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From February to May of 2024 the Any Light Particle Search II (ALPS II) conducted its first sci-
ence campaign using the ‘light-shining-through-a-wall’ technique to search for pseudo-Goldstone
bosons that lie beyond the Standard Model of particle physics and which are inaccessible by
accelerator-based experiments. The experimental setup consists of two strings of superconduct-
ing dipole magnets, each more than 100m long, that are separated by a wall. Laser light is directed
through the first magnet string and a heterodyne detection system is used to measure the electro-
magnetic power that traverses a wall via the conversion to and then from a bosonic field. After the
wall, a high-finesse optical cavity resonantly enhances the signal power. Two searches were carried
out, one with the laser polarized perpendicular to the magnetic field direction and another with its
polarization state aligned parallel to the magnetic field. No evidence for the existence of new bosons
was found. In its first science campaign, ALPS II reached photon-boson conversion probability sen-
sitivities of a few 10−13. The ongoing upgrade of the optical system aims to increase this sensitivity
by about four orders of magnitude.

CONTENTS

List of Acronyms 2

I. Introduction 3
A. ALPS II Design 4
B. Optical System 7
C. Heterodyne Sensing 10
D. Central Optical Bench 15

II. Closed-Shutter Calibration 17
A. Potential Systematic Effects 19
B. System Locked Flags 21
C. Normalization by HPL Power 21
D. Closed to Open Shutter Ratio 23
E. Veto Detection System 25
F. Calibration Uncertainty 26
G. Uncertainty in the Results 28

∗ aaron.spector@desy.de
† Now at Max-Planck-Institut für Gravitationsphysik
(Albert-Einstein-Institut) and Leibniz Universität
Hannover, 30167 Hannover, Germany

‡ Now at Helmut-Schmidt-Universität, 22043 Hamburg,
Germany

III. Results and Backgrounds 29
A. Alternative Frequency Analysis 30

1. Quantum Noise 31
2. Technical Noise 32

B. Background Estimation 32
C. Statistics of the Background 35

1. Detection Thresholds 36
2. Setting Exclusion Limits 38

D. Summary of Results 38
E. Verifying the Result 38

1. Science-to-Veto Ratio 39
2. Moving Averaged Data 39
3. Time Evolution of Backgrounds 42

F. Central Optical Bench
Transmissivity 42

IV. Performance of the Optical System 44
A. Regeneration Cavity Parameters 45

1. Resonant Enhancement 45
2. Transmissivity 46
3. Reflectivity 47

B. Field overlap 48
1. Longitudinal Overlap 48
2. Polarization Overlap 49
3. Open Shutter Power Ratio 51
4. Spatial Overlap Results 55

ar
X

iv
:2

6
0
1
.1

8
6
8
4
v
2
  
[h

ep
-e

x
] 

 2
4
 F

eb
 2

0
2
6



2

5. Field Overlap Results 55

6. Optimizing the Spatial Overlap 57

V. Conclusion 57

Acknowledgments 59

VI. Bibliography 59

A. Appendix 60
1. Digital Frequency Representation 60
2. Changes in Open Shutter Data 60
3. Signal Leakage 61
4. Double Checking the Calibration 63

LIST OF ACRONYMS

ADC analog-to-digital converter

AL auxiliary laser
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BSM beyond the Standard Model
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LSW Light-shining-through-a-wall

MZ Mach Zehnder

NL north left

NR north right

PC production cavity

PD photodetector

PDH Pound-Drever-Hall

PLL phase-locked loop

PSD power spectral density

RC regeneration cavity

RMS root-mean-square

PDF probability density function

RL reference laser

ULE ultra-low expansion
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I. INTRODUCTION

While the necessity of physics beyond the
Standard Model (BSM) is increasingly appar-
ent, there remains nonetheless a shortage of ex-
perimental evidence to explain phenomena like
dark matter, dark energy or the small mass of
the Higgs boson. Many theories for physics be-
yond the Standard Model of particle physics
predict the existence of very lightweight and
extremely weakly interacting pseudo-Goldstone
bosons like the axion, which are out of reach at
accelerator-based experiments (see [1] and ref-
erences therein). This calls for complementary
approaches.

Light-shining-through-a-wall (LSW) experi-
ments at optical frequencies offer unique oppor-
tunities to search for new physics [2–4]. Here,
a laser is directed through a conversion region
(typically a beam tube with vacuum or well-
controlled gas-pressure, which might be perme-
ated by a magnetic dipole field), generating (po-
tentially) a beam of bosons capable of propagat-
ing through a wall that blocks the laser light.
The bosonic field then travels through another
(re-)conversion region beyond the wall, where
some of its energy is reconverted to an elec-
tromagnetic field. By measuring the rate at
which energy converts between the electromag-
netic and bosonic fields, it is possible to deduce
their coupling.

Optical cavities can be used to enhance sig-
nificantly this process. A cavity before the wall
will increase the intensity of the electromagnetic
field traveling through the conversion region,
while a cavity after the wall will resonantly en-
hance the electromagnetic field reconverted from
the interaction between the bosons field [5–7].
LSW experiments in the optical regime generate
an enormous photon flux while also being able to
accommodate a long string of magnets due to a
small beam divergence, making them compelling
tools in the hunt for BSM physics. A laser op-
erating at a wavelength of 1064 nm with a high-
finesse cavity before the wall can direct up to
∼ 1024 photons per second through a string of
dipole magnets before the wall. Behind the wall,
a cavity might boost the re-conversion proba-
bility by more than a factor 10,000 and pho-
ton rates of 10−5 s−1 can be sensed [8]. There-
fore, photon-boson-photon conversion probabil-
ities below 10−33 at O(100m) long conversion
and re-conversion regions can be probed by such

optical LSW-experiments.

The Any Light Particle Searchs (ALPSs),
an LSW experiment conducted at Deutsches
Elektronen-Synchrotron (DESY) from 2007 to
2010, utilized an optical cavity before the wall
with a single 5T HERA dipole magnet to set,
at the time, new exclusion limits for purely lab-
oratory based searches for scalar, pseudoscalar
bosons, hidden photons and other hypotheti-
cal bosons [9]. This was followed by the OS-
QAR experiment based at CERN, which uti-
lized two 9T LHC magnets to become the most
sensitive LSW experiment for scalar and pseu-
doscalar bosons of its time [10].

In 2012, a new LSW experiment, ALPS II, was
started at DESY and in 2024 ALPS II launched
its first science campaign. With two strings of
12 HERA dipole magnets providing 5.3T mag-
net fields, a high-power laser (HPL) generating
the bosonic field before the wall, and a high-
finesse optical cavity after the wall implemented
for its first science campaign, ALPS II is now the
most sensitive LSW experiment ever built. Over
the course of four months, from February to
May 2024, two data runs were conducted search-
ing for beyond the Standard Model lightweight
bosons.

We would like to emphasize that these
searches are sensitive to a rich variety of bosons
including vector and tensor bosons in addition
to the typically cited scalar and pseudoscalars
[1, 11, 12]. Some of the electromagnetic cou-
plings of these fields, such as vector bosons,
do not even require the magnets. The results
in this manuscript are therefore reported gen-
erally in terms of the conversion rate between
electromagnetic and BSM fields during a single
pass through one of the magnet strings, denoted
as Pγ↔φ. An interpretation of these results
in terms of the coupling between electromag-
netic and scalar, pseudoscalar, vector, and ten-
sor bosons is reported in Ref. [1]. Additionally,
throughout this paper we refer to lightweight
bosons, bosonic fields, and BSM fields inter-
changeably as potential sources of a signal. A
discovery of any such field would represent a fun-
damental breakthrough in our understanding of
the universe as the first evidence of a new en-
ergy scale between the electroweak and Planck
scales as well as the first direct measurement of
a particle residing in the BSM ‘dark sector’.

This document provides an overview of the
optical system, calibration procedure, results,
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and performance of the instrument during the
first science campaign, and is organized as fol-
lows. The remainder of Section I discusses the
design of the ALPS II optical system as well as
the optical system that was implemented dur-
ing the first science campaign, and then explains
the fundamentals of the heterodyne detection
system, and the central optical bench. Sec-
tion II explains how the results are calibrated
and the various sources of systematic error in the
calibration. The results, expected background
rates, and derived exclusion limits are then pre-
sented in Section III. The performance of the
optical system during the first science campaign
is examined in Section IV and our conclusions
are presented in Section V.

A. ALPS II Design

As Figure 1 shows, the ALPS II optical sys-
tem enhances the observable photon flux from
photon-boson-photon conversion via the reso-
nant power buildup of optical cavities before and
after the wall [8, 13]. A HPL [14] is injected into
the optical cavity before the wall, referred to as
the production cavity (PC), which increases the
laser power propagating through the initial mag-
netic field. The cavity after the wall, referred
to as the regeneration cavity (RC), resonantly
enhances the signal power measured at the de-
tection system. The electromagnetic field gen-
erated by the reconversion of the BSM field in
the RC will be referred to as the regenerated,
reconverted, or signal field.
The magnetic fields for ALPS II are gener-

ated by superconducting dipole magnets for-
merly used by the Hadron Electron Ring Accel-
erator (HERA). With 12 magnets in each of the
strings before and after the wall, the products
of the magnetic flux density times the lengths of
the magnetic fields are BL = 563.2 ± 0.1T · m
for each string [15, 16]. The magnets are ori-
ented such that their magnetic fields are point-
ing in the vertical direction with respect to the
ground. The polarization state of the HPL can
be controlled with a half-wave-plate (HWP) in
the injection path to the PC. This allows us to
search for different types of BSM fields based on
whether the HPL is polarized parallel or perpen-
dicular to the magnetic field.
At sufficiently low masses (< 1meV) the BSM

field will remain coherent over the length of the

experiment with the electromagnetic field that
generates it. Therefore, for the experiment to
work properly, it is essential that the light cir-
culating in the PC is resonant with the RC and
for the cavities to share the same spatial eigen-
mode. These conditions are quantified by a pa-
rameter that we refer to as the field overlap. The
wall is also equipped with a shutter that can be
opened to allow light to couple directly from the
PC to the RC to check the field overlap by mea-
suring the power in transmission of the RC, re-
ferred to as Popen, and comparing it to the HPL
power incident on the RC. As we explain in
more detail in Section II, the open shutter mea-
surements can be used to directly calibrate the
results in terms of the conversion rate between
electromagnetic and BSM fields Pγ↔φ.
To provide specific examples, we will exam-

ine the interaction of scalar fields and a laser
polarized perpendicular to the external mag-
netic field, as well as pseudoscalar fields and a
laser polarized parallel to the magnetic field. As
Ref. [11] explains, with the shutter closed, the
power measured after the wall, Pφ, generated by
the reconversion of the BSM field, is the same
in both of these cases and can be approximated
with the equation

Pφ = η2β
RC

P
PC

P2
γ↔φ (1)

≃ η2β
RC

P
PC

(
gφγγBL

2

)4

, (2)

for scalar or pseudoscalar fields with a rest mass
energy below 0.1meV. In this equation β

RC
is

the resonant enhancement factor of the RC and
P

PC
is the laser power circulating in the PC [13].

To maximize the total field overlap between the
light circulating in the PC and the RC eigen-
mode η, the frequency of the HPL must be held
on a resonance of the RC and coupled to its spa-
tial eigenmode. The field overlap is the product
of the spatial, spectral, and polarization compo-
nents,

η = ηxyηpolηẑ. (3)

Here, ηxy is the spatial component field over-
lap between the light circulating in the PC and
the RC eigenmode, while ηpol is the polarization
overlap between the field generating the BSM
field and the direction of the magnetic field, and
finally ηẑ, is the spectral component of the total
overlap and expresses the degree to which the
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the input power of the HPL Pi in the calculation
of the power measured at the output of the RC:

Pφ = η2β
RC

Pi P2
γ↔φ. (9)

A magnetic field length product of 563.2T · m
and a coupling of 4×10−10 GeV−1 (a factor of 20
above the ALPS II design sensitive with two cav-
ities) would result in Pγ↔φ ≈ 1× 10−14. There-
fore, using a laser wavelength of 1064 nm, with
an input power of 30W, a resonant enhancement
factor in the RC of 7000, and η2 = 100% would
lead to roughly 1 photon per day1 at the output
of the regeneration cavity.
With the shutter open the HPL power directly

after the RC is given by

Popen = η2β
RC

Pi(T1T2...). (10)

In this equation the factor (T1T2...) refers to
the combined transmissivity of all components
mounted along the optical axis of the system
in between the magnet strings and and is anal-
ogous to Pγ↔φ in the closed shutter case. In
fact, under the assumption that the parame-
ters of the optical system η, β

RC
, and Pi do not

change between open and closed shutter mea-
surements, the conversion rate Pγ↔φ can be ex-
pressed entirely in terms of (T1T2...) and the ra-
tio Pφ/Popen:

Pγ↔φ =

√

(T1T2...)
Pφ

Popen
. (11)

As Section ID explains, the optics mounted be-
tween the magnet strings not only generate the
interference beatnotes that are used to maintain
the resonance condition of the HPL with respect
to the RC, but also play a role in the contain-
ment of the stray-light background. Therefore
the transmissivity of these optics is very low
with a measured combined transmissivity of the
optics used in ALPS II of T1T2... = (9.7± 1.2)×
10−23 (see Section III F for a detailed descrip-
tion of these measurements). Again assuming
an input power Pi = 30W, a power build of

1 Both Watts and ‘Photons/time’ will be used as a
unit of power throughout this paper. To convert
power between each set of units the equation P =
hν × (photons/s) can be used, with P representing
power in Watts, h being Planck’s constant, and ν the
frequency of the light.

β
RC

= 7000, and a field overlap of η = 100%, this
would produce an open shutter power just after
the cavity of Popen ∼ 2 × 10−17 W or roughly
100 photons per second.

To sense such ultra-weak signals, a heterodyne
detection system was used [18]. This technique
works by optically mixing the weak signal field
with an additional local oscillator laser to gen-
erate an interference beatnote that can then be
measured with a photodiode, whereas the signal
field alone would be much smaller than the pho-
todiode’s dark noise. This approach is extremely
practical, as even with off-the-shelf components
sensing the beatnote, heterodyne interferometry
is capable of reaching the shot noise limit corre-
sponding to a background of roughly one photon
per measurement time [19].

Searching for signals on the order of one pho-
ton per day when the shutter is closed means
that the suppression of the stray-light back-
ground is critical to the sensitivity of the ex-
periment. Any stray light from the HPL that
couples to the detection system can create a
background that is indistinguishable from the
science signal. This necessitates strict require-
ments on the ‘light tightness’ of the optical sys-
tem. Therefore, the goal is to allow less than a
single photon of the 30W of input HPL power
at the exact frequency of the HPL to couple spu-
riously to the RC over the duration of the mea-
surement (an equivalent power of 2×10−25 W for
a measurement of one million seconds). Random
backgrounds with a mean value γ

BR
significantly

higher than 1 photon per measurement time will
cause a

√
γ

BR
loss in sensitivity in terms of Pγ↔φ

and a 4
√
γ

BR
loss in sensitivity in terms of gφγγ .

The exceptionally fine frequency resolution of
the heterodyne detection system has the advan-
tage of being able to exclude spurious signals
from scattered light that experience more than
a cycle of phase drift over the period of data tak-
ing. Therefore, for the measurement to be shot
noise limited, only the power spectral density
of the background integrated over the frequency
resolution of the detection system must be be-
low one photon per measurement time. Achiev-
ing such a sensitivity does not come without its
own set of challenges. One of these challenges is
that the phase noise between the HPL and the
laser used as the local oscillator laser must be
held to a fraction of a cycle over the duration
of the measurement. This is explained in more
detail in Section IC.
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While the PC considerably boosts the sensi-
tivity of the experiment, there are several advan-
tages to characterizing the system without a PC
initially in place. Because the PC has a nomi-
nal transmissivity2 of only 2.5%, operating the
optical system without it also allows for a fac-
tor of 40× more laser power to be incident on
the wall, reducing the integration time needed to
find the ‘light leaks’. It is also important to note
that the design of the system, even without the
PC in place, significantly attenuates the power
of the HPL incident on the RC in order to con-
tain the stray light, making it more challenging
to measure the field overlap. Its characteriza-
tion is therefore much easier without the PC in
place due to the increase in HPL power at the
detection system. Finally, in the two-cavity de-
sign, the field overlap is maintained by a control
system designed to change the length of PC to
track the length changes of the free-running RC.
Not using a PC significantly simplifies the con-
trol of the optical system. In this case, the RC
length can be left free-running, but the feedback
control loop can actuate on the frequency of the
HPL instead of the position of one of the PC
mirrors. Because the resonances in the piezo-
electric actuator attached to the laser crystal are
at much higher frequencies than the resonances
of the mount used to perform the length actu-
ation of one of the PC mirrors it is possible to
actuate much faster with this setup. The faster
actuation is therefore able to suppress the resid-
ual root-mean-square (RMS) frequency noise of
the HPL with respect to the RC resonance to
a level in which its contribution to the loss in
field overlap is less that 1%. This noise is there-
fore not considered in this analysis because it is
responsible for significantly lower losses in the
field overlap than the other sources and their
corresponding uncertainties.

B. Optical System

The optical system for the first science cam-
paign was designed to achieve five goals: to max-
imize the (1) HPL power, (2) resonant enhance-

2 In this document transmissivity (and reflectivity) will
refer to the ratio of power transmitted (and reflected)
by an optic (or an optical system like a cavity) with
respect to the input power.

ment in the RC, and (3) coupling between the
HPL and RC as much as possible while suppress-
ing (4) the background signals due HPL stray
light as well as (5) the relative phase noise be-
tween the HPL and the laser used as the local
oscillator. In the following sections we explain
how this is done.

A diagram of the optical system (top down
view) used for the first science campaign is
shown in Figure 2. The optical components are
located in one of three clean rooms, north left
(NL), central hall (CH), and north right (NR),
that appear in the diagram in order from left
to right. These cleanrooms are connected by
the magnet strings, each of which are 116.8m
in physical length (not shown in this diagram).
The magnet string on the left side of the dia-
gram will be referred to as the production mag-
net string, while the regeneration magnet string
is on the right side of the figure. The RC is
shown on the right side of the figure, its eigen-
mode propagating through the bore of the re-
generation magnet string. The curved mirror of
the RC, housed in NR, will be referred to as
RC1, while the flat RC mirror mounted to the
central optical bench (COB) (discussed later in
this section) will be referred to as RC2. This
configuration will produce a cavity eigenmode
with a waist position at RC2. A detailed de-
scription of the RC and its characterization can
be found in Ref. [20]. There, a measurement of
the cavity mirror g parameters is used to in-
fer (assuming that RC2 is flat) a spatial eigen-
mode with waist position at RC2 having a radius
of 7.2mm along an axis oriented 11◦ ± 5◦ with
respect to the horizontal and 6.6mm along an
axis oriented 150◦ ± 5◦ with respect to the hor-
izontal. Likewise, the results of calculating the
beam radius at RC1 for the same orientations
are 9.1mm and 9.2mm respectively. The min-
imum free aperture of the magnets varied be-
tween 47mm and 51mm and the magnets with
the widest aperture were positioned near the
end stations of the experiment to ensure that
the losses from the cavity circulating fields clip-
ping on the beam tube were as low as possible
[16]. In doing this, the free aperture of each of
the individual magnets should be at least a fac-
tor 2.7 times the projected beam diameter at
their position. Scans of the excess optical losses
as a function of the RC eigenmode position on
its end mirrors presented in Ref. [20] suggest the
free aperture of the entire regeneration magnet
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Regeneration cavity parameter Value (S⊥) Value
(

S‖

)

Free spectral range (f0)
(

1222632.34+0.18
−0.46

)

Hz
(

1222632.41+0.79
−0.55

)

Hz

Length (L
RC

)
(

122.601230+0.000030
−0.000017

)

m
(

122.601223+0.000055
−0.000079

)

m

Storage time (τ)
(

6.850+0.079
−0.129

)

ms
(

6.753+0.076
−0.117

)

ms

Total round-trip attenuation (A)
(

238.8+2.7
−4.6

)

ppm
(

242.2+2.3
−4.7

)

ppm

Resonant enhancement (β
RC

) 7010+190
−300 6820+190

−270

Power overlap (η2) 0.47+0.18
−0.14 0.49+0.23

−0.22

TABLE I: Summary of the measured parameters of the RC during S
⊥

and S
‖
. All parameters

in the table are dynamic that fluctuated during the science campaign. These fluctuations were
observed between measurements performed during maintenance periods in the run. To assess the
performance of the optical system during the closed shutter periods, the nearest set of maintenance
parameters was assigned to each point of valid closed shutter data. The mean of these assigned
values over the full set of valid closed shutter data is what is reported here, while the uncertainties
give the combination of the peak to peak range in combination with the systematic uncertainty for
each measurement. For the FSR, length, and storage time of the RC, the dynamic drifts were the
dominant source of uncertainty, while for the excess optical losses and the resonant enhancement
the uncertainty had roughly equal contributions from the dynamic drifts of the parameters and the
systematic uncertainty of the RC mirrors transmissivities. A detailed description of the RC and its
characterization can be found in Ref. [20] as well as Section IVA.

Figure 3 shows how the frequencies of the var-
ious lasers were configured for the first science
campaign. The optical frequencies of the lasers
are roughly 282THz and their frequencies are all
referenced to the length of the RC via the fre-
quency of the auxiliary laser which is frequency
stabilized to a resonance of the cavity. The LO
is then phase locked to the AL with an offset
frequency of f3 = 54.95MHz. This PLL will be
referred to as PLL3. As Figure 2 shows, both
lasers are coupled to optical fibers and interfered
using a fiber beam splitter and therefore share
the same spatial eigenmode as they propagate
toward the cavity.

The COB, located at the center of the ex-
periment is a critical component of the optical
system. It is designed to help sense the rela-
tive phase changes between HPL and AL, while
also suppressing the stray-light background and
housing the wall/shutter system. This is dis-
cussed in more detail in Section ID. On the
COB, the RL is interfered with the AL light in
transmission of the RC. This beatnote is then
detected with the veto PD and is used to phase
lock RL via PLL1 to AL with an offset frequency
of f1 = 12.2MHz to the AL light in transmis-
sion of the RC. The RL light is also inter-
fered with the HPL light exiting the production
magnet string on the COB. The combine laser

fields are then coupled to a 140m polarization-
maintaining single mode optical fiber and sent
to NL where it is used to phase lock the HPL
to the RL at PLL2. Here the PLL2 offset fre-
quency is set to 33 times the FSR of the cavity
(the FSR is roughly 1.22263MHz) plus an addi-
tional 12.2MHz offset to account for the PLL1
frequency. This ensures that the HPL is held
at a frequency 33 FSRs away from the AL and
thus on resonance with the RC.

The transmissivities of the cavity mirrors are
configured such that the majority of the regen-
erated field will exit the cavity via the mirror in
NR and be sensed by the science PD. This light
will form an interference beatnote with the LO
as it exits the RC, at the heterodyne frequency
fs = 54.95MHz − 33FSR ∼ 14.603MHz. Some
of the regenerated light will also exit the cav-
ity via the mirror in CH and be incident on the
veto detector. The regenerated signal will inter-
fere with AL inside the RC to form an interfer-
ence beatnote at the veto heterodyne frequency
of fv = −33FSR.

The phase stability of all of the interference
beatnotes is critical to the ALPS II heterodyne
detection scheme. Therefore, the oscillators
used to demodulate the science and veto sig-
nals, as well as those used for the PLLs, are
all synchronized to a global clock and left to
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run uninterrupted for the duration of a science
run. To set the frequencies relative to the RC
FSR (referred to from here on as f0), f0 is mea-
sured and used to fix the beatnote frequencies
before the run. Changes to the length of the RC
that push its FSR away from the initial value of
f0 can introduce phase offsets to the measure-
ment. This is discussed in more detail in Sec-
tion IVB1. Another point discussed in more
detail in Appendix A 1, is that because the oscil-
lators are driven by digital clocks, they cannot
use any arbitrary frequency, but must instead
use a frequency that can be represented by an
integer fraction of the clock frequency.
The HPL must remain coupled to the spatial

eigenmode of the RC with a frequency corre-
sponding to one of its resonances. This can be
checked by opening the shutter in the wall and
allowing a small portion of the HPL light to be
injected to the RC and measuring this power in
transmission of the RC. Due to the highly re-
flective optics used to contain the stray light on
theCOB, the open-shutter HPL power (Popen) is
too weak to be observed directly using a power

meter or photodetector. Instead, the amplitude
of the HPL-LO beatnote must be measured at
the science detector using the heterodyne detec-
tion system. The demodulation and calibration
procedure is then applied to the data to give
the total coupling of the HPL to the RC, along
with information on the HPL’s phase coherence
with respect to the heterodyne detection system.
During these open shutter periods the veto de-
tector can also be used to check the spatial cou-
pling of the HPL to the RC, as well as its phase
coherence.

C. Heterodyne Sensing

ALPS II utilizes a heterodyne detection sys-
tem in which the LO is used as the local oscil-
lator laser and is interfered with the signal field
exiting the RC at RC1. The power of the result-
ing field traveling away from the curved mirror
of the cavity toward the science PD can be ex-
pressed by

P
out

(t) = P
LO

+ P
S
+ 2η

xy,LO

√

P
LO

P
S
cos {2π(ν

LO
− ν

S
)t+ θ(t)}+ ... . (12)

In this equation, the terms that include the
power of AL are not shown. P

LO
is the power

of the LO in reflection of the RC, while P
S
is

the power of the field at the signal frequency.
It should be noted here that P

S
can refer to ei-

ther the power of the regenerated field with the
shutter closed (Pφ, discussed in Section IA), or
the power in transmission of the cavity when the
shutter is open (Popen, discussed in more detail
later in Section II). Because the LO is not res-
onant with the RC nearly all of its power is re-
flected from the cavity, while the signal field is
generated inside the cavity itself and is trans-
mitted through the RC curved mirror. In real-
ity, there is also some residual power of AL re-
flected from the cavity; however due to the RC
impedance matching, this power is much lower
than the LO power and is ignored in this analy-
sis. The spatial overlap between the signal field
and LO is given by η

xy,LO
. This is also equivalent

to the spatial overlap between the LO and the
RC as the signal field is entirely in the spatial
mode of the RC. The frequencies of the fields

are ν
LO

for LO and ν
S
for the signal field which is

identical to the frequency of the HPL. θ(t) rep-
resents the time dependent relative phase offset
between the interference beatnote at ν

LO
−ν

S
and

the phase of the oscillator used to demodulate
the data at the heterodyne frequency. It can
be expressed as a static phase plus a dynamic
term θ(t) = θ0 + δθ(t). The static phase offset
θ0 is arbitrary; however, the dynamic term δθ(t)
must be suppressed as much as possible. Here,
a RMS of 0.1 rad would lead to a loss of 1% in
the power measured by the heterodyne detection
system [19].
Due to several diagnostic pick-off mirrors, as

well as the imperfect reflectivity and aperture of
the mirrors in the path to the cavity, there are
some optical losses as the light travels from the
RC to the science PD. The power transmissivity
on this path T

sci
, was measured to be between

80% and 90% throughout the first science cam-
paign. The power incident on the photodetector
results in a voltage output by the photodetector
that is proportional to its conversion gain G.
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PLL2: f2 = f1 + 33 FSRRC 
              = 52.546... MHz

Science Frequency:
fS = f3 - 33 FSRRC  
    = 14.603... MHz

Veto Frequency: fV = 33 FSRRC 
                       = 40.346... MHz

PLL3:
f3 = 54.95 MHz

PLL1:
f1 = 12.2 MHz

RL AL HPL LO

FIG. 3: Frequencies of the lasers and PLLs.

The static voltage is removed with an analog
high-pass filter, suppressing the terms P

LO
and

P
S
in Equation 12, and the resulting voltage, ap-

proximated by

V
ADC

(t) ≃ 2η
xy,LO

T
sci
G

AC

√

P
LO

P
S
cos {2π(ν

LO
− ν

S
)t+ θ(t)}, (13)

is digitized by the analog-to-digital converter
(ADC) with a sampling frequency fm1

=
500MSa/s. Here G

AC
refers to the total conver-

sion gain of the electronic chain of the science
PD and its electronic filters at the heterodyne
demodulation frequency (∼ 14MHz). The am-
plitude of the voltage signal will be referred to
as V

AC
= 2η

xy,LO
T
sci
G

AC

√
P

LO
P

S
, while its fre-

quency will be denoted by f
S
= ν

LO
− ν

S
. While

V
AC

in this equation refers to the amplitude of
the deterministic signal measured at the science
PD, from here on the measured value of V

AC
is

assumed to include some measurement noise.
The amplitude of this beatnote is the primary

measurable for the experiment as it can be used
to deduce the signal power P

S
. The measure-

ment of V
AC

is complicated by the fact that the
phase of the beatnote (which is assumed to be
static) is unknown. Therefore, the time series of

the beatnote must be projected onto both cosine
and sine components. Here, the ‘in-phase’ term
I
DM1

is used to refer to demodulation via a co-
sine function, while the ‘quadrature’ term Q

DM1

refers to demodulation with a sine function. To
avoid offsets being introduced by asymmetries in
the demodulation process, a technique referred
to as double demodulation is used [19]. This
process is shown in the upper gray box of the
flow chart in Figure 4. Here, the first stage
of demodulation is performed digitally at the
nominal frequency difference between the two
lasers plus a 2.4Hz offset: f

S
+ 2.4Hz. By ex-

pressing the data series resulting after the first
demodulation H

DM1
[m], as the complex number

I
DM1

+ iQ
DM1

the result of the first demodula-
tion can be treated as a series of points on the
complex plane:
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Normalization
by HPL power

Application
of data ags 

Calculation
of open shutter

array Copen,j

Construction
of calibration
array C [n]

Application
of calibration
array C [n]

Calculation
of coherent
sum Zclosed

Science
Photodetector

Data
Demodulation
at fs + 2.4 Hz

Low-pass
lter and

downsampling
to 70 Hz

Demodulation
at - 2.4 Hz

open shutter data

closed shutter data

Calibration Procedure

Heterodyne Double Demodulation
Low-pass

lter and
downsampling

to 1 Hz

Determination of
background probability

density function

Calculation of 
5  detection

threshold

Signal to Background Analysis

Evaluation of 
|Zclosed|2 at alternative

frequencies fk

Calculation
of absolute

value |Zclosed|2

Background
estimation via
Savitzky-Golay

ltering
|Zclosed (fk)|2

M (fk)

Normalization by
background
estimation

W (fk)

Yes Discovery
Is signal bin

above detection
threshold? Calculate signal needed to exceed

5  detection threshold 95% of the time
(95% con dence level 5  exclusion limit)

No

Results

FIG. 4: Flow chart of the analysis for the science PD data. The data first undergo the process
of double demodulation by the heterodyne detection system. The calibration procedure is then
applied to the resulting data series to calculate the final result at the heterodyne signal frequency.
The background is then estimated by performing the same analysis at alternative frequencies and a
detection threshold is calculated based on the statistics of the background at these other frequencies.
A discovery can be claimed if the signal at the expected frequency is above the detection threshold.
If the signal is below the detection threshold, as was the case in the case in both runs of the first
science campaign, exclusion limits can then be calculated.
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H
DM1

[m] =

I
DM1

︷ ︸︸ ︷

V
ADC

[m] cos

{

2π(f
S
+ 2.4Hz)

m

fm1

}

+i

Q
DM1

︷ ︸︸ ︷

V
ADC

[m] sin

{

2π(f
S
+ 2.4Hz)

m

fm1

}

+... (14)

= V
AC

cos

{

2πm
f
S

fm1

+ θ[m]

}

e
i2π(f

S
+2.4Hz) m

fm1 + ... (15)

=
V
AC

2

(

e
i

(

2πm
f
S

fm1

+θ[m]

)

+ e
−i

(

2πm
f
S

fm1

−θ[m]

))

e
i2π(f

S
+2.4Hz) m

fm1 + ... (16)

=
V
AC

2
e
i

(

2πm 2.4Hz
fm1

−θ[m]

)

+ ... . (17)

An finite impulse response (FIR) filter is then
used to down-sample I

DM1
and Q

DM1
to the de-

sired data rate of fm = 70 samples per sec-
ond. Terms at higher frequencies, such as
those at the doubled frequency 2f

S
, or at the

PLL3 frequency, are not relevant as they are
eliminated by this process. Also, the result
will be the same whether the demodulation is
expressed in terms of the arrays I

DM1
[n] and

Q
DM1

[n] or using the complex amplitude and

phase
V
AC

2 ei2π(fS+2.4Hz) n
fm . To reduce the num-

ber of terms to keep track of in the second de-
modulation we used the formulation on the com-
plex plane. The science signal is thus a complex
2.4Hz oscillation in this data.4

The second demodulation is then applied in
post-processing by multiplying the result of the

first demodulation with ei2π(−2.4Hz) n
fm . Here

the sign of the frequency matters because the
data are now complex. Performing the ad-
ditional demodulation in post-processing helps
mitigate the effects of static offsets in the result
of the first demodulation stage. More details
on this process can be found in Ref. [19]. After
the data series is demodulated for the second
time the data is down-sampled to the final data
rate of 1 sample per second using another FIR

4 2.4Hz is chosen as the offset frequency as it is well
within the Nyquist frequency of the downsampled
sampling frequency at 70Hz and also shares a greatest
common divisor with this frequency of less than one.
This is meant to reduce potential effects from aliasing
when the signal is down sampled [19].

filter. An investigation into the down-sampling
showed no appreciable difference for measure-
ments derived with the down-sampled data us-
ing this process versus the data at 70 samples
per second.
The full process of two stages of demodula-

tion, then filtering and down-sampling produces
what we will refer to as the ‘H-function’ or,

H[n] =
V
AC

2
e−iθ[n]. (18)

In this equation H[n] is a data series with an
index n that also happens to be n seconds into
the run due to the data rate of 1Hz. While it
is not explicitly shown in the equation above,
each point in the series will also have a random
value drawn from a probability distribution on
the complex plane to account for the measure-
ment noise in the system.
The expectation value of H[n] for a given

sample is a complex number with an amplitude
given by half the amplitude in voltage of the
beatnote between the LO and the signal field at
that time and a phase equal to the phase dif-
ference between the beatnote and the oscillators
used to perform both demodulations:

〈H[n]〉 = V
AC

2
e−iθ0 (19)

= η
xy,LO

T
sci
G

AC

√

P
LO

P
S
e−iθ0 . (20)

Figure 5a shows a representation of H[n] on the
complex plane. Here the ‘cloud’ is the proba-
bility distribution representing the measurement
noise. As the figure shows, the sum of the signal
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field is the HPL light incident on the RC after
passing through the COB optics.
With a total run time of more than a month

for S
‖
the frequencies of the PLLs and demod-

ulation stages must be known relative to each
other with nHz accuracy to ensure that the er-
ror in these frequencies does not contribute to
significant phase noise in the measurement.6 It
is therefore important to understand how these
signals are actually represented by the digital
oscillators producing them. In all cases, the sig-
nals are supplied by function generators with a
clock rate of 1GHz and 48 bit precision.7 This
means that the actual frequency of any signal
output by these devices must be some integer
multiple of 1GHz/248 (∼3.5527 µHz). To be
clear, this does not prevent the frequencies from
being known with nHz precision, only that they
cannot be set with that level of precision, which
is unimportant. This difference is discussed in
more detail in Appendix A 1.

D. Central Optical Bench

The COB has three primary functions in the
experiment. It houses the wall and shutter sys-
tem, suppresses the spurious coupling of HPL
light to the RC, and supports the transfer of the
phase information of the AL light transmitted
by the RC to the HPL even when the shutter is
closed. Figure 6 shows the design of the COB for
the first science campaign. In this diagram the
thicker black edge of the mirrors indicate their
reflective surface. The main practical differences
between this layout and the COB design for the
full optical system with a PC is that this lay-
out does not have a PC mirror on it. Thus, up
to 30W of HPL power is available on the COB,
when only 1W would be possible if the PC were
in place.
The shutter system is a remotely operable

wheel in which different materials can be used

6 While roughly 1,000,000 seconds of valid data were
acquired during S

‖
, the experiment ran for over

4,000,000 seconds during this time frame. Therefore,
0.1 rad would translate to roughly a 4 nHz error in the
frequencies used.

7 It should also be noted here that all devices used in
the experiment are synchronized to the same global
clock.

to fill slots and, depending on the position of
the wheel, act as the wall. One of the slots
must be left unoccupied for the open shutter
periods. The upper diagram of the COBin Fig-
ure 6 shows the system when the shutter is open,
while the lower diagram shows the optical axis
of the COB when the shutter is closed. Here,
the beam dumps (BDs) BD1 and BD2 contain
the HPL stray light when the shutter is closed
and open respectively. For S

⊥
, a silver mirror

that directed the residual HPL light to a beam
dump was used as the wall. Between the S

⊥

and S
‖
run, two other shutter materials were

implemented, including a piece made from solid
aluminum, and another solid aluminum piece
covered in foil coated with a black ultra-highly-
absorptive layer. Subsequent testing indicated
that the aluminum piece with the black foil pro-
vided the best suppression of stray light over
short test phases and therefore it was used as the
wall for S

‖
.8 No matter what material was used

for the wall no light is expected to directly trans-
mit it as the silver mirror should provide over 25
orders of magnitude suppression of the directly
transmitted light (in addition to the suppression
of the COB optics), while the solid aluminum
pieces should provide more than 100,000 orders

of suppression.
The COB has two light-tight boxes that sub-

divide it into three areas. The HPL area on the
left, the RC area on the right, and the interme-
diate RL area in between them. The purpose
of this design is to contain the stray light from
th HPL as well as possible and try to prevent
it from coupling to the RC, while also allowing
the HPL to be phase locked to the AL. The
light-tight boxes therefore cannot be completely
sealed in order to allow for the stabilization
of the HPL frequency as well as open shutter
measurements. To accommodate this they are
equipped with the highly reflective (HR) mirrors
LT1 and LT2. Because there are also light-tight
boxes outside the vacuum system connected to
the exit flanges of the light-tight boxes inside the
vacuum system, the only way in and out of them
is through the magnet bore or LT1 and LT2.
Each has a transmissivity of 12.4 ± 0.4 ppm for

8 This may also have been related to the fact that only
one of the five open slots on the filter wheel was occu-
pied by a shutter for S⊥ and all but one was occupied
for S

‖
. This is under further investigation.
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p-polarized (x̂ direction) light with a wavelength
of 1064 nm at room temperature using an angle
of incidence of 35◦. The low transmissivity was
chosen to help suppress the stray light signals
that pass between the areas of the experiment.

To keep the HPL and the RC as separated as
possible, RL is split into two paths to perform
the transfer of phase information from the AL to
the HPL. This splitting is done by a Mach Zehn-
der (MZ) interferometer. The beam is initially
split by the mirror MZ1. Any changes in the
differential path-length between the two paths
from MZ1 to MZ4 would lead to a phase off-
set between the heterodyne local oscillator field
and the regenerated signal, as well as the open
shutter signal. For this reason the MZ mirrors
are mounted to an ultra-low expansion (ULE)
glass plate. The MZ alignment was performed
with the COB installed in the central vacuum
tank while it was vented. This was done using
a CCD outside the vacuum system to observe
the position of the beam in transmission of one
of the MZ paths, while blocking the other path.
With this process, it was possible to align the
paths to within ±10 µrad of each other.

The RL light for the RL-AL interference is
reflected by MZ1 (R

MZ1
= 1.51 ± 0.02%) and

then passes through LT2 via reflections from two
HR mirrors, MZ2 and MZ4. With 200mW of
RL power injected to the COB at the ‘Injection
Port’, this leaves roughly 40 nW of power inci-
dent on the RC at the mirror RC2, where most
of it is reflected. With 10 µW of power in AL
in transmission of RC, the interference beatnote
formed here has an amplitude on the order of
1 µW.9 This light is then directed to the out-of-
vacuum veto PD which is used to perform the
sensing for PLL1.

To form the interference beatnote with HPL,
RL passes through MZ1 and MZ3 (T

MZ3
= 452±

10 ppm) where it interferes with the HPL field
transmitted by LT1. At this point the RL power
is 90 µW while the HPL power here with 30W
injected to the ‘PC port’ is 370 µW, leading to
an interference beatnote with an amplitude on
the order of 360 µW. This light is sent out of the
vacuum system at the ‘PLL2 port’ and coupled

9 Assuming unity spatial overlap, the interference beat-
note amplitude in power P

AC
, for two fields with pow-

ers P1 and P2 can be found using P
AC

= 2
√
P1P2.

to the 140m fiber that transfers the light to the
PLL2 photodetector in NL.

Because tests of the backgrounds before the
first science campaign did not show any depen-
dence on the HPL polarization, the HPL light
was set to be p-polarized upon incidence on LT1
to provide the maximum signals for the interfer-
ence beatnotes and open shutter periods, as all
on axis COB mirrors were more transmissive for
p-polarized light. All of the lasers in the setup
are therefore tuned to nominally be p-polarized
when incident on the 35◦ angle of incidence mir-
rors on the COB. For this reason, the transmis-
sivity values quoted in this manuscript are all
for p-polarized light unless stated otherwise.

For S
⊥
, the HPL light injected to the produc-

tion magnet string was already p-polarized so
no other optics were necessary to achieve this
and HWP0 was not installed. For S

‖
, the light

injected to the production magnet string was s-
polarized and HWP0 was oriented to rotate the
polarization of the HPL light by 90 degrees. For
S

⊥
HWP2 was tuned to have no effect on the

AL light in transmission of the cavity as it was
already p-polarized (oriented in the x̂ direction).
For S

‖
, because AL was s-polarized (oriented in

the ŷ direction), HWP2 was adjusted to rotate
the AL light in transmission of the RC to be
p-polarized. HWP1 and HWP2 were mounted
to remotely rotatable stages in order to periodi-
cally invert the sign of specific stray light paths
and break their coherence, however tests of this
procedure showed its impact on the stray light
was only marginal and therefore it was not used
during the science runs to avoid the risk of in-
troducing additional systematic effects.

When the shutter is open, the HPL must
pass through mirrors LT1, MZ3, MZ4 (T

MZ4
=

275 ± 10 ppm), LT2 before being incident on
the RC. The combined transmissivity of these
optics, and hence T

COB
, was measured to be

T
COB

= 1.9 ± 0.1 × 10−17. These measurements
are discussed in more detail in Section III F.
With the shutter open, the HPL incident on the
RC was roughly 6×10−16 W when 30W of HPL
power was used. Including mirror RC2, the on-
axis optical attenuation between the two mag-
net strings was T

COB
· T

RC2
= 9.7 ± 1.2 × 10−23

when the shutter was open. When considering
the transmissivity of the RC and the coupling
of the HPL to its eigenmode, on the order of
10 aW of HPL power is expected at the science
detector when the shutter is open.
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FIG. 6: The COB layout for the first science campaign during open-shutter mode is shown in the
upper diagram with the lower diagram showing the optical axis of the COB during closed shutter
mode. Here, the lasers powers at different points on the COB are inexact, but represent typical
values measured during the science runs.

With RL aligned to AL in transmission of the
cavity, RL serves as a reference of the position
of the cavity eigenmode along the optical axis
after MZ4. Therefore, a diagnostic PD at the
output of the ‘Mach-Zehnder Port’ in reflection
of LT2 was used to help align the HPL to RL
where the power of the HPL was much higher
than after LT2.

The HPL light in reflection of LT1 is directed
out of vacuum at the ‘High-Power Port’, to a
power meter that measured the HPL power con-
tinuously during the science runs. Tests over
short time periods showed no apparent differ-
ence in the background levels when this light
was incident on the power meter versus a num-
ber of other beam dumps. The power meter is
housed in an out-of-vacuum light-tight box men-
tioned earlier in this section, which connects to
the vacuum flange at the High-Power port to try
to limit any stray light from scattering into the

central cleanroom.

II. CLOSED-SHUTTER CALIBRATION

As explained in Section IA, the conversion
rate of an electromagnetic field passing once
through one of the magnet strings and convert-
ing to a BSM field (and vice versa) can be ex-
pressed using measured parameters as10

Pγ↔φ =

√

Pφ

η2β
RC

Pi
. (23)

10 Here the double pass conversion rate, Pγ→a→γ , of an
electromagnetic field converting to a BSM field in the
magnet string before the wall and reconverting to an
electromagnetic field in the magnet string after the
wall is simply Pγ→a→γ = P2

γ↔φ
.
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Assuming there are no effects that alter the
power or pointing of the HPL outside of the
transmissivity on the optics on the COB, the
equation

Popen = η2β
RC

T
RC2

T
COB

Pi, (24)

gives the HPL power in transmission of the RC
when the shutter is open. Here, Equation 10
from Section IA was modified to include the
specific transmissivities for the factor (T1T2...).
In this case T

COB
is the combined transmissiv-

ity of the four mirrors oriented at 35 degrees on
the COB (for p-polarized light), while T

RC2
is

the transmissivity of the flat cavity mirror on
the COB (RC2 in Figure 2). The factor β

RC
T
RC2

gives the nominal transmissivity of the RC for
a laser on resonance with a perfectly spatially
coupled beam. The open shutter power is also
dependent on the total field overlap η. The spa-
tial and spectral components of η will determine
the coupling of the HPL to the RC. Because the
COB is designed to be significantly more trans-
missive for the properly configured polarization
state, light in the incorrect polarization state
will not pass through the COB optics. Thus,
the open shutter power will depend on the po-
larization component of η.
With this the equation for Pγ↔φ can be fur-

ther simplified using the measured open shutter
power:

Pγ↔φ =

√

T
COB

T
RC2

Pφ

Popen
. (25)

This shows that if the open shutter power could
be predicted for a given period of closed shut-
ter data, Pγ↔φ could be calculated in terms of
the transmissivity of the optics between the two
magnetic field regions and the mean of the ra-
tio of the measured power when the shutter is
closed versus the predicted open shutter power.
This is critical as the transmissivity of the op-
tics on the COB and the flat cavity mirror are
essentially static parameters that do not need to
be measured during data taking. Therefore the
only dynamic variables which must be measured
during the run are Pφ and Popen.

11

11 Other dynamic variables such as the HPL power in-
jected to the production string were measured during
the run, but under these assumptions they are not
strictly necessary to calibrate the results in terms of
Pγ↔φ.

In using the ratio Pφ/Popen to calibrate the re-
sults, we rely on the assumption that the COB
optics will only attenuate the power of the HPL
and not perturb the spatial eigenmode with re-
spect to the eigenmode of the BSM field. There
are a number of systematic effects that could
invalidate this assumption and, as Section IIA
explores, several checks were in place specifically
to ensure that this was not the case.

The open and closed shutter powers cannot be
measured simultaneously. However, because the
misalignment of the system due to drifts typi-
cally only became significant over several days,
it was possible to calibrate the closed shutter
data using the nearest neighboring open shutter
periods. Open shutter measurements were per-
formed daily during S

⊥
and several times per

day for S
‖
, to minimize the drifts between open

and closed shutter periods. For S
⊥

this corre-
sponded to 19 open shutter periods during the
15 day run, while for S

‖
78 open shutter periods

were performed over 41 days. The average time
between the closed shutter data and its near-
est open shutter period was roughly 8 hours for
both runs. A critical component of this is ensur-
ing that the system was in a stable state during
the periods in which data was acquired for both
the times when the shutter was open or closed.
The process of identifying these times and flag-
ging the data based on the status of the system
is explained in Section II B.

Because it was possible to continuously mea-
sure P

HPL
, the closed and open shutter data was

also normalized by the HPL power to further re-
duce the systematic uncertainty of the measure-
ment, and this is described in Section IIC. The
rest of the calibration procedure to calculate the
result from the heterodyne detection system in
terms of Z and then calibrate this in Pγ↔φ is
explained in Section IID. A second PD called
the veto detector, was implemented on the op-
posite side of the RC from the science detector,
to verify potential signals and we examine this in
Section II E. The uncertainty in the calibration
of the ratio Pφ/Popen and the results in terms
of Pγ↔φ is then scrutinized in Sections II F and
IIG respectively.

It should be noted that the purpose of the
calibration procedure is to provide the results
in terms of the electromagnetic field to BSM
field conversion rate Pγ↔φ and therefore this
manuscript does not consider the effect of the
magnet strings on the coupling of the BSM
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fields. Exclusion limits, derived from the results
presented in Section IIID, on the coupling be-
tween electromagnetic fields and pseudoscalar,
scalar, vector, and tensor bosons can instead be
found in Ref. [1].

A. Potential Systematic Effects

There are several effects that could spoil the
calibration of the regenerated signal via the open
shutter signal. For example, any wedge angle in
the optics between the two magnetic fields will
deflect the light that transmits from the pro-
duction area to the regeneration cavity during
the open shutter periods. The BSM fields how-
ever, will be unaffected by these wedge angles
during the closed shutter periods. Therefore,
if the system is aligned by optimizing the open
shutter signal, compensating for the wedge an-
gles would lead to a misalignment of the BSM
field with respect to the cavity eigenmode. The
wedge angles of the COB substrates were mea-
sured by the manufacturer to be between 1.7
to 5.5 µrad, producing a deflection angle on the
beams between 0.8 to 2.8 µrad.
The total deflection angle of the COB due to

the wedge angles of the on-axis optics was mea-
sured by two different methods. First, a green
He-Ne laser was directed through the beam tube
from NR to NL through the COB and it posi-
tion was recorded on a camera. Then, the COB
was removed and the change in the position of
the green beams on the camera was measured.
This gave a deflection angle of 10 ± 5 µrad in
the horizontal direction and 5 ± 5 µrad in the
vertical direction for a total deflection angle of
11±7 µrad. The deflection angle of the COB op-
tics was also measured using an autocollimator
once the COB was removed. In these measure-
ments the autocollimator beam passed through
the COB optics, was then normally incident on
a mirror, and then once again passed through
the COB optics, before being incident on the
autocollimator detection system. This proce-
dure was then repeated several times pushing
the COB in and out of the setup, but always be-
ing normally incident on the mirror. The differ-
ence of the angle when the COB was in the setup
versus when it was not was measured by the au-
tocollimator to be 9 ± 2µrad in the horizontal
direction and 1±1µrad in the vertical direction.
This would correspond to a total COB deflection

angle of 5± 1µrad and is within the error of the
measurements using the He-Ne laser. Consider-
ing that the COB optics were mounted with a
random azimuthal orientation, this is consistent
with the wedge angles measured by the man-
ufacturer. If the system were ideally aligned
with the HPL perfectly coupled to the RC dur-
ing the open shutter periods, such a deflection
angle would lead to an additional loss of the
spatial power overlap of the regenerated field to
the RC eigenmode of 2%. If there were an ad-
ditional 10 µrad offset in the alignment of the
HPL with respect to the RC eigenmode along
the same axis as the wedge angle (correspond-
ing to a loss in the spatial overlap of 8%), this
would correspond to an additional uncertainty
in the spatial power overlap of between 6 and
10%. Therefore, an additional 10% uncertainty
has been incorporated into the closed to open
shutter power ratio because such misalignments
were typical during the first science campaign.
Another effect which could reduce the mea-

sured signal power is the loss in phase coher-
ence between the regenerated field and the het-
erodyne detection system due to optical path
length changes on the COB. One cause of this
could be temperature changes in the substrates
on the COB that the various lasers pass through
on their way to forming interference beatnotes
for the PLLs. The COB was originally designed
to reduce the influence of this effect as the faces
of the optics are oriented such that, after be-
ing split, the RL will pass through two optics
on both paths before it interferes with the HPL
and the AL in transmission of the RC.12 Thus, if
these optics experience common changes in their
temperature, their optical path lengths will all
change by the same amount. PLL1 will adjust
the phase of RL to compensate for the changes
in the optical path-length through the mirrors
LT2 and RC2. This should be nearly canceled
by the optical path-length changes in the other
RL path through mirrors MZ1 and MZ3.13 The
HPL only passes through the mirror before in-
terfering with RL. Therefore only its path-

12 On the path to the point of interference with AL one of
these optics is oriented at 0◦ as opposed to the others
which are oriented at 35◦ and a more rigorous calcu-
lation should include this additional difference in path
length.

13 The word nearly is used here again due the path length
difference through the 0◦ mirror.
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length changes are encoded on the phase of the
HPL, and hence the BSM field, with respect to
the heterodyne detection system.
Although this may appear to be ideal, that is,

suppressing effects that lead to any decoherence
between the bosonic field and the heterodyne de-
tection system, it must also be considered that
the open shutter path passes through all on axis
substrates on the COB. Therefore, in this con-
figuration, this effect will cause the PLLs to de-
tune the open shutter phase with respect to the
free space phase determined by the path length
between the reflective interfaces of mirrors MZ3
and RC2. If the open shutter signal is then used
to compensate for the potential phase changes
in the system this effect will lead to a loss in
coherence of the regenerated signal with respect
to the heterodyne detection system. While this
effect should produce a measurable change on
the phase of the open shutter signals during the
run, currently no way has been found to dis-
entangle this effect from other effects that the
open shutter calibration technique should com-
pensate for. These other effects could be phase
changes induced by misalignments in RL or the
alignment of the RL-HPL beatnote to the CH-
NL optical fiber. If these signals were present
and large enough to cause a decoherence in the
open shutter data, this would appear as changes
in the phase of the open shutter data unless they
were perfectly canceled by other effects. Because
the phase changes in the open shutter data were
not large enough to produce a significant deco-
herence in the data, it seems this was not ac-
tually a problem for the optical system. Still,
it was important to verify that the optical path
length changes induced by temperature changes
in the on axis COB optics are significantly less
than a wavelength.
The optical substrates each have a thickness

of 9.5mm. Assuming an index of refraction for
fused silica at a wavelength of 1064 nm of 1.45,
each of the 35◦ substrates have an optical path
length of 15.0mm,14 while the flat cavity mirror
has an optical path length of 13.8mm. Assum-
ing a thermo-optic coefficient of 8.5 ppm/K for
fused silica at room temperature [24], and a co-
efficient of thermal expansion of 0.5 ppm/K [25],

14 While the angle of incidence is 35◦, the angle the on-
axis light propagates through the substrate is only
23.3◦ due to Snell’s law.

the optical path length through the 35◦ mirrors
will change by 95 nm/K, while for the cavity
mirror it will change by 87 nm/K. Together, this
will produce a 0.35 cycle/K phase change in the
open shutter signal with respect to the free space
optical path length.

Measurements of the temperature in the cen-
tral cleanroom showed the RMS deviations from
the mean were less than 0.1K over the dura-
tion of the closed shutter periods of S

⊥
and less

than 0.07K during the closed shutter periods of
S

‖
. Therefore, the effects of path length changes

in the substrates are expected to be less than
0.035 cycles for S

⊥
and 0.025 for S

‖
. In terms of

the losses in the measured regenerated power,
this would correspond to 4.8% for S

⊥
and 2.4%

for S
‖
. Each of these values have been included

as an additional uncertainty in the closed to
open shutter ratio in their respective runs.

Other effects that could change the phase of
the open shutter signal were also investigated.
They included misalignments of RL with respect
to the HPL as well as alignment errors between
these lasers and the long fiber used to transfer
the RL-HPL beatnote to NL. Both of these ef-
fects were shown to have an influence on the
open shutter phase of the HPL measured at the
veto detector. Based on the misalignments ex-
perienced during the run and tests performed
afterward, the alignment noise in these paths
could have been responsible for phase changes as
high as 0.1 cycles during the run, although the
unexplained phase changes in the run were not
that large. Nevertheless, when misalignments of
the optical system cause changes in the phase of
the open shutter data, the open shutter calibra-
tion will compensate for this and therefore these
effects were not considered when calculating the
uncertainty in the open shutter calibration. A
more detailed discussion can be found in Sec-
tion IID.

The calculation of the error bars on the open-
to-closed shutter ratio also does not include ef-
fect from the wedge angles and path length
changes of the half-wave plates on the COB
as they are specified to have a parallelism bet-
ter than 0.5 µrad, with a thickness of less than
3mm. Also, differential changes in free space
path length of the arms of the MZ are not be-
lieved to be significant with respect to the other
effects mentioned in this section and are there-
fore also not considered in the calculation of the
error.



21

B. System Locked Flags

For the closed or open shutter data to be con-
sidered valid, the magnets must be operating
at full current and all control loops must be en-
gaged and stable at the correct frequencies. The
loops include the PDH, PLL1, PLL2, and PLL3
control loops. The status of the system was
recorded in the form of a number of ‘flags’. In
addition to being stably locked, i.e. the control
system engaged with a stable error signal, it was
also important for the frequencies of all PLLs to
have the correct sign such that the HPL would
be resonant in the RC and the beatnote between
the HPL and LO would be at the proper fre-
quency. The sign of the frequency difference be-
tween the two fields generating the beatnote was
checked before each time the system was locked
by varying the temperature of one of the laser
crystals with the PLL disengaged and examining
the change in the beatnote frequency. Because
the sign of the temperature to frequency calibra-
tion of the laser is known, it was possible to tell
which laser had the higher frequency based on
whether or not the beatnote frequency increased
or decreased.

The flag for PLL1 was based on monitoring
the frequency of the PLL1 beatnote. If it devi-
ated from its nominal value the flag would mark
the data as invalid. We should note though that
for S

⊥
this system was not yet implemented and

the PLL1 flags are only used for S
‖
. Based

on the flag data from S
‖
, it does not appear

that there were any sections of closed shutter
data during S

⊥
in which PLL1 was unlocked,

but that the data during that stretch was oth-
erwise flagged as valid. The reason for this is
that when the PLL1 lock is broken, this almost
always breaks the PLL2 lock as well. Further-
more, examining the stray-light signal over the
duration of the run indicates that the system
flags for S

⊥
are representative of the system sta-

tus, as if the system is unlocked the stray-light
signal disappears and the stray-light signal is
ever present in the closed shutter data of S

⊥
.

It was possible to distinguish if the PLL2 and
PLL3 loops were unlocked by observing the con-
trol signals sent to the Piezoelectric and tem-
perature actuators mounted to the laser crystal.
The flags for these loops were therefore based on
their control signals. Furthermore, the control
signals were also inspected for times when they
may have unlocked and then relocked on their

own and the data from the time periods after
the initial unlock were disregarded.
The flag for the magnet current was set to

be valid if the magnet current was larger than
5.6 kA. The magnet current, however did not
vary over the duration of the run and was al-
ways within 0.0003 kA of 5.7118 kA during the
closed shutter periods.
The open and closed shutter status flags were

based on the recorded position of the shutter
wheel such that it had to be oriented within 3
degrees of the center position of the open hole
for the open status, or one of the closed holes
for the closed status.
There was also a flag for the case where the

operator was performing ‘maintenance’ on the
system. Maintenance involved taking measure-
ments used for monitoring purposes as well as
realigning the optics. In this case the flag was
manually set to be invalid if maintenance was
being performed as all data acquired during this
period are disregarded.
The Boolean product of each set of flags was

used to form the complete set of flags for the
shutter open and shutter closed periods. Out
of caution, the complete flags were cut by 60 s
such the data from the first and last minute of
every open and closed shutter section were dis-
regarded.
Over the course of S

⊥
more than 580,000 s

of closed shutter data with valid flags was col-
lected, while for S

‖
the total data from the closed

shutter periods consisted of over 1,060,000 s of
valid data.

C. Normalization by HPL Power

Recalling Equations 9 and 24, the HPL power
exiting the RC in NR during the closed (Pφ) and
open (Popen) shutter periods is

Pφ = η2β
RC

Pi P2
γ↔φ (26)

and

Popen = η2β
RC

T
COB

T
RC2

Pi. (27)

As stated earlier, T
COB

and T
RC2

are static
parameters that did not need to be mea-
sured constantly during the run, while the
electromagnetic-BSM field conversion rate
Pγ↔φ is the measurable for the experiment.
The total field overlap η and the resonant
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Hp[n], provided it does not change significantly
between sample n and sample (m[j]− k[j])/2.17

Likewise, becauseHp[n] and Copen,j are left as
complex numbers, this effect also compensates
for any slow phase drifts that are common mode
to both the open and closed shutter periods. An
example of this compensation occurs if there is
an offset between the frequency difference of the
HPL and LO and the frequencies used in the
double demodulation scheme. This is only pos-
sible if such detunings lead to fractions of a cycle
in phase drift or less between the open shutter
periods. Therefore, this method can only com-
pensate for this effect up to the order of tens of
µHz. (It should be clear that the unexplained
phase effects seen in the open shutter periods in
Figures 8b and 9b were much less than a full
cycle and frequencies less than µHz.)

Another dynamic effect that this method
compensates for is the slow changes in the cav-
ity length that can detune the HPL from the
resonance of the RC, this could lead to the cav-
ity inducing a phase offset into the science sig-
nal. These changes in phase would be common
mode to the phase changes introduced to the
open shutter signal as it transmits through the
cavity. Therefore, as long as the cavity length
changes only induce phase changes on the order
of fractions of a cycle between the open shutter
periods, this method can compensate for these
drifts.
In either case, the optical system was actively

monitored and re-aligned during maintenance
periods during the science campaign to mitigate
the phase drifts and changes in the coupling as
much as possible in order to reduce the system-
atic uncertainty in the measurement. An anal-
ysis of the results of this effort is discussed in
Section IV.
The power ratio is equivalent to the squared

magnitude of Zclosed:

Pφ

Popen
≡ |Zclosed|2. (35)

Together with Equation 25, Pγ↔φ can be ex-
pressed as the product of |Zclosed| with the

17 Later in Section II F and Appendix A 2 it is shown that
on time scales of roughly two days or less the system is
stable and these changes are small compared to other
sources of uncertainty in the measurement.

square root of T
COB

and T
RC2

:

Pγ↔φ =
√

T
COB

T
RC2

|Zclosed| . (36)

This equation represents the primary achieve-
ment of the calibration procedure as it provides
an elegant method to directly translate the re-
sults measured by the heterodyne detection sys-
tem in terms of the conversion rate between
electromagnetic and BSM fields Pγ↔φ. This re-
quires the use of only one other dynamic vari-
able, the open shutter measurements, as well as
the measured combined transmissivities of the
optics between the two magnet strings along the
optical axis of the system. The results presented
in Section IIID, in terms of Pγ↔φ, are then in-
terpreted in Ref. [1] as limits on gφγγ .

E. Veto Detection System

A veto detection system was also operated
during the first science campaign to check the
validity of signals measured at the science detec-
tion system. The veto photodetector (PDveto)
is positioned in the CH cleanroom such that
it would detect the light reconverted from the
BSM signal that transmits RC2. As RC2 is
nearly a factor of 20 less transmissive than RC1,
for a given electromagnetic to BSM field con-
version rate, the reconverted signal power on
PDveto would be significantly lower than the sig-
nal power present on the science photodetector.
This factor is seen in the expression for the close
shutter signal power transmitted by RC2 in the
presence of a BSM signal:

Pφ,veto = η2β
RC

TRC2

TRC1
Pi P2

γ↔φ. (37)

Although it is still capable of measuring the re-
converted field, the true purpose of the veto
detector is to observe the stray light, due to
its proximity to the shutter system and COB,
while also providing independent means of mon-
itoring the performance of the optical system.
Stray light incident on the veto detector does
not need to pass through the beam tube or RC
like the stray light present at the science de-
tector. Furthermore, stray light on the opti-
cal axis of the system that directly couples to
the RC should have a power roughly a factor
of R

RC,CH
/T

RC
∼ 30 higher at the veto detec-

tor. Here R
RC,CH

∼ 0.95 is the reflectivity of
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the RC for a laser that is perfectly spatially
mode matched to the cavity eigenmode (see Sec-
tion IVA3 and Equation 56 for more details).
T

RC
∼ 3% is the transmissivity of the RC for a

laser sharing the spatial eigenmode of the cavity.

The analysis for the data from the veto detec-
tion system is nearly the same as for the science
detector. The signal from the veto photodetec-
tor is amplified and then digitized by an ADC
and the digital signal is demodulated at the veto
heterodyne frequency fveto = 33f0, where f0
is the FSR of the RC. As the diagram of the
laser frequencies in Figure 3 shows, the veto het-
erodyne frequency is different from the science
heterodyne frequency because the interference
beatnote measured at the veto detector is be-
tween the signal field and the AL light in trans-
mission of the RC. The demodulated data are
used to form the open and closed shutter arrays
Hveto

p and the veto systems version of the cal-
ibration series Cveto[n] is constructed with the
open shutter veto series Cveto

open,j . Just like the
calibration procedure for the science detector
data, the results at the veto detector are formu-
lated in terms of the normalized closed shutter
power |Zveto

closed|2.
When the shutter is open, the HPL light re-

flected by RC2 that is in the spatial mode of the
AL18 can be expressed by

P veto
open =

η2

η2ẑ
R

RC,CH
T
COB

Pi. (38)

The spectral component of the field overlap is
canceled from the total overlap as the term η2

is divided by η2ẑ . Again, R
RC,CH

(Equation 56 in
Section IVA3) is the reflectivity of the RC for
a laser occupying the spatial mode of the cav-
ity. Here, the longitudinal overlap η2ẑ will play a
small role in R

RC,CH
. From this equation it is ap-

parent that |Zveto
closed|2 has a very different mean-

ing than its counterpart calculated from the sci-
ence detector as the dynamic variables β

RC
and

ηxy do not perfectly cancel here.

18 The HPL light must be in the spatial mode of the AL
to generate a beatnote measurable by the heterodyne
detection system.

F. Calibration Uncertainty

The optical system is not static and param-
eters such as the cavity length and HPL cou-
pling to the RC did change over time, produc-
ing changes in the expected signal for a given
BSM coupling during the run. These changes
are encoded on the open shutter signal which is
why open shutter data was taken as frequently
as possible. The uncertainty in the projection of
this data to the calibration series C[n] for nearby
closed-shutter periods is one of the leading con-
tributors to the systematic uncertainty in the
calibration of the regenerated power in terms of
Pγ↔φ.
To set error bars on the open shutter cal-

ibration, the changes in the open shutter re-
sults were examined for points between which
no realignment of the system was performed.
This was done by compiling sets of data express-
ing the changes between the magnitude squared
and phase of different open shutter sections as a
function of the time between them.
The normalized absolute value of the differ-

ence in the magnitude squared for two points
in the open shutter data Copen,j and Copen,m,
separated in time by t(m)− t(j) (here t(m) and
t(j) are the time at the midpoint of their corre-
sponding open shutter periods), is

∆|Copen,j→m|2 =

∣
∣|Copen,j |2 − |Copen,m|2

∣
∣

|Copen,j |2
.

(39)
A first order polynomial was then fit to
∆|Copen,j→m|2 as a function of t(m)−t(j) to find
the average normalized changes as a function of
the time between the open shutter periods. This
process gave a linear trend of 1.5% /day for S

⊥

in the science detector with a static offset of
7.3%. That is, open shutter periods measured
only minutes apart would vary on average by
7.3% in terms of |Copen,j |2, but if these mea-
surements were separated by a day, they would
vary on average by 8.8%. From these data it can
be seen directly that it would take nearly 5 days
for the uncertainty due to the long term drifts in
the system to have a larger impact than the un-
certainty measured over shorter times between
the open shutter periods. The linear trend was
3.1% /day at the science detector for S

‖
, with a

static offset of 6.0%. The positive slope in all of
the fits indicates that the changes between open
shutter periods tend to be larger for larger pe-
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riods of time as expected. Figures 22a and 22c
in Appendix A 2 show scatter plots for S

⊥
and

S
‖
of the relative absolute change in |Copen,j |2

for different open shutter periods as a function
of the time between them.

These trends were then used to estimate the
uncertainty in |C[n]|2. Here, each point in C[n]
is assigned error bars based on how far in time
it is from the nearest open shutter period with
no realignment of the system performed in be-
tween. The average of the error bars of |C(n)|2
for all closed shutter points found with this pro-
cess was then used to calculate contribution of
the changes in the open shutter data to the rel-
ative error on |Zclosed|2. This process gave an
average relative uncertainty of 7.8% on |Zclosed|2
with a range from 7.3% to 8.8% for S

⊥
. For S

‖

the average uncertainty due to the changes in
the open shutter periods was 7.0% with a range
from 6.0% to 11.5%.

The change in the phase of the open
shutter periods was also calculated. The
first-order polynomial fit to the data gave
0.123 rad/day+0.020 rad for the science detector
and 0.041 rad/day+0.033 rad for the veto detec-
tor during S

⊥
. In the case of S

‖
, the first-order

polynomial fit gave −0.010 rad/day + 0.152 rad
at the science detector and 0.035 rad/day +
0.059 rad for the veto detector. These trends
shows that longer times between the open shut-
ter periods corresponded to larger changes in the
phase of the open shutter measurements for S

⊥

for both the science and veto detectors, as well
as S

‖
at the veto detector. The phase changes

measured at different open shutter periods of S
‖

appear actually to decrease at the science detec-
tor as a function of the time between the points.
This is believed to be due to several outliers bi-
asing the data at earlier times. The average un-
certainty on the angle of C[n] was 0.062 rad for
S

⊥
with a range of 0.026 rad to 0.1394 rad. For

S
‖
the average uncertainty on the angle of C[n]

was 0.148 rad for with a range of 0.136 rad to
0.151 rad. This would correspond to an average
uncertainty on the magnitude squared of C[n] of
0.45% for S

⊥
and 2.2% for S

‖
. As these errors

were insignificant compared to other sources of
error in C[n], the contribution of the changes
in the phase between open shutter periods was
not considered when calculating the error of
C[n] and |Zclosed|2. Scatter plots of the abso-
lute change in angle of the open shutter periods
as a function of the time interval between them

can be found in Appendix A 2 with Figure 22b
showing the results from S

⊥
and Figure 22d S

‖
.

It must be also noted that interpreting the
changes in the open shutter data should be ap-
proached with a certain degree of caution. As
the previous paragraph mentions, it is possible
that the data have some bias related to the sta-
bility of the system. For example, when the sys-
tem was unstable, it may have become unlocked
more frequently during the open shutter periods.
This would lead to more frequent open shutter
periods during these times when the system was
less stable because the operators were instructed
to relock the system and restart the open shut-
ter period if a certain integration time was not
reached. Likewise, when the system was more
stable, it would be more likely that no relock
was required and therefore there may not even
be any data at all for shorter durations between
open shutter periods during the more stable pe-
riods. This may also explain why the shorter
time periods appear to be less stable in some
cases, than the longer time periods in the plots
shown in Appendix A 2.

Later, in Section III E 2, the time evolution
of the closed shutter data is examined on the
complex plane. The effects in the open shutter
data discussed in the previous paragraphs can
also be examined on the complex plane. Fig-
ures 16b and 16d show plots of the real and
imaginary components of Copen,j/Copen,m dur-
ing S

⊥
, for the science and veto detectors, re-

spectively, in comparison to a moving average
of the closed shutter data (for more information
see Section III E 2). Here, only the changes be-
tween open shutter periods in which the system
was free-running and no alignment took place
between them were considered. This means that
these are not necessarily all consecutive mea-
surements of the open shutter periods, as of-
ten realignments of the system occur in between
the open shutter periods. In these plots, if no
changes occurred in the open shutter results, all
points would be at 1+0i. In the science detector,
the mean value of the data shown in these plots
was 0.98 − 0.08i with a standard deviation of
0.23. The mean of the absolute value of the real
components of these data minus one was 0.04,
while for the imaginary components the mean
absolute value was 0.18. These changes can be
used to calculate a rough estimation of the rel-
ative error in |Zclosed|2 of 8%. The estimates
of the errors from both methods are therefore
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equal with respect to their significant digits.
The reason that this result is slightly different

from the estimate of the error compiled using the
trends earlier in this section is that this is just
an average of all of the changes in the complex
open shutter data with no attempt to project
these changes on to the closed shutter periods or
account for the time between the open shutter
periods. In either case, t
Data for S

‖
are shown in Figures 17b and 17d

for the science and veto detector, respectively.
In these plots, the mean value of the data at the
science detector was 0.95+0.08i with a standard
deviation of 0.26. For these data the mean of
the absolute value of the real component of the
data minus one was 0.06, while the mean of the
absolute value for the imaginary component was
0.14 leading to a rough estimate of the relative
error of 12% on |Zclosed|2. This shows relatively
good agreement with the estimate of the error
using the linear trend of the magnitude square
of Copen,j of 7.0%. The discrepancy between
the two methods is believed to be due to the
fact that this method simply finds an average of
all of the changes in the complex open shutter
data with no attempt to project these changes
on to the closed shutter periods or account for
the time between the open shutter periods as
the method using the linear trends in the data
does.
The technical noise of the system (discussed in

more detail in Section IIIA 2) also contributed
to the uncertainty calculated here. As the tech-
nical noise is symmetric about the actual sig-
nal, over long integration times it will average to
zero. This can be seen explicitly in Figures 18a
and 18c (discussed later in Section III E 3) as the
1-σ statistical error on the data converges pro-
portionally to a trend of 1/

√
t′ with t′ being the

integration time. Some of the open shutter pe-
riods were short enough that the impact of the
technical noise was significant. The technical
noise contribution to the uncertainty was calcu-
lated by performing a Fourier transform on the
data from each of the open shutter periods and
calculating the mean noise in the bins exclud-
ing the frequency bin where the actual signal
resides.19 For S

⊥
, the mean value of the relative

error in |Copen,j |2 due to technical noise during

19 Only frequency bins within the bandwidth of the filters
applied to the data were considered.

the open shutter periods was only 0.15% for the
science detector however the shortest section of
open shutter data at 493 s gave an uncertainty
of 3.99%. For S

‖
the average uncertainty due

to technical noise was only 0.30% for the sci-
ence detector, but the shortest open shutter sec-
tion lasted only 59 s and had an uncertainty of
12.69% due to the technical noise.
The primary reason for the lower relative

noise in the S
⊥

open shutter periods was that
the average duration was their longer median
duration of 2070 s for S

⊥
compared to 960 s for

S
‖
. In either case, technical noise appears to

impact the uncertainty of the calibration only
marginally. These effects are already accounted
for in the analysis from this section as this will
also play a role in the changes observed between
different periods of open shutter data.20

G. Uncertainty in the Results

Three sources are considered in the estimate
of the uncertainty in |Zclosed|2. Two of these,
the wedge angles of the COB optics changing
the spatial overlap of a BSM signal with respect
to the open shutter signal (introducing a relative
uncertainty of 10% on |Zclosed|2) and the loss of
phase coherence of potential BSM signals with
respect to the open shutter data due to temper-
ature changes on the COB (contributing a rela-
tive uncertainty of 4.8% to |Zclosed|2 for S

⊥
and

2.4% for S
‖
), were discussed in Section IIA. The

third source of error in |Zclosed|2 was the uncer-
tainty of C[n] discussed in the previous section.

20 It is not entirely clear what the threshold is for when
the drifts in the setup take over from the technical
noise as the dominant source of noise in the open
shutter data. From Figures 18a and 18c this appears
to be longer than 1000 s for sections of open shutter
data where the system was continuously locked based
on the fact that the error bars never stop converging.
In Appendix A 2, Figures 22a-22d, the data compiled
from periods in which the system was not continu-
ously locked show that the drifts in the system are
the dominant source of noise after only a few hours as
the uncertainty on the shortest time scales shown in
these plots is larger that the uncertainty shown on the
longest time scales of Figures 22a-22d. Nevertheless,
as the text states, the results over short time scales
in Figures 22a-22d should be treated with caution, as
there may be some bias in the data toward times when
the system was less stable.
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Observed result: Estimated background: Estimated background:

|Z(fk = 0)closed|
2 M

TH
(fk = 0) M

SG
(fk = 0)

Science (S⊥) (1.95± 0.26)× 10−5 (2.54± 0.34)× 10−5 (2.28± 0.31)× 10−5

Veto (S⊥) (4.58± 0.53)× 10−5 (2.59± 0.30)× 10−5 (2.46± 0.29)× 10−5

Science (S
‖
) (2.87± 0.36)× 10−5 (0.85±0.11)× 10−5 (1.07±0.13)× 10−5

Veto (S
‖
) (4.90± 0.57)× 10−5 (3.87±0.45)× 10−5 (4.09±0.52)× 10−5

TABLE II: Summary of the heterodyne data in the signal bin for both detectors and both science
runs are shown in the column labeled |Z(fk = 0)closed|2 . The errors are derived from the uncertainty
in the calibration time series C[n]. The columns labeled M

TH
(fk = 0) and M

SG
(fk = 0) give the

background estimates discussed in Section III B calculated using the top-hat and Savitzky-Golay
filters respectively.

In this case the relative uncertainty introduced
to |Zclosed|2 by C[n] was estimated to be 7.8%
for S

⊥
and 7.0% for S

‖
. Summing these quadrat-

ically gives a total relative error on |Zclosed|2 of
13.3% for S

⊥
and 12.4% for S

‖
.

The uncertainty of Pγ↔φ will be affected by
all of the sources discussed in the previous para-
graph as well as the uncertainties on the trans-
missivities of the COB optics along the opti-
cal axis of the system (discussed later in Sec-
tion III F) and the transmissivity of RC2 (dis-
cussed in Ref. [20]). With a relative uncertainty
in T

COB
of 7.1% and a 9.8% in T

RC2
the relative

error bars on Pγ↔φ come out to 9.1% for S
⊥
and

8.7% for S
‖
.21

III. RESULTS AND BACKGROUNDS

The results acquired by the heterodyne detec-
tion system using the science and veto detectors
are shown for both runs in terms of |Zclosed|2 in
Table II. The measured value given by the sci-
ence detector data was (1.95± 0.26)× 10−5 for
S

⊥
and (2.87± 0.36)× 10−5 for S

‖
. For the veto

detector |Zclosed|2 was (4.58 ± 0.53) × 10−5 for
S

⊥
and (4.90 ± 0.57) × 10−5 for S

‖
. The error

bars shown in Table II represent the estimated
systematic uncertainty that was calculated with
the methods discussed in the previous section.

21 It must be considered that because Pγ↔φ is the square
root of the product of the transmissivities of these op-
tics and the |Zclosed|2, its relative error is roughly half
the quadratic sum of the errors of these parameters.

The resulting values of |Zclosed|2 in Table II lie
in what we will refer to as the signal frequency
bin, because the data was demodulated at the
heterodyne frequencies given in Section IC. As
Section IIIA explains, the Z-function was also
evaluated at alternative frequencies where no
BSM contribution was expected. This allowed
the backgrounds to be estimated without requir-
ing background measurements with the magnets
off, under the assumption that the neighboring
bins are indicative of the background in the sig-
nal bin. The estimated background in the signal
bin is shown as the second and third columns of
Table IIand this process is summarized and com-
pared with the measured data in Section III B.
Section III C explains how the statistical dis-

tribution of the background was calculated by
comparing the estimated background to the
measured values at frequencies outside the sig-
nal bin. This distribution was then used to set
detection thresholds that determined whether or
not a signal was present at a given confidence
level.
The results in the signal bin given in Ta-

ble II are consistent with the estimated back-
ground levels during both runs. Thus neither
run showed an excess statistically significant
enough to claim the presence of a signal gen-
erated by new physics. Section III C therefore
also examines how exclusion limits on the con-
version rate between electromagnetic and BSM
fields were set based on the background distri-
bution. The resulting exclusion limits are sum-
marized in terms of Pγ↔φ in Section IIID.
Section III E discusses how the behavior and

data measured at the science and veto detection
systems indicate that the backgrounds could be
due to stray light. This is done by examining the
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5.2 × 10−8 for the science detector during S
‖
.

Calculating this noise limit using the param-
eters for the science detector during S

⊥
gives

6.3 × 10−8. The mean technical noise, derived
in Section IIIA 2, in terms of |Zclosed|2 was
3.3 × 10−7 for S

‖
, a factor of 6 above the shot

noise limit, and 4.2× 10−7 for S
⊥
, a factor of 7

above shot noise.

For the veto detector the expected single
sided shot noise PSD can be found to be 2.5 ×
10−15 V2/Hz for S

‖
and 2.2 × 10−15 V2/Hz for

S
⊥
. This leads to a shot noise limit of 1.8×10−9

on |Zveto
closed|

2
for S

‖
and 2.2 × 10−9 on |Zveto

closed|
2

for S
⊥
. In terms of |Zclosed|2, the shot noise lim-

its for the veto detector are lower than at the
science detector simply because the open shut-
ter signal does not need to transmit the RC.
If both detectors reach the shot noise limit the
veto detector will be more sensitive with respect
to |Zclosed|2 by a factor of 1/TRC or roughly 30.
This does not mean the veto detector is more
sensitive to the coupling of BSM fields. On the
contrary, it is significantly less sensitive as the
coupling of the BSM signal to the detector in
terms of the closed to open shutter power ratio
is roughly a factor of 600 lower than at the sci-
ence detector. This is explained in more detail
in Section III E 1, however it is due to the fact
that reflectivity of the RC, and hence the open-
shutter power of the HPL in the RC’s spatial
eigenmode that is sent to the veto detector, is
a factor of 30 larger than the transmissivity of
the RC, or the in-mode HPL open-shutter power
sent to the science detector. Likewise, the power
reconverted from an actual BSM signal would be
roughly 20 times lower in transmission of RC2
(the cavity port directed to the veto detector)
compared to RC1 (the cavity port directed to
the science detector) due to the transmissivities
of the mirrors.

2. Technical Noise

Measurements of conventional sources of tech-
nical noise such as the noise of the ADCs used in
the data acquisition system and the noise equiv-
alent power of the science PD gave power spec-
tral densities at the heterodyne frequency lower
than the technical noise measured in the exper-
iment or even the projected shot noise limit at
that frequency. Therefore, a more thorough in-

vestigation was required to identify the source
of this noise. This investigation included tests
that revealed that the noise was related to the
interaction of the LO and the AL when the AL
was frequency stabilized to a cavity resonance.
One set of measurements was performed in re-
flection of the RC with the circulating field of the
cavity blocked, but the AL reduced in power to
the same power level as if it were on resonance.
With the LO at its normal power, the resulting
PSD of the voltage noise output by the pho-
todetector was within 20% of the predicted shot
noise level at the heterodyne frequency. How-
ever, measurements performed with the system
in its normal configuration (cavity unblocked,
AL resonant with the RC) the PSD of the volt-
age noise output by the science PD was a factor
of 6 above the predicted shot noise level, identi-
cal to the results achieved during S

‖
. This was

despite the fact that power incident on the sci-
ence PD was the same in both measurements. A
third measurement with the AL stabilized to the
RC, but the LO blocked also produced a PSD
in the voltage noise output by the science PD
at the heterodyne frequency that was consistent
with the predicted shot noise limit. It was not
possible to measure the power noise at the sci-
ence PD with the AL off resonance from the RC
and both it and the LO at nominal power as this
saturated the photodetector. While this points
to the interaction between the LO, AL, and the
RC being the source of the technical noise, these
effects are not entirely understood and therefore
are still under investigation.
While it was not possible to increase the LO

power due to saturation effects in the science
PD, future upgrades plan for a new design of
the science PD that can accommodate higher
powers to ensure that shot noise from the detec-
tion of the LO is the dominant source of noise
at the detector. This would lead to an apparent
gain in sensitivity of a factor of roughly 2.5 with
respect to Pγ↔φ and 1.6 with respect to gφγγ
under the assumption the current science runs
were limited by technical noise. However, both
S⊥ and S‖ appear to be limited by an additional
background discussed in the next section.

B. Background Estimation

An estimation of the expected measured noise
in the absence of a BSM signal is performed by











37

S⊥ Run

WTH WSG

Observed result: W (fk = 0) 0.76 0.85

Non-centrality parameter: |ζ|2 0.000+0.126
−0.000 0.067+0.114

−0.067

Std. dev. of noise (W ) 1.00 1.03

5σ det. Thresh. (W ) 14.37 14.81

Significance of observed result 0.7σ 0.8σ

5σ Det. Thresh.
(

|Zclosed|
2
)

(3.7± 0.5)× 10−4 (3.4± 0.5)× 10−4

95% C.L. 5σ Ex. Lim (W ) 23.97 24.54

95% C.L. 5σ Ex. Lim.
(

|Zclosed|
2
)

(6.1± 0.8)× 10−4 (5.6± 0.8)× 10−4

S
‖
Run

WTH WSG

Observed result: W (fk = 0) 3.35 2.67

Non-centrality parameter: |ζ|2 0.000+0.080
−0.000 0.005+0.086

−0.005

Std. dev. of noise (W ) 1.00 1.00

Significance of observed result 2.1σ 1.8σ

5σ det. Thresh. (W ) 14.37 14.41

5σ det. Thresh.
(

|Zclosed|
2
)

(1.2± 0.2)× 10−4 (1.5± 0.2)× 10−4

95% C.L. 5σ ex. lim (W ) 23.97 24.01

95% C.L. 5σ ex. lim.
(

|Zclosed|
2
)

(2.0± 0.3)× 10−4 (2.6± 0.3)× 10−4

TABLE III: Summary of the results at the science detector of W for the different analysis meth-
ods, including the unbinned maximum likelihood estimate of the non-centrality parameter, the 5σ
detection thresholds in terms of W and |Zclosed|2 that are calculated from the resulting probability
distributions, as the 95% confidence level 5σ exclusion limits.

non-central χ2 distribution has a mean value of
1 + |ζ|2/2 and a variance of 1 + |ζ|2, where |ζ|2
is the non-centrality parameter, .

Table III gives a summary of the statistical
analysis of the background data. In this ta-
ble, the first row gives the ratio of the result
in the signal bin versus the expectation value
for the top-hat filter WTH and the Savitzky-
Golay filter WSG. The second row gives the non-
centrality parameter resulting from an unbinned
maximum likelihood estimation using the W
values from each of the filtering methods within
100 µHz of the signal bin with 95% confidence
intervals from this process. As the table shows,
all of the fitted non-centrality parameters are
extremely close to zero. The standard deviation
of the noise in W is calculated from the non-
centrality parameter. This gives a measure of
the statistical uncertainty of the results. Here,

the sample standard deviation of the W data
is not shown because it can be biased due to
the correlations between bins that is introduced
by dividing the alternative frequency data by
the filtered data. Nevertheless, the Monte Carlo
simulations also showed that these effects do not
significantly affect our ability to calculate the
probability distribution of the noise.

The 5σ detection threshold in terms of W are
displayed in the fourth row. This corresponds to
the value ofW that a non-central χ2 distribution
with the non-centrality parameter shown above
in the table would produce with a probability of
less than 5.73× 10−7.

The values of W observed in the signal bin,
shown in the first rows of each of the tables, are
all far below than the 5σ detection thresholds
derived in the sixth row. Therefore, there were
no signals significant enough at the expected fre-
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quency to claim a discovery for either of the sci-
ence runs. The significance of the result for S⊥

was 0.7σ for the top-hat filter and 0.8σ for the
Savitzky-Golay filter, while for S‖ it was 2.1σ
for the top-hat filter and 1.8σ for the Savitzky-
Golay filter. Here, it should be emphasized that,
despite the presence of a minor excess above the
average background, the results of S‖ are not
interpreted as a hint of an interaction between
electromagnetic and BSM fields and is believed
to be simply a statistical anomaly.

The detection thresholds are also shown in
terms of |Zclosed|2 in the sixth row of the ta-
ble. This is calculated by multiplying the 5σ
detection threshold in terms of W by the expec-
tation value of |Zclosed|2 calculated by applying
the filters.

2. Setting Exclusion Limits

The non-central χ2 distribution can also be
used to set exclusion limits |Zclosed|2 based on
the 5σ detection thresholds described in the pre-
vious paragraph. These are found for a 95% con-
fidence level by calculating the non-centrality
parameter, or signal strength, which would have
a 95% probability of producing a result above
the 5σ detection threshold, given the measured
probability distribution of the background. The
resulting 95% confidence level 5σ exclusion lim-
its are shown in terms of the ratio of signal to
estimated background W in the seventh row of
Table III, and in terms of the closed to open
shutter power ratio |Zclosed|2 in the eighth row.
For S

⊥
, a ratio of the signal to estimated back-

ground of 23.97 for the top-filter and 24.54 for
the Savitzky-Golay filter can be excluded with
95% confidence, while its possible to excluded at
the same confidence level closed to open shut-
ter power ratios of (6.1 ± 0.8) × 10−4 for the
top-hat filter and (5.6 ± 0.8) × 10−4 for the
Savitzky-Golay filter. For S

‖
, the 95% confi-

dence exclusion limits on the signal to back-
ground were 23.97 for the top-filter and 24.01 for
the Savitzky-Golay filter, while the same exclu-
sion limitis interpreted a closed to open shutter
power ratio of (2.0±0.3)×10−4 can be excluded
for the top-hat filter and (2.6± 0.3)× 10−4 can
be excluded for the Savitzky-Golay filter.

D. Summary of Results

Table IV gives a summary of the results S
⊥

and S
‖
in terms of Pγ↔φ. All results in this

table are obtain using the Savitzky-Golay filter
as this method is considered to be more robust
than when the top-hat filter is used. Here the
signal bin showed an electromagnetic power to
BSM power conversion rate of (4.4±0.4)×10−14

for S
⊥
and (5.3± 0.5)× 10−14 for S

‖
. The aver-

age estimated background at the detection sys-
tem for S

⊥
was (4.7 ± 0.4) × 10−14 and for S

‖

was (3.2 ± 0.3) × 10−14. The estimated back-
grounds were then used to calculate a 5σ de-
tection threshold of (18 ± 2) × 10−14 for S

⊥

and (12 ± 1) × 10−14 for S
‖
. In S⊥ no excess

was seen above the estimated background. Al-
though a slight excess with a significance of 1.8σ
was observed in S‖ (the significance of the re-
sult for S⊥ was 0.8σ), this is well below the
5σ detection threshold. Therefore, the discov-
ery of new physics cannot be claimed for either
measurement run. Signals with a Pγ↔φ above
25× 10−14 for S

⊥
and 17× 10−14 for S

‖
can be

excluded with a confidence level of 95%. These
limits were calculated using the upper limit of
the systematic uncertainty interval such that for
S

⊥
(22 ± 3) × 10−14 → 25 × 10−14 and for S

‖

(15± 2)× 10−14 → 17× 10−14.

E. Verifying the Result

For both S
⊥

and S
‖
, background signals

well above the technical noise were observed at
100 µHz above and below the heterodyne fre-
quency. This is not believed to be evidence of
BSM field, but rather due to stray light scatter-
ing out of the HPL beam and eventually cou-
pling to the detection system. One indication of
this is that the background spectrum is spread
over many frequencies rather than being concen-
trated within just the signal bin. The open shut-
ter measurements over the course of both runs
showed no indication for this to be the case for a
true science signal. The reason why stray light
may not remain at the signal frequency is that
it takes a random path to the detection system
and is Doppler shifted by µHz, due to uncon-
trolled environmental noise driving mechanical
motion of reflecting surfaces and changing the
path length to the detection system.
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Pγ↔φ (S⊥) Pγ↔φ (S
‖
)

Observed Result (4.4± 0.4)× 10−14 (5.3± 0.5)× 10−14

Estimated Background (4.7± 0.4)× 10−14 (3.2± 0.3)× 10−14

5σ Det. Thresh. (18± 2)× 10−14 (12± 1)× 10−14

95% CL 5σ Ex. Lim. 25× 10−14 17× 10−14

TABLE IV: Summary of the results in terms of Pγ↔φ.

Other evidence that the signals measured dur-
ing the science run are not the result of the
conversion and reconversion of electromagnetic
fields to BSM fields are discussed in this sec-
tion. This includes the ratio of the results at
the veto detector system versus the science de-
tector as well as the average time evolution of
the variance of the closed shutter signal. A dis-
cussion of how alternative calibration series C[n]
are used to check the results can be found in Ap-
pendix A 4.

1. Science-to-Veto Ratio

As Table II shows, the results in the signal
bin and the expected background are very sim-
ilar for the science and veto detectors in terms
of |Zclosed|2. This is not the expected result if
the signals were due to the conversion of BSM
fields to electromagnetic fields inside the RC.
Based on Equations 37 and 38, a true science
signal would produce a value of |Zclosed|2 over
600 times larger at the science detector. This
is due to the fact that the cavity mirror at the
science port RC1 is roughly 20 times more trans-
missive than the cavity mirror at the veto port
RC2, and also the open shutter signal at the veto
detector is roughly a factor of 30 larger due to
the reflectivity of the RC itself.
This discrepancy between the actual results

and the expected results given the presence of
BSM fields could be explained by stray light cou-
pling to both detectors. Scattered light from the
HPL still must pass through the optics that the
open shutter beam passes in order to couple to
the detectors. It is therefore reasonable to as-
sume that the average background seen at the
veto and science detectors would be similar if
the cause is stray light.
If the background seen at the veto and sci-

ence detectors is indeed because of stray light,
the shape of the background spectrum, as well

as the moving average of the closed shutter data,
indicate that the stray light is not scattering into
the RC eigenmode before the flat cavity mirror
on the COB. Otherwise, there should be cor-
relations present between the spectra measured
at the science and veto detectors, as well as the
time evolution of their data series demodulated
at the heterodyne frequency. As the next sec-
tion shows, such correlations do not appear to
exist.

2. Moving Averaged Data

The time evolution of the data demodulated
at the signal frequency was also examined by
performing a moving average of the data. This
time series can be expressed as

Z10 ks
move(t) =

1

N10 ks

nt+5 ks∑

n=nt−5 ks

Hp[n]

C[n]
, (44)

with N10 ks representing the number of point in
a 10 ks period of data. With a moving average
time constant of 10 ks the summation on the het-
erodyne data takes place for the 5,000 seconds
before and the 5,000 seconds after time t. The
resulting moving average signal is shown on the
complex plane for the science and veto detectors
in Figures 16a and 16c, respectively for S

⊥
, and

for S
‖
in Figures 17a and 17c.

In these plots the colorbar to the right gives
the dates associated with Zmove. Breaks in the
data indicate periods in time when the system
was not locked. Here, only segments of data in
which the system was locked for the entire du-
ration of the 10,000 s of averaging appear on the
plot. Here, 10,000 s is chosen because it is a long
enough time that the stray light is well above the
technical noise of the system, but short enough
that the stray-light signal remains relatively co-
herent (this is explained in more detail in the
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(a) Science detector (S⊥) (b) Science detector (S⊥)

(c) Veto detector (S⊥) (d) Veto detector (S⊥)

FIG. 16: Moving average of the calibrated closed to open shutter ratio on the complex plane measured
by the science detector during S

⊥
. The color bar indicates the time since the beginning of data taking

and the moving average filters over 10,000 seconds. The purple star indicates the mean value of the
data.

next section). The axes on the plots are unit-
less, as the magnitude of the data represents the
square root of the closed to open shutter ratio.
The purple star gives the result of integrating
Zclosed for each run, which is analogous to the
mean value of the complex time series shown in
the plots.

From these data, it is also interesting to con-
sider that for time periods of over 10,000 s, the
signals measured in the heterodyne data appear
to be more stable in phase at the veto detectors
in both runs. This can be seen in Figures 16a,
16c, 17a, and 17c as Zmove is much more dy-
namic on the complex plane for the science de-
tectors in both runs. If one were to assume that
stray light is responsible for the signals seen in
these plots, this effect could be explained by
the shorter path to the veto detector providing

fewer opportunities for the phase of the stray-
light signal to be modulated. Because of this,
when |Zclosed|2 is calculated the constructive in-
terference produces a larger value at the veto PD
relative to the science PD.27 This can be seen di-
rectly in the ratio of the average of |Zmove| mea-
sured at the science and veto versus the same
ratio for |Zclosed|2 and M in the signal bin. As
Table II shows |Zclosed|2 is roughly two times
larger at the veto detector compared to the sci-

27 The fluctuations in the phase of the signal measured at
the heterodyne frequencies are believe to be the domi-
nant source of this effect in comparison to fluctuations
in the amplitude as the phase of the moving average
times series appears to travel through several cycles
over the duration of the run and in general more so
than the time series moves in amplitude.
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(a) Science detector (S
‖
) (b) Science detector (S

‖
)

(c) Veto detector (S
‖
) (d) Veto detector (S

‖
)

FIG. 17: Moving average of the calibrated closed to open shutter ratio on the complex plane measured
by the veto detector during S

‖
. The color bar indicates the time since the beginning of data taking

and the moving average filters over 10,000 seconds. The purple star indicates the mean value of the
data.

ence detector for both runs, corresponding to a
roughly 40% larger magnitude. For S⊥, M is
very similar for both filters although the results
are slightly larger at the veto detector. For S‖,
M is nearly four times larger for both filters at
the veto detector leading to the magnitude of
Zclosed being twice as large at the veto detec-
tor. In contrast, the results of Zmove discussed
in the previous paragraph show a mean magni-
tude that was 30% higher for the science detec-
tor during S

⊥
compared to the veto detector and

a roughly equal average magnitude between the
two detectors for S

‖
. This indicates that there

may be more instantaneous stray-light power
relative to the open shutter power present at the

science detector compared to the veto detector,
but the coherent sum shows a lower closed-to-
open-shutter power ratio over the duration of
the run at the science detector due to the larger
phase fluctuations in the stray-light there.

In either case, the dynamic nature of the sig-
nals on short time scales (10,000 s) and their
relatively large size compared to the expecta-
tions of the technical noise are an indication that
these signals are due to the spurious coupling
of HPL power to the detection systems when
the shutter is closed and not the reconversion of
power from the BSM fields.

Figures 16b, 16d, 17b, 17d show a compari-
son of the moving average of the closed shutter
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data versus complex value of Copen,j normalized
by the average value of C[n] for each search.
This is meant to convey what the phase evolu-
tion of an actual signal would look like compared
to the data measured during the closed shut-
ter periods. Here it is apparent that the values
of Copen,j are well offset from origin clustered,
for the most part, near 1 + 0 i. The difference
between the Copen,j data measured at the veto
detector, which in general has much smaller de-
viations from 1 + 0 i than the data measured at
the science detector, shows the effect that the
detuning of the HPL from the resonance of the
RC has on the complex phase. This effect is dis-
cussed in more detail in Section IVB1. Again,
the open shutter calibration will compensate for
these effects.

3. Time Evolution of Backgrounds

One potential risk in the experiment is that
unknown systematic effects could alter the phase
of an actual science signal and prevent it from
coherently summing when |Zclosed|2 is inte-
grated. This can be checked by examining
stretches of data with shorter time scales where
it is clear that the optical system is maintain-
ing the coherence between the HPL and the os-
cillators of the detection system, and keeping
it on resonance with the RC. Potential sig-
nals that may not integrate coherently on longer
time scales would have a better chance to be
measured in this case. The open shutter peri-
ods can show what these signals may look like.
The blue traces in Figures 18a and 18c show,
for both runs, the average of every segment of
open shutter data with a length given by the x-
axis for S

⊥
and S

‖
respectively. In these plots,

the open shutter periods were normalized by the
calibration time series. There are also lines for
1σ uncertainty (between the 16th and 84th per-
centile) and 2σ uncertainty interval (between
percentiles 2.5 and 97.5). It is important to note
that these uncertainty intervals converge toward
the average of the data as the time increases,
indicating the presence of a stable signal in the
data.
Figures 18b and 18d show the same analy-

sis, but instead performed on the closed shutter
periods of both science runs. The range of in-
tegration times is much wider on these plots as
there were more long stretches of data during the

closed shutter periods. One notable difference
between these plots and the plots of the open
shutter periods is the total lack of convergence
of the uncertainty interval in the closed shutter
data. This could be interpreted as an indicator
that the blue traces are not showing a coherent
signal emerging from the noise in the system,
but rather a random signal with mean magni-
tude squared that is equal to the blue line. This
is strong evidence that the results in the signal
bin are due to the presence of the background
noise and not the conversion and reconversion of
BSM fields to an electromagnetic field.
It is also interesting to compare the mean

backgrounds between S
⊥

and S
‖
. For integra-

tion times of 3000 s, the mean background is
nearly a factor of two lower for S

‖
, but by

10,000 s integration times they are only on the
order of 40% lower. These results appear to
roughly agree with the heterodyne moving aver-
age analysis in Section III E 2 and the estimate
of the backgrounds from the stray-light models
in Section III B, that both appear to indicate a
reduction of the stray light between S

⊥
and S

‖
.

Again, this is notable as the shutter material
(see Section ID) between the runs was changed
from the silver mirror to the plate coated with
absorptive black foil. Additionally, all but one
of the open slots in the shutter wheel were closed
for S

‖
, while for S

⊥
, only the slot with the actual

shutter was occupied.

F. Central Optical Bench Transmissivity

Precise measurements of combined transmis-
sivity of the COB mirrors mounted on the opti-
cal axis of the system (see Figure 6),

T
COB

= T
LT1

T
MZ3

T
MZ4

T
LT2

, (45)

are essential to calibrate the ratio of the closed
to open shutter power in terms of the conversion
rate between electromagnetic and BSM fields
Pγ↔φ. This can seen in Equation 25 with the
critical parameter being T

COB
T
RC2

. T
COB

is also
an important to calculating the field overlap η
as Section IVB will explain.
Ex-situ measurements of these optics were

performed after the completion of the first sci-
ence campaign with the COB removed from the
vacuum system. As the transmissivities of these
optics were strongly dependent on the angle of
incidence (∼ 1.5 ppm per degree for the mirrors
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Ex-situ In-situ

Optic Transmissivity Optic Transmissivity

LT1 (12.4± 0.5) ppm LT1 (11± 1) ppm

LT2 (12.4± 0.5) ppm LT2 (11± 1) ppm

MZ3 (452± 10) ppm MZ3 MZ4 (0.137± 0.007) ppm

MZ4 (275± 10) ppm

T
COB

(1.9± 0.1)× 10−17 T
COB

(1.7± 0.2)× 10−17

T
COB

T
RC2

(9.7± 1.2)× 10−23 T
COB

T
RC2

(8.5± 1.4)× 10−23

TABLE V: The transmissivity of the on-axis COB optics for p-polarized light. Here the combined
transmissivity of the COB on-axis optics, T

COB
, is calculated from the product of the transmissivities

of the individual components.

combination of the uncertainty in the calibra-
tion of the power meters used in the setup, the
presence of stray light at the power meters mea-
suring the weak transmitted signals, and the un-
certainty of the angle of incidence of the laser on
the mirrors.
In-situ measurements of the on-axis COB op-

tics were also performed in between S
⊥

and
S

‖
. Here, the transmissivity of LT1 was ob-

served via a measurement of the ratio of HPL
power directly at the input window to the vac-
uum system in NL and then at the High-Power
port of the CH vacuum tank (see Figure 6).
This gave a value of 11 ± 1 ppm. The trans-
missivity of LT2 was measured with a similar
method, but instead measuring the RL power
just before the Injection Port at the CH tank,
also giving a value of 11 ± 1 ppm. The com-
bined transmissivity of MZ3 and MZ4 was mea-
sured using a power meter to measure the HPL
power at the PLL2 port, and then at the Mach-
Zehnder port by measuring the amplitude of the
RL-HPL beatnote. The spatial overlap of the
RL-HPL beatnote at optimal alignment could
be directly measured at the PLL2 port because
it was possible to measure the static power of
both lasers there. This value could then be used
to compensate for these effects in the measure-
ment of the beatnote amplitude at the Mach-
Zehnder port.28 The combined transmissivity

28 It should be noted that to find the beatnote ampli-
tude at each port for the ‘optimal’ alignment, RL was
realigned to maximize the the beatnote amplitude in
both cases. This was necessary to compensate for the
alignment drift of the MZ on the COB.

of the MZ mirrors found in this measurement
was 0.137± 0.007 ppm.
The result of the combined transmissivities of

the MZ mirror from the ex-situ measurements
gave 0.124 ± 0.005 ppm. Thus, it is clear that
the individual measurements of each of the on-
axis COB optics agree between the two methods.
Even more relevant is the total transmissivity
T

COB
, in which a value of (1.9 ± 0.1) × 10−17

was found for the ex-situ measurement with
(1.7±0.2)×10−17 measured for the in-situ mea-
surements. In short, these measurements agree
within their uncertainty.
Finally, the most relevant parameter for the

calibration of the results in terms of Pγ↔φ is the
product of the transmissivity of COB optics and
the cavity mirror RC2. For this, the ex-situ mea-
surements gave T

COB
T

RC2
= (9.7± 1.2) × 10−23

while the in-situ results were T
COB

T
RC2

= (8.5±
1.4) × 10−23. Again, the measurements agree
within their uncertainty. This gives us confi-
dence in the accuracy of the overall calibration
of the results. We consider the method for the
ex-situ measurements to be more robust as we
were able to directly access the optics. There-
fore, the ex-situ measurements were used for the
actual calibration of the results.

IV. PERFORMANCE OF THE OPTICAL

SYSTEM

Using the open shutter periods to calibrate
the science data means that measuring the pa-
rameters of the optical system, such as the cou-
pling of the HPL to the RC, is not strictly neces-
sary. However, these measurements are impor-
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In this equation, T
RC1

is the power transmissivity
of RC1 while A is the total round-trip attenua-
tion of the power circulating in the cavity. This
is due to the combination of mirror transmissiv-
ities and other optical losses including scatter-
ing from the mirror surface roughness, absorp-
tion in the mirror coatings, and clipping losses
on the combined free apertures of the magnet
string and reflective surfaces of the mirrors. The
approximation assumes A ≪ 1 and therefore√
1−A ≃ 1 − A/2, leading to an error in the

resonant enhancement on the order of 0.01%.
Assessing the total attenuation A is critical

to knowing not only the resonant enhancement
factor during the run, but a number of other
parameters as well. Fortunately, A can be mea-
sured via a combination the cavity FSR f0 and
storage time τ . The relationship between these
parameters is

A = 1− e−
2

f0τ ≃ 2

f0τ
, (47)

resulting in

β
RC

≃ T
RC1

f2
0 τ

2, (48)

allowing it to determined by also measuring the
FSR and storage time of the RC. In this case,
using the approximate equation leads to a rel-
ative error in the measured resonant enhance-
ment factor on the order of 0.01%. An estima-
tion of the uncertainty in these measurements is
discussed later in this section, but using this ap-
proximation leads to errors well below the other
sources of error in the measurement.
The relationship between the finesse of the RC

and β
RC

can be approximated by

F =
f0
2ν0

=
π
√

1−
√
A

1−
√
1−A

(49)

≃ π
2

A
≃ π

√

β
RC

T
RC1

, (50)

while the finesse can also be defined in terms
of the storage time τ and FSR f0 of the cavity
[28, 29] as

F = πf0τ. (51)

Details on the technique for measuring the stor-
age time and the values for T

RC1
and T

RC2
can be

found in the Refs. [20] and [30]. To measure the

cavity FSR f0 during the run, the laser AL was
PDH locked to the cavity. Then the PLL3 fre-
quency was tuned near 45 FSRs, until the power
transmitted by the cavity was at a maximum.
The value of the PLL3 frequency at that point
was then divided by 45 to give the FSR of the
RC. The uncertainty in this measurement was
1Hz, leading to an uncertainty on the FSR of
0.02Hz (see Table I).

The measurements of β
RC

during the main-
tenance periods are shown in Figures 19a and
19b for S

⊥
and S

‖
respectively. For S

‖
, the

black vertical lines in the plot indicate times at
which the RC eigenmode position on the mir-
rors was aligned to improve the storage time
and in turn the resonant enhancement factor (no
such realignments were required for S

⊥
). For

S
⊥

the mean value of β
RC

associated with the
closed shutter periods was 7150 with a range
from 6810 to 7120 and RMS fluctuations from
its mean value of 90. The uncertainty on the
measurements of β

RC
was 80, mostly due to the

uncertainty on the transmissivity of RC1 and
the uncertainty on the measurements of the stor-
age time. For the closed shutter periods of S

‖

the mean value of β
RC

was estimated to be 6870
with a range from 6640 to 6910 with an RMS
of 70. These measurements had the same un-
certainty as those performed during S

⊥
. While

a value below 5900 was measured during one of
the periods of S

‖
, and a value above 7200 was

measured during one of the periods of S
⊥
, there

were no closed shutter periods during time pe-
riods associated with these measurements. For
this reason this data point is not considered in
the range of data mentioned above.

2. Transmissivity

The transmissivity of the cavity for a laser oc-
cupying its spatial eigenmode (the spatial cou-
pling will be examined later) can be expressed
as [28]

TRC =
T
RC1

T
RC2

∣
∣
∣1−

√
1−Aei2π

∆ν
f0

∣
∣
∣

2 (52)

≃ 4T
RC1

T
RC2

A2

1

1 +
(

4π∆ν
Af0

)2 , (53)
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with ∆ν being the offset of the laser frequency
from its nearest resonance. Assuming that the
laser is very nearly on resonance with the cavity
(∆ν ≪ Af0), the maximum transmissivity of
the cavity is

TRC,max =
T
RC1

T
RC2

(
1−

√
1−A

)2 = T
RC2

β
RC

. (54)

In this equation it is clear that due to the com-
mon factors, TRC,max can be expressed as the
product of the resonant enhancement and the
transmissivity of the flat cavity mirror on the
COB (again ignoring the spatial or longitudi-
nal field overlap). It should also be noted that
TRC,max is independent of which side the input
field is incident on. The maximum transmis-
sivity of the RC on resonance can therefore be
expressed as the product

TRC,max ≃ T
RC1

T
RC2

f2
0 τ

2. (55)

For S
⊥
, during the closed shutter periods

TRC,max was estimated to have an average value
of 3.6% with a range from 3.5% to 3.6% and
RMS deviations from the mean of 0.05%. The
uncertainty of T

RC2
was the primary contribu-

tor to the absolute uncertainty of ±0.4% on
TRC,max. During the closed shutter periods of
S

‖
the average of TRC,max was estimated to be

3.5%, with a range from 3.4% to 3.5%, an RMS
of 0.04%, and an absolute uncertainty of ±0.3%.
As Equation 53 shows, detuning the incident

laser frequency from the cavity resonance will re-

duce its transmissivity. Measurements of the de-
tuning ∆ν between the HPL frequency and res-
onance of the RC are discussed in Section IVB1
and were used to infer the transmissivity of the
RC during the first science campaign. Dur-
ing the closed-shutter periods of S

⊥
, TRC had

a mean value of 3.3%, with RMS fluctuations
about the mean of 0.2%, a maximum value of
3.6%, and a minimum value of 2.6%. The uncer-
tainty of these measurements was 0.3%. For S

⊥
,

the closed-shutter periods gave a mean value of
3.0% for TRC, with RMS fluctuations of 0.5%, a
maximum of 3.5%, and a minimum of 1.4%. The
uncertainty was the same as the measurements
during S

⊥
at 0.3%. In both runs the uncertainty

was almost entirely driven by the uncertainty in
the measurement of the transmissivity of the flat
RC mirror mounted to the COB, RC2.

3. Reflectivity

The reflectivity of the RC is used in the cal-
ibration of several critical parameters used to
evaulate the performance of the optical system.
Unlike the transmissivity, the reflectivity differs
depending on the side of the cavity on which the
laser is incident. The reflectivity experienced by
the HPL when incident on the flat RC mirror
in the CH cleanroom (RC2) will be referred to
as RRC,CH while the reflectivity for lasers in-
cident on the curved cavity mirror in the NR
cleanroom (RC1) will be referred to as RRC,NR.
These quantities can be expressed as [28]

RRC,CH =

∣
∣
∣
∣
∣

1

R
RC2

(

R
RC2

− T
RC2

1−
√
1−Aei2π

∆ν
f0

)∣
∣
∣
∣
∣

2

≃
∣
∣
∣
∣
∣

(

1− 2T
RC2

A

1

1− i∆ν
ν0

)∣
∣
∣
∣
∣

2

, and (56)

RRC,NR =

∣
∣
∣
∣
∣

1

R
RC1

(

R
RC1

− T
RC1

1−
√
1−Aei2π

∆ν
f0

)∣
∣
∣
∣
∣

2

≃
∣
∣
∣
∣
∣

(

1− 2T
RC1

A

1

1− i∆ν
ν0

)∣
∣
∣
∣
∣

2

. (57)

In both cases, the approximations assume the
reflectivity of RC1 and RC2 are one. This can
be expressed in terms of measured parameters

as

R
RC,CH

≃
∣
∣
∣
∣
1− T

RC2
f0τ

1− i2πτ∆ν

∣
∣
∣
∣

2

, and (58)

R
RC,NR

≃
∣
∣
∣
∣
1− T

RC1
f0τ

1− i2πτ∆ν

∣
∣
∣
∣

2

. (59)
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In Sections IVB4 and IVB5 R
RC,CH

is used to
calibrate the spatial overlap and field overlap
measured at the veto detection system respec-
tively. During the closed shutter sections of S

⊥

average value of R
RC,CH

was 92%, with a range
from 92% to 94%, and RMS fluctuations from
the mean of 0.6%. For S

‖
the RC reflectivity

gave an average value of 93%, with values rang-
ing between 92% to 97%, and an RMS of 1%.
The uncertainty of these measurements was 1%,
largely driven by the uncertainty in measure-
ments of the transmissivity of RC2.
The reflectivity of the RC for the AL is used in

Section to calculate its spatial overlap with the
cavity eigenmode. Since AL is injected to the
RC via RC1 and is frequency stabilized directly
to a cavity resonance, Equation 59 for R

RC,NR

can be used with ∆ν = 0. In this case the
reflectivity of the cavity had an average value
of 2.6% during the closed shutter periods of S

⊥

with a range from 2.4% to 3.1% and an RMS
of 0.2%. During S

‖
the average reflectivity was

3.0% while the range was from 2.8% to 3.4%.
The RMS of the reflectivity during these mea-
surements was 0.2%. For both runs the absolute
uncertainty in the reflectivity was 1.3% and was
due to the uncertainty in the measurements of
the cavity storage time and the transmissivity
of RC1.

B. Field overlap

The field overlap between the HPL and the
RC, η, is a critical metric for evaluating the per-
formance of the optical system. As explained in
Section IA, it can be expressed as the product
of spectral (ηẑ), polarization (ηpol), and spatial
(ηxy) components.
The spectral component, also called the lon-

gitudinal overlap, is discussed in Section IVB1
and can be calculated exclusively from measure-
ments of the RC storage time and the frequency
detuning of HPL from its resonance. The polar-
ization overlap, discussed in Section IVB2, is
calculated from the orientation of polarization
state of the HPL with respect to the magnetic
field.
The spatial overlap is measured by calibrat-

ing the results of the open shutter periods in
terms of the HPL power leaving the cavity Popen,
and dividing by the expected HPL power at this
point for a laser occupying the spatial eigenmode

of the RC. At the science detector, this can be
expressed as

η2xy =
Popen

T
COB

T
RC

Pi
. (60)

The expected power is therefore the product of
the combined transmissivities of the COB op-
tics T

COB
, the transmissivity of the RC, T

RC
, and

the HPL power traveling though the production
magnet string Pi.

The veto detector can also be used to mea-
sure the field overlap between the HPL and the
RC. There are even some advantages to using
the veto detector as the HPL does not need to
pass through the cavity to reach it resulting in a
HPL power is higher at the veto PD. Therefore,
the following sections include a discussion of the
field overlap measured at both the science and
veto detectors. The process of measuring the ra-
tio Popen/Pi is explained in Section IVB3. Pro-
jections of the spatial overlap during the first sci-
ence campaign are discussed in Section IVB4,
while the total field overlap η is discussed in Sec-
tion IVB5. The methods used to optimize the
spatial overlap are described in Section IVB6.

1. Longitudinal Overlap

The longitudinal field overlap of the RC ηẑ,
expresses the relative reduction in the resonant
enhancement factor experienced by a light field
which is detuned from the cavity resonance by
some frequency ∆ν, the difference between the
frequency of the HPL and the nearest resonance
of the RC. It can be expressed as

ηẑ =
1−

√
1−A

∣
∣
∣1−

√
1−Aei2π

∆ν
f0

∣
∣
∣

≃ 1
√

1 +
(

4π∆ν
Af0

)2
.

(61)
This can also be expressed in terms of the mea-
sured parameters τ and ∆ν as

ηẑ ≃ 1
√

1 + (2πτ∆ν)2
. (62)

A laser that is detuned from the cavity res-
onance will also accumulate some additional
phase offset during its transmission through the
cavity. This phase offset θẑ, can be found using
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the equation

θẑ = arg

[

1−
√
1−A

1−
√
1−Aei2π

∆ν
f0

]

(63)

≃ arctan (2πτ∆ν) . (64)

This effect is important as it means a detuning
of the HPL from the resonance of the cavity can
distort the open shutter phase. This is one of the
reasons why the calibration array is expressed in
terms of a complex variable as it will be able to
compensate for these phase changes when the
closed shutter data are normalized.
The initial FSR of the RC was used to es-

tablish the frequencies of the PLLs that con-
trol the frequency of the HPL relative to the
frequency of the AL light transmitted by the
RC. At 33 FSRs, this static frequency difference
meant that the HPL frequency was tuned to be
on resonance with the RC when the run was
initially set up. However, as the length of the
cavity drifted and the FSR changed, the HPL
frequency was detuned from resonance and the
longitudinal overlap ηẑ, decreased. These effects
also led to changes in θẑ, which was exhibited as
a change in the phase of the open shutter mea-
surements Copen.
As Section IVA1 described, it was possible

to measure the FSR with a precision a precision
of the 0.02Hz. The frequency detuning ∆ν of
the HPL with respect to the RC could therefore
be measured with a precision of 0.7Hz because
the frequency spacing between AL and the HPL
was 33 FSRs.
Figures 20a and 20b show ∆ν for S

⊥
and S

‖
,

as a result of the cavity FSR measurements.
For S

⊥
, the average absolute detuning of the

HPL from the RC resonance (the mean value
of |∆ν|) estimated during the closed shutter pe-
riods was 5.4Hz with a minimum detuning of
0Hz, a maximum detuning of 14.5Hz, and RMS
deviations from the mean of 4.0Hz. S

‖
showed

an average absolute detuning of the HPL fre-
quency of 8.9Hz with a minimum detuning of
0.3Hz, a maximum detuning of 28.4Hz, an RMS
of 6.4Hz. The uncertainty in these measure-
ments was 0.7Hz as explained in the previous
paragraph.
Figures 20c and 20d show the projected HPL-

RC longitudinal power overlap η2ẑ , from mea-
surements of the cavity FSR and storage time.
The black vertical lines in Figure 20d show peri-
ods when the cavity length was adjusted to try

to bring η2ẑ back to one during S
‖
. No such read-

justments were performed on the length of the
cavity during S

⊥
. In these plots S

⊥
showed an

estimated average value of η2ẑ during the closed
shutter periods of 92.8% with a minimum of
71.9%, a maximum value of 100%, and RMS
fluctuations from the mean of 7.1%. For S

‖
the

average value of η2ẑ was 85.5%, while its mini-
mum value was 40.6%, its maximum value was
100%, and its RMS was 14.4%. The uncertainty
on these measurements were also primarily lim-
ited by the precision of the measurement of the
RC FSR and was between 0.2% and 0.3%.
The projections of θẑ based on measurements

of the cavity FSR and storage time are shown
in Figures 20e and 20f. Again, the black lines
show periods where the cavity length was read-
justed. For S

⊥
, the mean absolute deviation of

the longitudinal phase offset from zero estimated
during the closed shutter periods was 0.22 rad
and had a minimum value of 0 rad with a max-
imum value of 0.56 rad. The RMS fluctuations
from the mean in this case were 0.16 rad. For S

‖

the average absolute deviation of θẑ was 0.33 rad
with a minimum of 0.01 rad, a maximum of
0.88 rad and an RMS of 0.22 rad. Like the pre-
vious calculations, the uncertainty in these mea-
surements was mainly due to the uncertainty of
the FSR measurement and was between 0.01 and
0.03 rad.
It is interesting to compare the data shown in

Figures 20c, 20d, 20e, and 20f, to their corre-
sponding plots of the open shutter data Copen

measured at the science detectors in Figures 8a,
8b, and 9a and 9b. Even though these two sets
of plots were compiled from different sources of
data, the relationship between Copen, and ηẑ and
θẑ is obvious. This demonstrates how the de-
tuning of the HPL frequency from the RC was
perhaps the most significant source of drifts in
Copen.

2. Polarization Overlap

The polarization overlap ηpol, quantifies the
mismatch between the ideal polarization state
of the HPL for a given run (x̂ for S

⊥
and ŷ for

S
‖
) and the orientation of the magnetic field (de-

fined to be in the ŷ direction). The error in the
orientation of the optical tables with respect to
the magnetic fields is on the order of 100 µrad.
The polarization state of the HPL for S

⊥
was
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tuned for maximum transmission through LT1
(which was rigidly mounted to the COB). For
S

‖
an additional λ/2 wave-plate, whose orienta-

tion was precisely aligned, was also located on
the COB in the path to LT1. The polarization
state of the AL and LO are set by a rotatable
half wave-plate in NR. The exact angle of the
‘roll’ of the COB with respect to the optical axis
was not measured.
A measurement of the polarization state of

the HPL before being injected to the magnet
string via the vacuum window in NL showed
an azimuthal angle in the polarization state of
7.9±0.1◦ immediately following S

⊥
. This would

correspond to a power loss in the desired polar-
ization state of less than 2%. As this is well
below the uncertainty from other sources, the
polarization overlap was not considered in the
analysis. For S

‖
the polarization overlap was

also not considered as the azimuthal polariza-
tion angle was 89.6 ± 0.1◦ corresponding to a
power loss in the desired polarization state of
roughly 50 ppm.

3. Open Shutter Power Ratio

The ratio of HPL power leaving the cavity
through RC1 during the open shutter periods
to the power injected to the production magnet
string Popen/Pi, must be calculated to calibrate
the field overlap measured at the science detec-
tor. While the open shutter calibration array
from Section IID |Copen|2, gives a measure of
the ratio between the signal power and the in-
jected power, it is still expressed in terms of the
ratio of the squared voltage measured by the
heterodyne detection system to HPL power in-
jected to the production magnet string (or units
of V2/W). Nevertheless, |Copen|2 can be used
with the expression

Popen

Pi
=

|Copen|2
P

LO
G2

AC
T
sci
η2
xy,LO

, (65)

to calculate Popen/Pi for a given open shutter
period. Here P

LO
is the LO (the laser used as the

heterodyne local oscillator), G
AC

is the conver-
sion gain of the science detection system includ-
ing the full electronic chain at the first hetero-
dyne demodulation frequency (∼14MHz), T

sci

is the power transmissivity of the optical path
from the RC to the science PD, and η

xy,LO
is

the spatial overlap between the LO and the RC
eigenmode.
The spatial overlap between the LO and the

RC is analogous to the spatial overlap between
the LO and the HPL in transmission of the
cavity. η

xy,LO
was measured by tuning the fre-

quency of PLL3 such that both the LO and AL
were at a cavity resonance. Then the drop in the
amplitude of the PLL3 beatnote at the science
PD in reflection of the cavity could be measured
and compared to the amplitude of the PLL3
beatnote in reflection of the cavity when the in-
tracavity field was blocked (while also consider-
ing the reflectivity of the RC). We assume that
the LO and AL share the same spatial eigen-
mode because they are initially interfered using
a fiber beamsplitter (fused fiber coupler). The
static reflected power from a cavity should ad-
here to the following equation.

Pref = P0RRC,NR + P1, (66)

Here, Pref is the power reflected from the cav-
ity, P0 is the power in the spatial mode of the
cavity, RRC,NR is the cavity reflectivity in terms
of power of a laser incident on the mirror in NR
(Equation 59), and P1 is the power outside the
spatial mode of the cavity. With this, the spatial
overlap can be defined using the expression

mb

ma

=
P0RRC,NR + P1

P0 + P1
(67)

= η2
xy,LO

RRC,NR + 1− η2
xy,LO

, (68)

where ma represents the power measured when
the cavity is blocked while mb is the value of
the reflected power when the laser is on reso-
nance. (This approximation assumes the reflec-
tivity of RC1 is one for the measurements of
ma.) Knowledge of the PD gain is unnecessary
because the equation is expressed in terms of
the ratio mb/ma, provided the same PD is used
to sense ma and mb. Thus, the spatial overlap
in terms of power η2

xy,LO
, can be calculated with

the equation

η2
xy,LO

=

mb

ma
− 1

RRC,NR − 1
. (69)

The mean value of η
xy,LO

estimated during the
closed shutter periods of S

⊥
was 94.5%, with

a range from 92.2% to 95.7% and RMS from
the mean of 0.9%. During S

‖
the mean was
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93.8%, with a minimum value of 87.2%, a max-
imum value of 96.4% and an RMS of 2.1%. In
both runs the uncertainty on the measurements
of η

xy,LO
was between 0.2% and 0.3%, and was

driven primarily by the uncertainty in the mea-
surements of the beatnote amplitude.

P
LO

is also an important parameter as it di-
rectly affects the amplitude of the heterodyne
signal at the science detector. It was mea-
sured by calibrating the static voltage output
by the science detector by the conversion gain
and subtracting the power of the AL that was
also present at this detector. The change in the
power during the runs is believed to be related
to changes in the alignment of each laser to its
corresponding optical fiber, as well as changes
in Tsci. For S⊥

the mean value of P
LO

during the
closed shutter runs was 310 µW with a range of
296 µW to 322 µW and RMS fluctuations from
the mean of 10 µW. During S

‖
closed shutter

periods P
LO

is estimated to have a mean value
of 385µW, with a minimum of 354 µW, a max-
imum of 408 µW, and an RMS of 15µW. The
uncertainty in the measurements of P

LO
dur-

ing both runs was between 10 µW and 12 µW.
Although both the uncertainty in the measure-
ments of the DC voltage from the science de-
tector, as well as the uncertainty in the mea-
surement of the reflectivity of the RC, played a
role in the overall uncertainty on P

LO
, the dom-

inant source of uncertainty in these measure-
ments was the uncertainty in the measurements
of the DC gain of the science detector electronic
chain. This is discussed in more detail in the
following section.

For the science detection system, both the DC
conversion gain and the gain of the system at
the heterodyne frequency, GAC, had to be mea-
sured to calculate Popen. The DC conversion
gain of the science PD was measured by vary-
ing the power of a single laser incident on the
science PD, measuring the power with a power
meter and recording the voltage level output by
the detector. The slope of a linear fit to the
voltage as a function of the incident power gave
an average value of 3.9±0.1V/mW over several
measurements made at different times. The un-
certainty is believed to be related to the variance
in the measured gain as a function of the posi-
tion of the beam on the active area of the PD,
as well as the uncertainty in the power meter
calibration.

The conversion gain of the science detector

electronic chain at the heterodyne frequency
GAC, was also measured under conditions meant
to resemble the actual conditions of the science
campaign. The LO and AL were both inci-
dent on the curved RC mirror in NR with PLL3
locked at its operating frequency. To make the
measurements independent of the parameters of
the RC the circulating field of the cavity was
blocked between NR and CH and the AL power
was reduced to 25.9µW, a value near the mean
of what was seen during the science campaign
when the AL was stabilized to a resonance of
the RC. A signal was sent to a fiber electro-
optic modulator (EOM) to generate phase mod-
ulation sidebands on AL at the heterodyne fre-
quency with roughly 0.01% of its carrier power.
Therefore, like S

⊥
and S

‖
, the light on the sci-

ence PD had a large interference beatnote at
the PLL3 frequency and a low amplitude sig-
nal at the heterodyne frequency. With this
setup, the conversion gain of the full detection
chain at 14.603MHz, GAC, could be measured.
This was done using the ratio of the sideband
to carrier beatnote amplitude measured at the
PLL3 PD (see Figure 2) to estimate the rela-
tive power in the sideband. A previous mea-
surement of the frequency-dependent gain of the
PLL3 PD at these two frequencies was used to
correct for the difference in the gain of the PD
at 14.603MHz and 54.95MHz. The power of
the LO was then measured at the science PD
along with the amplitude of the signal at the
heterodyne frequency. Thus the sideband power
(with the sideband at the heterodyne frequency)
could be calculated along with the conversion
gain of the detection system, independent of the
measurement of the DC conversion gain of the
photodetector. These measurements resulted in
a conversion gain of 2.9 ± 0.1V/mW. This is
slightly lower than the DC conversion gain as a
result of the electronic transfer function of the
photodetector. Like the measurements of the
DC conversion gain, the primary uncertainty in
these measurements was related to the depen-
dence of the gain on the position of the beam
on the active area of the PD, as well as the cal-
ibration of the power meter.

To check for saturation effects, the LO power
at the science PD was varied in power between
172 µW and 1mW and measured, holding the
AL power at 25.9 µW, while measuring the beat-
note amplitudes at 54.95MHz and 14.603MHz
at both the PLL3 PD and the science PD. Be-
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tween 172 µW and 680 µW no evidence of satu-
ration was seen, however the saturation effects
became clear once the LO power reached 1mW.
However, the power of LO was at most 400µW
for both runs and therefore the science detection
chain is not believed to have ever experienced
saturation during the closed shutter periods.
T
sci

is the total percentage of power exiting the
RC that reaches the science photodetector. It
was measured intermittently over the course of
the science campaign by measuring the power at
various points in the optical system in the NR
cleanroom. These points included before and
after the Faraday isolator, at RC1, directly after
the Faraday isolator at the detection port with
the cavity circulating field blocked, and at the
science PD.
To find T

sci
, the ratio of power incident on the

RC cavity mirror versus the power incident on
the science detector was calculated. This was
done several times before, during, and after the
first science campaign and gave values between
80% and 90%. The value used to calculate the
field overlap was 85% ± 5%. The losses were
mostly due to optical pickoffs used to sample
the light reflected from the cavity for the PDH
frequency stabilization system as well as other
diagnostic purposes. Changes in the total re-
flectivity of the input optics that appear to be
humidity dependent were also observed, along
with clipping losses on the free aperture of the
input optics after the beam expanding telescope
in NR. Both of these effects played a role in the
uncertainty of the results of T

sci
.

The open shutter calibration series for the
veto detection system Cveto

open, is defined in the
same way as for the science detector and is also
in units of V2/W. The power ratio P veto

open/Pi for
the veto detector can be expressed as

P veto
open

Pi
=

|Cveto
open|2

P
AL,veto

G2
AC,veto

T
veto

. (70)

Here P
AL,veto

is the AL (the laser used as the
heterodyne local oscillator for the veto detec-
tor) power measured at the veto detector in
units of W, G

AC,veto
is the conversion gain of

the full veto detection system electronic chain
at the veto heterodyne demodulation frequency
(≃40.35MHz) in V/W, T

veto
is the transmissiv-

ity of the optical path from mirror RC2 to the
veto PD. There is no need for a spatial overlap
term between AL and the RC in this case be-

cause AL is transmitted by the cavity and shares
its spatial eigenmode.
The AC gain of the veto detector chain

was measured by setting the PLL3 frequency
to the veto heterodyne frequency of fveto =
40.34920MHz such that both AL and LO were
resonant with the cavity. Then the power of
LO was varied and the peak to peak amplitude
of the signal at fveto output by the veto detec-
tion chain was measured. At each point the
power at the veto detector was measured with
a power meter with and without the LO res-
onant (AL was always resonant in these mea-
surements). With this the beatnote amplitude
in power could be projected because in transmis-
sion of the RC, AL and LO are both entirely in
the cavity eigenmode. Using this method a gain
of G

AC,veto
= 25±1V/mW was measured. In the

measurement the absolute accuracy of the power
meter was the limiting factor in the uncertainty.
The power measured at the veto photodetec-

tor PAL,veto is an important parameter as it
plays a direct role in the calibration of Cveto

open

in terms of optical power. It can also be used to
estimate the optical losses in the path from the
RC output mirror to the veto PD discussed in
the following section. PAL,veto can be calculated
by dividing the DC voltage output by the veto
PD VDC,veto, by its DC conversion gainGDC,veto:

PAL,veto =
VDC,veto

GDC,veto
. (71)

The DC conversion gain G
DC,veto

of the veto
detection system was measured by varying the
power incident on the veto detector, and mea-
suring the voltage at the monitoring point used
during the maintenance periods. This gave a
value of G

DC,veto
= 86 ± 1V/mW. The error in

this measurement is due to the variance in the
results over multiple measurements. The pri-
mary reason for the difference between the AC
and DC gain, was the presence of a three-way
splitter in the AC path that allowed the veto
PD to also be used as the sensor for PLL1.
One complication in the measurement of

P veto
open/Pi arises from the fact that the transmis-

sivity of the optics on the path from the output
mirror of the RC to the veto PD, Tveto, can not
be directly measured, as there are a significant
number of optics in the portion of this path in-
side the central vacuum chamber. Tveto can be
calculated using the ratio of the power of the
AL measured at the veto PD to the expected
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power of AL given its input power and coupling
efficiency to the RC, as well as the transmissiv-
ity of the RC. This is measured by dividing the
drop in the DC voltage output at the science PD
∆VAL,sci, when AL is frequency stabilized to the
cavity, by the DC gain of the science PD detec-
tion chain (GDC,sci) and by Tsci as expressed by

∆PAL,NR =
∆VAL,sci

TsciGDC,sci
. (72)

As the following shows, this definition of
∆PAL,NR is useful as it already takes the spa-
tial overlap into account. Assuming minimal ab-
sorption and scattering losses in the substrate,
the light incident on the cavity can either be re-
flected by the cavity, scattered out of the eigen-
mode or absorbed while circulating in the cavity,
or transmitted by the cavity. Equation 72 repre-
sents the power in the latter two categories, light
leaving the cavity eigenmode due to excess opti-
cal losses inside the cavity, or light transmitted
by the cavity.
Because the total round trip attenuation A is

measured via the cavity storage time τ during
the maintenance periods and the transmissivity
of the cavity mirrors were measured before the
science runs took place, the power directly in
transmission of the RC (PAL,CH) can be esti-
mated from

PAL,CH =
T
RC2

A− T
RC1

∆PAL,NR (73)

=
T
RC2

2
f0τ

− T
RC1

∆VAL

TsciGDC,sci
. (74)

It should be noted that this equation can also
be derived using the expressions for the spatial
overlap between AL the RC along with the RC
transmissivity and that Equation 74 is the sim-
plest expression for the AL power in transmis-
sion of the RC.
Tveto can then be derived by calculating the

ratio between the power measured at the veto
PD and the power transmitted by the cavity in
CH that is predicted by the Equation 74. This
gives

Tveto =
PAL,veto

PAL,CH
(75)

= Tsci
VDC,veto

∆VAL

GDC,sci

GDC,veto

(
2

f0τ
− T

RC1

)

T
RC2

.

(76)

This equation shows that Tveto can be expressed
as the product of Tsci and several ratios. The
ratio of the DC voltage measured at the veto
PD when AL is on resonance to the drop in DC
voltage measured at the science PD, the ratio of
the science PD DC conversion gain to the veto
PD conversion gain, and finally the ratio of the
losses minus the transmissivity of the RC input
mirror to the transmissivity of the RC output
mirror.

For the closed shutter periods of S
⊥
, the aver-

age value of Tveto was estimated to be 68% with
a minimum value of 65%, a maximum of 71%,
RMS fluctuations from the mean of 2%, and an
uncertainty of 9%. During S

‖
, the average value

of Tveto estimated for the closed shutter sections
was 65% with a range from 55% to 70%, an RMS
of 4%, and an uncertainty of 9%. In both runs,
the primary source of the uncertainty was the
uncertainty in the measurement of T

RC2
.

After the conclusion of the first science cam-
paign the power of the AL in transmission of the
RC was measured immediately after the vacuum
flange in the veto detector path to be 9.0 µW,
while the power at the veto PD was measured
to be 7.4 µW, indicating that 82% of the power
leaving the COB at the veto port reaches the
PD. These losses are mostly due to a diagnos-
tic pick-off that sends some light to a camera to
examine the position and shape of the RC eigen-
mode. The Brewster window at this port is also
oriented such that it has an angle with respect
to the vertical direction such that it has a trans-
missivity estimated to be 88% for horizontally
polarized light. In addition to this, the mirror
before the quadrant PD on the COB was mea-
sured to have a reflectivity of 95%. Therefore
the path that the RC transmitted light takes
to the veto PD is expected to have a transmis-
sivity of 68%. While this agrees well with the
measured values from science runs, in principle
it should not be possible to measure values Tveto

higher than the measured transmissivity of the
optics. This could indicate a source of system-
atic error in the measurements of the transmis-
sivities of the optics or Tveto. Nevertheless, the
transmissivity measured after the first science
campaign is well within the error bars of the
Tveto values measured during the science run.
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4. Spatial Overlap Results

The spatial coupling of the HPL to the
RC measured during the open shutter periods
should be representative of the coupling of the
BSM field as long as there are no significant ef-
fects that can alter the amplitude or alignment
of the HPL as it travels between the production
and regeneration areas. The spatial component
of the field overlap between the HPL and the RC
measured by the science detector was expressed
earlier as Equation 5 in Section IA. The square
of the spatial field overlap, η2xy, represents the
spatial overlap in terms of power and can be ex-
pressed as a function of measured parameters
as:

η2xy =
|Copen|2

T
COB

T
RC

P
LO

G2
AC

T
sci
η2
xy,LO

. (77)

Here, TRC is used instead of TRC,max because
η2xy is defined as the spatial overlap rather than
the total field overlap.
The results of measuring η2xy are shown in Fig-

ures 21a and 21b respectively for S
⊥
and S

‖
. For

S
⊥
, the average spatial overlap between the HPL

and the RC during the closed shutter periods
was estimated to be 47% with a range of 41%
to 54% and RMS fluctuations from the average
of 4%. The uncertainty in these measurements
varied from 7% to 10%, with an average value

of 9%, and was due mostly to the uncertainties
in the measured transmissivities of the on-axis
COB mirrors and the flat cavity mirror mounted
to the COB (RC2), with some additional contri-
bution due to the uncertainty on the calibration
series. During the closed shutter periods of S

‖

the mean value of η2xy was estimated to be 48%
with a minimum of 42%, a maximum of 60%,
and an RMS of 6%. The uncertainty of these
measurements was again driven by the uncer-
tainties on the mirror transmissivities like in S

⊥
,

along with some additional uncertainty due to
the calibration series. For S

‖
the uncertainty on

η2xy varied between 6% and 11% with an average
value of 9%.

To calculate the HPL-RC spatial power over-
lap measured by the veto detection system
η2xy,veto, the open shutter power defined in Sec-
tion IVB3 is divided by the expected power of
the HPL passing through the production mag-
net string and the COB optics, along with the
reflectivity of the cavity from the direction of
CH:

η2xy,veto =
P veto
open

RRC,CHTCOB
Pi

. (78)

The spatial overlap measured by the veto detec-
tion system can be expressed in terms of mea-
sured parameters as:

η2xy,veto ≃
|Cveto

open|2∆VALG
2
DC,vetoTRC2

(
1 + (2πτ∆ν)2

)

G2
AC,veto

Tsci ((1− T
RC2

f0τ)2 + (2πτ∆ν)2)T
COB

V 2
DC,vetoGDC,sci

(
2

f0τ
− T

RC1

) . (79)

Equations 58, 62, 70, 71, and 76 are used to
derive these expressions. Figures 21a and 21b
show the HPL-RC spatial overlap measured at
the veto detector during the maintenance peri-
ods of the science runs as the orange data points
and the results of η2xy,veto agree very well witht
he data acquire at the science detector. During
the closed shutter periods of S

⊥
, the estimated

spatial overlap had an average value of 53% with
a range of 40% to 63%, RMS fluctuations from
the mean of 6%, and an uncertainty of between
6% and 10% with an average uncertainty of 8%.
For S

‖
the average value was 49% with a mini-

mum of 34%, a maximum value of 66%, an RMS

of 8%, and an uncertainty between 5% and 10%
with an average value of 7%. For both runs the
uncertainty was primarily limited by the uncer-
tainty on the measured transmissivities of the
COB optics and mirror RC2. While RC2 does
not play a direct role in the HPL power mea-
sured at the veto PD, its uncertainty does effect
the measurement of Tveto.

5. Field Overlap Results

The total power overlap between the HPL and
RC is the product of the spatial overlap and the
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certainty between 4% and 10% with an average
value of 8%. The uncertainty on these measure-
ments was also due to the same effects as were
just mentioned for S

⊥
.

Using Equation 79 to express η2xy,veto, the to-
tal field overlap between the HPL and the RC
can be expressed in terms of measured parame-
ters as

η2veto ≃
η2xy,veto

η2ẑ
≃

η2xy,veto
1 + (2πτ∆ν)2

. (82)

The total overlap between the HPL and RC
measured at the veto detector is shown in Fig-
ures 21c and 21d for S

⊥
and S

‖
respectively.

During the closed shutter periods of S
⊥
, the av-

erage value estimated for η2veto was 48%. The
minimum value over this time was 39%, while
the maximum value was 60%, the RMS fluctu-
ations from the mean were 5%, and the uncer-
tainty varied between 6% and 10% with an av-
erage value of 8%. For S

‖
the average value was

41%, and the data varied over a range from 20%
to 66% with an RMS of 8% and an uncertainty
between 3% and 10% with an average value of
6%. In general, the spatial overlap and total
overlap measured at the veto and science detec-
tors showed good agreement and the differences
between the results were on the order of 10% or
less with the exception of a few outliers.
Finally, it should be noted that in both runs,

like η2xy,veto, η2veto agree very with the results
of the spatial overlap and total overlap mea-
sured at the science detector and discussed in
Section IVB4.

6. Optimizing the Spatial Overlap

The spatial coupling of the HPL to the RC
can be affected by the relative position, align-
ment, and size of the HPL and RC eigenmodes.
The initial mode-matching of the HPL was per-
formed by first building a 246m cavity with the
curved mirrors of the PC and RC located on
the optical tables in the NL and NR cleanrooms
respectively (see Figure 2 for a diagram of the
cleanrooms). Then the AL was coupled to the
cavity from NR and the light in tranmission of
the cavity in NL served as a reference for the
eigenmode of the cavity. This light was then
mode matched, using the HPL input optics, to a
triangular cavity which served as an input mode
cleaner for the HPL [31]. The spatial mode of

the 246m cavity should be representative of the
RC eigenmode because it had a nearly confocal
geometry with twice the length of the RC.
A spatial overlap of roughly 90% was

achieved. The input mode cleaner was then left
in place to serve as a reference for the mode of
the input laser. The higher order mode content
related to the waist size and position of the HPL
with respect to the RC should have therefore re-
mained optimized, although drifts in the align-
ment of the mirrors after the input mode cleaner
could still cause a decoupling of the HPL to the
RC. Therefore during the maintenance periods
the HPL alignment was corrected using the fol-
lowing procedure. After the eigenmode position
of the RC was optimized using the storage time,
the RL was manually realigned to maximize the
PLL1 beatnote amplitude. After this the HPL
input optics were tuned to optimize the beat-
note amplitude between HPL and RL at the MZ
port. This method was limited in its accuracy
as the maximum power spatial overlap achieved
between RL and the AL the light transmitted by
the RC was on the order of 50% due to the astig-
matism of the RL beam generated by a pair of
curved mirrors in its mode matching telescope.
Mirrors were used instead of lenses to avoid cre-
ating a direct path for HPL stray light to couple
to the RC via backreflections from these lenses.

V. CONCLUSION

Optical light-shining-through-a-wall experi-
ments are a powerful tool to search for pseudo-
Goldstone bosons that could reveal a new en-
ergy scale between the electroweak and Planck
scales. With optical cavities before and after
the wall these experiments offer an unprece-
dented photon flux along with a long interac-
tion length and boosted signal strength. The
ALPS II first science campaign took place from
February to May of 2024 with runs using the
light-shining-through-a-wall technique to search
for beyond the standard model bosonic fields.
These searches were performed with a regener-
ation cavity resonantly enhancing the electro-
magnetic field potentially regenerated behind
the wall, the first time this has been done with
optical cavities. This campaign consisted of two
science runs, one with the polarization states of
the lasers perpendicular to the direction of the
magnetic field (S

⊥
) and one with the polariza-
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tion states aligned parallel to the magnetic field
(S

‖
). The signals measured by the heterodyne

detection system over the duration of the runs
were coherently summed, allowing the experi-
ment to have a frequency resolution on the or-
der of µHz. Therefore, background signals that
are not at the exact expected frequency can be
distinguished from signals that are the result of
the coupling between electromagnetic and be-
yond the standard model fields.

The calibration of the data was performed
using measurements of the transmission of the
high-power input laser through the system when
a shutter in the wall was open. This allowed the
laser light to directly couple to the regeneration
cavity after passing through the optics on the
central optical bench. The signal rates measured
when the shutter was closed were then normal-
ized by the measured open shutter transmission.
The use of this ratio cancels most experimental
parameters and systematic uncertainties except
the transmissivity of the central optical bench
optics. The relevant optics showed a combined
transmissivity of (9.7 ± 1.2) × 10−23, resulting
in less than ten attowatts reaching the detec-
tion system when the shutter is open. Such low
powers highlight the challenges faced when us-
ing this technique and make it clear that the
operation and calibration of such a system is in
itself an accomplishment. Via this procedure,
it is possible to express the results in terms of
Pγ↔φ, the rate at which energy converts be-
tween electromagnetic and beyond the standard
model fields after a single pass through one of
the magnet strings.

The results at the expected signal frequency
did show an excess relative to the technical noise
of the system, however, when this ratio was eval-
uated at alternative frequencies, a broad peak
in the spectrum was evident. This indicated the
presence of a background believed to be caused
by stray light coupling from the high-power laser
to the detection system. This was corroborated
by an analysis of the time evolution of the closed
shutter signals.

For each run, a statistical analysis was
performed on the background signals within
100 µHz of the signal frequency giving an expec-
tation value for the background and its prob-
ability distribution. Based on this, the val-
ues measured at the signal frequency were well
below 5σ detection thresholds. We therefore
set limits that exclude conversion rates above

a significance of 5σ with a confidence level of
95%. The resulting exclusion limits are Pγ↔φ <
2.5× 10−13 for S

⊥
and Pγ↔φ < 1.7× 10−13 for

S
‖
.

These results compare favorably to previous
generations of light-shining-through-a-wall ex-
periments as the limits on Pγ↔φ for scalar and
pseudoscalar bosons surpass OSQAR [10] by a
factor of 18 and 31 respectively, despite the fact
that much stricter exclusion criteria were ap-
plied in this analysis. We would also like to em-
phasize that the sensitivity in terms of Pγ↔φ

is independent of the properties of the mag-
net string. It is therefore a useful metric to
compare the optical systems of different light-
shining-through-a-wall experiments. The exclu-
sion limits on Pγ↔φ reported here are inter-
preted in terms of the coupling between electro-
magnetic and pseudoscalar, scalar, vector, and
tensor bosons in Ref. [1]. Those results show
that ALPS II improved the limits on the electro-
magnetic coupling of scalar bosons by a factor
of 18 and and pseudoscalar bosons by a factor of
23 with respect to the OSQAR results. In both
limits, the improvement in sensitivity due to the
longer magnet strings used by ALPS II and its
more sophisticated optical system is roughly the
same.

The optical system was constantly monitored
during the first science campaign. Although pa-
rameters such as the resonant enhancement of
the regeneration cavity were not directly used
in the calibration of the science data, they pro-
vided useful information on the status of the op-
tical system. With a world record storage time
of 7.17ms [20], the regeneration cavity sustained
a resonant enhancement factor of roughly 7000
during the science campaign.

In the future, we plan to implement an opti-
cal cavity before the wall, further reduce back-
grounds due to stray light and technical noise,
boost the resonant enhancement factor of the re-
generation cavity and increase its overlap with
the beyond the standard model field. With these
upgrades, the signal to noise ratio with respect
to the power measured at the detection system
will increase by seven orders of magnitude al-
lowing ALPS II to probe Pγ↔φ down to rates of
3× 10−17, an improvement of nearly four orders
of magnitude.
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Appendix A: Appendix

1. Digital Frequency Representation

Table VI summarizes the frequencies as they
are defined in the user interface of the devices
generating them in the column labeled ‘Set fre-
quency’, while the offset from those frequencies
due to their representation in terms of the clock
frequencies is shown in the column ‘Digitization
offset’. The row label ‘Total’ for the science and
veto detectors shows the result of the linear com-
bination of frequencies that produces the signal
that is demodulated at the second stage in post-
processing. In this case the input frequencies of
the PLLs are tuned to produce a 2.4Hz signal
frequency after the first demodulation. The dig-
ital offset on that signal is a result of the same
linear combination of the digital offsets. The
second demodulation should therefore be per-
formed at the total set frequency plus its digital
offset, so in all cases 2.4Hz + 198.58 nHz. This is
the digital representation of a 2.4Hz signal using
a clock with a rate of 1GHz and a precision of
48 bits. In post-processing, the frequency of the
second demodulation can be represented with
double-precision (64-bit) floating-point because
this process is no longer limited by the precision
of the oscillators driving the PLLs. While the
numbers in this table are only shown with a pre-
cision of tens of pHz, the actual second demod-
ulation frequency was defined to tens of fHz.29

2. Changes in Open Shutter Data

Scatter plots showing the changes between
open shutter periods are shown in Fig-
ure 22. From the plots in 22a and 22c it
is apparent that the absolute value of the
changes between the magnitude squared of two
points in the open shutter calibration series∣
∣|Copen,j |2 − |Copen,j−1|2

∣
∣ increased as the time

between the points j − 1 and j increased. The
data in these plots are also normalized to the
value of |Copen,j−1|2 to allow the relative error
in the calibration series due to these effects to be

29 This precision is only defined with respect to the clock
used for the system and should not be mistaken in
terms of absolute frequency.
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S⊥

System Set frequency Digitization offset

PLL1 12.2MHz -11.37 nHz

PLL2 52.5468728MHz 699.04 nHz

PLL3 54.95MHz 1608.67 nHz

DM1 (Science) 14.6031296MHz 1096.83 nHz

DM1 (Veto) 40.3468752MHz 908.99 nHz

Total (Science) 2.4Hz 198.58 nHz

Total (Veto) 2.4Hz 198.58 nHz

S
‖

System Set frequency Digitization offset

PLL1 12.2MHz -11.37 nHz

PLL2 52.54686689MHz 1098.23 nHz

PLL3 54.95MHz 1608.67 nHz

DM1 (Science) 14.60313551MHz 697.65 nHz

DM1 (Veto) 40.34686929MHz 1308.17 nHz

Total (Science) 2.4Hz 198.58 nHz

Total (Veto) 2.4Hz 198.58 nHz

TABLE VI: Summary of the frequencies and their digital offsets for S
⊥
and S

‖
.

calculated (discussed in Section II F). The data
for the science detector are shown as the blue
points, while the veto detector data are shown
in orange. The dashed lines give the fit of a
first order polynomial to the data. The result
of this fit is then used to calculate the relative
uncertainty for each point in the calibration se-
ries C[n], based on its length in time from the
nearest open shutter measurement.

The changes in the angle of Copen,j between
open shutter points are also shown in Fig-
ures 22b and 22d, again with blue represent the
data measured at the science detector, orange
the data measured and the veto detector, and
the dashed lines giving the linear fit to the data.
Interestingly, the fit of the data from S‖ shows
a negative slope, indicating that changes in the
angle decrease as the time between the points in-
creases. We do not believe that it is actually the
case that the uncertainty in the complex angle
of the open shutter measurements decrease over
time, but rather this is due to a bias in the data.
This bias comes from the fact that the operation
procedure required an open shutter period of at
least 15 minutes before starting a closed shutter

measurement. As the shorter periods are still
used to assess the uncertainty, times in which
the system was unstable would have produced
more open shutter data. Partially because of
this reason, the linear fit of the angular changes
are not used in the calculation of the uncertainty
on C[n], and displayed here rather to illustrate
the remarkable stability of the system.

3. Signal Leakage

Irregular gaps in the closed shutter data exist
due to the need for open shutter and mainte-
nance periods, as well as the system coming un-
locked during the closed shutter periods. These
gaps lead to signals at a given frequency leaking
into neighboring frequency bins as the integra-
tion of the product a static constant with these
neighboring frequencies is no longer performed
over a finite number of cycles and these com-
ponents will not sum to zero. Figures 23a and
23b show plots of this leakage into the differ-
ent Fourier components. Here the spectrum of
Z(f)closed is calculated with Hp[n] set to a se-








