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How to detect axions?
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Analogous to radio tuning

Searching for Axion-like Particles

Axions and axion-like particles 
• Low mass (< eV) 
• Faint coupling to photons 
• Astrophysical hints 

Search Strategies using photon coupling 
• Haloscopes (ADMX, HAYSTAC) 
• Helioscopes (CAST, babyIAXO) 
• Light shining through a wall ‘LSW’ experiments 

(ALPS I, ALPS II, OSQAR)

Using coupling to photons

2

5 Solar Production of Ultralight Bosons 131

gas in the magnetic field region for higher axion masses due to the photon acquiring
an e�ective mass in a medium. Thus the coherence condition will be fulfilled for
axion masses close to the e�ective photon mass. By changing the pressure of the gas
inside the magnetic field region systematically, the photon mass can be increased in
a controlled manner and higher masses can be scanned via pressure step scanning.

5.4.1 Concept of Axion Helioscopes

A typical axion helioscope requires at least two key components: a powerful magnet
and one or more high-sensitivity, ultra-low background x-ray detectors. In latest
implementations of the concept, as shown in Figure 5.8, an x-ray focusing device is
added at the end of the magnet to concentrate the signal photons and increase the
signal-to-noise ratio. Such an x-ray telescope also enables the use of large cross-
sectional magnets (boosts conversion probability) and simultaneously small-area
detectors (enables ultra-low background levels), which in combination boosts helio-
scope experiments to the next level. By aligning the magnet with the core of the Sun
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Figure 10: Conceptual arrangement of an enhanced axion helioscope with X-ray focusing. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate
X-ray optics onto a small spot area a in a low background detector. Figure taken from [487].

ray focusing optics for one of its four detector lines [489], as well as low background techniques from
detectors in underground laboratories [490]. During its observational program from 2003 to 2011, CAST
operated first with the magnet bores in vacuum (2003–2004) to probe masses ma < 0.02 eV, obtaining
a first upper limit on the axion-to-photon coupling of ga� < 8.8 � 10�11 GeV�1 (95% C.L.) [396,481].
The experiment was then upgraded to be operated with 4He (2005–2006) and 3He gas (2008–2011) to
obtain continuous, high sensitivity up to an axion mass of ma = 1.17 eV. Data from this gas phase
provide an average limit of ga� � 2.3 � 10�10 GeV�1 (95% C.L.), for the higher mass range of 0.02 eV
< ma < 0.64 eV [483, 491] and of about ga� � 3.3 � 10�10 GeV�1 (95% C.L.) for 0.64 eV < ma < 1.17
eV [492], with the exact value depending on the pressure setting.

CAST has more recently (2013-15) revisited the vacuum phase with improved detectors and a
novel X-ray optics. These improvements are the outcome of R&D done in preparation of the next
generation axion helioscope, IAXO. In particular, one of the detection lines, dubbed IAXO pathfinder
system [493], combines for the first time both low background techniques and a new X-ray optics built
purposely for this goal, and enjoys an e�ective background count rate of 0.003 counts per hour in the
signal region. The outcome of this phase represents the most restrictive experimental limit to ga� for
masses ma < 0.02 eV [494]:

ga� < 0.66 � 10�10GeV�1 (95% C.L.). (6.1)

CAST has been the first axion helioscope with sensitivities to ga� values below 10�10 GeV�1 and
competing with the most stringent limits from astrophysics on this coupling, see Tab. 2. As shown in
Fig. 12, in the region of higher axion masses (ma � 0.1 eV), the experiment has entered the band of
QCD axion models and excluded KSVZ axions of for specific values of the axion mass in the range ma �
eV.

In addition to this main result, CAST has also searched for other axion production channels in
the Sun, enabled by the axion-electron or the axion-nucleon couplings. As mentioned above, in these

55

Fig. 5.8 A conceptual setup of an axion helioscope using x-ray focusing to enhance the experimental
sensitivity. Axions from the Sun are converted in a strong transverse magnetic field and the emerging
photons are then focused by an x-ray telescope into a small focal spot. A low background detector
is located in the focal plane of the optics to capture an image of the photons produced by conversion
from axions. Figure adapted from Ref. [33].

and tracking its movement, an excess of x-rays at the end of the magnet is expected as
compared to background measurements when the magnet is not pointing at the Sun.
The helioscope detection concept was first proposed in the 1980’s [5, 34] and initially
experimentally implemented by Lazarus et al. with a few hours of data acquired [35].
Later, the second-generation helioscope SUMICO [36] was built at the University of
Tokyo, providing the first self-consistent limit to solar axions compatible with solar
physics. During the last two decades, the helioscope principle has been advanced by
the CERN Axion Solar Telescope (CAST [25, 26, 13, 27–31]) pushing the sensitivity
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Figure 1. Axion helioscope principle. Axions and ALPs are produced in the solar core via

the Primako↵ process and converted into photons in a strong magnetic field in laboratory. For

IAXO, photon detection systems will include X-ray optics specifically built for axion searches

and low-background X-ray detectors.

2. Axion helioscopes

Axions and axion-like particles could be produced in the center of the Sun via the Primako↵

process, i.e. conversion of photons to axions in the electromagnetic fields of electrons and nuclei.

In a laboratory, axions and ALPs could be back-converted into photons in a strong transverse

magnetic field (figure 1). The expected number of photons reaching a detector at the magnet

end is given by

N� =

Z
d�a

dEa
Pa!� S t dEa , (1)

where d�a/dEa is the di↵erential solar axion flux at the Earth, Pa!� is the axion-photon

conversion probability in the magnet, S the cross-sectional area of the magnet bore, and t
the measurement time. The di↵erential axion flux at the Earth can be parametrised as:
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with the average energy hEai = 4.2 keV. The conversion probability (with vacuum inside the

magnet bores) is given by
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where B is the magnetic field, L the magnet length, and q = m2
a/(2Ea) the axion-photon

momentum transfer.

Currently the most sensitive axion helioscope is CAST (CERN Axion Solar Telescope) [9].

The CAST experiment has set the most stringent limit on the axion-photon coupling constant

over a broad range of axion masses. The most recent result [10] is ga� < 6.6 ⇥ 10
�11

GeV
�1

for ma < 0.023 eV. IAXO (International Axion Observatory) [11, 12] is a new generation axion

helioscope (currently in the Technical Design phase) aiming for the sensitivity to the axion-

photon coupling constant 1� 1.5 orders of magnitude better than CAST.

ADMX

IAXO

AXION and ALPs

HIDDEN PHOTONS

WISPs Dark Matter 

On Axion 
• The strong CP problem : why the dimensionless 

parameter θ is so unnaturally small.
• Spontaneous U(1) symmetry breaking at a specific 

energy scale fa (Peccei & Quinn 1977) to solve CP-

violation → existence of Axion (?). 
• Coupling with photon:

AXION and ALPs
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ALPS II Sensitivity

3

Target Sensitivity 

• g > 2 x 10-11 GeV-1 

• 3x better than CAST limit 

• m < 0.1 meV 

• Stellar cooling hints 

• Improve model 
independent upper limits by 
3 orders of magnitude
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Light shining through a wall experiments

Light shining though a wall concept 

• High power laser directed through magnetic field 

• Creates flux of axion-like particles through wall 

• Magnetic field converts axion-like particles back to photons 

Photons at the detector:

Measuring the conversion-reconversion of Axion-like particles

Laser

Magnet String
Wall

Detector

4

g = 2 x 10-11 GeV-1 

B = 5 T 
L = 106 m 
Pi = 30 W 

1 photon every 700,000 years! 

6 Spector

some scattering path through the shutter. The chance of a the laser field directly
transmitting through the shutter, on the other hand is not a major concern. Even a
few µm of material is enough to prevent any light from reaching the regeneration
area and in reality the shutter will be substantially thicker than this.

1.2 Boosting Sensitivity with a Production Cavity

One way to increase the reconverted photon signal at the detector is to increase
the power of the light circulating through the static magnetic field before the wall
and as the last section detailed, optical cavities provide us with a means to achieve
this. State of the art mirror coatings will allow for cavities on the order of 100 m to
amplify their circulating power by four orders of magnitude or more. As the power in
the regenerated photon signal scales linearly with the circulating power in the static
magnetic field before the wall, installing a production cavity (PC) before the wall
will, in principle, amplify the power of the regenerated photon signal by the power
build-up factor of the cavity �P . In practice it is more precise to quantify this in
terms of circulating power in the PC Pc, as this directly determines the power in the
UBDM field. With this we can calculate the number of photons in the regenerated
signal over a measurement time of ⌧ from the following.

N� =
1
16

�
ga��BL

�4Pc⌧ (1.8)

Therefore, a PC with power build-up of 10,000 will boost the sensitivity of the
experiment to ga�� by a factor of ten.

1.2.1 Linear Cavity

While there are a variety of di�erent cavity designs two mirror linear optical cavities
are the most relevant for LSW experiment. As Figure X shows, these types of cavities
use two partially transmissive mirrors separated by a distance L and aligned with
their surfaces normal to each other. The laser field enters the cavity through the input
mirror M1, and exits through the output mirror M2. Let’s suppose that these mirrors
have a reflectivity of R1 and R2, transmissivity of T1 and T2. Due to conservation of
energy, these quantities for a lossless mirror are related by the following expression.

1 = R + T (1.9)

While these are of course power ratios, they can also be expressed in terms of field
reflection and transmission coe�cients, denoted by the lower case r1 and t1, with
|t1 |2 = T1 and |r1 |2 = R1.

i



| Approaching a first science run with ALPS II |  Aaron Spector  | IDM 2022 |  Vienna, Austria  | July 18-22, 2022

                  

Light shining through a wall experiments

Production Cavity 

• Amplifies circulating power before the wall 

• Increases flux Axion-like particles through wall 

• Boosts reconverted power by cavity power build up factor  

Photons at the detector:

Measuring the conversion-reconversion of Axion-like particles

5

g = 2 x 10-11 GeV-1 

B = 5 T 
L = 106 m 

Pc = 150 kW 

1 photon every 140 years! 

Laser

Magnet String
Wall

Detector

Production Cavity (PC)

6 Spector

some scattering path through the shutter. The chance of a the laser field directly
transmitting through the shutter, on the other hand is not a major concern. Even a
few µm of material is enough to prevent any light from reaching the regeneration
area and in reality the shutter will be substantially thicker than this.

1.2 Boosting Sensitivity with a Production Cavity

One way to increase the reconverted photon signal at the detector is to increase
the power of the light circulating through the static magnetic field before the wall
and as the last section detailed, optical cavities provide us with a means to achieve
this. State of the art mirror coatings will allow for cavities on the order of 100 m to
amplify their circulating power by four orders of magnitude or more. As the power in
the regenerated photon signal scales linearly with the circulating power in the static
magnetic field before the wall, installing a production cavity (PC) before the wall
will, in principle, amplify the power of the regenerated photon signal by the power
build-up factor of the cavity �P . In practice it is more precise to quantify this in
terms of circulating power in the PC Pc, as this directly determines the power in the
UBDM field. With this we can calculate the number of photons in the regenerated
signal over a measurement time of ⌧ from the following.

N� =
1
16

�
ga��BL

�4Pc⌧ (1.8)

Therefore, a PC with power build-up of 10,000 will boost the sensitivity of the
experiment to ga�� by a factor of ten.

1.2.1 Linear Cavity

While there are a variety of di�erent cavity designs two mirror linear optical cavities
are the most relevant for LSW experiment. As Figure X shows, these types of cavities
use two partially transmissive mirrors separated by a distance L and aligned with
their surfaces normal to each other. The laser field enters the cavity through the input
mirror M1, and exits through the output mirror M2. Let’s suppose that these mirrors
have a reflectivity of R1 and R2, transmissivity of T1 and T2. Due to conservation of
energy, these quantities for a lossless mirror are related by the following expression.

1 = R + T (1.9)

While these are of course power ratios, they can also be expressed in terms of field
reflection and transmission coe�cients, denoted by the lower case r1 and t1, with
|t1 |2 = T1 and |r1 |2 = R1.
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Light shining through a wall experiments

Regeneration Cavity 

• Amplifies electromagnetic component of the axion field 

• Increases reconversion probability after the wall 

• Boosts reconverted power by resonant enhancement factor  

Photons at the detector:

Measuring the conversion-reconversion of Axion-like particles
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g = 2 x 10-11 GeV-1 

B = 5 T 
L = 106 m 

Pc = 150 kW 
𝜷 = 20,000 

1 photon per day! 

Laser

Magnet String

Production Cavity (PC) Regeneration Cavity (RC)

Wall

Detector

1 Light-shining-through-walls Experiments 13

Fig. 1.4 Standard layout for a
dual cavity LSW experiment
with a COB at the center
that houses the flat mirrors
and wall, with curved mirrors
located at the end stations.

build-up, on the other hand, gives the amplification of the power of the input laser
while that field is still circulating in the PC. With this, the resonant enhancement
factor can be expressed as the following approximation.

�R ⇡ 4Tout

(T1 + T2 + ⇢)2
(1.21)

In this equation Tout refers to the transmissivity of the mirror at the detector port of
the RC and could be either T1 or T2.

To simplify the optical setup, the PC and RC can be configured as in Figure 1.4
with the flat mirrors coupled to a central optical bench (COB) in the middle of
the experiment and curved mirrors at the end stations. In this case the radius of
curvature of the end mirror can be chosen such that the Rayleigh length of the cavity
eigenmodes is half the length of the entire magnet string, to minimize clipping losses
on the magnet bore. It’s important to be careful here that the Rayleigh length is not
in danger of being the exact length of the cavities as this could lead to higher order
mode degeneracies that could interfere with their performance. The wall is then
located in between the mirrors on the COB.

When the dual cavity configuration is used, the number of regenerated photons
at the detector will be

N� =
1
16

�
ga��BL

�4
⌘�RPc⌧, (1.22)

where ⌘ is the spatial overlap between the two cavity eigenmodes and Pc is the
total circulating power in the PC. With a spatial overlap on the order of 1, 150 kW
circulating in the PC, an RC resonant enhancement factor of 20 000, and BL of
560 T·m, a two week measurement will produce roughly 50 photons at the detector
for a ga�� of 2 ⇥ 10�11GeV�1. From this we see that the product of the PC power
build-up and RC resonant enhancement factor help LSW experiments gain more
than 8 orders of magnitude in the signal strength in the regenerated field. This can
increase their sensitivity in terms of ga�� by a factor of 100!

The regenerated field can be treated like a weak input field and thus will need
to be resonant with the length of the RC and in its spatial eigenmode. Since the PC
transmitted field should be an accurate representation of the regenerated field it can
be used to verify the resonance condition and spatial overlap.
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Light shining through a wall experiments

Regeneration Cavity 

• Amplifies electromagnetic component of the axion field 

• Increases reconversion probability after the wall 

• Boosts reconverted power by resonant enhancement factor  

Photons at the detector:

Measuring the conversion-reconversion of Axion-like particles
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Fig. 1.4 Standard layout for a
dual cavity LSW experiment
with a COB at the center
that houses the flat mirrors
and wall, with curved mirrors
located at the end stations.

build-up, on the other hand, gives the amplification of the power of the input laser
while that field is still circulating in the PC. With this, the resonant enhancement
factor can be expressed as the following approximation.

�R ⇡ 4Tout

(T1 + T2 + ⇢)2
(1.21)

In this equation Tout refers to the transmissivity of the mirror at the detector port of
the RC and could be either T1 or T2.

To simplify the optical setup, the PC and RC can be configured as in Figure 1.4
with the flat mirrors coupled to a central optical bench (COB) in the middle of
the experiment and curved mirrors at the end stations. In this case the radius of
curvature of the end mirror can be chosen such that the Rayleigh length of the cavity
eigenmodes is half the length of the entire magnet string, to minimize clipping losses
on the magnet bore. It’s important to be careful here that the Rayleigh length is not
in danger of being the exact length of the cavities as this could lead to higher order
mode degeneracies that could interfere with their performance. The wall is then
located in between the mirrors on the COB.

When the dual cavity configuration is used, the number of regenerated photons
at the detector will be

N� =
1
16

�
ga��BL

�4
⌘�RPc⌧, (1.22)

where ⌘ is the spatial overlap between the two cavity eigenmodes and Pc is the
total circulating power in the PC. With a spatial overlap on the order of 1, 150 kW
circulating in the PC, an RC resonant enhancement factor of 20 000, and BL of
560 T·m, a two week measurement will produce roughly 50 photons at the detector
for a ga�� of 2 ⇥ 10�11GeV�1. From this we see that the product of the PC power
build-up and RC resonant enhancement factor help LSW experiments gain more
than 8 orders of magnitude in the signal strength in the regenerated field. This can
increase their sensitivity in terms of ga�� by a factor of 100!

The regenerated field can be treated like a weak input field and thus will need
to be resonant with the length of the RC and in its spatial eigenmode. Since the PC
transmitted field should be an accurate representation of the regenerated field it can
be used to verify the resonance condition and spatial overlap.
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Infrastructure at DESY
Providing the foundation for ALPS II

Tunnels with 250 m straight sections 

• Cryogenic infrastructure  

• 2x strings of 12 HERA dipole magnets 

• 3 clean rooms at the different end stations of the experiment

ALPS II

8
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Infrastructure at DESY
Providing the foundation for ALPS II

Magnet strings successfully demonstrated 

• First magnet installed Oct 2019, full string installation completed Oct 2020 

• Magnets were operated at full current in March 2022 

• 5.7 kA corresponds to 5.3 T magnetic fields
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Providing the foundation for ALPS II

Tunnels with 250 m straight sections 
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Infrastructure at DESY
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Light shining through a wall experiments

Regeneration Cavity 

• Amplifies electromagnetic component of the axion field 

• Increases reconversion probability after the wall 

• Boosts reconverted power by resonant enhancement factor  

Photons at the detector:

Measuring the conversion-reconversion of Axion-like particles
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Fig. 1.4 Standard layout for a
dual cavity LSW experiment
with a COB at the center
that houses the flat mirrors
and wall, with curved mirrors
located at the end stations.

build-up, on the other hand, gives the amplification of the power of the input laser
while that field is still circulating in the PC. With this, the resonant enhancement
factor can be expressed as the following approximation.

�R ⇡ 4Tout

(T1 + T2 + ⇢)2
(1.21)

In this equation Tout refers to the transmissivity of the mirror at the detector port of
the RC and could be either T1 or T2.

To simplify the optical setup, the PC and RC can be configured as in Figure 1.4
with the flat mirrors coupled to a central optical bench (COB) in the middle of
the experiment and curved mirrors at the end stations. In this case the radius of
curvature of the end mirror can be chosen such that the Rayleigh length of the cavity
eigenmodes is half the length of the entire magnet string, to minimize clipping losses
on the magnet bore. It’s important to be careful here that the Rayleigh length is not
in danger of being the exact length of the cavities as this could lead to higher order
mode degeneracies that could interfere with their performance. The wall is then
located in between the mirrors on the COB.

When the dual cavity configuration is used, the number of regenerated photons
at the detector will be

N� =
1
16

�
ga��BL

�4
⌘�RPc⌧, (1.22)

where ⌘ is the spatial overlap between the two cavity eigenmodes and Pc is the
total circulating power in the PC. With a spatial overlap on the order of 1, 150 kW
circulating in the PC, an RC resonant enhancement factor of 20 000, and BL of
560 T·m, a two week measurement will produce roughly 50 photons at the detector
for a ga�� of 2 ⇥ 10�11GeV�1. From this we see that the product of the PC power
build-up and RC resonant enhancement factor help LSW experiments gain more
than 8 orders of magnitude in the signal strength in the regenerated field. This can
increase their sensitivity in terms of ga�� by a factor of 100!

The regenerated field can be treated like a weak input field and thus will need
to be resonant with the length of the RC and in its spatial eigenmode. Since the PC
transmitted field should be an accurate representation of the regenerated field it can
be used to verify the resonance condition and spatial overlap.
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High Power Laser

Amplified Non Planar Ring Oscillator (NPRO) 

• Demonstrated over 60 W of power at 1064 nm 

• > 90% of power in fundamental mode

Generating axion-like particles

14
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Light shining through a wall experiments

Regeneration Cavity 

• Amplifies electromagnetic component of the axion field 

• Increases reconversion probability after the wall 

• Boosts reconverted power by resonant enhancement factor  

Photons at the detector:

Measuring the conversion-reconversion of Axion-like particles
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Fig. 1.4 Standard layout for a
dual cavity LSW experiment
with a COB at the center
that houses the flat mirrors
and wall, with curved mirrors
located at the end stations.

build-up, on the other hand, gives the amplification of the power of the input laser
while that field is still circulating in the PC. With this, the resonant enhancement
factor can be expressed as the following approximation.

�R ⇡ 4Tout

(T1 + T2 + ⇢)2
(1.21)

In this equation Tout refers to the transmissivity of the mirror at the detector port of
the RC and could be either T1 or T2.

To simplify the optical setup, the PC and RC can be configured as in Figure 1.4
with the flat mirrors coupled to a central optical bench (COB) in the middle of
the experiment and curved mirrors at the end stations. In this case the radius of
curvature of the end mirror can be chosen such that the Rayleigh length of the cavity
eigenmodes is half the length of the entire magnet string, to minimize clipping losses
on the magnet bore. It’s important to be careful here that the Rayleigh length is not
in danger of being the exact length of the cavities as this could lead to higher order
mode degeneracies that could interfere with their performance. The wall is then
located in between the mirrors on the COB.

When the dual cavity configuration is used, the number of regenerated photons
at the detector will be

N� =
1
16

�
ga��BL

�4
⌘�RPc⌧, (1.22)

where ⌘ is the spatial overlap between the two cavity eigenmodes and Pc is the
total circulating power in the PC. With a spatial overlap on the order of 1, 150 kW
circulating in the PC, an RC resonant enhancement factor of 20 000, and BL of
560 T·m, a two week measurement will produce roughly 50 photons at the detector
for a ga�� of 2 ⇥ 10�11GeV�1. From this we see that the product of the PC power
build-up and RC resonant enhancement factor help LSW experiments gain more
than 8 orders of magnitude in the signal strength in the regenerated field. This can
increase their sensitivity in terms of ga�� by a factor of 100!

The regenerated field can be treated like a weak input field and thus will need
to be resonant with the length of the RC and in its spatial eigenmode. Since the PC
transmitted field should be an accurate representation of the regenerated field it can
be used to verify the resonance condition and spatial overlap.
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Regeneration Cavity

Longest storage time Fabry Perot cavity ever! 

• Length: 124.6m, FSR: 1.22 MHz 

• Storage time: 6.75 ms (world record) 

• Power build up factor: β ~ 7000 

• PDH frequency stabilization, alignment control

Reconverting axion-like particles back to photons

16

~2000 km
 effe

ctiv
e path-le

ngth



| Approaching a first science run with ALPS II |  Aaron Spector  | IDM 2022 |  Vienna, Austria  | July 18-22, 2022

Central Optical Bench (COB)

Ensure PC light is resonant with RC 

• Interference beatnotes transfer phase 
information between PC and RC 

• System cannot allow ‘light leaks’

Maintaining dual resonance and spatial overlap
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Central Optical Bench (COB)

Ensure PC light is resonant with RC 

• Passive stability maintains central cavity 
mirror alignment  

• QPDs on COB monitor eigenmode position 

• Shutter between cavities can be opened to 
check coupling

Maintaining dual resonance and spatial overlap
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Light shining through a wall experiments

Regeneration Cavity 

• Amplifies electromagnetic component of the axion field 

• Increases reconversion probability after the wall 

• Boosts reconverted power by resonant enhancement factor  

Photons at the detector:

Measuring the conversion-reconversion of Axion-like particles
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g = 2 x 10-11 GeV-1 

B = 5 T 
L = 106 m 

Pc = 150 kW 
𝜷 = 20,000 

1 photon per day! 

Laser

Magnet String

Production Cavity (PC) Regeneration Cavity (RC)

Wall

Detector

1 Light-shining-through-walls Experiments 13

Fig. 1.4 Standard layout for a
dual cavity LSW experiment
with a COB at the center
that houses the flat mirrors
and wall, with curved mirrors
located at the end stations.

build-up, on the other hand, gives the amplification of the power of the input laser
while that field is still circulating in the PC. With this, the resonant enhancement
factor can be expressed as the following approximation.

�R ⇡ 4Tout

(T1 + T2 + ⇢)2
(1.21)

In this equation Tout refers to the transmissivity of the mirror at the detector port of
the RC and could be either T1 or T2.

To simplify the optical setup, the PC and RC can be configured as in Figure 1.4
with the flat mirrors coupled to a central optical bench (COB) in the middle of
the experiment and curved mirrors at the end stations. In this case the radius of
curvature of the end mirror can be chosen such that the Rayleigh length of the cavity
eigenmodes is half the length of the entire magnet string, to minimize clipping losses
on the magnet bore. It’s important to be careful here that the Rayleigh length is not
in danger of being the exact length of the cavities as this could lead to higher order
mode degeneracies that could interfere with their performance. The wall is then
located in between the mirrors on the COB.

When the dual cavity configuration is used, the number of regenerated photons
at the detector will be

N� =
1
16

�
ga��BL

�4
⌘�RPc⌧, (1.22)

where ⌘ is the spatial overlap between the two cavity eigenmodes and Pc is the
total circulating power in the PC. With a spatial overlap on the order of 1, 150 kW
circulating in the PC, an RC resonant enhancement factor of 20 000, and BL of
560 T·m, a two week measurement will produce roughly 50 photons at the detector
for a ga�� of 2 ⇥ 10�11GeV�1. From this we see that the product of the PC power
build-up and RC resonant enhancement factor help LSW experiments gain more
than 8 orders of magnitude in the signal strength in the regenerated field. This can
increase their sensitivity in terms of ga�� by a factor of 100!

The regenerated field can be treated like a weak input field and thus will need
to be resonant with the length of the RC and in its spatial eigenmode. Since the PC
transmitted field should be an accurate representation of the regenerated field it can
be used to verify the resonance condition and spatial overlap.
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Measuring single photon power levels

Heterodyne detection system 

• AC measurement of interference of 
regenerated field with local oscillator 

• Demonstrated system at UF 

• 106 s background free measurements

Detection schemes
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Transition edge sensor 

• A Microcalorimeter measures temp. 
change induced by absorbed photon 

• Squid readout 

• Demonstrated system at DESY

Gulden Othman (Universität Hamburg) ALPS II Collaboration Meeting30.05.2022

Transition Edge Sensor Working Principle

Courtesy of Katharina-Sophie Isleif

• Superconducting material held near transition 
(Tungsten: 140 mK)


• Incoming photon deposits energy, heats the material


• Temperature change causes a change in resistance


• Resistance change results in a current


• SQUIDs (Superconducting  
Quantum Interference  
Devices) detect small current 
 change

3

Gulden Othman (Universität Hamburg) ALPS II Collaboration Meeting30.05.2022

Transition Edge Sensor Working Principle
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• Superconducting material held near transition 
(Tungsten: 140 mK)


• Incoming photon deposits energy, heats the material


• Temperature change causes a change in resistance


• Resistance change results in a current


• SQUIDs (Superconducting  
Quantum Interference  
Devices) detect small current 
 change
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to photons per second, increases by a factor of 2 (Eq. 33),
shown as the dashed green line. Since the expectation value
of our data lies on top of the theoretical shot-noise limit af-
ter the second demodulation stage, shot noise is in fact the
dominant noise source in our setup.

This measurement verifies that our system is shot-noise
limited and behaves as expected. Because the measurement
does not cross the 5-sigma threshold, this also shows that
no spurious signals are picked up over the entire 19 day
integration time when Laser 2 was turned o↵.

IV.2. Weak Signal Generation and Detection

In order to demonstrate that a signal is observable using
heterodyne detection, we generate a beat note between the
LO and an ultra-weak sideband of the second laser. We
choose a sideband power equivalent to ⇡ 10�2 photons per
second. Reducing the signal further was not possible in
our current setup as we started to pick up spurious sig-
nals electronically. While this has been observed we want
to stress that the spurious signal vanishes when the EOM
phase modulation is turned o↵. Thus, it is not an artifact
of the second laser field but rather a result of the modula-
tion itself. We assume the issue to be cross-talk between
the function generator driving the EOM and the FPGA
data acquisition and signal processing card. Further work
on generating ultra-weak laser fields without electrical in-
terference is required.

In order to generate a sideband with the specified power,
we first remove the ND filters and set the local oscillator
to P̄LO = 5 mW and L2 to P̄L2 = 6 µW. Both of these
measurements are taken at the photodetector input. The
modulation depth is set to m = 0.0109 by adjusting the
drive amplitude to the EOM. Using Eq. 35, the power in
the 2nd order sideband (k = +2) is calculated to be on
the order of 10�15 W. The ND filters are placed back into
the beam path attenuating the sideband by a factor of 105,
yielding P̄SB,2 = 6.33⇥ 10�21 W. For 1064 nm light, this is
equivalent to 3.39 ⇥ 10�2 photons per second in the side-
band we wish to measure.

The CC beat note between L1 and L2 is set to 30 MHz.
Phase modulation is done by driving the EOM with a sine
wave at 23 MHz + 1.2 Hz. This sets the beat note between
the 2nd order sideband and L1 to be at fsig = 16 MHz
+ 2.4 Hz. With the first demodulation frequency set to
f1 = 16 MHz, the beat note of interest is therefore at 2.4
Hz when the data are written to file. These data are then
imported into MATLAB where the second demodulation
is performed. Finally, we compute Z2(N 0) and scale the
result to photons per second.

The results of this measurement are shown in Fig. 7.
Demodulating at a frequency not equal to any signal fre-
quency demonstrates the expected behavior of noise. This
is shown by the amber curve for which a demodulation 0.1
Hz away from the 2.4 Hz signal was used. In this case,
no coherent signal can accumulate and the only influence
at the demodulation frequency is noise. This matches the
trend of the expectation value of the noise, shown in red.

Demodulating at the signal frequency of 2.4 Hz, shown
in blue, initially behaves as noise. This continues until the

!Integration time

Signal present at 2.4 Hz
5 sigma detection limit

3.33 x 10-2 photons
per second

Demodulation at exactly 2.4 Hz
Demodulation at 2.4003 Hz

Demodulation 2.5 Hz
Expected value (no signal)

FIG. 7. Shot-noise limited signal measurement scaled to pho-
tons per second. Two demodulation stages are used with a sig-
nal present at 2.4 Hz when the data are written to file. When
second demodulation is at a frequency f2 6= 2.4 Hz, the result
yields the behavior of noise, shown in yellow. The trend of the
expectation value for this level of noise is shown in red. The
5-sigma confidence line is shown in purple. The result when
demodulating at the signal frequency, f2 = 2.4 Hz is shown in
light blue. This curve crosses the 5-sigma line, demonstrating a
confident detection. The level that this flattens out to yields a
rate in the sideband of interest of 3.33⇥ 10�2 photon/s, shown
in dark blue. Demodulating at a frequency 300 µHz away from
the signal, shown in green, highlights the energy resolution of
this detection method.

signal begins to dominate, causing the curve to flatten out
and subsequently cross the 5-sigma threshold. The level at
which this curve flattens out yields a rate for the sideband
of 3.33 ⇥ 10�2 photons/s. The measured photon rate is
within the range of error of 6%. This error arises from both
laser power measurements and modulation depth measure-
ments. The constant level crosses the red expected noise
curve at ⇡ 120 seconds, in agreement with the expected ⌧x.
A 5-sigma confidence detection is made after ⇡ 1800 sec-
onds of integration time, in agreement with the expected
⌧5s. We therefore demonstrate that our experimental setup
is viable for both generating and detecting sub-photon per
second level signals using optical heterodyne interferome-
try.

Demodulation 300 µHz away from the signal demon-
strates the importance of maintaining phase coherence
throughout the entire measurement. In this case, shown
in green, the demodulation waveform drifts in and out of
phase with the signal. When this happens, the integrated
I and Q values begin to oscillate with the di↵erence fre-
quency (fsig � fd). This causes Z2(N 0) to fall o↵ as a sinc
function, preventing it from crossing the 5-sigma threshold.

V. CONCLUSION

These measurements demonstrate that heterodyne inter-
ferometry can be applied as a single photon detector. It
however requires that the demodulation waveform main-
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We explore the application of heterodyne interferometry for a weak-field coherent detection scheme. The
methods detailed here will be used in ALPS II, an experiment designed to search for weakly interacting,
sub-eV particles. For ALPS II to reach its design sensitivity this detection system must be capable of
accurately measuring fields with equivalent amplitudes on the order of 10!5 photons=s or greater. We
present initial results of an equivalent dark count rate on the order of 10!5 photons=s as well as successful
generation and detection of a signal with a field strength equivalent to 10!2 photons=s.
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I. INTRODUCTION

A. Axions and axionlike particles

The Standard Model (SM) incorporates our current
knowledge of subatomic particles as well as their inter-
actions via three of the four fundamental forces of nature.
The SM is not complete, however, as it does not contain
gravity and does not explain certain observations. One
notable unresolved issue is that of charge-conjugation
parity symmetry (CP-symmetry) violation. The QCD
Lagrangian includes terms capable of breaking CP sym-
metry for the strong force. In contrast, experiments found
that the strong forces respect CP symmetry to a very high
precision [1].
The most prominent proposed solution, introduced by

Peccei and Quinn [2], involves spontaneously breaking a
global U(1) symmetry leading to a new particle, named the
axion [3,4]. Interactions with the QCD vacuum cause the
axion to have a nonzero mass, ma [2]. While axions may
interact with SM particles, the interactions can be weak.
Most notably for experimental purposes, axion mixing with
neutral pions leads to a characteristic two-photon coupling,
ga!! [5]. This, in turn, constrains the product of the axion
mass and coupling such that these two parameters are
dependent. Experimental and observational factors place
the axion mass between 1 and 1000 "eV. The correspond-
ing range for ga!! is 10!16 to 10!13 GeV!1.
While the QCD axion is confined to a specific band in

the parameter space, it might just be a member of a larger
class of axionlike particles, some with a stronger two-
photon coupling [6,7]. The interactions between these
axions/axionlike particles and photons may possibly
explain unanswered astronomical questions including
TeV photon transparency in the Universe [8] and anoma-
lous white dwarf cooling [9]. The intrinsic properties of

axions and axionlike particles also make them prime
candidates for cold dark matter. This theoretical motivation
has led to the formulation of various experiments designed
to detect axions and axionlike particles by utilizing their
coupling to photons.
Although axions can naturally decay into two observable

photons, the rate at which this occurs is extremely low,
making detection by observing this decay impossible.
Axion search experiments therefore also rely on the inverse
Primakoff or Sikivie effect in which a strong static
magnetic field acts as a high density of virtual photons.
This field stimulates the axion/axionlike particle to convert
into a photon carrying the total energy of the axion/
axionlike particle [10,11]. A number of strategies have
been employed by these experiments to search for axions
from several sources. Haloscope experiments, such as
ADMX, use resonant microwave cavities and strong super-
conducting magnets to search for axions comprising the
Milky Way’s cold dark-matter halo [12]. Helioscope
experiments, such as CAST, look for relativistic axions
originating from the Sun that convert into detectable x-rays
as they pass through a supplied magnetic field [13].
Differing from these types of axion searches that rely on
astronomical sources, “light shining through walls” (LSW)
experiments attempt to generate and detect axions in the
laboratory and therefore have the advantage of independ-
ence from models of the galactic halo and models of stellar
evolution [14–19].

B. ALPS II

LSW experiments use the axion-photon coupling first to
convert photons into axions under the presence of a strong
magnetic field. These axions then pass through a light-tight
barrier and enter another strong magnetic field where some
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Plan for the first science run

Commission optical system without production cavity 

• Simpler control scheme 

• Stronger signals for stray light hunting 

Science run possible! 

• Inject 50W (7x reduction in g sensitivity)

First science before the end of the year!
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Schedule

Present - 2024 

• First science run before end of 2022 (g > 2×10-10 GeV-1) 

• First half 2023: Commissioning full optical system with PC 

• Summer 2023: Science run with full optical system (g > 3×10-11 GeV-1) 

• Second half 2023: Commissioning system with upgrade optics  

• Fall 2023: Science run with upgrade optics (g > 2×10-11 GeV-1) 

• 2024: Commissioning optical system for TES detector 

• Fall 2024: Science run with TES detection system (g > 2×10-11 GeV-1)

Upgrading the system to increase the sensitivity

22



| Approaching a first science run with ALPS II |  Aaron Spector  | IDM 2022 |  Vienna, Austria  | July 18-22, 2022

Conclusions

ALPS II takes advantage of the technology and experience gained from the development of 
gravitational wave detectors 

Experiment is currently in the commissioning phase 

First data is expected by the end of the year (g > 2×10-10 GeV-1) 

Implementation of new systems and future upgrades will increase sensitivity (g > 2×10-11 GeV-1)
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ALPS Collaboration

Partnership between 6 institutions with ~30 members 

Combining the expertise of gravitational wave instrumentalists with particle physicists

Partner Optics Detector Magnets Infrastructure

DESY X X X X

AEI / LUH X

U. Florida X X X

U. Cardiff X X

U. Mainz X

U. Hamburg X

ALPS II Main Contributors
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Measuring the interference beatnote 

• Signal field optically mixed with Local Oscillator (LO) laser 

• Interference beatnote in power at the difference frequency 

• Photon counting stats -> Shot noise 

• Demodulate power measurement at difference frequency 

Measuring single photon power levels
Heterodyne Interferometry

25

242 Spector

Fig. 9.6 Simplified design of a heterodyne detection system for a dual cavity LSW experiment.

the regenerated field, shown as the dotted blue line, circulates in the RC it naturally
mixes with the LO field. This produces an interference beatnote at the di�erence
frequency �!, between the two fields. This beatnote on the LO power can then be
measured at the science photodetector PDS.

As we discussed in the previous section, for optimal resonant enhancement of
the regenerated signal the cavity lengths must be tuned such that the di�erence
frequency between the two fields are held at some integer number of FSRs of the
RC. Furthermore, since heterodyne detections systems rely on the absolute phase
coherence of the local oscillator to the regenerated signal any drift in the relative
phase between these signals will lead to a reduction in sensitivity. We should note
that this goes beyond even the requirements of dual resonance.

This necessitates some additional system that can sense the phase relationship
between the local oscillator and the PC transmitted field. As we can see in Figure 9.6,
the most simple way to do this would be to interfere the fields transmitted by the
cavities at a beamsplitter on the COB. The phase of the interference beatnote can
then be monitored by a photodetector PDM. The design of these systems are much
more complicated than Figure 9.6 indicates for a number of reasons [15]. One, the
technique requires special measures to reduce the optical pathlength noise between
the cavities. This is in addition to the significant technical challenges posed by trans-
ferring the LO between the regeneration and production areas without compromising
the light-tightness of the experiment.

We can see how di�cult it is to measure the power of the regenerated field by
looking at the expression for the expected power at PDS.

P(t) = PLO + PS + 2
p

PLO PS cos (�!t � �) + �SN

�
�! = !LO � !S

�
(9.27)

The static terms PLO and PS represent the DC power of the local oscillator laser
and the weak signal field. In LSW experiments these powers di�er by over 20
orders of magnitude e�ectively making a measurement of the PS term impossible.
The third term shows the interference beatnote between the local oscillator and the
regenerated field. The beatnote has an amplitude of 2

p
PLO PS , which corresponds to

sub-pW amplitudes for a regenerated signal of one photon per day when a 10 mW
local oscillator is used. This means we need to measure an oscillation in the power
with a amplitude that is over 10 orders of magnitude lower than it’s mean value!
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In our implementation of the heterodyne readout, the
detector photocurrent, represented by Eq. (1), is digitized
satisfying the Nyquist criterion for sampling signals at f0.
The band-limited signal is then mixed to an intermediate
frequency and written to file using a field programmable
gate array (FPGA) card. Then, a second mixing stage in
postprocessing shifts the signal to dc, splitting it into two
quadratures. Each resultant quadrature is continuously
integrated over the measurement time. In order for the
signal to accumulate, phase coherence between the two
laser fields must be maintained during this entire process.
The two quadratures are then combined to give a single
quantity proportional to the product of the photon rate of
each laser.
Implementation of a heterodyne detection scheme in

ALPS II will involve injecting a second laser, phase
coherent with the signal field and resonant in the regen-
eration cavity at a known offset frequency. The overlapped
beams are transmitted out of the cavity and are incident
onto the heterodyne detector.
In this report we present results from a test setup which

validates the approach and will guide its implementation in
ALPS IIc. To begin, in Sec. II we mathematically demon-
strate how a coherent signal is extracted from the input. In
Sec. III, we then discuss the optical design created to test this
technique and the digital design which forms the core of
heterodyne detection. Finally, in Sec. IV we present results
on device sensitivity and coherent signal measurements.

II. MATHEMATICAL EXPECTATIONS

A. Signal behavior

In our stand-alone experiment, two lasers are interfered
and incident onto a photodetector. Laser 1 acts as our local
oscillator (LO) with average power P̄LO, while laser 2
provides the signal field we wish to measure with average
power P̄signal. The difference frequency is set such that the
generated beat note has frequency fsig. Once the combined
beam is incident onto a photodetector with gain G in V=W,
it is digitized into discrete samples, x!n", where n is the
individual sample number, at sampling frequency fs.
Sampling is done using an analog-to-digital converter
(ADC) with a 1 V reference voltage. In the absence of
noise, the ac component becomes

xsig!n" # 2G
!!!!!!!!!!!!!!!!!!!!
P̄LOP̄signal

q
cos

"
2!

fsig
fs

n$ "

#
; %2&

where " is an unknown but constant phase.
In order to recover amplitude information, the digitized

beat note signal is separately mixed with a cosine/sine wave
at frequency fd # fsig in a process known as in-phase and
quadrature (I/Q) demodulation:

I!n" # xsig!n" ! cos
"
2!

fd
fs

n
#
;

Q!n" # xsig!n" ! sin
"
2!

fd
fs

n
#
: %3&

Each quadrature is individually summed from n # 1 to N
samples. The squared sums are added together and nor-
malization is done through division by N2. This entire
quantity is given by the following expression:

Z%N& # %
PN

n#1 I!n"&2 $ %
PN

n#1Q!n"&2

N2
: %4&

The numerator is in fact the square of the magnitude of the
discrete Fourier transform (DFT) of the digitized input1

evaluated at fd=fs:

Z%N& #
jX!fdfs"j

2

N2
; %5&

where

X
$
fd
fs

%
#
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Setting fd # fsig and solving for Z%N& with an input given
by Eq. (2) yields

Zsig%N& # G2P̄LOP̄signal: %7&

Demodulating at the beat note signal frequency causes
Z%N& to be proportional to P̄signal and constant with
integration time, #. The power in the local oscillator
amplifies the beat note amplitude and will be set to
overcome all technical noise sources.

B. Noise behavior

We wish to set the signal field to compare with the
projected sensitivity of ALPS IIc on the order of a few
photons per week. Therefore, we must consider the
influence of important noise sources such as laser relative
intensity noise and optical shot noise. In order to under-
stand the influence of such noise, let us determine Z%N& in
the absence of an rf signal (P̄signal # 0) but in the presence
of noise.
Consider the input x!n" to be a random stationary

process. The quantity Znoise%N& can be written in terms
of the single-sided analog power spectral density (PSD)

1It must be noted that this is only exactly true in the case that
fd
fs
# k

N for some integer k. If this requirement is not met, then the
windowing process results in spectral leakage and Z%N& becomes
an estimate of the DFT. However, in the large N limit this leakage
becomes negligible.
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In our implementation of the heterodyne readout, the
detector photocurrent, represented by Eq. (1), is digitized
satisfying the Nyquist criterion for sampling signals at f0.
The band-limited signal is then mixed to an intermediate
frequency and written to file using a field programmable
gate array (FPGA) card. Then, a second mixing stage in
postprocessing shifts the signal to dc, splitting it into two
quadratures. Each resultant quadrature is continuously
integrated over the measurement time. In order for the
signal to accumulate, phase coherence between the two
laser fields must be maintained during this entire process.
The two quadratures are then combined to give a single
quantity proportional to the product of the photon rate of
each laser.
Implementation of a heterodyne detection scheme in

ALPS II will involve injecting a second laser, phase
coherent with the signal field and resonant in the regen-
eration cavity at a known offset frequency. The overlapped
beams are transmitted out of the cavity and are incident
onto the heterodyne detector.
In this report we present results from a test setup which

validates the approach and will guide its implementation in
ALPS IIc. To begin, in Sec. II we mathematically demon-
strate how a coherent signal is extracted from the input. In
Sec. III, we then discuss the optical design created to test this
technique and the digital design which forms the core of
heterodyne detection. Finally, in Sec. IV we present results
on device sensitivity and coherent signal measurements.

II. MATHEMATICAL EXPECTATIONS

A. Signal behavior

In our stand-alone experiment, two lasers are interfered
and incident onto a photodetector. Laser 1 acts as our local
oscillator (LO) with average power P̄LO, while laser 2
provides the signal field we wish to measure with average
power P̄signal. The difference frequency is set such that the
generated beat note has frequency fsig. Once the combined
beam is incident onto a photodetector with gain G in V=W,
it is digitized into discrete samples, x!n", where n is the
individual sample number, at sampling frequency fs.
Sampling is done using an analog-to-digital converter
(ADC) with a 1 V reference voltage. In the absence of
noise, the ac component becomes
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where " is an unknown but constant phase.
In order to recover amplitude information, the digitized

beat note signal is separately mixed with a cosine/sine wave
at frequency fd # fsig in a process known as in-phase and
quadrature (I/Q) demodulation:

I!n" # xsig!n" ! cos
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"
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Each quadrature is individually summed from n # 1 to N
samples. The squared sums are added together and nor-
malization is done through division by N2. This entire
quantity is given by the following expression:
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The numerator is in fact the square of the magnitude of the
discrete Fourier transform (DFT) of the digitized input1

evaluated at fd=fs:
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Setting fd # fsig and solving for Z%N& with an input given
by Eq. (2) yields

Zsig%N& # G2P̄LOP̄signal: %7&

Demodulating at the beat note signal frequency causes
Z%N& to be proportional to P̄signal and constant with
integration time, #. The power in the local oscillator
amplifies the beat note amplitude and will be set to
overcome all technical noise sources.

B. Noise behavior

We wish to set the signal field to compare with the
projected sensitivity of ALPS IIc on the order of a few
photons per week. Therefore, we must consider the
influence of important noise sources such as laser relative
intensity noise and optical shot noise. In order to under-
stand the influence of such noise, let us determine Z%N& in
the absence of an rf signal (P̄signal # 0) but in the presence
of noise.
Consider the input x!n" to be a random stationary

process. The quantity Znoise%N& can be written in terms
of the single-sided analog power spectral density (PSD)

1It must be noted that this is only exactly true in the case that
fd
fs
# k

N for some integer k. If this requirement is not met, then the
windowing process results in spectral leakage and Z%N& becomes
an estimate of the DFT. However, in the large N limit this leakage
becomes negligible.
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In our implementation of the heterodyne readout, the
detector photocurrent, represented by Eq. (1), is digitized
satisfying the Nyquist criterion for sampling signals at f0.
The band-limited signal is then mixed to an intermediate
frequency and written to file using a field programmable
gate array (FPGA) card. Then, a second mixing stage in
postprocessing shifts the signal to dc, splitting it into two
quadratures. Each resultant quadrature is continuously
integrated over the measurement time. In order for the
signal to accumulate, phase coherence between the two
laser fields must be maintained during this entire process.
The two quadratures are then combined to give a single
quantity proportional to the product of the photon rate of
each laser.
Implementation of a heterodyne detection scheme in

ALPS II will involve injecting a second laser, phase
coherent with the signal field and resonant in the regen-
eration cavity at a known offset frequency. The overlapped
beams are transmitted out of the cavity and are incident
onto the heterodyne detector.
In this report we present results from a test setup which

validates the approach and will guide its implementation in
ALPS IIc. To begin, in Sec. II we mathematically demon-
strate how a coherent signal is extracted from the input. In
Sec. III, we then discuss the optical design created to test this
technique and the digital design which forms the core of
heterodyne detection. Finally, in Sec. IV we present results
on device sensitivity and coherent signal measurements.

II. MATHEMATICAL EXPECTATIONS

A. Signal behavior

In our stand-alone experiment, two lasers are interfered
and incident onto a photodetector. Laser 1 acts as our local
oscillator (LO) with average power P̄LO, while laser 2
provides the signal field we wish to measure with average
power P̄signal. The difference frequency is set such that the
generated beat note has frequency fsig. Once the combined
beam is incident onto a photodetector with gain G in V=W,
it is digitized into discrete samples, x!n", where n is the
individual sample number, at sampling frequency fs.
Sampling is done using an analog-to-digital converter
(ADC) with a 1 V reference voltage. In the absence of
noise, the ac component becomes
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where " is an unknown but constant phase.
In order to recover amplitude information, the digitized

beat note signal is separately mixed with a cosine/sine wave
at frequency fd # fsig in a process known as in-phase and
quadrature (I/Q) demodulation:
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Each quadrature is individually summed from n # 1 to N
samples. The squared sums are added together and nor-
malization is done through division by N2. This entire
quantity is given by the following expression:
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The numerator is in fact the square of the magnitude of the
discrete Fourier transform (DFT) of the digitized input1

evaluated at fd=fs:
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Setting fd # fsig and solving for Z%N& with an input given
by Eq. (2) yields

Zsig%N& # G2P̄LOP̄signal: %7&

Demodulating at the beat note signal frequency causes
Z%N& to be proportional to P̄signal and constant with
integration time, #. The power in the local oscillator
amplifies the beat note amplitude and will be set to
overcome all technical noise sources.

B. Noise behavior

We wish to set the signal field to compare with the
projected sensitivity of ALPS IIc on the order of a few
photons per week. Therefore, we must consider the
influence of important noise sources such as laser relative
intensity noise and optical shot noise. In order to under-
stand the influence of such noise, let us determine Z%N& in
the absence of an rf signal (P̄signal # 0) but in the presence
of noise.
Consider the input x!n" to be a random stationary

process. The quantity Znoise%N& can be written in terms
of the single-sided analog power spectral density (PSD)

1It must be noted that this is only exactly true in the case that
fd
fs
# k

N for some integer k. If this requirement is not met, then the
windowing process results in spectral leakage and Z%N& becomes
an estimate of the DFT. However, in the large N limit this leakage
becomes negligible.
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Fig. 9.6 Simplified design of a heterodyne detection system for a dual cavity LSW experiment.

the regenerated field, shown as the dotted blue line, circulates in the RC it naturally
mixes with the LO field. This produces an interference beatnote at the di�erence
frequency �!, between the two fields. This beatnote on the LO power can then be
measured at the science photodetector PDS.

As we discussed in the previous section, for optimal resonant enhancement of
the regenerated signal the cavity lengths must be tuned such that the di�erence
frequency between the two fields are held at some integer number of FSRs of the
RC. Furthermore, since heterodyne detections systems rely on the absolute phase
coherence of the local oscillator to the regenerated signal any drift in the relative
phase between these signals will lead to a reduction in sensitivity. We should note
that this goes beyond even the requirements of dual resonance.

This necessitates some additional system that can sense the phase relationship
between the local oscillator and the PC transmitted field. As we can see in Figure 9.6,
the most simple way to do this would be to interfere the fields transmitted by the
cavities at a beamsplitter on the COB. The phase of the interference beatnote can
then be monitored by a photodetector PDM. The design of these systems are much
more complicated than Figure 9.6 indicates for a number of reasons [15]. One, the
technique requires special measures to reduce the optical pathlength noise between
the cavities. This is in addition to the significant technical challenges posed by trans-
ferring the LO between the regeneration and production areas without compromising
the light-tightness of the experiment.

We can see how di�cult it is to measure the power of the regenerated field by
looking at the expression for the expected power at PDS.

P(t) = PLO + PS + 2
p

PLO PS cos (�!t � �) + �SN

�
�! = !LO � !S

�
(9.27)

The static terms PLO and PS represent the DC power of the local oscillator laser
and the weak signal field. In LSW experiments these powers di�er by over 20
orders of magnitude e�ectively making a measurement of the PS term impossible.
The third term shows the interference beatnote between the local oscillator and the
regenerated field. The beatnote has an amplitude of 2

p
PLO PS , which corresponds to

sub-pW amplitudes for a regenerated signal of one photon per day when a 10 mW
local oscillator is used. This means we need to measure an oscillation in the power
with a amplitude that is over 10 orders of magnitude lower than it’s mean value!
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In our implementation of the heterodyne readout, the

detector photocurrent, represented by Eq. (1), is digitized
satisfying the Nyquist criterion for sampling signals at f0.
The band-limited signal is then mixed to an intermediate
frequency and written to file using a field programmable
gate array (FPGA) card. Then, a second mixing stage in
postprocessing shifts the signal to dc, splitting it into two
quadratures. Each resultant quadrature is continuously
integrated over the measurement time. In order for the
signal to accumulate, phase coherence between the two
laser fields must be maintained during this entire process.
The two quadratures are then combined to give a single
quantity proportional to the product of the photon rate of
each laser.
Implementation of a heterodyne detection scheme in

ALPS II will involve injecting a second laser, phase
coherent with the signal field and resonant in the regen-
eration cavity at a known offset frequency. The overlapped
beams are transmitted out of the cavity and are incident
onto the heterodyne detector.
In this report we present results from a test setup which

validates the approach and will guide its implementation in
ALPS IIc. To begin, in Sec. II we mathematically demon-
strate how a coherent signal is extracted from the input. In
Sec. III, we then discuss the optical design created to test this
technique and the digital design which forms the core of
heterodyne detection. Finally, in Sec. IV we present results
on device sensitivity and coherent signal measurements.

II. MATHEMATICAL EXPECTATIONS

A. Signal behavior

In our stand-alone experiment, two lasers are interfered
and incident onto a photodetector. Laser 1 acts as our local
oscillator (LO) with average power P̄LO, while laser 2
provides the signal field we wish to measure with average
power P̄signal. The difference frequency is set such that the
generated beat note has frequency fsig. Once the combined
beam is incident onto a photodetector with gain G in V=W,
it is digitized into discrete samples, x!n", where n is the
individual sample number, at sampling frequency fs.
Sampling is done using an analog-to-digital converter
(ADC) with a 1 V reference voltage. In the absence of
noise, the ac component becomes
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where " is an unknown but constant phase.
In order to recover amplitude information, the digitized

beat note signal is separately mixed with a cosine/sine wave
at frequency fd # fsig in a process known as in-phase and
quadrature (I/Q) demodulation:
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"
2!

fd
fs

n
#
: %3&

Each quadrature is individually summed from n # 1 to N
samples. The squared sums are added together and nor-
malization is done through division by N2. This entire
quantity is given by the following expression:
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The numerator is in fact the square of the magnitude of the
discrete Fourier transform (DFT) of the digitized input1

evaluated at fd=fs:
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Setting fd # fsig and solving for Z%N& with an input given
by Eq. (2) yields

Zsig%N& # G2P̄LOP̄signal: %7&

Demodulating at the beat note signal frequency causes
Z%N& to be proportional to P̄signal and constant with
integration time, #. The power in the local oscillator
amplifies the beat note amplitude and will be set to
overcome all technical noise sources.

B. Noise behavior

We wish to set the signal field to compare with the
projected sensitivity of ALPS IIc on the order of a few
photons per week. Therefore, we must consider the
influence of important noise sources such as laser relative
intensity noise and optical shot noise. In order to under-
stand the influence of such noise, let us determine Z%N& in
the absence of an rf signal (P̄signal # 0) but in the presence
of noise.
Consider the input x!n" to be a random stationary

process. The quantity Znoise%N& can be written in terms
of the single-sided analog power spectral density (PSD)

1It must be noted that this is only exactly true in the case that
fd
fs
# k

N for some integer k. If this requirement is not met, then the
windowing process results in spectral leakage and Z%N& becomes
an estimate of the DFT. However, in the large N limit this leakage
becomes negligible.
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evaluated at the demodulation frequency, fd. To do so, we
first convert the analog PSD in V2=!cycles per second" to
the digitized power spectral density (DPSD) in V2=
!cycles per sample" using the sampling frequency fs [27]:

DPSD
!
fd
fs

"
# fsPSD!fd": !8"

The DPSD is related to the expectation, E, of the DFT
of x$n% [27]:

DPSD
!
fd
fs

"
# lim

N!!
E
#jX$fdfs%j

2

N

$
: !9"

Using Eq. (5) we can solve for Z!N",

lim
N!!

E$Znoise!N"% # PSD!fd"
!

; !10"

wherewe use the substitutionN # !fs. It is important to note
that this only depends upon the PSD evaluated at fd and not
across the entire spectrum.
Although Eq. (10) exactly relates the expectation value

of Znoise!N" to the analog PSD, we are interested in the
result of a single trial. For such an individual trial, Znoise!N"
provides only an estimate of the analog PSD. Because the
noise is assumed to be stationary, the PSD is by definition
constant with time. The behavior of Znoise!N" for a single
trial therefore tends to fall off as 1=!. However, for a set
integration time the outcome of multiple trials of Znoise!N"
will have some nonzero variance [27,28],

lim
N!!

"2Z #
!
PSD!fd"

!

"
2

: !11"

A confidence threshold for a single run must therefore be
determined in order to distinguish between coherent
detection of a signal and the random nature of this noise.
From this point forward we assume N to be sufficiently
large such that Eq. (10) and its derivatives provide good
approximations to real world applications.

C. Detection threshold

To simplify this calculation let us assume that the input is
appropriately bandpass filtered around fd and down-
sampled such that the resulting frequency spectrum is
locally flat. It has been shown that in the large N limit
X$fd=fs% is a Gaussian random variable, independent of the
other X$f=fs% due to the central limit theorem [28].
Znoise!N" therefore follows an exponential distribution.
Using the cumulative distribution function [29], the prob-
ability, P, of measuring a final value of Znoise!N" between 0
and an upper limit u for a given ! is

P!u" # 1 " e"u="Z : !12"

From the inverse of Eq. (12), we can define a probability
range for individual outcomes of Znoise!N" to fall between 0
and an upper limit for any given probability P. For the
5-sigma limit (P5s # 0.9999994) this is

u!P5s"$Znoise!N"% # " ln!6 ! 10"7" PSD!fd"
!

: !13"

Consequently, when Z!N" has a value above this limit for a
predefined number of samples N, we can claim with
99.99994% confidence that a coherent signal is present.
The expected behaviors of Z!N" and the 5-sigma limit

are plotted vs integration time ! in Fig. 3. When a beat note
signal is present at frequency fsig # fd [Eq. (7)], the
expectation value, shown in red, is constant with integration
time and scales linearly with the power of the signal field,
P̄signal. This power can be expressed in terms of photons per
second, our quantity of interest.
Following Eq. (10), the expectation value of Znoise!N"

(signal absent), shown as the solid green line, goes as 1=!.
Similarly the 5-sigma limit falls off as 1=! according
to Eq. (13).

D. Fundamental limits

From now on, we will scale Zsignal!N" to photons per
second in the signal field, P̄signal=h#. A scaling factor of
1=!G2h#P̄LO" is applied to Eq. (7) such that

FIG. 3. Expected behavior of noise, signal, and the 5-sigma
limit when plotting Z!N" vs integration time !. Noise and the
5-sigma limit both go as 1=!, whereas the signal stays flat with
time. Because Z!N" is proportional to the power in the signal
field we can scale the y axis accordingly using the gain factors
within our system in order to obtain a meaningful photon rate of
the weak field. Noise-level-dependent integration times !x (where
the signal crosses the expected value of noise) and !5s (where
a detection can be claimed with 5-sigma confidence) are
highlighted.
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We explore the application of heterodyne interferometry for a weak-field coherent detection scheme. The
methods detailed here will be used in ALPS II, an experiment designed to search for weakly interacting,
sub-eV particles. For ALPS II to reach its design sensitivity this detection system must be capable of
accurately measuring fields with equivalent amplitudes on the order of 10!5 photons=s or greater. We
present initial results of an equivalent dark count rate on the order of 10!5 photons=s as well as successful
generation and detection of a signal with a field strength equivalent to 10!2 photons=s.
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I. INTRODUCTION

A. Axions and axionlike particles

The Standard Model (SM) incorporates our current
knowledge of subatomic particles as well as their inter-
actions via three of the four fundamental forces of nature.
The SM is not complete, however, as it does not contain
gravity and does not explain certain observations. One
notable unresolved issue is that of charge-conjugation
parity symmetry (CP-symmetry) violation. The QCD
Lagrangian includes terms capable of breaking CP sym-
metry for the strong force. In contrast, experiments found
that the strong forces respect CP symmetry to a very high
precision [1].
The most prominent proposed solution, introduced by

Peccei and Quinn [2], involves spontaneously breaking a
global U(1) symmetry leading to a new particle, named the
axion [3,4]. Interactions with the QCD vacuum cause the
axion to have a nonzero mass, ma [2]. While axions may
interact with SM particles, the interactions can be weak.
Most notably for experimental purposes, axion mixing with
neutral pions leads to a characteristic two-photon coupling,
ga!! [5]. This, in turn, constrains the product of the axion
mass and coupling such that these two parameters are
dependent. Experimental and observational factors place
the axion mass between 1 and 1000 "eV. The correspond-
ing range for ga!! is 10!16 to 10!13 GeV!1.
While the QCD axion is confined to a specific band in

the parameter space, it might just be a member of a larger
class of axionlike particles, some with a stronger two-
photon coupling [6,7]. The interactions between these
axions/axionlike particles and photons may possibly
explain unanswered astronomical questions including
TeV photon transparency in the Universe [8] and anoma-
lous white dwarf cooling [9]. The intrinsic properties of

axions and axionlike particles also make them prime
candidates for cold dark matter. This theoretical motivation
has led to the formulation of various experiments designed
to detect axions and axionlike particles by utilizing their
coupling to photons.
Although axions can naturally decay into two observable

photons, the rate at which this occurs is extremely low,
making detection by observing this decay impossible.
Axion search experiments therefore also rely on the inverse
Primakoff or Sikivie effect in which a strong static
magnetic field acts as a high density of virtual photons.
This field stimulates the axion/axionlike particle to convert
into a photon carrying the total energy of the axion/
axionlike particle [10,11]. A number of strategies have
been employed by these experiments to search for axions
from several sources. Haloscope experiments, such as
ADMX, use resonant microwave cavities and strong super-
conducting magnets to search for axions comprising the
Milky Way’s cold dark-matter halo [12]. Helioscope
experiments, such as CAST, look for relativistic axions
originating from the Sun that convert into detectable x-rays
as they pass through a supplied magnetic field [13].
Differing from these types of axion searches that rely on
astronomical sources, “light shining through walls” (LSW)
experiments attempt to generate and detect axions in the
laboratory and therefore have the advantage of independ-
ence from models of the galactic halo and models of stellar
evolution [14–19].

B. ALPS II

LSW experiments use the axion-photon coupling first to
convert photons into axions under the presence of a strong
magnetic field. These axions then pass through a light-tight
barrier and enter another strong magnetic field where some
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to photons per second, increases by a factor of 2 (Eq. 33),
shown as the dashed green line. Since the expectation value
of our data lies on top of the theoretical shot-noise limit af-
ter the second demodulation stage, shot noise is in fact the
dominant noise source in our setup.

This measurement verifies that our system is shot-noise
limited and behaves as expected. Because the measurement
does not cross the 5-sigma threshold, this also shows that
no spurious signals are picked up over the entire 19 day
integration time when Laser 2 was turned o↵.

IV.2. Weak Signal Generation and Detection

In order to demonstrate that a signal is observable using
heterodyne detection, we generate a beat note between the
LO and an ultra-weak sideband of the second laser. We
choose a sideband power equivalent to ⇡ 10�2 photons per
second. Reducing the signal further was not possible in
our current setup as we started to pick up spurious sig-
nals electronically. While this has been observed we want
to stress that the spurious signal vanishes when the EOM
phase modulation is turned o↵. Thus, it is not an artifact
of the second laser field but rather a result of the modula-
tion itself. We assume the issue to be cross-talk between
the function generator driving the EOM and the FPGA
data acquisition and signal processing card. Further work
on generating ultra-weak laser fields without electrical in-
terference is required.

In order to generate a sideband with the specified power,
we first remove the ND filters and set the local oscillator
to P̄LO = 5 mW and L2 to P̄L2 = 6 µW. Both of these
measurements are taken at the photodetector input. The
modulation depth is set to m = 0.0109 by adjusting the
drive amplitude to the EOM. Using Eq. 35, the power in
the 2nd order sideband (k = +2) is calculated to be on
the order of 10�15 W. The ND filters are placed back into
the beam path attenuating the sideband by a factor of 105,
yielding P̄SB,2 = 6.33⇥ 10�21 W. For 1064 nm light, this is
equivalent to 3.39 ⇥ 10�2 photons per second in the side-
band we wish to measure.

The CC beat note between L1 and L2 is set to 30 MHz.
Phase modulation is done by driving the EOM with a sine
wave at 23 MHz + 1.2 Hz. This sets the beat note between
the 2nd order sideband and L1 to be at fsig = 16 MHz
+ 2.4 Hz. With the first demodulation frequency set to
f1 = 16 MHz, the beat note of interest is therefore at 2.4
Hz when the data are written to file. These data are then
imported into MATLAB where the second demodulation
is performed. Finally, we compute Z2(N 0) and scale the
result to photons per second.

The results of this measurement are shown in Fig. 7.
Demodulating at a frequency not equal to any signal fre-
quency demonstrates the expected behavior of noise. This
is shown by the amber curve for which a demodulation 0.1
Hz away from the 2.4 Hz signal was used. In this case,
no coherent signal can accumulate and the only influence
at the demodulation frequency is noise. This matches the
trend of the expectation value of the noise, shown in red.

Demodulating at the signal frequency of 2.4 Hz, shown
in blue, initially behaves as noise. This continues until the

!Integration time

Signal present at 2.4 Hz
5 sigma detection limit

3.33 x 10-2 photons
per second

Demodulation at exactly 2.4 Hz
Demodulation at 2.4003 Hz

Demodulation 2.5 Hz
Expected value (no signal)

FIG. 7. Shot-noise limited signal measurement scaled to pho-
tons per second. Two demodulation stages are used with a sig-
nal present at 2.4 Hz when the data are written to file. When
second demodulation is at a frequency f2 6= 2.4 Hz, the result
yields the behavior of noise, shown in yellow. The trend of the
expectation value for this level of noise is shown in red. The
5-sigma confidence line is shown in purple. The result when
demodulating at the signal frequency, f2 = 2.4 Hz is shown in
light blue. This curve crosses the 5-sigma line, demonstrating a
confident detection. The level that this flattens out to yields a
rate in the sideband of interest of 3.33⇥ 10�2 photon/s, shown
in dark blue. Demodulating at a frequency 300 µHz away from
the signal, shown in green, highlights the energy resolution of
this detection method.

signal begins to dominate, causing the curve to flatten out
and subsequently cross the 5-sigma threshold. The level at
which this curve flattens out yields a rate for the sideband
of 3.33 ⇥ 10�2 photons/s. The measured photon rate is
within the range of error of 6%. This error arises from both
laser power measurements and modulation depth measure-
ments. The constant level crosses the red expected noise
curve at ⇡ 120 seconds, in agreement with the expected ⌧x.
A 5-sigma confidence detection is made after ⇡ 1800 sec-
onds of integration time, in agreement with the expected
⌧5s. We therefore demonstrate that our experimental setup
is viable for both generating and detecting sub-photon per
second level signals using optical heterodyne interferome-
try.

Demodulation 300 µHz away from the signal demon-
strates the importance of maintaining phase coherence
throughout the entire measurement. In this case, shown
in green, the demodulation waveform drifts in and out of
phase with the signal. When this happens, the integrated
I and Q values begin to oscillate with the di↵erence fre-
quency (fsig � fd). This causes Z2(N 0) to fall o↵ as a sinc
function, preventing it from crossing the 5-sigma threshold.

V. CONCLUSION

These measurements demonstrate that heterodyne inter-
ferometry can be applied as a single photon detector. It
however requires that the demodulation waveform main-
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I. INTRODUCTION

A. Axions and axionlike particles

The Standard Model (SM) incorporates our current
knowledge of subatomic particles as well as their inter-
actions via three of the four fundamental forces of nature.
The SM is not complete, however, as it does not contain
gravity and does not explain certain observations. One
notable unresolved issue is that of charge-conjugation
parity symmetry (CP-symmetry) violation. The QCD
Lagrangian includes terms capable of breaking CP sym-
metry for the strong force. In contrast, experiments found
that the strong forces respect CP symmetry to a very high
precision [1].
The most prominent proposed solution, introduced by

Peccei and Quinn [2], involves spontaneously breaking a
global U(1) symmetry leading to a new particle, named the
axion [3,4]. Interactions with the QCD vacuum cause the
axion to have a nonzero mass, ma [2]. While axions may
interact with SM particles, the interactions can be weak.
Most notably for experimental purposes, axion mixing with
neutral pions leads to a characteristic two-photon coupling,
ga!! [5]. This, in turn, constrains the product of the axion
mass and coupling such that these two parameters are
dependent. Experimental and observational factors place
the axion mass between 1 and 1000 "eV. The correspond-
ing range for ga!! is 10!16 to 10!13 GeV!1.
While the QCD axion is confined to a specific band in

the parameter space, it might just be a member of a larger
class of axionlike particles, some with a stronger two-
photon coupling [6,7]. The interactions between these
axions/axionlike particles and photons may possibly
explain unanswered astronomical questions including
TeV photon transparency in the Universe [8] and anoma-
lous white dwarf cooling [9]. The intrinsic properties of

axions and axionlike particles also make them prime
candidates for cold dark matter. This theoretical motivation
has led to the formulation of various experiments designed
to detect axions and axionlike particles by utilizing their
coupling to photons.
Although axions can naturally decay into two observable

photons, the rate at which this occurs is extremely low,
making detection by observing this decay impossible.
Axion search experiments therefore also rely on the inverse
Primakoff or Sikivie effect in which a strong static
magnetic field acts as a high density of virtual photons.
This field stimulates the axion/axionlike particle to convert
into a photon carrying the total energy of the axion/
axionlike particle [10,11]. A number of strategies have
been employed by these experiments to search for axions
from several sources. Haloscope experiments, such as
ADMX, use resonant microwave cavities and strong super-
conducting magnets to search for axions comprising the
Milky Way’s cold dark-matter halo [12]. Helioscope
experiments, such as CAST, look for relativistic axions
originating from the Sun that convert into detectable x-rays
as they pass through a supplied magnetic field [13].
Differing from these types of axion searches that rely on
astronomical sources, “light shining through walls” (LSW)
experiments attempt to generate and detect axions in the
laboratory and therefore have the advantage of independ-
ence from models of the galactic halo and models of stellar
evolution [14–19].

B. ALPS II

LSW experiments use the axion-photon coupling first to
convert photons into axions under the presence of a strong
magnetic field. These axions then pass through a light-tight
barrier and enter another strong magnetic field where some
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Measuring single photon power levels

Regenerated Field Mixed with Local Oscillator Laser (LO) 

• LO must be phase coherent with regenerated field  

• Information transfer via COB 

• Tracks OPL changes between cavity mirrors 

• Suppress stray light from PC 

• Interference beatnote measured by photodetector 

Heterodyne Detection

28

Kulkarni et al., Appl. Opt. 59, 6999 (2020)
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Transition Edge Sensor
Counting individual photons

Concept 

• Bias current 

• RL creates Vbias 

• Controls set point 

• Electro-thermal equilibrium 
at set point 

• Photon transfers heat to chip 

• Pulse in temperature 

• Drop in current 

• Squid readout through L
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Transition Edge Sensor Status
Counting individual photons

System 

• 2018 new cryogenics installed 

• Stable operation achieved 

• Characterization ongoing 

Background characterization 

• Coincident photons create pile ups 

• Energy resolution ~7% 

• Intrinsic background rate ~1/day

30
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Unbending the HERA Magnets
Preparing HERA dipoles for ALPS II

Magnets must be unbent 

• Formerly used in HERA arcs 

• Straightened for sufficient aperture 

• 24 straightened and tested, all 24 worked

Measurement:  Wolf Benecke,  Hans-Peter Lohmann MEA2
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straightening procedure, were performed [24] and presented to the agency for pressure vessel
safety (TUEV). The calculations showed that all stresses are well below the limits set by pressure
vessel regulations.

There is a detailed report on the work required for the straightening [25], partially presented
in a poster on the PATRAS workshop 2018 [26].

Figure 9: Schematics of straightening. Left: Before applying the deforming force, Right: The deforma-
tion forces the pipe to develop two ’camel humps,’ exaggerated in the figure for better illustration. This
deformation yields the largest achievable horizontal aperture.

Figure 10: Outer pressure prop parts (left) and prop inserted into the cryostat (right).

5.2 The survey of the vacuum pipe

The position of the center of the beam pipe before, during, and after the deformation was
measured by the DESY survey group with a laser tracker and a so-called mouse with a reflector
attached. The mouse was pulled by a string through the vacuum pipe along the length of the
magnet, while the laser tracker continuously measured the position of the reflector (see Fig. 15)
through an open flange in the middle of the end box of the test bench.

A typical result of straightening a dipole vacuum tube is shown in Fig. 16, in comparison
with the original curved shape of the vacuum pipe. The success of the deformation was judged
by the horizontal aperture achieved.

The result of the survey of the beam pipe, i.e. the position of the beam pipe center line
after straightening, was transferred to marks, welded to the outside of the vacuum vessel. When
setting up the straight magnet strings for ALPS II in the HERA tunnel, these survey marks
will allow to align the dipoles to yield the largest possible overall horizontal aperture within the
strings.

The curvature of the beam pipe before the straightening slightly varied among the dipoles.
The maximum deviation from the straight line connecting the ends of the beam tube (17.9 mm
in the example shown in Fig. 16) varied by ± 2.5 mm between the extremes of 16 and 21 mm.
The average was 18.4 mm. There is a correlation between this maximum deviation and the

9
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Configuration of the Magnets
Determining the order of the magnet string 

Magnet sequence based on free aperture 

• Largest aperture magnets placed at ends 

• Smallest aperture at center 

• Allows for lowest cavity clipping losses
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11 WG8 (Dipoles)
The tests of straightened HERA dipoles on the test bench were completed by January
2020, thanks to the excellent support of the cryogenics group (MKS). All quench currents
were well beyond the nominal current of 5700A (corresponding to 5.3T), see Fig.11.1.
All straightened dipoles were operated continuously for about 8 hours at the design
current of 5700A.

Figure 11.1: Quench currents (Ampere) of all straightened HERA dipoles vs. identification
name.

Figure 11.2: Horizontal aperture (mm) of all straightened dipoles vs. identification name.

In total, there are 24 dipoles with su�ciently large horizontal aperture (Fig.11.2) and
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su�ciently high quench currents for the ALPS II experiment available, plus two spares.
All magnets except one, which remains on the test bench for eventual further tests, are
supplied with survey marks. The beampipe surveys are transferred to these new marks.

The results, regarding horizontal aperture and quench currents, allowed for a selection
of the position of the dipoles in the two strings of ALPS II. Magnets with larger apertures
will be positioned near to the focusing mirrors of the optical cavities at the outer ends of
the experiment, where the photon beam in the optical resonators is largest, and magnets
with smaller apertures close to the middle of the experimental setup (Fig.11.3). An
aperture larger than 46mm is achieved over the complete length, which ensures photon
losses in the optical resonators to stay below 1ppm. The chosen positions of the dipoles
leave ±2 mm space for alignment uncertainties. Magnets with large quench currents
(above 6400A) were selected close to the cryogenic boxes and the cryogenic bypass to
compensate for a potential reduction of quench currents due to a higher thermal load
on the dipoles from the adjacent cryogenic boxes.

Figure 11.3: Apertures of the dipoles vs. their selected position in the HERA tunnel.

There are 6 dipoles with a pumping port, from the outer vacuum vessel to the beam
pipe, which will be evenly distributed along the two strings, to allow for adequate
pumping of the beam pipe at room temperature. The cryogenic boxes at the ends of
the magnet strings, needed for operation of the magnets are in place and aligned. The
cryogenic bypass around the optical setup in the middle of the experiment will be ready
for installation in the summer. At the time of writing this report, the girder structure for
the positioning of the dipoles in the HERA tunnel is being set up. The first six dipoles
are under preparation for transport and installation.
A report on the straightening procedure of the dipoles and the results is completed,
waiting for review by all authors.
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8 Spector

Fig. 1.3 Profile of a Gaussian beam with a minimum waist size of w0 and a Rayleigh length of zr
and a divergence half-angle of ✓. The waist size is shown as the thick black line, while wavefronts
at di�erent positions are shown as gray lines. As the beam propagates further into the far field it
will asymptotically approach the dotted lines that illustrate the divergence angle.

Laguerre polynomials, however it is advantageous for current LSW experiments to
operate with the fundamental mode since it will provide the smallest beam sizes
over the longest baseline, reducing the clipping losses on the magnet bore. The field,
when in the fundamental mode, is a Gaussian distribution that can be described by
the following equation using the paraxial approximation.
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The intensity distribution for a beam with a power of P is then given by
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In these equations w(z) represents the 1/e2 radius of the intensity distribution as the
following function of z.
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Figure 1.3 shows a visual representation of the field of a fundamental Gaussian beam
as it propagates through a waist. As we can see the radius of the distribution, shown
as the thick black line, has the minimum waist w0, at the position z = 0. In the near
field (z ⌧ zr ) the beam is ‘collimated’ and its size remains relatively constant, while
in the far field (z � zr ) the waist expands linearly with z. The parameter zr , is know
as the Rayleigh length and is defined as the distance from the waist position at which
w(zr ) =

p
2w0. It depends only on the minimum waist size and the laser wavelength.

zr =
⇡w2

0
�

(1.16)

From this equation we can see that the Rayleigh length is proportional to the area of
the beam at the minimum waist position and inversely proportional to the wavelength.
Therefore, producing a beam that is well collimated over long distances requires using
a larger beam as smaller beams will only remain collimated for shorter distances.
Furthermore, shorter wavelength lasers can produce the same Rayleigh length as
longer wavelength lasers using smaller beam sizes. This is a critical point for LSW
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Light shining through a wall experiments

Light shining though a wall concept 

• High power source directs light through magnetic field 

• Creates flux Axion-like particles through wall 

• Magnetic field converts Axion-like particles back to photons 

Conversion probability:

Measuring the conversion-reconversion of Axion-like particles

Laser

Magnet String
Wall

Detector
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1 Light-shining-through-walls Experiments 3

1.1.1 UBDM interaction with photons in a magnetic field

As we saw in Chapter 2, the term in the Lagrangian that defines the interaction
between the photons and the UBDM field is:

LUBDM = �1
4
g'Fµ⌫ F̃µ⌫ (1.1)

For LSW experiments we can therefore define the amplitude of the UDBM field
' generated in the production area, as an integral of the dot product between an
oscillating electric field E and a static magnetic field B over an interaction length L.

'(x, t) = e�i(!t�k' x) ig
2k'

π
dx 0E(x 0) · B(x 0)e�ik' x0 (1.2)

k' =
q
!2 � m2

' (1.3)

In this equation g is the coupling constant between two photons and the UBDM field
that we mentioned in the pervious section, while k' is the wave-vector of the UBDM
field, and ! is the angular frequency of the electric field. Since B is a static field we
can simplify the previous equation to the following.

'(x, t) = ig
2k'

BE0e�i(!t�k' x)
π

dx 0 f (x 0)e�iqx0 (1.4)

Here q is a parameter that helps quantify the phase matching between the UBDM
field generated at di�erent points along the static magnetic field and is described by:

q = n! �
q
!2 � m2

' ⇡ !(n � 1) +
m2
'

2!
. (1.5)

From Equation 1.3 it is apparent that when the mass large enough or the interaction
length is long enough that qL > 1, the experiment will lose some sensitivity as the
UBDM field generated in the production area does not sum coherently.

To simplify this further we can define the probability P�!' , that a photon in the
production area will convert to the UBDM field as the following.

P�!' = P'!� =
1
4
!

k'
(gBL)2 |F(qL)|2 (1.6)

In the equation above L is the length that E propagates through the static magnetic
field and F(qL) represents the form factor for the magnetic field. As it happens the
probability P'!� of the reverse process occurring and the UBDM field reconverting
back to a photon in the regeneration area is the same as P�!' .

For a uniform magnetic field of length L, |F(qL)| can be simplified to:
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Field Overlap

Dual Resonance 

• PC circulating field must be resonant with 
length of the RC 

• Coupling follows cavity Lorentzian

Quantifying the coupling between the cavities

Laser

Production Cavity (PC) Regeneration Cavity (RC)

Detector

34

Spatial overlap 

• PC and RC must share same spatial eigenmode 

• Can be expressed as an overlap integral that is 
simplified to the terms in following expression

TLR3

Derivation2: This requirement includes the spatial overlap in all degrees of freedom and the
matching of the frequency of the axion field to resonance condition of the RC. The reconverted
field  RC circulating in the RC in the basis of the axion field for small coupling coefficients A
can be described with the following equation[5]:

 RC ⇡  00 +Ax 10 +Ay 01 +Adef( 20 + 02) +A90( 20 � 02) +A45 11 (2)

Here,  nm are Hermite-Gaussian modes. This equation includes displacement and tilt perpen-
dicular to the propagation direction (Ax and Ay), mismatch in the mode size and waist location
(Adef) as well as astigmatism (A90 and A45). Astigmatism can be neglected in case of ALPS II
as the two fields are generated inside a cavity with spherical end mirrors. The displacement of
the fields can be very small as it will be corrected for by the adjustment of the cavity end mirrors.
However, electronic offsets in the loops and the signal-to-noise ratio of the error signal have to
be considered. Thus, the following terms remain:

 RC,lat ⇡  00 +

✓
�x

!0
+ i

�✓x

✓d

◆
 10 +

✓
�y

!0
+ i

�✓y

✓d

◆
 01 +

1p
2

✓
�!0

!0
+ i

�z

2zR

◆
( 20 + 02)

(3)
�y and �y are the horizontal and vertical shifts, �✓x and �✓y are the angular tilt between the axion
field and the RC mode, ✓d is the half divergence angle of the axion field, !0 is the waist size of
the axion field, �!0 the difference in waist size of the axion field and the regenerated field, zR
the Rayleigh range of the axion field and z(t) the difference in waist location of the two fields.

For small perturbations the spatial field overlap for the lateral degrees of freedom is defined
as:
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(4)

For the longitudinal degree of freedom the field circulating in the regeneration cavity is [6, Eq.
(9.1-9)]:

IRC,long(') =
I0

(1� r)2
· 1

1 +
�
2F
⇡

�2
sin2('2 )

(5)

r is the field attenuation for one round trip, I0 is the intensity of the electromagnetic component
of the axion field, F is the finesse of the cavity and ' the phase mismatch of the axion field with
respect to the circulating field. For ' ⌧ 1, ⌘long can be calculated in terms of static frequency
offset �⌫:

⌘long =

s
IRC,long(' = 2⇡�⌫

⌫FSR
)

IRC,long(0)
⇡ 1r

1 +
⇣
2F�⌫
⌫FSR

⌘2
(6)

2We are working on an update that includes dynamic effects.

3

Assuming the lateral and longitudinal degrees of freedom are uncorrelated the combined value
for ⌘ is given by3:

⌘ = 1�
q

(1� ⌘lat)2 + (1� ⌘long)2 (7)

Considering static effects and a waist size of 6 mm requirement TLR3 is met, when the longitu-
dinal offset is less than 0.6 pm and the angular offset in a single direction (e.g. ✓x) is less than
14µrad.
Limitation: The spatial overlap is limited by the positioning accuracy of the two cavity end mir-
rors as well as the wedge angles of all optics in the main beam path on the central optical bench.
The former is currently set by the accuracy of the autocollimator that is used for alignment. Fur-
thermore thermal effects and stress during pump down could lead to a mismatch of the resonator
eigenmodes. In the longitudinal direction seismic noise is the limiting noise source that could
be mitigated by adding mirror suspensions or a feed-forward system.

TLR4

Derivation: State-of-the-art optics (if properly handled) will enable a power buildup factor of
40,000.
Limitation: Coating absorption and scattering due to surface roughness are the two main loss
channels. Furthermore magnet aperture limitations have to be considered [4], which are below
2 ppm in the current design and thus contribute less than 10 % to the total loss.

TLR5

Derivation: The number of regenerated photons scales with g4a�� (see equation 1). In order to
claim a detection with 5� confidence the detector noise has to be characterized and the trans-
mission coefficient of the path from the cavity to the detector needs to be evaluated.

Heterodyne detection

Limitation: If shot-noise limited, the heterodyne detection scheme needs to detect at least
twenty-nine regenerated photons to claim a detection with five sigma confidence. This means
that the losses on the way from the cavity to the photodetector have to be less than 40 % consid-
ering the parameters derived from equation 1.

In principle there is no limitation in terms of measurement time. The sensitivity of a shot noise
limited heterodyne detection increases with linear with time [7]. Potential problems are scattered
light and electromagnetic pickup as well as phase perturbations due to thermal effects. The
detection can in principle be improved with the injection of squeezed states [8]. However, the
cavity losses have to be considered in this case as they degrade the squeezing factor. Heterodyne
detection will be able to determine a rate of regenerated photons with sufficient significance,
but not the reconversion of a single photon, due to the fact that the sensitivity is limited by the
shot-noise of the local oscillator.

3This assumes that the angle to length coupling is sufficiently small.
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TLR3

Derivation2: This requirement includes the spatial overlap in all degrees of freedom and the
matching of the frequency of the axion field to resonance condition of the RC. The reconverted
field  RC circulating in the RC in the basis of the axion field for small coupling coefficients A
can be described with the following equation[5]:

 RC ⇡  00 +Ax 10 +Ay 01 +Adef( 20 + 02) +A90( 20 � 02) +A45 11 (2)

Here,  nm are Hermite-Gaussian modes. This equation includes displacement and tilt perpen-
dicular to the propagation direction (Ax and Ay), mismatch in the mode size and waist location
(Adef) as well as astigmatism (A90 and A45). Astigmatism can be neglected in case of ALPS II
as the two fields are generated inside a cavity with spherical end mirrors. The displacement of
the fields can be very small as it will be corrected for by the adjustment of the cavity end mirrors.
However, electronic offsets in the loops and the signal-to-noise ratio of the error signal have to
be considered. Thus, the following terms remain:
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�y and �y are the horizontal and vertical shifts, �✓x and �✓y are the angular tilt between the axion
field and the RC mode, ✓d is the half divergence angle of the axion field, !0 is the waist size of
the axion field, �!0 the difference in waist size of the axion field and the regenerated field, zR
the Rayleigh range of the axion field and z(t) the difference in waist location of the two fields.

For small perturbations the spatial field overlap for the lateral degrees of freedom is defined
as:
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For the longitudinal degree of freedom the field circulating in the regeneration cavity is [6, Eq.
(9.1-9)]:

IRC,long(') =
I0

(1� r)2
· 1

1 +
�
2F
⇡

�2
sin2('2 )

(5)

r is the field attenuation for one round trip, I0 is the intensity of the electromagnetic component
of the axion field, F is the finesse of the cavity and ' the phase mismatch of the axion field with
respect to the circulating field. For ' ⌧ 1, ⌘long can be calculated in terms of static frequency
offset �⌫:

⌘long =

s
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)
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⇣
2F�⌫
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2We are working on an update that includes dynamic effects.
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Dual Resonance

PC circulating field must be resonant in RC 

• Additional Reference Laser (RL) will be coupled to RC length 

• Phase lock loop established between the light transmitted from the PC and RL 

• Driven by actuating on the length of the PC 

• Requires position accuracy on the order of pm 

• Environmental noise > 10 µm ➜ Length actuation with kHz bandwidths

35

Maintaining the coupling between the cavities
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Spatial Overlap

PC circulating field must in nearly the same mode as the RC 

• Central Optical Bench maintains alignment of the flat mirrors (< 5 µrad) 

• Passive stability of COB demonstrated with prototypes 

• Eigenmode position sense with QPDs on the COB 

• Fed back to alignment actuators for the curved end mirrors

36

Maintaining the coupling between the cavities
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Central Optical Bench

• Form beatnotes: PCT-RL and LO-RL 

• Tracks path length changes 

• Maintains cavity alignment 

• Wall 

• Stray light mitigation system

Maintaining the coupling between the cavities
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FIG. 5. Rendering of the central optical bench. The PC area on the left side of the picture is contained within light-tight walls
and light can only escape through the cavity port, the OPL sensing port and LT1. A similar light-tight box encompasses the
RC area which connects only to the RC, the PLL1/WFS1 detection area and to the rest of the COB via LT2. The wall across
the MZ area has not yet been finalized.

light. The only optical interfaces between the PC and the
PC/MZ as well as between the RC and the RC/MZ areas
are the HR surfaces of LT1 and LT2, respectively. Fur-
thermore, the PC/MZ area is separated from the RC/MZ
area with ba✏es to limit the optical leakage of light pass-
ing through MZ3. Again, both areas are also enclosed on
the optical tables to minimize chances of PC transmitted
light to scatter into the RC area. The light blue lines
in Figure 2 indicate the light-tight boxes and ba✏es in
the optical layout while Figure 5 shows a near-complete
rendering of the central optical bench.

The light that passes through LT1 and enters the
PC/MZ area has to undergo at least two scatter pro-
cesses out and back into the beam before it reaches LT2.
Assuming that about 10 ppm per process scatter light
into the acceptance angle leading towards the RC and
that up to 10% of the light is changing polarization dur-
ing each scattering process, we estimated that less than
10�26 W of s-polarized light and less than 10�25 W of
p-polarized light will reach the RC mirror in the spatial
mode of the RC. Note that good optics and beam dumps
under typical operational angles have scatterring values
between 10�5 sr�1 and 10�6 sr�1 [16] which, scaled by
the acceptance angles in our setup, means that with our
above assumption we grossly overestimate the amount of
scattered light present.

However, while the vacuum viewports are all set at
Brewster’s angle with the residual reflection being di-

rected into a black glass beam dump, the optical compo-
nents including the photodetectors in the PC/MZ area
and in the RL injection area (nominally part of the
RC/MZ area) outside the vacuum system will scatter
light back into the vacuum system. Here we will use
curved mirrors instead of lenses for mode matching and
tilt all other components to avoid direct back reflection
into the vacuum system. This estimation assumes that
scattered light does not bypass any of the mirrors which
emphasizes the importance of the light-tight walls and
ba✏es.

B. Veto Signals

Despite all the e↵orts described in the preceding sec-
tion, hunting and eliminating stray light will certainly be
a significant part of the commissioning e↵ort. Here the
detector PD3 plays a key role. LT2 at the interface to
the RC area reflects nearly all scattered light and directs
it towards PD3 where it will form a beat signal with the
RL. The rate of scattered photons on PD3 in the correct
mode will be around a million times larger than on the
RC side of LT2. Thus, it only has to be suppressed below
about one photon per second to meet our requirements.
This process will significantly reduce the commissioning
time as we do not have to search for scattered light at
the regenerated photon rate.
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Infrastructure at DESY
Providing the foundation for ALPS II

Magnet strings successfully demonstrated 

• Magnets were operated at full current in March 

• 5.7 kA corresponds to 5.3 T magnetic fields

38

Also demonstrated ability to ramp current 

• Ramp rate of ~1 oscillation / hour 

• 1 mHz may be possible with upgrades
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Axion-Photon Interaction in a Magnetic Field

Probability of photon converting to axion-like particle 

• Probability of conversion: 

• Large enough mass will cause a loss in the coherence 
of the axion-like field 

• For low masses (m2 << 2ω/L)  F = 1

Measuring the conversion-reconversion of Axion-like particles

1 Light-shining-through-walls Experiments 3

1.1.1 UBDM interaction with photons in a magnetic field

As we saw in Chapter 2, the term in the Lagrangian that defines the interaction
between the photons and the UBDM field is:

LUBDM = �1
4
g'Fµ⌫ F̃µ⌫ (1.1)

For LSW experiments we can therefore define the amplitude of the UDBM field
' generated in the production area, as an integral of the dot product between an
oscillating electric field E and a static magnetic field B over an interaction length L.

'(x, t) = e�i(!t�k' x) ig
2k'

π
dx 0E(x 0) · B(x 0)e�ik' x0 (1.2)

k' =
q
!2 � m2

' (1.3)

In this equation g is the coupling constant between two photons and the UBDM field
that we mentioned in the pervious section, while k' is the wave-vector of the UBDM
field, and ! is the angular frequency of the electric field. Since B is a static field we
can simplify the previous equation to the following.

'(x, t) = ig
2k'

BE0e�i(!t�k' x)
π

dx 0 f (x 0)e�iqx0 (1.4)

Here q is a parameter that helps quantify the phase matching between the UBDM
field generated at di�erent points along the static magnetic field and is described by:

q = n! �
q
!2 � m2

' ⇡ !(n � 1) +
m2
'

2!
. (1.5)

From Equation 1.3 it is apparent that when the mass large enough or the interaction
length is long enough that qL > 1, the experiment will lose some sensitivity as the
UBDM field generated in the production area does not sum coherently.

To simplify this further we can define the probability P�!' , that a photon in the
production area will convert to the UBDM field as the following.

P�!' = P'!� =
1
4
!

k'
(gBL)2 |F(qL)|2 (1.6)

In the equation above L is the length that E propagates through the static magnetic
field and F(qL) represents the form factor for the magnetic field. As it happens the
probability P'!� of the reverse process occurring and the UBDM field reconverting
back to a photon in the regeneration area is the same as P�!' .

For a uniform magnetic field of length L, |F(qL)| can be simplified to:
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4 Spector

��Fsingle(qL)
�� =

���� 2
qL

sin
✓

qL
2

◆���� (1.7)

While its clear that this equation will approximate to 1 for qL ⌧ 1, we can also see
that it will have zeros whenever qL is some integer multiple of 2⇡. When this is the
case, the phase of the UBDM field completes a number of full cycles over L and
explicitly sums to zero. When this happens the experiment will generate no UBDM
field at all. This e�ect, along with the fact that the form factor decreases with higher
qL, limits the sensitivity of LSW experiments at higher masses and this can be seen
in the sensitivity curves for ALPS I and ALPS II shown in Figure 1.2. In this plot
we can also see how a more detailed model of the magnetic field, that considers the
gaps between the magnets, can produce a very complex structure in the sensitivity
at higher masses.

For a simple LSW experiment with the input laser traveling passing only once
through the magnetic field, masses in which qL ⌧ 1 will generate the following
number of photons N� in the regenerated field over a measurement time ⌧.

N� =
1
16

(gBL)4⌧Pi (1.8)

The magnetic field and length are obviously critical to the sensitivity of the experi-
ment as the regenerated power is proportional to (BL)4. The input power Pi , shown
in units of photons per second, is important as well, but the number of regenerated
photons ‘only’ scales linearly with it.

Plugging in the ALPS II parameters of 560 T·m of magnetic field length and
an input power of 50 W gives an interesting result. For couplings down to g <
2 ⇥ 10�11 GeV�1 this would only produce 1 regenerated photon over the course of
700 000 years! This is no mistake, remember the N� above is only the number of
regenerated photons for a very simple LSW experiment. This helps illustrate the
importance of the additional techniques that LSW experiments like ALPS II can
employ to boost the power of the regenerated signal. In later sections of this chapter
we will discuss what additional systems these experiments can employ and how they
impact the sensitivity .

•? Prbolem 9.1 Measuring the mass of the UBDM field

Suppose we build a simple LSW experiment with using a laser with an angular
frequency of ! and a uniform magnetic field of length L in bother the production
and regeneration areas. We then inject an inert gas into both magnet strings to give
the optical path an index of refraction of n. At what mass is the experiment now
most sensitive to? How will the sensitivity of relative sensitivity of the experiment
change for very low mass UBDM fields (m' ⌧ !)?
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babyIAXO and IAXO 

Detection technique 

• Use coupling to photons in B field 

• Convert axions to photons 

• Source of axions: 

• Sun (helioscope)

40

XV International Conference on Topics in Astroparticle and Underground Physics
Journal of Physics: Conference Series 1342 (2020) 012070

IOP Publishing
doi:10.1088/1742-6596/1342/1/012070

2

Figure 1. Axion helioscope principle. Axions and ALPs are produced in the solar core via

the Primako↵ process and converted into photons in a strong magnetic field in laboratory. For

IAXO, photon detection systems will include X-ray optics specifically built for axion searches

and low-background X-ray detectors.

2. Axion helioscopes

Axions and axion-like particles could be produced in the center of the Sun via the Primako↵

process, i.e. conversion of photons to axions in the electromagnetic fields of electrons and nuclei.

In a laboratory, axions and ALPs could be back-converted into photons in a strong transverse

magnetic field (figure 1). The expected number of photons reaching a detector at the magnet

end is given by

N� =

Z
d�a

dEa
Pa!� S t dEa , (1)

where d�a/dEa is the di↵erential solar axion flux at the Earth, Pa!� is the axion-photon

conversion probability in the magnet, S the cross-sectional area of the magnet bore, and t
the measurement time. The di↵erential axion flux at the Earth can be parametrised as:

d�a

dEa
= 6.02⇥ 10

10
✓

ga�
10�10GeV

�1

◆2 E2.481
a

eEa/1.205

h
cm

�2
s
�1

keV
�1

i
(2)

with the average energy hEai = 4.2 keV. The conversion probability (with vacuum inside the

magnet bores) is given by

Pa!� =

✓
ga�B

q

◆2

sin
2
✓
qL

2

◆
, (3)

where B is the magnetic field, L the magnet length, and q = m2
a/(2Ea) the axion-photon

momentum transfer.

Currently the most sensitive axion helioscope is CAST (CERN Axion Solar Telescope) [9].

The CAST experiment has set the most stringent limit on the axion-photon coupling constant

over a broad range of axion masses. The most recent result [10] is ga� < 6.6 ⇥ 10
�11

GeV
�1

for ma < 0.023 eV. IAXO (International Axion Observatory) [11, 12] is a new generation axion

helioscope (currently in the Technical Design phase) aiming for the sensitivity to the axion-

photon coupling constant 1� 1.5 orders of magnitude better than CAST.
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3. IAXO experiment

The IAXO experiment will be designed to search for solar axions and ALPs with the axion-

photon coupling ga� down to a few 10
�12

GeV
�1

for axion masses ma  0.016 eV, more than

1 order of magnitude beyond the current astrophysical and helioscope upper bounds. The

stated IAXO sensitivity relies on the construction of a large scale multi-bore superconducting

magnet capable to track the Sun for about 12 hours each day. In the original Conceptual

Design (figure 2) [12] the magnet design was inspired by the toroidal magnet geometry used by

the ATLAS experiment at CERN. The new toroid would provide 2.5 T magnetic field inside

eight 60 cm diameter and 20 m long magnet bores. The magnet design opens the way for

the significant sensitivity improvement, with respect to CAST, mainly through a larger cross-

sectional area (the CAST magnet has two 4.3 cm diameter bores). Each of large-aperture

magnet bores will be equipped with X-ray optics focusing the signal photons into few mm
2

areas. The baseline fabrication approach for the IAXO optics will be slumped glass technology

with multilayers, the technollogy which has been successfully used for the NuSTAR satellite

mission. With the focal length of 5 m, the signal photons will be focused into few mm
2
areas

that are imaged by ultra-low background X-ray detectors. The baseline technology for the low

background detectors are gaseous Micromegas detectors with pixelated readout, manufactured

with the microbulk technique. The latest generation of Micromegas detectors in combination

with the prototype X-ray optics has alreday been used in the CAST experiment [10]. This IAXO

pathfinder detection system achieves background levels of 0.003 counts/hour. More detector

technologies will be used in the IAXO experiment: gaseous InGRID detectors, MMC (Magnetic

Metallic Calorimeter) detectors etc.

Figure 2. The IAXO

setup scheme.

3.1. BabyIAXO experiment

Alternative and more challenging design for the IAXO magnet was proposed recently and

therefore a magnet prototype needs to be constructed. The prototype will have one 60 cm

diameter and 10 m long magnet bore with 2.5 T magnetic field inside the bore. The magnet will
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Fig. 3. Distribution of magnetic field in the magnet mid plane, with two bores
and windings cross-section indicated (current directed outwards in top left and
bottom right domains, inwards in top right and bottom left).

Fig. 4. Load line of the conductor in the coil windings with two operating
points indicated for Tcs = 5.5 and 6.2 K.

current density jc(B,T) is calculated using standard scaling law
of NbTi [7] with the fit parameters C0= 7.5e10 AT/m2,!= 0.63,
" = 0.9, # = 2.3, Tc0 = 9.2 K, Bc20 = 14.5 T, providing rather
conservative value of jc(5 T,4.2 K) = 2.6 kA/mm2. Hence, there
is a significant potential to eventually operate at a higher current,
although the maximum current of the system can only be found
during magnet testing as it strongly depends on the quality of
coil manufacturing and cooling conditions. An ultimate current
for this design is set at 12 kA, corresponding to 1.3 K tempera-
ture margin at 4.2 K operating temperature. Achieving ultimate
current would significantly increase the MFOM by a factor 1.5,
but also the electromagnetic forces will augment by some 44%,
leading to higher stress.

In order to enable the ultimate current in a mechanically safe
way, the support structure of the coils is designed for operation at
12 kA. It is made mostly of flat plates and blocks of Al6061-T561
to arrive at a cost efficient solution with minimum amount of
machining, fully representative for the IAXO coils. The design
of the structure is presented elsewhere [8].

III. ELECTRICAL CIRCUIT

The power supply feeding the magnet is connected to the cold
mass through copper busbars at room temperature, current leads

TABLE II
MAIN PARAMETERS OF THE ELECTRICAL CIRCUIT

Fig. 5. Schematic electrical circuit for the direct drive option.

in two sections transferring the current from room temperature
down to !70 K, and high-temperature superconductor (HTS)
busbars from 70 down to 4.2 K. The main circuit parameters
are outlined in Table II. The magnet can be charged to nominal
current in 55 minutes using 3 A/s and !5 V.

The current leads are ’over-current’ designed since the system
has to operate at nominal current continuously for many months,
while it can be charged rather quickly. Conduction cooled current
leads made of brass with the cross-section reduced by 50% from
an optimal value is preferred, resulting in a 50% reduced thermal
load at 4.2 K and at zero current, while temporary increased by
25% during the charging stage of one hour. The voltage drop at
nominal current is estimated at 0.2 V.

The HTS section of the current leads comprises a stack of
HTS tapes positioned around a steel tube. Two options for the
material, either using 70 Bi2223 tapes in AgAu matrix or 120
ReBCO etched tapes; and two options for the layout, either
conventional or a self-protected [9], are under investigation. The
total heat load at the cold end has to stay below 0.5 W for the
pair of leads.

The circuit is operated in a direct drive mode, see Fig. 5.
It provides stable and straightforward operation, but requires
flexible 10 kA busbars at room temperature to allow rotation of
the system and, in general, high operation cost.

Alternatively, persistent current mode operation is envisaged
allowing to switch off the main power supply after magnet charg-
ing and eventually disconnect the room temperature busbars. It
allows to simplify the sun-tracking rotation system and minimize
the cryogenic heat load thereby the number of cryocoolers
needed [10].

Hence, a thermally-controlled persistent mode switch (PMS)
is introduced in the scheme. It is made of NbTi superconductor
in Cu-30Ni matrix and shortens the cold mass thereby creating a
superconducting circuit with time constant fulfilling the field de-
cay rate requirement (see Table II). Assuming the total effective
circuit resistance due to internal splices at 1 n!, the magnetic
field decay rate in stationary operation is about 0.3%/month.
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Fig. 2. Cross section of two double-pancake coil windings with respect to the
two user bores of 700 mm each. The inserts shows a zoom of the four layer
windings and the conductor. Although actual orientation is vertical, it is shown
horizontally for the purpose of illustration.

II. COLD MASS

A. Conductor

The conductor comprises a Rutherford cable with 8 NbTi/Cu
strands of the 1.40 mm diameter and a copper/non-copper ratio
of 1.0. After the cabling stage, the flat two-layer assembly of
twisted strands is co-extruded in a high purity Aluminum matrix
of RRR around 1000, in order to ensure sufficient thermal sta-
bilization, a safe quench protection and mechanical properties.

Procurement of such an Al stabilized conductor is nowadays a
technical and logistic problem since only incidentally produced
in a few companies and currently none of these show a qualified
production line or is willing to offer. For this reason the BabyI-
AXO conductor design has been adjusted to meet a specific
project for which conductor production is in a qualification stage.
The design essentially mimics the conductor currently under
development for the Panda Detector Solenoid at FAIR [6]. The
rectangular dimensions of the Al stabilizer were adjusted from
10.95 mm ! 7.93 mm to 20 mm ! 8 mm, which corresponds
to 92% relative amount of Al, 4% of Cu and 4% of NbTi in the
conductor. By making use of the results of the on-going R&D
and production start-up of the Panda conductor, a procurement
solution has been created thereby saving of time and budget is
expected for the BabyIAXO experiment.

The critical current of the conductor Ic is about 25 kA for
operation at 4.2 K and 3 T. The requested temperature margin of
2 K, i.e., the difference between the current sharing temperature
corresponding to Ic and the operating temperature, is used for
winding design in order to address a strong Ic(T) dependence,
resulting in 11 kA at 6.2 K. This must ensure a reliable operation
of the system at nominal current with a low probability of a
quench in the conductor.

B. Winding Pack

Similar to the IAXO coil windings designed as 8 flat racetrack
coils arranged in a toroidal geometry, a common-coil layout
was selected for BabyIAXO as shown in Fig. 2. According
the comparison made of various coil layout options, which
included block and saddle coils, the so-called common coil
design requires about 20% more conductor for the same magnet
performance, but features a very much simpler and cost efficient
manufacturing process and support structure. In addition, using
2 double-pancake coil windings for BabyIAXO is in full accor-
dance with the baseline design of the IAXO coil windings. The
winding of each double-pancake starts at the inner coil radius,

TABLE I
DESIGN PARAMETERS OF THE BabyIAXO WINDING PACK

with two conductor turns ‘in-hand’ to perform the winding of
two layers. Joints between the two pancakes and between the two
coils are positioned in low magnetic field at the outer coil radius.

The use of shims in the coil winding heads (indicated in Fig. 6)
cause a reduction of the local peak magnetic field by separating
winding turns in a high field region and thus allowing operation
at higher current, while maintaining the temperature margin
at 2 K. This effectively results in an increase of the magnet
performance up to 15% at negligible extra cost.

The vertical orientation of the two coils, with two bore tubes
located one on top of the other, is preferred instead of the
horizontal one with the bore tubes located side by side. This
vertical orientation allows an easier layout of supports between
cold mass and cryostat, thermal path symmetry for cooling and
easier access for work on cryogenic parts like circulators and
cryocoolers, as well as instrumentation, busbars and current
leads.

The two 10 m-long racetrack coils are placed at 800 mm dis-
tance allowing to insert two bore tubes of 700 mm diameter with
a pole gap of 1000 mm, with the main parameters summarized in
Table I. The total thickness of the 2 double-pancakes is 82 mm,
including the insulation around conductor of 0.25 mm thickness.
In total 70 conductor turns are used in the radial direction of the
windings, resulting in a windings width of 595 mm. Applying the
temperature margin of 2 K for the 4.2 K operating temperature,
the nominal operating current of the winding is 9.8 kA at a
peak magnetic field of 3.2 T, which corresponds to 56 A/mm2

average current density in the windings. The self-inductance
of the common coils layout is 1.0 H, corresponding to a stored
magnet energy of 50 MJ. In total, 11.4 km of conductor is needed
for this magnet.

One can see the distribution of the magnetic field B(y, z)
in the magnet mid plane in Fig. 3, providing 2.0 T at the
bore centers. As a result, MFOM has been calculated over the
space of the two bores in 2D and 3D, respectively, as follows
L2 " B(y, z)2dydz = 326 T2m4," (" B#(x, y, z)dx)2dydz =
232 T2m4, where L = 10 m is the bore length and x-range is
[–L/2,L/2]. The lower value of the MFOM obtained from the
3-D calculation is due to the magnetic field decreasing from the
center of the magnet towards its ends. Both values of MFOM
fulfil the target requirement of 200 T2m4 (i.e., at least 10 times
the CAST performance).

As shown in Fig. 4, a nominal operating current of 9.8 kA is
close to 1/3 of the conductor critical current at 3.2 T. The critical
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Quantifying the coupling between the cavities
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Maintaining dual resonance

PC circulating field must be resonant with RC length 

• Reference laser stabilized to PC circulating field 

• Stabilize the length RC using green (F = 100 for green) 

• Prototype length actuator achieved control bandwidth of 4 kHz

Ensuring resonant amplification of the reconversion probability
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Maintaining dual resonance

PC circulating field must be resonant with RC length 

• Reference laser stabilized to PC circulating field 

• Stabilize the length RC using green (F = 100 for green) 

• Prototype length actuator achieved control bandwidth of 4 kHz 

• Measured stability < 0.5 pm for Green for 10 m RC 

• Actuator sufficiently suppresses seismic noise

Ensuring resonant amplification of the reconversion probability

✔
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Maintaining dual resonance
Ensuring resonant amplification of the reconversion probability
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Maintaining dual resonance
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Characterizing RC control system

Measure length noise of the cavity with 1064 nm 

• Measure differential dichroic length noise with second laser 

• Beatnote with IR from first laser 

• Measured > 3 pm differential dichroic noise over 100 s w/ length actuation

Observing differential dichroic length noise

✘
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Maintaining dual resonance
Ensuring resonant amplification of the reconversion probability
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Maintaining dual resonance
Ensuring resonant amplification of the reconversion probability
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Characterizing RC control system

Measure suppressed noise of the cavity 

• Measure differential dichroic length noise with second laser 

• Beatnote with IR from first laser 

• Measured > 3 pm differential dichroic noise over 100 s w/ length actuation  

• Measured < 0.5 pm differential dichroic noise over 100 s w/ freq actuation

Observing differential dichroic length noise
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Maintaining dual resonance
Ensuring resonant amplification of the reconversion probability
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Searches for Axion-like Particles
Using the coupling to photons in magnetic field
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Haloscopes Helioscopes LSW

Axion-flux High Medium N/A

Coupling sensitivity High Medium Medium

Mass Band Narrow Wide Wide

Model Dependence High Medium Low
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Searches for Axion-like Particles
Using EM coupling
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