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We study a resonant interferometric sensor with two cavity eigenstates. The finesse associated to one eigenstate is significantly lower than
the empty cavity value, because of the presence of a lossy intracavity sample. We show theoretically that the sensitivity of the interferometer
only depends on the empty cavity finesse when the low-finesse eigenfrequency is locked to resonance. This is experimentally demonstrated
and a resolution of 60 pm is reported. Our method can be applied to any resonant two-beam interferometer. [DOI: 10.2971/jeos.2009.09023]

Keywords: interferometry, Fabry-Perot, locking, optical phase measurement

1 INTRODUCTION

Two-beam interference by division of amplitude is ubiqui-
tously applied for measuring small optical path difference
(OPD) and many interferometers have been developed with
sensitivity routinely reaching the nanometer range. The ex-
perimental setup usually presents two arms: one probes the
effect to be measured (measurement arm) and the other one is
used as the reference (reference arm) [1]. In order to enhance
the sensitivity of two-beam interferometers, one can combine
them with resonant Fabry-Perot (FP) cavities. For example, in
gravitational waves interferometric detectors, two cavities of
high finesse F are placed inside the two arms of a Michel-
son interferometer [2, 3]. This leads to an increase of the or-
der of F for the sensitivity. Another possible configuration is
a ”resonant two-beam interferometer”, i.e., a two-beam inter-
ferometer placed inside a resonant cavity [4]. The reference
and measurement arms of the two-beam interferometer are
then associated with the two spatially separated eigenstates
of the cavity [5]. Compared to the OPD associated with the
two-beam interferometer, the multiple round-trips in the cav-
ity yield an effective OPD multiplied by F [6]. In order to keep
a high sensitivity, that is, a high finesse, the losses inside the
cavity have to be reduced as much as possible [7]. This task
is straightforward to perform when the samples under study
are in gas phase, but for liquid or solid samples, residual ab-
sorption or even Fresnel reflections at the interfaces can have
a deleterious impact on the finesse and must be eliminated
with a careful design of the experimental setup [8, 9]. In the
context of resonant two-beam interferometers, the situation is
somewhat different since the sample is inserted in the mea-
surement arm only. The aim of this paper is to show that in
such a case the performance of the apparatus is independent
of the intracavity losses, when the measurement arm eigenfre-
quency is locked to the input optical frequency.

Therefore the use of a resonant two-beam interferometer in-

creases the sensitivity with respect to conventional cavity-
enhanced measurements.

This article is organized as follows. In Section 2, we theoret-
ically address the problem of a generic two-beam resonant
interferometer with eigenstates of different finesses. We also
analyze the effect of the servo-loop on the resolution asso-
ciated with the measurement, in the case of a modulation-
demodulation scheme. In Section 3, the theoretical predictions
are experimentally checked and discussed.

2 THEORETICAL ANALYSIS

Without loss of generality, we illustrate the case of two-finesse
resonant interferometers with a Jamin-Fabry-Perot interfer-
ometer. This resonant two-beam interferometer has been re-
cently demonstrated [4] and successfully employed to study
the gravity-driven dynamics of soap film thickness [10]. It
consists in a FP cavity containing a polarization-split Jamin
interferometer, as shown in Figure 1. Two intracavity polar-
ization beam displacers (PBDs) produce spatially separated
eigenstates with associated measurement and reference cross-
polarized eigenfields, ~Em and ~Er respectively. Only ~Em probes
the intracavity sample S. The whole apparatus is sandwiched
between two polarizers P1 and P2. The output field ~Eout im-
pinging on the detector results from the coherent sum of the
transmitted measurement and reference fields [11]. Its ampli-
tude writes [1, 11]:

Eout = Ein

[
cos θ T

√
Ts eiϕm

1
1− R Ts ei2 ϕm

− sin θ T eiϕr
1

1− R ei2 ϕr

]
. (1)

Ein is the input field amplitude. R and T are respectively the
reflectivity and transmission in intensity of the two identical
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FIG. 1 Scheme of the two-finesse resonant interferometer under study: Pi , polariz-

ers; M1, M2, cavity mirrors; PBD, polarization beam displacer; S, sample; NPBS,

non-polarizing beam splitter; D, detector; PZT, piezoelectric transducer; HV, high-

voltage amplifier; LIA, lock-in amplifier operating at reference frequency Ω/2π.

cavity mirrors M1 and M2. Ts is the transmission in intensity
of S. ϕm and ϕr are the phase shifts between M1 and M2 for the
measurement arm and for the reference arm respectively. No-
tice that residual absorption A associated to the PDBs can be
taken into account by putting (1− A) R and

√
1− A T instead

of R and T in Eq. (1). θ is the angle of the output polarizer axis
with respect to the measurement polarization direction. We

set θ = tan−1
(

(1−R)
√

Ts
1−R Ts

)
in order to equalize the output in-

tensities maxima to optimize the interference visibility. Eq. (1)
yields:

Iout = K2 Iin

∣∣∣∣ eiϕm

(
1− R Ts

1− R Ts ei2 ϕm

)
− eiϕr

(
1− R

1− R ei2 ϕr

)∣∣∣∣2 ,

(2)

where K = 1√
2

sin θ. Eq. (2) expresses the fact that the out-
put intensity results from the interference of the two cavity
eigenstates [5]. The two terms in brackets correspond to the
two associated Airy functions, with finesses Fm = π

√
R Ts

1−R Ts
and

Fr = π
√

R
1−R respectively. To measure Iout, the cavity resonant

frequency has to be controlled. This is performed in our setup
by servo-locking one eigenfrequency of either the reference
arm or the measurement arm to the optical input frequency.
Formally, these two possibilities correspond to setting ϕr or
ϕm equal to zero in Eq. (2).

Figure 2(a) displays the theoretical transmitted intensity as a
function of the optical path difference OPD = (ϕm − ϕr) λ

π ,
where λ refers to the optical wavelength. R, T and Ts were
set to 0.9, 0.1 and 0.7 respectively. This gives Fr = 30 and
Fm = 6.7. When OPD is equal to zero, the transmitted signal
is zero as a result of destructive interference between the mea-
surement and reference beams. As OPD increases, one obtains
a different response, depending on which beam has been cho-
sen for locking the cavity to resonance. The best sensitivity

Σ corresponds to the maximum value of
∣∣∣ dI

dOPD

∣∣∣. Figure 2(b)
shows that Σ is better when the lower finesse arm is locked to
resonance. A straightforward calculation using Eq. (2) yields
Σm/Σr = Fr/Fm, where Σi is the best sensitivity obtained
when ϕi is locked to zero. Actually, when one arm eigenfre-
quency is locked to resonance, the associated Airy function
is identically equal to 1 in Eq. (2) and Iout is independent of
its finesse. The other arm acts as a ”meter”. Therefore, when
the broad measurement peak is locked to resonance, the nar-

FIG. 2 (a) Output intensity Iout as a function of the optical path difference OPD,

calculated from Eq. (2), with R = 0.9, T = 0.1, Ts = 0.7, when the cavity is resonant

either for the measurement arm (dashed line), or for the reference arm (solid line).

(b) Derivative of Iout as a function of OPD.

row reference peak is shifted as OPD changes. The benefit is
that the sensitivity is not affected by the poor finesse of the
measurement arm, mainly determined by the presence of the
sample. Only the reference arm finesse determines the quality
of the measurement.

We now discuss the influence of the finesse of the peak locked
to resonance on the error signal of the servo-loop. In our setup,
a modulation-demodulation scheme is implemented (see Fig-
ure 1). The cavity length L is modulated at frequency Ω/2π

around resonance via a piezoelectric transducer PZT support-
ing the mirror M1. The output beam is partly reflected by a
non polarizing beam splitter of reflectivity RNPBS followed by
an orientable polarizer P3. By suitably orientating P3, either
the measurement or the reference polarization intensity I f is
detected, then demodulated by coherent detection, and finally
amplified and fed back to PZT. At resonance, the intensity I f

is equal to I0 = F2 T2 RNPBS
π2R Iin, where F refers to either Fm or Fr.

If ϕ is the phase difference from exact resonance, and assum-
ing ϕ� π

2 F , I f is then given by [1]:

I f =
I0

1 +
(

2 F
π

)2
sin2 ϕ

' I0

[
1−

(
2 F
π

)2
ϕ2

]
. (3)

We write ϕ(t) as ϕ(t) = ϕε(t) + ϕ f (t) + ϕm cos(Ωt). ϕε(t)
represents erratic phase fluctuations, ϕ f (t) is the correction
proportional to the feedback voltage, and ϕm cos(Ωt) is the
modulation at frequency Ω/2π. The signal component at fre-
quency Ω/2π is fed back to the cavity mirror via an amplifier
HVA. This latter is supposed to consist of a proportional stage
with gain −G. The phase correction is then equal to:

ϕ f = −G

[
I0

(
2 F
π

)2 (
ϕε + ϕ f

)
ϕm + ξΩ

∆Ω
2 π

]
, (4)

where ξΩ
∆Ω
2 π is a noise term proportional to the detection

bandwidth ∆Ω
2 π . This contribution is homogeneous to an op-

tical intensity and includes the laser intensity noise as well

09023- 2



Journal of the European Optical Society - Rapid Publications 4, 09023 (2009) M. Romanelli et. al.

as detection noise integrated over the detection bandwidth
around the modulation frequency. From Eq. (4) and in the

limit G I0

(
2 F
π

)2
ϕm � 1, we obtain:

ϕ f ' − ϕε −
1(

2 F
π

)2
ϕm

ξΩ∆Ω
2 π I0

. (5)

Eq. (5) shows that the phase fluctuations ϕε are perfectly com-
pensated by the feedback loop over the whole feedback band-
width. Furthermore, the response to phase fluctuations is in-
dependent of F. Conversely, the response to the equivalent
relative intensity noise ξΩ∆Ω

2 π I0
depends on F2. In the case of

our two-finesse Fabry-Perot interferometer, when locking the
measurement peak to resonance, one can get the same loop
performance with respect to locking the reference peak by
keeping constant the product F2 ϕm, i.e. by increasing the cav-
ity length modulation. Therefore, servo-locking the low fi-
nesse peak to resonance does not degrade the quality of the
measurement, as is experimentally shown in the following
section.

3 EXPERIMENTAL RESULTS AND
DISCUSSION

Our setup consists of a L = 20 cm FP confocal cavity con-
taining two 20 mm long anti-reflection coated YVO4 birefrin-
gent crystals. The finesse is equal to 30. The cavity is in-
jected by a frequency-stabilized single-mode laser (Innolight,
λ = 1064 nm). The incident beam polarization is set at 45◦

with respect to the crystal neutral axes. The sample consists of
a BK7 glass plate of variable thickness, mounted on a micro-
metric translation stage. The recombined beams are analyzed
with polarizer P2 followed by a photodiode D. The experi-
mental procedure is as follows. First, the cavity is locked to
resonance, either for the measurement or the reference arm.
Locking is achieved with the modulation-demodulation tech-
nique detailed in Section 2. The modulation frequency Ω/2π

is equal to 93 Hz, and the lock-in integration time is equal to
0.3 s, leading to ∆Ω/2π = 0.5 Hz. Second, one PBD is slightly
tilted to set the relative phase shift to zero, thus acting as an
adjustable optical bias [11]. P2 is then rotated to get the extinc-
tion of the transmitted signal. The interferometer is thus in the
so-called ”dark-field” configuration. Then, Iout is recorded as
the OPD is changed by vertically translating the intracavity
sample. The experimental results are shown in Figure 3. Each
point corresponds to an average over 30 consecutive acquisi-
tions. The product F2 ϕm was kept constant in both configura-
tions. Iout is plotted as a function of OPD = (n− 1) ∆e, where
n is the index of refraction and ∆e is the thickness variation
of the glass plate. Figure 3 clearly shows that the interferome-
ter transmission depends on whether one locks the cavity on
the measurement or on the reference peak. The best sensitiv-
ity is given by the maximal slope of the curve. Therefore one
finds that locking the broad measurement peak to resonance
leads to a better sensitivity, in agreement with the theoreti-
cal predictions of Section 2. The ratio Σm/Σr is equal to 2.3,
corresponding to the ratio Fr/Fm. It is in agreement with the
measured values Fm = 13 and Ts = 0.86. The noises in the two
configurations are shown in the inset of Figure 3. We find that

FIG. 3 Measured output intensity Iout as a function of the optical path difference

OPD, when the cavity is locked to resonance either for the measurement arm (black

dots), or for the reference arm (white dots). Solid lines: fits using Eq. (2). Dashed

lines: derivatives of the fits. The working points of maximum sensitivity are indicated

by the dashed vertical lines. Inset: measured noises associated with the experimental

points.

the experimental points are slightly noisier in the more sensi-
tive configuration, the noise ratio being equal to 1.2. For the
resolution, one thus gets a net gain equal to 2.3/1.2 = 1.9. By
comparing the sensitivity to the measured noise, we obtain
a resolution of 60 pm. Finally, we stress that one can always
reach the best sensitivity working point by properly adjusting
the optical bias, independently of the sample.

The plots of Figure 2 suggest that further increase in sensitiv-
ity can be obtained when the interferometer is in the ”bright
field” configuration, i.e., the two polarizations interfere con-
structively. Indeed, in that case Σm is three times bigger than
in the ”dark field” mode, independently of the cavity finesses.
However, this configuration is experimentally more challeng-
ing because one has to detect small intensity variations over
a large DC signal. The measurement therefore needs simul-
taneously an important detection dynamics and a intensity
stabilized laser source. We have experimentally compared the
”dark-field” and ”bright field” configurations (see Figure 4).
We obtain a slope ratio of 2.8, very close to the theoretical
value of 3. By comparing the noises, reported in the inset of
Figure 4, we find that the noise level is 1.5 times higher in
bright-field. The overall resolution gain is thus 2.8/1.5 = 1.9
with respect to the ”dark-field” configuration.

4 CONCLUSION

The transmission of a resonant two-beam interferometer has
been studied in order to measure the optical path variations
induced by an intracavity sample. Because of the inherent
losses in the sample, the two finesses associated with the cav-
ity eigenstates are different. We have shown theoretically that,
when the low finesse eigenstate is servo-locked to resonance,
the sensitivity of the apparatus depends only on the high fi-
nesse, that is the empty interferometer finesse, thus eliminating
the effect of the losses on the measurement. Moreover, a de-
tailed analysis taking into account the different sources of

09023- 3



Journal of the European Optical Society - Rapid Publications 4, 09023 (2009) M. Romanelli et. al.

FIG. 4 Measured output intensity Iout as a function of the optical path difference OPD

(modulo λ/2) in the "dark field" and in the "bright field" configurations. Solid lines:

fits using Eq. (2). Inset: measured noises associated with the experimental points.

noise in the system demonstrates that using the low finesse
eigenstate for cavity locking does not degrade the perfor-
mance of the interferometer. These properties are confirmed
by our experimental results. A minimum detectable optical
path difference of 60 pm is obtained for an interferometer with
finesse F = 30, when locking the low finesse peak to res-
onance with a simple modulation-demodulation servo-loop.
We have also shown that this resolution can be further in-
creased by working in the ”bright field” configuration. In or-
der to enhance the sensitivity of the apparatus, simple im-
provements could be performed, such as increasing the cav-
ity finesse and reducing the noise level with a better cavity
mechanical stability. To this extent, one may turn to more so-
phisticated locking schemes which do not require a modula-
tion of the cavity length, such as laser frequency modulation
or the FM sidebands technique [12]. Measurements at higher
frequency would also reduce considerably the acoustic noise
level. Finally, the features we have discussed may find ap-
plication in the context of other two-beam interferometers, as
well as for micro resonators [13] and fiber-based interferomet-
ric sensors [14].
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