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Biaxially Textured YBa,;Cu3;O7_, Microwave Cavity in a High Magnetic Field for
a Dark-Matter Axion Search
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A high-quality (Q)-factor microwave resonator in the presence of a strong magnetic field can have a
wide range of applications, such as in axion dark matter searches where the two aspects must coexist to
enhance the experimental sensitivity. We introduce a polygon-shaped cavity design with biaxially textured
YBa;Cu;07_, superconducting tapes covering the entire inner wall. Using a 12-sided polygon cavity, we
obtain substantially improved Q factors of the 6.9-GHz TMy;o mode at 4 K with respect to a copper cavity
and observe no considerable degradation in the presence of magnetic fields up to 8 T.

DOI: 10.1103/PhysRevApplied.17.L061005

The advancement of superconducting radio-frequency
(SRF) technology allows a rf resonator to obtain an
extremely high quality (Q) factor and to be used in a broad
scope of applications [1-4]. However, the requirement of
an external magnetic field could limit scientific produc-
tivity in many areas where a strong external magnetic
field is absolutely necessary. Examples include the beam
screen design at the future circular collider [5,6] and high-
QO-factor cavities in axion dark matter and axionlike par-
ticle searches [7—11]. In particular, the axion dark matter
detection scheme proposed by Sikivie [12,13] utilizes a
resonant cavity immersed in a strong magnetic field (>7
T) [14—18], by which axions are converted into microwave
photons [Fig. 1(a)]. Obtaining a high Q factor in a strong
magnetic field will profoundly impact the way axion dark
matter experiments are performed. It will substantially
increase the axion-to-photon conversion power [19] with
expected Q factors of about that of axions (approximately
10%) [20] and will permit investigations of the detailed
axion signal structure in the frequency domain. Further-
more, achieving a quality factor of more than 10® can
open a window for ultranarrow-axion-linewidth research
for different galactic structures of axion dark matter [21].
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Recently, the high-frequency responses of biaxially
textured, second-generation rare-earth barium copper
oxide (REBa;Cu;07_,, REBCO) coated conductors (CCs)
[Fig. 1(b)] were studied in high magnetic fields up to
16 T for the beam screen of the future circular hadron-
hadron collider [22]. For an ideal cylindrical cavity with
a CC surface, the Q factor can be expected to be at least
10°. Considering the typical experimental conditions in
dark matter axion search, the Q factor could be larger,
because vortex pinning becomes stronger at lower tem-
perature (100 mK) and in a magnetic field parallel to a
REBCO film [23-25]. A high depinning frequency (>10
GHz) is also favorable for a dark matter axion search with
target frequency ranges up to 100 GHz.

Fabricating a three-dimensional (3D) resonant cavity
structure with a second-generation REBCO film poses
large technical challenges because of its biaxial texture.
Directly forming a biaxially textured REBCO film on
the deeply concaved inner surface of a cavity is diffi-
cult because of the limitations in making well-textured
buffer layers and substrate [26-29]. A possible solution
to this problem is to implement a 3D surface with two-
dimensional planar objects. We take advantage of high-
grade, commercially available YBa,Cu3;O;_, (YBCO)
tapes from American Superconductor, whose fabrication
process, structure, and properties are well known [30].
The substrate and buffer layers of the tape are designed
to act as template layers to provide a biaxial texture
to the YBCO film. The film architecture of the tape

© 2022 American Physical Society
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FIG. 1. (a) A schematic of the axion haloscope illustrates the dark matter axion (dotted green line) in the dark matter halo (credit:
ESO/L. Calgada) converts to a gigahertz rf signal (curved yellow line) in the resonant cavity (gray box) via interaction with an external
dc magnetic field (red arrow and curved red line, B.y;) from the magnet (white boxes with a cross). The cavity is installed in a cryogenic
system (dotted blue box) with a system temperature (7yy). A signal collected by an antenna is detected by the spectrum analyzer (white
box with “SA”) after passing the amplifier (white triangle). (b) Schematic of the cross section of a cavity piece shows the structure of
the various layers (YBCO, buffer layers, nickel-tungsten) and the silver layer on the aluminum cavity. The ¢ axis of the YBCO crystal
(white arrow) and the a or b axis of the single-crystal YBCO grains (yellow arrows) are represented. (¢) Six aluminum cavity pieces;
a YBCO tape is attached to each. (d) Twelve pieces (two cylinder halves) are assembled to make a whole cavity. The magnetic fields
of a TMy;p mode (left, blue arrows) on the inner surface (black area) point in the vertical direction of the gap between the pieces. The
surface current directions (left, yellow arrow and circle) are parallel to the gap direction. The ¢ axes of the YBCO grains (right, white
arrow and circle) are vertical to the tape surface. At the middle of the cavity, the electric fields of the TMy;9 mode (right, green arrow),

which maximize the axion-to-photon conversion power, are parallel to the external magnetic field (right, red arrow).

consists of the following layers. On 100-um biaxially
textured 9% nickel-tungsten (Ni-9W) alloy, 800-nm-thick
YBCO is deposited on top of the buffer layers that con-
sist of yttrium oxide (Y,0Oj3), yttria-stabilized zirconia
(YSZ), cerium oxide (CeO,), which are each 75 nm thick
[Fig. 1(b)].

To realize a 3D superconducting cavity for axion search
utilizing YBCO tapes, we devise a 12-piece polygon cavity
to which biaxially textured tapes are attached [Fig. 1(b)].
Each tape is attached securely to the inner surface of a cav-
ity wedge. By removing the silver protective layers from
the tape, the inner wall of each wedge is fully covered with
a single YBCO film. The idea behind this design is to cover
the entire inner surface with superconducting tapes.

A polygon cavity design is adopted considering the
cavity mode used in dark matter axion search. The sig-
nal power (P,,_.,) through a cavity in the experiment
[Fig. 1(a)] is given by [19]
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relating the coupling constant (g, ), the density of dark
matter axions (p,), the rest mass of axions (m,), the Q fac-
tor of the axion signal (Q, ~ 10°), the volume average of
a square of external magnetic field (B2,,), and the prop-
erties of a cavity, which are the volume (V), the resonant
frequency (wy), the Q factor (Q.), and the form factor (C).
The formula shows that the signal power is affected by the

form factor as well as the Q factor. The form factor for

the given electric and electric displacement fields of a res-
onant mode (E, D) [Fig. 1(d)] and the vacuum magnetic
susceptibility (wo) is [19]
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The equation has a maximized value at TMy;9p mode
(Cey ~ 0.69) where its electric fields and external mag-
netic fields are parallel in the z direction in a cylindrical
cavity. Eigenmode analysis using COMSOL MULTIPHYSICS
version 5.2 [31,32] shows that both the form factor and
O factor of a polygon cavity with perfectly connected sur-
faces are comparable with those of a cylindrical cavity
(AQ/O < 5%, Cypot ~ 0.67).

The polygon cavity does not cause any significant degra-
dation of the cavity performance due to electromagnetic
wave propagation through the gaps between the wedges.
In simulation, with perfectly conducting surfaces, the cav-
ity O factor is maintained at 107 even with large gaps
(100 pm), and the Q factor increases as gaps become
smaller. This is because the gaps do not allow wave propa-
gation from the TMy;o mode. Only a very weak evanescent
field can exist there (see the Supplemental Material [33]).
For the same reason, the cavity form factor also main-
tains its value within 1% degradation even with the gaps
(Cpol+gaps ~ 0.67).

The prototype cavity is fabricated as follows. The tape
is attached with 10-mm minimum bending [34] to prevent
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cracks on the YBCO film. The edges of the tape are pol-
ished so that the edges fit the sides of a wedge. Once the
YBCO tape is completely attached to the inner surface of
each polygon piece, we remove the silver protective lay-
ers to expose the bare YBCO surface using a mixture of
hydrogen peroxide and 60% ammonium water with a 1:1
volume ratio.

The cut edges of the YBCO tape exposed on the side are
coated by sputtering silver to avoid potential rf loss due
to the layers behind the YBCO film [Fig. 1(b)]. The target
thickness of the film is 2 um. We control the deposition
time based on film thickness measurements using a quartz
crystal microbalance [35]. During the sputtering, the main
surfaces of the YBCO tape are masked. The penetration of
silver at the YBCO surface edge is as much as 50 um as
determined from optical microscopy.

The assembly mechanism is designed to reduce the
gap size. The alignment of the wedges is facilitated by
precision alignment pins located on the top and bottom
of the cavity [Fig. 1(d)]. The wedges are also tightened
using seven c-clamps. Inspection with optical microscopy
ensures the gap size is around 20 pum. The assembled
cavity is installed in a cryogen-free dilution refrigerator,
BF-LD400 [36], equipped with an 8-T NbTi supercon-
ductor solenoid [37], and brought to a low temperature
of around 4 K [Fig. 1(a)]. The Q factor and resonant fre-
quency are measured using a network analyzer through a
transmission signal between a pair of rf antennae, which
are weakly coupled to the cavity. The coupling strengths
of the antennae are monitored throughout the experiment
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FIG. 2. The measurement results of the 12-piece polygon cav-
ities: Q factor versus temperature from 4.2 to 100 K. The black
dots are for the YBCO cavity and the red dots are for the copper
cavity with the same polygon geometry. The inset plot is reso-
nant frequency versus temperature from 80 to 100 K. The phase
transition from normal metal to superconductor starts near 90 K,
at which an anomalous frequency shift occurs. The vertical gray
dashed lines indicate temperatures of 85 and 95 K.
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FIG. 3. The measurement results of the 12-piece polygon cav-
ities: QO factor versus external magnetic field from 0 to 8 T. The
vertical dashed line shows the magnetic field of 0.23 T at which
the abrupt Q-factor enhancement starts. The maximum Q factor
is around 335 000.

and accounted for in obtaining the unloaded quality factor.
Measuring the Q factor (TMg;9 mode) of the polygon cav-
ity with 12 YBCO pieces by varying the temperature, we
observe the superconducting phase transition at around 90
K, which is in agreement with the critical temperature (7.)
of YBCO (Fig. 2). The global increase in the resonant fre-
quency is due to thermal shrinkage of the aluminum cavity,
but an anomalous frequency shift is also observed near the
critical temperature. The decrease in the frequency shift at
T, can be attributed to the divergence of the penetration
depth of the YBCO surface [23]. The maximum Q factor
at 4.2 K is about 220 000. The Q factor for a polygon cav-
ity made of pure (oxygen-free, high-thermal-conductivity)
copper with the same geometry is measured to be 55500
at the same temperature. Varying the applied dc magnetic
field from 0 to 8 T, at the initial ramping up of the mag-
net, the O factor of the cavity drops rapidly to 180000
until the magnetic field reaches 0.23 T and then rises to
the maximum value of 335000, which is about 6 times
higher than that of a copper cavity, at around 1.5 T for
the TMy;o mode. From the measurement, we observe that
the Q factor of the resonant cavity’s TMg;o mode does not
decrease significantly (changing only a few percent) up to
8 T (Fig. 3).

The abrupt behavior of Q factors near 0.23 T is investi-
gated using a 12-piece Cu cavity with single silver-etched
tape attached to only one piece. The tape is attached to
a copper cavity wedge exposing the back side, which is
a clean Ni-9W surface. The conductivity of copper does
not change much under a magnetic field (Fig. 3), and
thus the Q-factor change between 0 and 3 T depends on
the surface resistance of Ni-9W (Fig. 4). A comparison
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FIG. 4. Measurement related to the nickel-tungsten alloy: O
factor versus external magnetic field for the 12-piece copper
polygon cavity with one piece of Ni-9W (from 0 to 8 T at 4 K).
The O-factor behavior is the same as in the YBCO cavity. There
is an abrupt change of the Q factor at 0.23 T.

between the YBCO cavity and the Ni-9W cavity clearly
shows that the unexpected change in Q factor near 0.23 T
is caused by the Ni-9W layer behind the YBCO layer. Fur-
thermore, we also measure the magnetization of a small
Ni-9W piece (4 x 4 mm) in a magnetic property measure-
ment system (Quantum Design MPMS3-Evercool [38])
with in-plane and out-of-plane alignments (parallel and
perpendicular to the applied magnetic field, respectively)
to investigate where the saturation occurs. Nitric acid is
used to etch the YBCO film on the 4 x 4 mm tape. The
sample is installed in the equipment with a straw so that
the rectangular sample can be aligned in any direction by
hand. The measurements show that the magnetic satura-
tion of the in-plane (out-of-plane) Ni-9W ends near 0.23 T
(1.0T) (Fig. 5). The magnetic saturation lowers the sur-
face resistance, because the atomic spins become more
rigid due to the reduction of the magnetic domain walls. In
other words, the Q factor is suddenly increased at 0.23 T
because the main surface loss originates from the side wall,
which is aligned in the in-plane direction with the exter-
nal field. After that, the other surfaces are saturated until
1.0 T, where the Q factor of the YBCO cavity is maximum.
Those studies indicate that Ni-9W is the dominant source
of energy loss in the polygon cavity. This is supported
by the simulation result that a small amount of Ni-9W
defects exposed by cracks and over-etched YBCO surface
could degrade a Q factor to the order of 10° [39-42] (see
Supplemental Material [33]).

The maximum Q factor achievable with a REBCO cav-
ity is currently unknown, but a comparison between the
surface resistance of copper (approximately 5 m€2, 7 GHz)
and YBCO at 4 K (<0.2 m2, 7 GHz with an 8-T field

FIG. 5. Measurement related to the nickel-tungsten alloy: the
magnetization curve for the Ni-9W tape (4 x 4 mm). The mag-
netic saturation of the Ni-9W tape, which is aligned with the
in-plane direction of the dc magnetic field, almost ends at 0.23
T at which the Q factor of the YBCO cavity is abruptly changed.
The vertical dashed line represents 0.23 T. For the out-of-plane
case, the magnetic saturation ends at around 1 T at which the O
factor of the YBCO cavity is saturated.

parallel to the ¢ axis) [22-25] suggests that the Q fac-
tor could be as much as 25 times higher than that of a
copper cavity even with a strong magnetic field present.
In the near future, improvements are expected using tech-
niques to expose the bare YBCO surface from the tape,
eventually reducing the area where surface losses occur
inside the cavity. Moreover, if the layer that creates a large
energy loss, such as Ni-9W, can be eliminated or covered
completely, we can expect a much higher O factor. Our
design of the vertically split, polygon cavity to implement
biaxially textured YBCO on the inner surface allows us to
test the potential of superconducting resonant cavities that
could be used in a strong magnetic field. We have demon-
strated that it is possible to fabricate a cavity with a YBCO
inner surface to maintain a high Q factor at up to 8 T. This
result could not only eliminate a significant limitation of
SRF applications with a magnetic fields in many areas, but
also provide us with a tool for an enhanced dark matter
axion search.
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