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Shot-noise limited measurement of sub-ppt birefringence phase shift in a high finesse

cavity

Mathieu Durand and Jérôme Morville
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We report on a novel approach to high sensitivity anisotropy measurements using a high finesse
cavity locked by optical feedback to a diode laser. We provide a simple and effective way to decouple
the weak anisotropy of interest from the inherent mirror’s birefringence whose drift may be identified
as the key limiting parameter in cavity-based techniques. We demonstrate for the first time a shot-
noise limited phase shift resolution up to now inaccessible in an optical cavity, readily achieving the
state of the art level of 3× 10−13 rad.

PACS numbers: 42.25.Lc, 07.60.Fs, 42.65.Hw, 42.50.Xa

Ultimate performance in the definition of the polariza-
tion state of light plays a key role in fundamental physical
investigations. Detecting changes in a polarization state
is widely used to study optical effects in crystals, bio-
logical systems or polymers. It has also demonstrated
its ability to provide powerful tests of our understanding
of light-matter interaction by the observation of magne-
tochiral birefringence [1], magnetoelectric Jones and lin-
ear birefringence [2, 3] or magnetoelectric Jones dichro-
ism [4].

Today, observing the vacuum in a field acting on the
polarization of light is one of the all-optical candidates
to probe the photon-photon scattering, a fundamental
feature of QED [5]. The 2 photons interaction through
the creation of virtual electron-positron pairs yields to
change of vacuum properties such the Kerr birefringence
(induced by an transverse electric field), the Cotton-
Mouton birefringence (induced by a transverse magnetic
field) or the magnetoelectric birefringence (induced by
transverse electric and magnetic fields) [6]. The strength
of these nonlinear interactions scales with the QED cor-

rection of the Lagrangian 8α2
~
3

45m4c5
≃ 7 × 10−30m3J−1

where m is the electron mass, which yields to an induced
phase shift in vacuum as weak as 3× 10−17 rad/T2m for
optical wavelengths in the case of an external transverse
magnetic field.

At such a low level, the contribution of new light
scalar/pseudo-scalar particles such as axions that cou-
ple to photons should also manifest itself as a sizeable
deviation from the QED prediction [7]. We may also re-
call that, even if finally attributed to instrumental arte-
fact [8], the PVLAS collaboration aiming at the detection
of the Vacuum Magnetic Birefringence [9], interpreted a
thought-to-be signal as induced by intracavity axion pro-
duction [10]. The interest in axions, providing the answer
to the strong-CP problem, lies beyond Particle Physics
and overlaps with Cosmology since such particle is con-

sidered as a serious dark matter candidate [11–14].

Probing polarization state changes using high sensitiv-
ity provided by a high finesse cavity is expected to be
very promising. As noticed by Hall et al. [15] the ulti-
mate shot-noise limited sensitivity, together with milli-
watt optical power and state of the art magnetic fields
(10T), may resolve the QED predicted birefringence in
vacuum, but up to now no cavity-based measurement was
able to approach this fundamental limit. As pointed out
by authors of advanced experiments [15, 16] this is due
to the drift of the inherent residual birefringence of high
reflectivity (HR) cavity mirrors. In this letter we present
a novel approach unaffected by this problem and demon-
strate for the first time a shot-noise limited phase shift
resolution using an optical cavity, down to the state of the
art level of 3.10−13 rad. We believe that this approach,
which works well in the limit of very high cavity finesse,
is a major step towards the measurement of effects like
the vacuum birefringence.

Let us begin by considering that the effect of any in-
tracavity anisotropy (mirror coating, Kerr or Cotton-
Mouton birefringence, etc) is lifting the degeneracy of
cavity polarization modes. For each transverse cavity
mode two eigenvectors of polarization are then defined
by different resonance frequencies. One way to access the
intracavity anisotropy is therefore to measure the mode
splitting [15, 17]. Hall et al. achieved a phase sensitiv-
ity of 10−9 rad/

√
Hz per pass across a dynamic range of

seven orders of magnitude using this method [15]. How-
ever, in the limit of weak mode splittings, with partial
spectral overlap of the resonance profiles, another scheme
is available. As in usual anisotropy measurements, the
sample is sandwiched between crossed polarizers. The
cavity is illuminated by 45 ◦ polarized light relative to
its birefringence axes, which excites both polarization
modes (approximately linear and orthogonal). The ra-
tio between the crossed and the parallel signals from the
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analyzer is then proportional to the square of the intra-
cavity polarization change. This idea was first applied
to detect small circular dichroisms induced in an atomic
vapor by a polarized saturating field [18], and then gener-
alized to different polarization effects (Faraday rotation,
Cotton-Mouton effect, Kerr effect, circular dichroism) by
the same group [19]. Although limited in dynamic range,
this approach appears to provide the best performances
in term of sensitivity [16].

In high finesse cavities, the first source of birefringence
is HR mirror birefringence. Its phase shift per reflec-
tion, around 10−6 rad, is four orders of magnitude above
the Kerr or the Cotton-Mouton birefringence induced in
atomic gases for typical electric or magnetic field values
under standard temperature and pressure (STP) condi-
tions. Given the small round–trip mirror birefringence,
the combined effect of both mirrors is equivalent (to the
first order) to that of a single birefringent element. Its
phase shift is bounded between the difference and the
sum of the two mirror’s phase shifts following a sinu-
soidal function of the angle between their birefringence
axes. One way to eliminate the combined mirror bire-
fringence would be to use mechanical stress to equal-
ize their phase shifts and then orient the axes orthog-
onally. Then, by modulating the field inducing the gas
birefringence and by adding outside the cavity a much
larger ellipticity, the measurement dependency with the
weak Kerr or Cotton-Mouton birefringence would be lin-
earized and the useful signal would thus be enhanced [16].
However, the measurement becomes very sensitive to any
change of the combined mirror birefringence, which may
rapidly produce a large signal offset. In particular, ther-
mal stress induced by intracavity optical field buildup has
been highlighted [15] as the main limitation of the achiev-
able sensitivity in mode splitting measurements. When
using the crossed polarizers approach, mirror birefrin-
gence inhomogeneities combined with mechanical drift
was suggested as the main noise source [16]. In this Let-
ter we present a method to profitably exploit the mir-
ror birefringence as a DC bias around which the weak
induced ellipticity is modulated. This, as with an exter-
nally added ellipticity [16], linearizes the response to the
useful signal, but above all it offers the unique advan-
tage of a measurement free of mirror birefringence drift,
with ideal averaging properties allowing to approach the
ultimate limits. Indeed we demonstrate shot noise per-
formance in an application to the measurement of Kerr
effect in gases.

In order to fully benefit from the use of a high fi-
nesse cavity, it is necessary to lock the laser frequency
to the exact center of a cavity mode. To reach this ob-
jective, different servo–locked configurations have been
established [20, 21], that by Pound-Drever-Hall being the
most popular. An attractive alternative is to take advan-
tage of the frequency locking that occurs when a semi-
conductor laser is coupled to a high finesse cavity by a

FIG. 1: Experimental setup. ECDL, Extended Cavity Diode
Laser; APP, anamorphic prism pairs; BS, beam splitter; PZT,
piezoelectric transducer; P, polarizer; PD, amplified photodi-
ode; Σ, summation;

∫
, integrator stage.

weak resonant optical feedback (OF) [22]. The simulta-
neous and drastic linewidth reduction is so effective that
the optically locked diode laser emission may be regarded
as monochromatic compared to the sub-kHz cavity res-
onance. Usually, to separate the OF from the direct re-
flection of the cavity input mirror, particular cavity and
injection configurations (V-cavity or confocal cavity) are
used [22]. As demonstrated by Morville et al. [23], a sim-
pler axisymmetric two–mirror cavity configuration is ex-
ploitable: the cavity mirror birefringence allows resonant
OF to be selected by its modified polarization. For an
external–cavity diode laser (ECDL) in the Littrow con-
figuration, an OF as a fraction of laser power in the range
of 10−6 to a few 10−4 acts in the perturbative regime of
the free–running laser and forces optical locking. This
corresponds to a mirror birefringence value in the range
of 10−7 to a few 10−6 assuming a finesse of 250 000 and
a cavity transmission of 10%. Because of the OF, the
ECDL frequency is no longer defined by its free-running
value (depending on injection current and grating ori-
entation), but mostly by the cavity resonance frequency
and the OF phase. Thus, the laser frequency may be
locked to the exact resonance center by servo controlling
the OF phase and the injection current thanks to a mod-
ulation/demodulation scheme of the cavity transmission
similar to the one proposed by Ohshima et al. [24].
A scheme of our experimental setup for gas-phase Kerr

effect measurement is shown in Fig. 1. A 3mW diode
laser beam (λ = 810nm) is first circularized by anamor-
phic prisms, then focused into a very high finesse cavity
(250 000) in order to mode-match its TEM00 mode. The
cavity of 52 cm long is formed by two mirrors of 50 cm
of radius of curvature and by a glass tube in which the
gas circulates as a laminar flow under STP conditions.
The transverse electric field is generated by applying a
voltage between two 47 cm long electrodes separated by
3mm and inserted in the glass cell on both sides of the
optical axis.
The polarizer P followed by the quarter–wave retarder
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(a Fresnel rhomb) constitute an optical isolator against
the direct cavity reflection which preserves the incident
(circular) polarization. On the other hand, the resonant
intracavity field is sensitive to the HR coating birefrin-
gence, and its polarization is appreciably different from
the incident one [19, 23]. Light resonating inside the cav-
ity is therefore partially returned through the isolator as
the OF. The linearly polarized probe exploited in [19, 23]
is here replaced by circularly polarized light. This makes
the orientation of the mirrors and the electrodes inde-
pendent of the laboratory frame and should reduce the
optical–field–induced mirror birefringence [15].

The PC servo-control (dashed box) generates a refer-
ence modulation at frequency f which is applied to the
laser frequency. By lock-in phase detection on the cavity
transmission (photodiode PD1), an error signal is then
generated to correct small resonance frequency drifts by
acting on the OF phase through a PZT mounted mir-
ror. The modulation frequency is limited by the cavity
bandwidth (∼ 1 kHz) and has been fixed to 800Hz corre-
sponding to the quietest spectral range. The diode laser
current source and the mechanical environment are stable
enough that correction of the OF phase alone is sufficient
to keep the exact resonance for about one hour.

A flip-flop digital circuit is used to generate an in–
phase square modulation at frequency Ω = f/2 which is
applied to the transverse electric field inducing the Kerr
gas birefringence. A fraction (∼ 4%) of the OF power
feeding back from the cavity is deflected by a beamsplit-
ter (BS) onto a low noise amplified photodiode (PD2):
providing the birefringence signal. With respect to po-
larization analysis in transmission, this analysis in re-
flection allows to use a single set of high quality polarizer
plus Fresnel rhomb which may be adjusted with high pre-
cision. The very critical tilt of the rhomb is optimized by
setting the laser in scanning mode while looking at fringes
from a thick etalon (not shown in the figure) and min-
imising the direct cavity reflection effects. The resulting
extinction factor of this analyzer has been evaluated at
better than 10−6 [25]. The PD2 output is then demodu-
lated at Ω by a lock-in amplifier, whose output is digitized
together with the DC components of PD1 and PD2 using
a 16–bit data acquisition system (NI USB 6251). The Ω
and DC levels of PD2 are then normalized by dividing
out the DC component of the cavity transmission (PD1).

Finally, the total observable cavity anisotropy ρ, which
is the ratio of the birefringence signal over the cavity
transmission, can be written in a similar way to [19] as a
sum of its DC and Ω components [25]:

ρ = ρDC + ρΩ · cos(Ω · t) (1)

FIG. 2: Kerr phase–shift resolution as a function of the DC
bias. Dashed line: photon–noise limited, thick line: technical
noise, black dot: our experiment. I0 is the cavity transmit-
ted power, S the photodiode responsivity and e the electron
charge. Our parameters: I0 = 240µW, F = 250 000 and
S = 0.5A/W.

with

ρDC = κ ·

(

F

2 · π

)2

· φ2

M (2a)

ρΩ =
κ
√
2
·

(

F

π

)2

· φM φg (2b)

where φg is the phase shift induced by the Kerr effect
in the gas while φM is that associated with the cavity
mirrors. The slow axes of these birefringences need to
be aligned in order to maximize the useful signal, which
is one of the optimization steps of our scheme. From
these relations it is clear that measuring ρDC and ρΩ,
together with the cavity finesse F and the BS reflection
coefficient κ (which would be 1 in the case of direct polar-
ization analysis at the cavity output) immediately yields
the Kerr phase shift φg = π

F
· 1√

2·κ
· ρΩ√

ρDC
.

From Eq. (2b) it seems tempting to increase the DC
bias through φM in order to improve the system reso-
lution. However, each component of the ratio used to
obtain ρΩ depends on the DC bias which leads to non
trivial resolution dependency upon the DC bias value.
Given that the ρΩ noise is mainly due to the weakest
component, which is the small birefringence signal, the
theoretical shot–noise limited resolution is illustrated in
Fig. 2 (dashed line) as a function of the DC bias φM .
It is approximately constant below π/F , but rapidly in-
creases above this threshold due to the spectral splitting
of the two eigenmodes which becomes larger than their
linewidth. A complete analysis, however, needs to ac-
count for additional noise sources: photodetector noise
(input noise of the current amplifier, thermal noise of
the transimpedance gain, quantization noise at the digi-
talizer stage) and cavity transmission power fluctuations.
The latter has two origins: the intrinsic diode laser power
fluctuations and its residual frequency fluctuations. Nor-
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FIG. 3: Nitrogen phase shift distributions for 1 s measure-
ments at four electric field levels: (a) E = 0V/m; (b)
E = 1.3 × 103 V/m (only the Gaussian fit is shown); (c)
E = 2.7× 103 V/m; (d) E = 6.4 × 103 V/m.

malized to the shot noise, the cavity transmission fluctu-
ations are proportional to the birefringence signal while
the photodetector noise is inversely proportional to it.
This counterbalancing behavior leads to an optimum of
resolution as a function of DC bias as shown in Fig. 2
(thick line). It is noteworthy that theory predicts a shot–
noise–limited measurement provided that φM is around
0.1 · π/F . For a finesse of 250 000, this yields an optimal
combined mirrors birefringence of 10−6 rad. Since the
intrinsic coating birefringence of our mirrors is slightly
greater than this value, a simple adjustment of their rel-
ative orientation allowed this condition to be achieved.

Fig. 3 presents the experimental Kerr phase shift dis-
tributions and their Gaussian fits for four settings of the
modulated electric field. These distributions are obtained
from measurements of ρΩ and ρDC after application of
Eqs. (2a) and (2b) in the above optimal experimental
conditions. The test gas used is nitrogen at near STP
conditions. Integration time for an elementary phase
shift measurement is one second, and each distribution is
formed by several thousand points. The standard devia-
tion of these distributions is 4×10−12 rad and defines the
weakest value of Kerr anisotropy which can be resolved in
one second. The experimental resolution agrees perfectly
with the theoretical estimation including the contribution
of the relevant noise sources shown in Fig. 2 (black dot).
By increasing the integration time, the measured Allan
variance of the phase shift shown Fig. 4 a) indicates that
the resolution continues to drop with a white noise depen-
dence to the value of 3× 10−13 rad at 800 s, the maximal
integration time currently limited by the laser frequency
servo loop. This limit could be overcome by also control-
ling this drift as shown in a similar setup [25] wherein the
exact resonance could be maintained for more than ten
hours. In Fig. 4 b), the simultaneously measured Allan
variance of the HR mirror birefringence is shown and its
evolution clearly illustrates that indeed the mirror bire-
fringence value drifts as fast as 1/f2. This demonstrates
the ability to decouple the two measurements.

In conclusion we have shown an effective way to can-
cel out the drift of the mirror birefringence in very weak

FIG. 4: Simultaneously measured Allan variance for a) the
Kerr phase shift induced in nitrogen by E = 9103 V/m and
b) the phase shift induced by the HR mirror. Error bars are
from the statistical errors from the calculation of the Allan
variance, which have the usual property of growing at longer
integration times.

anisotropy measurement in a high finesse cavity. This
new method has been applied to the detection of the
Kerr effect in nitrogen and has demonstrated for the first
time a resolution at the shot-noise limited level. The
resolution of 3.10−13 rad is three order of magnitude bet-
ter than previously reported Kerr birefringence measure-
ment. Finally this technique may constitute a major step
towards the vacuum birefringence detection using a po-
larization state probe.
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