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We demonstrate a wide-frequency tuning mechanism for superconducting microwave cavities designed
for dark-matter searches. Using a Nb;Sn-coated cigar-shaped cavity operating at approximately 9 GHz, we
achieve continuous frequency tuning exceeding 1 GHz by mechanically separating the two cavity halves: a
“tuning-by-opening” technique. Finite-element method simulations predict that radiative losses do not
degrade the quality factor even for large openings, as a closed cavity with an intrinsic quality factor
maintains this value for apertures up to 9 mm, corresponding to a tuning range from 9.0 to 7.5 GHz.
Experimental validation using both copper ring spacers and a continuous sliding mechanism confirms
values exceeding the dark-matter quality factor across the entire explored frequency range, despite
mechanical imperfections and film nonuniformities. This tuning approach avoids inserting elements
into the resonant volume, making it particularly suitable for high-Q superconducting cavities in axion
haloscope experiments and readily applicable to rare-earth barium copper oxide (REBCO)-based
implementations capable of operating in multi-tesla magnetic fields.

DOI: 10.1103/k4tb-q2pd

I. INTRODUCTION

The nature of dark matter (DM) is, to this day, still
elusive [1]. A widely accepted hypothesis is that DM
consists of massive particles beyond the standard model,
moving at nonrelativistic velocities, with a local Galactic
density [2] of ppy ~ 0.45 GeV/cm’.

Well-motivated candidates are axions and axion-like
particles, which can convert to real photons in the presence
of a magnetic field [3]. Another viable DM candidate is the
dark photon, which interacts with the standard model
photon through kinetic mixing characterized by a dimen-
sionless parameter y. Since dark photons couple directly
to electromagnetic fields, no external magnetic field is
required for their conversion [4].

As the expected signal power is extremely suppressed
due to the small model-dependent coupling, haloscopes
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exploit the resonant enhancement within high quality
factor microwave cavities [5,6]. There are significant
worldwide experimental efforts to probe this interaction
that are mainly based on copper cavities with typical in-
trinsic quality factors Q ~ 10*~10°, including ADMX [7],
HAYSTAC [8], and CAPP’s main axion experiment [9].
Better sensitivity can be achieved with larger quality
factors enabled by superconducting cavities. An existing
accelerator superconducting radio frequency (srf) cavity
with Qy =~ 10'" was used to obtain the deepest exclu-
sion limit to dark photons [6] at f = 1.3 GHz. This is a
TESLA-shaped [10] single-cell niobium cavity that cannot
be operated with magnetic fields exceeding the niobium
upper critical field H, of about 0.2-0.5 T [11], well below
the multi-tesla field required in axion haloscope experi-
ments. Dedicated studies have investigated superconduct-
ing materials with high H, like Nb3Sn [12] and NbTi [13]
films and implementations based on rare-earth barium
copper oxide (REBCO) [14,15].

Wide-band searches require tunability: the mass range
accessible to haloscope experiments spans from about 1 to
100 peV, requiring the use of different resonant cavities
covering complementary frequency bands, and within
each band, the cavity resonance must be tuned. In copper
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cavities, the most widely adopted tuning approach relies
on movable metallic or dielectric rods inserted into the
cavity volume. However, rod-based tuning is more chal-
lenging to implement in superconducting cavities without
degrading the high quality factor, especially at high
frequency, either due to radiative losses or to the low
surface quality [16] of the rod, when using REBCO tapes.
Motivated by these limitations, alternative concepts have
recently begun to emerge, including clamshell-type mech-
anisms demonstrated within the QUAX experiment
[17-19] and cavity-opening strategies explored by the
RADES collaboration [20], which avoid inserting tuning
elements into the resonant volume and are therefore
particularly attractive for superconducting resonators.

Despite the progress in superconducting cavity perfor-
mance, the active tuning range remains rather limited. For
instance, by varying the pressure of the liquid helium bath,
a tuning range of about 300 kHz at 8.84 GHz was obtained
during a REBCO-cavity test with Q= 6.5 x 10* under
11.7 T magnetic field [21]. In a hybrid NbTi copper cavity
for axion searches at 7.4 GHz [22,23], 10 MHz frequency
tuning range can be accomplished by insertion of a triplet
of sapphire rods without impacting the 10° quality factor
measured under 2 T magnetic field. The SHANHE
collaboration performed a dark photon search using a
Nb srf cavity with Q ~ 10'!, achieving a tuning range of
1.37 MHz around 1.3 GHz through mechanical compres-
sion of the cavity structure [24].

Building on the demonstration of a Nb;Sn cigar-shaped
coated cavity for axion searches that resonates near 4 GHz
[12], we tested a rescaled cavity at f, = 9 GHz, shown
in Fig. 1. The fundamental TM;, mode is selected as the
science mode. The cavity is fabricated by carving the
volume from two solid blocks of niobium; the two halves
feature lateral plates on either side of the carved cavity
region. The internal surfaces of both the cavity and the
plates are electropolished and coated with Nb;Sn using a
vapor-diffusion process [12]. We conduct experimental
tests and finite-element method (FEM) simulations to
investigate the tuning-by-opening technique, which has
been recently introduced in the context of haloscope
searches [17-20,25]. We further develop this tuning
technique and extend its application to superconducting
cavities, demonstrating a tuning range exceeding 1 GHz
while maintaining Qg 2 Opy across the entire explored
frequency range, where Qpy ~ 10° is quality factor of the
wave-like DM [26]. Operating in the high-Q regime is
advantageous for wave-like DM searches. In parti-
cular, when Q; > Qpu, the scan rate scales as df/dt «
01.0pwm [6]. The lateral plates play a key role in main-
taining a high Q even for large openings owing to the
confinement effect that they provide for the electromag-
netic axion-sensitive mode.

FIG. 1. (a) Top view of one semi-cell and cavity cross section,
with dimensions, in mm, along the relevant axes. The parts in red
are copper spacers used to separate the two cavity halves. The
lateral plates are colored in light gray, while the cigar-shaped
inner surface is shown in darker gray. (b) TMy,, electric field
mode profile obtained with FEM Simulations in the open
configuration (6 mm gap). (c) Side view of the open cavity
with 6 mm horizontal gap between cavity half 1 and 2. Sensor S
measures the temperature of cavity half 1 thermalized to cavity
half 2 through 4 copper spacers. Cavity half 2 is in direct contact
with the copper cold finger.

II. SURFACE RESISTANCE STUDY

For the experimental characterization of the surface
resistance, the cavity is cooled via thermal contact with the
cold finger of a cryocooler system at 3.6 K. The cavity is
equipped with two coupling probes. C1 is mounted on the
top side, with coupling coefficient § ~ 0.3, sufficient for
reliable parameter extraction. C2 is located on the bottom
side and is more weakly coupled, with a coupling coef-
ficient of approximately 0.01, so that its contribution to the
determination of Q is negligible compared with that of the
main coupler C1. We use a vector network analyzer (VNA)
to measure the transmission S,; and reflection S,, para-
meters of the fundamental TMy;, mode, as shown in
Fig. 2(a). For the S,; measurement, the VNA sends a
signal to C2 and the transmitted signal passes through
a circulator and is then amplified by a high-electron-
mobility transistor (HEMT) amplifier before being fed into
port P2 of the VNA. For the S5, measurement, an external
switch redirects the VNA output from P1 to C1 through
the circulator ports, while the reflected power at CI is
routed to P2.

The loaded quality factor Qp is extracted from the
transmission measurement by Lorentzian fitting S,;:

e
fe=200i(f = fe)

S (f) =N, +ia|+k, (1)
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FIG. 2. (a) Experimental setup. The cryogenic parts at
approximately 4 K (light blue box) are the cavity, a circulator
and a HEMT amplifier. A room-temperature switch routs the
VNA output either to the weakly coupled antenna C2 for
transmission measurement S,; (b) or to the circulator port for
measuring the reflection S,, at the coupler C1 (c). In (b),(c), data
are fitted using Eqs. (1) and (2), respectively. In both plots, the
resonant frequency f. = 8.996217 GHz has been subtracted
from the x axis. (d) Unloaded quality factor Q, measured at
different temperatures below T, extracted by fitting the magni-
tude of the reflection function. The pink curve given by Eq. (6)
fits the data for T < T/2. At low temperatures, the residual
resistance R, dominates over the BCS resistance Rpcg, which is
exponentially suppressed. The reported R is obtained from the
fit. The light blue curve is obtained from surface resistance
calculations based on BCS theory. The two-fluid model for the
superconducting state [27] is used with the following parameters:
energy gap A/kg Tc = 2.06, critical temperature 7 = 17.8 K,
London penetration depth A; =40 nm, coherence length
&y = 20 nm, and residual resistance ratio RRR = 1.74.

where f is the resonant frequency of the cavity mode, N,
is a normalization factor, a; accounts for possible imped-
ance mismatches, and k compensates for any offset.
The cavity frequency f., the coupling coefficient § of the
coupler C1, and the unloaded quality factor Q, are
obtained from the reflection parameter Sy,:

p—1+iQo(£-L)
S =N < - ] , 2
2»(f) 2ﬁ+1+iQ0(fic—f7°)+la2 ()

where N, and a, are the normalization and impedance
mismatch fitting parameters, respectively. The relation
between the unloaded and loaded quality factors is
Qo = (1+ )0

To assess the present Nb;Sn film quality, we estimate
the surface resistance from quality factor measurements
performed with the closed cavity at various temperatures.
The intrinsic quality factor Q, relates to the surface
resistance Rg as

G
0 =g 3
where G is a geometrical factor [28] computed through
simulations.

As there is no active temperature control system, we
turn off the cryocooler and monitor the temperature with a
Cernox sensor in thermal contact with the cavity, as shown
in Fig. 1. The temperature initially changes as the square
root of time and, after approximately 200 s, increases
linearly at a rate of 0.38 K/min. During each measure-
ment, the temperature can thus be considered constant and
homogeneous, since the VNA sweep time is set to 5 s.
A total of 240 reflection measurements are acquired in
the temperature range from 5.2 to 16.9 K. An accurate
estimation of Q at lower temperatures is not possible due
to mechanical vibrations related to the pulse tube that
persists for about 30 s after shutdown. Figure 2(d) presents
the extracted values of Qg as a function of temperature.
The total surface resistance follows:

Rs(T) = Ry + Rpcs(T). 4)

R, is the temperature-independent residual resistance
that dominates the surface resistance of the Nb;Sn film
when approaching 0 K. The primary contributions to R
include impurity scattering, film defects, trapped magnetic
flux, and moving flux lines. In the low-temperature
regime, for T < T'¢/2, where T is the critical temperature
of the Nb3Sn film, the Bardeen-Cooper-Schrieffer (BCS)
surface resistance depends on the temperature as

2 _AM
Rpcs(T) = Ag fee ™7, )

where ky is the Boltzmann constant, Ag is a function of
material parameters, such as the Fermi velocity, the
London penetration depth, the coherence length, and the
mean free path of electrons [28]. Ag can be considered
temperature independent for T < T'¢/2. The function A(T)
represents the energy gap, and, for T < T'-/2, it holds that
A(T) =~ A(T = 0); hence, the energy gap in the following
discussion is treated as a constant, A.

Using Eq. (3), Eq. (4), and Eq. (5), the measured Q as a
function of T in the regime T < T-/2 is fitted with:

B G
Ry + A exp(— kBAT)

Qo : (6)

where G = 437 Q is determined from FEM calculations,
while R, the normalization factor A, and A are fitting
parameters. The best-fit results yield Ry, = (2.73 £+
0.09) pQ and A =(5.0+03)x 10722 J. Assuming
Tc = 17.8 K, corresponding to the lowest measured tem-
perature before the superconducting-to-normal transition,
we obtain A/(kg Tc) =2.1+0.1, in agreement with
typical values reported in the literature [28]. To further
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validate the extracted superconducting parameters, the
measurements are compared with surface-resistance cal-
culations obtained using the Halbritter implementation of
the full BCS theory [27]. The calculation uses the values of
A and T obtained from the low-temperature fit, while 4; ,
&y, and the RRR are adjusted to reproduce the measured
temperature dependence. As shown in Fig. 2, the curve
describes the data for T > T-/2, where the BCS surface
resistance dominates the cavity losses. At lower temper-
atures, deviations are expected since the residual resistance
contribution is not included in the calculation. The agree-
ment at higher temperatures provides an independent
consistency check of the extracted superconducting
parameters and confirms that the measured losses are
compatible with the expected Nb;Sn electrodynamic
response.

III. FINITE-ELEMENT ANALYSIS

The electromagnetic behavior of the cavity and its
tuning-by-opening is simulated in 3D using the finite-
element method (FEM). The simulations are conducted
with the Ansys HFSS [29] suite in driven modal mode,
which computes both the frequency response of the struc-
ture and the stationary field distribution when the system is
excited by monochromatic signals injected through a port.
In our model, the two antennas used experimentally for
the transmission and reflection measurements are included
explicitly, allowing us to obtain the corresponding
S-parameters. We simulate the full cigar-shaped geometry
of the cavity, and we study the evolution of the electro-
magnetic field distribution as the two halves of the
cavity are mechanically separated step by step using four
12-mm-diameter copper ring spacers. The separation
between the two half is changed by increasing the thick-
ness of the four spacers. The cavity model used in the
simulations is shown in Fig. 1. Since the cavity is
physically opened to perform the tuning, the electromag-
netic field is not fully confined to the interior volume.
Therefore, in the simulation, the cavity is enclosed within
an external rectangular vacuum region. On the boundary of
this outer region, we apply radiation boundary conditions,
which approximate an open space by absorbing normal
or near-normal incident waves. Since the measured
unloaded quality factor rapidly stabilizes at approximately
Qo ~ 2 x 107, the FEM model is adjusted to reproduce this
value by assigning an effective conductivity to the inner
cavity surface and the lateral plates to about 10? times the
copper conductivity at liquid-helium temperature [30]
(6% =3.2 x 108 S/m). The four spacers are included in
the simulation as well, with conductivity ok

The cavity response excited through the antenna is
studied in the frequency region where the axion-sensitive
TM,;o mode lies. The mode localization was also verified
experimentally by bead-pull measurements at room
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FIG. 3. Simulation results. (a) TM;o mode resonant frequency

f¢ (blue dots) and effective cavity volume (red dots) as func-
tion of gap size. (b) Unloaded quality factor Q, for different
gap widths (green/orange dots), obtained by assigning finite/
perfect conductivity to both the inner surface and lateral plates
of the cavity. The chosen finite value of conductivity is 10°
times the copper conductivity at LHe temperature (o¢X =
3.2 x 10 S/m). Computed (brown dots) intrinsic quality factor

(I/QO - 1/Qleak)_l'

temperature, in agreement with the FEM simulations.
The simulated cavity frequency f. and effective volume
V. for different gap values are shown in Fig. 3.

The simulations provide the effective volume V.
For the closed cavity, where the geometrical volume V
is well defined, Vi = Cy1o9 V, with Cyo the cavity form
factor [3]. In this configuration, the geometrical volume
is V =6.75 x 107 m?, corresponding to a form factor
Coi0~0.5. As the cavity is opened, the geometrical
volume is no longer uniquely defined; therefore, rather
than assigning a form factor, we directly compute and
use V. for each gap. Over the investigated gap range
(0—12 mm), V. increases approximately linearly, reflect-
ing the increasing volume occupied by the TMy;, mode as
the cavity is opened.

Figure 3 also shows the evolution of the simulated
unloaded quality factor as a function of the cavity opening.
For openings below 0.5 mm, additional modes arise that
are confined in the region between the two facing lateral
plates, and they may mix with the axion-sensitive mode,
leading to a degradation of Q, by about 30%. To capture
this behavior, the mesh is locally refined on the lateral
plates down to sub —0.5 mm resolution. For thicker
spacers (0.5 and 1 mm), the measured Qy, stabilizes around
2 x 107. The Q, value remains nearly constant up to
approximately 5 mm plate separation, beyond this point
it begins to decrease, losing roughly a factor of two
between 5 and 9 mm, and then degrading by more than
one order of magnitude between 9 and 12 mm. This latter
behavior is attributed to direct radiative losses set by Q,,

054032-4



Nb;Sn SUPERCONDUCTING MICROWAVE CAVITY...

PHYS. REV. APPLIED 26, 054032 (2026)

related to power leaking from the cavity through the
increasing aperture into the surrounding simulation vol-
ume. A phenomenological model that can account for
different contributions to the measured quality factor can
be written as

L R
QO Qint le Qleak '

(7

where Q;, is the intrinsic quality factor of the cavity when
closed, set by the surface resistance of the Nb;Sn film of
the inner surface. We introduce Qy, to account for losses
due to the poor film quality on the lateral plates. Qy, is
expected to vary with the gap, since an increasing aperture
exposes a progressively larger area of the plates to the rf
fields. Finally, the term Qpa = (g + ﬁ)_l describes

losses due to power leakage from the cavity when it is
opened, with Q. associated with indirect radiative losses
through mixing with modes confined between the lateral
plates.

One of the datasets presented in Fig. 3 reports results
obtained by assigning perfect conductivity to both the
inner cavity walls and the lateral plates. These points
therefore represent the contribution of Q. to the total
quality factor. We observe that the trend of Q follows that
of Qe for apertures larger than approximately 9 mm,
where reasonably Q)..c ~ Q,, indicating that direct radia-
tive leakage through the opening is the dominant mecha-
nism limiting the quality factor in that region.

As for the required mechanical tolerances in this system,
we perform simulations taking into account misalignments
between the two cavity halves. In the simulations, we
introduce the misalignment parameter x, corresponding to
a deviation from the parallel configuration in which the
short side of one cavity half is displaced toward the other,
and the rotation angle ¢ between the two halves, as
illustrated in Fig. 4. We calculate the unloaded quality
factor at gap width d = 2 mm for different values of x
and ¢. Q gradually decreases as a function of the rotation

(a) (b)

107

Qo

10°

0 1 2 3 0 2 4 6
2 [mm] ¢ [mrad]
FIG.4. Impactof misalignments between the two cavity halves

on Q. In the FEM simulations, we consider both (a) the possible
lateral misalignment x relative to the parallel configuration and
(b) the effect of a rotation angle ¢, as depicted in the insets.

angle, whereas no clear dependence on x is observed.
Notably, the decrease of the effective volume V. due to
the x misalignment is below 3%, while the rotation angle ¢
do not affect it at all.

Other transverse misalignments are constrained by the
mechanical cart on which the cavity halves are mounted in
the final setup described in the next section. The clamshell
misalignment, in which the gap is larger on one side of the
cavity than on the other, is not considered here, since
previous measurements [19] have shown that this con-
figuration has a negligible impact on the form factor
and Q.

In summary, simulations show that with this tuning-by-
opening method it is possible to tune the cavity without
significantly impacting on Q, up to a gap width compa-
rable to the cavity radius, corresponding to a 20% tuning at
9 GHz. The required mechanical tolerances are not too
stringent and look experimentally achievable.

IV. EXPERIMENTAL CHARACTERIZATION
OF THE TUNING MECHANISM

To demonstrate the proposed tuning mechanism, we
perform preliminary tests using copper spacers inserted
between the two cavity halves. Their thicknesses range
from 0.1 to 6.0 mm corresponding to frequencies from
9.0 GHz down to 7.9 GHz, as shown in Fig. 5. A drop of
more than one order of magnitude is observed as soon
as the cavity is opened, followed by a slightly steeper
dependence of Q, on the gap width than predicted by the
simulations. This could be ascribed to the low quality of
the Nbs;Sn film on the lateral plates due to scratches and
nonuniformity, an effect not included in the FEM model,
which assumes identical surface properties for the inner
cavity walls and the lateral plates. Despite this modeling
assumption, the preliminary tests with spacers validate
the simulated trends, and even for the largest tested gap
of 6 mm, we still measure Q,~ 8 x 10°. Therefore, a
mechanical sliding system to enable continuous frequency
adjustment under cryogenic conditions is implemented.

In this set up, shown in Fig. 6, one cavity half is
anchored to a copper L-shaped bracket in thermal contact
with the 3 K plate, while the other half is mounted on a
movable cart. The cart is attached to a second copper plate,
also thermalized at 3 K. Translation of the movable cavity
half is achieved through a fiberglass rod connecting the
cart to a room-temperature positioner, and its thermal-
ization is ensured by copper braids. The temperatures of
the two halves are monitored by two Cernox thermo-
meters: one directly attached to the movable cavity half
and the other thermally anchored to the 3 K stage of the
cryostat.

The continuous tuning mechanism is tested in two
configurations, corresponding to measurements performed
in the time and frequency domain. Pulsed rf measurements
are employed when vibrations originating from the soil
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FIG. 5. (a) Tuning slope of the resonant frequency obtained

using copper spacers corresponding to several gap widths; the
closed-cavity value is also included. The linear fit yields a tuning
slope of 188 MHz/mm. The two horizontal lines labeled
“Tuning region limits” indicate the lower and upper limits of
the frequency interval accessible with the cryogenic sliding
mechanism, corresponding to the range over which the cavity
can be continuously tuned by translating the movable cavity
half. (b) Unloaded quality factor Q, extracted from reflection
measurements performed with spacers (red circles). The green
diamonds and blue squares correspond to measurements ob-
tained with the continuous tuning system, with the green dataset
derived from the cavity decay time constant measured using the
pulsed rf method at selected frequencies and the blue dataset
obtained with a VNA. The pulsed rf method enables characteri-
zation even when the pulse tube (PT) is operating. The errors
assigned to each measurement is not visible since it is within the
symbols.

and the pulse tube prevent a reliable determination of Qy
with a VNA. These vibrations induce fluctuations of
several tens of kHz, exceeding the cavity linewidth and
occurring on timescales shorter than a typical VNA
sweep. As a result, the resonance continuously shifts
during the measurement and a Lorentzian profile cannot
be resolved, preventing an extraction of Q, from the
frequency-domain measurements. As shown in Fig. 7, we
drive the cavity with 800 ps-duration microwave square
pulses and record its response at a 20 GHz digital
sampling oscilloscope.

For eight chosen apertures, we acquire several cavity
transient decays that yield the cavity loaded quality factor
Q1 = nf.r, with 7 obtained by fitting the exponential
decay. During these tests, the tuning mechanism can be
adjusted from 1.0 to 4.2 mm gap, and the measured
temperatures of the fixed and movable cavity halves are
4.5 and 5.5 K, respectively.

We implement acoustic-noise mitigation strategies,
including vibration-damping layers between the laboratory
floor and the cryostat and Teflon supports that enclose the
antennas to reduce vibration-induced motion. Soil-borne

FIG. 6. Experimental setup incorporating the mechanical
sliding system used for continuous cavity tuning. (1) Fixed
cavity half mounted on an L-shaped copper bracket thermally
anchored to the 3 K plate. (2) Movable cavity half mounted on a
copper support plate attached to the sliding cart (3). (4) Fiberglass
tuning rod connecting the sliding cart to a room-temperature
positioner.

(b) rf signal [} (a) pulse rf generator
201\ -=- r=010ms |} generator mod N rf out
‘\‘ i ® o @ ®
\
20 . 5
3 VRPN DR E 8
g o -
8
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20 o
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FIG. 7. (a) A pulse generator provides the modulation input to

a microwave generator in the form of a 800 ps-duration square
pulse. The pulsed rf signal with frequency f is sent to the cavity,
whose transient response (b) is recorded with a 20 GHz digital
sampling oscilloscope. The dashed line is an exponential fit of
the signal envelope.

vibrations are suppressed, and acoustic noise associated
with the pulse tube is reduced. As a result, frequency-
domain measurements using a VNA can now be performed
when the pulse tube is switched off.

As we do not precisely control the gap width when using
the sliding mechanism, we infer its value from the set
frequency using the tuning slope of 188 MHz/mm
obtained from the tests with copper spacers.

The loaded quality factors measured with the VNA for
different apertures are in good agreement with the Qp
values previously obtained using the pulsed rf technique,
across the entire investigated frequency range, within the
systematic uncertainties associated with mechanical
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tolerances of the tuning system. To compare the measure-
ments performed with copper spacers and those acquired
in the continuous tuning configuration, the loaded quality
factors measured with the pulsed rf technique are con-
verted into unloaded quality factors using the coupling
factor f extracted from VNA measurements performed
after the implementation of the vibration-mitigation strat-
egies. Figure 5 shows the unloaded quality factors obtained
for all experimental configurations. The Q, values con-
sistently exceed the DM quality factor Qpy.

A reduction in quality factor is observed in these
datasets when compared with the simulation results.
Moreover, for openings above 0.5 mm the Q, measured
with the sliding mechanism is smaller than the value
obtained using the copper spacers tuning method. Modes
arising in the region between the lateral plates are expected
to have a stronger impact when the cavity halves are
misaligned. Hence, this difference in Q is possibly due to
misalignment between the two cavity halves, which is
expected to affect the continuous tuning configuration, as
previously observed also for copper cavities with much
lower quality factor [20].

Additionally, the discrepancy between the simulations
results and the data obtained when using the tuning-cart
mechanism may also originate from the markedly different
boundary conditions in the two cases: in the first, copper
spacers are placed next to the cigar, whereas in the
continuous tuning configuration the cart’s metallic plate
lies only at a few millimeters from the cavity external edge.

V. DISCUSSION AND CONCLUSIONS

We have demonstrated a continuous tuning method
applicable to high-Q superconducting microwave cavities
for haloscope DM searches. Finite-element simulations
of a model based on an existing cigar-shaped Nb;Sn
cavity show that separation of the two cavity halves
allows for continuous tuning from 9.0 to 7.5 GHz
without degrading the quality factor, which remains at
the level of 107 across the entire range. This tuning span
corresponds to a 9 mm gap between the two halves.
Above this value, radiative losses Q, become significant,
as demonstrated by a model with perfectly conducting
boundaries, as shown in Fig. 3.

Preliminary experimental tests, conducted with copper
ring spacers for cavity halves separation, motivated the
development of an in situ sliding mechanism that provides
continuous tuning over 1 GHz, with a quality factor that
remains higher than Qpy ~ 10° throughout the full fre-
quency range, as reported in Fig. 5. Mode crossings
commonly affect rod-based tuning mechanisms, thereby
limiting the usable fraction of the accessible frequency
range. In contrast, with the tuning-by-opening approach,
no mode crossings are observed over the entire tuning
range, in agreement with expectations [17].

Moreover, it should be possible to obtain even higher Q
values, close to those predicted by simulations, using a
cavity built specifically for this purpose. The cavity
employed in this work has in fact a low-quality film on
the lateral plates as it was not originally designed for the
presented tuning-by-opening method.

When the sliding mechanism is operated to separate the
two halves, no direct control over rotations or deviations
from parallel alignment is possible. Nevertheless, we
consistently obtained unloaded quality factors of 10° or
higher. This demonstrates the robustness of the tuning
concept against mechanical asymmetries and validates the
misalignment-tolerance study shown in Fig. 4.

In a dilution refrigerator system, with the cavity
installed at the mixing chamber plate, a better decoupling
from pulse tube vibrations is expected. In addition, a
motorized actuator can be straightforwardly integrated into
the mechanical tuning system to enable automated control
of the cavity semi-cell position, synchronized with data
acquisition. Finally, this tuning method, which maintains
Q, above Qpy over a wide frequency range, can be readily
applied to REBCO cavities, which have demonstrated
Qo ~ 107 in multi-tesla magnetic fields [14], enabling
high-Q axion searches spanning more than 1 GHz in
frequency. These developments will allow the demon-
strated cavity concept to be directly integrated into next-
generation haloscope experiments.
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