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Common laser wavemeters are based on a scanning Michelson interferometer. Displacements of the
moving mirror as long as tens of centimeters are needed to reach a relative accuracy of 1 × 10−6 (1σ )
on the unknown laser wavelengths. Such a long displacement range makes the system very sensitive
to mechanical vibrations and to misalignments of the laser beams. The purpose of this paper is
to demonstrate a new concept of laser wavemeter based on the measurements of the ellipsometric
parameters ψ and � of the laser beams. Experimental results show that a 10−6 (1σ ) accuracy level
could be reach with a displacement range of only 4 μm. Implementations of the device are described.
Comparisons between our polarimetric wavemeter and a calibrated wavemeter are presented for two
lasers, an extended cavity laser diode at 656 nm and a 532 nm green line Nd:YAG laser. © 2011
American Institute of Physics. [doi:10.1063/1.3585975]

I. INTRODUCTION

Numerous designs of laser wavemeter have been pro-
posed over the years. Most of them are based on interfero-
metric concepts.1–5 An often used type of wavemeter is based
on a Michelson interferometer.6–8 A frequency stabilized sta-
ble laser with a well-characterized wavelength is used as a
reference. The reference and the unknown laser sources are
injected into a Michelson interferometer and their interfer-
ence fringes are simultaneously measured on different detec-
tors. The relative lengths of the interferometer arms are varied
while the number of fringes is counted for both the reference
and unknown sources. The number of fringes counted over a
distance d is Nr = 2d/λr , where λr is the wavelength in air of
the reference laser. For a second laser with an unknown wave-
length λu , Nu = 2d/λu fringes would be counted. The ratio of
the two fringes counts is equal to the ratio of the two wave-
lengths. Providing that one of the wavelengths is known, the
ratio of fringes gives the wavelength of the second laser using

λu = Nr

Nu
λr . (1)

Resolution of 1 part in 106 is achieved if one million
fringes are counted, which for a 632.991 nm wavelength laser,
means that the mirror in the Michelson interferometer must
be moved over about 30 cm or 15 cm if we use a push–pull
configuration.10 The scanning nature of this design leads to
relatively fragile instruments. The control of the measurement
process and the data analysis are usually accomplished with
a microprocessor device. Various types of errors can affect
the measurement accuracy.11 One of them is the length drifts
and imperfections of the scanning mechanism that can intro-
duce substantial errors. The principle of such a wavemeter
can be extended for the measurement of the optical spectrum
of non-monochromatic sources. The spectrum is obtained by
applying a Fourier transform to the detected power versus arm
length difference. This method is called Fourier transform
spectroscopy.8

Most of the existing wavemeters have been optimized
for resolution. Wavemeters based on the measurement of the
Doppler frequency shifts9 of the output beams issue from the
Michelson interferometer have demonstrated a resolution of
3 part in 109. However, there are cases where resolution is
not the key parameter. In coarse dense-wavelength division-
multiplexing communication systems, the required resolution
is such that simple dispersion spectrometers are sufficient as
long as the resulting wavemeter is miniature, portable, and ro-
bust. There are robust static wavemeters, most notably those
based on static Fizeau interferometer.12–14 These designs use
two plane reflecting surfaces with a slight deviation from ex-
act parallelity. They contain a glass wedge with a small an-
gular mismatch of a few arcseconds, where the front sur-
face is partially reflecting and the back surface is fully re-
flecting. There are also implementations with discrete mir-
rors. Two copies of the input beam are superimposed with
a slight relative angle, leading to an interference pattern, the
period of which depends on the wavelength. Usually, the in-
put beam first gets through some spatial filter, and a colli-
mated beam with large diameter is sent onto the Fizeau inter-
ferometer. The shape of the interference pattern is measured
with a CCD array and the data are processed using a micro-
processor. In this case, the resolution is limited by the num-
ber of pixels on the detector array, as it sets a limit on the
highest spatial frequency that can be detected in the interfer-
ogram. An accuracy of 1 part in 106 has been demonstrated
but only to a limited range of wavelengths compared to the
Michelson-based wavemeters.14, 15 The wedge spacing of a
Fizeau wavelength meter is an important parameter in the con-
version of fringe patterns into wavelengths of interfering light.
The major disadvantages of this excellent method are the ex-
tremely high level of precision necessary in the fabrication
of the optical components and the sensitivity to temperature
and to mechanical vibrations. The correction of chromatic
aberrations of the Fizeau interferometer is also necessary to
keep a high accuracy level over the spectral bandwidth of the
device.
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Ellipsometric technics have demonstrated capabilities to
improve the accuracy of homodyne interferometers.16, 17 In
this paper, we propose a new concept of accurate and com-
pact laser wavemeters based on the combination of a Michel-
son interferometer and ellipsometry. With such a device, laser
wavemeter with an accuracy level of 1 part in 106 could be
reach with a displacement range of only 4 μm. Implementa-
tions of the device are described. Comparisons between our
polarimetric wavemeter and a calibrated wavemeter are pre-
sented for two lasers, an extended cavity laser diode at 656
nm and a 532 nm green line Nd:YAG laser.

II. PRINCIPLE OF OUR POLARIMETRIC WAVEMETER

The setup of our polarimetric wavemeter is given in
Fig. 1. It consists of polarizers, beamsplitters, mirrors,
quarter-waveplates, and two retroreflectors mounted on a
translation stage in a push–pull configuration. The reference
laser and the unknown laser are superimposed before enter-
ing in the wavemeter. Both laser beams are polarized lin-
early and oriented at 45◦ in order to be separated in two
equal intensity laser beams by a polarizing beamsplitter. Then
each beam is retroreflected by a mirror after traveling twice
through a quarter-waveplate. At the output of the waveme-
ter, the beams are recombined, mixed up to another quarter-
waveplate and sent into polarimeter. The optical axis of the
quarter-waveplates are oriented at 45◦.

A mathematical approach of the optical setup is made us-
ing the Jones matrices calculation.18–21 Let

−→
ξL be the elec-

tromagnetic field that represents the laser beam, expressed in
terms of two independent and perpendicular directions, which
are referred as s and p directions,

−→
ξL =

(
ξs

ξp

)
=

(
|ξos |ei(ωt−kz+φs )

|ξop|ei(ωt−kz+φp)

)
. (2)

These two directions lie in a plane perpendicular to the
propagation one. The direction p is at 90◦ with respect to the
direction of propagation, while direction s points out of the
plane of the page. The polarization state of the laser beam can
be characterized by two parameters (ψ,�) known as the el-
lipsometric parameters (Fig. 2). The parameters tan (ψ) and

FIG. 1. Setup of the polarimetric wavemeter: M mirror, P polarizer, PBS po-
larizing beamsplitter, QWP quarter-waveplate, and R moving retroreflectors.

FIG. 2. Definition of the ellipsometric parameters ellipticity � and
azimuth ψ.

� represent, respectively, the amplitude ratio and the phase
difference of the ξp and ξs components of the electromagnetic
field. There are several methods for determining these param-
eters. The polarimeter we used in this paper (PA450, Thor-
labs), consists of a spinning quarter-waveplate and employs
Fourier analysis of the incoming laser beam to calculate ψ

and � from the amplitudes and the phases of the second and
fourth harmonics of the signal.22

Here we consider only ideal optical components. Physi-
cal effects that have the same influence on both polarizations,
such as absorption, can in fact be taken into account by means
of reference measurements. Omitting the temporal and spatial
propagation terms, the Jones matrices of the two laser beams
issue from the field of the reference laser

−→
ξ R at the output of

the wavemeter are

−→
ξ R,1 = 1√

2

(
exp(∓ikδR)

−i exp(∓ikδR)

)
, (3)

−→
ξ R,2 = 1√

2

(
exp(±ikδR)

i exp(±ikδR)

)
, (4)

where δR represents the path difference covered by the
two reference laser beams after the polarizing beamsplitter
(Fig. 1). The total electromagnetic field of the reference laser
at the output of the interferometer is

−→
ξ R = −→

ξ R,1 + −→
ξ R,2 =

(
cos(kδR)

∓ sin(kδR)

)
. (5)

Furthermore, at the output of the wavemeter, we have two
components circularly polarized with a phase difference equal
to (π/2 ± 2kδR ) resulting to a linear polarization state.
Hence, the electromagnetic field at the output of the apparatus
could also be written as

−→
ξ R =

(
cos ψr

sin ψr

)
, (6)

where ψr is the angle between the polarization plane and the
s- axis (Fig. 2). Using Eqs. (5) and (6), we can see that the re-
sulting polarization state of the electromagnetic field is linear
and will rotate with an angle ψr in regard to the s-axis as kδr

varies, i.e., as the mirror moves.
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FIG. 3. (Color online) Photographic view of the polarimetric wavemeter.

The value of ψR over a displacement d of the mov-
ing retroreflectors is ψr = k × 4d, where k = 2π/λr . We
suppose that this laser has been calibrated and its wavelength
in vacuum λ0r is known. For a second laser with an unknown
wavelength in air λu , ψu would be determined. The ratio of ψ

is equal to the ratio of the wavelengths. Hence,

λu = ψr

ψu
λr . (7)

In vacuum, it becomes

λ0u = ψr

ψu
λ0r

(
nu

nr

)
, (8)

where nr and nu are the refractive index of air of respectively
the reference and the unknown wavelengths.

The ellipsometric parameter ψr,u can be measured with
a resolution of 0.01◦ using currently commercially available
ellipsometers. Taking λr = 632.991nm, to reach a resolution
of 1 part in 106 on the unknown laser wavelength, the dis-
placement of the moving retroreflectors has to be at least of
4.4 μm. As such displacements are easily achievable using
piezoelectric actuators, a realization of a very robust and com-
pact wavemeters becomes possible. Furthermore, our system
becomes less sensitive to the fluctuations of the refractive
index of air.11 In terms of comparison, the same resolution
level with a scanning Michelson wavemeter needs a mechan-
ical displacement of about 15 cm that is to say 30 000 times
longer.

Figure 3 represents a photography of the laboratory pro-
totype of our polarimetric wavemeter.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Stability and resolution

We measure the stability and the noise level of our ap-
paratus in order to deduce its resolution. Our device is based
on the use of a commercial polarimeter (TXP500, Thorlabs).
The stability of our wavemeter mainly depends on the stabil-
ity of the polarimeter. To determine its stability, we send into
the polarimeter head a laser with a fixed polarization state. A
Glan–Thompson polarizing prism with an extinction ratio of
10−5 has been used. The value of ψ is then recorded from
the polarimeter over an integration time of τ = 6ms for each
measurement point. A number of K = 3200 samples has been

FIG. 4. (Color online) Allan deviation of the ellipsometric parameter ψ at
the output of the device. Normalized value of ψ as a function of time (inset).

recorded. The samples are taken with no dead-time between
them.

The result is reported in Fig. 4. It represents the Allan
standard deviation,23 a mathematical operator intended to es-
timate the instability level of ψ due to noise processes and
expressed mathematically as

σ 2
y (τ ) = 1

2(K − 1)

K−2∑
i=0

(ψi+1(τ ) − ψi (τ ))2, (9)

where ψi is the normalized value of each measurement point
of the K samples.

We obtain an Allan deviation of σ (τ ) = 6.4 × 10−4 over
an integration time of 0.1 s and σ (τ ) = 2.4 × 10−5 for τ

= 10 s. However, one can notice that the Flicker noise limit
is not reached in our case which shows that the measurement
could be improved by increasing the integration time. We can
assume an instability better than 5 × 10−5 ◦/s of the polariza-
tion state ψ (inset Fig. 4).

B. Experimental measurements of unknown lasers

For the purpose of validation of our device, we use the
polarimetric wavemeter to measure the wavelength of an ex-
tended cavity laser diode and we compare our value to the one
given by a commercial wavemeter (WA1000 VIS, Burleigh)
with an accuracy of 1σ = 1 × 10−6 and a measurement rate
of 4 Hz. Figure 5 represents the experimental setup.

A single frequency helium-neon laser (ML10 Gold, Ren-
ishaw) is used as the reference laser. The frequency of the ref-
erence laser has been calibrated in regard to a national refer-
ence of the Institut National de Métrologie (LNE, France) and
it is equal to ν0 = 473.6121176 × 1012 Hz, i.e., λr = 632.991
nm. The second laser used as the unknown wavelength laser is
an extended cavity laser diode (DL100, Toptica). The wave-
length of this second laser is simultaneously measured with
the help of our polarimetric wavemeter and with a com-
mercial Michelson wavemeter (WA1000, Burleigh). The val-
ues given by this wavemeter need a correction due to the
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FIG. 5. Example of measurement of the ellipsometric parameter ψ for the
reference laser (top) and the unknow laser (bottom).

refractive index of air. For this purpose, a weather station mea-
sures the room temperature (PT100 thermistor – 1σ = 5 mK),
the room pressure (Digiquartz, Paroscientifics –1σ = 3 Pa),
and humidity content (MH4, General Eastern –1σ = 1%).
Using Edlén equations,24 the refractive index of air is calcu-
lated with an uncertainty of 5 × 10−8. A function generator
(DS345, Stanford) combined to a voltage amplifier performs
the back and forth displacements over 5 μm of the retrore-
flectors mounted onto a piezoelectric actuator (PA840, PI). A
mechanical shutter is used to allow one of the lasers at time
to pass through the polarimetric wavemeter for a determined

FIG. 6. The experimental setup workbench. B, beamsplitter; HWP, half-
waveplate; M, mirror; MS, mechanical shutter; P, polarizer; PBS, polarizing
beamsplitter; QWP, quarter-waveplate; and R, moving retroreflectors.

FIG. 7. (Color online) Experimental results of the measurement of the wave-
length of a laser beam issue from an extended cavity laser diode. The straight
line represents the mean value of the 40 measurement points.

period of time. The data acquisition system of the polarimeter
is synchronized during the displacement of the retroreflectors
to the mechanical shutter.

Figure 6 represents an example of measurements per-
formed with our wavemeter. One can see the variations of the
parameter ψ of both lasers during the displacement.

In this case, the ratio of the wavelengths is λu/λr

= 1.036264613. This leads to a mean value for the unknown
wavelength [Eq. (8)] of λu = 655.946 nm. Such measurement
has been repeated 40 times. Results have been reported in
Fig. 7. After analysis, we obtain a mean value of λu

= 655.938 nm with a standard deviation 1σ = 16 × 10−6.
We observe a discrepancy of 5 × 10−6 compared to the
value given by the calibrated commercial wavemeter, λu

= 655.943(1) nm. Same experiment has been repeated with
a green line Nd:YAG laser used as the unknown laser. We
obtain a value of 532.432(16) nm with the polarimetric
wavemeter and 532.422(1) nm with the calibrated wavemter.
Taking into account the error bars, values given by the two
wavemeters are in good agreement with the results reported in
Fig. 8.

FIG. 8. Experimental measurements of two unknown wavelength lasers with
a calibrated wavemeter (CW) and with our polarimetric wavemeter (PW).
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C. Forthcoming works

The characteristics of the wavemeter setup, we propose
here could be greatly improved with a more advanced de-
sign. Free vibrations and thermal isolation could reduce the
noise level on the ellipsometric parameters without the need to
increase strongly the integration time. Working with a closed-
loop control displacement and path tracking servo loop con-
trol could also permit to reduce this noise level. We expect to
achieve a relative accuracy to 10−7 level with an integration
time below 1 s once these improvements will be appended.
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