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When the Peccei-Quinn symmetry breaks after inflation, domain walls will form at the QCD scale
in the axion field if there is more than one quark charged under the symmetry (as in e.g. the
DFSZ model). When destabilised by quantum gravity effects, the collapse of the wall network
creates relativistic axions, which subsequently turn non-relativistic and contribute to cold dark
matter. Accounting for this additional contribution then requires the axion to be heavier than
11 meV — a mass range that is little explored experimentally. We describe first results from a new
light-shining-through-walls search for such heavy axions at the EuXFEL, Hamburg.
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1. Introduction

The axion arises from the breaking of Peccei-Quinn (PQ) symmetry [1–3], which was proposed
to explain the absence of 𝐶𝑃-violation by the strong interactions as described by the theory of
quantum chromodynamics (QCD). Axion-like particles (ALPs) also arise in string theory [4].
Although very light and with suppressed couplings, coherent oscillations of relic axions can naturally
account for cold dark matter if 𝑚𝑎 ∼ 10−6–10−4 eV [5–7]. Laboratory ‘haloscope’ searches
for axions converting to photons in a magnetic field [8] have therefore focussed on this ‘light
axion window’ [9], targeting axion-photon couplings corresponding to the Galactic halo dark
matter being made of axions. This coupling is related (inversely) to the scale of PQ symmetry
breaking in extensions of the Standard Model that implement the PQ symmetry, e.g. the Kim-
Shifman-Vainshtein-Zakarov (KSVZ) model [10, 11] or the Dine-Fischler-Srednicki-Zhitnitsky
(DFSZ) model [12, 13]. It has been noted that when the PQ symmetry breaks after cosmological
inflation, axions are also produced by the decay of topological defects in the axion field viz. strings
[14] and domain walls [15]. The preferred mass for axions to make up dark matter then exceeds
11 meV in the DFSZ model [16]. The corresponding scale of Peccei-Quinn symmetry breaking is
then rather low, so is theoretically preferred as being less susceptible to the ‘axion quality problem’,
viz. the potential destabilising effects of quantum gravity on global symmetries [17–20].

Stringent bounds on such ‘heavy’ axions (excluding astrophysical arguments based on stellar
cooling [21]) come from the CERN Axion Solar Telescope (CAST) [22] — a ‘helioscope’ which
looks for conversion of axions emitted by the Sun into X-ray photons as they pass through a
strong magnetic field. Due to the specific experimental geometry of CAST, the axion-photon
conversion probability gets highly suppressed for 𝑚𝑎 ≳ 1 eV. For such masses, better bounds on
the axion-photon coupling have been claimed from underground searches for dark matter and 𝛽𝛽-
decay by examining Bragg conversion in the electric field of crystals [23–30]. However when the
damping of X-rays in a crystal is taken into account, such bounds are considerably weakened [31].
Moreover, since the axions come from the Sun there is model dependence in extracting such bounds;
in particular the plasma frequency and temperature in the Sun can perturb the effective axion-
photon coupling [21, 32]. Similarly bounds derived from stellar cooling arguments, e.g. neutrino
observations of Supernova 1987a, have large astrophysical uncertainties [33], however consideration
of axion emission by supernovae sets a model-independent bound of 𝑚𝑎 < 53+7.3

−1.3 meV [34].
By contrast in laboratory experiments the axion production process is directly controlled,

avoiding any model dependence. Interesting constraints have been set by searches at accelerators,
using NOMAD [35], BaBar [36, 37], and NA64 [38], although they do not presently have the
same sensitivity as astrophysical arguments. Of course it is important to use as many different
experimental approaches as possible, since each has its own characteristic strengths and limitations.

Here we present results from a new search for axions performed with the HED/HiBEF in-
strument at the EuXFEL in Hamburg [39], which is sensitive to a broad range of axion/ALP mass
between∼ 10−3−104 eV. Our experiment exploits the Primakoff effect via which a photon can decay
into an axion in the presence of another photon, provided by a strong external electric or magnetic
field, and then reconvert back into a photon after passing through an opaque wall. This technique
has been previously employed in ‘light-shining-through-a-wall’ experiments using optical lasers
and external magnetic fields [40–42].
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Using X-rays, it is possible to increase the axion conversion/detection sensitivity by exploiting
the electric fields within a crystal which can be as high as 1011 V/m, corresponding to magnetic field
strengths of O(1) kT [43]. This is much higher than is obtainable using the best electromagnets,
however the relevant length scales are much smaller so the path integrated equivalent field is
comparable, being ∼ 25 Tm in the present study. Furthermore, arranging atoms in a crystalline
structure leads to a coherent effect analogous to Bragg scattering; generation and reconversion can
thus be carried out with a pair of X-ray crystals [44]. We improve on previous laboratory-based
searches in the above mass range (up to 2.4 keV) performed using 3rd generation synchrotron
facilities [45, 47] by achieving higher detection sensitivity thanks to the increased brightness of a
X-ray Free Electron Laser (XFEL). This is because of the much shorter duration of the photon pulse
which allows for a more accurate discrimination of the signal against the background.

2. Experimental setup

We use the term axion to describe both the QCD axion and any ALP which couples to photons
via the dimension-5 operator

Laxion = 𝑔𝑎𝛾𝛾E · B 𝑎, (1)

where E ≡ Eeff is the electric field in the crystal lattice, B ≡ BFEL is the magnetic field associated
with the electromagnetic wave of the X-ray photon, 𝑎 is the𝐶𝑃-conserving scalar field of the axion,
and 𝑔𝑎𝛾𝛾 is the axion-photon coupling.

Figure 1 shows our experimental setup, with 2 germanium (Ge) crystals oriented in Laue
geometry with their lattice planes parallel to each other. The 𝜎-polarised XFEL beam impinges on
the first crystal from the left, with the angle between the wave-vector and the crystal lattice plane
denoted 𝜃. Note that the Laue geometry is preferable to the more conventional Bragg scattering
geometry because of the Borrmann effect, due to which the transmission of X-rays in the Laue case
is is significantly increased [44, 45].

Figure 1: Diagram of the experimental setup. Axion production and photon regeneration take place via the
effective electric field within a pair of Ge (220) monolithic crystals (10 × 10 × 0.5 mm) in Laue geometry,
oriented by a pair of piezoelectric rotation stages (Xeryon, XRT-U30). The shield is a 1 mm thick Ti sheet.
The X-ray beam polarisation maximises the value of BFEL · Eeff , hence the probability of axion production.
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Both the generated axions (𝑎) and Laue diffracted photons (𝛾) are transmitted through the first
crystal. The photons are absorbed by the radiation shield but the weakly interacting axions penetrate
and impinge on the second crystal where the strong electric field enables, via the inverse Primakoff
process, the regeneration of photons which are observed by a detector downstream. When 𝜃 equals
𝜃B (the Bragg angle), the design is sensitive to a broad range of axion mass satisfying the inequality

|𝑚2
𝑎 − 𝑚2

𝛾 | ≲
4𝑘𝛾
𝐿eff

, (2)

where 𝑚𝛾 = 44 eV is the plasma frequency of the valence electrons in the conversion crystals [45];
𝑘𝛾 is the photon energy; and 𝐿eff is the effective path length of X-rays within a crystal.

When there is a detuning from the Bragg angle by Δ𝜃 = 𝜃 − 𝜃B, it can be shown [43, 45] that
this setup becomes sensitive to a narrow range of axion mass (Δ𝑚𝑎 ∼ 10−3 eV) centered on

𝑚𝑎 =

√︃
𝑚2

𝛾 + 2𝑞T𝑘𝛾cos(𝜃B)Δ𝜃, (3)

where 𝑞T = 6.20 keV is the magnitude of the reciprocal lattice vector. Thus by sweeping through
different values of Δ𝜃 we can search for axions with mass bracketed between the plasma frequency
of the crystal and the projection of the incoming photon energy onto the reciprocal lattice vector.

The EuXFEL was operated in a seeded mode, with 9.8 keV photon energy (wavelength,
𝜆x = 2𝜋/𝑘𝛾 = 1.265 Å). The repetition rate was 10 Hz, with one pulse per train. The X-ray beam
was collimated by upstream compound refractive lenses (CRLs). The full-width-half-maximum of
the beam transverse profile was measured to be 400 𝜇m at the center of the interaction chamber.
The axion-photon conversion probability 𝑃(𝑎 ↔ 𝛾) for Laue-case diffraction is given by [45]

𝑃(𝑎 ↔ 𝛾) =
(
1
4
𝑔𝑎𝛾𝛾𝐸eff 𝐿eff cos 𝜃B

)2
, (4)

where 𝐸eff = 7.3 × 1010 V/m is the crystalline electric field [45], and

𝐿eff = 2𝐿B
att

(
1 − e−𝐿x/2𝐿𝐵

att
)
, (5)

where 𝐿x = ℓ/cos(𝜃B +Δ𝜃) is the X-ray path length inside the crystals (ℓ = 500 𝜇m is the thickness
of each crystal) and 𝐿B

att = 1499.8 𝜇m (for 𝜎-polarization) [46]. However since the X-ray pulse
duration in our experiment is short compared to that at a synchrotron facility, the result above
requires modification. For a short (i.e. transform-limited) X-ray pulse, the width of the rocking
curve (Δ𝜃RC) and timescale of the scattering process (Δ𝑡) form a time-bandwidth product given by:
Δ𝜃RCΔ𝑡 ≃ 𝜆x tan 𝜃B/𝑐. Because of the Borrmann effect, the extinction length of the X-rays is longer
than the X-ray path-length in the crystal, therefore the characteristic timescale is simply given by the
geometric time-delay due to scattering off multiple planes: 𝑐Δ𝑡 = 2ℓ tan 𝜃B sin 𝜃B. Combining these
expressions yields a rocking curve width Δ𝜃RC ≃ 0.4 µrad, which is far narrower than the Darwin
width,Δ𝜃D = 44 µrad for Ge (220) [46]. This narrowing of the rocking curve may also be interpreted
as a change in the effective index of refraction inside the crystal lattice [45].The interaction amplitude
must then increase by a factor 𝜉B = Δ𝜃D/Δ𝜃RC, hence, the scattering probability becomes

𝑃(𝑎 ↔ 𝛾) ≃
(
1
4
𝑔𝑎𝛾𝛾𝐸eff 𝐿eff 𝜉B cos 𝜃B

)2
. (6)
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Δ𝜃 [mrad] 𝑚𝑎 [eV] 𝑁in (×1016) 𝑔𝑎𝛾𝛾 [eV]
0.0 ≲ 44 2.6 3.91 × 10−4

1.0 3.4 × 102 2.4 3.10 × 10−4

1.8 4.6 × 102 1.6 3.87 × 10−4

10.0 1.1 × 103 1.7 3.69 × 10−4

50.0 2.4 × 103 1.5 2.76 × 10−4

Table 1: inferred bound on the axion-photon coupling, 𝑔𝑎𝛾𝛾 for various detuning angles, Δ𝜃 and the
corresponding mass, 𝑚𝑎; 𝑁in is the total number of incident X-ray photons.

3. Results

The regenerated photons were measured using a silicon hybrid-pixel JUNGFRAU detector. Our
search was limited to 5 discrete Δ𝜃 values, with data collected for 60 − 90 min at each angle. Table
1, shows the bounds on the axion-photon coupling determined at each detuning angle. Figure 2
shows energy-resolved events for each of the data sets in Table 1, compared against the number of
counts in a 24-hour long dark run. The axion signal can be distinguished from the background as
reconverted X-rays must be identical to the primary EuXFEL X-rays, and moreover must fall inside
the region on the detector which is impacted by the X-ray beam when the shield is absent.

Figure 2: Events detected across all acquisitions, along with the number of counts in a 24 hour dark run.

To establish if any of the few events in the relevant energy band do fall upon the X-ray spot
and might therefore be associated with axion production, hit-maps of events were produced as in
Figure 3. The blue colour map shows transmission through the setup in the absence of the radiation
shield while the overlaid data points indicate the location of hits on the detector with a photon energy
exceeding 4 keV for each of the data sets in Table 1. It is seen that there are no events which overlap
with the region of the X-ray spot (the darker blue region in the centre of the figure). Their absence
implies that no events consistent with axion production were detected during the experiment. The
corresponding limit on the axion-photon coupling is then obtained by inverting Eq. (6):

𝑔𝑎𝛾𝛾 <

(
1
4
𝐸eff 𝐿B 𝜉𝐵 cos 𝜃B

)−1
𝑃(𝑎 ↔ 𝛾)1/2, (7)

with 𝑃(𝑎 ↔ 𝛾)2 = (𝑁det/𝜂𝑁in), where 𝑁det and 𝑁in are the number of detected and incident
photons. The efficiency factor 𝜂 accounts for losses associated with the deviation from parallelism
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Figure 3: An image showing the transmitted signal in the absence of the radiation shield (blue colour-map)
overlaid with the position of 𝑘𝛾 ≥ 4 keV events across all data acquisitions.

between the two crystals; fluctuations in the exact X-ray energy; and the quantum efficiency of
the detector. The value of 𝜂 was obtained experimentally: At the beginning and end of each data
run, the crystals were tuned to the Bragg angle and the radiation shield was removed in order to
characterise the experimental setup.

The outcome of this analysis is shown in Figure 4 along with other bounds in the meV–keV
mass range from searches for laboratory-generated axions. We were able to improve on the results
from Ref. [47] at several discrete axion masses. For 𝑚𝑎 ≳ 200 eV, we achieve a sensitivity within
a factor 10 of previous searches, viz. NA64 [38] and BaBar [36, 37]. This is however not the
best sensitivity achievable with the present setup which should be considered a ‘proof-of-principle’.
Issues with X-ray heating forced us to attenuate the X-ray flux by a factor of 103. Moreover, the
X-ray bunch structure was set with the number of pulses per train limited to 1, out of a possible 300.
Issues with retaining alignment also limited data acquisition time to 60-90 min at each detuning
angle; with a more stable setup that would include active cooling of the first conversion crystal, these
times could be increased by a factor of 30. Furthermore, we could also fully exploit the Borrmann
effect and use Ge crystals up to 1.5 mm in thickness. Taken together these improvements would
increase the sensitivity by a factor of ∼ 150, bringing the estimated sensitivity down to 2 × 10−6

GeV−1, which is close to the expectation for QCD axions.

Figure 4: Bounds on the axion-photon coupling from our experiment (pink), compared with those from
Yamaji et al. [45, 47] (purple). The excluded region (blue) taking 𝜉B = 1 in Eq. (7) illustrates the improvement
due to the higher photon number. Shown for comparison are other laboratory bounds: NOMAD [35], PVLAS
[48], ALPS [41], NA64 [38], BaBar [36, 37], Battesti et al. [49] and Inada et al. [50].
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