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Measuring Faraday Effect in Z-Cut Crystal Quartz at Wavelength
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Faraday rotation angle in Z-cut crystal quartz at a wavelength of 118.8 um was measured for the first time.
Z-cut crystal quartz is used in vacuum windows of polarimeters for plasma diagnostics that use far-infrared light.
ITER poloidal polarimeter uses double vacuum windows of 10-mm Z-cut crystal quartz discs in compliance with
nuclear safety. According to the Becquerel model, thick Z-cut crystal quartz may lead to non-negligible Faraday
rotation that must be compensated for to measure the pure polarization change attributable to the plasma. For
the first time, this paper measures Faraday rotation at the wavelength of 118.8 um by means of the rotating linear
polarizer method. The Becquerel model is not applicable at the wavelength of 118.8 um and Faraday rotation
resulting from the Z-cut quartz vacuum window is negligible even with a magnetic field of 0.3 T and a 10-mm

thick vacuum window.
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1. Introduction

Polarimeters are used to measure the birefringence of
materials, which provide various kinds of information such
as sugar content, mechanical stress distribution or rock
provenance. Polarimeters are also important diagnostics
in magnetic confinement fusion experiments to measure
electron density [1] and magnetic fields [2]. They measure
Faraday rotation that is a rotation of the polarization plane
of light (or electromagnetic wave) caused by the circular
birefringence of plasma attributable to electron density and
magnetic fields.

Polarimeters measure not only Faraday rotation in the
plasma but also Faraday rotation in vacuum windows. This
paper focuses on Faraday rotation in vacuum windows be-
cause it could be error source of polarimeters for future fu-
sion reactors. The following paragraphs describe and com-
pare Faraday rotation in plasma and vacuum windows. The
authors use parameters of ITER (international thermonu-
clear experimental reactor) as an example of a future reac-
tor.

Polarimeters have been widely used in fusion ex-
periments: (Tokamak-type devices) TEXTOR [3], JT-60
[4], JET [5], TFTR [6], DIII-D [7], ToreSupra [8], C-Mod
[9], NSTX[10], EAST [11], J-TEXT [12], ASDEX-U [13],
(Stellarator-type devices) LHD[1], W7-AS[14], CHS
[15], H-1[16], and (Reversed-Field-Pinch-type devices)
MST [17], REX[18], RTP[19]. Probing laser beams pass
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through plasma, and polarimeters measure the change of
the polarization state of the laser light owing to the Fara-
day effect (i.e. Faraday rotation). The Faraday rotation Ay,
is given by the equation below;[20]

Ay, = CA? f'] ne(z)B/(z)dz, (D

20

where n. is electron density, B, is magnetic field paral-
lel to the probing laser beam, z is the coordinate along the
probing laser beam path, and C = 2.6312 x 107!3 rad/T.
Here, Ay denotes the change of the orientation angle,
i, of the polarization ellipse and the subscript p denotes
the change of rotation angle attributable to plasma. Far-
infrared (FIR) lasers (or THz laser) such as 118.8 um
(CH3O0H laser), 195 um (DCN laser), 337 pm (HCN laser),
and 432.5 um (HCOOH laser) are typically used to mea-
sure the magnetic fields [3,5,6,8,9,11-13,17,18]. Vacuum
windows are often made of Z-cut crystal quartz to transmit
these FIR lights.

ITER also uses polarimeters, called the ITER poloidal
polarimeter, to measure magnetic fields[21]. Probing
laser beams are reflected by corner-cube retro-reflectors
mounted on the first wall to the diagnostics room along
the same path from which the probing laser beams are
transmitted. That is, Faraday rotation measured by the
polarimeter is twice that of the value given by Eq.(1).
Substituting the values relevant to the conditions of ITER
poloidal polarimeter (4 = 118.8um, B, = 1T, z; — 29 =
1 m, ne = 10°° m™?), we get a Faraday rotation of Ay, =
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42.6°. Here, z; — 79 is not the size of an ITER plasma, but
the length of path where the magnetic field is to the order
of 1T

The Faraday rotation in the vacuum window, Ay, is
given by Ay, = VB,,d, where V is the Verdet constant
of the material and d is the thickness of the material. No
available references of measuring the Verdet constant of Z-
cut crystal quartz in the FIR region (the THz region) exist,
but there is a theoretical model exists based on a classical
electron theory called the Becquerel equation [22] given by

e dn

V=- A—,
y2mec dA

2

where n is the refractive index of the material, m, is the
mass of the electron, e is the elementary charge, c is light
speed, and v is a factor called the magneto-optic anomaly.
Reference [23] compares the Verdet constant of the Bec-
querel equation and experimental results using crystalline
quartz, and indicates good agreement between the the-
ory and the experiments for the wavelength below 2 um.
Let the authors estimate Faraday rotation in Z-cut crys-
tal quartz at a wavelength of 118.8 um assuming that the
Becquerel model is still applicable in the FIR region. Sub-
stituting n = 2.13 and dn/dA = —-261m~! at the wave-
length of 118.8 um [24] to the Becquerel equation, we get
V = 9.10rad/Tm. Here, y = 1 is assumed. According to
Ref. [23], ¥ is 0.7 - 0.8 when the wevelength is 0.2 - 2 um.
Since the data at the FIR region is not available, vy is as-
sessed at 1 on the safe side (i.e. in the manner of having
large impact on the polarimeter). The vacuum window of
ITER [25] is thick because of the nuclear safety. One vac-
uum window consists of two 10-mm Z-cut crystal quartz
discs. In the case of the ITER poloidal polarimeter, the
highest magnetic field at any vacuum window location is
estimated to be 0.8 T. Finally, considering that the probing
laser beams pass through the vacuum window twice, the
Becquerel model estimates Faraday rotation as Ay, = 17°,
which is large compared with the Faraday rotation result-
ing from the plasma, Ay It should be noted that Ay, will
be changed during plasma discharge in tokamak. Thus, if
the Ay, is not negligible, in-situ technique compensating
for Ay, needs to be developed. The purpose of this study
is to clarify whether this estimation based on the Becquerel
equation is applicable at the wavelength of 118.8 um.
Faraday rotation in vacuum windows is a universal
concern and not limited to ITER. However, the ITER
poloidal polarimeter faces this issue for the first time be-
cause the experimental conditions for ITER are different
from those for existing polarimeters. For instance, in the
case of poloidal polarimeter of the ASDEX Upgrade, the
thickness of the Z-cut crystal quartz and magnetic field
at the output vacuum window are Smm and 70 mT, re-
spectively. Even if the Becquerel model was applicable
(A = 195um, n = 2.15, dn/dA = —49.1m™~" y = 1 and
V = 2.8rad/Tm), the Faraday rotation would be less than
0.11°, which is less than the measurement accuracy of the

polarimeter. The high magnetic field and the thick vac-
uum window in the case of ITER poloidal polarimeter are
the cause of the problem, and this problem is applicable
to future fusion reactors such as DEMO [26] because fu-
ture fusion reactors uses higher magnetic field than ITER
and nuclear safety will require thick vacuum windows for
them. This paper provides important information for de-
signing polarimeters of the future reactors.

2. Experimental Setups

The polarization state of a FIR laser beam passing
through a Z-cut crystal quartz inside a ring-shaped per-
manent magnet was measured. The 118.8-um wavelength
FIR laser used was an alcohol laser pumped by a CO,
laser developed by Chubu University and the National In-
stitute for Fusion Science [27]. The power stability of the
FIR laser in this experiment is = 1%/day. The FIR power
was 270 mW in this experiment. The size of Z-cut crystal
quartz was 10x10x10 (mm). The ring-shaped permanent
magnet was made of Neodymium and the outer diameter,
the inner diameter and the height were 38.6 mm, 19.1 mm
and 30.9 mm, respectively. The catalog specific for rema-
nence of the magnet was 1.25 - 1.29 T. From these values,
the spatial distribution of the magnetic field was calculated
by the method of Ref. [28], shown in Fig. 1. The magnetic
field is uniform and 0.27 T at the area where the crystal
quartz is located. Using an old gauss meter, the magnetic
field measured was 0.32 T. It is difficult to say which value
is more accurate, but it is reasonable to suppose that the
magnetic field applied to the Z-cut crystal quartz was ap-
proximately 0.3 T. According to the Becquerel equation,
the Faraday rotation would be 1.6° in this experimental
setup.

Figure 2 shows a photograph of the experimental in-
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Fig. 1 Spatial distribution of magnetic field of the ring-shaped
permanent magnet. Figures (a) and (b) show the wide
area around the magnet and the narrow area inside the
magnet, respectively. White rectangles are the cross sec-
tion of the magnet. Solid lines in figure (a) indicate the
magnetic field lines.

1405112-2



Plasma and Fusion Research: Regular Articles

Volume 13, 1405112 (2018)

e

P magnet & —
=l quartz et

)

Fig. 2 Photograph of experimental setup. LP stands for a linear
polarizer. LP1 was fixed and LP2 was rotated to measure
the polarization state. The beam size at the entrance of
the magnet was shown in a temperature sensitive liquid
crystal sheet.

struments. The lens focused the laser light and the beam
size inside the magnet was 5.4 mm, smaller than the 10-
mm Z-cut crystal quartz. A linear polarizer in front of a
pyroelectric sensor was rotated to measure the polarization
state. The laser light was chopped by a mechanical chop-
per having a frequency of 34.5 Hz.

3. Results

The polarization state was measured by using the ro-
tating linear polarizer method. The linear polarizer ro-
tated by 180° every one degree; the detector signal was
measured per degree. The detector signal is given by
Asin{2n(x — B)/180} + C, where x is a rotation angle of
the linear polarizer (unit in degree). Parameters A, B, and
C were determined by fitting the function to the measure-
ment data. Change of parameter B (i.e. phase shift) cor-
responds to polarization change due to the experimental
conditions. Hereafter, the phase shift will be discussed by
using the extinction angle (i.e. polarizer angle at the min-
imum detector signal intensity). The authors repeated the
extinction angle measurement and concluded that the pre-
cision was less than 0.05° and low enough compared with
the estimated Faraday rotation angle of 1.6°.

Figure 3 shows the measurement results of the rotating
linear polarizer method, where the different colors indicate
the various different experimental setups. The laser beam
passed through; (black) no quartz and no magnet, (red)
the quartz inside the magnet, and (blue) the quartz and the
magnet of which the magnetic field direction was opposite
to “red”. The extinction angles were 56.77° in the case of
“no quartz/magnet (black)”, 57.03° in the case of “quartz
inside magnet (red)”, and 56.93° in the case of “quartz
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Fig. 3 Measurement results of the rotating linear polarizer
method. The laser beam passed through; (a) no quartz
and no magnet, (b) the quartz inside the magnet, and (c)
the quartz inside the magnet of which the magnetic field
direction was opposite to (b). The horizontal and ver-
tical axes are rotation angle of the linear polarizer and
normalized detector signal, respectively. The solid lines
are fitting results. The values inside plots are extinction
angle.

inside opposite magnet (blue)”. The accuracy of the ex-
tinction angle was less than 0.03° (the precision was less
than 0.05° as mentioned above). The difference between
the extinction angles having opposite magnetic fields was
0.1° and much smaller than the Becquerel equation’s es-
timation of 3.2°(= 2 X 1.6). The extinction angle of “no
quartz/magnet (black)” was not between the extinction an-
gles having opposite magnetic fields because the laser light
beam path was not perfectly parallel to the optical axis of
the crystal quartz. From these results, we can reasonably
conclude that Faraday rotation does not occur in the Z-cut
crystal quartz or is negligible.

4. Discussion

The Becquerel equation is based on the classical elec-
tron theory, which ignores the effect of the motion of the
nuclei. The nuclear masses are so heavy that they cannot
follow the field in the high-frequency region such as visible
light. On the other hand, if the frequency is low, the motion
of the nuclei is not negligible. This is also why Cauchy’s
formula for refractive index and dispersion is not appli-
cable at long wavelengths such as those of FIR light [29].
The assumption of the Becquerel equation (i.e. the clas-
sical electron theory) does not hold at the wavelength of
118 pm.

5. Conclusions
Faraday rotation in 10-mm thick Z-cut crystal quartz
at a wavelength of 118.8 um was measured under +0.3 T
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magnetic field by using the rotating linear polarization
method. According to the Becquerel model, the Faraday
rotation would be 1.6° in the experimental setup. The dif-
ference between the extinction angle having the opposite
magnetic field corresponded to twice the Faraday rotation
angle (i.e. 3.2°), but the measured extinction angle differ-
ence was 0.1° having accuracy of 0.02° and precision of
0.05°. We can conclude that Faraday rotation does not oc-
cur at the 118.8-um wavelength. Even if Faraday rotation
did occur, its effect is smaller than the polarization change
caused by the unparallel between the laser light beam and
the optical axis of the crystal quartz.
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