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High mass Axion Dark Matter (DM) search
utilizing dielectric meta-material (DM)

Ohjoon Kwon

Center for Axion and Precision Physics research (CAPP) /
Institute for Basic Science (IBS), Daejeon, South Korea
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Cavities used in CAPP-PACE 2018 ==

“Fgaaes”

10KSVZ 15t run 10KSVZ 2nd | 3rd ryn 10KSVZ 4t run KSVZ run
2.45~ 2.50GHz 2.5~ 2.6GHz 2.59~ 2.7GHz 2.59GHz
/\ /—R /NMHZ bandwidth)
C R 3

1.12L copper cavity

—

QO v 80,000 Q0 ~100,000
0.59L copper cavity N
€ ~0.5-0.6 € ~0.62-0.66
Q0 ~ 100,000
C ~0.6-0.65 \uj v
Sapphire rod tuning w/ a fixed copper rod Tuning by copper rod rotation

Tuning by sapphire rod rotation

For High form factor, high Q
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CAPP’s microwave cavity R&D e

Requirements for axion search cavity

Lover

——— Opponent

Big
volume

Just friend

High
frequency

High form
factor

Frequency

tunable
(how much?)
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Pilot axion search in CAPP &,

CAPP’s microwave cavity R&D o

Requirements for axion search cavity

Lover

——— Opponent

Just friend

High form
factor

Frequency

tunable
(how much?)
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Lover

——— Opponent
Just friend

3-7 June 2019

Pilot axion search in CAPP

CAPP’s microwave cavity R&D

Requirements for axion search cavity

Frequency

tunable
(how much?)
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High form
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Frequency tuning of microwave cavity

Small range, in-situ tuning not available
A/ f<<1%

Frequency tuning w/ screws

(most cases such as accelerator, plasma physics, etc. ) ‘
(Frequency matching w/ operational frequency )

A /T>1%
Wide range tuning, field localization or
asymmetric field distribution

(Axion search)
In situ frequency tuning by rotating metal rods ‘
dielectric rods
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Frequency tuning of microwave cavity “%

Nyyaaes”

Small range, in-situ tuning not available
A/ f<<1%

Frequency tuning w/ screws

(most cases such as accelerator, plasma physics, etc. ) ‘
(Frequency matching w/ operational frequency )

A /T>1%
Wide range tuning, field localization or
asymmetric field distribution

(Axion search)
In situ frequency tuning by rotating metal rods ‘
dielectric rods

Ideal frequency tuning method for axion haloscope =

1. Azimuthal symmetric positioning of (low loss) dielectric for field symmetry
2. Just change dielectric constant!
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Frequency tuning of microwave cavity “%

Nyyaaes”

(most cases such as accelerator, plasma physics, etc. ) o . _
Frequency tuning w/ screws ‘ Small range, in-situ tuning not available

(Frequency matching w/ operational frequency )

(Axion search)
In situ frequency tuning by rotating metal rods ‘
dielectric rods

Wide range tuning, field localization or
asymmetric field distribution

Ideal frequency tuning method for axion haloscope =

1. Azimuthal symmetric positioning of (low loss) dielectric for field symmetry
2. Just change dielectric constant!
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Frequency tuning of microwave cavity ==

NSETEN S

(most cases such as accelerator, plasma physics, etc. ) o _ .
Frequency tuning w/ screws ‘ Small range, in-situ tuning not available

(Frequency matching w/ operational frequency )

(Axion search)
In situ frequency tuning by rotating metal rods ‘
dielectric rods

Wide range tuning, field localization or
asymmetric field distribution

Ideal frequency tuning method for axion haloscope =

1. Coaxial positioning of (low loss) dielectric for field symmetry
2. Just change dielectric constant!

Entrance to

L1
mos’t‘ Meta-material world
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Meta-material ?

artificial electromagnetic materials

SN ADVAN,
E
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“Meta-" means “altered, changed” or “higher, beyond”

*Negative index meta-material (NIM)
Left Handed Material (LHM)

- Cloaking

04

Permittivity<O

permeability<0
- Perfect-lens

rays
(energy flow)

Band gap: photonic crystal

Artificial high refractive index metamaterial = Effective dielectric

*Science 305, 788 (2004)
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Metallic metamaterial (MM) -
with a high index of refraction

Metallic metamaterial

d

| I I . I I TM case Waveguide mode in the slit
L
| Refractive index = n =d/a 2 ¢ =(d/a)?
@ f‘"

9 Eeff = &

Real dielectric
Un} n=d/a
TE case evanescent mode in the slit

2d

Refractive index > &= 24 [1-(nc)*/(am)? ]

2
Ifa<< 7», Seff’\’ngid
a

(b)

> Eeff = &y

PRL 94, 197401 (2005)



Metallic metamaterial (MM) (s
with a high index of refraction Fns

Metallic metamaterial

(a) (b)
d 1, A P A 1 ~
E ‘ 8
L Sl 5
g o / 0.2
P ~ p— -t \
: 0.05 0.1 0.15 0.2 0.25 15 .3. 45 60 75 90
@ y ?—» x Frequency d/A Incident angle (deg)
FIG. 2 (color). The transmission coefficient of the metal film
(black lines) and the corresponding effective dielectric slab (red
Real dielectric lines). The thickness of the metal film is L/d = 25/4. The
effective refractive index of the slab is n=d/a = 4.
U”’ n=da (a) Spectrum at normal incidence. (b) Transmission at oblique
incidence for the frequency w = 0.05 X d/A.
(b)

FIG. 4 (color). Snapshots of the H, field distributions of the

fundamental waveguide modes of the metal film [shown in (a)]

and the corresponding effective dielectric slab [shown in (b)] for

. H 9 _ n=d/a=4, L/d=25/4. The red color indicates positive

Refra Ct|Ve Index n - d/a amplitude, while the blue color indicates negative amplitude.
The white lines in (a) and (b) outline the film and the slab,

respectively. The normalized excitation frequency is o =

d/A = 0.0516. The arrows indicate the periodicity of the field.

Dielectric property controllable

#*PRL 94, 197401 (2005) Not easy to make application
3-7 June 2019 15th PATRAS Workshop on Axions, WIMPs, WISPs 14
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What if we change metal dielectric?

Low loss +
easy guess of field distribution = easier manipulation
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! Suggestion of anisotropic dielectric meta-material (DM)

Just change the material to dielectric !

U
L| I I I I I I We can avoid big loss caused by metal
: )
(@ T"

For TM mode (H polarization : y direction)
E,.=[E(d-a)e+ Eal/d =] (d-a)e +a ] E/d J
(@d-aye+a o M (daye + a

Eave - d

For TE mode (E polarization : y direction)

a + (d-a)e
Eeff — Cave — ;)



How to prove?

Conventional way ;, gtic Alternative way using microwave cavity

Lig ht i njection -
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=» Check transmittance =>» Check TM(TE) modes frequency

numerical analysis and experiment



How to prove?

By changing the €x, €y, €z, check the mode frequencies below

X polarized Transverse mode y polarized Transverse mode  z polarized Transverse mode

In the view of ky, kz: TE01(10)1 In the view of kx, kz: TE01(10)1 In the view of kx, ky: TE01(10)1
*CST MWS used In the view of kx: TM110 In the view of ky: TM110 In the view of kz: TM110

TEO11 TE101 TM110

For convenience, set kz as standard
3-7 June 2019 15th PATRAS Workshop on Axions, WIMPs, WISPs 18
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Real anisotropic vs. Dielectric meta- materlal

CST MWS used

Expected effective (relative) permittivity
€ = Eeff

period Dielectric thickp€ss
/ /|

/

e=10

VS

Changing a/d 0.5~ 1

Let’s compare cavity modes between anisotropic cavity and DM used one

3-7 June 2019 15th PATRAS Workshop on Axions, WIMPs, WISPs 19
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) Real anisotropic vs. Dielectric meta-material =/

CST MWS used

/

Changing €x, €y, €z respectively

35
3 XX X >_<_____>§____2<_____X____)S____X____x_____x ——TE101 mode £_y only
N
I m TE101 mode of effective medium
L)
~ 25
3’ ------------- TEO11 mode €_x only
o ° 3
g_ 2 < ® TEO011 mode of effective medium
Q [ ]
- [ )
L ) ----TM110 mode €z only
15 ®
® X TM110 mode of effective medium
1
045 0.55 0.65 0.75 0.85 095 1.05

a/d

Effective dielectric medium’s anisotropic properties well match to real dielectric cases

3-7 June 2019 15th PATRAS Workshop on Axions, WIMPs, WISPs 20
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) Real anisotropic vs. Dielectric meta-material K)

CST MWS used

Anistropic real media vs DM

45 —TEO11
— TE101
A TE111
TEO21
N 35 —TE21
X
5 —TE201
= —TR211
> TE
S —TM110
g 5g % TEO11 MM
g X TEL01 MM
}
2, X TE111 MM
TE021 MM
15 TE121 MM
X TE201_ MM
1 X TE211 MM
0.45 0.55 0.65 0.75 0.85 0.95 105 % 1Mm110 MM

die_thick ratio (a/d)

Effective dielectric medium’s anisotropic properties well match to real dielectric cases

Cylinder?
3-7 June 2019 15th PATRAS Workshop on Axions, WIMPs, WISPs 21
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d: period angle

a: gap angle
MY expectation
For ¢ polarized mode (H field : z direction)
_ _ B (d—a)/8+aE0 oo = . d
E,.=[E(d-a)e + Eal/d = (d-a)e +a ]| E/d E,.= T off = €¢ (d-a)/e +a

For z polarized mode (H field : ¢ direction)

a + (d-a)e
geﬁ’ = Egye T &7 T d

3-7 June 2019 15th PATRAS Workshop on Axions, WIMPs, WISPs 22



Eigen mode analysis on cylindrical cavity
with anisotropic behavior simulation

Comsol used

Z polarized mode : TM010 ¢ polarized mode : TEO11

Eff = Ege = &, = — 1 E.p= Ep= <~
o e d T (d-a)e+a

*R polarization effect would be weak

3-7 June 2019 15th PATRAS Workshop on Axions, WIMPs, WISPs 23



35

25

Frequency (GHz)

15

Comsol used

Real dielectric

IDM used cavity vs. original anisotropic cavity Y

N=80
= — TEO11 ed, €z, er applied altogether
v \ a/d I3 0) € 2 E_r
0.5 1.818 5.5 5.5
0.55 1.980 5.95 5.95
0.6 2.174 6.4 6.4
0.65 2.410 6.85 6.85
0.7 2.703 7.3 7.3
0.75 3.077 7.75 7.75
0.8 3.571 8.2 8.2
0.85 4.255 8.65 8.65
0.9 5.263 9.1 9.1
0.95 6.897 9.55 9.55
1 10.000 10 10
™ Real dielectric used cavity Almost
& equivalent
045 055 065 0.75 0385 095 105 DM used cavity behavior!!

a/d (dielectric portion ratio per period)

*The discrepancy happens due to the fringe effect. The deviation decreases as N increases.

3-7 June 2019 15th PATRAS Workshop on Axions, WIMPs, WISPs
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Application on Axion haloscope

Frequency tuning TMy,, mode

Spreading the dielectric pieces effectively changes
inner radius as well as effective dielectric constant

3-7 June 2019 15th PATRAS Workshop on Axions, WIMPs, WISPs 25
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-1 0 1 2 3 4 5 6 7 8
Dielectric: sapphire Wor—————7——7—7 77— 77— 06
1
|
|
A0S N '
85 |- Pp !
N 0~ C_CST_real  “opy ! loa
5 ---0--- C_phython “’@\%5@ Ty
= -~ C_CST_eff S
= 80} —GST é C=0.3 @
0 (AR AR R RERERRRRENRRRERERRRERRENNRENENNNRNNN,) IIII§ AR R RN R RRERRRRRERRNRE Y=
C t‘::A\ E
o B -
3 = F_CST real : N S
® 75| —e—F_phython : A {02
L —A— F_CST_eff I (SN
cavity_radius = 45mm : o
1 \D
- i i 7.0 | | .
(CAPP-PACE cavity radius) ! > 1GHz frequency tuning range
1 1 1 | L 1 1 1 1 1 i | 1 00
-1 0 1 2 3 4 5 6 7 8

> 0.3 form factor
tuning_d (mm)

*CST_eff has N=6, if N is larger, the discrepancy gets disappeared. Let’s find the best condition !
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Figures of merit for TM0O30

Form factor bandwidth
Form factor bandwidth (GHz)
0.4780 2.040
0.020
0.4183 0.018 1.785
0.3585 0.016 1.530
0.2988 — 0.014 1.275
£ o012
0.2390 * 1.020
§ 0.010
0.1793 0.008 0.7650
0.1195 0.006 0.5100
0.004
0.05975 0.2550
0.002
0.000 — 0.000
0.005 0.010 0.015 0.020 0.025 0.030 0.005 0.010 0.015 0.020 0.025 0.030
sap_ir (m) sap_ir (m)
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Figures of merit for TMO30 )

ST

Form factor? x Q x bandwidth FZ x Form factor? x Q x bandwidth
Cr2*Q*BW CrM2*Q*BW*FA2
8680 4 .460E+05
0.020 0.020
0.018 7595 0.018 3.903E+05
0.016 - 6510 0.016 - I 3.345E+05
£ 0012 E 0.0124
* - 4340 7 E - 2.230E+05
% 0.010 % 0.010
n w
0.008 - 3255 0.008 - 1.673E+05
0.006 - 2170 0.006 - 1.115E+05
0.004 0.004
1085 5.575E+04
0.002 0.002
0.000 0.000
0.005 0.010 0.015 0.020 0.025 0.030 0.005 0.010 0.015 0.020 0.025 0.030
sap_ir (m) sap_ir (m)
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Figures of merit for TM020

Form factor bandwidth
c_ave bandwidth
0.4920 1.270
0.020 0.020
0.018 0.4310 0.018 1.119
0.016 0.3700 0.016 0.9688
- 0.014 0.3090 - 0.014 0.8181
E 0012 E 0012
* 0.2480 * 0.6675
g 0.010 2 0.010
@ 0.1870 @ 0.5169
0.008 : 0.008 :
0.006 0.1260 0.006 0.3663
0.004 e _ 0.06500 0.004 0.2156
0.002 B 0.002
0.004000 0.06500
0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
sap_ir (m) sap_ir (m)
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Figures of merit for TM020 Ny
\\‘%o 1971 no"g/'
Form factor? x Q x bandwidth F2 x Form factor? x Q x bandwidth

Fr2*CA2*Q*BW Cr2*Q*BW

1.850E+05 8100
0.020

1.619E+05 0.018 7088

- 1.388E+05 0.016 - 6075

- 1.156E+05 — 0.014 ~ 5063
£ 0012

- 9.250E+04 el [ [-4050
§ 0.010

- 6.938E+04 0.008 — 3038

- 4.625E+04 0.006 - 2025
0.004

2.313E+04 1013
0.002

0.000 0.000

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
sap_ir (m) sap_ir (m)
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Form factor

c_ave

0.6920
0.6302
0.008
0.5685
— 0.006 0.5068
£
7 0.4450
g
® 0.004 03833
0.3215
0.002
0.2598
0.1980

0.020 0.025 0.030 0.035 0.040
sap_ir (m)
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Figures of merit for TMO10

bandwidth

bandwidth

0.8420

0.7368
0.008

0.6315
0.006 05263

0.4210

sap_t (m)

0.004 03157

0.2105
0.002

0.1053

0.000

0.020 0.025 0.030 0.035 0.040
sap_ir (m)
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Form factor? x Q x bandwidth
FA2*CA2*Q*BW

1.310E+04
1.146E+04
0.008
9825
8188
6550
4913
3275

0.002
1638

0.000
0.020

0.025

0.030
sap_ir (m)

0.035 0.040

3-7 June 2019

Figures of merit for TMO10

F2 x Form factor? x Q x bandwidth

Cr2*Q*BW
2480

2170

0.008
1860
— 0.006 1550
E
| 1240
Q.
(4]
® 0.004 930.0
620.0
0.002
310.0
0.000
0.020 0.025 0.030 0.035 0.040
sap_ir (m)
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9.00E+009 - 0.7
8.00E+009 - 0.6 1
—7.00E+009 - 0.5 1
L S
L 6.00E+009 1 <'041
o S 03-
S 5.00E+009 - o
= —a—TMO10_F —=—TM010_C
e TMO020_F 0.2 —e— TM020_C
4.00E+009 7 4 TMO30_F 1 |4 TM030 C
—v—TMO030_F2 0.1+ —v— TMO030_C2
3.00E+009 - = ]
- Wm' 0.0
2.00E+009 T T T T T T T T T T T ! T T T T T T T T T T T
0.000  0.002  0.004 0.006 0.008  0.010 0.000  0.002  0.004 0.006 0.008  0.010

distance from center (m) distance from center (m)
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—~ 7.00E+009 ~

(Hz

L
=
o
=
|_

9.00E+009

{8.38GHz

>0.3

8.00E+009

6.00E+009 ~

5.00E+009

4.00E+009

3.00E+009

—=—TMO10_F
—e— TMO020_F
—A—TMO030_F
—v— TMO030_F2

2.00E+009

»
0.000
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I
0.002

I
0.004

I
0.006

I I
0.008 0.010

distance from center (m)

TM010_C

0.1 1

0.0 +

—=—TM010_C
—e—TM020_C
—4—TM030_C
—v— TM030_C2

I I I I I
0.002 0.004 0.006 0.008 0.010

distance from center (m)

I
0.000
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] >0.3 ]
9.00E+009 - 0.7 4
| 8.38GHz G .
8.00E+009 0.6 1
—7.00E+009 - 057
=5 o _ ]
L 6.00E+009 1 o047
o S 03+
< 5.00E+009 o
= —=—TMO10_F —=—TM010_C
—e—TM020_F 0.2 e TM020 _C
4.00E+009 —4— TMO30_F 1 —4—TM030_C
1 —v - TMO030_F2 0.1 —v - TMO030_C2
3.00E+009 - = ]
- W 0.0+
2.00E+009 T T T T T T T T T T T ! T T T T T T T T T T T
0.000  0.002  0.004  0.006  0.008  0.010 0.000  0.002  0.004  0.006  0.008  0.010
distance from center (m) distance from center (m)

4.26 - 8.38GHz tuning available w/ same tuning mechanism
(+2.12-2.54GHz)
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F

C

Normalized
scan rate
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Scan rate comparison

(Qis not included/ SC considered)

CAPP-PACE 1st run

0.59L

2.45-2.5 GHz

0.6 -0.64
0.62

0.59L

2.45-2.5 GHz

0.66 —0.69
0.675

1.18

3 2
0.59L 0.59L
4.26-5.51 GHz 5.3-6.95 GHz

0.56-0.325  0.43-0.35
0.675
2.3 2.6

15th PATRAS Workshop on Axions, WIMPs, WISPs
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0.59L
6.95-8.38 GHz

0.46-0.3

3.9
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Arranging dielectric slit periodically, we can make controllable anisotropic dielectric meta-
material (DM)

Using eigen mode analysis, we proved the effective DM works as real dielectric medium.

DM can be applied even in cylindrical structure.

We can apply DM to the axion haloscope as a high order mode frequency tuner.

Using TM020, TM030 mode, we can tune the cavity from 4GHz to 8.4GHz with reasonable
form factor, when the cavity diameter is 90mm.
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