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Mysterious unexplained phenomena 

• Strong CP problem 

• Pecci-Quinn Solution 

• Cold Dark matter 

• Galactic clusters/rotation rates 

• Gravitational lensing 

• CMB polarization 

• Stellar cooling rates 

• TeV transparency
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Axions
Hints of the unknown 
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RC2 have Nilson (1973) classifications. Sources for 
other data and corrections applied are indicated in the 
notes. Differences between the optical and the 21 cm 
velocities are small: (F2i — F0pt) = 5 km s-1. However, 
the mean velocity difference for four galaxies with 
velocities in RC2 is (ours—catalog) = 77 km s"1. Ve- 
locity errors this large still permeate the best available 
catalogs. Columns (9), (10), and (11) give the galaxy 

radius (25 mag arcsec-2; RC2), the radius of the last 
measured velocity, and the ratio cf the two. In the 
mean, our velocities extend over 80% of the galaxy 
radius. Fmax, the peak velocity of the optical rotation 
curve (in the plane of the galaxy), is listed in column 
(13). Data for NGC 4594 obtained by Schweizer (1978) 
with the same CTIO equipment are also included. 

Rotation curves are plotted in Figures 3 and 4. The 
general flatness of the curves, and the pronounced 
increase in Fmax with earlier HT, are notable. A plot 
of Fmax versus HT, Figure 5, shows this tight correla- 
tion. A correlation between Fmax and HT found earlier 
by Brosche (1971) lies about 50kms_1 below that 
indicated in Figure 5, and is defined principally from 
galaxies with types later than Sbc. The correlation 
indicated in Figure 5 may represent an upper envelope 
defined by high-luminosity galaxies. 

Fig. 2.—Rotational velocities in NGC 2998, as a function of 
distance from nucleus. Velocities for strongest emission regions 
are connected with lines. Note fairly good velocity agreement be- 
tween velocities from NE and SW major axes, and positive 
velocity gradient across each arm. 

III. MASSES AND MASS-TO-LIGHT RATIOS 
Masses and mass distributions have been determined 

from the rotation curves by two procedures: (1) disk- 
modeled galaxies, which give lower limits, and (2) 

Fig. 3.—Rotational velocities for seven galaxies, as a function of distance from nucleus. Curves have been smoothed to remove velocity 
undulations across arms and small differences between major-axis velocities on each side of nucleus. Early-type galaxies consistently have 
higher peak velocities than later types. 

Fig. 4.—Rotation curves for two pairs of galaxies, which illustrate the lack of Tully-Fisher relation. NGC 7541 and NGC 801, both 
Sbc-Sc, have Fmax values of 238 and 248 km s-1. However, their luminosities (7.05 ± 0.7 and 23.8 ± 9 X 1010 l0) and ra(lii (23.2 and 
49.1 kpc) differ by factors of 3 and 2. Similarly, the Sc galaxies NGC 2998 and NGC 3672 have Fmax of 211 and 208 km s-1, but luminosi- 
ties 14.9 ± 1.4; 4.45 ± 0.4 X 1010 lq and radii 34.0 and 17.6 kpc. 
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mystery of dark matter. In the following chapters, the rich and interesting physics of
UBDM and the diverse array of experiments searching for evidence of its existence
are explored.
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that dark matter is not ordinary baryonic matter, and has been confirmed by further
observations of other galaxy cluster mergers [17].

Fig. 1.2 Image of the Bullet Cluster (1E0657-558), adapted from Ref. [16], comparing x-ray
emission from hot gas [the background color map with increasing x-ray intensity scaling from blue
(low) to yellow/white (high)] to the mass distribution deduced from gravitational lensing (green
contour plot, where the outermost contour represents low mass density and the innermost contours
are highest density). The white horizontal line in the lower right represents a distance of 200 kpc at
the position of the Bullet Cluster. The mass distribution is clearly di�erent from the gas distribution.

Measurements of the cosmic microwave background radiation (CMB) also point
to the existence of dark matter. The CMB is a photon gas permeating the universe that
essentially decoupled from baryonic matter⇡ 400, 000 years after the Big Bang. This
time, known as recombination,1 is when the universe had cooled to the point where
the first atoms formed. From the appearance of baryons until recombination, the
plasma of protons, electrons, and photons strongly interacted via Compton scattering
and formed a coupled photon-baryon fluid. Thus the photons and baryons shared
similar spatial patterns of density. After recombination the photons largely decoupled
from baryonic matter. This is because the interaction of light with neutral atoms

1 The term recombination is somewhat misleading, since protons and electrons weren’t previously
“combined” — recombination is a historical name established prior to the widespread acceptance
of the Big Bang theory.
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Fig. 1.3 Plot of the angular anisotropy of the square of the CMB temperature fluctuations in terms
of multipole moments / h |a`m |2 i (averaged over m) and associated angular scale. Figure adapted
from Ref. [35]. The black dots with red error bars are data from the Planck satellite observations
and the green curve is the theoretical fit. The oval inset shows the Planck all-sky map of the
CMB intensity fluctuations. The agreement between theory and data from the Planck and WMAP
missions supports a flat universe whose matter density is dominated by CDM [32–34].

of the BAO had travelled from the time since recombination s ⇡ ctr/2 (the sound
horizon):

�✓ =
s

dls(z)
, (1.6)

where dls(z) is the distance to the surface of last scattering, taking into account the
expansion of the universe from z ⇡ 1100.

The relationship between the angular scale of the peaks in the anisotropy of the
CMB temperature fluctuations and the spatial scale of the baryon density fluctuations
at recombination can be distorted by the spacetime geometry of the universe [36].
The overall spatial curvature of the universe could, in principle, be open, closed, or
flat: in an open universe, initially parallel light rays would propagate along geodesics
that diverge from each other; in a closed universe, initially parallel light rays would
propagate along geodesics that converge; and in a flat universe (spatial curvature
equals zero), initially parallel light rays would remain parallel as they propagate
(geodesics are straight lines). If the spacetime geometry of the universe was open or
closed, the spatial curvature would cause the observed �✓ and ` for the first peak
in Fig. 1.3, corresponding to the spatial scale of the sound horizon at the surface
of last scattering, to be larger or smaller than observed. The CMB measurements
provide strong evidence for a flat universe (better than a part in a thousand [32–34]).
The higher order peaks in Fig. 1.3 show the relative importance of the gravitational
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+ < θ|θ >−= Σν

∫

δAeiSeff [A]δ[ν −
g2

32π2

∫

d4xFµν
a F̃aµν ], (15)

where

Seff [A] = SQCD[A] + θ
g2

32π2

∫

d4xFµν
a F̃aµν . (16)

The resolution of U(1)A problem, by recognizing the complicated nature of
the QCD’s vacuum, effectively adds and extra term to the QCD Lagrangian:

Lθ = θ
g2

32π2
Fµν

a F̃aµν . (17)

This term violates Parity and Time reversal invariance, but conserves Charge
conjugation invariance, so it violates CP. The existing strong bound on the
neutron electric dipole moment [7] |dn| < 3 × 10−26 ecm requires the angle θ
to be very small [dn # eθmq/M2

N implies [8, 9] θ < 10−9]. Why should this
be so is known as the strong CP problem.

This problem is actually worse if one considers the effect of chiral trans-
formations on the θ-vacuum. Chiral transformations, because of the anomaly,
actually can change the θ-vacuum [10]:

eiαQ5 |θ >= |θ + α > . (18)

If, besides QCD, one includes the weak interactions, the quark mass matrix
is in general complex:

LMass = q̄iRMijqjL + h.c. (19)

To go to a physical basis one must diagonalize this mass matrix and when one
does so, in general, one performs a chiral transformation which changes θ by
Arg DetM . So, in the total theory, the coefficient of the FF̃ term is

θ̄ = θ + Arg detM (20)

The strong CP problem is why is this θ̄ angle, coming from the strong and
weak interactions, so small?

2 Approaches to the Strong CP Problem

There are three possible ”solutions” to the strong CP Problem:
i. Unconventional dynamics
ii. Spontaneously broken CP
iii. An additional chiral symmetry
However, in my opinion, only the third of these is a viable solution. Of course,
it might be possible that, as a result of some anthropic reasons θ̄ just turns out
to be of O(10−10) but I doubt it, as a Universe where CP is violated strongly
seems as viable as one where it is not. [11]
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Figure 1. Missing energy loss, �L, normalized over a reference luminosity, Lst, for di↵erent stellar
systems. The plot includes only stars for which an analysis with confidence levels was provided: the
three white dwarf variables G117-B15A [4], R548 [6] and PG 1351+489 [7]; an example from the
central region of the WDLF (MBol ⇠ 9) [8, 9]; red giants [11, 12]; and HB stars [13]. For RG and
HB stars, the reference luminosity is taken to be the core average energy loss. The errors are derived
from the 1� uncertainties provided in the original literature.

WD class Ṗobs[s/s] Ṗth[s/s]

G117-B15A DA (4.19± 0.73)⇥ 10�15 (1.25± 0.09)⇥ 10�15

R548 DA (3.33± 1.1)⇥ 10�15 (1.1± 0.09)⇥ 10�15

PG 1351+489 DB (2.0± 0.9)⇥ 10�13 (0.81± 0.5)⇥ 10�13

Table 1. Results for Ṗ for G117-B15A [4], R548 [6], and PG 1351+489 [7].

Since Ṗ /P is practically proportional to the cooling rate Ṫ /T , it appears that this
specific WD was cooling substantially faster than expected. The anomalous energy loss, Lx,
can be estimated as [10]

Lx

Lst
' Ṗobs

Ṗth

� 1 , (2.1)

where Lst is the standard energy loss. Accordingly, even in the most optimistic hypothesis,
one would find Lx & Lst from the results reported in [3].2

After several years of improved modeling and observations, G117-B15A still shows hints
to exotic cooling. Additionally, two more WD variables have shown a similar anomalous
behavior: R548, a DA variable very similar to G117-B15A, and PG 1351+489, a DB variable
(DBV) with quite di↵erent properties. The latest results are shown in table 1.

Besides this, various studies of the WD luminosity function (WDLF), which represents
the WD number density per brightness interval, also seem to indicate a preference for an
additional cooling channel. This has been quantified in the literature in terms of cooling by
axion electron bremsstrahlung, pointing to an axion-electron coupling gae ' (1.4 ± 0.3) ⇥
10�13 (at 1�) [8], while showing no improvement in the assumption of a neutrino magnetic
moment [9]. In figure 1, we show the additional cooling deduced by the hinted results for the
axion electron coupling in [8]. Notice that �L, in the case of the WDLF, depends on the

2
Notice that eq. (2.1) is strictly valid only when Lx ⌧ Lst, so that the unperturbed model can be used to

estimate the energy loss. However, numerical studies show that the above estimates are reasonable even for

Lx ⇠ a few Lst.
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LSW Experiments 
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• Volume of magnetic field:                       
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Parameter Space

Current experimental limits 

• Haloscopes deep and narrow  

• Helioscopes wide band 

• LSW not quite there yet 

Hints 

• QCD axion models 

• Post-inflation PQ symmetry breaking 

• Cold dark matter 

• TeV 

• Stellar cooling
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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

7

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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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
(m2 << 2ω/L) 
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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
(m2 << 2ω/L) 
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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.

(m2 << 2ω/L) 
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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.

(m2 << 2ω/L) 
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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.

(m2 << 2ω/L) 
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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.

(m2 << 2ω/L) 
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Target Sensitivity 

• g > 2 x 10-11 GeV-1 

• 3x beyond CAST limit 

• m < 0.1 meV 

Hints probed 

• TeV transparency 

• Stellar Cooling 
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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.

(m2 << 2ω/L) 
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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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circulating in the PC, an RC resonant enhancement factor of 20 000, and BL of
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Abstract: ALPS II is a light shining through a wall style experiment that will use the principle
of resonant enhancement to boost the conversion and reconversion probabilities of photons to
relativistic WISPs. This will require the use of long baseline low-loss optical cavities. Very high
power build up factors in the cavities must be achieved in order to reach the design sensitivity
of ALPS II. This necessitates a number of di�erent sophisticated optical and control systems to
maintain the resonance and ensure maximal coupling between the laser and the cavity. In this
paper we report on the results of the characterization of these optical systems with a 20 m cavity
and discuss the results in the context of ALPS II.
© 2016 Optical Society of America
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Abstract
Light-shining-through-a-wall experiments represent a new experimental approach in
the search for undiscovered elementary particles not accessible with accelerator based
experiments. The next generation of these experiments, such as ALPS II, require high
finesse, long baseline optical cavities with fast length control. In this paper we report
on a length stabilization control loop used to keep a 9.2m cavity resonant. The finesse
of this cavity was measured to be 101,300±500 for 1064 nm light. Fluctuations in the
differential cavity length as seen with 1064 nm and 532 nm light were measured. Such
fluctuations are of high relevance, since 532 nm light will be used to sense the length
of the ALPS II regeneration cavity. Limiting noise sources and different control
strategies are discussed, in order to fulfill the length stability requirements for ALPS II.

Keywords: Lasers, Optical resonators, Precision interferometry, Axion searches

Introduction
Axion-like particles [1] represent an extension to the standard model of particle physics
that could explain a number of astrophysical phenomena including the transparency of
the universe for highly energetic photons [2] as well as excesses in stellar cooling [3].
These particles are characterized by their low mass, m < 1meV, and weak coupling to
two photons, g < 10−10 GeV−1. The most prominent axion-like particle is the axion itself
which is predicted to preserve the so called charge-parity conservation of Quantum chro-
modynamics [4]. Axions and axion-like particles are also excellent candidates to explain
the dark matter in our universe [5].
Light-shining-through-a-wall experiments attempt to measure the interaction between

axion-like particles and photons by shining a laser through a strong magnetic field at
an optical barrier. This will generate a flux of axion-like particles traveling through the
optical barrier to another region of strong magnetic field on the other side of the barrier.
Here, some of the axion-like particles will reconvert to photons that can be measured.
Any Light Particle Search (ALPS) II [6] is a light-shining-through-a-wall experiment

that is currently being set up at DESY in Hamburg. It uses strong, superconducting dipole
magnets and a high power laser with 122m cavities on either side of the optical barrier
to boost the conversion probability of photons to axion-like particles and vice versa. The
cavity before the barrier is called the Production Cavity (PC), while the cavity after the
barrier is called the Regeneration Cavity (RC).

© The Author(s). 2020 licensee Springer on behalf of EPJ. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited.
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Spatial overlap 

• PC and RC must share same spatial eigenmode 
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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.
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For the longitudinal degree of freedom the field circulating in the regeneration cavity is [6, Eq.
(9.1-9)]:
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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 �⌫:
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2We are working on an update that includes dynamic effects.
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For the longitudinal degree of freedom the field circulating in the regeneration cavity is [6, Eq.
(9.1-9)]:
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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
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2We are working on an update that includes dynamic effects.
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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
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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
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Dual Resonance

PC circulating field must be resonant in RC 

• Additional Reference Laser will be coupled to RC length 

• Phase lock loop established 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
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Maintaining the coupling between the cavities

High Power
Laser

Production Cavity

Reference
Laser

PDP

COB

Regeneration Cavity

PDR Local
Oscillator

ϕRC = !RCt + "ϕRC(t)

"ϕ = "ϕPC - "ϕRC

!PC = !RC + N·FSRRC

ϕPC = !PCt + "ϕPC(t)

!RL = !RC + f0

!RC

N·FSRRC - fg
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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

21

Maintaining the coupling between the cavities
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Central Optical Bench

• Tracks path length changes 

• Maintains cavity alignment 

• Wall 

• Stray light mitigation system

Maintaining the coupling between the cavities

22

10

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.



| Any Light Particle Search II  |  Aaron Spector  |  13th Terascale Detector Workshop  |  April 8, 2021

ALPS II Status
Nearly ready for science!

Construction progressing 

• All 24 magnets are now installed and aligned 

• Cleanrooms at end stations are now operational 

• Commissioning of the optical system has begun 

• Cryogenic operation of magnets July 2021 

First science run at the end of 2021

2323
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Conclusion

ALPS II will probe beyond the CAST limit (m < 0.1 meV) 

• Probe of hints from stellar cooling and TeV transparency 

• Requires sophisticated optical and detection systems 

• Optical system approaching limits of conventional LSW 

ALPS II is nearly ready to go 

• First science run planned for this year! 

24



| Any Light Particle Search II  |  Aaron Spector  |  13th Terascale Detector Workshop  |  April 8, 2021

Future

ALPS II  Optics upgrade 

• What is ALPS II capable of? 

• PPC: 2 MW,  !RC: 40,000  

• Sensitivity of g ~ 1.2 x 10-11 GeV-1??? 

Future LSW 

• Dipole magnets:  

• 13T w/ 100mm bore (~500 m strings) 

• PPC: 1 MW,  !RC: 20,000  

• Sensitivity of g ~ 1.4 x 10-12 GeV-1??? 

• More advanced actuation/suspension 
required for larger mirrors
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How far can ALPS II and LSW go?

▪ Bottura L, de Rijk G, Rossi L, Todesco E., IEEE Trans. Appl. Supercond. 22:4002008 (2012), 
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6656892 

▪ Todesco  E, Bottura L, de Rijk G, Rossi  L.,  IEEE Trans. Appl. Supercond. 24:4004306 
(2014), http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6172724 

Magnets:

http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6656892
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6656892
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6656892
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6172724
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6172724
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=6172724
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Searches for Axion-like Particles
Using the coupling to photons in magnetic field

26

Haloscopes Helioscopes LSW

Axion-flux High Medium N/A

Coupling 
sensitivity High Medium Medium

Mass Band Narrow Wide Wide

Model 
Dependence High Medium Low

Haloscopes 
• Microwave cavities ➜ axions 

from DM halo 
• ADMX, HAYSTAC, MADMAX 

Helioscopes 
• Dipole magnets and X-ray 

telescopes ➜ solar axions 
• CAST, IAXO, babyIAXO 

LSW Experiments 
• Lasers in B fields ➜ axions in 

the laboratory 

• ALPS I, ALPS II, OSQAR
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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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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.
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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
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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 

• 500 m magnet strings: ~100 mm bore diameter 
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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

27

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.

E(r, z) = E0
w0
w(z) exp

✓
� r2

w(z)2
◆

exp
✓
i

kz �  (z) + kr2

2R(z)

� ◆
(1.13)

The intensity distribution for a beam with a power of P is then given by

I(r, z) = 2P
⇡w(z)2

exp
✓
�2

r2

w(z)2
◆
. (1.14)

In these equations w(z) represents the 1/e2 radius of the intensity distribution as the
following function of z.

w(z) = w0

s
1 +

✓
z
zr

◆2
(1.15)

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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as it propagates through a waist. As we can see the radius of the distribution, shown
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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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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
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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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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
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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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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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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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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 ) =
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2w0. It depends only on the minimum waist size and the laser wavelength.
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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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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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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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��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' ⌧ !)?


