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Abstract: The regeneration cavity (RC) is a critical component of the Any Light Particle
Search II (ALPS II) experiment. It increases the signal from possible axions and axion-like
particles in the experiment by nearly four orders of magnitude. The total round-trip optical losses
of the power circulating in the cavity must be minimized in order to maximize the resonant
enhancement of the cavity, which is an important figure of merit for ALPS II. Lower optical
losses also increase the cavity storage time, and with the 123 meter long ALPS II RC we have
demonstrated the longest storage time of a two-mirror optical cavity. We measured a storage time
of 7.17 ± 0.01 ms, equivalent to a linewidth of 44.4 Hz and a finesse of 27,500 at a wavelength of
1064 nm.
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1. Introduction

Light-shining-through-a-wall (LSW) experiments aim to produce, and then subsequently detect,
light bosons via their mixing with photons, where (pseudo-)scalar and tensor particles require a
background magnetic field [1–3]. ALPS II [4] is a LSW experiment located at the Deutsches
Elektronen-Synchrotron DESY in Hamburg, Germany, which uses optical cavities to resonantly
enhance the experimental sensitivity to such particles, including the axion [5–7]. In the design of
the ALPS II first science campaign, shown in Fig. 1, light from a high-power continuous-wave
laser in the laser end station enters the production region. The flux of axions generated by
the interaction of the light with the magnetic field of the production region then enters the
regeneration region of the experiment through an optically opaque ‘wall’. The purpose of the
Regeneration Cavity (RC) is to subsequently enhance the reconversion rate of axions to light for
detection.

The wall and flat RC mirror are housed in the central station, with the RC curved mirror located
at the detector end station on the opposite side of the regeneration region magnet string. Each
magnet string consists of twelve superconducting HERA dipole magnets with field strength of
5.3 T. In order to maximize the ALPS II sensitivity, the 123 meter long RC was constructed and
aligned in such a way that the spatial mode of the axion field, which follows the spatial mode of
the high-power laser as if it were unimpeded by the wall, is well matched to the fundamental
mode of the optical cavity. For axion masses below 0.1 meV, the regenerated photon rate of

#540297 https://doi.org/10.1364/OE.540297
Journal © 2025 Received 2 Sep 2024; revised 23 Jan 2025; accepted 25 Feb 2025; published 4 Mar 2025

https://orcid.org/0000-0003-4790-4296
https://orcid.org/0000-0001-8210-2024
https://orcid.org/0000-0002-6575-8192
https://orcid.org/0000-0001-5176-8341
https://orcid.org/0000-0003-0524-2925
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.540297&amp;domain=pdf&amp;date_stamp=2025-03-04


Research Article Vol. 33, No. 5 / 10 Mar 2025 / Optics Express 11154

Fig. 1. ALPS II conceptual layout for the first science campaign. A potential field of light
(pseudo-)scalars (blue) is generated from the high-power laser in the magnetic field of the
production region. The field passes unimpeded through an optically opaque wall and into
the regeneration cavity, where a small fraction of it is reconverted to light (dotted red) for
detection.

ALPS II for a given axion-photon coupling gaγγ, can be expressed as [8,9]
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(1)

where Ṅreg is the regenerated signal rate in terms of photons per second, Plaser is the power of the
laser in the production area , B0 is the external magnetic field strength, and LB is the magnetic
field length. The factor η represents the coupling efficiency between the regenerated light field
and the fundamental eigenmode of the RC in terms of power. β is the resonant enhancement
factor of the RC and is the principal figure of merit for the cavity’s performance [4]. ALPS II
employs a heterodyne interferometric detection scheme to sense the extremely weak reconverted
light field [10].

For a high-finesse RC, the resonant enhancement factor can be expressed as

β ≈
4T1

(T1 + T2 + l)2
(2)

where T1 represents the transmissivity of the mirror through which regenerated light couples
out of the cavity for detection, T2 is the transmissivity of the other mirror, and l is the excess
optical loss, the fraction of power unintentionally lost from the cavity fundamental eigenmode in
each round-trip. The minimization of this round-trip loss leads to improvement in the ALPS II
photon regeneration rate. In terms of the cavity free spectral range f0 and storage time τs, β can
be expressed as

β ≈ T1 · (f0 · τs)2 (3)

In this paper we report on the ALPS II Regeneration Cavity which has achieved a storage
time of 7.17 ± 0.01 ms, to the best of our knowledge the longest ever reported for a two-mirror
Fabry-Perot optical cavity. This is equivalent to a 44.4 Hz linewidth, a finesse of 27,500, and a
resonant enhancement factor of 7600. We also discuss the long-term performance of the RC,
necessary for the successful operation of ALPS II. In particular, we characterize the cavity in
the context of conditions present for the ALPS II first science campaign, which took place from
January 26th until May 5th, 2024.

2. Experimental setup

The RC, shown in Fig. 2, is formed by two mirrors positioned 123 meters apart. The cavity
mirrors are in separate cleanrooms located roughly 26 m underground within the tunnel formerly
occupied by the HERA accelerator [11]. The design of the ALPS II experiment requires lasers
on both sides of the RC. In the detector end station, one laser (L1) is kept on resonance with
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the RC and is used to sense the length of the cavity. A second laser (L2) on the detection side,
purposefully held off resonance with the RC, serves as a local oscillator which interferes with the
reconverted field to form the heterodyne detection beat-note on the science photodetector (PDsci).
In the central station, a reference laser (L3) is used to transfer phase and frequency information
from the resonant sensing laser to the high-power laser.

Fig. 2. Schematic of the regeneration cavity and measurement setup. Not shown are mirrors
and lenses responsible for the alignment and mode-matching of the various beams. L: laser,
PLL: phase-locked loop, PD: photodetector, PDH: Pound-Drever-Hall, COB: central optical
bench, EOM: electro-optic modulator, FI: Faraday Isolator, λ/2: half-wave plate, PBS:
polarizing beam splitter. The high-power laser and production area are omitted for clarity.

The RC adopts a plano-concave cavity geometry, where the cavity eigenmode forms a waist at
mirror M2 and the other mirror M1 is positioned approximately a Rayleigh length away. This
geometry minimizes the size of the projected RC eigenmode within the combined production
and regeneration magnet strings to reduce clipping losses of the final ALPS II design due to the
limited aperture of the magnets. The mirror M2 of the cavity is nominally flat, while the nominal
radius of curvature of the curved mirror M1 is 214 m, yielding a design cavity g-parameter of
g1g2 = 0.43, where g1,2 = 1 − LRC/R1,2 with LRC referring to the RC length, and R1,2 the radius of
curvature of M1 and M2, respectively. This geometry results in a cavity eigenmode with a waist
located at the flat mirror with radius w0 = 6.0 mm and a beam radius on the curved mirror of
9.2 mm.

The mirrors consist of fused silica substrates with a specified surface roughness of <0.1 nm
(RMS), measured over 1 mm × 1 mm sections of the mirror. The substrates are coated via
ion-beam sputtering with alternating dielectric layers of tantala (Ta2O5) and silica (SiO2). The
flat and curved cavity mirrors are coated to have nominally specified transmissivities of 6.7 ppm
and 107 ppm, respectively, at our operational wavelength of 1064 nm. The curved cavity mirror
is mounted atop a precision actuation stage to allow for sub-µrad angular adjustments of the
optic. The flat cavity mirror is rigidly mounted to the central optical bench (COB), an aluminum
breadboard. The COB is placed on an alignment system which provides sub-µm positional and
sub-µrad angular adjustment capability in six degrees of freedom.

An ultra-high vacuum (<10−8 mbar) system encloses the entire RC, including vacuum chambers
containing each of the mirrors, connected by the magnet bore. The twelve superconducting
dipole magnets of the regeneration region, originally curved in order to fit the circular HERA
accelerator ring, were mechanically straightened in order to provide a sufficient aperture for the
fundamental cavity eigenmode. This process yielded dipoles with horizontal vacuum beam pipe
apertures between 46 and 51 mm [12]. In order to minimize the risk of intra-cavity losses from
clipping of the eigenmode, the magnets were aligned to a theoretical optical axis centered on
the two cavity mirrors to within 200 µm. Where possible, the individual magnets are ordered
such that those with the largest measured apertures are located where the beam is largest. The
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diameter of the cavity mirrors was chosen to be 50.8 mm for the flat mirror and 75.2 mm for the
curved mirror such that the mirrors themselves would not limit the free aperture of the system.

The detector end station is equipped with two Nd:YAG nonplanar ring oscillator (NPRO)
lasers with output of up to 500 mW of continuous 1064 nm light, while the central station has a
single 200 mW NPRO also with a wavelength of 1064 nm. Most of the power from each laser is
diverted using a half-wave plate and polarizing beam splitter located close to the output of each
laser, such that less than 10 mW of total power is incident on the RC. The detector end station
lasers (L1 and L2) are spatially combined via a polarization-maintaining fiber beam splitter
and mode-matched and injected to the cavity using a series of lenses and mirrors. A Faraday
isolator ensures the two beams are in the same linear polarization state prior to the cavity, the
orientation of which can be adjusted using a half-wave plate. During the initial science campaign,
the polarization of the lasers in the detector station is aligned to that of the high-power laser. To
search for scalar or pseudoscalar bosons, this orientation is either perpendicular or parallel with
respect to the magnetic field, respectively. The isolator also diverts 95% of the light in reflection
of the RC towards the pair of photodetectors PD1 and PDsci, approximately 90% of which is
directed towards the science photodetector.

The frequency of L1 can be stabilized to the RC resonance using a Pound-Drever-Hall (PDH)
control technique [13,14] with a fiber electro-optic modulator (EOM) on the injection path and
the remaining 10% of cavity-reflected light on photodetector PD1. The frequency of L2 can
be controlled relative to L1 with an offset phase-locked loop (PLL) [15] using the beat-note
formed on a photodetector (PD2) at one output of the fiber beam splitter. The central station
laser, L3, is mode-matched and injected into the cavity via the flat mirror M2. Prior to the
cavity, L3 transmits through a high-reflectivity beam splitter and in-vacuum half-wave plate on
the COB [10]. The in-vacuum wave plate allows the polarization orientation of light on the
COB optics to remain constant when the polarizations of lasers traversing the magnet strings are
rotated. The frequency of L3 can also be controlled relative to L1 in transmission of the RC by
a PLL using the beat-note from the AC-coupled port of the cavity transmission photodetector,
PD3. A combination of analog and digital-based servo instruments are used to control the laser
frequencies, with stable lock periods on the scale of days. PD1, PD2, PD3, and the science PD
are all identical high-speed (150 MHz bandwidth, 2.3 ns rise time) amplified photodetectors.

3. Measurement techniques

As Eqs. (1) and 2 show, the sensitivity of the ALPS II experiment relies on having accurate
knowledge of the RC individual mirror transmissivities, as well as the round-trip losses. These
quantities are obtained using two distinct methods - first, using the conventional cavity ring-down
measurement and then by measuring the complex reflectivity coefficient of the cavity.

3.1. Cavity ring-down

We first characterized the RC by measuring the power of light in reflection and transmission of the
cavity as the input field goes from a state of being stably on-resonance with the RC fundamental
mode to far off-resonance. We partition the total input Pin into the powers in the fundamental
spatial cavity mode (P0) and in higher-order modes (P1), such that the spatial mode-matching is
ηRC = P0/(P0 + P1). The power in transmission of the cavity before and after the input field is
made to be non-resonant at time t = 0 is

Ptrans(t) =

{︄
P0βT2, t ≤ 0
P0βT2e−2t/τs , t ≥ 0

(4)
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and in reflection,

Pref(t) ≈

{︄
P0 (1 − β(T2 + l)) + P1, t<0
P0

(︁
1 + βT1e−2t/τs

)︁
+ P1, t ≥ 0.

(5)

From these equations, we are able to obtain values for the input mirror transmissivity T1, the
storage time τs, and the RC coupling efficiency ηRC from which other cavity parameters can be
derived [16].

We began with L1 frequency-stabilized to be on resonance with the RC fundamental mode
using the curved mirror M1 as the input mirror. The cavity transmitted power was measured
on photodetector PD3 and recorded on a digital oscilloscope. Additionally, the power of light
reflected from the cavity was simultaneously measured on an identical photodetector. To measure
cavity ring-down in reflection and transmission, frequency control to the laser was turned off,
such that L1 was no longer resonant with the RC. This process took less than 10 s, verified by
measuring the duration of the sharp step-like response of the laser power in reflection described
in Eq. (5).

The cavity reflected and transmitted powers were measured as they exponentially decay in
accordance with Eq. (4), and the collected time-series were fit with an exponential of the form
a + be−2t/τs . The exponential was fit using a MATLAB nonlinear least-squares regression model.
In each fit, the first two milliseconds after control was disengaged were excluded. Occurrences
in which the laser frequency drifts back over the same, or another, cavity resonance within
the measurement time were distinguishable in the transmitted power, and were systematically
excluded using a root-mean-square error threshold on the fit. Approximately 80% of measurements
satisfied these criteria. Figure 3(a) shows a plot of twenty such accepted ring-down measurements.
Figure 3(b) shows the statistical uncertainty of the ring-down measurement and fitting procedure
from a set of 13,000 fits, demonstrating high consistency between sequential measurements. A
value for the input mirror transmissivity T1 was also obtained using laser power in reflection of
the RC following from Isogai et al. [16], and reported in Table 1.

Table 1. Summary of RC parameters derived from complex reflectivity measurements at the
operational alignment for the ALPS II first science campaign, as well as cavity ring-downs

performed at the operational alignment and the alignment associated with our minimum observed
optical loss. For the ring-down parameter derivations, the values for length and T2 from the

complex reflectivity measurement are assumed

Cavity parameter Complex Reflectivity
(Science Runs)

Ring-down
(Science Runs)

Ring-down
(Lowest loss)

Length (LRC) 122.6012 ± 0.0001 m – –

Finesse (F) 25850 ± 100 25650 ± 50 27550 ± 50

Storage Time (τs) 6.73 ± 0.03 ms 6.68 ± 0.01 ms 7.17 ± 0.01 ms

M1 Transmissivity (T1) 100 ± 1 ppm 96 ± 4 ppm 99 ± 4 ppm

M2 Transmissivity (T2) 5.1 ± 0.5 ppm – –

Round-trip Losses (l) 138 ± 1 ppm 144 ± 4 ppm 124 ± 4 ppm

Resonant Enhancement (β) 6800 ± 100 6400 ± 300 7600 ± 300

3.2. Cavity complex reflectivity

We employed a technique of measuring the cavity’s complex reflectivity as a function of frequency
using heterodyne interferometry [17]. The cavity complex reflectivity R is given by the ratio of
the reflected and incident fields. For a high-finesse cavity, this can be approximated as

R(∆ν) ≡
Eref
Ein

≈ 1 −
Tin

1
2
(Tin + Tout + l) − 2πi

∆ν

f0

, (6)
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Fig. 3. (a) Measurement of the exponential decay of the power in transmission of the
RC after disabling the feedback control, normalized to the power in the steady locked
state. Twenty raw measurements are shown overlaid in shades of blue, along with unique
corresponding lines of best fit in black. Each measurement was fit using nonlinear regression
to the model a + be−2t/τs , yielding a storage time of τs = 7.17 ± 0.01 ms. Above, the fit
residuals are shown. (b) Histogram of 13,000 storage time deviations from a 10 minute
moving average taken over 72 hours. A Gaussian distribution is fit to the data, with a standard
deviation of 0.012 ms.

where ∆ν is the frequency difference between the input laser field and the nearest cavity resonance,
Tin is the transmissivity of the mirror from which the input field is reflected, and Tout is the
transmissivity of the other mirror. Our experimental setup allows us to measure the complex
reflectivity of the RC using the interference beat-note formed between a local oscillator, which
transmits through the cavity, and a probe field, which can be scanned across resonance. Measuring
the amplitude and phase of this beat-note yields the complex cavity reflectivity.

The RC reflectivity from the side of the flat mirror M2 was interrogated by stabilizing the
frequency of L1 to the RC resonance, and offset phase-locking L3 relative to L1 by an integer
number of free spectral ranges, such that the frequency of L3 could be scanned via the PLL offset
across resonance. A frequency response analyzer was used to scan the PLL offset frequency over
a cavity linewidth, centered around an integer number of free spectral ranges, and measured the
amplitude of the L1-L3 beat-note formed at that offset frequency on PD3, shown in Fig. 4(a).
The phase information of the RC complex reflectivity in reflection of M2 is obscured by the
L1-L3 PLL, which works to actively suppress phase variations between the two fields, but the
amplitude response can still be used to determine a value for T2.

A measurement of the complex cavity reflectivity as seen from the side of the curved mirror
M1 was performed by bringing L1 onto RC resonance and phase-locking L3 to the transmitted
L1 field, offset by an integer number of free spectral ranges. This resulted in L1 and L3 becoming
simultaneously resonant within the RC, each injected via opposite cavity mirrors. L2, which is
offset phase-locked to L1, was then scanned in frequency over a cavity resonance. The amplitude
and phase of the beat-note formed by the interference between the cavity-transmitted L3 and the
scanning L2 on PD1 was used to obtain the RC complex reflectivity using the curved mirror as
the input mirror. Figure 4(b) shows the amplitude and phase of the L2-L3 beat-note as a function
of frequency around resonance, yielding the cavity linewidth as well as the transmissivity of the
curved cavity mirror.
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Fig. 4. (a) Amplitude of the L1-L3 beat-note in reflection of the flat cavity mirror M2 as
L3 is scanned across resonance. Because of the low transmissivity of M2 which results in
poor signal-to-noise in the measurement, fifty scans (in shades of blue) are averaged. The
amplitude component of Eq. (6) is fit (black) to the averaged data, which follow the cavity’s
complex reflectivity, yielding a transmissivity T2 = 5.1 ± 0.5 ppm. The measurement is
shown on the same scale as the M1 amplitude measurement (top) and zoomed in (bottom).
(b) Amplitude and phase of a single measurement of the L2-L3 beat-note in reflection
of the curved cavity mirror M1 as the probe field L3 is scanned across resonance. The
complex reflectivity is again fit (black) to the amplitude and phase of the measured data,
giving a transmissivity T1 = 95.7 ± 0.5 ppm. The combination of both mirror reflectivity
measurements and the cavity storage time is used to calculate excess optical losses of
142 ± 1 ppm for the cavity alignment used in the ALPS II first science campaign.

4. Results

In Table 1 we report the cavity parameters measured by the two techniques described earlier
in this paper. The RC storage time at its maximum value was found to be 7.17 ± 0.01 ms, to
our knowledge more than any previously reported value [18,19]. Utilizing the cavity’s complex
reflectivity, we have measured the transmissivity of each mirror, in-situ and with the relevant
cavity eigenmode position, to 0.5 ppm precision. Both procedures are noninvasive to the ALPS II
experiment, allowing us to take frequent measurements of the cavity performance over time and
track changes during the first science campaign.

For the results presented in the first two columns of Table 1, the RC was aligned such that a
round-trip optical loss of 144 ppm was measured for the fundamental eigenmode. As will be
discussed in Section 4.1, this configuration adequately represents the state of the RC during
the first ALPS II science campaign and the values measured with the complex reflectivity
method agree with simultaneously performed ring-down measurements. The cavity ring-down
measurements reported in the third column represent the highest cavity storage time we were
able to achieve by scanning the cavity fundamental eigenmode position on the mirrors.

4.1. Mirror loss spatial distribution

The optical losses as a function of the cavity eigenmode position on the mirrors was also
investigated. The distributions of optical losses are typically found to be non-uniform across
even the highest-quality cavity mirror surfaces [16,18,20–22]. We measured the loss distribution
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of our mirrors, seen in Fig. 5, by altering the location of the circulating fundamental cavity
eigenmode on the optics and measuring the round-trip losses at each position. The maps represent
the optical losses integrated over the Gaussian beam profile. Therefore, the spatial resolution of
the maps are limited by the size of the eigenmode on the flat and curved cavity mirrors. The RC
fundamental eigenmode is found to be slightly astigmatic, with a waist measuring 7.2 mm and
6.6 mm along orthogonal axes on the flat cavity mirror (see Section 4.3).

Fig. 5. RC round-trip optical losses as a function of the relative position of the fundamental
eigenmode for the RC curved mirror M1 (a) and planar mirror M2 (b). Black squares
represent invalid measurements. The geometry of the cavity depicted in (c) shows how the
cavity axis moves on each mirror as M2 is tilted by an angle θ as a function of the cavity
length L and M1 radius of curvature R.

To scan the eigenmode over the flat cavity mirror M2, the position of the central optical bench
was laterally translated with respect to the cavity optical axis. A 3 mm × 6 mm rectangular
section of the mirror was investigated in steps of 0.5 mm, limited by the safe actuation range of
the alignment system for the COB. A CCD camera in transmission of the cavity was used to track
the beam position and ensure that the actuators cause no unintended angular tilts of the flat cavity
mirror. At each position of the COB, twenty ring-down measurements were made and the mean
of the fit storage times which passed our selection criteria is reported in Fig. 5(b).

A loss map of the RC curved mirror M1, shown in Fig. 5(a), was performed by executing
angular tilts of the COB, causing the cavity eigenmode to translate on both M1 and M2 as well as
through the beam tube in accordance with the illustration in Fig. 5(c). For a tilt of M2 by angle θ,
the lateral translations of the beam spot position on each mirror can be derived geometrically as:

∆M1 = R · sin(θ) ∆M2 = (R − L) · sin(θ) (7)

where R is the radius of curvature of M1 and L is the RC length.
Since the variation in losses observed from the scan of M1 are far in excess of those from M2,

this map can be interpreted as a map of the combined losses from M1 as well as clipping losses
from the beam tube free aperture near the detector end station, with an uncertainty of 10 ppm
due to the fact that the shift of the eigenmode location on M2 was not corrected for. The COB
was tilted by actuating on a linear motor in steps of 2.5 µm on one end of a 1.075 m lever arm,
yielding an angular resolution of 2.3 µrad. Using an approximate calibration of 0.2 mm/µrad for
the eigenmode translation on M1, an area of ∼ 7 mm × 7 mm of the curved cavity mirror was
scanned.
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A maximum storage time of 7.17 ms was measured, corresponding to a minimum round-trip
optical loss of 124 ppm. The twenty ring-down measurements shown in Fig. 3 are performed
at this point. Areas of much higher optical loss are found near the edges of the curved cavity
mirror scan, which we can associate with losses due to clipping on the aperture of the dipole
magnet string. Modeling the clipping as resulting from a pair of off-center circular apertures, we
estimate a free aperture at the position of the magnet closest to the curved mirror of 42± 1 mm in
the horizontal and 55 ± 1 mm in the vertical direction. The vertical free aperture is consistent
with the 55 mm inner diameter of the individual magnet beam pipes, while the horizontal
aperture is smaller than individual magnets, suggesting a possible misalignment of the magnets
in the horizontal direction. When the fundamental cavity eigenmode is centered to the aperture,
the cavity optical losses due to clipping are believed to be between 15 and 20 ppm, with the
uncertainty related to not knowing the exact eccentricity of the cavity eigenmode at the location
of the clipping (see Section 4.3).

During the ALPS II first science campaign, we selected an operational alignment which was
regularly maintained. This alignment correspond to the origin (0,0) in both the flat and curved
cavity mirror maps. The selection of eigenmode position on the flat mirror M1 was constrained
in the ALPS II first science campaign by alignment requirements on the central optical bench,
as well as the height actuation limit of the COB alignment system. In the lateral COB position
associated with the lowest measured optical losses, L3 could not be aligned to the RC. The
cavity at this operational position was characterized using both ring-down measurements and the
complex reflectivity, and the results are reported in Table 1.

4.2. Loss and coupling over time

Figure 6 shows the RC storage time τs (top, red) measured by cavity ring-down approximately
every 20 seconds over a three day period, along with a one-hour moving average. The vertical
position of the eigenmode position with respect to a CCD camera fixed to the optical table in
transmission of the cavity (top, blue) shows very strong correlation to the storage time. Practically
no changes in the horizontal position were observed. This suggests that much of the variation
in the storage time can be explained by motion of the fundamental eigenmode position on the
mirrors due to natural alignment changes, primarily in the vertical direction.

Fig. 6. RC storage time τs (top, red) as a function of time, along with a one-hour moving
average. The right-hand y-axis shows the relative vertical eigenmode position at the location
of the flat cavity mirror (top, blue) and a one-hour moving average. On bottom, the cavity
coupling efficiency ηRC is shown for the same period of time.
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The bottom part of Fig. 6 shows the coupling efficiency between the RC and L1, ηRC , over
the same time period. This cavity coupling was calculated using the power in reflection of the
cavity during locked and unlocked states, along with the storage time measured at each point.
The coupling efficiency variations are loosely correlated with several environmental factors, in
particular the temperature inside the laser cleanrooms. During the ALPS II science campaign, the
coupling efficiency was monitored in this way and realignment of the input optics was manually
performed daily if the coupling was found to be below a threshold of 90%.

4.3. Cavity length and geometry measurements

The reflectivity of the RC was also used to determine the cavity free spectral range and higher-
order mode spacing. To find the RC free spectral range, the frequency of L1 was stabilized to the
cavity fundamental resonance and the L1-L2 PLL offset frequency was scanned until a sharp
decline in the amplitude of the L1-L2 beat-note in reflection of the cavity was observed. The
offset frequency where the beat-note amplitude reached a minimum in the distribution described
by Eq. (6), corresponding to L1 and L2 becoming simultaneously resonant in the RC, is an
integer number of free spectral ranges. With both lasers resonant with the RC fundamental mode,
the frequency difference between the lasers gave a free spectral range of 1.222632 MHz ± 1 Hz.
The free spectral range is f0 = c/(2LRC), which gives a cavity length of 122.6012 m ± 0.0001 m.
Long-term variations of the cavity length are discussed in the following section.

By stabilizing the frequency of L1 to be on resonance with the first order Hermite-Gauss
eigenmode (HG01/10) of the RC and tuning the L1-L2 offset frequency until L2 became resonant
with a fundamental mode of the RC (HG00), we were able to measure the higher-order transverse
mode spacing. This measurement yielded a higher-order mode spacing of between 263.3 and
264.3 kHz for the HG10 mode, depending on the position of the eigenmode on the mirror. For the
HG01 mode, the spacing was between 294.5 and 295.8 kHz, again depending on the eigenmode
position.

From the RC mode frequency spacing measurements, we were able to calculate the cavity
g-parameters directly, resulting in g1g2 ≃ 0.527 ± 0.002 for the HG10 mode axis, which we
observe oriented at an angle of 106◦±5◦ with respect to the optical table and g1g2 ≃ 0.607±0.003
for the HG01 mode axis, oriented at an angle of 11◦ ± 5◦. It should be noted that this is not only
different from the nominal value of g1g2 = 0.43, but also the difference in values for the two axes
shows that the cavity is slightly astigmatic. Assuming simple astigmatism with the flat mirror
showing no curvature, this would correspond to an eigenmode waist radius of 7.2 mm along
the HG01 mode axis and 6.6 mm along the HG10 mode axis, with the waist located at the flat
cavity mirror. The projected beam spot sizes at the curved mirror M1 are 9.1 mm and 9.2 mm for
the HG01 and HG10 modes, respectively. These spot sizes have already been considered when
making the determination of free aperture in Section 4.1.

While the exact nature of the astigmatism is unknown, we hypothesize it could be due to
deformation of the curved mirror geometry from asymmetrical compressive forces applied by
the optic mount(s). These projections roughly agree with measurements of the beam profile in
transmission of the RC. Based on these measurements, the additional loss in mode-matching
of an axially symmetric Gaussian beam to the cavity is on the order order of 1% due to the
astigmatism. This is corroborated by our ability to couple more than 95% of the power of L1 to
the cavity without the need for any components that help compensate for the astigmatism in the
cavity eigenmode.

4.4. Cavity length variations

Changes in the RC length cause the cavity free spectral range f0 = c/(2LRC) to also vary. This
variation is measured using heterodyne interferometry between the lasers L1 and L2, both in
transmission of the RC. As in the measurement of the static free spectral range described in the
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previous section, L1 is frequency stabilized to be on resonance with a RC fundamental eigenmode
and the offset frequency of the L1-L2 PLL is tuned to be an integer number n of free spectral
ranges, such that L2 is also resonant with another fundamental eigenmode. Since the frequency
of L1 is actively stabilized to resonance, but the frequency of L2 follows that of L1 by some fixed
offset, any variation of the cavity length - and therefore the free spectral range - will cause a
slight de-tuning of L2 from resonance. The change in frequency of the RC resonance relative to
L2 is given by

∆ν = n · f0 ·
∆LRC
LRC

(8)

where ∆L is the change in the absolute cavity length.
The magnitude of the frequency de-tuning of L2 from resonance is measured in the phase

of the heterodyne beat-note that they form on PD3. At this detector, in transmission of the
cavity, both fields are subjected to the complex transmissivity of the RC. Similar to the complex
reflectivity described in Eq. (6), the cavity complex transmissivity T(∆ν) is the ratio of the
transmitted and incident fields. For high-finesse cavities,

T(∆ν) ≡
Etrans
Ein

≈

√
Tin

√
Tout

1
2
(Tin + Tout + l) − 2πi

∆ν

f0

. (9)

The phase of L2 is therefore shifted relative to L1 in transmission of the RC as the cavity
length varies. For frequencies within the fundamental resonance linewidth, the phase of the
complex transmissivity as a function of ∆LRC becomes nearly linear, and can be approximated in
radians as

∆ϕ ≈ −2F · n ·
∆LRC
LRC

(10)

where F is the RC finesse. This equation describes a slope which is tangent to the phase
component of Eq. (9) at ∆ν = 0. The phase variations of the L1-L2 beat-note are recorded using
a digital phasemeter.

Figure 7 shows the phase variations of the L1-L2 beat-note in transmission of the RC, calibrated
to cavity length in units of meters. The measurement was performed over a typical 13 hour
overnight span, using a L1-L2 PLL frequency separation of n = 45 free spectral ranges. Above
approximately 0.1 Hz, the measurement noise is primarily from residual phase noise of the
L1-L2 PLL, whereas below 0.1 Hz the variations result from physical cavity length changes. The
magnitude of the slow length variations is consistent with measurements of the environmental
conditions of the experimental site made using accelerometer and seismometer data prior to site
commissioning [23]. During the ALPS II first science campaign, the RC free spectral range is
routinely measured and compensated to minimize de-tuning of the high-power laser from RC
resonance due to slow cavity length changes. In order to meet the requirement that the high-power
laser not de-tune from RC resonance by more than 10% of the linewidth, the RC length must not
vary by more than 10 µm between checks. The magnitude of the variations shown in Fig. 7, less
than 3 µm peak-to-peak over the course of 13 hours, indicates that active length compensation
is not necessary on these time scales. This measurement technique allows the RC to act as a
strainmeter with a sensitivity on the order of 10−9 − 10−10 at low frequencies, comparable to
similarly-sized dedicated Fabry-Perot strainmeters [24].

Using this absolute length sensing measurement, the RC is also sensitive to seismic signatures
generated by human activity which generate cavity length changes larger than ∼ 100 nm. In one
example, shown in Fig. 8, the cavity length was measured during a football match played in the
Volksparkstadion, located 1 km away from the experimental site, and attended by 47,000 people
[25]. Immediately following each of the four goals scored during the game, crowd-induced
RC length variations are observed, lasting 15-25 seconds with frequencies primarily in the 2
to 2.4 Hz band in each case. The emergent character, frequency, and duration of these seismic
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transients are highly consistent with seismometer measurements of crowd-induced “foot-quakes”

Fig. 7. Time series of RC length variations measured over a continuous 13 hour period.
The data is low-pass filtered at 0.1 Hz to remove unsuppressed noise in the L1-L2 PLL.

Fig. 8. Time series band-pass filtered between 1 and 5 Hz (top) and amplitude spectrogram
(bottom) of RC length variations over the course of the Albania-Croatia football match of the
2024 UEFA European Football Championship. Peaks associated with goals scored during
the game are indicated by arrows labeled with the scoring team and game time.
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at football stadiums around the world [26,27]. Ultimately, the short duration of these, or similar,
anthropogenic seismic events do not affect the long-term length stability of the RC necessary
for the ALPS II first science campaign, and the experiment can be operated even during major
cultural events.

5. Conclusion and outlook

We have characterized the ALPS II Regeneration Cavity, a 123 meter long Fabry-Perot optical
cavity with a storage time as high as 7.17 ms. In preparation for the ALPS II first science campaign,
the round-trip optical losses of the cavity mirrors were considered as a function of position and
time. This analysis yields a stable and predictable system which can be regularly measured during
operation in order to calibrate the ALPS II experimental sensitivity. Using two complementary
techniques, we have measured the input mirror transmissivity T1 and the round-trip optical losses
l, yielding a resonant enhancement factor β of 6800 and a finesse of 26,000 in the alignment used
for the first science campaign. This high resonant enhancement factor will contribute to making
the ALPS II first science campaign the most sensitive light-shining-through-a-wall experiment
ever performed.

The ALPS II RC resonant enhancement factor can be increased by improving the cavity optics.
Of the minimal measured round-trip optical loss of 124 ppm, approximately 20 ppm can be
attributed to clipping of the cavity fundamental eigenmode on the aperture of the magnet string.
Analysis of the surface phase maps of the mirrors, provided by the substrate manufacturer prior
to coating, predicts scattering losses from the optics on the order of 60-70 ppm. The remaining
34-44 ppm of excess losses could be attributed to low spatial frequency errors on the mirror
surface, i.e., surface flatness (which could not be evaluated from our phase maps) or particulate
contamination of the optics.

To further improve the ALPS II experimental sensitivity for future science campaigns, a second
optical cavity will be installed in the production region. This production cavity will increase
the power of light circulating in the magnetic field to increase the axion flux. The production
cavity will have a matching plano-concave design to the RC, consisting of a planar mirror in
the central station and a curved mirror in the laser end station, each coated identically to their
RC counterparts. This configuration ensures that the two cavity fundamental eigenmodes have
high spatial overlap η. The production cavity will be length-controlled in order to keep the cavity
circulating field simultaneous on resonance with the RC, requiring a piezo-electric actuated
mirror mount with a control bandwidth of 4 kHz [28]. Based on the seismic conditions at the
experimental site observed by the RC, this design should be sufficient to suppress environmental
noise in order to meet the requirements of the final ALPS II design [4].
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