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- 𝒂𝒙𝒊𝒐𝒏𝒔 introduced to solve the strong 𝑪𝑷 − problem: a light pseudo−scalar

Feb. 8, 20242

 𝑨𝒙𝒊𝒐𝒏𝒔: a non−thermal 𝑾𝑰𝑺𝑷 − a ´totally different´ 𝑫𝑴− candidate

Recap of Lecture 𝟐𝟎

- 𝑨𝑳𝑷𝒔 = 𝑨xion−𝑳ike−𝑷articles: no solution to the 𝑸𝑪𝑫 − & 𝑫𝑴− topics

- 𝒂𝒙𝒊𝒐𝒏𝒔: a Bose−Einstein condensate in the galactic 𝑫𝑴− halo

- astrophysical limits: 𝑪𝑫𝑴− requirement & 𝑺𝑵 − 𝝂 − pulse:𝒎𝒂 < 𝟏𝟔𝒎𝒆𝑽

- mass 𝒎𝒂 depends on (unknown) scale 𝒇𝒂 of spontaneous breaking of 𝑼(𝟏)𝑷𝑪

- broad mass range possible: 𝒎𝒂 = 𝝁𝒆𝑽…𝒎𝒆𝑽 (latest: 𝒎𝒂 = 𝟒𝟎…𝟏𝟖𝟎 𝝁𝒆𝑽)
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- for 𝒂𝒙𝒊𝒐𝒏 emission: will occur in magnetized plasma state from virtual photons

𝜸∗ to transform real 𝜸´𝒔 (from the plasma) into 𝒂𝒙𝒊𝒐𝒏𝒔 via 𝑷𝒓𝒊𝒎𝒂𝒌𝒐𝒇𝒇 effect

3

 A ´natural´ process to generate 𝒂𝒙𝒊𝒐𝒏𝒔: here − in a magnetized plasma

Generating 𝒂𝒙𝒊𝒐𝒏𝒔 via the 𝑷𝒓𝒊𝒎𝒂𝒌𝒐𝒇𝒇 effect

𝑩 − field

𝒂

𝜸

𝜸∗ virtual

real

𝒈𝒂𝜸𝜸

example:

magnetised

plasma in the

solar interior

- 𝒂𝒙𝒊𝒐𝒏𝒔 will leave the solar interior without further interaction:  can be observed

Feb. 8, 2024



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #21

- the stronger the 𝑩 − field (lab: up to 𝟏𝟎 𝑻) the more virtual

photons 𝜸∗ we have to transform real photons 𝜸 into 𝒂𝒙𝒊𝒐𝒏𝒔

4

 A coherent process to generate 𝒂𝒙𝒊𝒐𝒏𝒔: here − we use a 𝒔. 𝒄.magnet

𝑩 − field

𝒂

𝜸

𝜸∗ virtual

real

𝒈𝒂𝜸𝜸

magnet

classical 𝑩 − field virtual photons 𝑷𝒓𝒊𝒎𝒂𝒌𝒐𝒇𝒇 effect

𝑩 𝜸 𝒂

𝜸∗

≡

Feb. 8, 2024

Generating 𝒂𝒙𝒊𝒐𝒏𝒔 via the 𝑷𝒓𝒊𝒎𝒂𝒌𝒐𝒇𝒇 effect
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 Experimental limits on 𝒂𝒙𝒊𝒐𝒏 parameters compared to theoretical estimates

𝑨𝒙𝒊𝒐𝒏 plot: mass 𝒎𝒂 vs. coupling 𝒈𝒂𝜸𝜸

𝒂𝒙𝒊𝒐𝒏 mass 𝒎𝒂 𝒆𝑽
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…OK, in principle it´s like the

𝑾𝑰𝑴𝑷 plot we know…

Feb. 8, 2024
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- expected

parameter

regions form

an allowed band

6

 𝑸𝑪𝑫 − axions

𝑨𝒙𝒊𝒐𝒏 plot: parameters for 𝑸𝑪𝑫 − axions

𝒎𝒂

𝒆𝑽

𝝉𝒂 < 𝒕𝑯𝒖𝒃𝒃𝒍𝒆

- beyond:

𝑨𝑳𝑷𝒔

𝑨xion 𝑳ike

𝑷article𝒔

(no 𝑪𝑷 − relevance,

little impact on 𝑫𝑴)

𝑨𝑳𝑷𝒔

Feb. 8, 2024

𝟏𝟎−𝟖 𝟏𝟎−𝟔 𝟏𝟎−𝟒 𝟏𝟎−𝟐 𝟏
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 Two models:

𝑨𝒙𝒊𝒐𝒏 plot: parameters for 𝑸𝑪𝑫 − axions

𝒎𝒂

𝒆𝑽

factor ~𝟕 in 
coupling strength

- 𝑲𝑺𝑽𝒁

𝑲im−𝑺hifman−

𝑽ainstein−

𝒁akharov:

stronger

(´hadronic´)

- 𝑫𝑭𝑺𝒁

𝑫ine−𝑭ischler−

𝑺rednicki−𝒁hitnitskii:

weaker

(´leptonic´)

Feb. 8, 2024

𝟏𝟎−𝟖 𝟏𝟎−𝟔 𝟏𝟎−𝟒 𝟏𝟎−𝟐 𝟏

𝒂
𝒙
𝒊𝒐
𝒏
−

p
h

o
to

n
 c

o
u

p
lin

g

|𝒈
𝒂
𝜸
|
𝑮
𝒆
𝑽
−
𝟏

𝟏𝟎−𝟔

𝟏𝟎−𝟏𝟎

𝟏𝟎−𝟏𝟒



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #218

 limits

𝑨𝒙𝒊𝒐𝒏 plot: recent limits from astrophysics

𝒎𝒂

𝒆𝑽

limit for 𝒈𝒂𝜸𝜸 from 𝑹𝒆𝒅 𝑮𝒊𝒂𝒏𝒕𝒔

- limits due to

observed time

constants of

cooling processs

of stars:

Red Giants

Supernovae

White Dwarfs

star clusters

…

Feb. 8, 2024
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𝟏𝟎−𝟖 𝟏𝟎−𝟔 𝟏𝟎−𝟒 𝟏𝟎−𝟐 𝟏

2401.13728.pdf (arxiv.org)

𝒂
𝒙
𝒊𝒐
𝒏
−

p
h

o
to

n
 c

o
u

p
lin

g

|𝒈
𝒂
𝜸
|
𝑮
𝒆
𝑽
−
𝟏

𝟏𝟎−𝟔

𝟏𝟎−𝟏𝟎

𝟏𝟎−𝟏𝟒

https://arxiv.org/pdf/2401.13728.pdf
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 Parameter range

𝑨𝒙𝒊𝒐𝒏 plot: preferred values from lattice−𝑸𝑪𝑫

𝒎𝒂

𝒆𝑽

- results from

modern lattice

𝑸𝑪𝑫 − calculations

4𝟎 𝝁𝒆𝑽

𝟏𝟖𝟎 𝝁𝒆𝑽

most

interesting:

𝑸𝑪𝑫 + 𝑫𝑴

- 𝟐𝟎𝟐𝟐 update:

𝒎𝒂 =

𝟒𝟎…𝟏𝟖𝟎 𝝁𝒆𝑽
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quark gluon
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- dark matter halo, sun

10

 Detecting 𝒂𝒙𝒊𝒐𝒏𝒔 from

𝑨𝒙𝒊𝒐𝒏 experiments
𝒂𝒙𝒊𝒐𝒏 − (helio−) telescopes:

𝑪𝑨𝑺𝑻, 𝑰𝑨𝑿𝑶

𝑳ight−𝑺hining−
through−𝑾all (𝑳𝑺𝑾):

𝑨𝑳𝑷𝑺 𝑰, 𝑰𝑰 𝑱𝑼𝑹𝑨

- indirectly

𝑩 − fields are essential

microwave−cavities (haloscopes): 

𝑨𝑫𝑴𝑿,𝑯𝑨𝒀𝑺𝑻𝑨𝑪𝑲,…

Feb. 8, 2024
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- sensitive mass range: 𝒎𝒂 = 𝝁𝒆𝑽…𝒎𝒆𝑽

11

 Listening for low−mass 𝒂𝒙𝒊𝒐𝒏𝒔 from the galactic 𝑫𝑴− halo 

microwave−cavities (haloscopes): 

𝑨𝑫𝑴𝑿,𝑯𝑨𝒀𝑺𝑻𝑨𝑪𝑲,…

𝒈𝒂𝜸𝜸𝒂

𝜸 real

𝑩 − field 𝜸∗ virtual

microwave band

Feb. 8, 2024

𝑨𝒙𝒊𝒐𝒏 experiments: haloscopes for galactic 𝑫𝑴
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- sensitive mass range: 𝒎𝒂 = 𝝁𝒆𝑽…𝒎𝒆𝑽

12

 Listening for low−mass 𝒂𝒙𝒊𝒐𝒏𝒔 from the galactic 𝑫𝑴− halo 

𝒈𝒂𝜸𝜸𝒂

𝜸 real

𝑩 − field 𝜸∗ virtual

microwave band

- at which frequency 𝒇
can I tune into the

galactic ´𝑫𝑴− radio´? 

Feb. 8, 2024

microwave−cavities (haloscopes): 

𝑨𝑫𝑴𝑿,𝑯𝑨𝒀𝑺𝑻𝑨𝑪𝑲,…

𝑨𝒙𝒊𝒐𝒏 experiments: haloscopes for galactic 𝑫𝑴
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 Superconducting solenoid with 𝑩 = 𝟔…𝟗 𝑻 & a large inner bore

𝑨𝒙𝒊𝒐𝒏 experiments: haloscopes for galactic 𝑫𝑴

- 𝒂𝒙𝒊𝒐𝒏 conversion

rate (signal power) is   

a coherent process

𝑷𝒔𝒊𝒈 ~ 𝑩𝟐

𝒈𝒂𝜸𝜸𝒂

𝜸 real

𝑩 − field 𝜸∗ virtual

microwave band

superconducting solenoid

Feb. 8, 2024
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 Superconducting solenoid with 𝑩 = 𝟔…𝟗 𝑻 & a large bore at cryogenic 𝑻

- 𝒂𝒙𝒊𝒐𝒏 conversion

rate (signal power)  

vs. thermal noise

𝑷𝒏𝒐𝒊𝒔𝒆 ~ 𝑻𝟒

𝟏𝟎𝟎…
𝟐𝟓𝟎𝒎𝑲

𝟏 𝑲

𝟒 𝑲

Feb. 8, 2024

𝑨𝒙𝒊𝒐𝒏 experiments: haloscopes for galactic 𝑫𝑴
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𝒈𝒂𝜸𝜸𝒂

𝜸 real

𝑩 − field 𝜸∗

𝑴𝑯𝒛…𝑮𝑯𝒛 band

𝑪𝒖 − cavity & tuning rods

for resonant amplification

resonance frequency

of the 𝑪𝒖 − cavity

s
ig

n
a
l
p
o
w

e
r 𝒎𝒂(𝟏) 𝒎𝒂(𝟑)

𝒎𝒂(𝟐)

 A 𝑪𝒖 − based cylindrical resonance cavity: low thermal noise at cryogenic 𝑻

𝟏𝟎𝟎…
𝟐𝟓𝟎𝒎𝑲

Feb. 8, 2024

𝑨𝒙𝒊𝒐𝒏 experiments: haloscopes for galactic 𝑫𝑴
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Haloscopes for 𝑫𝑴− 𝒂𝒙𝒊𝒐𝒏𝒔: where is 𝒇𝒓𝒆𝒔?  

 Resonance cavity: modify frequency over broad range so that 𝒇𝒓𝒆𝒔 = 𝒎𝒂

- theoretical 𝒂𝒙𝒊𝒐𝒏 masses:

𝒎𝒂 = 𝟒𝟎…𝟏𝟖𝟎 𝝁𝒆𝑽

- experiment relies on resonance condition

𝒂𝒙𝒊𝒐𝒏 energy 𝑬𝒂 = 𝒎𝒂 ∙ 𝒄
𝟐 + 𝑬𝒌𝒊𝒏

𝒑𝒉𝒐𝒕𝒐𝒏 energy 𝑬𝜸 = 𝒉 ∙ 𝒇𝒓𝒆𝒔

- examples

𝒎𝒂 = 𝟏𝟎 𝝁𝒆𝑽 𝒇𝒓𝒆𝒔 = 𝟐. 𝟒 𝑮𝑯𝒛

𝒎𝒂 = 𝟏𝟎𝟎 𝝁𝒆𝑽 𝒇𝒓𝒆𝒔 = 𝟐𝟒 𝑮𝑯𝒛

𝑯𝑭 − mode

Feb. 8, 2024
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Haloscopes for 𝑫𝑴− 𝒂𝒙𝒊𝒐𝒏𝒔: use 𝑻𝑴𝟎𝟏 − mode

 Cylindrical resonance cavity: working with the basic 𝑻𝑴𝟎𝟏 −mode

𝑻𝑴𝟎𝟏

Arthur Schawlow:

„Never measure anything 

but frequency“ 

𝟏𝟗𝟖𝟏

- excitation of 𝑻𝑴𝟎𝟏 − mode

- 𝑻𝑴𝟎𝟏 − mode:

magnetic flux is transversal to propagtion

- 𝑻𝑴𝟎𝟏 − mode:

𝑪𝒖 − cavity acts as wave−guide

Feb. 8, 2024
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Haloscopes for 𝑫𝑴− 𝒂𝒙𝒊𝒐𝒏𝒔: signal & noise

 Read−out of haloscopes via quantum sensor: 𝑺𝑸𝑼𝑰𝑫 − unit* 

- expected signal of a haloscope:

*s. lecture #𝟏𝟗

Josephson-

contacts

out

in

- experimental 

resolution:

Τ∆𝒇 𝒇~ 𝟏𝟎−𝟏𝟏

p
o
w

e
r 
𝑷

thermal

noise

𝒂𝒙𝒊𝒐𝒏

frequency 𝒇

𝒎𝒂 ∙ 𝒄
𝟐 + 𝑬𝒌𝒊𝒏 = 𝒉 ∙ 𝒇

Feb. 8, 2024
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Haloscopes for 𝑫𝑴− axions: signal & noise

 haloscopes: cooling of microwave cavity

is essential to limit

the overall noise

p
o
w

e
r 
𝑷

thermal

noise

𝒂𝒙𝒊𝒐𝒏
signal

frequency 𝒇

- thermal microwave

photons are the

dominant source of

noise:  cooling

𝑷𝒏𝒐𝒊𝒔𝒆 ~ 𝑻𝟒

Feb. 8, 2024
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Haloscopes for 𝑫𝑴− 𝒂𝒙𝒊𝒐𝒏𝒔: signal & noise

 haloscopes: detection via advanced quantum sensors (𝑺𝑸𝑼𝑰𝑫) & 𝑭𝑭𝑻 &

strong 𝑩 & cooling (𝑻) 

frequency 𝒇

p
o

w
e

r 
𝑷

tu
n

in
g

ro
d

𝒂𝒙𝒊𝒐𝒏

𝜸∗

𝜸

𝑩

signal power 𝑷𝒔𝒊𝒈 ~ 𝟏𝟎−𝟐𝟐 𝑾

Feb. 8, 2024
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Haloscopes for 𝑫𝑴− 𝒂𝒙𝒊𝒐𝒏𝒔: figure−of−merit

 haloscopes: tiny (!!) expected 𝒂𝒙𝒊𝒐𝒏 signal power 𝑷𝒔𝒊𝒈 ~ 𝟏𝟎−𝟐𝟐 𝑾

axion

parameters

experimental 

parameters

- figure−of−merit: 

strong 𝑩 − field

𝑩 ≈ 𝟕. 𝟏𝟔 𝑻

large volume 𝑽

𝑽 ≈ 𝟎. 𝟏𝟓𝒎𝟑

high quality factor 𝑸

𝑸 ≈ 𝟏𝟎𝟓

local 𝑫𝑴−
density

Feb. 8, 2024

𝑷𝒔𝒊𝒈 ~ 𝒈𝒂𝜸𝜸
𝟐 ∙

𝝆𝒂,𝒍𝒐𝒄𝒂𝒍
𝒎𝒂

∙ 𝑩𝟐 ∙ 𝑽 ∙ 𝑸
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Haloscopes for 𝑫𝑴− 𝒂𝒙𝒊𝒐𝒏𝒔: figure−of−merit

 haloscopes: tradeoff − higher 𝑸 − value

𝑹 𝑳 𝑪

𝟏

𝑸
=

𝜟𝒇

𝒇𝒓𝒆𝒔

frequency 𝒇

𝑷
𝒔
𝒊𝒈

𝑸 = 𝟓

𝑸 = 𝟏

𝑸 = 𝟏𝟎

𝐐 = 𝟐

Feb. 8, 2024

experimental 

parameters

𝑷𝒔𝒊𝒈 ~ 𝒈𝒂𝜸𝜸
𝟐 ∙

𝝆𝒂,𝒍𝒐𝒄𝒂𝒍
𝒎𝒂

∙ 𝑩𝟐 ∙ 𝑽 ∙ 𝑸

 more narrow bandwidth ∆𝒇
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- 𝟏𝟗𝟗𝟒…𝟐𝟎𝟎𝟒

measurements

with conventional

radio amplifiers

23

 A haloscope now based at 𝑼𝑾 Seattle: measurements since 𝟏𝟗𝟗𝟓

𝑨xion 𝑫ark 𝑴atter e𝑿periment − 𝑨𝑫𝑴𝑿

- 𝟐𝟎𝟎𝟕…

measurements

with 𝑺𝑸𝑼𝑰𝑫s

exclusion limits

for 𝒂𝒙𝒊𝒐𝒏 masses

𝒎𝒂 = 𝟏. 𝟗…𝟑. 𝟔𝟓 𝝁𝒆𝑽

Feb. 8, 2024
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 Overview of different 𝒂𝒙𝒊𝒐𝒏 campaigns over the years

𝑨𝑫𝑴𝑿 ∶ exclusion limits for 𝒂𝒙𝒊𝒐𝒏𝒔

𝟔𝟐𝟓 𝟔𝟓𝟎 𝟔𝟕𝟓 𝟕𝟎𝟎 𝟕𝟐𝟓 𝟕𝟓𝟎 𝟕𝟕𝟓 𝟖𝟎𝟎 𝟖𝟐𝟓 frequency 𝒇 (𝑴𝑯𝒛)

mass 𝒎𝒂(𝝁𝒆𝑽)

𝑨𝑫𝑴𝑿
𝟐𝟎𝟏𝟖

𝟐. 𝟔 𝟐. 𝟕 𝟐. 𝟖 𝟐. 𝟗 𝟑. 𝟎 𝟑. 𝟏 𝟑. 𝟐 𝟑. 𝟑 𝟑. 𝟒

𝑨𝑫𝑴𝑿 𝟐𝟎𝟐𝟎

𝑲𝑺𝑽𝒁

𝑫𝑭𝑺𝒁

𝑨𝑫𝑴𝑿 𝟐𝟎𝟎𝟕 − 𝟐𝟎𝟎𝟗

𝑸𝑪𝑫 − expectation

Feb. 8, 2024
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 Overview of different 𝒂𝒙𝒊𝒐𝒏 campaigns: a lot more parameter space to cover

𝑨𝑫𝑴𝑿&𝑯𝑨𝒀𝑺𝑻𝑨𝑪𝑲: future campaigns

mass 𝒎𝒂(𝝁𝒆𝑽)

frequency 𝒇 (𝑮𝑯𝒛)

𝟏 𝟏𝟎 𝟏𝟎𝟎

𝟏 𝟏𝟎

𝑨
𝑫
𝑴
𝑿

𝑪𝑨𝑺𝑻

lattice 𝑸𝑪𝑫

expecatrions

Feb. 8, 2024
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 Overview of different 𝒂𝒙𝒊𝒐𝒏 campaigns: a lot more parameter space to cover

𝑨𝑫𝑴𝑿&𝑯𝑨𝒀𝑺𝑻𝑨𝑪𝑲: future campaigns

mass 𝒎𝒂(𝝁𝒆𝑽)

frequency 𝒇 (𝑮𝑯𝒛)

𝟏 𝟏𝟎 𝟏𝟎𝟎

𝟏 𝟏𝟎

𝑨
𝑫
𝑴
𝑿

𝑪𝑨𝑺𝑻

lattice 𝑸𝑪𝑫

expecatrions

Feb. 8, 2024
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- high mass 𝒂𝒙𝒊𝒐𝒏𝒔 (𝒆𝑽) could be produced

in the solar interior via the incoherent

𝑷𝒓𝒊𝒎𝒂𝒌𝒐𝒇𝒇 effect

27

 Detecting solar 𝒂𝒙𝒊𝒐𝒏𝒔 from the

magnetized plasma on 𝑬𝒂 ≈ 𝒌𝒆𝑽 − 𝒔𝒄𝒂𝒍𝒆

𝑨𝒙𝒊𝒐𝒏 experiments: helioscopes

solar plasma with

electrons & ions:

𝒂

pointing a helioscope

towards to sun

Feb. 8, 2024

𝜸

𝜸𝒗𝒊𝒓𝒕.

𝒆, 𝒁𝒆
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 Detecting solar 𝒂𝒙𝒊𝒐𝒏𝒔 from the

magnetized plasma on 𝑬𝒂 ≈ 𝒌𝒆𝑽 − 𝒔𝒄𝒂𝒍𝒆

𝑨𝒙𝒊𝒐𝒏 experiments: helioscopes

𝑻 = 𝟏𝟎𝟕𝑲

𝒂𝒙𝒊𝒐𝒏 − conversion into 𝑿 − rays

in a strong dipole 𝑩 − field

- helioscopes are only sensitive to

𝒂𝒙𝒊𝒐𝒏 parameters (mass 𝒎𝒂 & coupling

regime 𝒈𝒂𝜸𝜸) where 𝒂𝒙𝒊𝒐𝒏𝒔 would

not be 𝑪𝑫𝑴− particles

Feb. 8, 2024
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 Detecting solar 𝒂𝒙𝒊𝒐𝒏𝒔 from the

magnetized plasma on 𝑬𝒂 ≈ 𝒌𝒆𝑽 − 𝒔𝒄𝒂𝒍𝒆

𝑨𝒙𝒊𝒐𝒏 experiments: helioscopes

axion energy 𝑬𝒂(𝒌𝒆𝑽)

d
if

fe
re

n
ti

a
l 

a
x
io

n
fl

u
x
𝜱
𝒂

(𝟏
𝟎
𝟏
𝟎
𝒄
𝒎

𝟐
𝒌
𝒆
𝑽
−
𝟏
𝒔𝟏
)

𝒂𝒙𝒊𝒐𝒏𝒔 from

coupling to 𝒆−

- dominant (incoherent) process:

axions generated in electric field

of magnetized plasma (ions, 𝒆−)

𝜱𝒂 =
𝒈𝒂𝜸𝜸

𝟏𝟎−𝟏𝟎 𝑮𝒆𝑽−𝟏

𝟐

flux

𝑻 = 𝟏𝟎𝟕𝑲

Feb. 8, 2024

𝟎 𝟐 𝟒 𝟔 𝟖 𝟏𝟎

𝟏𝟎𝟎

𝟖𝟎

𝟔𝟎

𝟒𝟎

𝟐𝟎

𝑷𝒓𝒊𝒎𝒂𝒌𝒐𝒇𝒇 × 𝟓𝟎
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- inverted 𝑷𝒓𝒊𝒎𝒂𝒌𝒐𝒇𝒇 − effect is used to convert the

high-mass axions back into energetic 𝑿 − rays (𝒌𝒆𝑽)

30

 Reconverting solar 𝒂𝒙𝒊𝒐𝒏𝒔 into 𝑿 − ray photons

Schematic set−up of a helioscope

Sun

𝒂𝒙𝒊𝒐𝒏

𝑿 − ray−optics

moveable

platform

shielding

𝒂

𝒂

detector

dipole field

dipole magnet

- 𝑿 − rays (𝒌𝒆𝑽) have to be focused via ´mirrors´

(Wolter telescope) onto the focal plane detector

focal

plane

Feb. 8, 2024
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- we again need a magnetic dipole field

 only 𝜸´𝒔 with polarisation parallel to the

𝑩 − field mix with axions

 photon propagation transversal to 𝑩 − field

31

 We can make use of unused 𝑳𝑯𝑪 dipoles

Schematic set−up of a helioscope

𝒂𝒙𝒊𝒐𝒏

moveable

platform

shielding

𝒂

𝒂

detector

dipole field

dipole magnet

dipole

𝑵

𝑺

Feb. 8, 2024

Sun
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 Conversion probability 𝑷𝒔𝒊𝒈 to transform an 𝒂𝒙𝒊𝒐𝒏 into an 𝑿 − ray photon

Schematic set−up of a helioscope

𝒂𝒙𝒊𝒐𝒏 𝒂

𝒂

area 𝑨

length 𝑳

𝑩

- exp. ´figure−of−merit´ ~ 𝑩𝟐 ∙ 𝑳𝟐 ∙ 𝑨 (magnetic field 𝑩, length 𝑳, cross section 𝑨 )

Feb. 8, 2024

Sun

𝑷𝒔𝒊𝒈 ~ 𝒈𝒂𝜸𝜸
𝟐 ∙

𝑩

𝟏𝟎 𝑻

𝟐

∙
𝑳

𝟏𝟎𝒎

𝟐

∙ 𝑨

dipole magnet
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 Optimising the signal strength: the importance of the coherence – factor 𝑭

Schematic set−up of a helioscope

axion 𝒂

𝒂

length 𝑳

𝑩

- conversion is coherent over entire length 𝑳 , however only if the

phase of the massive 𝒂𝒙𝒊𝒐𝒏 and the massive 𝒑𝒉𝒐𝒕𝒐𝒏 remain the same!  

goal: coherent process

over entire length 𝑳

(only then: 𝑷𝒔𝒊𝒈 ~ 𝑳𝟐)

Feb. 8, 2024

Sun

dipole magnet

𝑷𝒔𝒊𝒈 ~ 𝑩𝟐 ∙ 𝑳𝟐 ∙ 𝑨 ∙ 𝑭
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 Enhancing the coherence – factor 𝑭 : injection of buffer gas into bore

Maintaining coherence condition in a helioscope

𝒂

𝒂

dipole magnet

length 𝑳

𝑩

injection of gas

( (
𝟑𝑯𝒆, 𝟒𝑯𝒆) at

variable pressure

𝒑 as buffer gas

- coherence requirement for full 𝒂𝒙𝒊𝒐𝒏 conversion (𝑭 = 𝟏):

momentum transfer q · length L ≪ 1

- for 𝒂𝒙𝒊𝒐𝒏𝒔 with 𝑬𝒂 ≈ 𝒌𝒆𝑽 − scale this is only

fulfilled for small masses 𝒎𝒂 < 𝟏𝟎−𝟐 𝒆𝑽, for larger

masses we need

to add a buffer

gas to adjust

the effective

mass of 𝑿 − ray

photons!

Feb. 8, 2024

goal: coherent process

over entire length 𝑳

(only then: 𝑷𝒔𝒊𝒈 ~ 𝑳𝟐)
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Helioscopes: 𝑪𝑨𝑺𝑻* experiment at 𝑪𝑬𝑹𝑵

*𝑪𝑬𝑹𝑵 𝑨𝒙𝒊𝒐𝒏 𝑺olar 𝑻elescope 

- magnet axis follows path of the

Sun over several hours per day

- both magnet entries (side of the

setting / rising sun) are fully

instrumented with modern 𝑿 −

ray detector systems
Q: CERN Courier

Feb. 8, 2024

Sun

 Making use of a spare (& mech. straigthened) 𝑳 = 𝟗. 𝟑 𝒎 long dipole magnet

(𝑩 = 𝟗. 𝟓 𝑻) of the 𝑳𝑯𝑪
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 A moveable dipole magnet: allows tilting to follow the Sun for a few 𝒉 / 𝒅𝒂𝒚

Helioscopes: 𝑪𝑨𝑺𝑻 experiment at 𝑪𝑬𝑹𝑵

Q: CERN Courier

magnet

cryo−box𝑳𝑯𝑪 − test

dipole magnet

detector for sunset

shielding

turntable𝟖𝟎°
frame

shielding

~𝟖°

detector for sunrise

wheel

axion entry

at sunset

axion entry

at sunrise

magnet

support

Feb. 8, 2024
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 𝑨𝒙𝒊𝒐𝒏 runs since 𝟐𝟎𝟎𝟑

Helioscopes: 𝑪𝑨𝑺𝑻 results – use of buffer gas 

Q: CERN Courier

with buffer gas

𝑪𝑨𝑺𝑻 𝟐𝟎𝟎𝟑 − 𝟐𝟎𝟏𝟏

𝑪𝑨𝑺𝑻 until 𝟐𝟎𝟏𝟕

mass 𝒎𝒂(𝒆𝑽)

𝟐𝟎𝟎𝟓…𝟐𝟎𝟎𝟔:

measurements with 𝟒𝑯𝒆

𝟐𝟎𝟎𝟖…𝟐𝟎𝟏𝟏:

measurements with 𝟑𝑯𝒆
first push forward into the

region of 𝑸𝑪𝑫 − axions

since 𝟐𝟎𝟏𝟐:

improved measurements

with 𝟒𝑯𝒆 & in vacuum

Feb. 8, 2024
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 Future search for solar 𝒂𝒙𝒊𝒐𝒏𝒔 with a large toroidal magnet system

Helioscopes: 𝑰𝑨𝑿𝑶* – an outlook

*𝑰𝑨𝑿𝑶 – 𝑰nternational 𝑨𝑿ion 𝑶bservatory

𝟖 𝑿 − ray

detectors

- setup: 𝑳 = 𝟐𝟎𝒎 long toroidal

magnet system with ∅ = 𝟓. 𝟐 𝒎

- toroidal system is being formed by

𝟖 coils (∅ = 𝟎. 𝟔 𝒎) with 𝑩 = 𝟐. 𝟓 𝑻

- factor 𝟐𝟎 improved

sensitivity relative to 𝑪𝑨𝑺𝑻

Feb. 8, 2024

- figure−of−merit: ~ 𝑩𝟐 ∙ 𝑳𝟐 ∙ 𝑨

𝑪𝑨𝑺𝑻: 𝟐𝟏 𝑻𝟐𝒎𝟒

𝑰𝑨𝑿𝑶:  ~ 𝟔𝟎𝟎𝟎 𝑻𝟐𝒎𝟒
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 Future search for solar 𝒂𝒙𝒊𝒐𝒏𝒔 with a large toroidal magnet system

Helioscopes: 𝑰𝑨𝑿𝑶 – an outlook

𝑩 − field lines

- 𝟖 (𝟔) vacuum cylinders interspersed with 𝟖 (𝟔) coils in a toroidal set−up

thermal shieldcryostat

coil

support coil casing

vacuum−
cylinder

Feb. 8, 2024
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 Future search for solar 𝒂𝒙𝒊𝒐𝒏𝒔

Helioscopes: 𝑰𝑨𝑿𝑶 – an outlook

mass 𝒎𝒂(𝒆𝑽)

- stars
- results after ~𝟐𝟎 year long

data taking (vacuum / buffer gas)

𝑪𝑨𝑺𝑻

𝑰𝑨𝑿𝑶

- expected for 𝟑 years data taking

(vacuum / buffer gas)

- test of ´realistic´ 𝑸𝑪𝑫 − axion

parameter regions (see limits) 

Feb. 8, 2024
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 Search for solar 𝒂𝒙𝒊𝒐𝒏𝒔 with a smaller

toroidal magnet at 𝑫𝑬𝑺𝒀

Helioscopes: first step − 𝑩𝒂𝒃𝒚𝑰𝑨𝑿𝑶

- figure−of−merit:       ~ 𝑩𝟐 ∙ 𝑳𝟐 ∙ 𝑨

- 𝑪𝑨𝑺𝑻: 𝟐𝟏 𝑻𝟐𝒎𝟒

- 𝑩𝒂𝒃𝒚𝑰𝑨𝑿𝑶: ~ 𝟐𝟑𝟎 𝑻𝟐𝒎𝟒

- will follow path of Sun: 𝒕 = 𝟐𝟒 𝒉 / 𝒅𝒂𝒚

- magnet design: uses expertise from

𝑨𝑻𝑳𝑨𝑺 experiment (𝑪𝑬𝑹𝑵)

- 𝑿 − ray optics: uses expertise from

𝑿𝑴𝑴− 𝑵𝒆𝒘𝒕𝒐𝒏 telescope (𝑬𝑺𝑨)

Feb. 8, 2024

𝟐 𝑿 − ray

detectors


