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Demonstration of an interferometric technique for measuring vacuum magnetic
birefringence with an optical cavity
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Vacuum magnetic birefringence (VMB) is an effect predicted by quantum electrodynamics in which the
vacuum behaves as a nonlinear optical medium and exhibits a birefringence in the presence of a magnetic
field. In this work, an interferometric scheme is introduced to measure this effect by sensing the changes in
the frequencies of fields stabilized to the resonances of an optical cavity. Results are presented from a prototype
setup with this sensing technique implemented on a 19-m test cavity without a magnetic field. We propose using
this scheme for a measurement of VMB with a 245-m-long optical cavity and a string of 24 superconducting
magnets, arranged for the ALPS II experiment. In this manuscript we examine potential sources of noise in the
prototype and project these results in terms of the sensitivity of the full-scale experiment.
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I. INTRODUCTION

Vacuum magnetic birefringence (VMB) describes how, in
the presence of a magnetic field, vacuum will exhibit an
increase in its index of refraction that depends on the po-
larization of light relative to the direction of the magnetic
field. Following Dirac’s theory of the positron [1], VMB
was predicted by the Euler-Heisenberg Lagrangian via virtual
electron-positron pairs [2,3], outlined in the theory of quan-
tum electrodynamics (QED). Although a host of experiments
have attempted to observe VMB over the last 40 years, a di-
rect measurement confirming its existence has proven elusive.
This is mainly due to the interaction strength being so small,
with standard QED predicting changes in the index of refrac-
tion for polarization axes parallel (�n‖) and perpendicular
(�n⊥) to the magnetic field direction of

�n‖ = 7AeB2 and (1)

�n⊥ = 4AeB2, (2)

where Ae = 1.32 × 10−24 T−2 is a constant representing the
strength of these nonlinear effects [3]. This leads to a differ-
ential index of refraction between the polarization axes, also
known as birefringence, as a function of the magnetic field
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strength,

�nVMB = �n‖ − �n⊥ = 3AeB2. (3)

For a 5.3-T magnetic field, �nVMB � 10−22.
The prospect of measuring a deviation from the QED

predicted amplitude of �nVMB or an absence of the effect is
perhaps even more exciting, as this would serve as evidence
for new physics. Hypothetical particles beyond the standard
model—for example, millicharged particles—can also induce
polarization effects [4], such that sensitive measurements of
the quantum vacuum serve as probes of these theories [5].

A typical strategy to measure VMB is to pass a laser
through a magnetic field and observe its change in polarization
state. The first measurements of this kind were performed by
the Brookhaven-Fermilab-Rochester-Trieste (BFRT) collabo-
ration using an optical delay line to increase the interaction
length between the laser and the magnetic field [6]. Mod-
ern experiments now use optical cavities to further extend
the optical path length of the laser through the magnetic
field. It is also essential to modulate the magnetic field to
distinguish the signal from noise, with higher modulation
frequencies typically corresponding to better sensitivities [7].
The modulation can be done in a number of ways. BFRT
performed the modulation of the magnetic field by ramping
the current of a superconducting dipole magnet, achieving
a modulation frequency of 32 mHz. The Polarization of the
Vacuum with LASer (PVLAS) experiment opted to rotate
permanent magnets [7] to increase the signal frequency to
16 Hz, while other experiments such as Birefringence Mag-
nétique du Vide (BMV) and Observing VAcuum with Laser
(OVAL) utilized pulsed magnets to achieve even higher char-
acteristic frequencies above 100 Hz [8,9]. The most sensitive
measurement to date was from PVLAS with a sensitivity of
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FIG. 1. Modulated magnetic flux density of the ALPS II mag-
netic string.

�nVMB < 3 × 10−23 T−2, less than a factor of 8 from the QED
prediction.

An alternative to the polarimetric approach was proposed
in Ref. [10]. Three laser fields are stabilized to three reso-
nances of an optical cavity with the center resonance polarized
orthogonally to the magnetic field and the outer two reso-
nances polarized parallel to it. The VMB effect can then be
measured by observing the relative frequency changes be-
tween the two outer resonances and the center resonance when
the magnetic field is modulated. In this case, the finesse of the
optical cavity does not directly amplify the signal, but is used
to improve the precision with which the lasers can be stabi-
lized to the cavity resonances. By using three resonances, it
is also possible to decouple the measurement from the length
noise of the cavity.

This paper provides a demonstration of the sensing scheme
for this technique using a 19-m optical cavity without a mag-
netic field. A heterodyne detection system is used to read out
the frequency changes between the cavity resonances. The
ultimate goal of this prototype setup is to demonstrate that
this technique is capable of achieving a sensitivity sufficient
to measure VMB using the magnet string assembled for the
Any Light Particle Search II (ALPS II) at the Deutsches
Elektronen-Synchrotron (DESY) in Hamburg, Germany.

In ALPS II, 24 superconducting dipole magnets formerly
used by the Hadron-Electron Ring Accelerator (HERA), each
generating a 5.3-T dipole field over 8.8 m of length, have
been straightened and aligned to give a total B2L of 5990 T2 m
[11]. This corresponds to a predicted optical path difference of
2.37 × 10−20 m between fields polarized parallel and perpen-
dicular to the direction of the magnetic field. Comparing this
to the magnets used in PVLAS with a �B2L of 10 T2 m, the
ALPS II magnet string would therefore be able to produce a
VMB signal nearly 600 times larger than the most sensitive
VMB experiment to date. A characteristic modulation fre-
quency of 0.3 mHz was demonstrated in the ALPS II magnet
string by ramping and discharging the current to generate four
cycles over the course of 4 h, as shown in Fig. 1. It may be

possible to increase this frequency up to 5 mHz with upgrades
to the system. Such low modulation frequencies present a
challenge, as environmental noise tends to rapidly increase at
lower frequencies [7].

ALPS II has shown it is possible to operate a high-finesse
optical cavity whose eigenmode propagates through the bore
of the magnet string [12]. The intrinsic birefringence noise
of the cavity itself may also limit the sensitivity of the ex-
periment at these frequencies, as has likely been the case
in several previous VMB experiments [7]. Current literature
on the intrinsic birefringence noise of optical cavities ap-
pears to show that it has an amplitude spectral density (ASD)
that is inversely proportional to both the square root of the
Fourier frequency and the 1/e2 beam radius (w) of the cavity
eigenmode on the mirror surface [7,13,14]. The noise levels
measured by previous experiments indicate that the intrinsic
birefringence noise of the cavity will lead to an incoherent
noise floor in our sensitivity to differential optical path length
changes at a level of

δ̃Lθ ∼
(

9 mm

w

)√(
3 mHz

f

)
10−17 m/

√
Hz. (4)

Here, the relative uncertainty in the scaling of this noise floor
is roughly 50% due to the range of values across the mea-
surements in these papers. For a signal frequency at 3 mHz
and a beam radius on the cavity mirrors of 9 mm, this equa-
tion predicts a differential path length noise of 10−17 m/

√
Hz.

Nevertheless, if the measurement is limited by cavity birefrin-
gence noise, a signal-to-noise ratio of unity could be achieved
for a signal strength at the QED-predicted level after less than
2 days of integration time by cross-correlating the expected
birefringence signal, due to the magnet modulation, with the
measured data. Therefore, the outlook for a measurement of
VMB with the ALPS II magnet string is promising.

This paper is organized as follows. In Sec. II the design of
the optical system is discussed and in Sec. III the experimen-
tal setup, implemented on a 19-m-long cavity, is presented.
The results of measurements using this system are given in
Sec. IV. This includes a measurement of the noise of the setup
as well as the static birefringence of the optical cavity. In
Sec. V conclusions from the experiment are discussed along
with the prospects of measuring VMB with a full-scale exper-
iment using a 245-m cavity and the ALPS II magnet string.

II. OPTICAL SYSTEM

The optical system is designed to measure changes in
the birefringence of a cavity via the differential frequency
changes between laser fields. To achieve this, three separate
linearly polarized fields are stabilized to different reso-
nances of the cavity using the Pound-Drever-Hall (PDH)
laser-frequency stabilization technique [15–17]. A laser on
resonance with an optical cavity propagates for some integer
number N of wavelengths over a round trip through the cavity.
This leads to the resonance condition

2nkL + θM = 2πN. (5)

In this equation n is the index of refraction of the medium
between the mirrors, k is the wave vector of the laser, L is the
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single-pass distance between the mirrors, and θM is the addi-
tional round trip phase accumulated in the mirror coatings.

The frequency difference between two lasers with orthog-
onal polarization states that are stabilized to the cavity �N
resonances apart can be expressed as (assuming �N/N � 1)

�ν � f0(N�n + �N − �θ/2π ). (6)

In the above equation �n is the difference in the indices of
refraction experienced by the orthogonally polarized fields as
they propagate between the cavity mirrors, and we assume
�n � n. For simplicity, we also assume that the birefringent
medium spans the entire distance between the mirrors. The
free spectral range (FSR) of the cavity is given by f0 = c/2nL
and therefore the laser frequency ν is equal to N f0. The term
�θ = θ‖ − θ⊥ gives the difference in the phase accumulated
in the mirror coatings for the orthogonal polarization states.
This is due to the birefringence of the dielectric mirror coat-
ings and will lead to an offset in the difference frequency
between the lasers from some integer multiple of FSRs by
�νθ = f0�θ/2π . Fluctuations in the differential reflected
phase from the mirror coatings will lead to birefringence
noise in the cavity. This equation also assumes no dispersion
effects in the coatings. A calculation of the effects related to
dispersion can be found in Appendix A 3.

If there is some birefringent medium between the mir-
rors, this will appear as an offset in the difference frequency
between orthogonally polarized lasers of �νn = ν�n. The
birefringence signal generated by VMB at the magnet modu-
lation frequency, �nVMB in Eq. (3), will introduce a modulation
in the frequency difference between the resonances of the
cavity for the orthogonally polarized fields of

�νVMB = ν �nVMB

LB

L
. (7)

Here, the length of the magnetic field LB must be distinguished
from the length of the cavity L. This can also be expressed as a
differential change in the cavity length of �LVMB = LB�nVMB

experienced by the orthogonal polarization states. It should
be noted that in this manuscript lengths such as L, �LVMB , and
δL will refer to the single-pass lengths (the physical distance
between the mirrors) and their changes, respectively.

Changes in the length of the cavity will cause fluctua-
tions in its FSR, f0 in Eq. (6). This will lead to additional
noise in the frequency difference between the lasers of δνL =
�N f0 δL/L. Therefore, if the frequency difference between
the lasers (�N f0) is 5 MHz for a VMB measurement using
the ALPS II magnet string with a 245-m cavity, length noise of
1 µm/

√
Hz (typical length noise of the 123-m cavity used in

ALPS II [12]) would produce noise in the differential cavity
length measurement of 1.8 × 10−14 m/

√
Hz, making an ob-

servation of the VMB effect practically impossible.
An additional field sensing the frequency changes of a

third resonance can be used to cancel the coupling of the
cavity length noise to the measurement. First, a field E⊥0 ,
polarized perpendicular to the direction of the magnetic field,
is stabilized to a resonance of the cavity. Two other fields E‖−
and E‖+ , with polarization states aligned to the magnetic field,
are then stabilized to cavity resonances some integer number
of FSRs, �N , above and below the resonance occupied by
E⊥0 . Figure 2(a) shows a diagram of the configuration of laser

FIG. 2. In (a) the frequencies of the fields in the birefringence
measurement scheme at the detection port of the cavity are shown.
The fields E‖− , E⊥0 , and E‖+ are all stabilized to different cavity
resonance separated by a fixed number of FSRs. In (b) we enlarge
the frequency axis to show that the VMB signal, �νVMB , manifests
itself as a frequency change of the beatnote in the same way as the
cavity birefringence �ν

θ
.

frequencies in the setup. Here, looking at the frequency of the
interference beatnote between E‖− and E⊥0 , given by �ν−,
and that of E‖+ and E⊥0 , given by �ν+, it is apparent that
changes in the FSR will be common to both �ν+ and �ν−.
The coupling of changes in f0 to the birefringence measure-
ment can therefore be drastically reduced by subtracting �ν−
from �ν+, as in

�ν+ − �ν−
2

� �νVMB − �νθ + δν
θ
. (8)

In the equation above, the term f0�N from Eq. (6) has been
canceled. The term �νVMB is the birefringence signal induced
by VMB, while �νθ and δν

θ
are, respectively, the static and

dynamic birefringence of the cavity.
The differential optical path length changes for the orthog-

onally polarized states can be expressed as

�Ln � L

2

�ν+ − �ν−
ν

. (9)

Then,

�nVMB � �Ln

LB

(10)

can be used to express the birefringence induced by VMB
in terms of the optical path length changes at the magnet
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FIG. 3. The optical system for the prototype. The fields E‖− (shown in orange) and E‖+ (shown in pink) are generated by frequency shifting
laser L1 using AOMs in a double-pass configuration (not shown). The field E⊥0 (shown in purple) is provided by laser L2. All three fields are
frequency stabilized to a different resonance of a 19-m optical cavity. PDr is used to sense the interference beatnotes between the fields, and
this signal is then sent to a phasemeter to track the frequencies of the beatnotes.

modulation frequency. In this work, the laser frequency is
ν = 282 THz. If sufficient precision in the laser-frequency sta-
bilization loops can be achieved, the sensitivity of the system
will likely be limited by the intrinsic birefringence noise of
the cavity, δLθ from Eq. (4). Nevertheless, projections based
on the results from measurements of other high-finesse optical
cavities [7,13,14] suggest that this noise should be at most
10−17 m/

√
Hz at 3 mHz for a 245-m cavity with a 9-mm

beam radius on the mirrors. This would allow the system to
measure the differential optical path length changes induced
by the VMB effect at the amplitude predicted by QED, with a
signal-to-noise ratio of 3 after roughly 1 600 000 s of integra-
tion time.

III. PROTOTYPE SETUP

One of the primary challenges in using this technique is
the very precise stabilization of the three laser fields to their
cavity resonances. If a precision in the control system of
10−18 m/

√
Hz, in terms of �Ln, is targeted for a 245-m cavity

with a finesse of 100 000,1 this would require stabilizing the
laser frequencies to 0.2 ppm/

√
Hz of the cavity FWHM.

A prototype setup was built to test the technique on a
19-m cavity. A diagram of the experiment can be seen in
Fig. 3. The three laser fields were generated with two lasers
operating with a wavelength of 1064 nm, one of which, L1
in the diagram, is split into two paths. Both paths from L1
are frequency shifted by their own AOM in a double-pass
configuration (not shown in Fig. 3). An electro-optic mod-
ulator (EOM) in each path also generates phase-modulation
sidebands such that each field can be individually stabilized
to a cavity resonance using the PDH technique. A single
photodetector (PD) in reflection of the cavity (labeled PDr in

1The finesse of the 245-m cavity is expected to be limited by
scattering losses due to the surface roughness of the substrate over
the beam spot area, which will have a 1/e2 radius of 9 mm. A finesse
of 100 000 lies at the limit of what is possible with state-of-the-art
polishing techniques for beams of this size [12,18,19].

Fig. 3) is used as the sensor in both loops. The feedback on one
of the paths is sent directly to the frequency of L1 (the field
emerging from this path will be referred to as E‖+ and is shown
as the orange line in Fig. 3), while in the other path the AOM
is used as a frequency actuator (this field will be referred to as
E‖− and is shown as pink line in Fig. 3). The two paths each
have a half-wave plate (HWP) and are combined at a power
beam splitter to allow any configuration of linear polarization
states to be used. Faraday isolators, not shown in Fig. 3 for
simplicity, are used to prevent light from being reflected back
to the lasers.

A second laser (L2) on the opposite side of the cavity
provides the third field, which will be referred to as E⊥0 . This
laser also has an EOM in its beam path such that it can be
PDH stabilized to a cavity resonance using PDt as a sensor.
PDr on the L1 table is then used as the primary sensor of the
interference beatnotes between the three fields.

Since nonpolarizing beam splitters are used to inject all
fields to the cavity, the setup does not restrict the polarization
states of the fields. This allows for null measurements with all
fields in the same polarization state to test the sensitivity of the
setup independent of polarization effects. However, when the
setup is configured to measure the dynamic birefringence of
the cavity, E⊥0 is aligned to an orthogonal polarization axis
from E‖+ and E‖− . When this is the case, the interference
beatnotes are generated by orienting the wave plate before
PDr to rotate all polarization states by 45◦ with respect to
the polarizing beam splitter just before PDr. Therefore, all
fields are split equally and the interference beatnotes can be
measured at either port of the polarizing beam splitter.

A. Frequency read-out

It can be difficult to measure the direct interference beat-
notes �ν+ and �ν− because they are at nearly the same
frequency. However, the interference beatnotes between E⊥0

and the phase modulation sidebands on E‖+ and E‖− , shown
in Fig. 4, can be used instead. The sidebands track the fre-
quency changes of their carrier fields. Therefore, any changes
in the resonance frequencies of the cavity will be trans-
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FIG. 4. The frequency configuration of the fields present at PDr

in the prototype setup. To sense the changes in �ν− and �ν+, the
interference beatnotes at f+ and f− where measured.

ferred to the sidebands. Measurements of the clock jitter in
the oscillators were performed, and the noise projected from
these results was well below the expected cavity birefringence
noise.

The phase modulation frequency of fEOM+ is �11.8 MHz.
Therefore, the E‖+ lower sideband (E‖+l in Fig. 4) resides at
a lower frequency than E⊥0 because fEOM+ is larger than the
cavity FSR. The actual beatnote frequency used to monitor
�ν+ was thus

f+ = 11.800 009 4 MHz − (

�ν+︷ ︸︸ ︷
f0 − �νθ ), (11)

or 3.9082 MHz. While the values of the beatnote frequencies
are know with subhertz accuracy, fluctuations in the cavity
length, and hence FSR ( f0), cause them to change over the
course of data taking and therefore they are only given with
a precision of 100 Hz here. Nevertheless, these changes are
correlated, so the differences between the frequencies can be
given with subhertz precision.

To monitor changes in �ν−, the E‖− upper sideband
(E‖−u in Fig. 4) was used with a modulation frequency of
�12.4 MHz. The frequency of the beatnote used to monitor
�ν− was therefore

f− = 12.399 981 5 MHz − (

�ν−︷ ︸︸ ︷
f0 + �νθ ), (12)

or 4.5081 MHz.
The phasemeter measuring the frequencies of the beatnotes

operated with a bandwidth of 10 kHz. The initial sampling
rate of the analog-to-digital converters was 109 samples per
second, with the phasemeter data then being downsampled to
596 Hz after the data was filtered by a finite-impulse-response
filter. The data stream from the phasemeter consisted of a
continuous data set of the frequency, phase, and amplitude of
the beatnote it was measuring.

B. Optical cavity

A detailed characterization of the optical cavity used in this
study is available in Ref. [20]. The cavity is formed by two 2-
in.-diameter mirrors with a single-pass length of (18.9938 ±
0.0001) m leading to an FSR of (7.891 86 ± 0.000 03) MHz.
The cavity mirrors are mounted directly to separate optical
tables and are contained within a single vacuum system. The
lasers are injected via vacuum windows at both ends of the

cavity. The nominal storage time is (1.30 ± 0.1) ms, corre-
sponding to a finesse of 32 200 ± 200. The input mirror of
the cavity has a transmissivity of (90.0 ± 0.5) ppm, while the
output mirror transmissivity is (89.8 ± 0.4) ppm. The excess
optical losses in addition to the mirror transmissivities were
found to be 15 ppm. The power buildup of the cavity is
9470, and with 20 mW typically injected for a measurement
the cavity circulating power reaches nearly 200 W. Typically,
values for the field overlap between the injected lasers and
the cavity eigenmode were measured to be between 92% and
97%. The geometry of the cavity is nearly confocal, with an
average radius of curvature of the mirrors measured via the
higher-order mode spacing to be 19.95 m.

The static difference in the cavity resonance frequencies
due to birefringence, �νθ , can be calculated from the mea-
sured frequencies using the expression

�νθ = �ν+ − �ν−
2

(13)

= f+ − fEOM+ − ( f− − fEOM−). (14)

This gives �νθ = 4.1 ± 0.3 Hz. Section IV C describes how
the static birefringence of the cavity was also measured by
observing the change in the beatnote frequency of the fields
stabilized to the cavity resonances while rotating the input
polarization states using a HWP. This technique resulted in
a measured value of �νθ = 4.25 ± 0.02 Hz. The agreement
between these methods is clear.

According to the measurement with the rotating polariza-
tion states, the static birefringence of the cavity is (0.538 ±
0.003) × 10−6, leading to �θ = (3.38 ± 0.02) × 10−6 rad.
The major and minor polarization axes of the cavity are
aligned at 40◦ with respect to the vertical and horizontal direc-
tions, and the polarization states of the input fields are aligned
to them. In the future, we plan to rotate the mirrors so that the
fast axis of the cavity is aligned to the vertical direction, but
this has not yet been attempted in this setup.

IV. RESULTS

A time series of a 20-h measurement of the beatnote
frequencies measured by the prototype setup is shown in
Fig. 5(a). A moving average filter with a time constant of
0.67 s is applied to the data in this plot. The frequency drifts
of the beatnotes δ f−, δ f+, and their superposition from Eq. (8)
(δ f+ − δ f−)/2 are shown as the green, blue, and orange traces
of this plot, respectively. The purple trace gives the temper-
ature control signal sent to the laser crystal, calibrated in
terms of the frequency changes of the cavity FSR. While the
frequency drift of the laser contributes to the control signal, it
is primarily driven by the length changes of the cavity. From
this plot it is apparent that the length drift of the cavity is
common to both δ f+ and δ f−, but this can be canceled using
the superposition (δ f+ − δ f−)/2. This superposition reduced
the standard deviation in the frequency drift from 15.5 Hz
for δ f+ and 15.9 Hz for δ f− to 0.3 Hz for (δ f+ − δ f−)/2.
The standard deviation of the calibrated control signal from
its mean value over this time was 15.6 Hz.

The Allan deviation of the frequency drifts from this mea-
surement is shown in Fig. 5(b) with error bars that give the
1 σ statistical uncertainty in the data. Here, an additional null
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(a) Time series of the beatnote frequency drift

(b) Allan deviation of the beatnote frequency drift

(c) ASD of the measurement noise in the setup

FIG. 5. Time series (a), Allan deviation (b), and ASD (c) of the
measurement of the frequency drifts of the interference beatnotes.
Here, the δ f+ is shown in blue, δ f− is shown in green, and the
measurement of (δ f+ − δ f−)/2 is shown in orange. A separate null
measurement of (δ f+ − δ f−)/2 is shown in yellow, with the three
fields configured to have the same polarization. The calibrated feed-
back control signal sent to the laser temperature is shown in purple.
A projection of the out-of-loop noise induced by residual amplitude
modulation in the E‖+ PDH frequency stabilization loop is shown in
light blue.

measurement is shown in yellow, in which all three fields
stabilized to the cavity resonances were in the same polariza-
tion state. This measurement was performed to assess whether
the measurements were limited by the control system, specif-
ically the precision of the PDH loops, versus polarization
effects in the setup. The Allan deviation shows that both the
normal and null measurement of (δ f+ − δ f−)/2 demonstrate
significantly better stability for averaging times longer than
20 s, compared to the measurement of the frequency drift of
δ f+. The stability of δ f+ for these times is limited by the
cavity length noise as shown by its agreement with the control
signal. In addition to this, the plot shows good agreement
between the normal and null measurements of (δ f+ − δ f−)/2,
out to averaging times of 30 000 s.

The ASD of the noise achieved in each of the measure-
ments is shown in Fig. 5(c). Here, the x axis gives the Fourier
frequency of the noise, while the y axis to the left gives
the sensitivity of the measurement in terms of the cavity’s
differential single-pass optical path length (S�L). The y axis
on the right shows the sensitivity relative to the FWHM of
the cavity (S0). The noise in the normal and null measure-
ments of (δ f+ − δ f−)/2 show good agreement across the
full range of frequencies. As expected, the length noise of
the cavity leads to an increase in the noise of δ f+ below
2 mHz. The fact that the ASD of the noise in the mea-
surements of (δ f+ − δ f−)/2 is below the noise measured in
δ f+ at such frequencies is a critical result. This demonstrates
that the prototype setup is capable of sensitivities below the
noise floor established by the fluctuations in the length of the
cavity.

In the measurements of (δ f+ − δ f−)/2, an ASD of 4 ×
10−14 m/

√
Hz (or 0.2%/

√
Hz of the FWHM of the cavity)

was achieved at a frequency of 3 mHz. The current noise floor
of (δ f+ − δ f−)/2 is also roughly a factor of 2 better than the
measurements of δ f+ above 2 mHz.

The results shown in Fig. 5(c) are representative of the
sensitivity of the system in an optimally aligned state. Main-
taining such an alignment over the course of a VMB search
lasting millions of seconds would require automated align-
ment control or periodic pauses in the data taking to realign
the system. This is possible, as the cross-correlation of the
expected signal waveform with the measured data would not
require continuous sampling.

Both the birefringence and null measurements of (δ f+ −
δ f−)/2 are believed to be currently limited by out-of-loop
noise in the PDH frequency stabilization systems that is in-
duced by the residual amplitude modulation (RAM) of the
lasers at the EOM phase-modulation frequencies, as discussed
in Sec. IV A.

In the future, we expect that additional noise sources in
the prototype setup will have to be addressed. Section IV B
describes a measurement of the alignment noise of the cavity
mirrors and projects it in terms of sensitivity limits on S�L.
A discussion of several noise sources which are not expected
to limit the sensitivity of the experiment, including laser shot
noise and polarization noise, along with the dispersion effects
in the mirror coatings, can be found in Appendixes A 1–A 3
respectively.

Finally, Sec. IV C reports on an independent measurement
of the cavity birefringence using a rotating HWP.
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A. RAM induced out-of-loop noise

The phase modulation of the laser at the EOM frequency
will convert to amplitude modulation in reflection of the cav-
ity. This is due to a phase shift in the carrier field with respect
to the phase-modulation sidebands. When the laser frequency
is close to the resonance of the optical cavity, this amplitude
modulation is used to generate the PDH error signal. There
are a number of effects that can also cause RAM at the EOM
driving frequency, such as etalons forming in the optics and
polarization modulation introduced by the EOM. RAM can
cause problems in the PDH loops as it can lead to offsets at the
error point [21,22]. If the RAM changes at all, this will cause
error point noise that the feedback loop does not suppress. An
example of this is shown in Fig. 5(c) as the light blue trace.
Here, the noise at the error point of the E‖+ PDH control loop
was measured with the cavity blocked. This noise was then
calibrated in terms of the cavity length δLRAM , using

δLRAM (t ) � λ

2 f0

(
1 − η2 2Ti

A

)
V (t )

mES

. (15)

Here, V (t ) is the time series of the voltage noise measured at
the error point of the PDH lock with the cavity blocked, while
mES is the slope of the PDH error signal in V/Hz (details on
this measurement can be found in Appendix D). The spatial
overlap between the cavity and the laser is given by η, Ti is
the power transmissivity of the input coupling mirror, and A
is the total optical losses that the circulating field experiences
during one round trip through the cavity, including the mirror
transmissivities, as well as scattering and absorption in the
reflective coatings of the mirrors. In this case, the term 2Ti

A
gives the field reflection coefficient of the cavity on resonance.
A derivation of Eq. (15) and a discussion of the assumptions
it relies on are given in Appendix B.

Based on Fig. 5(c) it appears as though the RAM in E‖+
(the light blue trace) may be responsible for the excess noise
seen in the measurements of (δ f+ − δ f−)/2 (the orange and
yellow traces). The out-of-loop noise was also measured in
the frequency control loops for E⊥0 and E‖− , but the projected
noise is significantly lower than for the E‖+ control loop. A
plot of the projections of these measurements can be found
in Appendix C for all three fields. Therefore, mitigating the
noise in the E‖+ loop may significantly improve the sensitivity
of the setup as it appears to set the current noise floor.

B. Cavity alignment noise

The alignment noise of the cavity mirrors is a potential
source of birefringence noise in this measurement scheme.
The position of the cavity eigenmode on the mirrors is
determined by their relative alignment. Since the mirror’s
differential reflected phase for orthogonal polarization states
[�θ in Eq. (6)] is spatially dependent, the cavity alignment
noise can induce birefringence noise.

A 16-h measurement of the drift in the position of the cav-
ity eigenmode is shown in Fig. 6(a). Here, E‖+ was frequency
stabilized to the cavity (E‖− and E⊥0 were switched off) and
a camera placed in transmission recorded the position of the
beam. The rms deviations from the mean were 24 and 34 µm
for the horizontal and vertical positions, respectively.

FIG. 6. The results of a 16-h measurement of the eigenmode
position in transmission of the cavity are shown in (a). The position
of the transmitted beam was measured by a camera placed in trans-
mission and is normalized by the beams 1/e2 radius of 3 mm. As the
plot shows, most of the drift occurs along the y′ axis indicated by the
dashed line. ASDs of the position drift along the x′ and y′ axes were
calculated and projected in terms of S�L in (b).

The transmitted beam also appeared to move predomi-
nantly on the axis labeled y′ indicated by the black dashed
line. On this axis the RMS deviations from the mean position
were 38 µm. The orthogonal axis, labeled as x′, showed rms
deviations of 9 µm.

This motion of the beam spot on the mirror can be
projected in terms of birefringence noise using the spatial
distribution of the cavity mirror birefringence. Although we
did not measure mirror birefringence maps in this study, we
projected the birefringence noise induced by this motion using

δLu (t ) � δu
λ

2

d �θ

du
. (16)

In this equation δu refers to the position noise of the beam
spot on an arbitrary axis û and d �θ

du is the spatial derivative
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of the birefringence on that axis. The projections rely on
the assumption that �θ varies by 20% between independent
points [23]. As we assume the cavity birefringence is spatially
coherent over a beam diameter, the 6-mm 1/e2 beam diameter
leads to an expected spatial derivative in the birefringence of
1.8 × 10−8/mm.

The results of these projections in terms of the limit on the
sensitivity of the prototype setup are shown in Fig. 6(b). The
blue trace refers to the projections of the position noise along
the x′ axis [from Fig. 6(a)], while the orange trace refers to the
noise on the y′ axis. The pointing measurements themselves
were limited by a sensitivity of 2 µm/

√
Hz, which projects to

a noise floor of 1.8 × 10−17 m/
√

Hz in this plot.
These results indicate that an automatic alignment system

may be needed to suppress the pointing-induced birefringence
noise below the prototype’s sensitivity goal of 10−17 m/

√
Hz.

However, the projections are encouraging. At 3 mHz the noise
along the y′ axis would only need to be suppressed by a factor
of 6 to reach the sensitivity goal.

C. Cavity birefringence measurement

The static birefringence of the cavity was measured by
stabilizing two orthogonally polarized fields to adjacent cavity
resonances, continuously rotating their polarization states at
the input of the cavity, and measuring their beatnote fre-
quency. The fields were both generated by frequency shifting
L1 using AOMs. They were then independently stabilized to
resonances of the cavity, while their polarization states were
modulated by rotating a HWP directly before the cavity. A
PD in transmission of the cavity measured the interference
beatnote and a phasemeter was used to track its frequency. The
cavity birefringence was determined from the amplitude of the
changes induced in the beatnote frequency. As the fields are
aligned to orthogonal polarization states, rotating the HWP
will induce a modulation in the beatnote frequency with a
peak-to-peak amplitude 2�νθ at four times the HWP rotation
frequency frot [10].

The dark red trace in Fig. 7(a) shows a 300-s section of
a nearly 15-h measurement of the beatnote frequency while
rotating the HWP. To find the amplitude of the oscillations in
the beatnote frequency, the following model,

�νθ sin [8π frot (t
′ − t0) + φrot] + δνL,0 + d δνL

dt
(t ′ − t0),

(17)

was fit to the sections of the data spanning 50 s, centered on
t0. Thus, for every time t in the data, a set of the parameters in
the equation could be produced. Here, φrot defines the phase of
the HWP rotation, with δνL,0 representing a static offset in the
beatnote frequency and d δνL

dt representing the linear drifts in
this offset. These offsets are related to the beatnote frequency
changing due to changes in the cavity FSR.

The pink curve in Fig. 7(a) shows the result of the fitted
model. Here, the dotted line gives δνL,0 while the dashed lines
show the maximum and minimum of the oscillations. The
birefringence signal �νθ over the full 15 h is extracted from
the fit and shown as a function of time in Fig. 7(b). The darkest
line shows the raw time series of the fitted values, while
the red line shows the median of the time series calculated

FIG. 7. The results of measuring the beatnote frequency while
rotating a HWP in the path of the fields injected to the cavity over
the course of nearly 15 h are shown. The cavity birefringence leads
to the oscillations seen in the section of the time series shown in
(a). The result of fitting a sinusoidal model to the time series of the
beatnote frequency is shown as the pink trace in (a). The time series
of the amplitude calculated from the fit of the model is shown in
(b), along with the median amplitude calculated over 10-min and 3-h
sections of data. The ASD of the changes in the amplitude is shown
in (c).
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over 10-min-long sections of data, and the gray x’s show the
median amplitude calculated over 3-h sections of the data.
The median of �νθ over the entire run was 4.25 ± 0.02 Hz.
The uncertainty represents the root-mean-square drifts of the
median of �νθ over long time periods (>3 h). This cor-
responds to a cavity birefringence of (538 ± 3) × 10−9 and
demonstrates that the technique is capable of measuring the
static birefringence of the cavity to a precision of several parts
per billion.

Figure 7(c) shows the result of converting �νθ to �Lθ

using the relation �ν
ν

= −�L
L and then taking the ASD of

the fluctuations in �Lθ . This gave a level of roughly 1.3 ×
10−13 m/

√
Hz at 3 mHz, which is also the mean value of this

spectrum below 7 mHz. Here, the noise floor is determined by
the ASD of the measurement noise at ∼30 mHz. The sensitiv-
ity achieved in Fig. 7(c) is roughly a factor of 5 higher than
the ASD of δ f+ at 30 mHz in Fig. 5(c) due to the fact that the
rotation of the HWP introduced additional frequency noise.
The reason for this is under investigation.

Nevertheless, it is worthwhile to note that at frequencies
close to 100 µHz this measurement had a lower noise level
than what was achieved in the measurements of the frequency
drift of δ f+ and (δ f+ − δ f−)/2 without rotating the HWP
[seen in Fig. 5(c)]. This shows that rotating the polarization
states and observing the oscillations of the beatnote frequen-
cies can lead to a better noise performance at low frequencies
than in the baseline design. This is a result of the measurement
noise being upconverted to higher frequencies (at four times
the HWP rotation frequency). Effects coming from inside
the cavity, such as VMB or the intrinsic cavity birefringence
noise, will still couple to the measurement at the magnet
modulation frequency.

V. CONCLUSIONS

This work represents the first demonstration of a measure-
ment of the birefringence of an optical cavity by measuring the
changes in three different resonances as was first described in
Ref. [10]. This experiment was performed on a 19-m optical
cavity, meaning that the setup is already large enough to
potentially incorporate a superconducting dipole magnet like
those used in particle accelerators.

The ultimate goal of the experiment is to demonstrate a
sensitivity sufficient to test the QED prediction of the VMB
effect using the string of 24 superconducting dipole magnets
assembled for the ALPS II experiment. While a measurement
of VMB at the predicted amplitude would be a first macro-
scopic confirmation of nonlinear QED, measuring a deviation
from this prediction would be even more exciting as it would
be evidence of new physics.

According to the QED prediction, the ALPS II magnet
string is capable of producing a VMB signal with an ampli-
tude of 2.37 × 10−20 m in terms of the differential single-pass
length for orthogonal polarization states. The sensing scheme
would therefore require a differential length sensitivity, at the
characteristic frequency of the modulation of the magnetic
field, on the order of 10−17 m/

√
Hz. This is equivalent to a

fractional sensitivity in terms of the FWHM of the cavity of
2 ppm /

√
Hz, assuming a cavity finesse of 100 000. To reach

this goal, the sensitivity of the prototype must improve three to

four orders of magnitude from its current level in the relevant
frequency range.

There is evidence that the setup is currently limited by
RAM-induced out-of-loop noise in the laser-frequency sta-
bilization systems. This is being addressed with a redesign
of the optics on the injection paths to the cavity, including a
system that provides active RAM suppression. The aim of this
effort will be to improve the sensitivity of the prototype to a
level capable of measuring the intrinsic birefringence noise of
the 19-m cavity. This would be in line with state-of-the-art
laser-frequency stabilization systems, such as in Ref. [21],
which demonstrated a fractional stability of 1.2 ppm/

√
Hz of

the cavity linewidth at a Fourier frequency of 10 mHz. This is
comparable to what a VMB measurement using the ALPS II
magnet string would require.

A factor that has limited the previous generation of VMB
experiments was the intrinsic birefringence noise of the opti-
cal cavity. Compared to these experiments, the full-scale setup
using the ALPS II magnet string will be vulnerable to the
cavity birefringence noise due to the low magnet modulation
frequency. However, it will benefit from the longer cavity that
produces larger beam sizes on the mirrors. If the sensitivity
of the experiment is limited by this noise, we project that it
should be able to test the QED-predicted VMB amplitude with
a signal to noise ratio of 3 after 1 600 000 s of integration time.
Therefore, the prospects for a measurement of VMB using the
ALPS II magnet string are very promising.
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APPENDIX A: NOISE PROJECTIONS

In the following Appendixes A 1–A 3, projections of the
measurement noise due to laser shot noise, polarization noise,
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and dispersion in the mirror coatings are calculated, respec-
tively.

1. Laser shot noise

With 1 mW of power incident on the cavity from each of
the fields, the shot-noise limit of the PDH sensing is pro-
jected to be 6 × 10−19 m/

√
Hz [17]. Adding the shot noise

quadratically for the superposition of the beatnotes results in
a combined shot noise of less than 10−18 m/

√
Hz, well below

the noise measured in the prototype and the sensitivity goal
for the full-scale experiment.

2. Laser polarization noise

The stability of the polarization states of the fields at the in-
put of the cavity was considered. Long-term measurements of
these fields using a diagnostic polarimeter were performed at a
position just before the cavity mirror as well as in transmission
of the cavity. These suggested no evidence of polarization
noise in the laser fields to within the 4-mrad sensitivity of
the device. Therefore, differential length noise induced by
changes in the polarization states of the fields at the cavity
input can be excluded above 4 × 10−18 m/

√
Hz.

3. Dispersion in the mirror coatings

The effects of dispersion in the dielectric coatings of the
cavity mirrors were also calculated. The length noise of the
cavity could couple to the measurement if these coatings
show strong enough dispersion, as each of the three fields
would experience a different optical path length through the
cavity and a frequency-dependent free spectral range. With
a group delay dispersion in the reflectance of the optical
coatings expected to be on the order of −8 fs2 (data from man-
ufacturer) and a frequency spacing between the beatnotes of
8 MHz, this would correspond to a differential FSR between
the upper and lower sidebands of only 0.3 µHz. This projects
to an equivalent length noise in the full-scale experiment of
3 × 10−25 m/

√
Hz.

APPENDIX B: COUPLING OF RAM TO PDH LOOPS

To calculate the impact of the RAM on the error signal
offset, first a field with both phase and amplitude modulation
should be considered:

E = E0ei(ωt+aφ sin �t )+a0 sin �t . (B1)

Here, ω is the angular frequency of the carrier field, while �

is the angular frequency driving the EOM. The modulation
depth of the phase modulation is given by aφ , while the mod-
ulation depth of the amplitude modulation is given by a0. In
both cases we assume a � 1. The power in this field measured
by a PD can then be expressed as

P � P0 + 2P0a0 sin �t, (B2)

using the small angle approximation and ignoring higher-
order terms in a. In this equation, the power in the carrier is
given by P0.

When considering how the field interacts with the cavity,
it is convenient to express it as a carrier with real and imagi-

nary sidebands due, respectively, to the amplitude and phase
modulation:

E � E0eiωt

[
1 + i

aφ

2
(ei�t − e−i�t ) + a0

2
(ei�t − e−i�t )

]
.

(B3)

If this field is then incident on a cavity and the carrier is
resonant, the first term in the brackets will experience the
cavity reflectivity on resonance, while the sidebands, which
are assumed to be well off the cavity resonance, will not.
Therefore, the field in reflection of the cavity can be expressed
as

E � E0eiωt

[
R(ω) + i

aφ

2
(ei�t − e−i�t ) + a0

2
(ei�t − e−i�t )

]
,

(B4)

without considering spatial overlap between this field and the
cavity eigenmode. The cavity reflectivity can be represented
by [20]

R(ω) � 1 − Ti
A
2 − i ω−ω0

f0

. (B5)

Here, ω0 refers to the angular frequency of the nearest cavity
resonance.

Assuming a small frequency offset between the field and
the resonance of the cavity such that �ω = ω − ω0 � f0A

2 ,
the previous expression for R(ω) can be simplified to

R(ω) � 1 − 2Ti

A
+ i

4Ti

A2 f0
�ω. (B6)

Using the expression above, the power in reflection of the
cavity can be calculated with

P � P0

[(
1 − 2Ti

A

)2

+ 8Tiaφ

A2 f0
�ω sin �t

+ 2a0

(
1 − 2Ti

A

)
sin �t

]
. (B7)

To generate the error signal the power measured at the PD is
then demodulated at the angular frequency �. The amplitude
of the error signal in voltage is then

VES = mES

2π
�ω + 2a0V0

(
1 − 2Ti

A

)
. (B8)

In this equation mES refers the slope of the error signal in
V/Hz, due to the phase modulation, and was substituted for
the term 8Tiaφ

A2 f0
P0. The second term on the right side of this

equation is the error signal offset induced by RAM and is
defined as �VES:

�VES = 2a0V0

(
1 − 2Ti

A

)
. (B9)

Here, V0 represents the dc voltage output by the PD for the
power level P0. It is apparent in this equation that �VES is
proportional to the field reflectivity of the cavity (1 − 2Ti

A ) and
goes to zero in the case of a perfectly impedance matching
(A = 2Ti).
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The RAM in the input field from Eq. (B2), will be defined
as

�V ′
ES = 2a0V0. (B10)

Therefore, to scale the error signal offset in terms of the input
field’s RAM, the relation

�VES =
(

1 − 2Ti

A

)
�V ′

ES (B11)

can be used. To express this in terms of an error between the
laser frequency and the cavity resonance, we solve Eq. (B8)
in terms of �ω:

�ωRAM = 2π

mES
�VES. (B12)

This can be formulated in terms of single-pass cavity length
using the expression �L

L = −�ω
ω

, resulting in the expression

�LRAM � − λ

2 f0

(
1 − 2Ti

A

)
�V ′

ES

mES
. (B13)

The spatial overlap between the field and the cavity eigen-
mode, η, must still be considered. With this in mind, �V ′

ES
can be expressed as

�VES =

in-mode︷ ︸︸ ︷(
1 − 2Ti

A

)
η2�V ′

ES +
out-of-mode︷ ︸︸ ︷

(1 − η2)�V ′
ES . (B14)

Here, the first term is the in-mode contribution of the RAM
to the PDH error signal offset, while the second term is the
out-of-mode contribution.

Simplifying the previous equation and expressing it in
terms of �LRAM gives the form of Eq. (15) discussed in the
text (where δLRAM represents fluctuations of the error signal
offset):

�LRAM � λ

2 f0

(
1 − η2 2Ti

A

)
�V ′

ES

mES
. (B15)

It is interesting that the first-order coupling could be elim-
inated in the case of an overcoupled cavity (2Ti > A) if
the spatial overlap could be maintained such that η2 = A

2Ti
.

Practically, that would be very difficult to achieve, but it
speaks to the importance of optimizing the spatial overlap
and impedance matching to reduce the coupling of the RAM.
Furthermore, this derivation relies on the assumption that the
field producing the amplitude modulation shares the same
spatial eigenmode as the carrier field. This is not necessar-
ily the case, and a more thorough exploration of this effect
would need to consider the spatial overlap of this field and the
carrier, separate from the spatial overlap between the carrier
and the cavity eigenmode. Nevertheless, the treatment above
is believed to be sufficient to assess the impact of the RAM
at the EOM driving frequency on the out-of-loop noise in the
PDH frequency stabilization loops.

APPENDIX C: PROJECTED RAM MEASUREMENTS

Measurements of the error point noise introduced by RAM
in the PDH control loops for E‖+ , E‖− , and E⊥0 are shown
in Fig. 8 as the blue, orange, and yellow traces, respectively.
Here, they are projected in terms of their contribution to

FIG. 8. Projections of the noise induced by RAM in the PDH
control loops for E‖+ , E‖− , and E⊥0 .

(δ f+ − δ f−)/2 using Eq. (15). These measurements were per-
formed by blocking the cavity and measuring the changes in
the error point of each of the loops. Since the RAM of E‖+
contributes to δ f+, and the RAM of E‖− to δ f−, in both of
these projections δLRAM is divided by two. As the RAM of
E⊥0 introduces an equal and opposite contribution of δLRAM

to δ f+ and δ f−, its projected contribution is not divided by
two. As the plot shows, the RAM-induced error point noise in
the PDH lock of E‖+ is more than a factor three larger than the
same noise in the both of the other loops. The reason for this
is currently under investigation.

APPENDIX D: ERROR-SIGNAL MEASUREMENT

The error signals of the PDH loops controlling the fre-
quencies of the fields E‖− and E‖+ were directly measured
with respect to the difference frequency between the field and
the cavity resonance. This was done using a local oscillator
field frequency stabilized to a cavity resonance. The field of

FIG. 9. Measurement of the 600 overlaid error signals are shown
in blue for the PDH loop controlling the frequency of E‖+ . The
horizontal axis gives the frequency offset from the control error
point. The orange line shows the median slope of the error signals
obtained at the error point, mES.
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the error signal being measured was then phase locked to the
local oscillator field using an additional photodetector before
the cavity (not shown in Fig. 3). The offset frequency of the
phase-lock loop was then centered on the FSR of the cavity
with an additional frequency modulation with a peak-to-peak
amplitude of 1 kHz or roughly four cavity linewidths and a
modulation frequency of 1 Hz. Phase-modulation sidebands
were generated on the field being tested using its EOM and
the signal from PDr was demodulated at the EOM driving
frequency to generate the error signal. Over the course of
10 min, 1200 error signals were generated and measured
with a parallel data stream recording the difference frequency
between the fields.

The results of overlaying 600 of these error signals are
shown in Fig. 9 as the transparent blue lines. It is difficult
to distinguish the individual error signals here as there was
little difference between the scans. Here, the horizontal axis
represents the frequency offset in hertz from the error point,
measured in terms of the frequency difference between the
fields, and the vertical axis is the error signal in volts. The or-
ange line shows a representation of the median slope obtained
at the error point (mES) of (3.69 ± 0.07) × 10−4 V/Hz. This
was the value of mES used to calibrate the measurement of the
out-of-loop noise for the PDH stabilization loop of E‖+ with
Eq. (15).
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