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The Axion: 107

e Axion can explain (part of)
Cold Dark Matter
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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

| ce~10"12 V _
stre:ge’:ﬂ E, -€~10 /m for B, 10T
2 E , is different in materials with different ¢

X
| At the surface, E; must be continuous

— Emission of electromagnetic waves

W O(Coy) = 1

Power emitted from a single surface: P/A =22-107% — Cqy 10T
m
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A
T‘.T T T T T LT T T T T I T B, | < AdeBroglie Boost emitted power through:
A N I N M | = e coherent emission from
Sl IR T multiple interfaces
. e constructive interference effects
At -
o T Power boost factor:
[w . B2 = Piotal /
T Prirror
Mirror Dielectric Disks Receiver

| | b W B\ |
Power emitted from all interfaces: '/, = 2.2-107%" —; Cg, 10T 1571
m
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* |n perfect world (1D simulation):

|ﬁZ| > 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 discs and € = 24 2. : Simulation ]
S 8x10°[ -
* Non-uniform disk spacing L : < ]
1 . . 6x10%F Av _
of ~*/, can achieve z - p
broadband response R 4x10*F ~
5 .
: . z 2x10° ~
* Tuning of sensitive o B )
"\ .
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 disc spacing F (GHz
requclilcy v Z

* Area law: f*Avg ~ const.

I
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MAgnetized Disc and Mirror Axion eXperiment

Mirror (not visible) 9 T dipole magnet

Cryostat (4 K) .
Horn antenna & receiver system

Booster: 80 adjustable dielectric discs (@1.25 m)

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

e Benefit: re-use H1 yoke as magnetic shielding
to reduce fringe field and increase B field

/ _; Mercuré Hotel
‘ ‘H nburg am Volkspark

a»\?;‘\ S
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Construction Phase

, o

i First physi ta taki
First endorsement Prototype commissioning '~ P> data taking _
by DESY PRC to start in 2023 at cold @ CERN  Fyll-size MADMAX

< > magnet commissioning

Design Phase Prototyping Phase

SN /ﬁ'\

Foundation of First ALP measure- /
MADMAX ment at CERN

Collaboration

Usage of MORPURGO magnet approved
by CERN Research Board for 2021-2025
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Prototype cryostat
(4 K, thermosyphon principle)

 Down-scaled down version of MADMAX:

— Reduced number of disks

— 1/16 disk area

— 1/5 magnetic field
 Main goal #1: Demonstrating and prototyping key technologies
 Main goal #2: Competetive ALP search with a dielectric haloscope

CLUSTER OF EXCELLENCE
QUANTUM UNIVERSE

Focusing mirror

Prototype booster

-

= 2

RF absorbers Receiver cryostat

—

G

Horn antenna & receiver

SHELL @Hamburg
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Rails of disk drive system * Booster is the heart of MADMAX
* Need to manipulate many large area disks with precision < 10 um
* Operating conditions:
— Cryogenic temperatures: 4 K
— High magnetic field: upto ~10 T
— Vacuum or cold gehe exchange gas
* Longtravel range
« Disk weight: 600 g for 300 mm
» Piezo-driven actuator system with feedback from laser
interferometer with absolute precision

Disks

Carriages

\/
A

=

N

T

* Candidate disk materials:
— LaAlOs (g = 24, tané = a few 107)
— Sapphire (e = 9, tané = 10™)
* LaAlOsavailable as 3" wafers at maximum
> Tiling necessary = Semi-automatic gluing machine
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Driven by innovation

Single motor tests
* Motor developed by company JPE
* Motor successfully tested at RT and 4 K
e Begin of 2022 test in ALPS Il magnet

- Motor works in 5.3 T field and at 5 K

e B=0T, fwd
B=0T, rev

B=5.3T, fwd ALPS Il magnet test stand

MR 5 Y y : + B=5.3T, rev

TR t‘ o o Jal

~ 27 ; A . i
Laser interferometer Piezo controllers  * °
50 . . ¢
* Project200 !owld as mechanical dem.onstraFor @ attocube ! Motor velocity with/without B Field
* Three JPE piezo actuators on self-build carriages 7 ; 5 &

* Piezo controller system for driving a disk with three motors
* Attocube laser interferometer for displacement measurement S o
* Single 200 mm sapphire disk in titanium disk ring can be mounted ' "
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* QOpportunity to test Project200 at CERN in spring 2022

* 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)
* 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

1 ‘\ .

No difference in disk velocity with/without B field

Motorl 12/04/2022 - 15:28
B=16T )

RSS = 100%

12/04/2022 - 16:40] | 300004
B=0T
RSS = 100%
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Simple closed system to understand behaviour
Can be operated at cryogenic temperatures
Hidden Photon search and ALP search with Closed Booster 100

Receiver
Parabolic taper
3x @100 mm sapphire disks

(fixed distances) 0 2400
-0.2 \

H . 0al 12200
Copper mirror Simulated vs. measured RF response el 15000
100 ’01':: 11800
g ; -i'i: e, w/o taper I 1‘:‘\ e
: 75 main peak LA — 511, w taper I \\n‘l {1400
L f a8l = |/ 11200
5 50 v ] oot tactor wivaper | ]\
S -2:4- / W 1800
3 25 26k A \ 1600
5 2.8f . W\ {400
0 _ 2 Nomina boos‘tf\acior J200

18 1825 185 1875 19 1925 195 1975 20 g e 1 e o

frequency [GHz] 12 ' freq (GH2) ' '
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SDEV

Hidden Photon Search j\/\& A/\/LX

Hidden Photon search performed at room temperature
at MPP Munich
Hidden Photon to microwave conversion without B field
32 days of data taking
Noise temperature of ~200 K
No excess observed in the data ) Projected sensitivity
10
4
10-10
2 10—11
- - 10"
0 Preliminary <
10-12
2 4 CMB 10-13 78 80
10 Tokyo . .
4 Search region | m=—-this work Preliminary
—20 -10 0 10 20 10 4 50 60 70
center frequency difference [MHz] Mpp [HeV]
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e Opportunity to perform ALP search in CERN’s
Morpurgo magnet (1.6 T) was used in Mar/Apr 2022 o B W . ARy

* Intotal 10 h at 1.6 T with ~ 200 K noise temperature - WY BE T e

* Possibilities for an upgrade allowing to cool the setup = W
to < 10 K in Morpurgo currently under investigation

.

Projected sensitivity

-9
SearCh region w room temperature,
- CAST 4 Teys 200 K, SNR=5
-10 v
Ly - Morpurgo 2022
2 - projected sensitivity
T 10
> = = > 4 disks, 11K, 16 T
L g Preliminary 3
%] = 10 . -
S Preliminary
-2 -13 :
10 . Ksvz QCD axion -
4 oM E— OfSz
-20 -10 0 10 20 77.0 775 78.0 78.5 79.0 795 80.0
center frequency difference [MHz] Axion mass [ueV]
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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

_ ' sl and three mixing stages

an'jicat’l‘(';:]n P E T « Amplifiers for high frequencies still have
Sy | e to be developed, e.g. TWPAs for < 40 GHz

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

e R and fake axion injection:
<"\5 °Sf'”i”i‘§& 2) Detection of 1.2 x 1022 W signal (noise temperature 5 to 6 K)
2 — within few days
i
17
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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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— MADMAX Prototype:

-11:- __________________ | £ AdlSk — O 07 m
- 5.'5- -------- N T A B” = 16 T
> 12k & ¥
21 5 g Tsys = 8K
5 O | =
g S -f
v g MADMAX:
s o T A already explored/excluded Ndisk = 80
< theory prediction Agisk = 1.2 m?
15 Cavity : (Prototype) Bll — 9 T
ol , other axion experiments
/ experiments TSYS — 8 K
_16 ' ' % 1 L 2 3
-6 -5 -4 -3 -2
[arXiv:2003.10894] log ma[eV] mass of axion
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* MAgnetized Disk and Mirror Axion eXperiment: s Projected sensitivity
dielectric haloscope to detect post-inflationary DM axions B CAST W ok
* Hidden Photon and ALP search performed with " " Morpurgo 2022
. . - projected sensitivity
dielectric haloscope Closed Booster 100 T 10 |
2 4 disks, 11K, 16T
(No excess observed) S o
« Derive observed limits on HPs and ALPs from s Preliminary
10 CD axi
Closed Booster 100 measurements L. il

e Commissioning of MADMAX Prototype to start in 2023 Ch

77.0 77.5 78.0 78.5 79.0 79.5 80.0
Axion mass [ueV]
@ ‘ g MAX-PLANCK-INSTITUT U ﬁf{?ﬁfﬁ?ﬁm
CENIE R O K FUR PHYSIK TUBINGEN
CPPM

) S, . .
MAX-PLANCK- INSTITUT EEL ; Universidad

FUR RADIOASTRONOMIE

l'l Universitat Hamburg
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de Zaragoza

institut
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