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The frequency band 1-15 GHz provides exciting prospects for resonant axion haloscopes as indicated by
cosmological and astrophysical arguments. Among the challenges currently addressed to reach the required
sensitivity, the development of high quality factor cavities that tolerate multi-Tesla fields plays a central role.
We report a 3D resonator based on a right circular copper cavity with hollow cylinders that confine higher order
modes around the cylinder axis. Its effective volume at 10.3 GHz is 3.4 x 1072 liters, and under an 8 T-field we
measured an internal quality factor of more than 9 millions. A fine tuning system limited to ~ 1 MHz range
has been tested, useful for understanding the conditions required to run a haloscope with a cavity exceeding the
axion quality factor.

The cavity parameters we report demonstrate the potential of this unique resonator to probe galactic dark matter
axion at scan rates exceeding 2 MHz/day when the cavity is readout by a quantum-limited receiver.

I. INTRODUCTION ing of the Universe evolution [1]. The nature of particle dark
matter is unknown, and this is one of the most compelling
problems in fundamental physics.

According to cosmological models, galaxies are sur- : ) )
Unrelated to this open problem, a hypothetical particle named

rounded by dark matter (DM) halos that extend far beyond the

visible structures. Though DM halos cannot be observed di-
rectly, their existence is inferred through observations of their
gravitational effects, and play a central role in our understand-
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axion was introduced in the late 80s to answer a fundamental
question in particle physics, namely why in the strong sector
the charge-parity symmetry is not violated [2, 3]. However,
physicists later realized that sufficiently light axions could
also solve the DM problem [4]. As for detectability, their
dominant interaction is via two-photon coupling in the La-
grangian

Z = gayyaE-B, (1)



where g,yy is the axion-photon coupling constant, propor-
tional to the axion mass m,, a is the axion field, E and B are
the local electric and magnetic field vectors, respectively. The
related process lifetime exceeds the age of the Universe, but P.
Sikivie early in the 80’s showed that if the field B in eq. I was
provided by a laboratory magnet, it would have been possi-
ble to probe the existence of this dark matter candidate using
microwave cavities permeated by multi-Tesla fields [5]. This
is the basic principle of the so-called haloscope, that detects
axions through their conversion to photons in a microwave
cavity using the inverse Primakoff effect and a large magnetic
field [6, 7].

As implicit in eq. I, the axion to photon conversion proba-
bility in a cavity is proportional to fv E,,..-BodV, where E,,,;
is the electric field of the resonant mode, By is the applied
magnetic field and V is the cavity volume. Thus if the cavity
frequency @, matches the axion frequency @, = m,c?/h, the
signal power in the cavity is given by

QC Qa
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where C,,,,; is the form factor that accounts for the spatial
overlap between the external magnetic field and a given cavity
mode. If Qy is the unloaded quality factor of the mode, Q. in
eq.21is given by Q. = Qo/(1+ ), with 8 coupling coefficient
of the receiver antenna to the axion-sensitive cavity mode.

As the required intense magnetic field values are available
in solenoidal configurations, the right circular cylindrical cav-
ity is typically the chosen geometry to maximize C,,;
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where €, is the relative dielectric constant inside the cavity
volume. Pertinent to the cavity resonator is also the last ra-
tio in eq. 2, which expresses the dependence of the conversion
power from the reduced quality factor of the system [8] Q' +
Q;l, with Q;l ~ 107° axion signal relative linewidth[7].
When no signature of the axion is observed, exclusion limits
are reported at a certain confidence level, assuming that axions
saturate the dark matter density p, = ppm, whose value is typ-
ically taken as ppy = 0.45 GeV/em® [7]. For a typical halo-
scope experiment the power given by eq. 2 is in the range from
10723 to 10725 W, several orders of magnitude below the elec-
tronic noise power Py in state-of-the-art cryogenic receivers.
For instance, the QUAX—ay haloscope [9] recently set a 90%
confidence level limit to the axion-photon coupling guyy >
0.766 x 10713 GeV~! at m, ~ 43 ueV (®. = 2710.4GHz),
using a cavity with V = 80.56cm?®, Cy,,y = 0.69, unloaded
quality factor Qp = 76000, coupling coefficient § = 1. Alto-
gether, the expected power for these parameters at the bench-
mark for KSVZ models [10, 11]is P, = 3.8 x 1072* W. Under
the assumption that the noise power follows a Gaussian distri-
bution, as is the case for Johnson-Nyquist noise, experiments
rely on the radiometer equation X = P,\/tAv/Py to obtain a
practical estimate of the required integration time ¢ to reach a
target ¥ value over a bandwidth Av.

The Axion Dark Matter eXperiment (ADMX), based on
a 136 lI-volume cylindrical cavity, has excluded axions with
masses 2.7ueV—4.2ueV (650 MHz—1025MHz) [12, 13]
down to benchmark DFSZ axion models [14]. However, ex-
isting astrophysical and cosmological constraints within axion
parameter space motivate the construction of new detectors
to search for heavier axions[7], in the two decade window
10ueV—1meV. The next generation of cavity experiments
in the frequency range (1 — 15) GHz address challenges re-
lated to sensitivity loss due to the reduction in volume [15].
In addition, the minimum detectable electromagnetic field in
a cavity with a low noise linear amplifier is set by the stan-
dard quantum limit (SQL), an irreducible noise source that
increases with frequency [16, 17]. Quantum-limited Joseph-
son parametric amplifiers have been employed as preampli-
fiers in Dicke heterodyne receivers to readout haloscope cav-
ities, as in ADMX and HAYSTAC experiments [12, 18]. The
latter has recently circumvented the SQL with an electronic
readout involving two JPAs to squeeze the receiver noise and
improve the search speed by a factor of 2 [19]. Both the
QUAXay [9] and QUAXae [20] haloscopes operated a JPA
at approximately the SQL (system noise temperature of 0.9 K
at ~ 10 GHz), while in their future scientific runs they will
take advantage of the large bandwidth of traveling wave para-
metric amplifiers [21, 22].

The optimized dielectric resonator presented in this work,
designed to resonate around 10 GHz with ~ 500 MHz tuning
range, addresses the high frequency challenge in haloscope
detection by exploiting the dielectric resonator concept [23—
27]. In this approach, the field profiles of higher-order res-
onant modes are properly modified by introducing dielectric
structures that shape the cavity fields profiles, reducing the
magnetic field amplitude on copper walls. This in turn helps
to reduce dissipation and obtain higher quality factors. In ad-
dition, the dielectric material can suppress the out-of-phase
components that negatively impact C,,,; when higher order
modes are considered. The present dielectric resonator, shown
in Fig. 1, has been improved compared to our previous realiza-
tion [26] and we report unprecedentedly high quality factor
values ever measured for a microwave resonator in multi-tesla
fields.

II. HALOSCOPE CAVITY DESIGN

To optimize cavity design, we consider the cavity-based fig-
ure of merit F = Cr%mlsz. In fact, the appropriate expression
to consider is that of the scan rate[8, 15], i.e. the speed at
which haloscopes probe their targeted portions of axion pa-

rameter space for a fixed gqyy sensitivity
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where T is the system noise temperature [16]. Note that this
expression gives the nominal scan rate, and an efficiency fac-
tor should be added to account for dead time during data runs.
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FIG. 1. (a) Cavity model (not in scale) and relevant dimensions in mm. Teflon pins are shown in orange. (b) 3D cavity model (in scale, half
length) with copper external cylinder (light yellow), sapphire tubes (violet), teflon pins (red) and sapphire rods employed for tuning the cavity
frequency (light blue). (c) Electric field profile of the TMg3¢ mode and (d) surface loss calculated via FEM simulations for a fraction of the
overall cavity volume, with normalized color scale in V/m and W/m? respectively. (¢) Surface loss in the cone structure.

RF cavities host transverse electric (TE,,,;;) modes, trans-
verse magnetic (TM,,,;) modes, and transverse electromag-
netic (TEM,,,;;;) modes. If By = Byz, the TE and TEM modes
both lack axial E field components, resulting in null form fac-
tors. The modes that have non-zero form factors, and so of
interest for axion detection, are the TM modes. For the TMyo
mode the form factor is Cpjg = 0.69, while it is significantly
smaller in higher order modes (Cppg = 0.13 and Cyp3p = 0.053).

An haloscope cavity must be operated under multi-tesla
magnetic fields, that prevent the utilization of bulk niobium
to reach high quality factors as is typically done in particle
acceleration [28] and the conventional approach has been to
use copper right circular cylinder cavities. A most promising
technology to reach high Q resonators for haloscope search
is based on utilization of films of high-magnetic-field toler-
ant, type II superconductors such as Nb-Ti, NbSn3, or Re-
BCO. Copper cavities sputtered with type II superconductors
as NbTi and NbTiN films have been investigated at liquid he-
lium temperature under DC magnetic fields up to 6 T, and the
results of this search show that almost a factor 6 is lost at 6 T
starting from Qp = 1.4 x 10° measured at null field with a cav-
ity resonant at 14.4 GHz, and rapidly decreasing for greater
fields [29]. Nonetheless, the QyB? factor for this cavity at B=
2T is still 5 times higher than in Cu, and it has been used to
probe axions[30], setting the limit g4y, < 1.03 X 10712 GeV~!
for about 37 ueV mass (9.08 GHz). Low loss in 8 T mag-
netic field has also been accomplished with a biaxially tex-
tured YBCO cavity resonant at 6.9 GHz, with Qg ~ 3 x 107
[31].

A strategy to probe for heavier axions is to increase V by
employing multiple cell cavities to efficiently exploit the vol-
ume available in the bore of a superconducting solenoid [32],
or to use long filter-based rectangular cavities when big vol-
ume dipolar magnets are available, as those that have been
dismissed by LHC [33].

The highest frequency pathfinder run has been conducted
using a copper cavity resonant at 26 GHz [34], even though in

the 10-100 GHz frequency range the main experimental thrust
is driven by the MADMAX project [35], in which a system of
layers with alternating dielectric constants is used to obtain an
enhanced axion-photon conversion. In this range a new class
of thin-shell cavities has been recently proposed [36].

The dielectric cavity idea is based on dielectric materials
properly placed inside traditional cylindrical resonant cavities,
operated in TM modes of higher order [23]. Proof-of-concept
experiments, including demonstration of a tuning mechanism,
have been reported for a prototype Teflon-wedge dielectric
cavity at room temperature, following accurate design based
on results from finite-element modeling [27]. Highly pure alu-
minum oxide (99.7% Al,0O3) was chosen as the dielectric ma-
terial in a work by a different group, that investigated at 4 K
the mode mixing of the TMg39 mode with other cavity modes
while tuning its frequency in the range (7.02-7.32) GHz [25].

Frequency tuning mechanisms in conventional experiments
are based on transverse symmetry breaking by displacing one
[15] or multiple [37] metallic cylindrical rods. This can be
performed by means of piezo-actuators or cryogenic motors.
To demonstrate the resonator’s effective tunability, careful
comparison of simulation results and in situ tests are needed
to address the problem of mode mixing, that takes place when
other cavity modes cross with the axion-sensitive mode.

The proposed tuning methods for dielectric resonators en-
compass splitting the dielectric hollow cylinder vertically into
two halves and moving them apart along the radial direction
[25, 26], or breaking the symmetry along the cavity axis by
spitting the dielectric in the longitudinal direction [24].

In section VI we demonstrate a fine tuning mechanism
based on dielectric rods, devised for preliminary tests of sci-
entific runs. There is in fact much to be understood in the
regime Q. > Q,, that this cavity allows to probe for the first
time. The ~ 1 kHz-resolution, ~ 1 MHz-maximum range tun-
ing we obtained reveal open challenges for data analysis that
will be reported in a forthcoming work.



III. FEM ELECTROMAGNETIC SIMULATIONS AND
METHODOLOGY

In our previous work [26] we reported tests conducted with
a dielectric resonator composed of a couple of concentric hol-
low sapphire cylinders centered about the axis of a cylindrical
copper cavity (see Fig. 1). In this type of cavity higher order
modes are exploited, and we focused on the TM3¢ mode for
axion detection. Note that the evanescent field amplitude at
the copper boundary can be largely suppressed in the two di-
electric shells configuration. With this strategy one can thus
target highest quality factors. Our prototype of dielectric cav-
ity [27] was designed using finite element methods (FEM) so
that the product CV was of the same order of magnitude for
the TM(30 mode in the dielectric cavity and the TMg;¢9 mode
of a cylindrical copper cavity with same frequency and length.
A reference value for Cpzp in the two-shell configuration is
the one calculated for the empty cavity Cp3p = 0.053. Even
though this value is an order of magnitude smaller than Cpg
of the rectangular copper cavity, the gain in quality factor is
such to exceed the loss in scan rate due to the form factor
reduction. Alternatively, using only one dielectric shell, as
shown by FEM simulation results in Ref.[24], Cyzo = 0.49
can in principle be obtained, but the expected quality factor is
two orders of magnitude lower than the value we report in this
work.

Our prototype of dielectric cavity [26] presented some prac-
tical issues, as the cylinders were not properly blocked, and
therefore the cavity parameters were not reproducible at every
cooling run. Most importantly, interference with a number of
spurious modes was experimentally observed, that negatively
impacted on the expected quality factor of the TMg3o mode.
Comparison of the results of an improved finite-element anal-
ysis of the adopted solution with in-situ tests, has shown that
these additional modes arise from the circular grooves made in
the copper endplates to hold the dielectric shells in place. An-
other important issue in the previous realization was related to
the irregular shape of the sapphire tubes we used.

The cavity presented in this work has been re-designed to
allow for centering of the dielectric shells axis to the copper
cavity axis at cryogenic temperature. In the present config-
uration, the sapphire tubes are held in place by teflon pins
as shown in Fig. 1 (a) and(b), without the need of grooves
in the copper endplates. The cylindrical body is 420 mm
long and has 57 mm-diameter, while inner/external sapphire
tubes have 21.75 mm/41.8 mm internal diameter and thickness
2.35mm/1.94 mm. The cavity volume V is then 1.07761. In
addition, the sapphire tubes we used for the present dielec-
tric resonator have been shaped with mechanical tolerances
chosen on the basis of FEM simulations. For instance, the re-
quired tolerances for the external/internal diameter of the in-
ternal cylinder were of +0.05 mm/+0.15 mm. Tolerances on
concentricity, linearity and coaxiality have also been given.

The crystal tubes are grown using the Stephanov method
by Rostox-N Ltd (Russia) [38]. Pure sapphire raw materi-
als (at least 99.99% Al,0O3) are melted in a crucible made
of Molybdenum (2050 °C temperature) and the melt is then
pulled through a ring-shaped Molybdenum component to ob-

tain a sapphire tube.

To understand how each cavity component contribute to the
overall losses and in turn influence the quality factor in this
type of resonator, we have conducted FEM simulations taking
into account the temperature dependence of losses in sapphire
and copper. We have then measured Qg and f for several val-
ues of temperature in the range (4-293) K, and compared the
experimental data with results from the simulations. Note that
in the simulations we do not consider frequency-dependent
magnetic properties of the materials, therefore the dependence
on external magnetic field cannot be predicted. In table I we
report the simulations parameters and the results, in which we
decouple the losses in copper and sapphire, together with the
corresponding experimental data.

The losses are additive, and their effect on the quality factor
can be estimated through the simulations according to

11 1
QO QCu

=R,;/G+tand , 4)
QSapph

where G is a constant that can be calculated depending on the
cavity geometry and the chosen mode, R; is the copper sur-
face resistance and tan § is the tangent loss of sapphire. Here,
QOcu and Qgqppp are the quality factors of the modeled cavi-
ties with losses taking place entirely in copper or in sapphire,
respectively.

The loss tangent at fixed temperature can significantly vary
depending on crystallographic orientation, and the concentra-
tion of impurities or dislocations. A tangent loss value as low
as 10719 has been reported in sapphire at cryogenic tempera-
tures [39]. In the simulations we used the values reported in
table I, taken from Ref. 40, corrected to account for the differ-
ent frequency [41].

In Fig. 1 we show the surface loss profile of the TMo3( in
the copper walls along with its electric field profile, obtained
running the FEM cavity model at 4.2 K. Cone structures at
the end caps are used to reduce current dissipation, a critical
aspect when highest quality factors are targeted. For instance,
dissipation in the endcaps (shown in Fig. 1 (e)) for the mode
of interest is limited to 16% of the overall dissipation due to
copper finite conductivity.

As concerns the teflon screws, their contribution to over-
all cavity loss can be neglected. In fact, by attributing a
value of tand = 10> to teflon at room temperature the value
Qo = 5.8 x 108 is obtained in the modeled cavity with lossless

metallic walls and dielectric cylinders.

The values of surface effective conductivity of copper Gg;f

used in the model have been computed at 10.4 GHz in the
anomalous skin depth regime [42].

For each temperature we account for the changes of cavity
geometry using the thermal expansion coefficients of copper
[43] and sapphire [44]. We also considered the temperature
dependence of the dielectric permittivity &, as reported in Ta-
ble I, where the values in the third column have been calcu-
lated starting from the value we measured at 4.2K (g, = 11.2)
and rescaling the data reported in Ref. 45. In table II we report
simulation results for the modeled cavity at 4 K with a few val-
ues of &, including the values expected at 293 K and 4.2 K. As



T (K) ot & tan § f (GHz) Co3o Osapph Ocu Qo Q0 exp
293 37.75 11.44 4.87x107% | 10.4468 0.0321 121x106  2.04x10°  7.60x10° | 6.17x10°
260 40.55 11.3889  3.93x107° | 10.4529 0.0321 1.50x10°  2.18x10°  8.88x10° | 7.28x10°
230 43.70 11.3486  2.88x107° | 10.4576 0.0321 2.05x10°  2.35x10°  1.09x10° | 8.08x10°
190 49.34 112953  1.81x107° | 10.4638 0.0320 326x10°  2.64x10°  1.46x10° | 1.09x10°
160 55.53 112602  7.84x10~7 | 10.4676 0.0320 7.51x10°  3.02x10°  2.12x10° | 1.48x10°
125 67.57 11.2288  2.56x1077 | 104711 0.0320 229x107  3.58x10°  3.09x10° | 2.19x10°
100 84.17 112125 8.87x107% | 10.4729 0.0320 6.62x107  4.47x10°  4.15x10° | 2.80x10°
77 114.73 112044  2.48x1078 | 10.4738 0.0320 237x10%  6.10x10°  5.88x10° | 3.33x10°
50 174.57 112006  7.52x107% | 10.4744 0.0320 7.82x108  9.29%10°  9.02x10° | 4.63x10°
25 205.16 112002 5.34x107° | 10.4745 0.0321 1.10x10°  1.09x107  1.06x107 | 5.48x10°
42 207.04 11.2 1.19%x1072 | 10.4745 0.0321 1.03x10°  1.10x107  1.08x107 | 6.23x10°

TABLE I. Parameters set in the FEM simulations and results. Values are given at different temperatures for the effective copper conductivity
Ocu, the relative dielectric constant €, and the tangent loss of sapphire. Losses in copper (Qcy) and in sapphire (Qg,pp5) are quantified by
respectively running a model in which tan § is set to null value, and another model with lossless cavity walls. In the last column we report for

comparison the measured unloaded quality factor Qg exp-

& f (GHz) Cozo Ocu OSapph Qo

11.44 104556 0.0324 1.14x107 4.98x10° 1.11x107
11.3 10.4666  0.0322 1.10x107 4.96x10° 1.10x107
112 104745 0.0321 1.09x107 1.03x10° 1.08x107
11.1 10.4825 0.0319 1.07x107 1.21x10° 1.06x107

TABLE II. Simulation of the cavity at 4.2 K for different values of
€. The cavity frequency changes by 19 MHz (relative change ) using
the values reported in table I at room temperature and 4.2 K, while
Qo and f are not significantly influenced.

can be inferred by comparison of the simulation results in Ta-
ble I and in Table II, we can ascribe a 19 MHz frequency shift
when the cavity is cooled from room temperature to 4.2 K. An
additional shift of 9 MHz is instead determined by variation
of the cavity geometry due to thermal expansion of the copper
and sapphire cylinders. Moreover, simulation results in Table
II show that the quality factor is not significantly affected by
&, temperature changes.

This resonator is expected to have a quality factor as high
as 11 x 10° at liquid helium temperature, calculated with pa-
rameters tand = 1.19 x 107, &, = 11.2 and surface copper
resistivity 0.00483 Q. The form factor, which can only be cal-
culated through FEM modeling, is Cyp3p =0.032 as shown in
table I and II. The Cy30V product is thus 34.6 cm’, compared
to 110.2 cm? for the TMo;o mode of an empty cylindrical cav-
ity with the same length resonating at 10.4 GHz.

In Fig. 2 the simulation results show that at room temper-
ature the losses in sapphire exceed those in copper, but they
quickly decrease due to the loss tangent rapid drop. The qual-
ity factor of the modeled cavity saturates to 11 millions once
below about 25 K, as at this point the copper conductivity does
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FIG. 2. Cavity dissipation according to the simulation. Loss in cop-
per is represented in orange, that for sapphire is in blue. For compar-
ison, we report in the same plot experimental data.

not vary significantly.

IV. MEASUREMENTS IN THE (4.2-293) K
TEMPERATURE RANGE

We measure the resonant frequency of the TMg39 mode and
its quality factor by recording at a Vector Network Analyzer
(VNA) the §»; scattering parameter of two coaxial antennas
weakly coupled to the cavity mode.

The cavity can be cooled to ~4 K within a vacuaum cham-
ber designed to allow operation inside cryogenic dewars, and
a thermometer calibrated to within 1 K has been used to mea-
sure the temperature. To ensure proper cooling of the cavity
components, the chamber is loaded with He exchange gas.
Fig. 3 shows the unloaded quality factor measured at differ-



ent temperatures in the range (4.2-293) K, together with sim-
ulations results. Deviations from the data trend are observed
when the TMy39p mode mixes with other TE or TEM cavity
modes.
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FIG. 3. Temperature dependence of the unloaded cavity quality fac-
tor. The light blue circles and black cross correspond to data series
acquired during two different cooling runs. Red diamond data points
are the values of quality factors obtained from the simulation. Grey
data points are acquired when mode crossings occur. Inset: Tem-
perature dependence of the TMp3p mode frequency. Note that the
resonant frequency values obtained from the simulations have been
shifted by 121 MHz to match the value measured at 4 K.

While discrepancy between experimental data and the sim-
ulation results is within 20 % at room temperature, we observe
in Fig.3 an increasing deviation when the cavity is cooled
down, suggesting that the dielectric losses in sapphire play
arole also at low temperature. As shown in the inset of Fig. 3
the overall frequency shift of about 28 MHz predicted by the
simulations for the temperature change from 293K to 4.2 K,
is in good agreement with the experimental results.

V.  MEASUREMENTS AT LIQUID HELIUM
TEMPERATURE IN HIGH MAGNETIC FIELDS

As this resonator is targeted to axion detection, it is impor-
tant to measure its parameters under intense magnetic fields.
Bulk copper undergoes magnetoresistance [46], but as shown
in recent studies [47], the fractional change in quality factor
of copper resonators immersed in B fields between 6 to 10 T is
always positive, of about 2 % percent. Fig. 4 shows the results
of measurements with the present dielectric cavity inserted in-
side the 150 mm-diameter bore of an 8.1 T superconducting
(SC) magnet of length 500 mm.

The magnet, manufactured by Cryogenic Ltd [48], was
cooled in LHe and can be ramped up to a maximum of 8 T
over less than 1 hour. To record the quality factor vs B-field
dependence, we manually set current values using smaller
steps between 0 and 2T, and larger ones afterwards. Differ-
ent regimes can be identified in the measured quality factor vs
B-field plot: a rapid increase up to 0.8 T, a knee between 0.8
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FIG. 4. Unloaded quality factor vs applied magnetic field. Diamond
data points were acquired during magnetic field ramp down. Inset:
Corresponding frequency shift. Note that at about 5T the cavity fre-
quency shifts by about 1.7 kHz, value comparable to the unloaded
cavity linewidth Af = f/Qg ~ 1.1 kHz. This small shift is presum-
ably due to a sudden mechanical readjustment of some cavity com-
ponent, that took place during ramp up of the magnetic field. We
verified that the cavity is stable for several hours once the high field
value is set.

and 2 T followed by a small growth up to approximately 5T.
For values exceeding 5T, a quality factor of about 9 millions
is recorded, 50% greater than the value at null field. Re-
markably, the measured maximum value at 8 T is only about
20% lower than the value obtained from the simulations (see
Tab. 1), in which values of tan § have been arbitrarily chosen
on the basis of published data obtained with high purity sap-
phire. From the plot reported in Fig.3 it is evident that the
tangent loss of our material should be set at a higher value.
The unexpected increase of quality factor in the presence of
intense magnetic fields can be attributed to the magnetic prop-
erties of the dielectric cylinders. In fact, high purity sapphire
crystals are known to host a number of paramagnetic impuri-
ties [49, 50] as Cr>t, Fe’™ and Mo**. V2* spin ensembles
are also expected if the crystal has been subjected to radia-
tion treatment or annealing procedures[49] to relax internal
stresses. Note that the present sapphire tubes have been an-
nealed in vacuum at a temperature of 1900 C degrees.

Even when their concentration is as low as parts per bil-
lion, impurities can be detected and investigated by identify-
ing avoided crossings between their electron spin resonances
(ESR) and photonic whispering gallery modes [49, 50]. Mea-
sured properties are the zero field splitting, and the Landé
g factors are obtained through the gradient of the frequency
dependence on magnetic field of detected ESR transitions
df/dB = gug/h, with ug being the Bohr magneton. For in-
stance, reported spin transition lines at zero field for Fe3t,
Cr’* are at 12.03 GHz and 11.45 GHz respectively, while 8
lines in the range 8.7 — 10.4 GHz are attributed to the ion
V2+. With the application of a magnetic field, these absorp-
tion lines are tuned away from the TMg3g cavity mode at the
rate ~ 28 GHz/T for Cr and V impurities, and even faster for



some transitions in Fe [49]. Therefore we might expect that
already at a few Tesla magnetic field amplitude, the related
dissipative channel is significantly suppressed, giving a plau-
sible explanation of the observed Qg vs B data trend.

VI. TUNING

To make this resonator suitable for axion searches, the in-
ternal sapphire tube is substituted by two hollow half cylin-
ders that allow for tuning the TMy3¢ frequency up to about
500 MHz when moved apart along the radial direction [25,
26]. To demonstrate such a wide tuning range, a thorough
study is under way involving simulations and in situ tests,
here we report a tuning method that was implemented to tune
over a narrow range the same cavity used in the measure-
ments presented in previous sections. The objective in this
case is to investigate the experimental requirements that are
needed for running the experiment with a cavity exceeding
the axion quality factor Q,. In this study, that is currently on-
going in our laboratory, capability to shift the cavity central
frequency within a fraction of its bandwidth is required. By
displacing triplets of 2 mm-diameter sapphire rods relative to
the top and bottom cavity endcaps, we shift the TMy3p mode
frequency without impacting the quality factor as shown in
Fig.5. The maximum shift we obtain is of about 1.2MHz,
with 1 kHz minimum frequency change, comparable with the
cavity bandwidth.

VII. CONCLUSIONS

Microwave cavity resonators employed in axion dark mat-
ter search shall exhibit high quality factors in the presence
of multi-tesla fields. In this work we have demonstrated the
highest quality factor ever reported in the literature for a mi-
crowave cavity under intense magnetic fields, reaching more
than 9 millions at 8 T. This result has been obtained with a cop-
per cavity hosting two dielectric hollow cylinders, a design in-
spired by the idea that higher order modes in cavity resonators
can effectively be used to address the high-frequency chal-
lenge in haloscope search when a low loss dielectric material
is used to properly shape the electric field of the chosen mode.
Practical limitations related to operating such a complex ge-
ometry at cryogenic temperatures [26] have been overcome in
the present design, which has been perfected via comparison
of the results of finite element modeling and tests in the labo-
ratory. Measurements of the unloaded quality factor and reso-
nance frequency of the TMj3( axion-sensitive mode have been
conducted at various temperatures in the range (4.2 —293) K,
to determine the interplay between dissipation mechanisms in
the copper walls and in the sapphire tubes. At 4.2K we mea-
sured Qg = 6.23 x 10°, apparently limited by the copper finite
conductivity as calculated taking into account the anomalous
skin effect. Unexpectedly, the Qp measured under an 8 T-field
exceeds the value measured at null field by about 50%. This
experimental result is close to the values obtained from the
simulations, in which we assumed that the tangent loss in sap-
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FIG. 5. Cryogenic frequency tuning. (a) Measured Qg values ex-
ceeding Qy, and (b) maximum 1.2 MHz frequency shift obtained. (c)
Picture of the rods positioning system (top). Tuning is accomplished
by displacing triplets of 2 mm-diameter sapphire rods relative to the
top and bottom cavity endcaps. The triplets are anchored to copper
blocks hanging on steel wires, that allow for controlling the rods po-
sition inside the cavity with an external micrometer. (d) Fine tuning.
1kHz is the shown minimum frequency shift.

phire decreases down to about 10~ at 4.2K, in agreement
with several works reported in the literature.

As the losses in cooper via magnetoresistance are expected
to be within a few percent [47], in the measurements at low
B-fields we identified a posteriori an additional loss channel
due the magnetic susceptibility of sapphire. Paramagnetic im-
purities, previously investigated in high purity sapphire crys-
tals, have indeed several zero point field transitions around the
TMy3o frequency, that change at the rate d f /dB ~ 28 GHz/T.
Therefore at the high fields required for axion detection they
are completely swept away from the TMg3g frequency.

As losses in copper can be accurately predicted, and having
suppressed paramagnetic losses in sapphire at high magnetic
field, we can obtain an estimate of the tané of the sapphire
tubes from the high field experimental results. The measured
quality factor at 4.2 K is obtained in the FEM simulation if a
tangent loss of 2.0 x 10~ is assumed in place of 1.2 x 107°.

Our cavity development has involved precision metrology
and modeling in simulation environments such as HFSS of
ANSYS Electronics [51], demonstrating the capability to im-
prove our understanding of this type of dielectric resonator
and to optimize its future designs and tests that will include the
wider tunability characterization. Across this study, measured
and simulated results are in rather good agreement. Small



quantitative differences are found within ~1%, which is ex-
pected, given the complexity of the simulated model and tak-
ing into account mechanical tolerances.

We can use the scan rate expression given by eq. 3 to pon-
der the potential of this resonator for axion DM search with
haloscopes. If B, is the value of coupling coefficient that
maximizes the scan rate for a given Q./Q, ratio, we esti-
mate about ~ 2.3MHz/day for 3,,; ~ 5 when a goal sensi-
tivity to KSVZ family of models (gy = —0.97) is addressed,
assuming quantum-limited readout (7; =0.5K) and Bo = 14 T
along with ¥ = 3. A reasonable signal integration time of
about 250 s would then be needed for a single measurement.
For comparison, a conventional copper cavity resonating in
its TMpo at the same frequency (r = 0.011m, Cp19 = 0.69,
Qo =~ 76000) would reach for B,,; ~ 2 the same sensitivity at
~ 0.6 MHz/day.
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