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Taiwan Axion Search Experiment with a Haloscope

» 2 -3 GHz » ~5 GHz Table 1: Comparison between CD102 & CDT045
(Cylindrical cavity) » Cylindrical cavity CD102 CDT045
» 2.0-2.3 GHz » CD102 (Oct. 2021)
» 6T CDT045 (Dec. 2025) [1], [2], [3] B (T) 8 6
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Figure 2: CD102 Figure 3: CDT045
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Figure 1: Axion Exclusion Plot.
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Cavity Haloscope

d cv,/Q
> FixedSNR& 2 o 1 wp, : > Figure of Merit Foll =,/cV.[Q,
dt d, T
144 Sys
C: Form factor V: Volume Q,: Intrinsic quality factor
= Geometry factor G 2 TM,,, mode for cylindrical cavity Low T & High B environment
C = [f(B - E) dV] ’ Aspect ratio T Skin depth
BsV [ |E|2dV = mode density 7 Anomalous skin depth (ASE)
g :
E: Electric field of selected mode. = mode crossing T Electron mean free path
B: Magnetic field of external magnet. Longitudinal symmetry break T Cyclotron radius
Bead-pulling method = ACM region T[4] = Non-monotonic Q,(B, T)
=12
Af o |E0| HF large-volume cavity design: Key Factors
Upsize rods & radius Material
High RRR
Multi-cell / Periodic structures
Structure
Multi-cavity configurations Split
BEIG e Advanced geometries 3-section: post annealing
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Cavities Simulation in 2021

Aperture-like Periodic-structure Multi-cell

Incomplete Wall
Q: 12786.4 Q: 19413

Q: 12973.8 Q: 18364.8 Q: 22300.1

o = T

e

c.f. complete wall with rod
Q~20000

Figure 7: Cavity (RADES) [6]

Figure 6: Spiral tuning of wire-metamaterial cavity (ALPHA) [5]
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Conic Shell Cavity (¢ we)
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Conic Shell Cavity
Proposed by C.L. Kuo in 2020 [7], [&]
Large V, high C
Two nested cones
Frequency tuning

Vertically moving inner cone

Position Ring

RF Choke

Inner Cone

Outer Cone

Resonant
Region

RF Choke

Conic shell cavity strucure
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Theoretical Framework

|deal coaxial cavity
— analytical solution

Conic shell geometry

— Second-order perturbative solution

]

Theoretical Frame. (Left) Coaxial cavity; (Right) Conic shell cavity.
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Theoretical Framework
Assume B, = B, = const.
Coaxial cavity
r,=65mm;n = :—2
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Conic shell cavity
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Dimension (Eigenmode solver)

» 0, =3.5°
» f, @ 5 GHz, W,=29.98 mm
» Optimization

> H,,, =200 mm

> 0,,= 3.55°

» H, =224 mm
= Tuning range 24 mm
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Figure 12: Dimension
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0,,, Optimization

> HOut =200 mm

» 0, =3.5°
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Figure 14: Normalized electric field distribution along the cavity centerline for different 6, ..

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.

i Tuning Range Volume Q,
Cavity (GHz) (L) at room temp. ¢ 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
Run 1: 5.7-5.8 (LT)
HAYSTAC Phase | [10] RUN 2: 5.6-5.7 2 30000 0.5 ~11.07
ll(c): 4.178-4.459 (60 mK)
HAYSTAC Phase Il [11] II(d): 4.523-4.707 1.545 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
: (A) 4.202—-4.249 (A) 0.49
ADMX Sidecar [13] (B) 5.086 — 5.799 0.38 11000 (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)

> f.:4.94575-5.18875 GHz » Misalignment simulation
TMp10 . .
> Shift » Rotation

» Tuning rate: 10.125 MHz/mm _ _
= Once TM,,, mode is excited, C > 0.7222 (tune=0)
» Q, ~ 13350
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Figure 15: Mode map Figure 16: S parameter & E-field at Tune = 0 mm
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Misalignment

» Shift schematic » Rotation

Figure 19: Rotation schematic
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Figure 18: Shift misalignment simulation Figure 20: Rotation misalignment simulation
» TM,,, 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 » Copper coating
» Three sections & No fillet » Cu: 2 hrs Cu
— Precise angle » Ag-strike, Ni-strike: Ag
» Positioning ring enhance adhesion Ni
— Mechanical alignment » SS316: substrate SS —
» Argon welding Figure 22: Coating Procedure

— Sealing with minimal deformation

Figure 23: The peeled-off coating thickness:(A) Cu: 50-60 um, (B)
Cu: 7 uym, (C) Cu: 2.33 pm; Ni: 0.03 pym, (D) Cu: 16 pym.

Figure 21: Machining
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3D Measurement

Ching-Fang Chen

Label

>

AN« T O mTmmoOO W

Designed
(mm)
44.10
71.50

105.18
140.00
130.00
44.50
47.56
140.00
71.78
71.90

Table 3: 3D Measurement Result

Measured
(mm)
44.119
71.564
105.222
140.054
130.049
44.507
47.538
139.958
71.772
71.899

Development of conic shell cavity

Eccentricity
(mm)
0.005
0.005
0.119
0.012
0.076
0.005
0.003
0.023
0.016
0.015
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Label

oo 01~ WD =
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(deg)
3.50
3.55
3.55

90
3.50
3.50

~

B

Measured

(deg)
3.517

/ 89.986
3.469
3.452

3.521 / 3.552
3.549 / 3.570
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Experimental Setup

» Room Temperature » Cryogenic

& 50K plate g %
4K plate AT |
v ik . £
) ) |H : Still plate
i Cold plate
S MXC plate

400 mm :

B Field Center =

. . Rangefinder - ‘

Figure 24: RT Setup 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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|deas 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

Linear
actuator

Caity Ffixtures:

! Rotary

actuator
2

Auxetic

Figure 26: ULC (CAPP) [15] B 1 e
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
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Discrepancy Analysis

» After inner cone position calibration: Af, ~ 69.7 MHz (~ 1.39%)

Q
» After filling Indium or Au/Cu foil at contact surface: ——

» Refined simulation:
» air environment

» layered impedance B.C.
» measured 3D dim

» Potential factors:

» Simulation mesh resolution
> Rectilinear: Af, ~ 0.52%
(=15
R 3N2
> Curvilinear: Af, ~0.19%
» Surface roughness

meas

> R, =0.45pym: ~ 98.81%

sim

> Field penetration (u, )
Ni
» Landau-Lifshitz model [17]

» Probe coupling effects

Ching-Fang Chen Development of conic shell cavity
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Discrepancy Analysis

Af — innercone pos.
, ) .
1.84% calibration 1.39% T AT A
aQ measured layered impedance B.C.
Qmeas ~ 60% Au/Cu foil: 77% TEEEUIEE Sl Gln
sim In filling
0.19% 0.19%
AL
74.920/0 _ 74 .91 O/o
0.52% curvilinear
75.26% mesh 0.19% - 0.19%
74.92% 0.45 pm 98.81%
Ching-Fang Chen Development of conic shell cavity Frontiers in Axion Haloscope Experiment September 3, 2026

18 / 21



Summary

» Cavity properties
» C=0.73,V = 1.67L, measured Q, (RT)~ 10,500
> f,: 4.859 —5.098 GHz
» Tuning rate: 9.94 MHz/mm
» FoM ~2.7x that of CD102 — ~53x reduction in scan time

» Analytical coaxial model with 2nd-order perturbation
» Misalignment robust: C > 0.722 once TM,, is excited

» Refined simulation
(curvilinear mesh, layered impedance, p_ , surface roughness R ):
Ni

> Af, 11.84% — 0.19%

Q
> Q’”eas :77% — 98.81%

» Future works

» Electroplating optimization — Cu thickness >7 6
» Potential alternatives: electroforming / cold spray / HIP / HTS tape

sim

» Split outer-cone design to reduce contact resistance
» Cryogenic + 9T characterization
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Axion

Solve Strong CP Problem Compelling CDM candidate
Peccei—Quinn symmetry [18] Mass range O(1-100) peV
Predicts a pseudoscalar Corresponding to MW photons
Nambu—Goldstone boson _ g, o

Weinberg [19] Coupling constant Dayy = (#) m,
Wilczek [20] KSVZ: g, = -0.97

DFSZ: g, = 0.36

Chandra, NuSTAR,
Fermi, Planck,
INTEGRAL

N XMM-Newton
SuperMAG,

S eROSITA, COBE,
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Worldwide Distribution of Experiments Searching for Axions, Axion-Like Particles, Dark Photons, and Other Ultralight Bosons [
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Strong-CP problem

QCD Lagrangian
- gz
Ly =-0

T2 e Ca @)

0: CP violation term

» Neutron Electrical Dipole Moment (nEDM)

= 0 ~ 0 in strong interaction
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Axion Electrodynamics
(Heaviside-Lorentz units together with natural units are employed.)
» Lagrangian

(v (D - gawaé) = pg,, — Modified Gauss’s law
-> - a .
{ V x (H + gawaE) "5 (D - gawaB) Jem Modified Ampéere-Maxwell law
V-B=0
- 9B
VxE+—=0
X + at
» Axion field equation
9%a - V2a+m?a=- gawq B — Axion equation (inhomogeneous K-G)
= The axion field induces an effective electric charge p_ = - gawé -Va
and an effective current density fa = - gaw("aB +VaxE)
= CDM: non-relativistic axions, |9,a| > |Va| = Va=0 = | = “Gayy 32 2ap

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

B3



Lagrangian & Action

» Total Lagrangian density: L =L, +L_+ L,
ayy

1 - o 12 =
> Loy = H(€E-E - 1B-B) - poy® + Jpy-A
> L, = 2[(9,a) - (Va)] - smZa’
g Lgayy = =9y aE-B

» Action: S = [ Ld3xdt

» Principle of stationary action: 6S =0
> 6S, = 0 = Modified Gauss’s law
» 6S; = 0 = Modified Ampere-Maxwell law

» 6S, =0 = Axion equation (inhomogeneous K-G)
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Variation w.r.t. Scalar Potential ©

Extract ®-dependent terms

Apply 6@, use 6E = -V(5D)
55, = f [-(eE - )- U(60) - pgy, 60| dx dt

Integration by parts + divergence theorem
Vector identity: F - V(6®) = V - (F 6®) - (V - F) 6@

Surface term vanishes: 6®|,,, = 0
5. = f [ (eE ) - PeyJ6© dx dit

6S,, = 0 for arbitrary 6@

Modified Gauss’s law

6'(eE ) = Pem
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Variation w.r.t. Vector Potential A

Extract Z\-dependent terms

{

mu
mu
|
oL
oo
+
—
h oY}

h )
N |m
=[-

Apply 6A: 6E = -9,(6A), 6B =V x (6A)

Integration by parts (temporal + spatial)
Temporal: [ F - at(&z\)dt = -fatﬁ . SAdt
Spatial: [ F-(Vx8A)d3x = [(V xF)-6Ad>x

65 = [ [oeE ) x(18 )+ o] 6B dPx dt

6S; = 0 for arbitrary 6A

Modified Ampéere-Maxwell law

Vx(1B ) - 0,(eE ) = Jem
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Variation w.r.t. Axion Field a

Extract a-dependent terms
L, = 3(9,a)? - 3(Va)? - ~m2a?

KIein-GordoFLagrangian
Apply a - a + 6a
6S, = f[ata -9,(6a) - Va - V(6a) - m2a éa ]d3x dt

Integration by parts
Temporal: f9.a-9,(6a)dt=- [d2a-6adt
Spatial: - [ Va - V(6a)d3x = [ V?a - 6ad>x

6S, = f[—atza +V’a-mia ]60 d3x dt

6S, = 0 for arbitrary éa

Axion equation (inhomogeneous K-G)

afa -V2a+ mga -
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Axion Detection

» Haloscope (Fig. 34(a)—(c)) %
» Galactic DM axions
» The most sensitive method
» Helioscope (Fig. 34d)
» Solar axions ' B
» Light-shining-through-a-wall (Fig. 34e)

. Figure 33: Inverse Primakoff effect
» Pure laboratory experiment

(a) Haloscope - Lumped circuit (b) Haloscope - Cavity (c) Haloscope - Dielectric disks
ADMX SLIC [22] ADMX [23] MADMAX [24]
ssssss s _ s e HPL ’| |I I I || I I I I I'I I Wall V I I II I II I I I Il I | Detector
o \ = -—{ _—”-I-I LR e }_P—-@
*"’"' Magnet string
// e 106 m
(d) Helioscope CAST [25] (e) LSW ALPS Il [26]

Figure 34: Schematics of representative axion detection approaches.
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Axion Exclusion Plot
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Axion Exclusion Plot [21]. Green: helioscope experiments and astronomical observations; Red:
LSW experiments; Blue: haloscope experiments. Yellow: QCD axion band.
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Frequency [MHz]
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Close-Up View of the Haloscope Axion Exclusion Plot [21].



TASEH
cD102[1], [2], [3]

> Gy ~11X KSVZ m, [1eV]
> f,:4.7075-4.79815 GHz S5 10 15 20 2|5| -
_ 10° & =
(19.717 19.76 peV) : "W hser
» Cavity 0.234L 107 & 2 Joast
» HEMT Amplifier B 3[ ] aomx
— 10" & =
» Magnet 8T ™ = =T carp
> 107 & _;.RBF_UF
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> g,y ~3X KSVZ m:% 107 D1 = |HAYSTAC
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> f.:2.156-2.180 GHz 10 CDTO45 .
(891—901 IJGV) — DFSZ
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Figure 37: Axion Exclusion Plot [3].
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Signal Extraction

» Signal Power (Sl units)

hcp, 1 B
- A2 a 2
Ps - gayy m(zj W, U, BOVCQO (1 + B)z (6)
» System Noise » Signal-to-Noise Ratio
Af _ P
On = kBTsyS T (7) SNR = O'_n (8)
» Step Size » Scan Rate o gt c2y2q B2
d g’ B CVQ
df_lfr _f(1+B) 9) d]tc‘x ayzy : 0 (10)
"20,7 20, k5 T2, (1+ B

» Figure of Merit (FoM)

cv
1 o, T‘/Q_O > FoM ay/cvy/@, (1)

gayy Sys
C: form factor V: volume Q;: Intrinsic quality factor
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Volume V

> N»

R
\

\}y

<
\
\
\
x>
/
/
/
2
1
/!
/
.

Cylindrical Cavity.

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)
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TM mode resonant frequency for cylindrical cavity [27]

nm

gl
nml_zrr ne a

P . m"rootofJ (x)=0
TM,,, mode is prefered.

ADMX-HF [28]

ADMX-G2 [30]
Frontiers in Axion Haloscope Experiment
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Thin shell
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Form factor C

» = Geometry factor G

- - 2
[J(B-E)dV]
€= (13)
BoV [ |E|2dV
E: Electric field of selected mode. B: Magnetic field of external magnet.
ol e » Mode Interaction
L Y B e ey R A |
L |
120 1
50K plate
452 . - . =v
901 bt o o
Ebt b b ° o
I IR Ry AR e — ° o®
4K plate —=8g 8 I R B B B B B N o o°
O RO BB B Y T . 8 -
L i A O T Y Y B | o o
NIRRRRRERsRaee = SN
PEREanpayiaaty: > o [ooocc0ge0s00000Re °
E =04 - - - -
~ [ I I S I B N E 450 B oo0000000000 Bpooo
MXC plate | T T U Yt N A N N | { o
=301 bbb bbb 3
| S T 1S O O A TR N R R A | o
200 mm (O B B B B B B I i
=10 T S T T e S T N B B A E
O T e T T Ot S T
B Field [N S B St S N B S N B
Center —903 1
‘ 448 L
-120
LI T B D R R 5.0 5.2 5.'4I
L e e L e . T T
SR AT AR A 6 (deg)
144 mm 0 10 20 30 40 50 60 70 . . .
Bore size r (mm) Figure 44: Mode interaction [28]
Figure 43: DR & B field
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Slater Bead Perturbation Theory

Original vs. Perturbed Cavity
Original: , p
V x E:O = —jwouql-TO
VxH, = jw,eE,
Perturbed:
VxE =-jw(y+Ap)A S
Vx H = jw(e + Ae)E @ ©

Cross-multiply + vector identity: V- (AxB)=B-(VxA)-A-(V xB)
Integrate over V,, + divergence theorem
_w-wy - VO(AEES E + Ay Hg-H) dv
W[, (€Eo-E+ pHy-A)dv

Small perturbation: E = E,, A~ H,, w » w,

Slater Perturbation Theorem

Aw —fVO(A€|E_)O|2+AIJ|I:I)O|2)dV

wO fvo(ell::)0|2+““:i0|2)dv

For dielectric bead (Apy = 0): Af « |I:j()|2 at bead location
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Intrinsic quality factor Q,

» Quality Factor » Key Factors
f » Material
u J, W, > High RRR
Q=wW,—=—=—=WK (14) g
P Af Aw ' » Structure

> Intrinsic Q: Q;, Q,
» External Q: Q,, Q,
» Loaded Q: Q,

partially reflective perfectly reflective
miuror miror 9 —
o L: E Sl . Figure 46: 3-section Figure 47: Split
= n =
(@) ®) » Low T & High B environment
a S(w) » Skin depth
{ \ :|: / \ / \ / » Anomalous skin depth (ASE)
Lorentzian lmeshape 3 \/§ c2m eVE

(=0,1) = a 8nmwne?

a S(w)
{ \ :I:‘» '_’ / / :IE » Electron mea.n free path

Fano lineshape] » Cyclotron radius

Figure 45: Coupling schematlc of the microwave cavity and the = Non-monotonic QO(B, T)

output scattering line shape.
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Equivalent Circuit

Quality Factor

Q= wp = 3z =5 = Wk (15) Transm|SS|on - Cavity
Line | R
> IntrinsicQ Q,, Q, i
—wl l
» External Q Q,, Q, : | |
. a : N
R (17) ¢
Figure 48: Equivalent Circuit.
» Loaded Q Q,
L Q;

(18)
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Coupling coefficient 3
» Coupling Coefficient 8 0
= —’ = —e 19
B a (19)

Jdf B _d B |
dt  (1+p) dp(1+By

0 =p=2

Table 4: Experimental parameters versus the coupling coefficient

B 0.5 1 1.5 2 2.5 3
e ﬁf)z 0.2222 | 0.2500 | 0.2400 | 0.2222 | 0.2041 | 0.1875 | & P,
+
(156)3 0.0741|0.1250 | 0.1440 0.1481 0.1458 | 0.1406 | o &
+
3
1 4
( +F) 0.5217 | 0.5946 | 0.6160 | 0.6204 | 0.6179|0.6124 | g,
B>
9ayy(B)
T 0.8409 0.9584 | 0.9929 | 1.0000 | 0.9960 | 0.9871
ayy ™=
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Perturbative Solution for Conic Geometry
Setup: tilted PEC walls

R(z)=r, -ztanB,, n, «r+tanb. 2z
B.C.AxE=0= E,=E tan®. atr = R(2)

Expansion: E, = E® + E0 4 @) k2 = RO” 4 2kOKN + k1) 4 210K
Field correction (Taylor expansion + B.C. matching)

ECr,z) = -k ztan 6. W (ROr,)

|(0)
E?r, 2) = =EVtan 6, + 22 tan® 6, W, (kKO)r;)

1

(E© = 0in TM,,,; geometric coupling enters only at 2nd order)

Frequency correction (Helmholtz (V2 + R2)E, = 0)

Frequency Corrections

29"
W) - k(o)[rtan 6.¥lr,

C C

[r2LIJ%]£;
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C Decomposition & V Correction
Form factor decomposition: N = [ E, dV, P= [|E |*dV

N2

C=—
VP

Expand to 2nd order (with N_ = N /N, etc.; P, = 0 by orthogonality)

Form Factor (2nd-order expansion)

C

conic

= oo (142N, + 20, + N1 = (V; + V,) + V211 - P,]

coax (

Volume correction (exact, V.. =T de[Rf(z) - R3(2)] dz)

conic

conic = (17 - 13) = md2(r; tan 6, - r,tan 6,) + -(tan’ 0, - tan’ 6,)

g J
"' \

Vo v V@)

At design point: V, < 0 = field concentrates = C 1
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N & P Correction Highlights

» N correction —1st order:

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

2[R FW2RON] R km
(0)

A =
3R 6 [rw2(ROnn 07

» B: 1st-order field x 1st-order B.C.
» C: zero-order field x 2nd-order B.C.

» Geometric contribution B+C: "Tcpk(co)[rtanz 6, %]E

» P correction:
» P, = 0 (orthogonality: [ EQE( dV = 0)

2 r

. 2d2 ROV, 1, 'l
27 (0) (0)2 6 2l.|J2 r

Re 3ke [r 1]r2
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Complete Correction Table

Ching-Fang Chen

Term Order Expression
k() 0(a) [rtane w2 (RO r)]
C
[r2tp1 kc r)]
KO 0(a2) S ROV [rtane w2 (RO )]2 kO [tan? 6, w( 0r)]2
- +
0 1
2 ke [rzwﬁ(kc r)] 2[r2qJ1 (0)'_)]
§)
2nd :
N, 0(1) '(TO)[ (k(co),)]:
ke 2
1
N, o(a) _dk”
2
r1
N, 0(a?) q? p(1)? [ry?] R (o, 11 (1)[r W, ] (0)2 [rtan® 6, Lp1]r2
+_ -
(0) 21" 2\ ¢ ) r,
39| 6 [’2"’1]r2 kgo)\ 3/ 2 [rw] 3 [“”1]5
Vo o(1) md[r]
v, 0(a) _dlrtan e,.]ﬁ;
r
[r21r, .
v, 0(a?) d_2 [tanzei]r;
3 [y
P o(1) nd[rzwf(kg’)r)]:
1 O(a) 0
4,21
P, 0(a?) 2d2(k,(1 ) 1o, [r w1]f2
3 k(o) 0 6[I’2Lp$]:1
Coonic 0(a?) Covmial(1* 2N, + 2N, + N2)[1 = (V, + V,) + V2][1 - P,]
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