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A short wavelength laser whose wavelength is about 50 µm is preferable for a polarimeter and an interferom-
eter in large fusion devises. This paper reports the development of a polarimeter with a photoelastic modulator
(PEM) for a CH3OD laser (wavelengths of 57.2 and 47.6µm). The PEM with a high-resistive silicon as a photoe-
lastic element has been newly developed. The transmissivity of the high-resistive silicon is high in a far infrared
region. The polarimeter with the Si PEM has been tested and the polarization angle is successfully measured.
Noise sources (a multi-reflection of the laser beam in the photoelastic element, a measurement error of amplitude
of a detector output and an estimation error of the retardation) of the measured angle are also discussed.
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1. Introduction
Measurement of the plasma current profile (or q pro-

file) is indispensable for tokamak operations. The impor-
tance is increasing because improved confinement modes
are thought to be related to the profile [1]. Similarly, the
relationship between a position of an internal transport
barrier and rational surfaces is discussing in helical de-
vices [2]. A far infrared (FIR) laser polarimeter, which
bases on the Faraday effect, has been used for the current
profile measurement in tokamaks [3] and is also planed to
installed on ITER [4].

The Faraday rotation angle α in a plasma depends not
only on the magnetic filed but also on the electron density
as follows;

α ∝ λ2
∫

neB · ds, (1)

where λ is the wavelength of a probe beam, ne is the elec-
tron density and B is the magnetic field strength. Hence,
the electron density profile is necessary to evaluate the dis-
tribution of the magnetic field strength. In order to mea-
sure the density profile simultaneously, an interferometer
is combined with the polarimeter [5,6]. On the other hand,
the combination with a polarimeter based on the Cotton-
Mouton effect is proposed [7] in order to be free from a
fringe jump error, which is a principle problem in an in-
terferometer. However, the coupling of these two effects
makes the evaluation of the magnetic field difficult. A short
wavelength laser can suppress the fringe jump errors be-
cause the beam bending effect in a plasma, which causes
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the errors, is proportional to λ2. Therefore, a short wave-
length FIR laser, CH3OD laser (simultaneous oscillation
at wavelengths of 57.2 and 47.6µm) has been developed
[8–11] for suppression of the fringe jump errors.

Some measurement methods of the Faraday rotation
have been proposed and demonstrated so far. From the
viewpoint of maintenance, temporal and angle resolutions
and compatibility with the interferometer, a measurement
method using photo elastic modulators (PEMs) is appropri-
ate and the feasibilities are demonstrated on JT-60U [12].
The PEM modulates the polarization state of an incident
beam periodically by stressing a photoelastic material and
then arising time-varying birefringence. So far the applica-
tion of the PEM is limited to the wavelength shorter than
infrared region. In this paper the newly developed PEM
for the shorter FIR laser beam and the bench-testing of the
polarimeter are reported.

2. Specifications of Si PEM Polarime-
ter

2.1 Principle of measurement of polariza-
tion angle

For the description of the polarization state and the
evolution in magnetized plasmas and optical components
such as a PEM, Stokes vector s and Mueller matrix M are
useful [13]. Figure 1 shows the optical arrangement of the
bench-testing of the polarimeter. In Fig. 1 a half-wave plate
simulates the Faraday rotation α in a plasma. The Stokes
vector of an incident beam to the PEM s0 is described as
(sin 2α, cos 2α, 0). Muller matrix of the PEM MPEM, which
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Fig. 1 Optical arrangement for the bench-testing of the po-
larimeter with a high-resistive Si PEM.

describes changes in the polarization state, is given as fol-
lows;

MPEM =


1 0 0
0 cos ρ sin ρ
0 − sin ρ cos ρ

 ρ = ρ0 sin(ωmt).

(2)

where ρ is the optical retardation and ωm is the angle fre-
quency of a piezoelectric transducer to stress the photoe-
lastic element. The Stokes vector s1 after passing through
the PEM becomes

s1 =


1 0 0
0 cos ρ sin ρ
0 − sin ρ cos ρ




sin 2α
cos 2α

0



=


sin 2α

cos 2α cos ρ
− cos 2α sin ρ

 . (3)

Output signal I of a detector after passing through a polar-
izer (a transmission angle of π/4 to the optical axis of the
PEM) is as follows.

I =
I0

2
(1 + s1

2)

=
I0

2
{1 + cos 2α cos(ρ0 sinωmt)}

=
I0

2

1 + J0(ρ0) cos 2α

+2 cos 2α
∞∑

n=1

J2n(ρ0) cos(2nωmt)

 .

(4)

Here, Jk is the Bessel function. Then the polarization angle
α can be evaluated from the following formula.

α =
1
2

cos−1

(
A

2J2(ρ0) − AJ0(ρ0)

)
, A ≡ I(2ωm)

I(DC)
(5)

where A is the ratio of amplitudes of the second harmonic
to the DC component of I. The laser beam is chopped with
an optical chopper in order to measure the DC component
with the use of a lock-in amplifier in the same way as mea-
surement of the second harmonic component.

Fig. 2 Effects of error of the measured amplitude (a) and of the
retardation (b) on the evaluation of polarization angle.

2.2 Estimation of error terms
Figure 2 (a) shows the evaluated polarization angel

from Eq. (5) supposing 0, ±5, and ±10 % measurement er-
rors in the ratio A. The propagation error to the polarization
angle becomes large when the polarization angle is near 0
and 90 degrees. The maximum retardation ρ0 is necessary
to evaluate the polarization angle from Eq. (5) and should
be measured in advance. The evaluated polarization angle
with the error in ρ0 is shown in Fig. 2 (b). The error in the
polarization angle is significant near a polarization angle of
0 degrees. The retardation is determined from both a mag-
nitude of the mechanical stress with the piezoelectric trans-
ducer (that is, the applied voltage to the piezoelectric) and
the incident angle of a laser beam; changing angle means
that the change in the pass length in the photoelastic ele-
ment. For an in-situ calibration of the retardation, a half
wave plate is set to make α = 0 where the second har-
monic component is maximum. Then, the measured ratio
A becomes as follows;

A =
2J2(ρ0)

1 + J0(ρ0)
. (6)
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Fig. 3 Relationship between the retardation ρ0 and the ratio of
2ωm to DC components A.

Fig. 4 Photograph of the Si PEM. It consists of the controller,
the electrical and the optical head. The optical head is
fixed on the rotatable stage.

Since Eq. (6) is a one-valued function of ρ0 when ρ0 < 3.4
radians (Fig. 3), ρ0 can be evaluated from Eq. (6).

When a laser is used as a light source, the effect of
interference of multi-reflection (because of the high coher-
ence) should be considered. The detected beam intensity
I0 in Eq. (4) is a sum (interference) of the multi-reflected
light at the both surfaces of the photoelastic element. A
slight change in the thickness of the element due to the pe-
riodic stress modulates the interference at the fundamental
and the harmonic frequencies. The spurious second har-
monic component of the beam intensity I0, which does not
relate to modulations of the polarization, causes the error
in the evaluation of the polarization angle and the retar-
dation [14]. Hence, some kinds of technique like an AR
coating or adjustment of the incident angle of the beam are
necessary to minimize the spurious harmonic component.

2.3 Fabrication of Si PEM
Since there was no PEM for the FIR range so far, we

and HINDS instruments, Inc. have developed a new PEM
(Fig. 4) with a drive frequency of 50 kHz. As the photoe-

lastic element, it adopts a Si plate with the high resistivity,
which has high transmissivity for 57.2 and 47.6µm [9].
It has not been AR-coated yet. The measured maximum
transmissivity in the case of a normal incidence is 50 %
and 25 % for 57.2 and 47.6 µm, respectively, because the
refractivity is high 3.15 and then the multi-reflection is
significant. Hence, the PEM is tilted at several degrees to
make the amplitude of the second harmonic component al-
most zero. Even in such a configuration, the total transmis-
sivity is 50 % and 30 %, respectively. This is because the
incident angles where the total intensity and the amplitude
of the second harmonic component take external values are
different. As the results of the calibration, maximum re-
tardations of 2.7 and 3.0 radians are realized for 57.2 and
47.6 µm, respectively.

3. Experimental Results
The maximum output power of 57.2 and 47.6µm laser

beams are 1.6 and 0.8 W, respectively. Although these
two wavelengths oscillate simultaneously, bench-testings
of the polarimeter were performed separately; one wave-
length can be selected with a polarizer because the polar-
ization angles are perpendicular to each other. The laser
beam is chopped with a frequency of 30 Hz. The Fara-
day rotation is simulated with the half-wave plate made
from crystal quartz. A detector is a liquid helium cooled
gallium-doped germanium photoconductors (QMC instru-
ments Ltd.). Since Si is not transparent for visible light,
beam alignment is carried out with a CW YAG laser beam
with a wavelength of 1.06µm (300 mW, CrystaLaser) su-
perposed to the FIR laser beam. The YAG laser beam can
transmit Si and can be visualized easily with an infrared
sensor card and an infrared viewer (IRV-1700, Newport).

Figure 5 shows the relationship between the evalu-
ated polarization angle and the actual one estimated from
the rotation angle of the half-wave plate in the case of
57.2 µm laser beam. Open circles and triangles show re-
sults when the second harmonic component due to the
modulation of interference are minimized and are maxi-
mized, respectively, by adjusting the incident angle of the
laser beam. The adjustment is done without the polarizer
to separate modulation components of the interference and
the polarization. Error bars show errors of the polarization
angle which are attributed to present noises in signal am-
plitudes (±3 ms with a time constant of 300 ms of lock-in
amplifiers), though the data acquisition system has not op-
timized yet. Good linearity is obtained in a polarization
angle smaller than about 70 degrees when the second har-
monic component is minimized. The calibrated retardation
was 2.27 radians at this condition. However, the reason of
the deviation in the case that the polarization angle is larger
than 70 degrees has not been clear yet. The small and large
deviations in small and large polarization angle, respec-
tively, are not predicted from the error of the signal ampli-
tude and the retardation in Sec. 2.2. When the second har-
monic component is maximized, the evaluated angle de-
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Fig. 5 Relationship between the actual and measured polariza-
tion angles.

viates from the actual one. This is because the spurious
second harmonic component is added to Eq. (5).

4. Discussion
The reason for the deviation even when the spurious

second harmonic component is minimized is speculated
as follows. The reflectivities of s- and p-polarization are
slightly different. Hence the angle for minimization of the
spurious component for one polarization angle is slightly
different from that for the orthogonal polarization and then
there might be finite spurious components.

Even if the measured polarization angle is deviated
from the actual one, we can evaluate the Faraday rotation
angle with the use of the calibration curve obtained exper-
iments shown in Sec. 3. However, the reflection, which is
the course of the interference, should be reduced as much
as possible because a slight change in the incident angle
of the beam changes the interference and then the cali-
bration curve becomes different. Hence we have plans of
AR-coating of the silicon plate with either Parylene [15]
or SiO2 [16]. With the use of Parylene and SiO2 film with
a thickness of about 8.8 µm (a refractivity N of 1.62 is sup-
posed) and 6.8 µm (N = 2.10) will be expected to reduce
the reflectivity from 29 % to 2 % for 57.2µm beam.

The large time constant of our experiment derived
from the low frequency of the beam chopping. This can

be improved by making up a dual PEMs system [11] with
different drive frequencies. We also have a plane to add the
second PEM with a drive frequency of 40 kHz.

5. Summary
The Si PEM has been newly developed for a polarime-

ter using a short wavelength FIR laser, which is suitable for
large fusion devices. The polarimeter with the new PEM
can measure the polarization angle successfully. The mea-
surement error of amplitude of a detector signal and eval-
uation error of the retardation results in non-linear errors
in evaluated polarization angle. Since a multi-reflection in
the photoelastic element also causes the deviation from an
actual polarization angle, it should be suppressed by tilting
the PEM or an AR-coating.
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