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MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Overview

 Theoretical motivations
* Scale-up & challenges
* Dielectric haloscope

« MADMAX experiment

* Proof-of-principle setup:
100mm setup in LHe

* Conclusion “The box is empty... OR IS IT?”

from Twitter@FrankWilczek

Axions beyond Gen 2, Univ. of Washington, Jan 2021 2 /\/\AD INMLAX



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Post-Iinflation scenario

“Terra incognita”

ALPs good
Dark Matter

A3
candidates

-
o

6\'\ - QCD Dark Matter Axion
Pre-inflationary scenario

Axion/ALP- Photon coupling g,,[GeV]

http://physicstuff.com/how-do-magnets-work/

1t
a A QCD Dark Matter Axion
1015 '5%/0 « Post-inflationary scenario
M. K ki et al., Phys. Rev. D 91 14 (201 P
awasaki et al., Phys. Rev. D 91, 065014 (2015) o QCD Axions
T. Hiramatsu, et al., Phys. Rev. D 85, 105020 (2012) not Dark Matter

S. Borsanyi, et al., Nature 539, 69 (2016)
V. B. Klaer and G. D. Moore, J. Cosmol. Astropart. Phys. 2017 (11), 049 409-17
R. T. Co, et al., Phys. Rev. Lett. 124 , 251802 (2020) 107 106 105 104 103 10-2 0

1 1
Axions beyond Gen 2, Univ. of Washington, Jan 2021 3 Mass [eV] \AX




MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

High frequency challenge

How to be sensitive above 10 GHz

o PSlgOC QV

» Single-mode resonator shrinks rapidly
at high frequency.

e Q also decreases with higher skin loss

e How to reach QCD above 10 GHZz?

Axions beyond Gen 2, Univ. of Washington, Jan 2021 4 /\/\AD/ID/V\ AX



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope

1 GHz cavity

image from Wikipedia: O’zapft is!

Axions beyond Gen 2, Univ. of Washington, Jan 2021 5

10 GHz cavity

Chang Lee



Scale-up &
challenges
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MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Dielectric-loaded resonator

 Resonant cavity loaded with dielectric to maximize overlap with Ea.

* Concept already used by ORPHEUS and ORGAN.

magnetic field

trerreeeeeteeteeeeeeeeeet

reﬂecting / ORPHEUS: 3rd Workshop on Microwave Cavities
and Detectors for Axion Research, Aug. 2018 LLNL,
boundary ORGAN: arXiv:1706.00209

Axions beyond Gen 2, Univ. of Washington, Jan 2021 Gielectric 7 antenna \ \AD /\/\ AX



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Increasing Q-factor

Quality front
* Example: Bragg resonator: o
Qo ~100k @ TEO" vibration mechanical precision, Ohmic loss
* Q> 100k is challenging, f/////////////////L//////// 7 //f'
espeCiaIIy Wi'th /’\\\\\\\\\\\\\\\\\\\\\\\\\\\'// é
£ homogeneity, tané — R
: ] A1
* complicated structures _ fowsseon BT B (EERI————_—— A= =
Section <
" m — A - Dim
* Cryogenic temp Vi ] — 7
Lower Section 7 / T / 7 7
. - il Y N1
Tuning T 7 Z12
12 I A—1 1

NN

T IO )

B

J. Bale et al., IEEE Trans. Ultrason, Ferroelectr, and Freq Control, vol. 65, pp. 281, 2018
Axions beyond Gen 2, Univ. of Washington, Jan 2021 8 /\/\AD /V\ AX




Increasing volume

* Large volume: large magnet & cryostat
* EXpensive, but solutions exist
* |ncrease the transverse dimension:

 Over-moded system:
Mode-crowding, mode-crossing loss,
coupling ambiguity

\ 4

antenna



image Int. J. Electr. Eng. Inform. 3, 3, (2011)

Increasing volume

longitudinal dimensions

 Matched boundary (antenna, taper):
* No longitudinal modes

 Detect Traveling wave instead of
standing wave modes.

| ower Q (or boost factor), \

but Q increases with many disks matched

boundary

e Reflected beam # axion induced beam

10 Ao I A



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Without lateral walls

‘open” system 3. diffraction loss — O

2. hmic |
no O m'ClOSS for R > A or curved mirror

1. less mode-crowding

A. radiation loss via apprqx.
surface current gaussian
beam

D. misalignment

“closed” TE11 B. radiation loss
system : C. Z, Ktrans?
on sides ex) reflection off cryostat
Axions beyond Gen 2, Univ. of Washington, Jan 2021 11 y /\/\AD /V\ AX



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Open vs. closed systems

 Example: simulation of 3 x 100mm sapphire disks tuned @ 19 GHz.

0
1k 12200
-2 ] 412000
_3—
. | \\ 41800
mie A ’ LW m e ®o e 0 06 0060000606 0 0 0 :
5l [ 11600 % :
m 67| —S11, closed " \ 11400 & -
T -7F| — S11, open L% -
= o e . 11200 & -
— -8 ) I \ (@) u
é -9 | —— Boost factor, closed II R>> A 11000 'E ............... .
-10[ | —— Boost factor, open II \\ *\4\ 1800 g
11 o
closed 1l ] \ FARNY {600 & open
\
-13F / \ // \ 1400
14k / \< N
/ AN N 1200
-15F _ -~ _—- s Q& S~
e e e e e — e I — | — =10
18.9 18.95 19 19.05\ 19.1

freq (GHz) open system: slightly higher
Axions beyond Gen 2, Univ. of Washington, Jan 2021 12 transverse momentum /\/\AD /\/\ AX



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope

| Q
material

resonant

mechanical cavity
precision

reflecting boundary
matched boundary

free space

single mode
Axions beyond Gen 2, Univ. of Washington, Jan 2021

Scale-up challenges overview

Fabry—Pérot

closed

over-moded
13

Ideal
detector

Chang Lee

* The exact location depends
on details of the systems

“leaky” resonators

quasi-optical

R



Dielectric haloscope



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Dielectric haloscope

A. Caldwell, et al., PRL, 118(9), 091801.

R RRRRRRRRRRRE

—

 |Large, over-moded, leaky resonator

« Matched boundary on one end.

Open / closed boundary on sides -~
E}/ B I 1 I
Boost factor: f = —. -——
EO e
2 - - - = L |
’ PSig X ﬂ A Mirror Dielectric Disks E}’ Receiver

(equivalent to QV for cavities).

Axions beyond Gen 2, Univ. of Washington, Jan 2021 15 /\/\AD /V\ AX



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Axion-induced traveling wave

I

Region 1
€, =

Eg Region 2
€, =

d

Y

¢

€

mm/fmmse

TT 111117

Millar et al JCAP0O1(2017)061

£ Nirvana Ey

8ayDe

a e —
E1,2 o

characteristic impedance

» Modify Z to increase the radiation?

16 Mo I A



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee
“Smith Chart Calculations”, The ARRL Antenna Book 21st ed.

DiSk SpaCing US NOrmallze-E;c—)Zo — 3770
Resonant case @ -
Z

1

——
.

e Maximize the axion-induced radiation
from the metal surface

* |Impedance transform: Zo — 0.

* A special case of stepped-
impedance filters, or generalized
Bragg resonator

e Limitation: not considering emission motion along air

from most disks, disk # < ~5 motion along sapphire
impedance of free space

Impedance of metal mirror
Axions beyond Gen 2, Univ. of Washington, Jan 2021 17 /\/\AD /\/\ AX
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MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope

Disk spacing

“Waveguide structure”

e 0 Equally-spaced disks ).’ gi

Chang Lee

>—> receiver

Antenna

Mirror matching

equally-spaced disks

free space matching

impedance 0 to Z; characteristic impedance (Zc) Zc 1o Zo
air gap length ~ Al4* from Bloch impedance impedance transform
# of disks 0~1 >2 1~2
Axions beyond Gen 2, Univ. of Washington, Jan 2021 X Distance to the first unit cell, not disk.

18



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope

Ultimate dielectric haloscope

Sensitive to post-inflationary QCD-axion

Mirror (not visible)

A
N

9T dipole magnet

80 x 1m= disks

Focusing mirror

Axions beyond Gen 2, Univ. of Washington, Jan 2021 19

quantum-
limited

4K cryostat _
recelver

Chang Lee



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

MADMAX collaboration

FEL

N Planch- i i UpDByz 4 s Universidad
_ . fir Radioastrononie institut CENTREDE PYSIOUE D A0i Zaragoza EBERHARD KARLS
Axions beyond Gen 2, Univ. of Washington, Jan 2021 PLANCK-INSTITUT UNIVERSITAT
FUR PHYSIK TUBINGEN



MADMAX: Post-inflationary axion dark matter search with a e
Radio

frequency

Prototype

-5
-
- s
.
»

 R&D platform

» Cryostat design fixed

e ALPs/ HP search

dielectric haloscope cusing
20 disks nirror receiver
cryostat

Cryogenic piezo positioner &
laser interferometer assembly

Axions beyond Gen 2, Univ. of Washington, Jan 2021 21 /\/\AD{D)/V\ AX




MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

MADMAX and CERN'’s Morpurgo
maghnet

A new collaboration, MADMAX, will seize the chance to use a CERN magnet named
Morpurgo to test their dark-matter prototype

CERN Bulletin

https://home.cern/news/news/experiments/madmax-and-cerns-morpurgo-magnet

10 NOVEMBER, 2020 | By Thomas Hortala

e Jest of the components in B-field
during the SPSS shut down

Y[GeV'1]

CAST Limit

o

[
[
I
1
l

1.6 T dipole

Flanges
UPSTREAM

o
o Transparency _
é ----- . Cd - = = - - - -
S 10-11 i z <l !
3 B2 H-EE - -
S - ' 5 £ e |
2 9 - < o c o
o : X | -t S > l
= ' = I g 5 &
o ] AlLPsasDark < Iy £ 2o I
' Matter - o9 l
I= j )| s N o QCD Dark Matter Axion
) [ s @ &°
- l & 7 Pre-inflationary scenario
o '
DOWNSTREAM 5 g ' 1l s y 8\0\00®V’ QCD Dark Matter Axion
=2 1| s -inflati i
¥ 10151 v ” g&‘\d X\ Post-inflationary scenario
| by F o ey ) QCD Axions
K '
. 78 A Iy Q(°\ *QG‘\ P,OV“ not Dark Matter
L o \ ) & 4 ’ J 5 10-17 +— =
' : o . » _ & _ . Feedthrough
: : : fveroptis,  BoosterincL 107 106 10 10+ 10 102 0.1 1
Axions beyond Gen 2, Univ. of Washington, Jan 2021 et swent

Mass [eV]



Quantum-limited amplifier

Traveling wave parametric amplifier (TWPA)

1\ (Q) Std. quantum limit

* First 10 GHz TWPA produced. |  PArcEel
PRX 10, 021021 —}— System noise

N N

-
o
=

enl—

1K noise temp, 20 dB gain @ 10 GHz.

* Future development to 30 GHz.

Noise temperature [photons]

from substrate \ 1K)
% |
(b)
m
O 20 -
E=
O
10 -
6 7 8 9 10
25 ¢cm Frequency [GHz]

2 Reversed Kerr TWPA arXiv:2101.05815 /\AD || ){| Ax



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Q Chang Lee
L)

Magnet development

BiLFINGER NOELL GMBH
Full scale MADMAX magnet

97, 1.35-m warm bore dipole magnet
o Superconducting CICC w/ Cu jacket

e experience and infrastructure from ITER.

* Quench test: 1/2 size mockup coil

-1.00

laser welding '

Axions beyond Gen 2, Univ. of Washington, Jan 2021 24



Mirror (not visible)

MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope

Timeline

9 T dipole magnet

Cryostat (4 K
y ( ) Horn antenna

& receiver system

Separate cn
volum

Booster: 80 adjustable dielectric disks (&1.25 m)
Focusing mirror

l 2028? Full MADMAX physics run

l 2028  Full MADMAX magnet commission

: 2024 Prototype Physics run

‘ 2022 Prototype commission

E. —— o — iy ———— - - N
- . ™~ -
| 2

i

CERN Morpurgo magnet approved

Axions beyond Gen 2, Univ. of Washington, Jan 2021 25 j\/\AD /\/\ AX



100mm LHe setup




MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Overview

liquid helium
bath (4K)

* Proof-of-principle o Matched boundary
. (taper)

Mirror

e Resonance @ 19 GHz

* Air gaps from impedance
matching

* Closed system w/ taper

closed system: metallic walls

Axions beyond Gen 2, Univ. of Washington, Jan 2021 27 /\/\AD{)D/V\ AX



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope

Construction

Chang Lee

/

parabolic taper

J. Diane, Int. J. Infrared

¢ Reprod ucible Milli. Waves 5 (1984)
modular structure

spacing ring

sapphire

copper mirror

Axions beyond Gen 2, Univ. of Washington, Jan 2021 28 /\/\ADJD/V\ AX



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope

IS11]

Axions beyond Gen 2, Univ. of Washington, Jan 2021

Simulation

Dielectric haloscope EM respon

| Y

4._
—— S11, w/o taper

— S11, w/ taper
——- Boost factor, w/o taper
——— Boost factor, w/ taper

—

SEe

2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
200

Major loss

@ Cu mirror ———_

29

power boost factor

400
300
200
100

traveling wave

-100
-200
-300
-400
-500
-600
-700
-800
-900
-1000
-1100

E/E,

0.04 0.06 0.08

Arc length (m)

0.02

Chang Lee
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MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope

Room tempe

COMSOL simulation by X. Li

Taper modes

E [v/m] X10°
2

1.8
1.6
11.4
11.2
i 1

0.8
0.6
0.4
0.2

Magnitude (dB)

rature reflectivity

Axions beyond Gen 2, Univ. of Washington, Jan 2021
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Chang Lee

whispering gallery modes

E| [V/m] x10°




MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope

Cryogenic operation

* Cryostat is ready.

e RF calibrated down to circular WG at 4K
simulated |S11]

0T

0.2 4
0.4 1

0.6 4

|S11]| [dB]

0.8 1

_1_;

1.1873 4 ; ; : ; ; ; ;
18.899 18.92 18.94 18.96 18.98 19 19.02 19.04  19.055

frequency [GHZ]

Axions beyond Gen 2, Univ. of Washington, Jan 2021 32
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MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Background noise e Thermal noise can be

enhanced if the mirror
IS heated.

R. P. Meys, IEEE Trans. Microwave Theory Techn. 26, 34 (1978). Tsys

PID heater

L 4
0

| ' \" %

|. Celanovic et al., Phys. Rev. B72, 075127

I I
/\ — VERTE emittance
l \ —-—- tungsten emittance

N
o

system temperature [K]
o o
3 e
.
—a 2 .
e
i.}

"'
—=X
\ 4

Normal emittance

< ] [ == )
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Y
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o o
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MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Hidden photon search

= 4.5 % 10° ( Peens )% ( 1 m2 )% (L)% (l)% (0.45 GeV/cm3 )%
o * A

1015w mirror

e 11K Teys, 7 days data taking,
90% efficiency, S/N 5 oo

e Af~20MHz, x ~ 1e-13 -

e

10

10-13

10 "

Axions beyond Gen 2, Univ. of Washington, Jan 2021

PHPDM

CMB
Tokyo
B projected sensitivity

20

30 40 S0 60 70 80 90 100
Mihp [1eV] Mo I A



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Conclusion § o
o
o ]:Transparency
= ~=himt -~ - . =
2 10- > l
2101 I : z
S SR N O I
c o I E £
S a1 E%
2 5 I 28
o ] AlLPsasDark < || g
5 10_13! Matter I '
| | | | | S : ' l V4 Qz QCD D kM A
= ! I OF. & ark Matter Axion
® DleleCtrIC haIOSCO pe IS an |ngen|OUS -g { I : 5 ‘ . //‘\0\0‘96\6& Pre-inflationary scenario
n " < E ! = o ’ \,{\(’ Q‘
approach to probe post-inflationary QCD FRE Iy QED Dark Matter Axion
10-15 I | | TORK\ Post-inflationary scenario
axion dark matter 4 VS & oo ion
Iy lq(°\ *Q?»‘\ VOV‘\ not Dark Matter
LC | ec???'
Circui
Radio P 'rcuit Projectio, I
A7 e '
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DOWNSTREAM Inner o 32 107 10 10 10+ 10 102 0.1 1
cryovessel 8 3 Mass [eV]
Thermal Isolation % =
shield vacuum 8.2
Cryostat (4 K
g B, Horn antenna
& receiver system
Feedthrough
flange for _
fiber optics, Booster incl. Focusing mirror
motor control,  SuPport incl. support Flanges for Flanges
sensors, etc. structure structure receiver cryostat UPSTREAM
Axions beyond Gen 2, Univ. of Washington, Jan 2021 35 Booster: 80 adjustable dielectric disks (@1.25 m)

Focusing mirror
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Radiation from ope

freq(146)=19.045 GHz

Z

ey

Axions beyond Gen 2, Univ. of Washington, Jan 2021
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MADMAX: Post-inflationary axion dark matter search v

Mechanical
precision study

Simulation paper in preparation

Axions beyond Gen 2, Univ. of Washington, Jan 2021

Tilt
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MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Reflectivity vs. beam waist for open system

| I | I | | | | | | |

1 F

0.0 L | % disp=-0.2 m, pw0=0.03 m

| - disp=-0.2 m, pw0=0.04 m
-8 —0— disp=-0.2 m, pw0=0.05 m
0.7F{ -®- disp=-0.2 m, pw0=0.06 m
—#— disp=-0.08 m, pw0=0.03 m
disp=-0.08 m, pw0=0.04 m
£+~ disp=-0.08 m, pw0=0.05 m
0.4 | | &~ disp=-0.08 m, pw0=0.06 m
~%— disp=0m, pw0=0.03 m

~& disp=0 m, pw0=0.04 m

0.6

0.5 F

0.3 F

0.2F

~0— disp=0m, pw0=0.05 m

01}k | ®- disp=0m, pw0=0.06 m -

| | | | | | | | | |

|
1.89 1.892 1.894 1.896 1.898 1.9 1.902 1.904 1.906 1.908 x10*°
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MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

Transfer matrix formalism
A. J. Millar et al., JCAPO1 (2017) 061

» Exact calculation of axion-induced traveling wave from give geometry

R.. R 1 0 1 2 m
) =GP [ 7 )+ EpS,
L L 0 1)’
r+1 (s R() | ‘Rl | [‘?2 | I{m.—ll ]{m |
| 1 N 41—
reflection Grr — Tor 1+n’l" Tr+1=r ] ‘i 4# 4_‘[’2_ QLL—I 4£’“_
27’LT+1 Np+1—Np Np41TNy
+715'r (11 (12
. P _ e O I< >I‘ ’I | > /E
propagation  Pr = | = o _s, |5 =g & o
A — A
source S, = Tl ! (1) (1) ,
2

Axions beyond Gen 2, Univ. of Washington, Jan 2021 41 /\/\AD /\/\ AX



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope

DISk SpaC|ng w(2) dielectric ()N

\ air air (f

“Infinite booster”

+-—>

» Dispersion from Bloch B.C." A
“Band” structure

e Boost factor maximum

@ the boundary of 2nd pass/stop band

* Disk spacing for the boundary can be

analytically calculated.

* Bloch impedance (Zg): characteristic
impedance of the periodic structure.

Axions beyond Gen 2, Univ. of Washington, Jan 2021
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MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

5 - ., dielectric
SImU|athn Receiver haloscope
parabolic taper

10.93 mm §° - 96 mm
 “Matched” boundary
- RL > 20dB ' :
« TE11 mode at the ports Lo - e Ey Ij
* Additional gap btw. taper and booster. ' | f

 J. Diane, Int. J. Infrared Milli. Waves 5 (1984)

Axions beyond Gen 2, Univ. of Washington, Jan 2021 43



MADMAX: Post-inflationary axion dark matter search with a dielectric haloscope Chang Lee

LOSS

3
<H

e Simulation ~ 1dB vs. data > 6 dB

port 2 7
e Surface current leakage:
solution: indium or EMI gasket
 Radiation leakage thru dielectric rims: 0
solution: EMI gasket, metal sputtering H“ | | '
m —-10
§ l —  S11
%-20
=

JH.I 1 |

Axions beyond Gen 2, Univ. of Washington, Jan 2021 44 18.25 185 1?:':95(1%;3), (61355 195 1975 20 @/\/\ AX
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