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QCD axion detection principle

Axion to photon conversion 
by Primakoff effect
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axions
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a(x, t)Axions as a scalar classical field:  
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�dB ⇡ 10 m

Axion-induced electric field: 
Emission of EM waves at the 

discontinuity
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�dB ⇡ 10 m
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�dB >> Lhalosope
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Output power boosted  relative to the 
mirror emission:

Emission from a booster
Boosted 
power

<latexit sha1_base64="R2nIqHhb3AJJ8LTCKBsCsEkWMxI="></latexit>

Shown: perfect mirror and 3 discs⇥ 1 mm; ✏r = 9.35

\textrm{Shown: perfect mirror and} \ 3 \  
\textrm{discs} \times 1 \ \textrm{mm}; 
\epsilon_r = 9.35
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Emission from a  perfect mirror
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� = 1.65 cm

<latexit sha1_base64="K108BJySLmDOrfAkr330cQ88LyE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cNPHfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqlerXt5fVuq1PI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAHjo2b</latexit>

Be
<latexit sha1_base64="CYYRW4tHBvwlUNeAYs6Pdf2lgMM=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZUa0uiy4sMsK9gGdUjLpbRtMZobkjlqHfocbf8WNC0XciRv/xvQhqPVA4HDOudzcE8RSGHTdT2dufmFxaTmzkl1dW9/YzG1t10yUaA5VHslINwJmQIoQqihQQiPWwFQgoR5cnY38+jVoI6LwEgcxtBTrhaIrOEMrtXOed0p96iPcolbpefluSH0ten1kWkc39OR45KrkOwC1YTuXdwvuGHSWeFOSJ1NU2rl3vxPxREGIXDJjmp4bYytlGgWXMMz6iYGY8SvWg6alIVNgWun4tCHdt0qHdiNtX4h0rP6cSJkyZqACm1QM++avNxL/85oJdk9bqQjjBCHkk0XdRFKM6Kgn2hEaOMqBJYxrYf9KeZ9pxtG2mbUleH9PniW1w4JXLBxdHOVLxWkdGbJL9sgB8cgJKZEyqZAq4eSePJJn8uI8OE/Oq/M2ic4505kd8gvOxxdZrKB2</latexit>

18 GHz ! 75 µeV

<latexit sha1_base64="j0VJ5RhaaxOCKTkn6tZqvAbKvI8=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmY0JPEWEMFjBLPAZAg9nZqkSU/30N0jhJDP8OJBEa9+jTf/xs4iuD4oeLxXRVW9KOVMG897d3Irq2vrG/nNwtb2zu5ecf+gpWWmKDSp5FJ1IqKBMwFNwwyHTqqAJBGHdjS6nPntO1CaSXFrximECRkIFjNKjJWCq143JYpwDrxXLHnuRa1Wrp7j38R3vTlKaIlGr/jW7UuaJSAM5UTrwPdSE06IMoxymBa6mYaU0BEZQGCpIAnocDI/eYpPrNLHsVS2hMFz9evEhCRaj5PIdibEDPVPbyb+5QWZiWvhhIk0MyDoYlGccWwknv2P+0wBNXxsCaGK2VsxHdoIqLEpFWwIn5/i/0nrzPUrbvmmXKpXlnHk0RE6RqfIR1VUR9eogZqIIonu0SN6cozz4Dw7L4vWnLOcOUTf4Lx+AOQjkac=</latexit>

Ek

Tiny output power even for a 
high B-field and a large mirror:

The 2D toy haloscope 
Dielectric haloscope principle
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Output power boosted  relative to the 
mirror emission:

Emission from a booster
Boosted 
power

<latexit sha1_base64="R2nIqHhb3AJJ8LTCKBsCsEkWMxI="></latexit>

Shown: perfect mirror and 3 discs⇥ 1 mm; ✏r = 9.35

\textrm{Shown: perfect mirror and} \ 3 \  
\textrm{discs} \times 1 \ \textrm{mm}; 
\epsilon_r = 9.35
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Emission from a  perfect mirror
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18 GHz ! 75 µeV
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Be
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Ek

Tiny output power even for a 
high B-field and a large mirror:

Power boost vs frequency 

Frequency

Po
w

er
 

‣ Broad mass 
range and high 
boost possible

The 2D toy haloscope 
Dielectric haloscope principle
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‣ Conversion volume 
and axion mass 
decoupled
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Magnetized Disc and Mirror Axion experiment
Goal and exciting developments of MADMAX 

5

200 mm prototype 100 mm prototype

‣ Aimed at QCD and Post-inflationary1 range

‣ 40-400 µeV or 10-100 GHz

‣ Many discs of 1 m2


‣ Tsys = 8 K  and Be = 9 T  

Goal: Tunable dielectric haloscope

‣ Demonstrate tuning 

‣ Control unwanted modes

‣ Receiver in noisy environment

‣ Physics with expected sensitivity beyond CAST

‣ Cold operation 

20th Rencontres du Vietnam | August 4 - 10, 2024 | ICISE | Quy Nhon, Vietnam

First axion search at CERN 2024 

 [1] Nat. Com. 13 (2022) 1, 1049



 Axion-induced field is very close to the 
TE11 mode

Sh
ie

ld
 

<latexit sha1_base64="K108BJySLmDOrfAkr330cQ88LyE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cNPHfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqlerXt5fVuq1PI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAHjo2b</latexit>

Be

‣ Works at 290 K

‣ 74 to 87 μeV depending 

on the disc separation

‣ β2 ~ 2000

‣ Shielded from RFI

The CB 200 booster prototype

20th Rencontres du Vietnam | August 4 - 10, 2024 | ICISE | Quy Nhon, Vietnam
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200 mm closed dielectric haloscope booster 



 Axion-induced field is very close to the 
TE11 mode

Sh
ie

ld
 

<latexit sha1_base64="K108BJySLmDOrfAkr330cQ88LyE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cNPHfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqlerXt5fVuq1PI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAHjo2b</latexit>

Be

Cylindrical wave emitted        
~84% power extracted

Perfect 
overlap

Axion-induced 
electric field

No 
overlap

Electric filed of

TE11 mode

<latexit sha1_base64="x6AJQfsxcNluyYU8XYms1ak7EUk=">AAACC3icbZDLSsNAFIYnXmu9RV26CS2Cq5AppXYjFFRwWaE3aGOYTCft0MkkzEyEErJ346u4caGIW1/AnW/jtM1CW38Y+PnOOZw5vx8zKpXjfBtr6xubW9uFneLu3v7BoXl03JFRIjBp44hFoucjSRjlpK2oYqQXC4JCn5GuP7ma1bsPREga8ZaaxsQN0YjTgGKkNPLM0sAnCnlp68ZLIcyy+8qlY9erOYXXGnhm2bGduaxVA3NTBrmanvk1GEY4CQlXmCEp+9CJlZsioShmJCsOEklihCdoRPrachQS6abzWzLrTJOhFURCP66sOf09kaJQymno684QqbFcrs3gf7V+ooK6m1IeJ4pwvFgUJMxSkTULxhpSQbBiU20QFlT/1cJjJBBWOr6iDgEun7xqOhUb1uzqXbXcqOVxFMApKIFzAMEFaIBb0ARtgMEjeAav4M14Ml6Md+Nj0bpm5DMn4I+Mzx+1ApmI</latexit>

�2
TE11

= 0.84�2
1D

PEC

<latexit sha1_base64="K108BJySLmDOrfAkr330cQ88LyE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cNPHfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqlerXt5fVuq1PI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAHjo2b</latexit>

Be

‣ Works at 290 K

‣ 74 to 87 μeV depending 

on the disc separation

‣ β2 ~ 2000

‣ Shielded from RFI

The CB 200 booster prototype 7

200 mm closed dielectric haloscope booster 

Challenge: 

Over-moded spectrum

Optimised coupling 

compact taper with dielectric lens
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Offsetting the mirror allows ~60 

Set of rings 
defines the 
booster 
frequency:
18 to 21 GHz

Tuning into the axion radio
How to tune the booster frequency?
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Simulated E-filed for 
the booster mode  



Offsetting the mirror allows ~60 

Fine frequency tuning possible for 
booster configurations: 18 to 21 GHz

Booster mode 
sensitive to  
mirror offset

Set of rings 
defines the 
booster 
frequency:
18 to 21 GHz

Measured Group delay vs mirror offset

~60 MHz frequency tuning

Tuning into the axion radio
How to tune the booster frequency?
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Simulated E-filed for 
the booster mode  



Offsetting the mirror allows ~60 

 
Parasitic modes 
sensitive to taper 
offset

Set of rings 
defines the 
booster 
frequency:
18 to 21 GHz Booster mode 

sensitive to  
mirror offset

Tuning into the axion radio
How to avoid mode-crossing?
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Offsetting the mirror allows ~60 

≈ 3 dB

Y axis: -20log(abs(S11))

Frequency (GHz)

Ta
pe

r d
is

ta
nc

e 
in

 s
te

ps
 o

f ~
0.

5 
m

m

        f (GHz)

Booster mode 

Measured reflectivity spectra

Set of rings 
defines the 
booster 
frequency:
18 to 21 GHz

 
Parasitic modes 
sensitive to taper 
offset

Booster mode 
sensitive to  
mirror offset

Tuning into the axion radio
How to avoid mode-crossing?
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‣ Booster mode 
controlled by  
mirror offset

‣ Parasitic modes 
(most) controlled 
by taper offset 

Tuning knobs:



Offsetting the mirror allows ~60 

Dielectric 

bead

<latexit sha1_base64="fnWEdzDzA6d78YisriQUiruy7bs=">AAACFnicbVDLSgMxFM34rPVVdekmWAQ3LTMi6rIggsuK9gFtKZn0VoOZTEjuiGXar3Djr7hxoYhbceffmD4W2nrgXg7n3EtyT6ilsOj7397c/MLi0nJmJbu6tr6xmdvarto4MRwqPJaxqYfMghQKKihQQl0bYFEooRbenQ392j0YK2J1jT0NrYjdKNEVnKGT2rlC/7xPm9rEGmPavwoCWqCut5sID2iiNFEaDCYmhM6gn23n8n7RH4HOkmBC8mSCcjv31ezEPIlAIZfM2kbga2ylzKDgEgbZZmJBM37HbqDhqGIR2FY6OmtA953Sod3YuFJIR+rvjZRF1vai0E1GDG/ttDcU//MaCXZPW6lQOkFQfPxQN5HURTDMiHaEAY6y5wjjRri/Un7LDOPokhyGEEyfPEuqh8XguHh0eZQvHU/iyJBdskcOSEBOSIlckDKpEE4eyTN5JW/ek/fivXsf49E5b7KzQ/7A+/wBM0yexw==</latexit>

|E| / |S11� S11unperturbed|

S11

Vector Analyser Dielectric 

bead

Perturbation-based (bead-pull) field 
measurement setup

Verifying the field distribution
Field measurement setup
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Obtain field from reflectivity 
measurements:



Offsetting the mirror allows ~60 

Verifying the field distribution
Field distribution inside the closed booster
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Measured electric field vs frequency

‣ Confirmed for 
configurations in the 
range: ~ 18 to 21 GHz

‣ Booster mode 
verified

‣ Parasitic modes 
easy to identify



1. Fitting the reflectivity measurement  
with a 1D wave-propagation model

3 Including receiver chain systematics 
by fitting a Noise Model 

Group delay 

Modelled

Measured |S11| & GD  
Fitted TE11 |S11| & GD  

|S
11

| [
dB

]

Booster m
ode

|S11| Modelled

Power boost factor without receiver 
chain uncertainties

Modelled System Noise
Measured System Noise

Boost factor without receiver chain

2. Obtaining boost factor from the 
fitted 1D wave propagation model

Boost factor determination 
Using reflectivity and noise to obtain the boost factor of closed boosters
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‣ Requires geometry and material 
constants; VNA response


‣ Can confirm in simulations

‣ External excitation predicts the 
axion induced excitation            
(at the port of the booster)

‣ 1D model combined to NM

‣ LNA Added: NM; impedance, 

length and power calibration

‣ System Noise T useful metric 

during long runs

Shown: room T, CB 200Shown: CB 200 Shown: CB 200



‣ 5 booster configurations 

‣ ≈18.5 and ≈19.2 GHz under B-field 

‣ Tuned manually 

‣ Operation at room T 

Morpurgo 
magnet at CERN

Background 
measurement

Receiver setup

VNA

Be

Room temperature axion search using CERN’s MORPURGO magnet 
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15Physics with CB 200

17-day physics run at MORPURGO: 

B(t) during the 17 day run



Preliminary sensitivity 
data analysis ongoing

Scanning ability of the booster validated

Obtained boost factors for 5 configurations 
including systematics (± 15%)

β2 > 500  —> expected sensitivity:  
below CAST limit for scan of ≈ 100 MHz 

β2 > 1500 —> expected sensitivity:

    |gαγ| ≈ Ο(3x10-11) GeV-1

Physics with CB 200
Finalising data analysis
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CB100 wrap-up

Ø96 mm 
mirror

3x Ø96  mm 
sapphire discs

Receiver 
end

Bo
os

te
r

Ta
pe

r
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Be ‣ Cryostat: Glass-fabric/epoxy laminate (G11)

‣ Reaches 4 K

‣ Cooled by He vapor

‣ Custom-made at CERN

CB100 
Cryostat

Morpurgo 
Magnet at 

CERN

Be ~ 1 T

Physics with CB 100 at cold
Cold run using CERN’s MORPURGO magnet and 100 mm closed booster
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‣ Single fixed 
configuration 
≈19 GHz



CB100 wrap-up

Morpurgo 

Magnet 


Cryogenics
Receiver

The cold setup at CERN’s North Area
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‣ Power calibration by Y-factor at several T

‣ VNA measurement to determine the boost factor

‣ Circulator-free operation 

RF switch 
& heating

Booster

Coupler

LNA

Cryostat

Cold operation and calibration
How to run the cold experiment?
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20-hour cold physics run at MORPURGO 

≈19 GHz and T < 10 K under B field

Te
m

pe
ra

tu
re

 (K
)

B-
fie

ld
 (T

)

B-field 

Tem
perature

[hours]

Cold operation and calibration
Can we achieve stable cool-down and operation at cold?
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Booster mode 
at ~280 K

Booster mode 
at ~6 K

[hours]

Te
m

pe
ra

tu
re

 (K
)

Group delay during cooldown 

‣ Cool-down ~15 h

‣ Stable at 6 K 

‣ Predictable booster mode

Operation and receiver chain calibration at cold achieved

(data analysis ongoing)



Wrap-up 

‣ Frequency tuning 

‣ Control of unwanted modes

‣ Boost factor determination

‣ Field distribution measurements  

‣ Noise modelling and receiver chain

‣ Cold operation and calibration 

Preliminary results from first axion 
searches at CERN:

Booster-related development and 
proof of concept:

‣ 17-day run @18.5, 19.2 GHz  
with expected peak sensitivity: 
|gαγ| ≈ Ο(3x10-11) GeV-1

20th Rencontres du Vietnam | August 4 - 10, 2024 | ICISE | Quy Nhon, Vietnam

‣ 20-hour cold run @19 
GHz, T < 10 K



Recent news from MADMAX
Development of open boosters 

‣ Novel way to determine 
boost factor directly from 
field measurement

‣ Latest news: budget 
secured for demonstrator 
coil 

‣ 12-day dark photon search 
@19-20.3 GHz and open 
booster (preliminary)

‣ Dipole Magnet critical for 
full-size MADMAX

R&D of magnet

‣ Tested piezo 
motor: 5 K & 5.3 T 
and validated 
booster mechanics 

‣ ⌀ = 760 mm

‣ Allows  all prototypes 

‣ Fits CERN’s MORPURGO 

‣ Planned for: 2026-2028 

(long LHC shutdown)

MADMAX Prototype Cryostat

Main 
vessel 
close to 

delivery

https://madmax.mpp.mpg.de
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Stay tuned!

(JCAP 04 (2024) 005)
(JCAP 04 (2023) 064)

(arXiv:2407.10716)

https://madmax.mpp.mpg.de

