

spatial pattern and en(t) the time-dependent amplitude of the pump (n = 0) and signal

(n = 1) mode, the equation of motion for the signal mode is

ë1 +
ω1

Q1
ė1 + ω2

1e1 = V −1/3
cav

∑

m

qm

√

U0

U1
ω2
1C

m
01e0. (5.4)

In equation 5.4 we assumed that ω0 ≃ ω1, Un is the average energy in mode n given by

Un = ǫ0/2
∫

Vcav
d3x| ~En|2, and we have defined the mechanical-EM overlap factor Cm

01 as in

[12, 21]

Cm
01 =

V
1/3
cav

2
√
U1U0

∫

∂Vcav

d~S · ~ξm(~x)

(

1

µ0

~B∗

1 · ~B0 − ǫ0 ~E
∗

1 · ~E0

)

. (5.5)

A numerical evaluation of the coupling coefficients Cm
01 for mechanical modes m in the fre-

quency range 1− 8 kHz between the symmetric and anti-symmetric TE011 electromagnetic

mode of the MAGO cavity yield the results shown in figure 15(b). Note that due to the

fixed polarisation of the modes in the MAGO geometry the Cm
01 coefficient does not depend

on the direction of the GW.

Modes that contribute to the noise but are not excited by a GW are particularly crucial

for the experimental setup [14]. Such mechanical eigenmodes have Γm ≪ 1 and Cm
01 6= 0
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(PSD)

Sn(ωg) :=
Snoise(ω0 + ωg)

|T (ωg)|2
, (5.6)

where T is the transfer function of our detector which describes the signal response Ssig to

a GW input Sh with Ssig(ω0 + ωg) = |T (ωg)|2Sh(ωg). Therefore, Sn can be interpreted as

the PSD of the noise had it entered the detector as a false GW strain i.e. sig = h+n. This

means that the minimal GW strain that we naively expect to be resolvable in our output

should be hmin(ωg) ∼
√

Sn(ωg). However, it should be emphasised that the equivalent

noise strain is agnostic of the integration time and data analysis techniques which can

significantly increase the sensitivity depending on what kind of signal is considered.

Far from a mechanical resonance of the cavity, the absolute value of the transfer func-

tion is given by

|T (ωg)|2 =
βinβout

(1 + βin)2
ω0

Qint
VcavB

2
eff

∣

∣Cm
01Γm

∣

∣

2 ω4
1

(ω2
1 − (ω0 + ωg)2)2 +

(

(ω0+ωg)ω1

Q1

)2 , (5.7)

where we use B2
eff := 1

Vcav

∫

Vcav
B2

0 as a measure of how efficiently the pump mode stores

its energy1, βin and βout are the coupling to the pump and signal mode respectively and a

sum of the coefficients Cm
01Γm over all vibrational modes m is implicit. Qint is the unloaded

quality factor of the signal mode. Details on the derivation of the transfer function and

the following noise spectra can be found in [14, 16, 21]. The transfer function near a

mechanical resonance is more subtle, however the gravitational wave sensitivity is not

necessarily enhanced. This is because vibrational noise sources are equally on resonance

and the back-action of the electromagnetic fields on the cavity walls is further damping the

oscillation [21].

The most relevant noise for a first test measurement with the MAGO cavity is expected

to come from mechanical vibrations near the resonant frequency difference ωg ≈ ω1 − ω0

and from thermal noise in the readout system for ωg ≫ ω1 − ω0. For the thermal noise

case at T = 1.8K we find

√

Shth
(ωg) ≈ 4.2 · 10−16Hz−

1

2
1 + βin√
βinβout

(

Qint

1010

)
1

2 Beff

0.1T

1

Cm
01Γm

ωg − (ω1 − ω0)

105Hz
. (5.8)

Assuming that the vibrational noise is dominated by a single dominant quadrupole mode

(m = quad), we find the equivalent strain for mechanical noise

√

Shmech. vib.
(ωg) ≈ 3.3 · 10−14Hz−

1

2
1

Γquad

qrms

0.1 nm

(

106

Qref

)

1

2
(

ωref

ωg

)
3+α
2
(

104Hz

ωg

)

1

2

, (5.9)

where ωref is the frequency of a reference mode at which the RMS displacement of the

cavity walls qrms can be measured or estimated. Away from this frequency, the noise

source spectrum is extrapolated according to some power law Smech. sources ∼ ω−α
g where

e.g. α = 1, 2 are reasonable choices [16].

1The quench limit of superconducting niobium is given by the superheating field Bsh and requires Beff

to be no more than O(0.2T).
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The exact value of qrms depends on the performance of the isolation and suspension

system of the cavity. However, thermally excited vibrations pose an irreducible noise

background which has successfully been reached by Weber Bar detectors in the past [22].

For the MAGO prototype cavity it is found to be

√

Shth. vib.
(ωg) ≈ 7.0 · 10−20Hz−

1

2
1

Γquad

(

106

Qquad

)

1

2
(

104Hz

ωg

)2

, (5.10)

where Qquad is the mechanical quality factor of the dominant quadrupole vibration. These

parametric estimates for the noise budget of the MAGO prototype are summarised in

figure 16. A more detailed sensitivity estimate is possible as soon as the exact vibrational
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Figure 16. The three most relevant equivalent noise strain PSDs for the MAGO prototype cavity.

The mechanical vibrations are estimated using equation (5.9) with ωref = 103 Hz and α = 1. For

the thermal vibrations equation (5.10) is used. The thermal readout noise is shown using equation

(5.8) where the ωg dependence near resonance is using the unapproximated expression from equation

(5.7). Furthermore, βin = 1 and Γm = Cm
01 = 0.3.

spectrum of the cavity inside its final support structure has been measured. Then, the

exact background of mechanical excitations from the environment can be determined as

well. Furthermore, the couplings βin, βout and Beff will be known as soon as the dedicated

RF system has been finalised.

6 Conclusions

This work constitutes a first step in the revival of the experimental R&D programme for

heterodyne detection of high-frequency GWs with microwave cavities. Many key elements
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and challenges will also be directly relevant for the same search concept for axions [23–

25]. The PACO-2GHz-variable cavity exhibits considerable deviations from the nominal

geometry. This and fabrication accuracies necessitated a plastic tuning of the cavity, which

likely has to be continued in some form also under cryogenic conditions, where the mode

resolution is expected to improve strongly. Nevertheless, current measurements and simu-

lations indicate, that the cavity can be used for a broadband search of GWs in the kHz to

MHz regime, with the prospect to achieve sensitivities as expected.

The next step in the commissioning of the cavity involves conducting RF tests at 2K.

This phase is essential for evaluating the cavity’s performance at cryogenic temperatures.

During this process, we will study the field amplitudes within the cavity cells and anal-

yse the RF spectrum at low temperatures, particularly as the cavity undergoes changes

during the cooldown phase. Additionally, we plan to measure the mechanical resonances

of the cavity and the mechanical quality factor of niobium at cryogenic temperatures—a

study that has not yet been undertaken with this cavity. Understanding these properties

is crucial for optimising cavity performance and enhancing sensitivity. Furthermore, we

will investigate the RF control mechanisms and conduct a sensitivity study within the

existing cryostat and suspension system. This preparatory work is intended to pave the

way for a successful first physics run with the PACO-2GHz-variable cavity in the existing

cryostat, scheduled over the next two years. This measurement would result in the first

GW constraint within the kHz to MHz range, though it is expected to be relatively weak.

The long-term goals include developing an improved cavity design, engineering a dedicated

low-noise cryostat and suspension system to significantly improve the sensitivity, and ul-

timately establish coordinated high-frequency GW observatories at DESY, Fermilab and

possibly further locations.
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