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Taiwan Axion Search Experiment with a Haloscope
▶ 2 - 3 GHz
(Cylindrical cavity)
▶ 2.0 – 2.3 GHz

▶ 6T: CDT045 (Dec. 2025)
▶ 9T: Ongoing

▶ 2.3 – 2.6 GHz
▶ Undergoing Cu-coating

▶ ∼ 5 GHz
▶ Cylindrical cavity

▶ CD102 (Oct. 2021)
[1], [2], [3]

▶ Conic shell cavity
– My master’s thesis

▶ Cryo meas TBD

Figure 1: Axion Exclusion Plot.

Table 1: Comparison between CD102 & CDT045

CD102 CDT045

𝐵 (T) 8 6
𝑚𝑎 (𝜇eV) 19.47 – 19.84 8.93 – 9.01
𝑓𝑟 (GHz) 4.71 – 4.80 2.16 – 2.18
𝑉 (L) 0.23 4.1
𝐶 0.62 0.46
𝑄0 60000 18000
𝑇𝑠𝑦𝑠 (K) 2.3 0.3
𝑇𝑐𝑎𝑣 (mK) 155 162
𝑔𝑎𝛾𝛾/𝑔𝐾𝑆𝑉𝑍𝑎𝛾𝛾 11 3

Figure 2: CD102 Figure 3: CDT045
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Cavity Haloscope

▶ Fixed SNR &
𝑑𝑓
𝑑𝑡 ⇒ 1

𝑔𝑎𝛾𝛾
∝ 𝐵0√

𝐶𝑉√𝑄0
𝑇𝑆𝑦𝑠

▶ Figure of Merit FoM = √𝐶𝑉√𝑄0

𝐶: Form factor
= Geometry factor 𝐺

𝐶 =
[∫(𝐵⃗ ⋅ ⃗𝐸) 𝑑𝑉]2

𝐵20𝑉 ∫ | ⃗𝐸|2 𝑑𝑉
(1)

E: Electric field of selected mode.
B: Magnetic field of external magnet.

▶ Bead-pulling method
Δ𝑓 ∝ | ⃗𝐸0|2

Figure 4: BP Schematic

𝑉 : Volume
▶ TM010 mode for cylindrical cavity

▶ Aspect ratio ↑
⇒ mode density ↑
⇒ mode crossing ↑

▶ Longitudinal symmetry break ↑
⇒ ACM region ↑[4]

▶ HF large-volume cavity design:
▶ Upsize rods & radius

▶ Multi-cell / Periodic structures

▶ Multi-cavity configurations

▶ Advanced geometries

𝑄0: Intrinsic quality factor

▶ Low T & High B environment
▶ Skin depth

▶ Anomalous skin depth (ASE)

▶ Electron mean free path
▶ Cyclotron radius

⇒ Non-monotonic 𝑄0(B, T)

▶ Key Factors
▶ Material

▶ High RRR

▶ Structure
▶ Split
▶ 3-section: post annealing
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Cavities Simulation in 2021

Figure 5: Cavities Simulation in 2021

Figure 6: Spiral tuning of wire-metamaterial cavity (ALPHA) [5] Figure 7: Cavity (RADES) [6]
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Conic Shell Cavity ( • ̀ω•́ )
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Conic Shell Cavity
▶ Proposed by C.L. Kuo in 2020 [7], [8]

▶ Large 𝑉 , high 𝐶
▶ Two nested cones
▶ Frequency tuning

▶ Vertically moving inner cone

Figure 8: Conic shell cavity strucure

Theoretical Framework
▶ Ideal coaxial cavity
→ analytical solution

▶ Conic shell geometry
→ Second-order perturbative solution

Figure 9: Theoretical Frame. (Left) Coaxial cavity; (Right) Conic shell cavity.
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Theoretical Framework
▶ Assume 𝐵𝑧 = 𝐵0 = const.
▶ Coaxial cavity

▶ 𝑟1 = 65 mm; 𝜂 = 𝑟2
𝑟1

Figure 10: Optimization of C and CV

Form factor decomposition

𝐶 =
(∫ ⃗𝐸𝑧 𝑑𝑉)

2

𝑉 ∫ | ⃗𝐸𝑧|2𝑑𝑉
= 𝑁

2

𝑉𝑃

▶ Conic shell cavity
▶ 𝑟1 = 65 mm; 𝜂 = 𝑟2

𝑟1
; 𝜃1 = 3.55° = ; 𝜃2 = 3.5°

Figure 11: Perturbative corrections
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Dimension (Eigenmode solver)
▶ 𝜃𝐼𝑛 = 3.5°
▶ 𝑓𝑟 @ 5 GHz, 𝑊0=29.98 mm
▶ Optimization

▶ 𝐻𝑜𝑢𝑡 = 200 mm
▶ 𝜃𝑂𝑢𝑡= 3.55°

▶ 𝐻𝐼𝑛 = 224 mm
⇒ Tuning range 24 mm

Figure 12: Dimension Figure 13: Eigenmode
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𝜃𝑂𝑢𝑡 Optimization

▶ 𝐻𝑂𝑢𝑡 = 200 mm
▶ 𝜃𝐼𝑛 = 3.5°

Figure 14: Normalized electric field distribution along the cavity centerline for different 𝜃𝑂𝑢𝑡.

Ching-Fang Chen Development of conic shell cavity Frontiers in Axion Haloscope Experiment September 3, 2026 8 / 21



FoM Comparison
Table 2: FoM comparison among axion haloscope experiments operating near 5 GHz.

Cavity Tuning Range
(GHz)

Volume
(L)

𝑄0
at room temp. 𝐶 FoM

CAPP 8-Cell [9] 5.83 – 5.94 3.1 15000 0.6 15.09

Conic Shell 4.91 – 5.21 1.67 14500 0.73 12.04

HAYSTAC Phase I [10] Run 1: 5.7–5.8
Run 2: 5.6–5.7 2 (LT)

30000 0.5 ∼11.07

HAYSTAC Phase II [11] II(c): 4.178–4.459
II(d): 4.523–4.707 1.545 (60 mK)

44000 ± 4000 0.43 ± 0.01 ∼9.02

CAPP 18T [12] 4.72 – 5.06 1.07 12000 – 18000 0.56 – 0.58 8.64

ADMX Sidecar [13] (A) 4.202–4.249
(B) 5.086 – 5.799 0.38 11000 (A) 0.49

(B) 0.44 – 0.61 4.46

TASEH CD102 [1] 4.662 – 4.951 0.234 18000 0.62 4.41

CAST-CAPP [14] 4.774 – 5.434 0.224 ∼10000 0.53 ± 0.05 ∼3.45

▶ CAST-CAPP: Multi-cavity
▶ CAPP 8-Cell: Multi-cell cavity
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Mode Map (Driven Modal solver)

▶ 𝑓𝑟𝑇𝑀010: 4.94575 – 5.18875 GHz

▶ Tuning rate: 10.125 MHz/mm
▶ 𝑄0 ∼ 13350

Figure 15: Mode map

▶ Misalignment simulation
▶ Shift ▶ Rotation

⇒ Once TM010 mode is excited, C > 0.7222 (tune=0)

Figure 16: 𝑆 parameter & E-field at Tune = 0 mm
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Misalignment
▶ Shift schematic

Figure 17: Shift schematic

Figure 18: Shift misalignment simulation

▶ Rotation

Figure 19: Rotation schematic

Figure 20: Rotation misalignment simulation
▶ TM010 mode excited → 𝐶 > 0.722 (c.f. without misaligment 0.7366)
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Fabrication
Cavity Structure: S.S.316 + Cu Coating
▶ Machining & 3D Measurement

▶ Three sections & No fillet
→ Precise angle

▶ Positioning ring
→ Mechanical alignment

▶ Argon welding
→ Sealing with minimal deformation

Figure 21: Machining

▶ Copper coating
▶ Cu: 2 hrs
▶ Ag-strike, Ni-strike:

enhance adhesion
▶ SS316: substrate

Figure 22: Coating Procedure

Figure 23: The peeled-off coating thickness:(A) Cu: 50–60 𝜇m, (B)
Cu: 7 𝜇m, (C) Cu: 2.33 𝜇m; Ni: 0.03 𝜇m, (D) Cu: 16 𝜇m.
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3D Measurement
Table 3: 3D Measurement Result

Label Designed
(mm)

Measured
(mm)

Eccentricity
(mm)

Label Designed
(deg)

Measured
(deg)

A 44.10 44.119 0.005 1 3.50 3.517
B 71.50 71.564 0.005 2 3.55 3.521 / 3.552
C 105.18 105.222 0.119 3 3.55 3.549 / 3.570
D 140.00 140.054 0.012 4 90 / 89.986
E 130.00 130.049 0.076 5 3.50 3.469
F 44.50 44.507 0.005 6 3.50 3.452
G 47.56 47.538 0.003
H 140.00 139.958 0.023
J 71.78 71.772 0.016
K 71.90 71.899 0.015
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Experimental Setup
▶ Room Temperature

Figure 24: RT Setup

▶ Cryogenic

Figure 25: LT Setup

▶ Probe: Jyebao “.085CU-W-P-50” semi-rigid coaxial cable + “SMA8300-0085” SMA jack
▶ Coupling tuning: Attocube ANPz101eXT12/RT linear z-axis nanopositioner
▶ Frequency tuning: high-torque motor ↔ G-10 rod ↔ inner cone
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Ideas for Future Research
▶ Integrate conical shell cavities with ULC and auxetic structures

▶ ULC → Reduce cavity weight
▶ Reduce cavity mass
▶ Use OFHC copper or HTS → eliminate the need for coating

▶ Auxetic structure
▶ Divide the inner cone into several strips and adjust their positions

Figure 26: ULC (CAPP) [15]
Figure 27: Auxetic structure (CAPP) [16]

▶ Fix the innermost and outermost walls, sharing the middle wall
▶ Form two conical shell cavities and tune both simultaneously
▶ Two readouts → multicavity configuration
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RT Measurement

Figure 28: Room temperature measurement
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Discrepancy Analysis
▶ After inner cone position calibration: Δ𝑓𝑟 ∼ 69.7 MHz (∼ 1.39%)

▶ After filling Indium or Au/Cu foil at contact surface:
𝑄𝑚𝑒𝑎𝑠
𝑄𝑠𝑖𝑚

∼ 77%
▶ Refined simulation:

▶ air environment
▶ layered impedance B.C.
▶ measured 3D dim

▶ Potential factors:
▶ Simulation mesh resolution

▶ Rectilinear: Δ𝑓𝑟 ∼ 0.52%
(𝑅eff
𝑅 ≈ 1 − 𝜋2

3𝑁2 )
▶ Curvilinear: Δ𝑓𝑟 ∼ 0.19%

▶ Surface roughness

▶ 𝑅𝑎 = 0.45 𝜇m:
𝑄𝑚𝑒𝑎𝑠
𝑄𝑠𝑖𝑚

∼ 98.81%

▶ Field penetration (𝜇𝑟𝑁𝑖)
▶ Landau–Lifshitz model [17]

▶ Probe coupling effects

Figure 29: Rectilinear Figure 30: Curvilinear

Figure 31: Comparison between meas and refined sim

⇒ Δ𝑓𝑟 ∼ 0.19%;
𝑄𝑚𝑒𝑎𝑠
𝑄𝑠𝑖𝑚

∼ 98.81%
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Discrepancy Analysis

measured

innercone pos.
calibration

Au/Cu foil;
In filling

air environment
layered impedance B.C.

measured 3D dim

curvilinear
mesh

𝜇𝑟(Ni)
1–20

Ra
0.45 µm

Δ𝑓𝑟

Qmeas

Qsim

1.84% 1.39%

60% 77%

0.52%

75.26%

0.19%

74.92%

0.19%

74.91%

0.19%

74.92%

0.19%

98.81%
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Summary
▶ Cavity properties

▶ 𝐶 ≈ 0.73, 𝑉 ≈ 1.67 L, measured 𝑄0 (RT)≈ 10,500
▶ 𝑓𝑟: 4.859 – 5.098 GHz
▶ Tuning rate: 9.94 MHz/mm
▶ FoM ∼2.7× that of CD102 → ∼53× reduction in scan time

▶ Analytical coaxial model with 2nd-order perturbation

▶ Misalignment robust: 𝐶 > 0.722 once TM010 is excited

▶ Refined simulation
(curvilinear mesh, layered impedance, 𝜇𝑟𝑁𝑖, surface roughness 𝑅𝑎):
▶ Δ𝑓𝑟 ∶1.84% →0.19%

▶
𝑄𝑚𝑒𝑎𝑠
𝑄𝑠𝑖𝑚

∶ 77%→ 98.81%

▶ Future works
▶ Electroplating optimization → Cu thickness > 7 𝛿

▶ Potential alternatives: electroforming / cold spray / HIP / HTS tape

▶ Split outer-cone design to reduce contact resistance
▶ Cryogenic + 9 T characterization
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Axion
▶ Solve Strong CP Problem

▶ Peccei–Quinn symmetry [18]
▶ Predicts a pseudoscalar

Nambu–Goldstone boson
▶ Weinberg [19]
▶ Wilczek [20]

▶ Compelling CDM candidate
▶ Mass range 𝑂(1–100) 𝜇eV
▶ Corresponding to MW photons

▶ Coupling constant 𝑔𝑎𝛾𝛾 = (
𝑔𝛾𝛼
𝜋Λ2)𝑚𝑎

▶ KSVZ: 𝑔𝛾 = −0.97
▶ DFSZ: 𝑔𝛾 = 0.36

Figure 32: Worldwide Distribution of Experiments Searching for Axions, Axion-Like Particles, Dark Photons, and Other Ultralight Bosons [21].
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Strong-CP problem

QCD Lagrangian

𝐿𝜃 = −𝜃̄
𝑔2
32𝜋2𝐺

𝜇𝜈
𝑎 𝐺̃𝑎𝜇𝜈 (2)

𝜃: CP violation term

▶ Neutron Electrical Dipole Moment (nEDM)

⇒ 𝜃̄ ∼ 0 in strong interaction
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Axion Electrodynamics
(Heaviside–Lorentz units together with natural units are employed.)
▶ Lagrangian

𝐿 = 𝐿𝐸𝑀 + 𝐿𝑎 + 𝐿𝑔𝑎𝛾𝛾 (3)

= 12 (𝜖
⃗𝐸 ⋅ ⃗𝐸 − 1𝜇𝐵⃗ ⋅ 𝐵⃗) − 𝜌EMΦ + ⃗𝐽EM ⋅ 𝐴⃗ +

1
2[(𝜕𝑡𝑎)

2 − (∇⃗𝑎)2] − 12𝑚
2
𝑎𝑎2 − 𝑔𝑎𝛾𝛾𝑎 ⃗𝐸 ⋅ 𝐵⃗

▶ Modified Maxwell equations

⎧⎪⎪⎪
⎨⎪⎪⎪
⎩

∇ ⋅ (𝐷⃗ − 𝑔𝑎𝛾𝛾𝑎𝐵⃗) = 𝜌EM — Modified Gauss’s law (4a)

∇ × (𝐻⃗ + 𝑔𝑎𝛾𝛾𝑎 ⃗𝐸) − 𝜕𝜕𝑡 (𝐷⃗ − 𝑔𝑎𝛾𝛾𝑎𝐵⃗) =
⃗𝐽EM — Modified Ampère-Maxwell law (4b)

∇ ⋅ 𝐵⃗ = 0 (4c)

∇ × ⃗𝐸 + 𝜕𝐵⃗𝜕𝑡 = 0 (4d)

▶ Axion field equation
𝜕2𝑡 𝑎 − ∇2𝑎 + 𝑚2

𝑎𝑎 = − 𝑔𝑎𝛾𝛾 ⃗𝐸 ⋅ 𝐵⃗ — Axion equation (inhomogeneous K-G) (5)

⇒ The axion field induces an effective electric charge 𝜌𝑎 = − 𝑔𝑎𝛾𝛾𝐵⃗ ⋅ ∇𝑎
and an effective current density ⃗𝐽𝑎 = − 𝑔𝑎𝛾𝛾(

𝜕𝑎
𝜕𝑡 𝐵⃗ + ∇𝑎 × ⃗𝐸)

⇒ CDM: non-relativistic axions, |𝜕𝑡𝑎| ≫ |∇𝑎| ⇒ ∇𝑎 ≃ 0 ⇒ ⃗𝐽𝑎 = − 𝑔𝑎𝛾𝛾
𝜕𝑎
𝜕𝑡 𝐵⃗
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Lagrangian & Action

▶ Total Lagrangian density: 𝐿 = 𝐿𝐸𝑀 + 𝐿𝑎 + 𝐿𝑔𝑎𝛾𝛾
▶ 𝐿𝐸𝑀 =

1
2(𝜖 ⃗𝐸 ⋅ ⃗𝐸 − 1

𝜇𝐵⃗ ⋅𝐵⃗) − 𝜌EMΦ + ⃗𝐽EM ⋅𝐴⃗

▶ 𝐿𝑎 =
1
2[(𝜕𝑡𝑎)

2 − (∇⃗𝑎)2] − 1
2𝑚

2
𝑎𝑎2

▶ 𝐿𝑔𝑎𝛾𝛾 = −𝑔𝑎𝛾𝛾 𝑎 ⃗𝐸 ⋅𝐵⃗

▶ Action: 𝑆 = ∫𝐿𝑑3𝑥 𝑑𝑡
▶ Principle of stationary action: 𝛿𝑆 = 0
▶ 𝛿𝑆Φ = 0 ⇒ Modified Gauss’s law

▶ 𝛿𝑆𝐴⃗ = 0 ⇒ Modified Ampère-Maxwell law

▶ 𝛿𝑆𝑎 = 0 ⇒ Axion equation (inhomogeneous K-G)
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Variation w.r.t. Scalar Potential Φ
1. Extract Φ-dependent terms

𝐿Φ =
1
2𝜖 ⃗𝐸 ⋅ ⃗𝐸 − 𝜌EMΦ−𝑔𝑎𝛾𝛾 𝑎 ⃗𝐸 ⋅ 𝐵⃗

2. Apply 𝛿Φ, use 𝛿 ⃗𝐸 = −∇⃗(𝛿Φ)

𝛿𝑆Φ = ∫[−(𝜖 ⃗𝐸 − 𝑔𝑎𝛾𝛾𝑎𝐵⃗) ⋅ ∇⃗(𝛿Φ) − 𝜌EM 𝛿Φ] 𝑑3𝑥 𝑑𝑡

3. Integration by parts + divergence theorem
▶ Vector identity: ⃗𝐹 ⋅ ∇⃗(𝛿Φ) = ∇⃗ ⋅ ( ⃗𝐹 𝛿Φ) − (∇⃗ ⋅ ⃗𝐹) 𝛿Φ
▶ Surface term vanishes: 𝛿Φ|𝜕𝑉 = 0

𝛿𝑆Φ = ∫[∇⃗⋅ (𝜖 ⃗𝐸 − 𝑔𝑎𝛾𝛾𝑎𝐵⃗) − 𝜌EM]𝛿Φ 𝑑3𝑥 𝑑𝑡

4. 𝛿𝑆Φ = 0 for arbitrary 𝛿Φ

Modified Gauss’s law

∇⃗⋅ (𝜖 ⃗𝐸 − 𝑔𝑎𝛾𝛾 𝑎 𝐵⃗) = 𝜌EM
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Variation w.r.t. Vector Potential 𝐴⃗
1. Extract 𝐴⃗-dependent terms

𝐿𝐴⃗ =
𝜖
2
⃗𝐸 ⋅ ⃗𝐸 − 1

2𝜇𝐵⃗ ⋅ 𝐵⃗ + ⃗𝐽EM ⋅ 𝐴⃗ − 𝑔𝑎𝛾𝛾𝑎 ⃗𝐸 ⋅ 𝐵⃗

2. Apply 𝛿𝐴⃗: 𝛿 ⃗𝐸 = −𝜕𝑡(𝛿𝐴⃗), 𝛿𝐵⃗ = ∇⃗ × (𝛿𝐴⃗)

3. Integration by parts (temporal + spatial)
▶ Temporal: ∫ ⃗𝐹 ⋅ 𝜕𝑡(𝛿𝐴⃗) 𝑑𝑡 = −∫ 𝜕𝑡 ⃗𝐹 ⋅ 𝛿𝐴⃗ 𝑑𝑡
▶ Spatial: ∫ ⃗𝐹 ⋅ (∇⃗ × 𝛿𝐴⃗) 𝑑3𝑥 = ∫(∇⃗ × ⃗𝐹) ⋅ 𝛿𝐴⃗ 𝑑3𝑥

𝛿𝑆𝐴⃗ = ∫[𝜕𝑡(𝜖 ⃗𝐸 − 𝑔𝑎𝛾𝛾𝑎𝐵⃗) − ∇⃗ ×(
1
𝜇𝐵⃗ + 𝑔𝑎𝛾𝛾𝑎 ⃗𝐸) + ⃗𝐽EM]⋅ 𝛿𝐴⃗ 𝑑3𝑥 𝑑𝑡

4. 𝛿𝑆𝐴⃗ = 0 for arbitrary 𝛿𝐴⃗

Modified Ampère-Maxwell law

∇⃗ ×(1𝜇𝐵⃗ + 𝑔𝑎𝛾𝛾𝑎 ⃗𝐸) − 𝜕𝑡(𝜖 ⃗𝐸 − 𝑔𝑎𝛾𝛾𝑎𝐵⃗) = ⃗𝐽EM
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Variation w.r.t. Axion Field 𝑎
1. Extract 𝑎-dependent terms

𝐿𝑎 =
1
2(𝜕𝑡𝑎)2 −

1
2(∇⃗𝑎)2 −

1
2𝑚2

𝑎𝑎2⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
Klein-Gordon Lagrangian

− 𝑔𝑎𝛾𝛾 𝑎 ⃗𝐸 ⋅ 𝐵⃗

2. Apply 𝑎 → 𝑎 + 𝛿𝑎
𝛿𝑆𝑎 = ∫[𝜕𝑡𝑎 ⋅ 𝜕𝑡(𝛿𝑎) − ∇⃗𝑎 ⋅ ∇⃗(𝛿𝑎) − 𝑚2

𝑎𝑎𝛿𝑎 −𝑔𝑎𝛾𝛾 ⃗𝐸 ⋅ 𝐵⃗ 𝛿𝑎] 𝑑3𝑥 𝑑𝑡

3. Integration by parts
▶ Temporal: ∫𝜕𝑡𝑎 ⋅ 𝜕𝑡(𝛿𝑎) 𝑑𝑡 = −∫ 𝜕2𝑡 𝑎 ⋅ 𝛿𝑎𝑑𝑡
▶ Spatial: −∫ ∇⃗𝑎 ⋅ ∇⃗(𝛿𝑎) 𝑑3𝑥 = ∫∇2𝑎 ⋅ 𝛿𝑎𝑑3𝑥

𝛿𝑆𝑎 = ∫[−𝜕2𝑡 𝑎 + ∇2𝑎 − 𝑚2
𝑎𝑎 −𝑔𝑎𝛾𝛾 ⃗𝐸 ⋅ 𝐵⃗] 𝛿𝑎 𝑑3𝑥 𝑑𝑡

4. 𝛿𝑆𝑎 = 0 for arbitrary 𝛿𝑎

Axion equation (inhomogeneous K-G)

𝜕2𝑡 𝑎 − ∇2𝑎 + 𝑚2
𝑎𝑎 = − 𝑔𝑎𝛾𝛾 ⃗𝐸 ⋅ 𝐵⃗
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Axion Detection
▶ Haloscope (Fig. 34(a)–(c))

▶ Galactic DM axions
▶ The most sensitive method

▶ Helioscope (Fig. 34d)
▶ Solar axions

▶ Light-shining-through-a-wall (Fig. 34e)
▶ Pure laboratory experiment

𝑎

𝛾

𝑔𝑎𝛾𝛾

× 𝐵0
Figure 33: Inverse Primakoff effect

(a) Haloscope - Lumped circuit
ADMX SLIC [22]

(b) Haloscope - Cavity
ADMX [23]

(c) Haloscope - Dielectric disks
MADMAX [24]

(d) Helioscope CAST [25] (e) LSW ALPS II [26]

Figure 34: Schematics of representative axion detection approaches.
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Axion Exclusion Plot

Figure 35: Axion Exclusion Plot [21]. Green: helioscope experiments and astronomical observations; Red:
LSW experiments; Blue: haloscope experiments. Yellow: QCD axion band.
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Axion Exclusion Plot - Haloscope

Figure 36: Close-Up View of the Haloscope Axion Exclusion Plot [21].
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TASEH
CD102 [1], [2], [3]
▶ 𝑔𝑎𝛾𝛾 ∼11x KSVZ
▶ 𝑓𝑟 :4.7075–4.79815 GHz

(19.47–19.76 𝜇eV)
▶ Cavity 0.234L
▶ HEMT Amplifier
▶ Magnet 8T

CDT045
▶ 𝑔𝑎𝛾𝛾 ∼3x KSVZ
▶ 𝑓𝑟 :2.156–2.180 GHz

(8.91–9.01 𝜇eV)
▶ Cavity 4.1L
▶ JPA
▶ Magnet 6T (9T is preparing)

Figure 37: Axion Exclusion Plot [3].
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Signal Extraction

▶ Signal Power (SI units)

𝑃𝑠 = 𝑔2𝑎𝛾𝛾
ℏ3𝑐3𝜌𝑎
𝑚2
𝑎

𝜔𝑟
1
𝜇0
𝐵20𝑉𝐶𝑄0

𝛽
(1 + 𝛽)2 (6)

▶ System Noise

𝜎𝑛 = 𝑘𝐵𝑇𝑠𝑦𝑠√
Δ𝑓
𝑡 (7)

▶ Signal-to-Noise Ratio

𝑆𝑁𝑅 =
𝑃𝑠
𝜎𝑛

(8)

▶ Step Size

𝑑𝑓 = 12
𝑓𝑟
𝑄𝐿

=
𝑓𝑟(1 + 𝛽)
2𝑄0

(9)

▶ Scan Rate
𝑑𝑓
𝑑𝑡 ∝

𝑔4𝑎𝛾𝛾 𝐵40 𝐶2𝑉2𝑄0𝛽2

𝑘2𝐵 𝑇2𝑠𝑦𝑠 (1 + 𝛽)3
(10)

▶ Figure of Merit (FoM)

1
𝑔𝑎𝛾𝛾

∝ 𝐵0√
𝐶𝑉√𝑄0
𝑇𝑠𝑦𝑠

⇒ FoM ∝ √𝐶𝑉√𝑄0 (11)

𝐶: form factor 𝑉 : volume 𝑄0: Intrinsic quality factor
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Volume 𝑉

𝑥̂

𝑦̂

̂𝑧

𝑎

𝑑⃗𝑒𝑟

⃗𝑒𝜙
⃗𝑒𝑧

Figure 38: Cylindrical Cavity.

▶ TM mode resonant frequency for cylindrical cavity [27]

𝑓𝑛𝑚𝑙 =
𝑐

2𝜋√𝜇𝑟𝜖𝑟
√(
𝑃𝑛𝑚
𝑎 )

2
+ (𝑙𝜋𝑑 )

2
(12)

▶ 𝑃𝑛𝑚: 𝑚th root of 𝐽𝑛(𝑥) = 0
▶ TM010 mode is prefered.

HF large-volume cavity design:

▶ Upsize Rods & Radius (Fig. 39)

▶ Multi-cell / Periodic Structures (Fig. 40)

▶ Multi-cavity Configurations (Fig. 41)

▶ Advanced Geometries (Fig. 42)

Figure 39: ADMX-HF [28] Figure 40: CAPP 8Cell [29]

Figure 41: ADMX-G2 [30] Figure 42: Thin shell [31]
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Form factor 𝐶
▶ = Geometry factor 𝐺

𝐶 =
[∫(𝐵⃗ ⋅ ⃗𝐸) 𝑑𝑉]2

𝐵20𝑉 ∫ | ⃗𝐸|2 𝑑𝑉
(13)

E: Electric field of selected mode. B: Magnetic field of external magnet.

Figure 43: DR & B field

▶ Mode Interaction

Figure 44: Mode interaction [28]

Ching-Fang Chen Development of conic shell cavity Frontiers in Axion Haloscope Experiment September 3, 2026 B14



Slater Bead Perturbation Theory
1. Original vs. Perturbed Cavity

▶ Original:
∇ × ⃗𝐸0 = −𝑗𝜔0𝜇 ⃗𝐻0
∇ × ⃗𝐻0 = 𝑗𝜔0𝜖 ⃗𝐸0

▶ Perturbed:
∇ × ⃗𝐸 = −𝑗𝜔(𝜇 + Δ𝜇)𝐻⃗
∇ × 𝐻⃗ = 𝑗𝜔(𝜖 + Δ𝜖) ⃗𝐸

2. Cross-multiply + vector identity: ∇ ⋅ (𝐴⃗ × 𝐵⃗) = 𝐵⃗ ⋅ (∇ × 𝐴⃗) − 𝐴⃗ ⋅ (∇ × 𝐵⃗)
3. Integrate over 𝑉0 + divergence theorem

⇒
𝜔 − 𝜔0
𝜔 =

−∫𝑉0(Δ𝜖
⃗𝐸∗0 ⋅ ⃗𝐸 + Δ𝜇 ⃗𝐻∗0 ⋅𝐻⃗) 𝑑𝑣

∫𝑉0(𝜖
⃗𝐸∗0 ⋅ ⃗𝐸 + 𝜇 ⃗𝐻∗0 ⋅𝐻⃗) 𝑑𝑣

4. Small perturbation: ⃗𝐸 ≈ ⃗𝐸0, 𝐻⃗ ≈ ⃗𝐻0, 𝜔 ≈ 𝜔0

Slater Perturbation Theorem

Δ𝜔
𝜔0

≅
−∫𝑉0(Δ𝜖|

⃗𝐸0|2 + Δ𝜇| ⃗𝐻0|2) 𝑑𝑣

∫𝑉0(𝜖|
⃗𝐸0|2 + 𝜇| ⃗𝐻0|2) 𝑑𝑣

5. For dielectric bead (Δ𝜇 = 0): Δ𝑓 ∝ | ⃗𝐸0|2 at bead location
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Intrinsic quality factor 𝑄0
▶ Quality Factor

𝑄 = 𝜔𝑟
𝑈
𝑃 =

𝑓𝑟
Δ𝑓 =

𝜔𝑟
Δ𝜔 = 𝜔𝑟𝜅 (14)

▶ Intrinsic Q: 𝑄𝑖, 𝑄0
▶ External Q: 𝑄𝑒, 𝑄𝑐
▶ Loaded Q: 𝑄𝐿

Figure 45: Coupling schematic of the microwave cavity and the
output scattering line shape.

▶ Key Factors
▶ Material

▶ High RRR
▶ Structure

Figure 46: 3-section Figure 47: Split

▶ Low T & High B environment
▶ Skin depth

▶ Anomalous skin depth (ASE)

𝛿𝑎 =
3

√
√3 𝑐2𝑚𝑒𝑣𝐹
8𝜋𝜔𝑛𝑒2

▶ Electron mean free path
▶ Cyclotron radius

⇒ Non-monotonic 𝑄0(B, T)
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Equivalent Circuit

Quality Factor

𝑄 = 𝜔𝑟
𝑈
𝑃 =

𝑓𝑟
Δ𝑓 =

𝜔𝑟
Δ𝜔 = 𝜔𝑟𝜅 (15)

▶ Intrinsic Q 𝑄𝑖, 𝑄0
𝑄𝑖 = 𝜔𝑟

𝐿
𝑅 (16)

▶ External Q 𝑄𝑒, 𝑄𝑐

𝑄𝑒 = 𝜔𝑟
𝐿
𝑍0
=
𝑄𝑖
𝛽 (17)

▶ Loaded Q 𝑄𝐿

𝑄𝐿 = 𝜔𝑟
𝐿

𝑅 + 𝑍0
=

𝑄𝑖
1 + 𝛽 (18)

𝑍0

𝑅

𝐿

𝐶

Transmission
Line

Cavity

Figure 48: Equivalent Circuit.
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Coupling coefficient 𝛽
▶ Coupling Coefficient 𝛽

𝛽 =
𝑄𝑖
𝑄𝑒

=
𝜅𝑒
𝜅𝑖

(19)

▶ 𝑑𝑓
𝑑𝑡 ∝

𝛽2
(1 + 𝛽)3 ⇒ 𝑑

𝑑𝛽
𝛽2

(1 + 𝛽)3 = 0 ⇒ 𝛽 = 2

Table 4: Experimental parameters versus the coupling coefficient 𝛽

𝛽 0.5 1 1.5 2 2.5 3
𝛽

(1 + 𝛽)2 0.2222 0.2500 0.2400 0.2222 0.2041 0.1875 ∝ 𝑃𝑠
𝛽2

(1 + 𝛽)3 0.0741 0.1250 0.1440 0.1481 0.1458 0.1406 ∝ 𝑑𝑓
𝑑𝑡

(1 + 𝛽)34
𝛽 1

2
0.5217 0.5946 0.6160 0.6204 0.6179 0.6124 ∝ 𝑔𝑎𝛾𝛾

𝑔𝑎𝛾𝛾(𝛽)
𝑔𝑎𝛾𝛾(𝛽 = 2)

0.8409 0.9584 0.9929 1.0000 0.9960 0.9871
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Perturbative Solution for Conic Geometry
▶ Setup: tilted PEC walls

▶ 𝑅𝑖(𝑧) = 𝑟𝑖 − 𝑧 tan𝜃𝑖, 𝑛̂𝑖 ∝ ̂𝑟 + tan𝜃𝑖 ̂𝑧

▶ B.C.: 𝑛̂ × ⃗𝐸 = 0 ⇒ 𝐸𝑧 = 𝐸𝑟 tan𝜃𝑖 at 𝑟 = 𝑅𝑖(𝑧)

▶ Expansion: 𝐸𝑧 = 𝐸(0)𝑧 + 𝐸(1)𝑧 + 𝐸(2)𝑧 , 𝑘2𝑐 = 𝑘(0)𝑐
2 + 2𝑘(0)𝑐 𝑘(1)𝑐 + 𝑘(1)𝑐

2 + 2𝑘(0)𝑐 𝑘(2)𝑐

▶ Field correction (Taylor expansion + B.C. matching)

𝐸(1)𝑧 (𝑟𝑖, 𝑧) = −𝑘(0)𝑐 𝑧 tan𝜃𝑖Ψ1(𝑘(0)𝑐 𝑟𝑖)
𝐸(2)𝑧 (𝑟𝑖, 𝑧) =

𝑘(0)𝑐
2𝑟𝑖
𝐸(1)𝑟 tan𝜃𝑖 + 𝑧2 tan2 𝜃𝑖Ψ1(𝑘(0)𝑐 𝑟𝑖)

(𝐸(0)𝑟 = 0 in TM010; geometric coupling enters only at 2nd order)

▶ Frequency correction (Helmholtz (∇2𝑇 + 𝑘2𝑐 )𝐸𝑧 = 0)

Frequency Corrections

𝑘(1)𝑐 = 𝑘(0)𝑐
[𝑟 tan𝜃𝑖Ψ21]

𝑟1
𝑟2

[𝑟2Ψ21]
𝑟1
𝑟2
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𝐶 Decomposition & 𝑉 Correction
▶ Form factor decomposition: 𝑁 = ∫𝐸𝑧 𝑑𝑉 , 𝑃 = ∫ |𝐸𝑧|2 𝑑𝑉

𝐶 = 𝑁
2

𝑉𝑃

▶ Expand to 2nd order (with 𝑁𝑛 ≡ 𝑁(𝑛)/𝑁0, etc.; 𝑃1 = 0 by orthogonality)

Form Factor (2nd-order expansion)

𝐶conic ≈ 𝐶coax (1 + 2𝑁1 + 2𝑁2 + 𝑁21) [1 − (𝑉1 + 𝑉2) + 𝑉21 ] [1 − 𝑃2]

▶ Volume correction (exact, 𝑉conic = 𝜋 ∫
𝑑
0 [𝑅

2
1(𝑧) − 𝑅22(𝑧)] 𝑑𝑧)

𝑉conic = 𝜋𝑑(𝑟
2
1 − 𝑟22)⏟
𝑉0

− 𝜋𝑑2(𝑟1 tan𝜃1 − 𝑟2 tan𝜃2)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑉 (1)

+ 𝜋𝑑33 (tan2 𝜃1 − tan2 𝜃2)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑉 (2)

▶ At design point: 𝑉1 < 0⟹ field concentrates ⟹𝐶 ↑
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𝑁 & 𝑃 Correction Highlights
▶ 𝑁 correction —1st order:

𝑁1 = −
𝑑
2
𝑘(1)𝑐
𝑘(0)𝑐

∼ 𝑂(10−3)

▶ 𝑁 correction —2nd order (3 contributions): 𝑁(2) = 𝐴 + 𝐵 + 𝐶
▶ 𝐴: 2nd-order field

𝐴 = 2𝜋𝑑
3

3𝑘(0)𝑐
[
𝑘(1)𝑐

2

6
[𝑟4Ψ21(𝑘(0)𝑐 𝑟)]

𝑟1
𝑟2

[𝑟2Ψ21(𝑘
(0)
𝑐 𝑟)]

𝑟1
𝑟2

+
𝑘(1)𝑐
𝑘(0)𝑐

2 (𝑘
(1)
𝑐 + 113 ) [𝑟Ψ1(𝑘

(0)
𝑐 𝑟)]

𝑟1
𝑟2 −

𝑘(1)𝑐
2 [𝑟3Ψ1(𝑘(0)𝑐 𝑟)]

𝑟1
𝑟2]

▶ 𝐵: 1st-order field × 1st-order B.C.
▶ 𝐶: zero-order field × 2nd-order B.C.
▶ Geometric contribution 𝐵+𝐶: 𝜋𝑑3

3 𝑘
(0)
𝑐 [𝑟 tan2 𝜃𝑖 Ψ1]

𝑟1
𝑟2

▶ 𝑃 correction:
▶ 𝑃1 = 0 (orthogonality: ∫𝐸(0)𝑧 𝐸(1)𝑧 𝑑𝑉 = 0)

▶ 𝑃2 =
2𝑑2
3 (

𝑘(1)𝑐
𝑘(0)𝑐

)
2

[1 − 1
3𝑘(0)𝑐

2 +
[𝑟4Ψ21]

𝑟1
𝑟2

6[𝑟2Ψ21]
𝑟1
𝑟2

] ∼ 𝑂(10−5)
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Complete Correction Table Go Back

Term Order Expression

𝑘(1)𝑐 𝑂(𝛼) 𝑘(0)𝑐
[𝑟 tan𝜃𝑖𝜓2

1(𝑘(0)𝑐 𝑟)]
𝑟1
𝑟2

[𝑟2𝜓2
1(𝑘

(0)
𝑐 𝑟)]

𝑟1

𝑟2

𝑘(2)𝑐 𝑂(𝛼2) 3
2
𝑘(1)𝑐

2

𝑘(0)𝑐
+
𝑘(1)𝑐 [𝑟 tan𝜃𝑖 𝜓2

1(𝑘(0)𝑐 𝑟)]
𝑟1
𝑟2

[𝑟2𝜓2
1(𝑘

(0)
𝑐 𝑟)]

𝑟1

𝑟2

+
𝑘(0)𝑐 [tan2 𝜃𝑖 𝜓2

1(𝑘(0)𝑐 𝑟)]
𝑟1
𝑟2

2 [𝑟2𝜓2
1(𝑘

(0)
𝑐 𝑟)]

𝑟1

𝑟2

𝑁0 𝑂(1) 2𝜋𝑑
𝑘(0)𝑐

[𝑟𝜓1(𝑘(0)𝑐 𝑟)]
𝑟1
𝑟2

𝑁1 𝑂(𝛼) −𝑑2
𝑘(1)𝑐
𝑘(0)𝑐

𝑁2 𝑂(𝛼2) 𝑑2

3𝑘(0)𝑐
{
𝑘(1)𝑐

2

6

[𝑟4𝜓2
1]
𝑟1
𝑟2

[𝑟2𝜓2
1]
𝑟1
𝑟2

+
𝑘(1)𝑐
𝑘(0)𝑐

2(𝑘
(1)
𝑐 + 113 ) −

𝑘(1)𝑐
2

[𝑟3𝜓1]
𝑟1
𝑟2

[𝑟𝜓1]
𝑟1
𝑟2

+
𝑘(0)𝑐

2

2

[𝑟 tan2 𝜃𝑖𝜓1]
𝑟1
𝑟2

[𝑟𝜓1]
𝑟1
𝑟2

}

𝑉0 𝑂(1) 𝜋 𝑑 [𝑟2]𝑟1𝑟2
𝑉1 𝑂(𝛼) −

𝑑 [𝑟 tan𝜃𝑖]
𝑟1
𝑟2

[𝑟2]𝑟1𝑟2
𝑉2 𝑂(𝛼2) 𝑑2

3
[tan2𝜃𝑖]

𝑟1
𝑟2

[𝑟2]𝑟1𝑟2
𝑃0 𝑂(1) 𝜋𝑑[𝑟2𝜓2

1(𝑘(0)𝑐 𝑟)]
𝑟1
𝑟2

𝑃1 𝑂(𝛼) 0

𝑃2 𝑂(𝛼2) 2𝑑2
3 (

𝑘(1)𝑐
𝑘(0)𝑐

)
2

[1 − 1
3𝑘(0)𝑐

2 +
[𝑟4𝜓2

1]
𝑟1
𝑟2

6[𝑟2𝜓2
1]
𝑟1
𝑟2

]

𝐶conic 𝑂(𝛼2) 𝐶coaxial(1 + 2𝑁1 + 2𝑁2 + 𝑁21)[1 − (𝑉1 + 𝑉2) + 𝑉21 ][1 − 𝑃2]
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