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The haloscope based on the TM;o mode cavity is a well-established technique for detecting QCD axions. How-
ever, the method has limitations in detecting high-mass axion due to significant volume loss in the high-frequency cavity.
Utilizing a higher-order mode cavity can effectively reduce the volume loss of the high-frequency cavity. The rotatable
dielectric pieces as a tuning mechanism can compensate for the degradation of the form factor of the higher-order mode.
Nevertheless, the introduction of dielectric causes additional volume loss. To address these issues, this paper proposes a
novel design scheme by adding a central metal rod to the higher-order mode cavity tuned by dielectrics, which improves
the performance of the haloscope due to the increased effective volume of the cavity detector. The superiority of the novel
design is demonstrated by comparing its simulated performance with previous designs. Moreover, the feasibility of the
scheme is verified by the full-wave simulation results of the mechanical design model.

Keywords: axion, haloscope, microwave cavity

PACS: 42.60.Da, 95.35.4+d

1. Introduction

The axion has emerged as the most promising candidate
for the major component of cold dark matter in recent years.!!]
Hence, the detection of axions is significant in cosmology and
particle physics.

Several detectors for searching axions have been con-
structed based on the haloscope proposed by Sikivie in
1983.121 The scheme involves a resonant cavity penetrated by
a strong magnetic field that enables the conversion of axions
into photons. The conversion signal is significantly enhanced
when the resonant frequency f. matches the axion frequency
fa r muc? /h, where m, is the axion mass, c is the velocity
of the light in the vacuum, and # is the Plank’s constant. As
the axion mass remains unknown, the microwave cavity with
a continuously tunable frequency range is in urgent need for
detecting prospective axion signals covering a wide range of
mass. The axion-to-photon conversion power produced in the
cavity operating in the specific mode TM,;,;, or TE,;;,;, is de-
fined as!®!

QLQa
" QL + Qa '

where g,yy is the axion-to-photon coupling, p, is the local

Zpa

Pm”P = gayynTa

BVC, (1)

mass density of the axion field, By is the magnetic induction
intensity of the external static field, V is the volume of the cav-
ity, O is the loaded quality factor of the cavity, Q, is the ax-
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ion quality factor (~ 10%)* and C,, » 1s the mode-dependent
form factor of the cavity where subscripts m, n, and p are the
azimuthal, radial, and longitudinal mode numbers of TE,,, or
TM,np mode cavity, respectively.

The most mature and sensitive axion haloscope experi-
ment is the Axion Dark Matter eXperiment (ADMX).®! The
original scanning range of axion mass in ADMX covered
1.9-3.69 peV (corresponding to 0.46-0.89 GHz of cavity
resonant frequency)>~) and has been currently extended to
6.2 ueV (1.5 GHz).!3! Based on the analysis of the experi-
mental results, the low-mass parameter space mentioned above
In addi-
tion, recent theoretical predictions®!? regarding the axion

has been excluded with a high confidence level.

mass have motivated the search for high-mass axions, leading
to high-frequency cavity experiments such as the high-masse
At Yale Sensitive to Axion Cold dark matter (HAYSTAC)
experiment.[!!! Therefore, our study focuses on the scanning
frequency range of 8-10 GHz to search for higher mass ax-
ions.

Detecting high-mass axions necessitates designing high-
frequency cavity resonators, which pose challenges. The
most prominent issue is the significant volume loss for high-
frequency cavities, which decreases the axion-to-photon con-
version power and scan rate. Various methods have been
proposed to address it.[''1% For example, HAYSTAC em-
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ployed a thick metal rod to reduce volume loss and enable
wide-range frequency tuning.!'!! Due to limitations imposed
by cavity dimensions and degradation of quality factor, this
method is restricted in compensating for the volume loss of
high-frequency microwave cavities. Moreover, the displace-
ment of the thick rod along the radius breaks the azimuthal
symmetry of the electromagnetic field distribution, which re-
sults in a pronounced reduction of the form factor. Another
approach involves the cavity operating in high-order resonant
modes, such as TMgy9 and TM39 modes. Despite the high
quality factor (Q-factor) of these modes, the presence of out-
of-phase components of the electric field decreases the form
factor. Kim et al. utilized rotatable dielectric pieces inserted in
the proper position to enhance the form factor by suppressing

[15] Nevertheless, the insertion of

the out-of-phase component.
dielectrics reduces the resonant frequency of the microwave
cavity, thereby introducing additional volume loss. Addition-
ally, the rotation angle is limited, which restricts the accessible
tuning range.

This paper presents a comprehensive solution inspired by
the schemes proposed in Refs. [11,15] to achieve improved
performance. The rotatable dielectric pieces enable flexibil-
ity and ease of tuning and the metal rod inserted at the center
of the cavity compensates for the resulting volume loss. The
optimization of the structure of dielectrics as the tuning mech-
anism was performed using electromagnetic (EM) simulation
software. Moreover, a comparative analysis was conducted to
demonstrate the superiority of the proposed method over the
two previous designs. Finally, the feasibility of the proposed
scheme was verified through the mechanical design and full-
wave simulation of the novel microwave cavity.

2. Cavity performance evaluation

As mentioned above, the axion mass is presently un-
known, necessitating the tunability of the search mode fre-
quency in the haloscope. To detect axions, the search mode
frequency of the microwave cavity in a haloscope is first tuned
to an initial value. The signal produced in the cavity is mea-
sured within a specified scan integration time. Subsequently,
the search mode frequency is tuned in small increments, and
the measurement process is repeated. The signal-to-noise ra-
tio of experimental observations is crucial for identifying ax-

ion signals from noise fluctuations, which can be determined
asl16]

P,
SNR = -2/t /b, )
keTy

where ¢ is the scan integration time, b is the bandwidth of sig-
nal, kp is the Boltzmann’s constant, and 7j, is the system noise
temperature. According to Eq. (2), the signal-to-noise ratio
can be improved by enhancing the produced signal power, in-
creasing the scan integration time, and decreasing the noise

temperature of the system. However, the scanning integra-
tion time for a single frequency point is limited, originating
from the fact that the axion detectors should be tuned over a
sufficiently wide frequency range within a reasonable operat-
ing period (approximately a few months to several years). To
cover a wide range of axion masses within the operating pe-
riod of the detector, the scan rate of the haloscope should be
significantly elevated. Therefore, under a given sensitivity, the
scan rate factor is regarded as the underlying figure of merit of
the haloscope. If Q, is larger than O, the scan rate factor of
the haloscope is given by!’!

df N2/ 1 \?88,P3 4 s s
a > B{V3C (3
dr (SNR) (kBTn) mg 0 manLQd 3)

The loaded quality factor can be further expressed as

_ 9
1+8°

where Q is the unloaded quality factor, and 3 is the coupling

oL “

coefficient whose typical value is 1.

According to Eq. (3), assuming that all other parameters
remain constant, enhancing the scan rate factor necessitates a
significant decrease in signal-to-noise ratio, which is not con-
ducive to detecting axion signal. Therefore, the axion search
utilizing the haloscope requires a trade-off between noise-to-
signal ratio and scan rate. This contradiction can be mitigated
by increasing the scan rate factor through optimization of other
parameters. For example, optimizing the design of the mi-
crowave cavity in a haloscope is an effective method. By ex-
tracting the physical quantities related to the microwave cavity
specified in Eq. (3), the figure of merit quantitatively evaluat-
ing the performance of the microwave cavity for axion search
can be determined as

FOM = Cy,p°V2Q. Q)

The scan rate factor can be improved by enhancing the FOM
of the microwave cavity. Therefore, optimizing the design of
the microwave cavity is accessible to enhance the detection ef-
ficiency of the haloscope, leading to a wider scan rate within
a limited operation period. The corresponding criteria for the
performance evaluation of microwave cavities are discussed
below in detail.

2.1. Form factor
The form factor Cy,,,, can be calculated as

2
’ / xBy - Eyp ()

; (6)

Cmnp = 5 3 2
Bo2V / Lt ()| By ()|

where E,,,(x) is the electric field strength of the resonant
mode TM,,, or TE,,,, & () is the relative permittivity of
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the dielectrics filled in the cavity, and V is the volume as re-
ferred to Eq. (1). The axion signal exhibits significant overlaps
with the TMy,o-like mode where the dominant electric field
component aligns with the length direction of the cylinder.
Therefore, the microwave cavity usually operates in TMj0-
like modes. The form factor is inaccessible for measurement.
Thus, electromagnetic (EM) simulation is the only method for
determining the form factor.

2.2. Cavity volume

The volume of the microwave cavity V is defined as
V =nR’L, ©)

where R and L are the radius and length of the cylindrical cav-
ity, respectively. The radius R of an air-filled cylindrical cavity
can be calculated by
_ CXon
2% fono”

where c is the speed of light, xo, is the n-th root of the ze-

®)

roth order Bessel function (Jy), and fo,o is the resonate fre-
quency of the TMp,o mode. The length is independent of
the frequency but constrained by the aspect ratio L/R which
should be no more than 5 to reduce the intruding modes den-
sity. Thus, the volume of an empty cavity with a fixed aspect
ratio is inversely proportional to the third power of the reso-
nant frequency. To search for high-mass axions, the resonant
cavity must operate at a high frequency, which limits its vol-
ume according to Eq. (8). Therefore, optimizing the design
of high-frequency cavities to compensate for volume loss is
desirable.

Based on the form factor and cavity volume, the effective
volume V¢ is further proposed to evaluate the cavity perfor-
mance more comprehensively, which is defined as the product

of form factor and cavity!!”}

Ver = Cman- )

2.3. Quality factor

The unloaded quality factor Q is related to the ratio of
energy storage to power loss, which is given by

, G _o /V &(2)| Byp(z)[*aV o
—RS_RS /|H[‘2dS )
N

where H, is the tangential component of magnetic strength in

the metallic surface, Ry is the surface resistance of the metal
enclosure, &(x) is the permittivity of the dielectric filled in the
cavity, and @ is the resonant angular frequency.

2.4. Tunability

The microwave cavity detectors are expected to have a
wide frequency-tuning range to scan across a broad range of

axion mass. Tunability also serves as a vital criterion for cav-
ity performance. Therefore, a more comprehensive evaluation

indicator can be defined as FOMF, which is expressed as!!”!
FOMF = / FOMdf. (11)
A

3. Design and simulation

The proposed cavity detector comprises a cylindrical cav-
ity operating in the TMy3p mode, a metal rod, and rotatable
dielectric pieces. The dielectric pieces consist of two layers:
an inner layer with inner radius r; and outer radius r., and
an outer layer with inner radius r, and outer radius r,. The
optimal segment of dielectric pieces is suggested to be six to
achieve the excellent performance of the cavity detector.!!3]
The synchronous rotation of the dielectric pieces in the inner
layer implements frequency tuning by breaking the rotational
symmetry (Fig. 1). The physical dimensions of the cylindrical
cavity with a central metal rod inserted are chosen to meet the
requirement of the operating frequency within the range of 8—
10 GHz by theoretical calculations and simulations using CST
Studio Suite (CST).!!8] The general simulation procedure of
a microwave cavity based on the CST software is shown in
Fig. 2(a). To verify the reliability of the simulation presented
in this paper, the microwave cavity described in Ref. [19] was
simulated according to the process shown in Fig. 2(b). The
simulated results of frequency, form factor and quality factor
are consistent with those of Ref. [19] as shown in Figs. 2(c)-
2(e), demonstrating the reliability of the simulation in this pa-

per.
() (b)

( ot ( R

< ¢ 4

Fig. 1. Schematic structure of the proposed cavity detectors with differ-
ent rotation angles of inner dielectric pieces: (a) 0°, (b) 15°, (c) 30°.
After demonstrating the reliability of simulation in this
paper, the detailed process of the novel design is shown as
follows. Firstly, the radius of the cylindrical cavity was deter-
mined as 45 mm, while the radius of the central metal rod was
4 mm. Then, considering the ease of fabrication in practice
and the compromise between volume and intrude mode den-
sity, the aspect ratio L/R was selected as 4. Moreover, the ro-
tatable dielectric pieces should be carefully designed. Due to
several geometry parameters involved for dielectric pieces, the
analysis for optimizing the dimensions of the rotatable dielec-
tric pieces is complex. To simplify the analysis, a simulation
was first conducted to determine the optimal size of a dielec-
tric ring with only two size parameters, i.e., the inner radius 7;
and the outer radius r,. The cylindrical cavity with a metal rod
and a dielectric ring inserted was modeled as shown in Fig. 3.
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Fig. 2. (a) The general flow chart of simulation based on CST software. (b) The process of the verification of simulation reliability. The
comparison of (c) frequency, (d) form factor, and (e) quality factor between simulated results in this work and reported in Ref. [19].

— w/o dielectrics

1.0} — w/ dielectrics

0.5}

Nomalized E,
o

—0.5}

—1.0}F

0 02 04 06 08 1.0
Nomalized R

Fig. 3. The simplified model of the optimized design microwave cavity.

A metal rod (in gold) and a dielectric ring (in cyan) are inserted into the

cylindrical metallic enclosure (in gray).

Fig. 4. The influence of the inserted dielectric ring (in cyan) on the ra-
dially distributed electric field of the microwave cavity operating in the
TMy3o-like mode with an inserted metal rod (in gold).
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The dielectric ring was utilized to suppress the out-of-
phase component of the electric field. Thus, the optimal cen-
tral position of the dielectric ring (r. = (r; +710)/2) was se-
lected as r. = 0.538R, as illustrated in Fig. 4. The thickness of
the dielectric ring (d¢ = ro, — r;) has been optimized to achieve
the maximal value of FOM. The simulation results indicate
that the optimal thickness is 4.6 mm, as depicted in Fig. 5.

05 —0- Frequency -0- FOM 0.030
S 9.0 0.025
o
e E
= G
% 8.7 0.020 c§>
= =
g 84 0.015
=
8.1 0.010
0 2 4 6 3 10
dy (mm)

Fig. 5. Variation of FOM (purple square) and resonant frequency (blue
circle) of the microwave cavity with the thickness of the dielectric ring
inserted.

However, the analysis of the dielectric ring mentioned
above is not sufficient to determine the optimal thickness of the
rotatable dielectric pieces. The investigation of the tunability
is also essential, as the thickness of the dielectric pieces also
influences it. Further simulations were performed to compare
the FOMF of the novel design cavity with different thicknesses
of dielectric pieces. The estimated values of FOMF with dif-

ferent d; of 3.8 mm, 4.6 mm, and 5.4 mm were 0.0093, 0.0101,
and 0.0096, respectively (Fig. 6). Thus, the optimal thickness
of the dielectric pieces was finally determined to be 4.6 mm.
The electric field distribution of the microwave cavity operat-
ing in the TMg30-like mode was simulated while rotating the
inner dielectric pieces (Fig. 7).

[ di = 3.8 mm

0.025 |

0.020 |

0.015 f

0.010 f

FOM (m®)

4.6 5.4
d, (mm)

0.005

0.000

8.7

9.0 9.3 9.6

Frequency (GHz)

9.9

Fig. 6. Simulated variation of FOM versus frequency over the maxi-
mum tuning range for different thicknesses of inserted dielectric pieces.

Fig. 7. The electric field distribution of the optimized design cavity
corresponding to the different rotation angles of dielectrics as shown in
Fig. 1.
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—o—Design 2 = o —~ —o—Design 2
E 0.6 DS :‘D 0.9 0.8 <) w& %
Q :‘, ) ~ 20 I C
& @DD«:“P N 0.6 & %
0.4 1 . =) =)
g g 0.6 = = Y
S f = 04 o o °
£ 0.2 g 2 s Ea- @y
%‘mo 2 0.2 £ & §?n
0 % = ol crooooe %
L N N N s O 0 L L L L L
80 85 9.0 9.5 10.0 Age 1 . 2 8.0 85 9.0 9.5 10.0
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~ 5r(b) —o—Novel design & 5.0[Effective volume Vig= CyunpV’ (f) FOMF =], FOMd
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[e7 3] °
ooooonoom R 0
&
[€a] jen . .
80 85 9.0 95 100 80 85 9.0 95 100 Nove AT en b g 2

Frequency (GHz)

Frequency (GHz)

Fig. 8. Comparison of (a) form factor, (b) quality factor, (c) cavity volume, tuning range, (d) effective volume, (¢) FOM, and (f) FOMF among
three design schemes. Design 1 (blue thombus) utilizes dielectric pieces as the tuning mechanism, design 2 (purple square) employs a thick
metal rod as the tuning mechanism, while the novel design (red circle) presents a composite structure.
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Inserting metals can increase the volume of the mi-
crowave cavity while maintaining the resonant frequency
within the desired range. Therefore, it is expected that the
novel design will enhance the volume of the microwave cavity
for axion detection operating within a fixed frequency range.
To further demonstrate the superiority of the novel design,
two reference microwave cavities that also operate within 8—
10 GHz were designed based on the methodology proposed in
Refs. [11,15] and simulated for comparison. The radius of the
one with a thick metal rod inserted was determined as 30 mm
while the other with rotatable dielectric pieces inserted was
determined as 35 mm. The aspect ratio of all microwave cav-
ities was kept the same to maintain a comparable mode den-
sity. The eigenmode solver of CST!!® was used to simulate
the performance of the microwave cavities in the three design
schemes. The material of the cavity enclosure in the simula-
tion model was set as copper with the anomalous skin effect to
emulate a cryogenic environment for practical detector oper-
ation. Subsequently, a comprehensive comparison of the per-
formance of the three design schemes was conducted, as de-
picted in Fig. 8. The cavity volume is significantly increased
in the novel design compared with design 1 while maintaining
comparable levels of form factor and quality factor (Figs. 8(a)-
8(c)). Despite a slight degradation of form factor, the novel
design improves both the cavity volume and quality factor of
the cavity detector compared with design 2 (Figs. 8(a)-8(c)).
The novel design significantly enhances the FOM of cavity
detectors by increasing the effective volume, as illustrated in

Top
(a)

Bottom

(c)

The outer part of the

i The inner part of the
| dielectrics tuning mechanism

dielectrics tuning mechanism

Figs. 8(d) and 8(e). Moreover, as shown in Fig. 8(f), the cavity
detector in the novel design shows the highest FOMF, enabling
detecting axions with higher detection efficiency and covering
a wider mass range.

4. Mechanical design and full-wave simulation

The mechanical design model of the improved microwave
cavity was constructed and simulated to exhibit the feasibil-
ity of the proposed design scheme. Copper was used for the
metallic parts, while highly pure aluminum oxide ceramics
(99.8% Al,03, & = 9.85) were chosen as the dielectric ma-
terial. The cavity enclosure comprises three parts, each with
a step edge to ensure good sealing (Fig. 9(a)). The inner ra-
dius and height of the cavity were set as 45 mm and 180 mm,
respectively. The bottom endcap consisted of two parts. As
illustrated in Fig. 9(b), a rotatable disk was embedded in the
center of the base through a groove. The tuning mechanism
consisted of an inner and an outer part. The outside dielectric
cylinder was firmly attached to the base, while the inner one
was securely attached to the rotatable disk, allowing it to ro-
tate relative to the outer dielectric (Fig. 9(c)). A copper rod
with a radius of 4 mm was mounted in the center of the cavity
through the groove in the rotatable disk (Fig. 9(d)). The thin
probe antennas were inserted into the cavity as excitation ports
(Fig. 9(d)). To excite the TM3p mode, the axis of the probes
must be parallel to the electric field of the TM3p mode cavity,
and it was placed at the position with the maximum strength
of the electric field.

(b) Rotatable disk

Fig. 9. Mechanical design model for the (a) metal enclosure, (b) rotatable disk embedded in the bottom endcap, (c) dielectric tuning mechanism,

(d) central fixed rod and excitation ports of the microwave cavity.
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1.0f (&)

0.8f

0.6

Sa1

9.70  9.75  9.80
Frequency (GHz)

9.65 9.85

0.8f ()

0.6

0.4

S21

0.2

OF

8.80 8.85 8.90
Frequency (GHz)

8.75

8.95

1.0f (b) —9=10°

0.8
_ 0.6} /
N
0w

0.4

0.2

0 C 1 1 1 1 1
9.25 930 935 9.40 9.45
Frequency (GHz)
(d)  —o9=30
0.8

0.6

S21

0.4p

0.2

8.60

8.80

8.65 8.70 8.75
Frequency (GHz)

Fig. 10. Simulated transmission spectra of the mechanical design model of the microwave cavity corresponding to rotation angles of (a) 0°,
(b) 10°, (c) 20°, and (d) 30° for inner dielectric pieces. The inset of each figure shows the electric field distribution of the microwave cavity

corresponding to the TMo39-like mode resonance peaks.

Subsequently, the full-wave simulation was performed
using the frequency domain solver of CST Studio Suite to
predict the microwave response of the practical cavity. Fig-
ure 10 shows the transmission coefficient of the microwave
cavity corresponding to different dielectric tuning mechanism
rotation angles. The simulated results demonstrate that the res-
onant frequency of the novel design cavity operating in TMg3¢-
like mode can be tuned from 9.726 GHz to 8.698 GHz by ro-
tating the inner dielectrics from 0° to 30° relative to the outer
part, thus verifying the feasibility of the scheme.

5. Conclusion

This paper proposed a novel design for the high-
frequency microwave cavity in the haloscope. Benefitting
from the rotatable dielectric pieces and the inserted metal rod
in the center, the proposed design shows improvement in the
effective volume of the high-order mode cavity. Besides, the
tuning range of frequency can be significantly enlarged. The
geometry parameters of the dielectric tuning mechanism were
determined to maximize the FOMF through EM simulation.
After completing the cavity design, a comparative investiga-
tion based on simulation was conducted to show the advan-
tages of the novel design scheme over two previous schemes
proposed in Refs. [11,15]. Remarkably, the FOMF can be el-
evated by more than three times, indicating that the haloscope
with the cavity in novel design can efficiently scan a wider
range of axion mass. Furthermore, the microwave response

was evaluated by full-wave simulation of the mechanical de-
sign model. The evident variation of transmission spectra with
rotation angles of dielectric pieces indicates the tunability of
the cavity with the novel design, demonstrating the feasibility
of the proposed design scheme. The novel design proposed in
this paper paves the way for searching high-mass dark matter
axion with high efficiency in the future.
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