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The ITER divertor impurity monitor (DIM) is a diagnostic system that directly observes 200 - 1000 nm light
emissions from nuclear fusion plasma. Because the DIM observes a wide range of light from infrared to ultravi-
olet using a single optical system, high optical performance, such as spatial resolution and aberration, is required
for the DIM optical elements. The DIM must be highly robust against external environmental factors, such as
temperature, humidity, vibration, and magnetic field. Components having high radiation resistance must be used
because of the high radiation environment in ITER. In this study, DIM optical elements installed in the interspaces
and the port cells are investigated because gamma ray irradiation can impact their optical performance. The ir-
radiation experiments were performed at QST’s gamma-ray irradiation facilities in Takasaki. The attenuation of
transmittance due to gamma irradiation were evaluated for silica, fluorite, and LiCaAlFg as the glass material in
the spectrometers to be installed in the port cell. The influence of irradiation on silica polka dot beam splitters
was found to be negligible; however, the transmittance of high OH concentration fibres for measuring UV light
decreased significantly due to irradiation and will thus require countermeasures. The information necessary for
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proceeding with the ITER DIM design was obtained from these experimental results.
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1. Introduction

ITER is an international project in which Japan, the
USA, the EU, Russia, China, South Korea, and India
are cooperating to build and operate a thermonuclear fu-
sion experiment reactor [1]. ITER plasma diagnostic sys-
tems are used for plasma control, machine protection, and
physics research. Approximately 50 diagnostic systems
are procured by the participating parties. In the tokamak
building, equipment for ITER diagnostics is installed in
the vacuum vessel (VV), the interspaces (ISs) between the
vacuum boundary and the biological shielding, and the port
cells (PCs) on the outside of the biological shielding. Data
is transferred to an acquisition system installed in the di-
agnostic building. The ITER diverter impurity monitor
(DIM) system observes light from fusion plasma in the
range from UV to near IR (200 - 1000 nm) in a single op-
tical system. The DIM system has five optical elements in
the Upper Port (UP) #01, Equatorial Port (EP) #01, and
Lower Port (LP) #02 [2], where the optical systems in
LP#02 consists of the one under the divertor dome and the
ones at the gap between adjacent divertor cassettes. Light
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observed is guided from the front-end optical system in the
VV through ISs to PCs by using mirrors. The DIM system
specifications are 50mm for spatial resolution and 1ms
for time resolution, thus, very high optical performance
is required, such as increasing the yield of light observed
and suppressing aberration [3]. The DIM system observes
200-400nm UV light, which is affected by the reduction
of light transmittance due to the formation of a color cen-
ter under a high gamma ray radiation environment. During
the ITER engineering design activities (EDA) phase, radia-
tion effects on the diagnostic instruments were studied [4].
However, as the design progressed, it became necessary to
test and verify the latest equipment expected to be used in
the actual equipment of ITER. The DIM equipment that
was tested and verified in this study is from the present de-
sign and is summarized in Table 1, although the equipment
may be updated as the design continues to progress.

For the DIM optical elements, front-end mirrors and
reflectors are installed in the VV [5,6], steering mirrors and
collection lenses are installed in the ISs, and steering mir-
rors, beam splitters, lenses and bandpass filters for spec-
troscopes and optical fibres are installed in the PCs. In this
study, the vacuum window is excluded as part of the VV. In
the case of optical transmission by optical fibres from the
light collecting system to the spectrometers, light longer
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Table 1 DIM equipment for irradiation tests.

Optical element

vV Mirror: SS316L+Mo or Rh, SS316L+Al+ coat
Retroreflector Mo or SS316L

Mirror: (Base + Al + protective coat)
Doublet lens: SiO, + CaF,

Mirror: (Base + Al + protective coat, etc.)
UV optical fibre, Vis/IR optical fibre

PC | Lens (SiO,, CaF,, LiCaAlFs, etc.)

Half mirror (SiO: + Al + coat)

Band pass Filter, Dichroic mirror
Electrical equipment

VV | Limit switch for shutter, Thermocouple

IS | Piezoelectric actuator, Thermocouple
Piezoelectric actuator, Thermocouple

PC | Light source for calibration

CCD camera, E/O converter, power supply
Auxiliary equipment

VV | Shutter System

PC | Epoxy filler in fibre bundles

IS

Table 2 Estimated dose for DIM install space.

Interspace IS Port Cell PC

UpP 1- 8.4 MGy 1-5.6 kGy
0.2 - 1.8 kGy/h 0.2-1Gy/h

EP 1-1.6 MGy 1-5.6 kGy
0.2- 0.3 kGy/h 0.2 -1Gy/h
Lp 1.3-5.5 MGy 0.1-180 kGy
0.3-1.2kGy/h | 0.02 - 40 Gy/h

than 400 nm has low attenuation and can be introduced to
the spectrometers installed in the diagnostic building more
than 100 m away from the PCs. Light in the 200 - 400 nm
region, however, attenuates significantly. Hence, the spec-
trometers to measure UV light have to be installed near the
collection optics in the PCs to shorten the optical fibres as
much as possible. The UV signals are converted to electri-
cal signals in the PCs.

Typical gamma ray doses in the ISs and the PCs at
ports having no equipment or shielding where DIM equip-
ment is installed are summarized in Table 2. These doses
are calculated from the Radiation Map for the entire ITER
tokamak. The minimum and maximum dose values in each
space are also shown in Table 2. The doses were calcu-
lated by multiplying the dose rate by the total ITER opera-
tion time of 4,700 h. The doses are higher near the plasma
because gamma rays are generated by radiation from the
plasma or activation by neutrons. Here, the maximum
value of the dose rate in the LP #02 PC is large because
the piping for activated cooling water for divertors passes
nearby. In this study, the maximum dose to be evaluated is
taken as tolerances, 10 MGy in the ISs, and 200 kGy in the
PCs.

In this study, we report the results of experiments on
gamma ray irradiation effects on lens materials, polka-dot

beam splitters, and optical fibres.

2. Gamma Ray Irradiation Facility

Gamma ray irradiation experiments were performed
at the gamma ray (°°Co) irradiation facilities of QST’s
Takasaki Advanced Radiation Research Institute. Irradia-
tions at dose rates of 0.4 to 10 kGy/h were done in the 2nd
irradiation building capable of schedule irradiation, while
those at lower dose rates were performed in the food irradi-
ation building. The specimens were set at appropriate po-
sitions for their target dose rates based on a space dose rate
map obtained by measuring using an ionization chamber
and calibration using a polymethyl methacrylate (PMMA)
dosimeter (Radix W) [7].

3. Gamma Irradiation on Lens Mate-

rials

The preliminary design of the DIM employs achro-
matic lenses in ISs and PCs and lens groups for spectro-
scopes in PCs [3]. Silica (Si0O,), fluorite (CaF;), and Li-
CAF (LiCaAlFg) were chosen as vitreous materials for the
irradiation experiments. SiO, and CaF, are standard ma-
terials available on the market for optical elements whose
types vary depending on their constituents and manufactur-
ing processes. Materials having high radiation resistance
have also been developed and the effects of gamma ray ir-
radiation on them are well known. Therefore, the effects
of gamma rays on materials from candidate manufacturers
that are likely to be used in the actual equipment of the
DIM system must be confirmed, which will contribute to
the design of the shielding. LiCAF is a promising inor-
ganic material for neutron scintillators and lasers and has
undergone fundamental and application studies [8,9]. Li-
CAF is also an advantageous material to use in the UV
wavelength region due to its high Abbe number and thusly
its high capability of chromatic aberration correction in the
UV region. The effects of gamma ray irradiation on LiCAF
must be investigated for LiCAF to be used in ITER radia-
tion environments. The glass material specimens were pro-
cured from Bunkoukeiki Co., Ltd. [10], a candidate man-
ufacturer for the spectrometers. The dimensions of speci-
mens are 10 X 7 x 4.1 mm for SiO,, 10 X 7 X 4.0 mm for
CaF,, and 10 x 7 x 5.2 mm for LiCaAlFg.

3.1 Gamma irradiation effects on silica

The transmittance spectra of SiO, specimens were
measured using a spectrophotometer (JASCO V-750) at
each step of gamma ray irradiation, as shown in Fig. 1.
The small peak at 400 nm was caused by a filter in the
spectrometer, the step at 340 nm was caused by switching
the light source. The gamma ray induced color centers of
Si0, are dominated by non-bridging oxygen hole centers
NBOHC (=Si-O -) with a peak at 260nm and E’-center
(=Si ) with a peak at 215 nm. In the region above 400 nm
where these effects are absent, the decrease in transmit-
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Fig. 1 Transmittance spectra of silica glass specimen (4.1 mm
thickness) after ®°Co gamma ray irradiation.

tance at 10 MGy irradiation is about 2%. However, the
transmittance decreases with the doses in the region below
300 nm due to the color centers and becomes extremely
low near 215 nm at 10 MGy.

Irradiation-induced degradation of transmittance has
to be minimized as much as reasonably achievable. In the
ISs, when assuming the transmittance of a SiO, lens hav-
ing a thickness of 4 mm after 10 MGy of irradiation has
to be kept above 80% over the entire wavelength region of
DIM measurements, the 10 MGy dose must be reduced to
about 250kGy by shielding. This reduction is equivalent
to 6cm-thick tungsten, 10-cm thick lead, or 22-cm thick
stainless steel for shielding '®N gamma rays. However,
shielding of the optical elements may not be easy because
gamma rays can also reach along the optical path. In the
PCs, the transmittance needs to be as high as possible be-
cause many silica materials are used for lenses, band-pass
filters, and other elements in the spectrometers. In the re-
gion of 200 - 300 nm, the transmittance drop of an optical
fibre is relatively large (5 - 10%) even without the effects of
irradiation and the gamma irradiation-induced attenuation
of transmittance (about 10%) was observed for a 4.1-mm
thick silica specimen at a dose of 200 kGy. Therefore, the
design of PC optics must be improved by taking into ac-
count a simple optical configuration, choice of glass mate-
rials, layout of optical elements having different radiation
resistance, and reasonable and realistic shielding that fits
in the narrow assigned space in the PCs.

3.2 Gamma irradiation effects on fluorite
The transmittance spectra of CaF, specimens after
gamma ray irradiation are shown in Fig.2. The measure-
ments were performed in the same manner as with SiO,.
Neither major color center nor irradiation-induced attenu-
ation of transmittance were observed. No special consid-
eration needs to be taken for CaF, as regards the design of
the DIM optical system because CaF, is used together with
Si0O; to correct the chromatic aberration of SiO,, thus, the
radiation shielding for SiO, is sufficient for CaF,.
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Fig. 2 Transmittance spectra of CaF, specimen (4.0 mm thick-
ness) after ®°Co gamma ray irradiation.
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Fig. 3 Transmittance spectra of LiCAF glass specimen (5.2 mm
thickness) after °Co gamma ray irradiation. Absorption
due to the F center at 262 nm and transition at 245 nm are
apparent.

3.3 Gamma irradiation effects on LiCAF

The transmittance spectra of LiCaAlFg specimens af-
ter gamma ray irradiation are shown in Fig. 3. Compared
with SiO,, the transmittance decreases in the wavelength
region lower than 400 nm even at low doses, but saturation
occurs at doses of several MGy. It would be difficult to use
LiCaAlF¢ in an optical system in a gamma ray environ-
ment because a 5% reduction near 250 nm was observed
at an irradiation of only 10 Gy. The advantage of LiCAF
glass is its correction of chromatic aberration in the UV
region. However, its superiority would be lost due to its
low transmittance in the UV region in a radiation envi-
ronment. LiCaAlFg glass has a color center of F-center
at 262 nm [8], which can be observed in terms of its op-
tical density (absorbance). The optical density per unit
length OD (1) / d [ecm™'] is calculated from the formula
(1), where transmittance is T (A1), reflectance is R (1), and
sample thickness is d (cm). The reflectance measured is
taken into consideration.

OD(1)/d = ~log;o [T()/(1 = R(D)] /d. ey

The optical density of a LiCAF specimen at the F-
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Fig. 4 Optical density of LiCAF glass specimen at 262 nm after
%Co gamma ray irradiation. Below 10kGy, the contri-
bution from the F center at 262 nm is dominant, and the
influence by transition of electron trapped at F center is
apparent above 20 kGy.

center (262 nm) is shown in Fig.4. The error bars on the
optical density were added as measurement error. The plot
increases with the same slope up until about 10 kGy, after
which the slope becomes steeper. This difference in slope
is owing to the dominant effect of F-center when the num-
ber of color centers is small, however, the transition of a
single electron trapped in the F-center F© — F* (245nm)
increases with the number of color centers. Here, F*, F°,
and F~ mean the states that the F center can trap 0, 1, and
2 electrons, respectively. At low doses, the contributions
from the formation of the F-center (absorption at 262 nm)
is dominant, and over 10 kGy, the contributions by the gen-
erated F-center are apparent.

4. Gamma Irradiation on Beam Split-
ters

The DIM has three kinds of spectrometers, a fil-
ter spectrometer for observation of a fixed wavelength at
a high time resolution, a survey spectrometer that mea-
sures over a wide wavelength region simultaneously, and
a high dispersion spectrometer at a high wavelength res-
olution [11]. Therefore, it is necessary to distribute the
observed light to spectrometers without wavelength depen-
dence in the measurement range (200 - 1000 nm) by using
beam splitters. Several methods for splitting light have
been studied, such as branching using optical fibres [4].
A simple optical system to divide incident light is neces-
sary because optical components are installed in the nar-
row assigned space in the PCs. A polka-dot mirror, which
is formed by vapor depositing small, circular mirrors on
a glass form is considered to be a promising candidate.
The effects of gamma ray irradiation on transmittance, re-
flectance, and morphology were investigated.

The specimen is a Shimadzu T50-20S fused silica
base Al dotted mirror with MgF, protection coating, which
is a so-called half mirror having approximately 50% reflec-
tion. Its dimensions are 50.8 x 50.8 X 1.5 mm and its dot
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Fig. 5 Transmittance spectra of polka-dot half mirror after ®*Co
gamma ray irradiation.
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Fig. 6 Reflectance spectra of polka-dot half mirror after **Co
gamma ray irradiation.

pitch is about 0.3 mm [12].

The transmittance spectra of polka-dot half mirrors af-
ter gamma irradiation are shown in Fig. 5. A small peak at
400 nm that was caused by an internal filter of the spec-
trophotometer was removed to avoid any misinterpreta-
tions. The measurement conditions were the same as those
of the measurements of the lens materials. Since the polka-
dot mirror is designed as a 50% reflecting half mirror, it
shows characteristics similar to those of SiO, in Fig. 1 hav-
ing a maximum transmittance of 50%.

The reflectance spectra of polka-dot half mirrors are
shown in Fig. 6. The reflections of the front coated sur-
face and the back substrate surface were measured using a
JASCO V-780 spectrophotometer with a SLM-907 specu-
lar reflectance accessory having a 5° incident angle. The
multi surface reflections were not excluded. For back re-
flection, an absorption peak of silica (=Si - OH) was ob-
served near 1390 nm. No significant effects from irradia-
tion were observed in the range up to 200 kGy on both the
surface reflection and the back reflection.

SEM observations were carried out to investigate the
morphology of the polka-dot half mirrors after irradiation.
SEM images before and after 200 kGy of irradiation are
shown in Figs.7A and 7B, respectively. The accelerat-
ing voltage of the electron beam was 2kV. The circles are
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Fig. 7 SEM images of polka-dot half mirror. A) Before irradia-
tion, B) 200 kGy irradiation.

the Al-deposited surface on the fused silica substrate. The
electric conductance of the protective coat of MgF, is low
so that the electron charge-up produces some noise. Any
visible damage due to gamma ray irradiation is not ob-
served along the edges of the aluminum circles.

From these results, it was found that the impact on
optical performance by gamma ray irradiation of approx-
imately 200 kGy would be negligible if a polka-dot beam
splitter is used in the PCs.

5. Gamma Irradiation on Optical Fi-

bres

Optical fibres are widely used in various gamma ray
environments. Research was also carried out in the en-
gineering design phase of ITER [13, 14]. In most of
this research, the wavelength region evaluated was mostly
longer than 400 nm, while the DIM system measures 200 -
1000nm. Hence, it is necessary to evaluate the optical
characteristics after irradiation in the UV range of 200 -
400nm. The DIM system employs optical fibres to trans-
mit collected light by a telescope to the UV spectrometers
in the PCs and to the Vis/IR spectrometers in an external
building. The length of UV optical fibres in the PCs are
less than 5 m and the length of Vis/IR is about 10 m in the
PCs and over 100 m in non-radiation areas [11]. We con-
ducted preliminary experiments on the effects of gamma
ray irradiation on high OH concentration optical fibres and
low OH concentration fibres, which are used for measure-
ments in the UV region and the Vis/IR region, respectively.

Optical systems were set up as shown in Figs. 8 (a)
and 8 (b) to measure the change in transmittance due to
gamma ray irradiation of optical fibres. In both systems,
the gamma-irradiated optical fibres were connected to a
light source and a polychrometer via connection fibres
to adjust the amount of light and convert FC connectors
to SMA connectors. The light source for UV was a D,
lamp (Hamamatsu L. 10290) and the light source for Vis/IR
was an integrating sphere light source (HELIOS). Avantec
AvaSpec-2048L polychrometers were used to measure UV
(200-450nm) and Vis/IR (350- 1100 nm) using different
gratings. The optical fibre specimens were Fujikura FFC-
2P-2M-S 200/220 high OH type for UV and FFC-2P-2M-
S, and 200/220B low OH type for Vis/IR. The core diam-
eters were 200 um, the lengths were 2 m, and FC connec-

Sample fibre

Polychromator
200 - 450 nm

FC FC Ava Spec-2048L

Hamamatsu L10290
(a) UV system

Integrating sphere Sample fibre

light source
Polychromator
SMA 350 1100 nm

Ava Spec-2048L
HELIOS {b Vls,I’IR System

Fig. 8 Optical system used for measuring transmittance of opti-
cal fibres. (a) UV measurement (b) Vis /IR measurement.
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Fig. 9 Radiation-induced attenuation spectra of high OH fibres
for UV in UV region by ®*Co gamma ray irradiation.

tors were attached at both ends [15]. The technical speci-
fication shows the spectral attenuation are 0.1 dB/m in the
region longer than 400 nm, and spectral attenuation drops
sharply as the wavelength becomes shorter.

The observed radiation-induced attenuation (RIA)
spectra in the UV region of the high OH fibre is shown
in Fig.9. The horizontal axis is wavelength, and the ver-
tical axis indicates the ratio of the transmittance of the ir-
radiated fibres to that of unirradiated fibres. Because the
signal of the transmitted light in the region under 250 nm
was quite small, that area was not included in the figure.
The observed decrease in the region under 300 nm is sig-
nificant even at 1 kGy of irradiation. In particular, in the
region around 250 nm, the transmittance is very weak. As
the irradiation increases, the transmittance on the shorter
wavelength becomes lower. Consequently, the attenuation
of the light transmittance in the UV range due to gamma
ray irradiation is very large and some remedial measures
should be considered.

The results of RIA spectra in the Vis/IR region of the
low OH fibres are similar to the results from former exper-
iments [6]. The decrease of transmittance of the low OH
fibre in the Vis/IR region is negligible for its use in PCs
with reasonable radiation shielding. The next step for op-
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tical fibres is to conduct gamma ray irradiation on the fibre
bundle assemblies.

6. Summary

Gamma ray irradiation tests for DIM optical elements
that are installed in the ITER radiation environment were
carried out for the final design. For the lens materials,
we found that the use of silica and LiCAF requires more
shielding for 10 MGy irradiation in the ISs. For LiCAF,
it was observed that the absorption due to the generated
F-centers becomes prominent over 1 MGy. For polka-dot
beam splitters, it was found that the effects of gamma ray
irradiation on the reflectance and transmittance was neg-
ligible for its use in the PCs. For optical fibres, it was
found that the attenuation of the transmittance of the high
OH fibre for UV measurement is significant and hence it is
necessary to make design improvements in terms of trans-
mission of light in the PCs, such as enhanced radiation re-
sistance of a fibre combined with shielding or an alterna-
tive optical configuration without fibres. Further gamma
ray irradiation tests on the ITER DIM system design are
necessary to improve and secure the performance of each
optical/mechanical/structural/electrical component.
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