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Abstract:

The Any Light Particle Search || (ALPSI1) isan experiment currently being built at DESY in Hamburg,
Germany, that will use a light-shining-through-a-wall (LSW) approach to search for axion-like particles.
ALPSII representsasignificant step forward for these types of experimentsasit will use 24 superconducting
dipole magnets, along with dual high-finesse, 122 m long optical cavities. The experiment will be the first
implementation recipe of the idea, proposed over 30 years ago, to use optical cavities before and after the
wall to increase the power of the regenerated photon signal. This concept will alow the experiment to
achieve a sengitivity in terms of the coupling between axion-like particles and photons down to g4, =
2 x 10~ GeVv~! for masses below 0.1 meV, more than three orders of magnitude beyond the sensitivity of

previous laboratory experiments.



The axion [1, 2] has been of interest since the late 1970's when the Peccei-Quinn mechanism was first
proposed as a solution to the strong CP problem in quantum chromodynamics (QCD) [3]. This solution
promotes the QCD ¢ parameter to adynamical field, leading to the existence of anew particle, known asthe
axion. Axion searches employ the Sikivie process, where an external magnetic field stimulates axions and
photons to couple to one another due to the following term in the QCD Lagrangian [4]:

L= gaww(z)aE ’ é (1)

where g~ isthe coupling of the axion to two photons, ¢, istheaxion field, E isthe oscillating electricfield,
and B represents the static magnetic field. All axion searches take advantage of this effect; their designs
are largely dependent on the source of axions that they use. Axions have proven to be an elusive target for
experimental physicists and astronomers largely because the coupling g, is extremely weak [5, 6].

These particles could explain a number of astrophysical phenomena such as the existence of dark matter
[7], the transparency of the universe for highly energetic photons [8], and anomalies in stellar cooling rates
[9]. In addition there could be awhole new class of axion-like particles with similar characteristics, such as
alow mass and weak interactions with the standard model particles[10-12].

The three primary experiments currently being used to search for axions and axion-like particles are
hal oscopes, helioscopes, and light-shining-through-a-wall (L SW) experiments. Haloscopes such asADMX,
HAY STAC and proposed MADMAX [13-15] look for axions that reside in the dark matter galactic halo
by using microwave resonators immersed in a magnetic field. Helioscopes (CAST) and the future IAXO
experiment [ 16, 17] use the sun as a source of axionsthat are subsequently converted to photons by magnetic
fields within x-ray telescopes.

LSW experiments take place entirely in the laboratory using a high power laser propagating through
a magnetic field. Laser photons convert to a beam of axions or axion-like particles that travel unimpeded
through awall which blocksthelaser light [18-22]. A second magnetic field behind thewall will cause some
of these axion-like particles to reconvert back to photons which can then be detected. Of the three types of
axion searches mentioned so far, the LSW experiments are the least model dependent, but also have so far
the weakest sensitivity for the QCD axion. Examples of previous LSW experiments include ALPS | [23]
and OSQAR [24, 25]. The Any Light Particle Search 1l (ALPS I1) [26-28] will soon become the world’s
leading LSW experiment. It will improve on the sensitivity of these earlier experiments by three orders of
magnitude and surpass CAST if expressed as an upper limit of the coupling strength between photons and
the QCD axion.

In addition to the QCD axion, other “axion-like” particles that can also be described by Eq. 1 have
recently taken centerstage. These particles, with potentially stronger interactions, offer explanations for a
variety of astrophysical phenomena including the transparency of the universe to highly energetic photons
[8] and anomaliesin stellar cooling rates[9]. ASALPS |1 will directly probe the existence of pseudo-scalar
fields whose coupling to electromagnetic fields is described by Eq. 1, it will provide new insight into their
potential existence independent of dark matter or solar models.

ALPS Il will aso be able to search for scalar fields whose coupling to electro-magnetic fields can be
described by the Lagrangian
L= ga'y’yﬁba(EQ - B2) (2)

Experimentally, this only requires that the polarization of the E-field is orthogonal to the B-field. A signal
running in both polarization modes with no observed polarization dependence on the production rate could
be detected as well. This may indicate the existence of other types of weakly interacting sub-eV particles
(WISPs) that are produced by kinetic mixing such as millicharged particles or hidden sector photons which
do not require a static magnetic field to interact with photons [29].
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A fundamental advantage of LSW experiments such as ALPS |1 is that they make no assumptions about
the prevalence of any of these particles, but merely probe the interactions themselves without the need for
any external sources. LSW experiments can therefore determine the photon-coupling strength independent
of any astrophysical assumptions. LSW experiments take place entirely in the laboratory using a high-
power laser (HPL) propagating through a magnetic field. This generates a beam of axion-like particles that
travel through alight-tight wall into a second magnetic field region where some of these axion-like particles
convert back to photons [18].

ALPS Il is located at DESY in Hamburg, Germany, taking advantage of the tunnels, magnets, and
cryogenic infrastructure formerly used by the HERA accelerator. It will use 122 m long cavities to enhance
resonantly the electromagnetic field on both sides of the wall, increasing the photon regeneration rate by
twelve orders of magnitude over earlier LSW experiments [23-25]. The entire optical setup including these
two cavities has to be tightly controlled to maintain and accurately calibrate the coupling of the generated
axion field to the cavities.

The circulating fields in the cavities will propagate through strings of 12 straightened superconducting
HERA dipole magnets [30], as shown in Fig. 1. Each 8.8 m long dipole produces a magnetic field of 5.3
T giving a magnetic field times length of By = 560 T-m on each side of the wall with free apertures
between 46 and 51 mm. Inside the production cavity (PC) on the left side of the wall, photons will generate
relativistic axion-like particles with an identical energy and spatial mode. These particles pass through the
light-tight barrier on the central optical bench (COB) before they enter the regeneration cavity (RC) where
they convert back to photons.
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Fig. 1. Experimenta layout of ALPS Il. Two 106 m long strings of twelve 5.3 T HERA dipoles are
separated by the COB. This is where the wall which blocks the PC transmitted light from reaching the RC
is housed. Each of the cavities are 122m long. The power inside the PC should be at least 150 kW during
the first science runs and the resonant enhancement of the RC must be > 10, 000. The coupling efficiency
between the PC and RC, given by 7, should be at least 0.9.

The resonant regeneration experiment delivers power P, from the regeneration cavity:

FpFr
P. = ﬁ(BOL)?)(BOL)%fg;&/’yPPa (POUJBT)
where the subscript p standsfor “ production cavity,” r for “regeneration cavity,” F isthe cavity finesse, By L
is the product of the magnetic field strength and magnetic field string length, n specifies the deviation from
perfect overlap of the modesin the two cavities, g, isthe coupling of the axion to two photons, and P, is

the power sent to the production cavity. The target sensitivity is g, = 2x10~ Gev~1 [27, 28].

The ALPS |11 experiment is under construction, with four magnets installed, clean rooms being com-
missioned, and many components either purchased or built. The first science run will start in 2021. Two
detection schemes will be employed: (1) a heterodyne readout of the regenerated photons, using technol ogy
from LIGO and LISA, and (2) transition-edge sensors (TES), using superconducting thin films capable of
responding to single photons.

Future plans for the ALPS magnet string include measurements of vacuum birefringence [32, 33] or
high frequency gravitational wave searches [34]. Also plansfor building larger aperture and stronger dipole
magnets with the option to aternate the direction of the magnet fields [21] to significantly improve the
sensitivity and mass range of a future axion-like particle searches are currently being devel oped.
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