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Since 2017, deuterium plasma experiments (DD experiments) have been performed in large helical device
(LHD), where neutrons with a specific energy of 2.45 MeV are generated through deuterium thermonuclear fusion
reactions, and the influence on the devices located near the LHD are concerned. For the LHD Thomson scattering
system, a view window, a light collection mirror, and optical fibers have been installed near the LHD. Degradation
by neutron irradiation may cause serious problems in the results from the Thomson scattering diagnostic. We
discuss the calibration of the three components and the neutron influences on the LHD Thomson scattering

diagnostics.
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1. Introduction

The large helical device (LHD) Thomson scatter-
ing (TS) system has measured electron temperature and
density profiles of LHD plasmas since 1998 [1-3]. In
LHD, deuterium plasma experiments (DD experiments)
have been performed since 2017. In the DD experiments,
2.45MeV neutrons are generated through DD fusion reac-
tions. Neutrons can easily transmit from the LHD vacuum
vessel inside to the outside, so the effect on the devices lo-
cated near LHD are concerned. For the LHD TS system,
there is a view window, a light collection mirror, and opti-
cal fibers near LHD. If changes in window transmittance,
fiber transmittance, and mirror reflectance occur, they can
cause problems with the results from the TS diagnostic.
In the design and development of the LHD TS system in
1991-1997, we carefully determined the component mate-
rials for the components based on the literature and discus-
sions with some optical component manufactures [4—7]. It
is difficult to remove the view window, light collection mir-
ror, and optical fibers out from the LHD hall, so in situ
calibrations are necessary. In section 2, we discuss the cal-
ibration of the three components. The calibration for the
other components of the LHD TS is summarized in pre-
vious literature [8]. Next, section 3 describes the newly
developed neutron effect monitoring system for the fibers.

2. Calibration
2.1 Calibration of the view window
The LHD TS view window is made from fused silica.
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The dimensions are 60 cm wide X 35 cm high X 5 cm thick.
In addition to the view window, there is an additional pro-
tection glass inside the LHD vacuum vessel. This protec-
tion glass was installed to protect the main window against
high-energy particles and strong radiation escaping from
plasmas. The thickness is 1 cm. Both of two glasses do
not have an anti-reflection coating, so there is a Fresnel re-
flection loss of ~16%. We performed the calibration of the
wavelength dependence of the (window + protection glass)
transmittance.

Figure 1 shows a schematic diagram of the calibra-
tion setup. First, we put a flat Al mirror inside the
vacuum vessel. Next, a light beam is injected toward
the Al mirror from the outside, and the spectrum of the
reflected light is measured with a spectrometer (Hama-
matsu, C9405CB). The probe light is generated with a
halogen lamp (Avantes, AvaLight HAL-S-MINI) and col-
limated with a fiber light collimator consisting a triplet
lens (Techno Synergy, BBFC02-SMA). The spot diame-
ter of the light beam emitted from the collimator is ap-
proximately 5 - 20 mm (adjustable) at the position between
20 cm and 100cm. The reflectance of the flat Al mir-
ror alone is measured in a laboratory. The relative trans-
mittance of the (window + protection glass) is obtained
from the ratio of the measured spectrum of (window +
protection glass + Al mirror) and Al mirror. Also, a sim-
ilar measurement was performed using a HeNe laser with
a diameter of less than 1 mm (Tholabs, HNLO5S0ORB) and
a Si-photodetector with a diameter of 9.7 mm (Tholabs,
PDA100A2) at 633 nm to obtain absolute transmittance.
Absolute transmittance is determined by normalizing the
relative transmittance, measured by the spectrometer, to

© 2020 The Japan Society of Plasma
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Fig. 1 Schematic diagram of the window transmittance calibra-

tion.
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Fig.2 Window transmittance. Solid and dotted curves show the
current result (2018-19) and one obtained from the previ-
ous measurement (2011), respectively.

HeNe data at 633 nm. Figure 2 compared the current re-
sult with a previous one measured in 2011. Because the
sensitivity of the spectrometer used in the previous mea-
surement rapidly decreased above 1000 nm, the previous
result’s reliability is poor above 1000 nm. The two results
show good agreement between 500 and 1000 nm.

2.2 Calibration of the light collection mirror

In order to collect weak TS light, we use a large, gold-
coated mirror. The mirror consists of small 138 hexago-
nal mirrors, and the total dimensions are 1.5-m width and
1.8-m high. Similar to the window transmittance calibra-
tion, we measured the relative reflectance of 39 of 138 mir-
rors by using a halogen light, a spectrometer, and a holder
block for fiber optic probes (Tholabs, RPH-SMA). This
tool is useful for measuring the reflectance of solid, lig-
uid, and powder samples, as shown in Fig. 3. In this cal-
ibration, we measure the reflectance for the 45-degree in-
cidence — 45-degree reflection configuration. We assumed
that the reflectance of flat, clean mirrors have no (or neg-
ligibly small) angular dependence. In the preliminary test,
we confirmed that there is no difference between the re-
flectance for 45-degree incidence — 45-degree reflection
and the 0-degree incidence — 0-degree reflection. Absolute
reflectance is determined by using a reference new gold
mirror whose absolute reflectance data is provided by the
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Fig. 3 Schematic diagram of the mirror reflectance calibration.
In this study, the 45 degree reflected light for 45 degree
incidence —45 degree reflection is observed.
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Fig.4 Absolute mirror reflectance. Solid and dotted curves
show the current data (2018-19) and previous data
(2011), respectively. Dashed curve shows measured re-
flection for a new old stock (NOS) mirror.

manufacturer (Shigma-koki). Figure 4 shows the result of
the absolute reflectance of the light collection mirror with
previous measurement in 2011. The result of a new old
stock (NOS) mirror is also plotted. When comparing to
the NOS mirror, a clear degradation owing to contamina-
tion is seen, i.e., —=7%, —5%, and —5% at 633, 800, and
1000 nm, respectively. From visual inspection, some mir-
rors are clearly dirty, and some mirrors are still relatively
clean. In the figure, the averaged value of 39 mirrors is
plotted. The deviation for 39 mirrors is 7%. To check the
reliability of the data, we also performed absolute mea-
surements of the mirror reflectance at 633 nm by using a
HeNe laser and a Si-photodetector similar to the window
transmittance measurement. The two absolute reflectances
show good agreement measured at 633 nm within the ex-
perimental error (3%).

2.3 Calibration of the optical fiber

In the LHD TS system, TS light is transferred to poly-
chromators through optical fibers whose core diameter and
length are 2.0 mm and 45 m, respectively. Both the core
and clad of the fiber are made of pure anhydrous, synthetic
quartz of which OH concentration is less than several ppm
without any specific dopant. Figure 5 shows the schematic
diagram of the measurement of the optical fiber transmit-
tance. The path #1 consists of two 42-m fibers and one
12-m fiber. Thus, the total path length is 96 m. The path
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Fig. 5 Schematic diagram of the fiber transmittance calibration.
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Fig. 6 Light source spectrum used in this study. Halogen and
LED lights are used for the measurements in longer and
shorter wavelength regions, respectively.

#2 is used for the reference path. The length is 1.5 m.
As light sources, we used a halogen and LED lamps, for
longer wavelength and shorter wavelength regions, respec-
tively. Figure 6 shows the light source spectrum. The right
and left peaks are generated by a halogen lamp and LED
lamp, respectively. The two lights are mixed with an inte-
grating sphere (Labshere, 4P-GPS-030-SF), and the output
is transferred to the entrances of paths #1 and #2 through
a bifurcated fiber (Avantes, 1FC-UVIR400-2). A spec-
trometer or silicon photodiode observed transmitted light
through paths #1 and #2. Transmittance, t,, is expressed
by the attenuation equation, #, = exp(—ax), where a is the
attenuation coefficient, and x is the fiber length. From the
measured data for paths #1 and #2, we can determine the
attenuation coefficient, a, Fresnel loss, F, and connection
loss, C, at the injections. In this calibration, we assumed
that a, F, and C is the same for all fibers. The results for
Fresnel loss and connection loss are estimated to be 3.3%
and 4.9%, respectively. The theoretical value of F is 3.5%,
and the connection loss is considered to be less than 6%
from the model calculation. Thus, both of them are rea-
sonable. Figure 7 shows the fiber transmittance measured
in this work with the previous measurement in 2011, and
data provided from the manufacturer. The data are in good
agreement except for the previous data above 1000 nm. As
discussed in section 2.1, the reliability of the previous re-
sult is poor above 1000 nm because the sensitivity of the
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Fig. 7 Solid and dotted curves show the present result (2018-
19) and previous measurement (2011), respectively. Data
provided by the fiber manufacturer (Mitsubishi) are also
plotted (stars).
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Fig. 8 Comparison of the total efficiencies measured in 2011,
2014, and 2018-19.

spectrometer used in the previous measurement is poor.

2.4 Comparison of overall efficiency

We measured the overall light transmittance in 2014.
A light source was set inside the LHD vacuum vessel,
and the spectrum of the transmitted light was observed
by a spectrometer. In this calibration, the overall coeffi-
cient, i.e., the product of window transmittance X mirror
reflectance X fiber transmittance, is obtained. We com-
pared the product of three elements obtained in this cali-
bration with the previous result as shown in Fig. 8. Because
the previous result was a relative calibration, it is normal-
ized to the current result at 850 nm. These results are in a
very good agreement between 500 nm and 1000 nm, which
shows that both of the measurements in 2014 and 2018-9
are reliable.

3. Neutron Effect Monitoring System
for the Optical Fiber

The total amount of neutrons generated in the 2019
LHD DD experiment was 0.34 x 10'°. In LHD DD experi-
ments, the gross maximum neutron generation is estimated
to be 1.9 x 10'® neutrons/s. The maximum neutron flux for
the fibers is estimated to be ~1 x 10! neutrons/m?/s. The
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Fig. 9 Signal intensity detected by Si detectors. In the phase #1,
only the halogen lamp is on. Both the halogen and LED
lamps are lit in the phase #2.
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Fig. 10 Signal intensity ratios of the path #1/path #2 for halogen
lamp (upper) and LED lamp (lower). No clear temporal
change is seen up to now.

gamma-ray intensity is estimated to be ~1/10 that of neu-
trons.

Of the three components discussed in the previous
section, the optical fiber is considered to be most affected
by neutron irradiation because the light transmission length
is much longer (45 m) than the thickness of the window
(5 cm). Therefore, we developed an optical fiber transmis-
sion monitoring system. The schematic diagram is almost
the same as that used in the fiber calibration. In this sys-
tem, we connected two 42-m fibers without using a con-
nection fiber of 12m to simplify the path. Thus, the to-
tal path length of the path #1 is 84 m. The fibers in the
path #1 pass near the LHD, where strong neutron irradia-
tion is expected. On the other hand, the path #2 is located
in a laboratory that is sufficiently radiation-shielded, and

the length is considerably shorter than that of the path #1.
Therefore, we can assume that the neutron effect does not
occur in the path #2.

In the system, the LED light is modulated at the fre-
quency of 0.2 Hz, as shown in Fig. 9, whereas the halogen
lamp is always on. In the phase #1, only the halogen lamp
is on, and transmittance for relatively long wavelength is
observed. In the phase #2, both the halogen and LED
lamps are on. By subtracting the signal intensity at the
phase #1 from that at the phase #2, the signal intensity for
the LED lamp is obtained. We have been observing the sig-
nal intensities for the paths #1 and #2 since 2018. Figure 10
shows the light intensity ratio of the paths #2 and #1. It is
noted that the data is missing between 450 and 520 days,
because we performed improvements and tests these days.
The signal intensity ratio was slightly changed due to the
improvement work. Currently, no significant changes are
observed. We are planning to continue this measurement
to verify the reliability of the TS data.

4. Summary

Since 2017, deuterium plasma experiments (DD ex-
periments) have been performed in LHD. For the three
components of the LHD TS system, neutron irradiation can
degrade a view window, a light collection mirror, and op-
tical fibers. We performed new calibrations for the three
components, and obtained more reliable calibration data
than previous ones. Specially, we developed a new fiber
transmittance monitoring system for optical fibers that are
expected to be most affected by neutron irradiation. Up to
now, no significant neutron effect has been observed. This
result will be useful for future fusion plasma diagnostic re-
search.
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