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The optical design of Impurity Influx Monitor (divertor) was carried out for new ITER design and ray-
tracing analysis shows that the spatial resolution of ITER regquirement (50 mm) will be achieved by these optical
systems designed here. The mechanical design of front end optics also carried out based on the optical design and
results of port integration. In the upper port, front end optics can be installed inside the pipe of inner diameter
of #300mm. In the equatorial port, al the optical component are placed to avoid the interaction with other
diagnostic equipments. Heat analysis was carried out for the optimization the cooling method of mirrors, mirror
holders and mounting modules to reduce the temperature rise caused by the nuclear heating. It indicates that
mirrors can be cooled by the thermal conduction using mirror holders made of a copper alloy and making many
cooling channels on the mounting module. Finally, the effect of the thermal deformation to the optical properties

is estimated by using the optical design code.
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1. Inroduction

The main function of the Impurity Influx Monitor (di-
vertor) is to measure the parameters of impurities and iso-
topes of hydrogen (tritium, deuterium and hydrogen) in the
divertor plasmas by using spectroscopic techniques in the
wavelength range of 200-1000nm. The detailed require-
ments are shown in references[1, 2]. The expected impuri-
ties are carbon, tungsten, beryllium and copper originating
from the divertor target plate and from the surface of the
first wall in the main chamber. Neon, argon, krypton or
other impurity gases injected into the plasma for radiation
cooling in the divertor and the plasma edge will also be
observed [1-3].

In the divertor plasma, many spectral lines from neu-
tral and ionized atoms are emitted from vacuum ultraviol et
to visible region due to low electron temperature and high
electron density. In present tokamak experiments, visible
spectrometer is used to study the divertor plasma, because
no vacuum extension is necessary. In ITER (International
Thermonuclear Experimental Reactor) divertor diagnos-
tics, same technol ogies can be applied except that the mea-
surements are required for the full duration of the ITER
pulse (>600s) and specia provisions are necessary to
measure in the harsh environment for diagnostic compo-
nents such as high temperature, high magnetic field, high
vacuum condition and high radiation field.
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The ITER international team and the Japan Home
Team (Japan Participant Team) had designed the Impu-
rity Influx Monitor (divertor) during the EDA and CDA
phases [4-9]. Because the machine size of ITER was re-
duced after EDA phase, interfaces between ITER and the
monitor changed. In order to install in the present ITER,
changes in the design of the monitor are required.

Inthisarticle, new optical design compatible with new
interface is described. The mechanical design of the front
end optics installed on the port plug based on the optical
design isalso described. Finally, result of the heat analysis
by assuming constant nuclear heating and effect of the heat
distortion to the optical propertiesis reported.

2. Design of System

Impurity Influx Monitor (divertor) observes divertor
region using four optical systems; i) central optics with
mirrors installed in the divertor cassette, ii) side optics
through the gap between the divertor cassettes, iii) optics
from the equatorial port, iv) optics from the upper port as
shown in Fig. 1. The two-dimensional measurement in the
poloidal plane will be performed by using these four opti-
cal systems.

The four optical systems mentioned above are com-
plementary to each other. The optical system with mirrors
installed in the divertor cassette has a better spatial reso-
lution along the divertor plates from the bottom to the top
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Fig. 1 Schematic view of theimpurity influx monitor (Divertor)
for ITER.

region of the plate, because the lines of sights are almost
perpendicular to the plates. In addition, the signals are not
affected by the emissions from the main plasma, because
the lines of sights do not pass through the main plasma.
However, the range of the observation islimited to a small
area near the divertor. The optical system through the gap
between the divertor cassettes observes divertor plasmas
from the strike point to the X-point, but does not observe
the divertor plate itself. The opticd systems from the up-
per port and from the equatorial port will be able to ob-
servelarge areaof the divertor plasmas except the areanear
the inner and outer strike point, respectively. The lines of
sights are almost parallel to the divertor plates. It causes
the better spatial resolutionintheradial direction but worse
along the divertor plate.

In the previous design, the collection optics for each
viewing fan was composed of off-axis aspherical mirrors
and had different optical parameters. To simplify the op-
tics, the design of the collection optics will be changed
from an off-axis aspherical mirror system to a simple
Cassegrain telescope system composed of simple spheri-
cal mirrors and lenses and the collection optics for each
viewing fan having same optical parameters. In addition,
a micro lens array will be inserted just in front of the
fiber bundle to expand the observed area toroidaly to in-
crease the light detected. Thismicro lens array is piled up
many micro lenses, whichisthin spherical lenswith height
of 0.25mm, thickness of 7.35mm and effective width of
2mm.

Theoptical design hasbeen carried out by using aray-
trace analysis. For each viewing fan, rays are emitted from
five points of the micro lens array and go to the diver-
tor plate through a collection optics, a relay optics and a
front end optics. The analysisindicates that the spatial res-
olutions performed by the central optics, the side optics,
the equatorial port optics and the upper port optics will be
<10mm, <35mm, <48 mm and < 37mm, respectively.
From this result, the optics designed here will meet the
ITER regquirement for spatial resolutions (< 50 mm) [9].

The mechanical design of mirror holders for the front
end optics of the upper and the equatorial port hasbeen car-
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Fig. 2 Mechanica design of the front end optics in the upper
port.

ried out. Optical componentsin the upper port areinstalled
inside the pipe with inner diameter of 300mm replaced
with that for the remote-handling of the port plug. Three
mirrors and the mechanical shutter are mounted on the
mounting module of 300mm diameter and 600 mm long
as shown in Fig. 2. The mounting module is manufactured
by machining and drilling the solid bar steel (monolithic
structure).  Cooling channels are constructed by drilling
the mounting module and weld the plug except for theinlet
and outlet of cooling water. The mounting module made of
stainless steel 316 is also used as a neutron shield. Copper
alloy with higher thermal conductivity is selected as ama-
terial of mirror holders from the heat analysis described in
Section 3. Only mirror holder for the plasmafacing mirror
(M1) has a kinematic mount type optica alignment to ad-
just thetilt angle of the mirror before theinstallation inside
the pipe. The ray-trace analysis by the optical design code
ZEMAX indicatesthat other two mirrors must be installed
with accuracy of + 0.1 degree to keep the ray through the
center of the shutter plate and to reduce the displacement of
the measured positions by removing the optical alignment
from M2 and M3 mirrors. This accuracy can be achieved
by using the conventional machining technology.

In order to avoid the interaction with other diagnostic
system such as the radia neutron camera, M SE (M otional
Stark Effect) and IR (Infra-Red) TV, the optical path in the
equatorial port isnot simple compared with that in the up-
per port. Therefore, two mounting modules connected by
the pipe are used in present design, that is, plasma facing
mirror (M1) to the third mirror (M3) are mounted in the
one mounting module (Mounting Module 1) and the forth
and fifth mirrors are mounted in the other mounting mod-
ule (Mounting Module 2) asshownin Fig. 3. The materials
of the mounting module and mirror holders are the same as
those in the upper port. The kinematic mount type optical
alignment is also installed on the M1 mirror holder. The
mounting module is manufactured by welding the solid
plate with sufficient thickness for making cooling chan-
nels. The cooling channels are constructed by machining
the grooves on the plate and welding a closure plates. Mir-
ror holders are bolted on the mounting module.

Themechanical shutter driven by awireand/or arodis
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Fig. 3 Mechanica design of the front end optics in the equato-
ria port.

also designed. Shutter designed hereisnormally open kept
by the spring and mainly used during discharge cleaning
for the protection of the plasma facing mirror. The micro
retro-reflector array (size = 10x 10mm) used for in-situ
calibration is mounted on the shutter plate. The shutter
plate is made of titanium alloy and driving wire is made of
stainless steel 316. The silicon nitride (SisNg) is a candi-
date for the materials of a bearing and alinear guide. The
ultra-sonic motor is considered as an actuator. The irradi-
ation test is necessary for a bearing, alinear guide and an
ultra-sonic motor to usein the ITER environment.

3. Heat Analysis

In order to reduce the temperature rise caused by the
nuclear heating, the mounting module has many cooling
channels. On the other hand, it is difficult to make cooling
channel on the mirror and/or the mirror holders because it
is difficult to connect cooling water pipes to many com-
ponents by remote handling. In present design, the mirror
and mirror holders are cooled by the thermal conduction.
The first mirror (M1) is made of molybdenum and oth-
ers are made of aluminum alloy in the upper port optics.
The temperature of M2 and M3 mirrors does not exceed
300°C and flat temperature profile on the mirror surfaceis
favorable in the point of view of the thermal deformation.
The optimization of the design of the mirror holdersis car-
ried out by using ANSY S code. Models analyzed here are
summarized in Table 1. In this code, the radiation heat
from plasma and the sliding on the surface and/or edge of
each component are not considered and only steady state
analysis is carried out. Additionally, a constant nuclear
heating of 0.2MW/m? is assumed in the upper port. Fig-
ure 4 shows the temperature on the each mirror surfacein
each model. As aresult of model A, the temperature on
M3 mirror and M3 mirror holder exceeds 400°C because
the thermal conduction through the heat anchor and sev-
eral bolts connected to the mounting module isinsufficient
to remove the large amount of nuclear heating. By chang-
ing the design to remove the kinematic mount type optical
alignment from M2 and M3 mirror holder and to contact to
the mounting module tightly, temperature on the M2 and

Table 1 Models of front end optics for the thermal analysisin the

upper port.
Cooling method of mirrors

e The kinematic mount type opticad align-
ment isinstalled on all mirror holders.

e Mounting module and mirror holders are

Moddl A made of SUS316.

e The hear anchor (Cu Mesh Belt) is con-
nected from mount module to all mirror
holders.

Modd B e The kinematic mount type optica align-
o ment system is installed on M1 mirror
holders only.
Moddl C-1 e Remove the heat anchor from M2 and M3
0 "= mirror holders.
M2 and M3 mirror holders are made of the
Model C-2|°
cupper aloy.
All mirror holders are made of the cu
Model C-3|* ) Pper
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Fig. 4 Temperature on each mirror surface on the upper port cal-
culated in the case of models tabled in Table 1 assuming
the constant nuclear heating of 0.2 MW/m?3.

M3 mirror holders decreased drastically. From results of
Model C-2 and C-3, itisalso useful for the reduction of the
temperature rise to use high thermal conductivity materials
for mirror holder. The temperature of mirror surfacein the
Model C-3 is summarized in Table 2. The heat distortion
of mirror surface calculated by using this temperature pro-
files is also summarized in Table 2. The maximum ther-
mal deformation of the mounting module is 0.151 mm and
the thermal deformation on the mirror surface is less than
0.1 mm. In order to estimate the effect of the heat distortion
to the optical property, ray trace calculation is carried out
by using ZEMAX code. In this calculation, it is assumed
that the thermal deformation of a mirror surface changes
the tilt angle of each mirrors and thermal deformation of
the mounting modul e changes the angle of the light to the
vacuumwindow. From this calculation, the measured posi-
tion is moved less than 20 mm by the thermal deformation,
but the size and the shape of spot is amost same. This
means that the effect of thermal deformation to the optical
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Table 2 Temperature and thermal strain on each mirror surfacein

the upper port.
Temperature | Therma Deformation
M1 207.0~207.8°C 0.014~0.036 mm
AT =0.8°C AL = 0.022mm
M2 185.5~188.1°C 0.079~0.1116 mm
AT =26°C AL = 0.032mm
M3 171.6~127.7°C 0.025~0.111mm
AT =1.1°C AL = 0.086 mm

property is small in this port.

For the front end optics of the equatorial port, heat
analysisis carried out by assuming the nuclear heating of
0.4MW/m3. The mounting module is complex configu-
ration compared with that of the upper port. It is effec-
tive for reduction of the temperature and the temperature
gradient on the mounting module and/or mirror surface to
make many cooling channels on the mounting module. Af-
ter the optimization of the design, the maximum tempera-
ture is about 291°C and difference of the temperature is
about 150°C on the mounting module as shown in Table 3.
These values are higher than those in the upper port. The
thermal deformation is also calculated by using this tem-
perature profiles. The maximum thermal deformation is
about 1 mm which is one order magnitude compared with
that in the upper port. The temperature profile and thermal
deformation on the mirror surface is also summarized in
the Table 3. The thermal deformation on the mirror sur-
face isabout 0.2 mm which is two times larger than that in
the upper port.

From the calculation by the same assumption for the
upper port, the measured positions are displaced about
150mm by the thermal deformation. This displacement
is not small but it is possible to observe the measured po-
sitions by using the alignment optics installed on the col-
lection optics and to adjust by using the optical alignment
installed on the just behind the vacuum window.

4. Summary

Thedesign work of Impurity Influx Monitor (divertor)
was carried out for new I TER design and following results
are obtained.

(1) Ray trace analysis for each viewing fan indicates
that the optics designed here will meet the ITER require-
ment for spatial resolutions (< 50 mm).

(2) The mechanical design of front end optics in the
upper and equatorial portis carried out based on the optical
design mentioned above and the results of the integration
to the port plug.

(3) Heat analysis indicates that it is possible for mir-
rors to be cooled by the thermal conduction using mirror
holders made of a material with high therma conductivity
such as a copper alloy and making many cooling channels
on the mounting module.

Table 3 Temperature and thermal strain on each mounting module
and mirror surface in the equatorial port.

Temperature | Thermal Deformation
Mounting | 149~291°C 0~1.091 mm
Modulel | AT =142°C AL = 1.091mm
Mounting | 151~232°C 0~0.441mm
Module2 | AT =81°C AL = 0.441mm
M1 257~263°C 0.424~0.552mm
AT =6°C AL = 0.128mm
M2 212~214°C 0.348~0.526 mm
AT =2°C AL = 0.178 mm
M3 199~200°C 0.322~0.475mm
AT =1°C AL = 0.153mm
M4 232~233°C 0.031~0.212 mm
AT =1°C AL = 0.180mm
M5 232~231°C 0.009~0.211 mm
AT =1°C AL = 0.202mm

(4) The effect of therma deformation to the optical
properties is also calculated by using the optical design
code. In the optics on the upper port, it is small. But in
the equatoria port, the measured positions are displaced
about 150 mm by the thermal deformation.

From above mentioned results, the monolithic struc-
ture such as the front end optics of the upper port is favor-
ablein the point of view of the cooling.
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