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Abstract: Axions, hypothetical particles theorised to solve the strong CP problem, are presently being
considered as strong candidates for cold dark matter constituents. The signal power of resonant-
based axion detectors, known as haloscopes, is directly proportional to their quality factor Q. In this
paper, the impact of the use of superconductors on the performances of haloscopes is studied by
evaluating the obtainable Q. In particular, the surface resistance Rs of NbTi, Nb3Sn, YBayCuzO7_s,
and FeSe( 5Teq 5 is computed in the frequency, magnetic field, and temperature ranges of interest,
starting from the measured vortex motion complex resistivity and the screening lengths of these
materials. From R;, the quality factor Q of a cylindrical haloscope with copper conical bases and a
superconductive lateral wall, operating with the TMy;9 mode, is evaluated and used to perform a
comparison of the performances of the different materials. Both YBayCu3Oy_; and FeSeq5Teg 5 are
shown to improve the measurement sensitivity by almost an order of magnitude, with respect to a
whole Cu cavity, while NbTi is shown to be suitable only at lower frequencies (<10 GHz). Nb3Sn can
provide an intermediate improvement of the whole spectrum of interest.

Keywords: axion detector; haloscope; microwaves; superconductors; surface impedance; vortex
motion; anisotropy; pinning

1. Introduction

The axion is a particle associated with the dynamic field introduced by Peccei-Quinn
in 1977 [1-3] to solve the ‘strong CP problem’, i.e., the missing experimental observation of
the CP symmetry violation foreseen by the quantum chromodynamics theory. The char-
acteristics of this particle also make it particularly appealing for the resolution of another
unsolved physical problem: the nature and existence of dark matter. Thus, in the last years,
a strong interest emerged in the experimental detection of axions.

Due to the small cross section of axions with the ordinary baryonic matter and with
photons, the different detection approaches exploit the Primakoff effect [4]—that is, the con-
version of axions into photons in the presence of high magnetic fields B. The frequency
of the produced photons 7y, is v = E,,/h, with E,;, being the total energy of the parti-
cle (including the rest mass energy and the kinetic contribution) and / being the Planck
constant. Thus, E ph = Mg 2+ %ma v2, where m, is the mass of the axions, ¢ is the speed of
light in vacuum, and v is the particle speed, which, for axions compatible with the cold
dark matter properties, is <1073¢ [5]. Hence, in practice, Eph ~ m,c%. m, is constrained by
astronomical and cosmological considerations in the interval 1 < m1,/(peV) < 103 [5-8].
Hence, 2 x 108 < v/(Hz) < 2 x 10,

In 1983, P. Sikivie [9] proposed an experimental test for the existence of axions based
on the use of resonant microwave cavities, known as haloscopes. When the axions enter
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the cavity, they can be converted into microwave photons by externally generated B fields,
and in this way, they can be detected using very low-noise electronics [10]. The signal
power Pgﬁwh to be detected is shown to be [9,10]:

Posy o (B2VQ) (g3,,,007) M

where V is the volume of the cavity, Q is the quality factor, g, is the axion—-photon
coupling, and p, is the local density of axions. On the basis of existing experiments, one
finds 10723 < PLH"th /(W) < 10722, In the proportionality statement (1), the terms in
the right brackets do not depend on human will. Thus, the only change to improve the
signal power, in order to reduce the integration time, consists in the optimisation of the
parameters in the left set of brackets in (1).

The high Q needed to increase P, pushes toward the study of new methods to
reduce the cavity losses. The best results are obtained with either superconductive [11-13]
or dielectric resonant cavities [14,15]. Since, in metallic cavities, Q « R L R, being the
surface resistance of the conductive walls of the cavity, materials with low R; must be
employed. Beyond copper, only superconductive materials can be explored. However,
the choice is not obvious, since when superconductors (SC) are used at high frequencies
and in high magnetic fields, they are driven in the mixed state so that large losses emerge
due to the dissipative motion of fluxons. Fluxons are quanta of magnetic flux, of amplitude
®y = h/(2e) ~ 2.068 x 10715 Wb, that penetrate type-II superconductors in the presence
of the high magnetic field levels needed for the haloscopes (i.e., of the order of some
tesla). In these conditions, the R, of technological superconductors is dominated by the
electrodynamics of fluxons. The latter must then be accurately characterised in order to
assess the suitability of these materials for the realisation of highly sensitive haloscopes.

Different superconductive haloscopes have been recently developed and tested. In [11],
the Q-factor of copper and NbTi haloscopes (tuned at ~9.08 GHz) have been measured,
showing that, with a NbTi cavity, the figure of merit B>Q at ~6 T is five-times larger than
what is reached with a Cu cavity. The first RE-Ba,Cu3O7_s (RE-BCO) cavity, with RE being
a rare earth element such as Y, was shown in [12] to exhibit Q ~ 3.25 x 10° at 6.93 GHz and
up to 8 T, which is more than six-times larger than that obtained with a Cu cavity. Recently,
in [13], a different configuration for a RE-BCO cavity was presented, and its performances
compared with one coated with Nb3Sn, both working at ~9 GHz: the RE-BCO haloscope
reached Q ~ 7 x 10* at ~12 T, which was shown to be only 1.75-times larger than that
obtained with the equivalent Cu cavity. Moreover, the Q-factor of the Nb3Sn cavity showed
a strong field dependence that apparently prevents the use of this material for these kinds
of applications.

In this paper, the most promising superconductors for resonant axion detectors,
i.e., Nb3Sn, NbTi, YBa,CuzOy_;5 (YBCO), and, as a perspective, FeSep s Teg 5 (FeSeTe), are
considered. Their Rs is evaluated in the expected operative conditions of haloscopes,
starting from the studies of the vortex motion properties performed on these materials. In
particular, the data used to perform the analysis on Nb3Sn and NbTi are taken, respectively,
from [16,17], whereas those used to analyse the performances of YBCO and FeSeTe were
measured specifically for this study. From R;, the figures of merit B2Q of the perspective
haloscopes, based on the cylindrical geometry shown in [11,17] and coated with these
materials, are computed and compared.

2. Physical Background

In this section, the characteristics of the high-frequency surface resistance R; of su-
perconductors in the mixed state are introduced. First, the electrodynamics of vortex
motion are presented, and then their effects on R; are analysed in terms of the field and the
frequency dependences.
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2.1. High-Frequency Vortex Motion

In the microwave frequency range, fluxons are set in oscillation around their equilib-
rium positions by the impinging electromagnetic (e.m.) wave. With low excitations and
high frequencies (i.e., >8 GHz), as it is of interest in this case, the amplitude displacement
of the vortices from their equilibrium positions is generally smaller than the intervortex
spacing. Thus, in this regime, fluxons can be assumed to be non-interacting with each other,
and a single-vortex motion approach can be followed to obtain the physical model [18-22].

The force (per unit length) balance equation for a single fluxon is written as:

J (ﬁcDO) + Fperm = 1o + kpu ’ )

where ] is the microwave-induced current density. Its interaction with the fluxons oriented
along the 71 direction of the magnetic field B gives rise to the driving Lorentz force that sets
the fluxons in motion. F,,,, is a stochastic force on fluxons given by thermal agitation, v is
the fluxon velocity vector, u is the displacement vector of the fluxon by its pinning centre, 1
is the viscous drag coefficient, and kj, is the elastic recall constant representing the pinning
of the fluxon on its equilibrium position.

At the temperatures of interest for the haloscopes, thermal creep effects can be ne-
glected. Thus, by solving Equation (2), with respect to v and setting Fyj,e,, — 0, one obtains
the vortex motion resistivity [19,21,22]:

1

pv:“Pffm/ 3)

where pr = ®gB/1 represents the resistivity of completely free vortices, known as flux-
flow resistivity, and a(¢) = sin?(¢) [23,24] is an a-dimensional correction coefficient taking
into account the mutual orientation ¢ of the field and currents (¢ = 0 when | || /). Hence,
v is a complex quantity characterised by the characteristic frequency 27tv, = k;, /7, which
separates an elastic low-frequency vortex motion regime from a highly dissipative motion
regime at higher frequencies. For v > v}, 0, — pys. The latter can be a rather large quantity
at high fields, being a fraction pss ~ pnB/ By of the normal state resistivity p,, with B
being the upper critical field of the material [25,26].

In anisotropic materials (e.g., YBCO and FeSeTe) the vortex motion parameters exhibit
an angular dependence given by the different properties of the material along the crystallo-
graphic directions. In case of uniaxial anisotropy, resulting from the layered structure of
some superconductors, an anisotropic effective electron mass can be measured. This brings
us to the definition of the anisotropy coefficient m, = y?m,;,, where m, and m, are the
effective masses along the c-axis (the crystallographic axis of anisotropy) and the ab-planes
(2 and b are the crystallographic axes normal to the c-axis), respectively, and v is the intrinsic
material anisotropy coefficient. The anisotropy on the vortex motion parameters, for high-«
SC in the London limit [25], is then derived following the Blatter-Geshkenbein-Larkin
(BGL) scaling theory [27], which states that for a field- and angle- dependent observable
Q(H,0), its H and 6 (0 is the angle between H and the c-axis) dependences can be combined
in an effective field He(6):

Q(H,0) = s0(0)Q(He(0)), (4a)
e(0) = (7 2sin?0 4 cos?0)!/?, (4b)

where sg(f) is an a priori known factor which depends on the particular Q(H,6):
sy(0) = () !and Sk, (0) = €(0)~1[24,28,29]. However, it should be noted that the scaling
of k, with the BGL theory can be successfully performed only when isotropic pinning
centres are present, as discussed and experimentally shown in [28]. For this reason, only
samples without the addition of directional pinning centres are analysed in this paper.
Finally, when B || ], i.e., ¢ = 0, « = 0, since the driving force acting on the fluxon
J x (idy) = 0. However, since fluxons are magnetic structures, inside the superconductor,
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the direction of the magnetic flux density field B can differ from the direction of the outer
static field H; hence, B # poH. Indeed, also with nominally H || J, it was experimentally
observed that g, # 0 [17]. This can be explained considering that the finite line tension
e = @3/ (47ppA?) of the fluxon lines, with A being the London penetration depth, allows
them to locally deviate from the H orientation by an angle ¢,., so that this finite angle
between J and the flux lines yields & # 0. Indeed, vortex lines deform under the effects of
the attractive action of pinning centres, of thermal fluctuations, and of the Lorentz force
exerted by the applied currents. The latter is well-known for producing helicoidal current
vortices, with the corresponding instabilities in DC regimes, and more generally, in flux-
cutting phenomena [30]. In the present situation, we are considering vanishingly small,
high-frequency currents whose contribution to vortex deformation and tilting, with respect
to their nominal orientations, can be neglected. On the other hand, the effect of pinning
centres (here considered to be point-like) and thermal fluctuations can be evaluated in a
simplified way within the collective pinning theory [31]. Thanks to their finite elasticity,
vortices accommodate the underlying pinning landscape to minimise the total elastic and
pinning energy. In so doing, they displace by an amplitude given by the interaction length
with pins (~ §) over the so-called collective pinning length L.. The latter identifies the
length of the vortex segment, which is independently pinned with respect to the other
portions of the vortex. In a simple picture, this accommodation produces a tilting angle
Procel =~ arctan(¢/Lc) between the flux line and the nominal H field orientation. The
length L. is connected to the vortex collective pinning energy U, ~ € g§2 /Lc. Moreover,
the average amplitude of the thermal fluctuations u;;, can be estimated by equating the
thermal energy per unit length kgT /L. to the elastic energy per unit length (1/2)e,u?,
due to these deformations. Thus, the tilting angle due to the thermal fluctuations is
Groc,m ~ arctan(uy, /L¢). Since the two mechanisms are independent, a combined tilting

angle can be computed as ¢, =~ arctan(,/ ufh +¢2/L.). The procedure used to estimate
¢10c from the measured parameters will be detailed in Section 3.2.
This evaluation will prove useful in the following.

2.2. Surface Impedance in the Mixed State

The macroscopic material property that describes the electrodynamic response of
(super)conductors is the surface impedance Z; [32]:

Zs = E”/HH = Rs; +1X;, (5)

where E| and H| are the electric and magnetic field components parallel to the surface of
the material, respectively, and Rs := Re Z; and X := Im Z;.

In the local limit for bulk good conductors, i.e., when the thickness d of the material
is much larger than the screening characteristic lengths 4 > min(6,A), with ¢ being
the skin penetration depth and A being the London penetration depth, from classical
electromagnetism, it can be shown that [32]:

Zs = \/iwpop , (6)

where w = 27tv is the angular frequency of the impinging e.m. field, y is the vacuum
magnetic permeability, and g is the resistivity of the material, which, in the case of super-
conductors, is a complex quantity. The resistivity g describes all the resistive and reactive
phenomena in the material. Thus, for superconductors in the mixed state, the contribution
of both superconducting and normal charge carriers, as well as vortex motion, must be
taken into account in g. The interplay between the various contributions to g , for small
displacements u of the fluxons, yields an overall resistivity which can be written as [18]:

ﬁv+i/(72

— 7
1+i0’1/0’2’ @

p:
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where 0> =01 —i0p is the so-called two-fluid conductivity of superconductors [25]. This
conductivity can be described as the parallel between the real conductivity of the quasi-
particles 07 and the inductive behaviour of the superfluid ¢, &~ 1/ (wpA?). Taking into
account the low operative temperatures of haloscopes, since 07 « x,, with x,, = (T/ Tc)/S
(with B = 4 and B = 2 for low-T, and high-T. SC, respectively), oq/02 < 1. Hence,
Equation (7) can be approximated to p ~ g, + i/ 02, which yields:

1.
Zs ~ \/wuo<—02 +1Pv) . (8)

Equation (8) will be used in the following to evaluate and compare the materials” surface
resistance R;, starting from the measurements of the vortex motion parameters, p ff and Vp,
which define g, in Equation (3), and A.

3. Experimental Section

In this section, the surface resistance of NbTi, Nb3Sn, YBCO, and FeSeTe is evaluated,
starting from the measurements of the vortex motion parameters. Then, the perspective
performances of haloscopes coated with these materials are analysed.

To this purpose, we first show the structure of a typical haloscope, taking as a reference
the haloscope presented in [11], in order to highlight the dependence of Q on the R; of
the coating layer. Then, the properties of the superconductors needed for the evaluation
of R, are collected from existing works. Finally, using the computed R, the sensitivity
of haloscopes is evaluated to assess which of the SCs under scrutiny would give the
best performances.

3.1. Haloscope Design

In this work, the superconductive haloscope presented in [11] within the QUAX
experiment is used as a reference. The cavity has a cylindrical shape (g = 26.1 mm)
with conical bases, and it is designed to operate with the applied magnetic field oriented
along the main axis of the cavity. In order to facilitate the penetration of the magnetic
field, the conical caps are made of copper, while the cylindrical SC body is divided in two
halves by a thin copper (30 um) layer, to break the superconducting screening currents.
The transverse magnetic TMy19 mode, which is usually employed for Primakoff axion
detection in conjunction with a static magnetic field orientation parallel to the cavity axis,
induces longitudinal currents on the lateral walls (thus, H || J). The haloscope considered
here resonates at vy ~ 9.08 GHz at 4 K [11]. The subscript indices of “TMy1¢” indicate
the number of the peaks of the radio frequency H-field met along the three directions of
a cylindrical coordinate system: the first index ‘0’ indicates that the H-field is constant
along the azimuth direction, the second index “1” indicates that the H-field exhibits a peak
along the radial direction, and the last index ‘0" that the H-field is constant along the axial
direction (a sketch of the radio frequency fields and currents is reported in Figure 1).

Due to the different materials used for the inner coating of the cavity elements, the over-
all quality factor is given by:

1 Rs,cyl Rs cones

Q chl - Geones ’ (9)
where, for this cavity, G, >~ 482 ) and Geones > 6270 () are the geometrical factors of
the cylindrical body and conical caps, respectively, and Rs eyt and R; cones are their surface
resistances. At 9.08 GHz and 4 K, in the anomalous skin depth regime [33], the surface
resistance of copper is R; ¢, ~ 4.9 mQ). Thus, a cavity with this geometry, entirely made
of copper, would have Q,,;, =~ 9.1 x 10* at 9 GHz. This is the lower limit given by copper
that we expect to be outperformed by the use of superconductive coatings, whereas, in the
ideal case for which R; ¢/ G,y can be neglected, the upper limit Quax >~ 1.3 X 106 could
be reached with this geometry. Thus, the highest performance increase in the B2Q figure of
merit reachable with this haloscope geometry is Quax/ Qmin = Geones/ chl +1~14.



Instruments 2022, 6, 1

6 of 13

Figure 1. Electromagnetic simulation of the haloscope excited with the TMy;¢9 mode. The distributions
of the radio frequency electric E-field (in blue), the magnetic H-field (in black), and the surface current
density Js (in red) are shown. The direction of the externally applied static B field is shown to be
parallel to the longitudinal axis of the cavity.

3.2. Materials under Investigation

The perspective application of four different superconductive materials to the realisa-
tion of haloscopes is investigated here.

In Table 1, the list of the samples, whose vortex motion parameters were measured in
high magnetic fields, their main characteristics, and references where further information
can be found, are reported.

Table 1. List of the samples under investigation.

Material NbTi Nb3Sn YBa,CuzOy5_s FeSeys5Teg 5
Thickness (nm)  (3.5+0.5) x 10 bulk 80+5 240 £15
Growing tech. RF sputtering HIP M CsSD @ PLD ®
Substrate Cu - LaAlO;3 CaF,
T; (K) 8.0+0.2 18.0£0.2 899405 18.0 £0.2
Ref. [11] [16,34] [35] [36]

(1) High Isostatic Pressure; (2) Chemical Solution Deposition; (3) Pulsed Laser Deposition.

The microwave vortex motion properties of NbTi were characterised through the
study of the performance of the NbTi-coated haloscope analysed in [11]. The Nb3Sn, YBCO,
and FeSeTe samples were studied through the measurement technique based on the use of
the dielectric loaded resonator described and optimised in [37-40]. In particular, the anal-
ysis of the vortex motion parameters in Nb3Sn was reported in [16,41]. The microwave
surface impedance analysis, limited to B < 1.2 T, of FeSeTe was detailed in [29,42,43], while
both the FeSeTe and YBCO data in high magnetic fields were specifically measured for
this work.

For the comparison, we chose to work in the same operative condition of the cavity
analysed in [11]: T = 4 K, yoH = 5 T parallel to the SC surface, and with the selected
resonant mode inducing microwave currents J || H. Actually, the latter samples (Nb3Sn,
YBCO, and FeSeTe) were characterised with a different configuration of currents and field
orientations (J L H with H || c-axis for anisotropic SC), with respect to the haloscope
considered here. Hence, the vortex motion resistivity p must be properly evaluated in the
configuration of interest. First, the a coefficient must be evaluated; see Equation (3). This is
accomplished through the first-order model proposed in Section 2. The collective pinning
length L. = /2¢,/ky is evaluated from the experimentally measured k, by equating the
pinning energy U,/ L. to the pinning energy (both per unit length) expressed in terms of
ky, kp§2/2. The data used to estimate L. and ¢/, i.e., A and k), are reported in Table 2.

Second, for both YBCO and FeSeTe, the intrinsic material anisotropy must be taken
into account (see Equation (4)), taking -y from [28,42] for YBCO and FeSeTe, respectively.



Instruments 2022, 6, 1

7 of 13

The anisotropy enters also the evaluation of the a coefficient, which, in the geometry
here considered, enhances tilting due to thermal fluctuations and reduces the one due
to the elastic accommodation to pins. It is worth noting here that FeSeTe is a multiband
superconductor. Indeed, it exhibits intricate anisotropy properties which are actually
different among the various superconducting quantities A, &, B.1, and By, [44]. Moreover,
Off shows an unusual field dependence [29,42,43,45]. Hence, a direct experimental study
of FeSeTe in the same configuration involved in the considered haloscope design would be
particularly recommended.

In addition, for the sake of simplicity, we neglect the increased pinning when H || ab
planes (the so-called ’intrinsic pinning’), which is connected to the layered structure of
materials such as YBCO. Moreover, it must be noted that, in engineered materials, the effects
of the intrinsic pinning are essentially hidden by those of the artificial pinning centres [28].

Finally, the T and H range of interest must be considered. Since measurements at
T = 4K and ppH = 5 T are available only for Nb3Sn, for YBCO and FeSeTe, the low-
temperature data must be extrapolated from currently existing measurements. However,
the temperature dependences of both 7 and kj, derive from those of A and of the coherence
length ¢ [46]: hence, at low temperatures, these parameters saturate similarly to A and
¢ [25]. Thus, negligible uncertainties associated with the model choice are introduced in
the mentioned extrapolation [46].

The pinning frequency is computed from k, and 7 as 27tvy = kp /1. In Figure 2a the
pinning constant kp(t), with t = T/T,, measured at 5 T on YBCO and FeSeTe is shown.
The measurements are obtained in zero field cooling (ZFC) conditions by sweeping the
magnetic field at fixed temperature values. The values at 4 K are extrapolated from these
measurements through the empirical models shown in [46] and reported in the caption of
Figure 2. The field dependence of kj, is shown in Figure 2b. Here, the Nb3Sn measurement,
performed at 4 K (thus for it no extrapolation is needed), is also reported. From the behavior
of k,(H) on the different materials, different pinning regimes can be recognised. In YBCO,
ky is field-independent at 10 K and up to 10 T, indicating a pinning regime where fluxons
are strongly pinned, independently one from another. On the contrary, FeSeTe and Nb3Sn
display a k, «« H™%° dependence, typical of the collective pinning regime (bundles of
fluxons pinned on multiple pinning centres). These field dependences will be considered
in the final performance analysis presented.

10° . . . .

10° 3

10° | i FeSeTe-6 K
—~ *\r‘ —
= E
z Zz
x* FeSeTe x*

10* b 4

uH=5T
\ 10
(a) \
10° | | ! !
0 0.2 0.4 0.6 0.8 1

t

Figure 2. (a) Pinning constant k,, measured on YBCO (orange circles) and FeSeTe (blue
squares) in zero field cooling conditions (ZFC) at 5 T as a function of the reduced tem-
perature t = T/T.. The fit of the data is performed with the model developed in [46]:
kp(t) = kp(0)(1—£)*/3(1+ £)2e(=T/To), The best fit parameters are: kp(0) = 1.40 x 10° N m 2
and Ty = 56 K for YBCO, k,(0) = 7.07 x 10* N m~2 and T = T, for FeSeTe. The empty square sym-
bols represent the points extrapolated from the fit at 4 K (which will be used in the next elaborations).
(b) Field dependence of kj, in Nb3Sn (green triangle), YBCO, and FeSeTe samples measured at the
lower temperatures. k,(H) in Nb3Sn and FeSeTe is shown to be o< H —05,
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For what concerns 1 = ®yB/p liL in Figure 3, measurements at 5 T on YBCO and
FeSeTe are reported. Additionally, in this case, from the model shown in [46], the value at
4 K is extrapolated. Resorting to the conventional Bardeen-Stephen behaviour [26] exhib-
ited by Nb3Sn [16] and NbTij, the flux-flow resistivity is simply obtained from the normal
state resistivity p, as pfs = puB/B with B, ~ B (0)(1 — 2). We take p, = 14.8 pQ) cm
and By = 27 T for Nb3Sn [16], and p, = 70 pQ2 cm, B = 13 T for NbTi [11].

10° . . . .

7(Nsm?)

t

Figure 3. Viscous drag coefficient 7 measured on YBCO (orange circles) and FeSeTe (blue squares)
at 5 T in ZFC as a function of the reduced temperature t. The measured data are approxi-
mated with 7(t) = 17(0)(1 — #2)/(1 + t?) [46], with (0) = 3.59 x 1077 N's m~2 for YBCO and
17(0) = 2.02 x 1077 N s m~?2 for the FeSeTe sample. The empty square symbols represent the points
extrapolated from the fit at 4 K (which will be used in the next elaborations). The green and red curves
represent 7 (t) obtained by considering #(t) = @B (t)/pn (from psr = pnB/B and 1 = PoB/pyy)
for Nb3Sn and NbTi, respectively.

All the parameters of interest for the different materials are reported in Table 2.

Table 2. Measured parameters of the SCs of interest used for the evaluation of Rs.

NbTi Nb3Sn YBCO FeSeTe
ky (Nm~2)at4K,5T - (9.9+15) x10°  (1.3402) x10°  (5940.9) x 10*
pinning regime single collective single collective
7(Nsm~2)atd4K,5T - - (3.6 +£05) x 1077 (1.8+£0.3) x 1077
on (MQY cm) 70+2 14.8+0.2 - -
B»(0) (T) 13.0£0.5 270+05 - -
vy (GHz) at4K,5T 4417 42406 5949 52+8
meas. geometry H|J HL1ljJ H| caxis, H L]
04 1 1 53+0.7 1.8£0.2
A(0) (nm) 270 £20[17,47] 160 % 20 [48] 150 £ 10 [49,50] 520 4 50 [45]

4. Results and Discussion

From the data collected in Table 2, the surface resistance R, of the selected SCs is
evaluated to compare the figure of merit B2Q of haloscopes (with the geometry shown
in [11]) and coated with different materials. In particular, Equation (3) is computed with
the data in Table 2, taking into account the « coefficient, the anisotropy <y for YBCO and
FeSeTe, the collective pinning dependences in Nb3Sn and FeSeTe, and the pair-breaking
effects on the superfluid 0, and, for NbTi, also on ¢q. From this, the complex resistivity g
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from Equation (7) and Rs from Equation (6) are obtained. Finally, the Q of the haloscope is
computed using Equation (9).

The performances comparison is based on the figure of merit B2Q. In Figure 4, the field
dependences of B2Q of the different haloscopes are shown at 4 K and 9.08 GHz. Both a lower
worst-case limit, obtained considering fluxons aligned in the ab planes (for the anisotropic
SC) and B L J, and an upper limit, obtained with the « coefficients evaluated as shown in
Section 2, are given. It can be seen that, in the worst case, both Nb3Sn and NbTi exhibit a
lower B2Q than that given by a Cu cavity, while both YBCO and FeSeTe have, even in this
case, a B2Q higher than that of Cu. In the more realistic scenario given by the upper limits
shown in Figure 4, all the SC studied here are better than Cu. Table 3 reports the numerical
evaluation of the performances at 5 T, where it can be seen that (B>Q)ypco/ (B?>Q)cy is
close to the upper limit of 14, which is reachable with the analysed geometry. At the highest
B, the NDbTi performance starts dropping due its lower B,. With respect to YBCO, FeSeTe
exhibits similar performances despite its lower 77 and k, because its large A helps to reduce
R; in the bulk limit, as can be deduced from Equation (8).

109 e YBCO
FeSeTe T=4K
NbBSn v =9.08 GHz

B (T)

Figure 4. Comparison of the B2Q factors evaluated at 4 K and 9.08 GHz as a function of B. The dotted
lines represent the worst lower limit obtained in the B L J configuration. The continuous lines
represent a more realistic situation, for which the « angular coefficient is taken into account, as is
explained in the text. The ‘star’ symbols represent the B2Q values obtained with a Cu cavity,
the yellow area represents the values obtainable with YBCO, the light blue area represents those with
FeSeTe, the green area represents those with Nb3Sn, and the red area represents those with NbTi.

Since, at a fixed signal to noise ratio (SNR), bandwidth detection, and system temper-
ature, the integration time is t; Pa_j,yph, the increase of (B2Q) shown in Table 3 can be
directly read as an equivalent reduction in ¢; [10].

The frequency dependence B2Q(v), reported in Figure 5 for 10° < v/(Hz) < 10! at
5T and 4 K, shows interesting features that can be used to assess the best material in the
different bands. It can be seen that, given the low v}, of Nb3Sn, the Q of the associated
haloscope is expected to decrease at frequencies lower than in the other materials. However,
thanks to the low p, and high B, of Nb3Sn, with respect to NbTij, the figure of merit of the
Nbs3Sn haloscope tends to settle on higher values at high frequencies, where f, saturates
at psy. Thus, Nb3Sn is more convenient than NbTi for v > 10 GHz and, at even higher
frequencies, its performances could be comparable with those of YBCO and FeSeTe. This
result highlights clearly that for high-frequency applications of SC in the mixed state, not
only a high vy, is desirable, but also a low py is important.
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Table 3. Comparison of the (B2Q) figure of merit of the different materials, with respect to that of Cu
at5T, 4K, 9.08 GHz.

Material (B2Q)/(B*Q)cu tilticu
NbTi 43 0.05
Nb3Sn 6.5 0.02
FeSeTe 12 0.006
YBCO 14 0.005

For what concerns the frequency dependence of B2Q(v) for FeSeTe and YBCO, it can
be noted that the worst-case lower limits of B2Q follow the same frequency behaviour
due to their similar v;,. The upper B2Q limits follow a v2/3 dependence (typical of the
anomalous skin depth regime exhibited by Cu) for v < 10 GHz for both YBCO and FeSeTe.
In fact, with these materials, at the lower frequencies, the cavity losses are dominated
by the copper bases. At higher frequencies, the losses in YBCO still do not contribute
substantially to the overall Q, while with FeSeTe, the Q starts decreasing more rapidly than
in the Cu cavity.

NA
-
o10° :
m FeSeTe oy
Nb,Sn T=aK
NbTi B=5T
Y Cu
4 L N
10
10° 1010 10™
v (Hz)

Figure 5. Comparison of the B2Q factors evaluated at 4 K and 5 T as a function of v and keeping the
same geometrical factors as in Section 3.1. The dotted lines represent the worst lower limit obtained
in the B L J configuration. The continuous lines represent a more realistic situation, for which the «
angular coefficient is taken into account, as is explained in the text. The ’star” symbols represent the
B2Q values obtained with a Cu cavity, the yellow area represents the values obtainable with YBCO,
the light blue area represents those with FeSeTe, the green area represents those with Nb3Sn, and the
red area represents those with NbTi.

5. Conclusions

In this paper, the impact of the vortex motion and screening properties of different
superconducting materials (i.e., NbTi, Nb3Sn, YBCO, and FeSeTe) on the performances of
haloscopes, in terms of the power of the detected signal, was evaluated.

In particular, the comparison of the B2Q figure of merit of haloscopes in the hybrid
geometry proposed in [11] has been completed by evaluating the Q(B, v) as determined by
the surface resistance Rs(B, V) behaviour of the aforementioned SC.

In turn, the R; of these SC was computed, starting from the vortex motion parameters
measured at microwave frequencies and high magnetic fields. The effect on fluxon pinning
by the different orientations of the static magnetic field B, with respect to the induced
microwave currents imposed by the specific haloscope geometry, was taken into account.

The results show that, even at 5 T and at low frequencies v < 10 GHz, all the studied
materials allow an increase of the haloscope sensitivity with respect to Cu, while, at higher
frequencies, NbTi becomes unsuitable, and Nb3Sn can still be a useful solution, despite
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its lower v,. Interestingly, FeSeTe, which here is, for the first time, considered for this
application, can be a promising material for the inner coating of haloscopes, despite its
high vortex motion dissipation. Indeed, its large A contributes to lowering the bulk R;,
allowing it to reach performances obtained with YBCO. Moreover, one has to consider that
Iron-based SCs are still far from the optimisation and maturity levels reached with YBCO,
thus allowing further room for improvements.

Finally, YBCO is shown to be the best choice, leading to an increase of the measurement
sensitivity by a factor of ~14, with respect to the Cu cavity in the whole analysed frequency
range (i.e., 10° < v/(Hz) < 10"). This result is close to the maximum theoretical increase
in the sensitivity reachable with the haloscope geometry studied.

To conclude, despite the expected high performances of YBCO in the operative condi-
tions of haloscopes, this study shows the possibility to also employ other SCs, in selected
frequency bands, to increase the sensitivity of these axion detectors.
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