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* Solution to Strong CP problem via PQ mechanism > Breaking of PQ symmetry = Axion
* Axion to photon conversion in strong EM fields via Primakoff/Sikivie effect
. AX|on can be (cold) dark matter - Axion field with huge de-Broglie wavelength
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Nat. Commun. 13, 1049 (2022)
(https://doi.org/10.1038/s41467-022-28669-y)

Plot from https://cajohare.github.io/AxionLimits/
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A
MADMAX (NN TTTTTTTB
. e L < AdeBroglle
* Tunable in frequency coverage: L
~10-100 GHz (40-400 peV axion mass) T
* Boost emitted power through: 1 T
* coherent emission from multiple interfaces | -
e constructive interference effects 1 T
* Coupling to qu scales with: g;;JX_\ v -
* external field, « B < .
e conversion surface, oc A% ‘& >
. R2 — Piotal o0 o T ¢ ¥
Power boost factor: 5 _ Mirror Dielectric Disks Receiver
mirror

H

SNR (400 | [1m?| [Tys|10T| [0.8 (1.3 dayS)““ 300 MeVZ( m, )514
VAN A |V 8K| B n At Po 100 peV

H

84y = 2.04(3) X 107'* GeV~!

1
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MADMAX Feasibility studies S 07 o Aurss
. . w 1078 i DR/ :,' /
baseline design on prototype systems £ o
gw—m = Sl i ; Globular clusters
. o Q 10— 11 A :::\;\ ol i
Ngyisc = 80 Disk tiling, flatness o0 g S
AdlSC — 1'2 m2 alignment, . i 10-13 2

B” =9T — Checked with MACQU 8'10,15

. c
— 10—16
Tsys = 8K — Require prototype gL
tests in a cryostat £ o
C 10709 : ‘
-2 10730 1071010710710 0100 0 e AT AT AT AT A0 AT A AT A
rc

axion mass m, [eV]

8ay = 2.04(3) X 107'* GeV~!

SNR (400 | /[1m?| [Tys|10T| [0.8 (1.3 dayS)““ 300 MeVZ( m, )514
VAN A |V 8K| B n At Po 100 peV
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* Dipole Magnet most critical item for full-size MADMAX
* Design for 9T large bore conceptually very well advanced
* Novel conductor: cable in copper conduit
=» Production is feasible
* Quench propagation velocity was measured in
dedicated setup: MAdmax Coil for Quench Understanding

=>» Main project risk mitigated: Quench propagation according to
requirements for safe operation
Quench velocity

Quench propagation

50 1 _ 20 JD
Devel tini ti tnershi N £ /
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g 14 !
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&9 s o [ s
» =25 3 | ‘
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|
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Closed Boosters (CB): Aim:
@ =100 mm (CB100), 3 Al,O, disks First ALP run at ~19 GHz with system “easy to simulate”
@ =200 mm (CB200), 3 Al,O, disks Increase ALP sensitivity & understand scaling issues

=>» Understanding readout chain and RF behaviour
Open Boosters (OB):

@ =200 mm (0B200), 2 Al,O, disks Technical test of components (motors, interferometer, ..)
@ =300 mm (OB300), 3 disks (Al,0, & LaAl0;)  Proof-of-concept for MADMAX
=>» Establish boost factor calibration in an OB

iy Large bore (9 = 760 mm ) cryostat allows

operation of all prototypes MADMAX
Fits into the 1600 mm warm bore of * Many disks with
MORPURGO magnet at CERN large @ => tiled LaAlO,

* Boost dish antenna emission
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Simple closed system to understand RF behaviour

Receiver
Parabolic taper
3x @100 mm disks (fixed distances)

Copper mirror
@

to receiver Faraday cage

I

-y /:. " “ACBlOO

Outlook for 2024
e G-10 cryostat for CB100 @ 10 K
e (CB200 @ RT (larger area)
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0 ] e TV WY Y4 ]I
Boost factor extracted from model tuned to data = ‘ r
B2 of CBLOO with n =
o | Spa ity :
Q 5 =20
1200 | R N Q:\ CB100- 1185 RF response
\ -30
N 900 \\$v (CB].OO"'LNA)'” 862 7§?glrggdr2|easurement
‘\.‘\\ (CB100+LNA)-n 903 | | | ‘
600 r '\.\\\ n = coupling efficiency of Thermal noise — =
' axion to system 2GHz SA meas. | M
300 \
18?96 18?97 18198 18.]99 19?00 Ht
Frequency [GHz]
Consistent Boost factor in 2022 and 2023
Different LNA matching impedance: 25 Ohm (2022), 30 Ohm (2023) oo |

L 1 1 1 1
18.0 18.5 19.0 19.5 20.0

=>» Data analysis ongoing Frequency [GHz]
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M s oy OB200: Technical Feasibility //\AD 1| Ax
R JPE

Successful piezo motor tests Driven by innovation
in cryogenics & inside ALPS Il magnet

—> Motor works in 5.3 T field and at 5 K
E. Garutti et a/ 2023 JINST 18 P08011
(arxiv:2305.12808)

e B=0T, fwd
» B=0T, rev

B=5.3T, fwd ALPS Il magnet test stand

B=5.3T, rev

e T ni )| SRS T

Mechanical demonstrator with: ol

« One 200 mm sapphire disk in titanium ring + mirror 5ol Motor velocity with/without 8 Field
* Three JPE piezo motors on self-built carriages

* Piezo controller system for driving a disk with three motors |
) attocube INterferometer for displacement measurement

WITTENSTEIN Group 5 I e Yo7z = 1
! 5 S s gl
- E : " Y \u

= Successfully tested at CERN Cryolab and at MORPURGO
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https://doi.org/10.1088/1748-0221/18/08/P08011
https://arxiv.org/abs/2305.12808
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Boost factor determined using Bead Pull Method (non-resonant perturbation theory) + reciprocity theorem

Booster
(1 Disk and Mirror),

.....
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2 Psi ga :
a e
/8 — & Psig — 16; f dV@-aBe
P() n [JVq e Measure max. E-field
between disk and mirror
100 Measurement
Measurement (time gated) .
— = FEM Simulation e Calculate signal power
D
* Includes effects currently
% 85 not simulated: |
e Antenna coupling
* Transverse field
%9 perturbations
0.0

18 13 (GHz] 20 23 Jacob Egge JCAP04(2023)064

(arXiv:2211.11503)

Single disk “low” boost factor
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https://doi.org/10.1088/1475-7516/2023/04/064
https://arxiv.org/abs/2211.11503

Un,ve,s,tat wmverg IVIADMAX Staged Program j\/\flﬂ)/\/&f
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Design Phase

I ‘ I I
Foundation of

MADMAX DESY PRC
Collaboration endorsement

1.6 T, 295 K

OB300 OB300 0OB300

295K 4K 1.6T 4K
< P e e > Full-size MADMAX
Usage of MORPURGO magnet approved commissioning

by CERN Research Board for 2021-2025
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T T T T T T T T T T T T T T B, In an external magnetic field B, the axion

- field a(t) sources an oscillating electric field E
electromagqg. wave emission W a
scaled <MWV

field e~ 10-12 V —
crenld E,-e~10 /mforB, =10T
2 E , is different in materials with different ¢
X
S At the surface, E; must be continuous
S — Emission of electromagnetic waves
e=1e=4

/B2 = 0(Cqy) =1

Power emitted from a single surface: P/A =2.2-107%7 2 Cay (_10 T)
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DER FORSCHUNG | DER LEHRE | DER BILDUNG

* |n perfect world (1D simulation):

|32| > 104 aChievable :| 8|0 ;:I T T | T T T T | T T T T I T T T T |:
. . — ”&_j 105 ISCS . . ]
with 80 disks and ¢ = 24 2. : Simulation ]
S 8x10°[ -
* Non-uniform disk spacing L : < ]
1 . . 6x10%F Av _
of ~*/, can achieve z - B
broadband response R 4x10*F ~
$ i
. " = 2x10% ]
* Tuning of sensitive o B )
o :
frequency range by 0 _I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
24.90 24.95 25.00 25.05 25.10

adjusting disk spacing P (GHz
requclilcy v Z

* Area law: f?Avg ~ const.

I
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MAgnetized Disk and Mirror Axion eXperiment

Mirror (not visible) . 9 T dipole magnet

Cryostat (4 K) .
Horn antenna & receiver system

Booster: adjustable dielectric disks (#~1.25 m)

[Eur. Phys. J. C 79 (2019) 186] Focusing mirror
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« MADMAX to be operated at HERA Hall North
* Make use of DESY infrastructure

- Cryoplatform to be operational in 2025
* Benefit: re-use H1 yoke as magnetic shielding
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* Project200 successfully tested at CERN Cryolab and in CERN’s Morpurgo magnet
* All three piezo motors work at cryogenic temperatures and in 1.6 T field (at RT)
e Attocube laser interferometer works at cryogenic temperatures

* Project200 backbone structure keeps optics alignment during cool-down

A disk can be moved with three motors using the laser interferometer feedback

No difference in disk velocity with/without B field

12/04/2022 - 15:28
B=16T )
RSS = 100%

T
Motorl

12/04/2022 - 16:40] | 300004
B=0T
RSS = 100% 1 250004

30000

25000

20000 20000

v=233um/s

15000 v=237uml/s, 15000 +

lacement (um)
lacement (um)

v=305um/s

ispl
ispl

10000 + 10000

D
D

v=308um/s

5000 5000

1 1 1 1 1 1
0 200 400 0 200 400
Time (s) Time (s)
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SDEV

Opportunity to perform ALP search in CERN’s <L
Morpurgo magnet (1.6 T) was used in Mar/Apr 2022 ol el !
In total 10 h at 1.6 T with ~ 200 K noise temperature viEe
Sensitivity not dominated by RFI in CERN North Hall

Possibilities for an upgrade allowing to cool the setup
to < 10 K in Morpurgo currently in preparation

Search region

Preliminary

=20 =10 0 10

center frequency difference [MHz]

20

|9ayl[GeV™!]

-9

10
CAST '
107"
Morpurgo 2022
1 projected sensitivity
10 I
Iy 4 disks, 11K, 1.6 T
-12
10 . i .
PrOjeCtEd sen5|t|V|ty
-13
10 KSVZ QCD axion
_ DFSZ
10 14
77.0 77.5 78.0 78.5 79.0 79.5 80.0

losed Booster 100

Axion mass [eV]

24.08.2023
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T nversieat vamourg CB200: Understanding Scaling J\/\f J\/\/ﬁ
" [T IH'"ﬁl'u ﬂrﬂl e “T[‘“Pﬁ

Receiver _,
: Te
side 2por e
Outer tube Separation rings

mounting points

~ 20 cm (when assembled)

-~

—

CE RN r

abs(S11) [dB]

3D Simulation CB200 (no lens)

I
18 185 19 195 20 205 21

* Coupling to g,,, scales with:

* conversion surface, o< A% B
Larger dimensions increase the number of S rl L i1 s 1‘ wlf l‘lnﬁ I I i
allowed modes o f |
=>» Learn to deal with overmoded systems 5 Booster
relevant for OB c ol mode i
=>» Using a dielectric lens (Rexolite) decreases — 3D Simulation CB200 (dielectric lens)
coupling of unwanted modes and allows for o e e

Frequency [GHe]

“quiet” regions in the spectrum
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Rexolite: dielectric constant = 2.53 and low loss
3d-printed and designed to mitigate reflection for our range of interest of ~18 to 20 GHz.

; e 1 .‘;‘EH
Sl L I LT
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T 4 L
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Contact: Anton Ivanov <ivanovan@mpp.mpg.de>
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* (Calibration of boost factor with 3 x @ =300 mm disks _ Rails of disk drive system
A ; Y el Disks

b ooss | Carriages

___
W\

\/
\\9
- ,\\\\\ é«
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i
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RN/

* Tiling of @ =300 mm LaAlO, disks
Optical fibres

Laser interferometer couplers

e Building mechanical structure for OB300
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UH
i Receiver Chain J\/\@ W

Down sampling:
20 GHz = 50 MHz

Room temperature

-10 dB -10 dB ~_ -10 dB
) ~_ = i
~— X —D A= X ~r— X D—
33 dB 33dB 10 GHz 7.25-7.75 GHz 1.555-1.605 GHz 50 MHz Signal analy}

T,=5-6K T,=75K

\?

| G G G
TN N N
fL\C)l fLDQ I:LOQ
| 1. Local oscillator 2. Local oscillator 3. Local oscillator
2.7 GHz - 12.7 GHz 5.7245 GHz 1.5495 GHz

e Receiver chain with low-noise amplifier
sy, and three mixing stages
Fake axion o A SRS | .pe . .
njections ¥ ) M. * Amplifiers for high frequencies
e B2l = i developed: TWPAs for < 30 GHz

Test setup at MPP with 4 samplers
Low-noise cryogenic amplifier

e R and fake axion injection:
ok OSf'”a_Ifrf(}r& 2) Detection of 1.2 x 1022 W signal (noise temperature 5 to 6 K)
—— within few days
i
24

24.08.2023 C. Krieger: MADMAX - Towards a Dielectric Axion Haloscope



UH
P Universitat Hamburg Cold Calibration Idea j\/\@jD/\/XM

DER FORSCHUNG | DER LEHRE | DER BILDUNG

LNA
bias
Simulation still missing

DCline1

DC line 2/

Multi-Switch drive
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Std. quantum limit
1 TWPA simulation
—— TWPA noise
—}— System noise

* Traveling wave parametric amplifier (TWPA) (a)

* First 10 GHz TWPA produced (PRX 10, 021021)

101 7

 Added noise: 1 K above quantum limit
(20 dB gain @ 10 GHz)

Noise temperature [photons]

* Future development to 30 GHz institut

0]
(b)

20 1

Gain [dB]

10~

6 7 8 9 10
Frequency [GHz]
[Reversed Kerr TWPA arXiv:2101.05815]
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