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The divertor impurity monitoring system of ITER has been designed. The main
functions of this system are to identify impurity species and to measure the two-
dimensional distributions of the particle influxes in the divertor plasmas. The wavelength
range is 200 nm to 1000 nm. The viewing fans are realized by molybdenum mirrors
located in the divertor cassette. With additional viewing fans seeing through the gap
between the divertor cassettes, the region approximately from the divertor leg to the x-
point will be observed. The light from the divertor region passes through the quartz
windows on the divertor port plug and the cryostat, and goes through the dog-leg optics
in the biological shield. Three different type of spectrometers : (i) survey
spectrometers for impurity species monitoring, (ii) filter spectrometers for the particle
influx measurement with the spatial resolution of 10 mm and the time resolution of 1 ms
and (iii) high dispersion spectrometers for high resolution wavelength measurements

are designed. These spectrometers are installed just behind the biological shield (for A <
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450 nm) to prevent the transmission loss in fiber and in the diagnostic room (for A =
450 nm) from the point of view of accessibility and flexibility. The optics have been
optimized by a ray trace analysis. As a result, 10-15 mm spatial resolution will be
achieved in all regions of the divertor.

In addition, the measurable limit, the neutron and vy -ray irradiation effect on
windows, a calibration method, an alignment method, a remote handling method and a

data acquisition method are considered.

Keywords : ITER, ITER EDA, Divertor, Impurity, Impurity Monitor, Spectroscopy, Design,
Optics, Visible Ray, Filter
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1. Introduction

The main functions of this system are to identify impurity species and to
measure the two-dimensional distributions of the particle influxes in the
divertor plasmas. The expected impurities 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 and other impurity gases injected into the
plasma for radiation cooling in the divertor will also be observed. The
wavelength range is 200 nm to 1000 nm. This system, which is one of the most
important diagnostic systems for plasma control, is included in the start-up set of
ITER diagnostics [1].

The temperature of the divertor plasma is lower than that of the main
plasma. Many spectral lines originating from neutral and ionized atoms and
molecules are emitted in the ultraviolet and visible region as well as in the
vacuum ultraviolet region. These spectral lines have information of plasma-wall
interaction. In existing tokamaks, visible spectroscopy is used extensively to study
divertor plasmas and also edge plasmas, because the apparatus of visible
spectroscopy is relatively simple compared to that of the vacuum ultraviolet
spectroscopy which needs a vacuum extension and a pumping device. For
example, impurity species identification, particle influx measurements and
studies of the impurity generation and particle recycling mechanism [2,3,4,5,6,7]
have been carried out in various tokamaks. Electron temperature and density
measurements [8] and ion temperature measurements have been also attempted.
These techniques will be able to extrapolate to ITER divertor diagnostics except in
the very high electron density and low temperature region where the
recombination process is dominant.

In this report, the conceptual design and the detailed optical design of the
divertor impurity monitoring system are described. In addition, the measurable
limit, the neutron and y-ray irradiation effect on windows, a calibration method
and an alignment method are considered. The conceptual design for the data
acquisition system is also reported.
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Proceedings of the International Workshop on "Diagnostics for Experimental Fusion Reactors"
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2. Requirements

The identification and monitoring of the impurity species, and the two-
dimensional measurement of particle influxes in the divertor plasma are very
important for ITER plasma control. The requirements for the divertor impurity
monitoring system are shown in the section 5.5 of the ITER design description
document (DDD) and other papers [1,2,3,4]. As shown in the section 5.5.E.04 [5] of
the DDD, the objective of the divertor impurity monitoring system is to obtain
spatially resolved measurements from the plasma in the divertor channel to
identify and quantify the impurity species. The wavelength range of 200-1000 nm
and two-dimensional measurement in the poloidal plane are required.

The more detailed requirements for parameters to be measured, parameter
ranges, spatial resolutions, time resolutions and accuracies are summarized in
Table 2-1.

Table 2-1. Target requirements for impurity monitoring system [2, 3, 4, 5].

* Impurity Species Monitor

Parameter Parameter range Spatial res. Time res. Accuracy
Be influx TBD Several point 10ms 10 % (rel.)
C influx TBD TBD 10ms 10 % (rel)
Cu influx TBD Several point 10ms 10 % (rel)
Ne influx TBD TBD 10ms 10 % (rel.)

* Key Divertor Parameter

Parameter Parameter range Spatial res. Time res. Accuracy

"lonization front" position 0-2m ~10cm 1ms 10 %
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Table 2-1. Target requirements for impurity monitoring system (continued).

¢ Impurity and D, T Influx in Divertor

Parameter Parameter range Spatial res. Time res. Accuracy
I'Be, T, TW 1017 -1022 at/sec  10mm 1ms 30 %
I'p, I't 1019-1025 at/sec  10mm 1ms 30 %

¢ Divertor Helium Density

Parameter Parameter range Spatial res. Time res. Accuracy

NHe 1017 -1020 m-3 - 1ms 20 %

* nT/np, nH/np in Divertor

Parameter Parameter range Spatial res. Time res. Accuracy
nT/np 0.1-10 - 100 ms 20 %
ny/np 0.01-01 - 100 ms 20 %

* Jon Temperature in Divertor

Parameter Parameter range Spatial res. Time res. Accuracy

Ti 1-200 eV 10 cm (along legs) 1ms 20 %
0.3 cm (across legs)

References

[1] A.E. Costley, et al., ITER Diagnostic System, in: ITER Design Description Document, (1996).

[2] A. E. Costley, et al., ITER Diagnostic System, in: ITER Design Description Document, (1998).

[3] A. E. Costley, et al,, in: Diagnostics for Experimental Thermonuclear Fusion Reactors (Plenum
Press, New York, 1998) 41.

[4] V. S. Mukhovatov, et al., in: Diagnostics for Experimental Thermonuclear Fusion Reactors
(Plenum Press, New York, 1998) 25.

[5] K. Ebisawa, Divertor Impurity Monitoring System, in:ITER Design Description Document, (1998).
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3. Consept of measuring method and composition

In order to realize the required measurements, the divertor impurity
monitoring system has three different types of spectrometers; one for each
function.

The first are visible survey spectrometers for impurity species monitoring
and particle influx measurements with a time resolution of 10 ms. These
spectrometers have more than 12 lines of sight in the divertor legs. The spectral
lines emitted from 200 nm to 1000 nm will be measured simultaneously.

The second are filter spectrometers for two-dimensional measurements of
particle influxes with the spatial resolution of ~10 mm and the time resolution of
1 ms. These spectrometers have almost 500 lines of sight and will be able to
measure over 12 spectral lines for every line of sight simultaneously. The
ionization front and helium density will also be measured by these
spectrometers. The measurement of electron density and the electron
temperature will be attempted.

The third are high dispersion spectrometers for measuring the ion
temperature, the particle energy distribution and the ratios of tritium density to
deuterium density (nT/np) and hydrogen density to deuterium density (ng/np)
in the divertor plasma. The ion temperature will be derived from the Doppler
broadening of impurity lines. The ratios of nt/np and ny/np will be estimated
from the intensity ratios of tritium Ta to deuterium Do and hydrogen Ha to
deuterium Do respectively.

The functions and outline specifications of each spectrometer are
summarized in Table 3-1.

Table 3-1 Functions and outline specifications of proposed spectrometers.

* Visible survey spectrometer

Parameters to be measured: Impurity species, Impurity and D/T influx
Wavelength range: 200 nm - 1000 nm (simultaneously)
Wavelength resolution: ~0.1nm

Time resolution: 10ms

Spatial resolution: ~ 12 sight lines for divertor legs

¢ Filter spectrometer

Parameters to be measured: 2-dimensional impurity and D/T influx, Ionization
front, Helium density, (ne, Te )

Wavelength range: 200 nm - 1000 nm (~ 12 lines)

Wavelength resolution: ~1nm

Time resolution: 1ms

Spatial resolution: ~10mm
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Table 3-1 Functions and outline specifications of proposed spectrometers (continued).

* High dispersion spectrometer

Parameters to be measured: nT/np and nH/np ratio, Ion temperature, Particle
energy distribution

Wavelength range: 200 nm - 1000 nm

Wavelength resolution: <0.01 nm

Time resolution: 10ms

Spatial resolution: ~ 12 sight lines for divertor legs
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4. Conceptual arrangement

The arrangement of the Divertor Impurity Monitoring System has been
considered from the point of view of magnetic environment, first-mirror
material, neutral particle bombardment on the first mirror and transmissivity of
optical fiber as described below. The irradiation effect of neutron and y-ray on a
window is described in section 7.

4.1 Magnetic field and shielding for detector

Magnetic shield is necessary to the detector which has a image intensifier
such as a micro channel plate (MCP). The divertor impurity monitoring system
has been planned to use such detector. It is necessary to shield the detector from
the strong magnetic field induced by the poloidal coils. The permissible magnetic
flux density of the detector, which already surrounded by the magnetic shield
materials, is about 0.01 T (100 G).

If the detector is set in the divertor diagnostic shield block located in the
divertor port as shown in Fig. 4.1-1, the estimated magnetic flux density at the
detector will reach around 1 T [1].

B “i}b'! ! | 2000 0 N I | 17 1
Y% /4-{ ® IBl(z=-5m)
* 7 -
g f g4 Cryostat
0.6 e -
~ % “~Bio-shield ]
m ”
- P 7
l Z2=0 0.4 ZDivertor Port z
7 4
| N 0.2 1ty
A0
/.

5 10 15 20 25 30
R (m)
Divertor Port
Fig. 4.1-1 Cross section of ITER Fig. 4.1-2 Magnetic field induced by poloidal coils.
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4.1.1 Magnetic field induced by poloidal coils

The magnetic field induced by the poloidal coils calculated by Dr A.Portone
(Naka JWS) is shown in Fig.4.1-2 along the major radius on Z=-5 and -6. The
detector will be set somewhere along the line. If we set the detector in the
diagnostic shield block located in the divertor port, the magnetic flux density is
estimated around 1T at the position of the detector (Z=-5 ~ -6 m, R=13 ~ 14 m).

4.1.2. Rough estimation of magnetic shield

Here, we consider single layer shielding, because we assume the detector is
already surrounded by the shielding materials (such as iron and Mumetal)
against the magnetic flux density of 100 G.

The magnetic flux density in a shielding material Bm should be less than
the value of the saturation magnetic flux density Bgat.

Bm < Bsat 4.1-1)

If we use the cylindrical model and assume
that the magnetic field lines in the region of
twice diameter of shielding material come into
the shielding material as shown in Fig.4.1-3, the
magnetic flux density in a shielding material Bm
is

Bm = Bout x2D / 2t
= Bout X (Din+2t) / t. (4.1-2)

Here, Bout is the magnetic flux density of Fig.4.1-3 Concept of magnetic
outer region of the shield, and D, Din, and t are shielding.
the outer diameter, inner diameter and
thickness of the shield material.

From the equation (4.1-1) and (4.1-2), we can estimate the required thickness
of shielding material as a function of Bout.

We assume;

i) shielding material: soft iron Fe, which has a large value of the saturation

magnetic field Bgat = 21.5 kG,

ii) inner diameter Dijn = 15 cm, and 10 cm.

_7_
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Table 4.1-1 The required thickness t of the shielding material.

Dip (cm) | Bou (KG) | t(cm) | D(cm) | tgo(cm) | Dgo(cm)
15 10 100.0 215.0 {no solution | no solution
15 8 21.8 58.6 100.0 215.0
15 6 9.5 339 17.3 49.6
15 4 4.4 23.9 6.5 28.0
15 2 1.7 18.4 2.3 19.5
15 1 0.8 16.5 1.0 17.0
10 10 66.7 143.3 ] no solution | no solution
10 8 14.5 39.1 66.7 143.3
10 6 6.3 22.6 11.5 33.1
10 4 3.0 15.9 4.3 18.7
10 2 1.1 12.3 1.5 13.0
10 1 0.5 11.0 0.7 11.3

The result is shown in Table 4.1-1. In the table, t is the required thickness
and tgg is the thickness in case we permit 80% of the saturation magnetic field,
because of uncertainties.

From this table, the reasonable limit of Boyt is expected around 4 -6 kG. This

value is correspond to the position of the cryostat wall as shown in Fig. 4.1-2.

4.1.3. Inner magnetic flux density

If we assume the spherical model, inner magnetic flux density Bjp, is

Bin =(9/2)xBout /(1(1-Din3/D3)). (4.1-3)
The shielding factor S is
1/S = Bin / Bout = (9/2) / (W(1-Din3/D3)). (4.1-4)

(1 : permeability, 300 for soft iron)

The inner magnetic flux density Bin and the value 1/S is plotted in Fig. 4.1-4

and 5. From these figure, it is difficult to reduce the magnetic flux density of 1 T to
less than 100 G. The reasonable limit of Bpyt is also expected around 4 -6 kG.
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Fig. 4.1-4 Shielding characteristic: Bin/Bout vs Din/D.

1000 T T T
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Fig. 4.1-5 Inner magnetic flux density Bj, vs thickness t of shielding material.
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4.1.4. Conclusion

From the results of section 4.1.2 and 4.1.3, it seems that there is no feasibility
for setting the detector in the diagnostic shield block located in the divertor port.
It is better to set the detector, at least, behind the cryostat from the magnetic
shield's point of view.

References

[1]: Calculation by Dr A.Portone (Naka JWS).



JAERI-Tech 98-047

4.2 First mirror

Because of intense nuclear radiation the first mirror should be metallic [1].
The reflectivity of molybdenum (Mo), tungsten (W), copper (Cu) and aluminum
(Al) are shown in Fig. 4.2-1 as a function of the wavelength [2]. In the region of
200 - 500 nm, the reflectivity of Mo is better than that of Cu and W. In the region
of 500 - 1000 nm, Cu is better than Mo and W. The reflectivity of Al is high from
200 nm to 1000 nm. The sputtering yield of Mo with deuterium is almost 1/40 of
that of Cu and Al at the deuterium energy of 200 eV [3]. Therefore, we selected
molybdenum as the material of the first mirror in the divertor cassette. On the
other hand, it is better to use aluminum for the mirror located behind the
biological shield.

1 T T T L ! | ' ' ! I 1 4 ! i ! v ¥ |
e e T
0.8 [ _'
I ; ]

>
= 0.6 d
-06 __.-----'- il ENPY L -
= 04 '
g —=w |
Mo 7
o2, | - Cu | ]
ERpp—\ -
0 | 1 1 1 | 1 1 L |

200 400 600 800 1000

Wavelength (nm)

Fig.4.2-1 The reflectivity of molybdenum (Mo), copper (Cu) and aluminum (Al) vs
wavelength.
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4.3 Baffle plate in the viewing slot

The bombardment of charge exchanged neutral particles on the first mirror
is a serious problem during the plasma disruption and the shots because the
particles degrade the performance of the mirror especially in the short
wavelength region. Another serious problem is adhesion of the dust on the
mirror surface.

The baffle plates have been considered to reduce the number of particles
bombing the first mirror during the disruptions and the shots by decreasing the
solid angle of the mirror [1]. The baffle plates will be installed in the viewing slot
without scraping away the optical pass, except where the baffle plate is exist, as
shown in Fig. 4.3-1.

In the present design, the intervals between the viewing channels are
around 5 mm near the first mirror. It is difficult to install the baffle plate for each
viewing channels (sight lines). Therefore, it is reasonable to install the baffle plate
every ~5 channels. In this case, about 23 sheets of baffle plates will be installed in
the each viewing fan.

Baffle Plates

Baffle Plates

Fig. 4.3-1 Baffle plates are installed in the viewing slot without scraping away the optical
pass, except where the baffle plate is exist to reduce the number of particles bombing

the first mirror during the disruption.

There are four viewing fans in the each viewing slot as shown in the section
5.2 and Table 5.2-1. For example, viewing fans of OV1, OV2, OH/L and OH/U
observe outer divertor region through a same viewing slot (see Fig. 5.1-2 ~ 5.1-7).
Since the baffle plates divide one viewing slot to 96 individual slots, the particle
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flux on to the first mirror will become ~ 1/100 by decreasing the solid angle of the
mirror. The baffle plates for each viewing fans are shown in Fig. 4.3-2(a), (b) and
(c).

The lifetime will become 100 times longer, but it is difficult to estimate the
actual lifetime, because the estimation of the particle source from the divertor is
very difficult and has a large uncertainty. Following considerations and R & D
should be necessary.

i) Particle flux estimation as a function of energy in the divertor.

ii) Experimental data of candidates for the first mirror concerning the
degradation by neutral particle bombardment especially at the low
energy region.

iii)  Test of the baffle method in the present tokamaks.

In addition, following other methods should be considered.

i) Shutter in front of the mirror in order to block off the particle just
during the disruption, the boronization and other wall conditionings.

ii) Strong gas puff into the divertor just during the disruption in order to
decrease the energy of the disrupted particles.

iii) Strong gas puff to the mirror in order to blow the dust off the mirror.

iv) In-situ coating of the mirror.

v) R & D of mirror materials.

References

[1] G. Vayakis 'Effect of disruptions on optical components in the divertor’, ITER EDA Interoffice
memorandum, March 26, 1996.
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Fig. 4.3-2(a) There are two viewing fans named OV. 23 sheeets of baffle plates are installed
in the each viewing fan OV.
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4.4 Optical fiber

The transmission loss of the optical fiber is large at short wavelengths even
if it is optimized for the ultraviolet region. For example, the transmission loss is 1
dB/m at 200 nm, 2.5x10-2 dB/m at 450 nm and 8x10-3 dB/m at 800 nm with a fiber
core of pure fused silica as shown in Fig. 4.4-1[1]. It is obviously difficult to
measure spectral lines below 450 nm through long optical fibers. Therefore,
spectrometers for the wavelength range of 200-450 nm should be located just
behind the biological shield.

On the other hand, it is better to set the spectrometers for over 450 nm in the
diagnostic room from the accessibility's and flexibility's point of view. We will be
able to change the spectrometers easily correspond to the change of the ITER
experiment. In addition, it is better to use a fiber-core of Ge-doped fused silica
because the transmission loss is lower than that of pure fused silica core at the
longer wavelength region.

1 0 1 F T T T T I T T T I T T T by Ir:l.j]lkl.jralL‘t dI. =
100 ]
: “¥—pure Fused Siica 3
g 10-1 : :
28] 3 E
=) C ]
B 102 | :
O 10 :r . B N . ‘(' . . ';
— F i ' . ]
-3 i |
10 3 Ge-doped Fused Silica 3
400 800 1200 1600 2000 1

10'4 L | 1 1 1 ! L i | ) ) 1 | ! 1 1

200

Wavelength (nm)

Fig. 4.4-1 Transmission loss of the optical fibers which cores are made of pure fused silica
(solid line) and Ge-doped fused silica (dotted line) [1].

References

[1] Data from Fujikura LTD.
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4.5 Conceptual arrangement

From the considerations above, the conceptual arrangement shown in Fig.
4.5-1 has been chosen. The light from the divertor region passes through the
quartz windows on the divertor port plug and the cryostat, and goes through the
dog-leg optics in the biological shield. The light is then focused on the ends of the
fiber bundle by collecting and focusing optics. The fiber bundle guides the light to
the spectrometers. The spectrometers with the wavelength region below 450 nm
are installed just behind the biological shield to minimize the transmission loss
in fiber. On the other hand, the light with A > 450 nm is guided by long optical
fibers to the spectrometers which are located remotely in the diagnostic room in
order to have good accessibility. We will be able to change the spectrometers
easily corresponding to the change of the experiment.

The spectrometers for 200 - 450 nm and the local controller are installed on a
movable trolley so that they can be removed in a short time before the divertor
maintenance.

; ~ To Diagnostic Room
< Top view> OptlcaIF\berlBundle ~ {;j%\' ( >450nm)
) S — Terminal Box

— LocalController

Spectometers
{200 -450nm)

!
Lotieothg & Foowsing Uptes

Movable Tolley

Cryostht \BiologicaISHeld

Fig.4.5-1 Conceptual arrangement of Divertor Impurity Monitoring System.
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5. Optical design
5.1 Design concept and viewing fans in the divertor channel

The two-dimensional measurement in the poloidal plane is performed with
two viewing fans, which intersect, namely OV and OH for the outer divertor
region, and IV and IH for the inner region. These viewing fans are realized by
metallic mirrors (made of molybdenum) located in the divertor cassette as shown
in Figure 5.1-1. This viewing system is called '2-D viewing system'.

The region from approximately up the divertor leg to the x-point will be
observed with the additional viewing fans named XL and XU through the gap
between the divertor cassettes. This viewing system is called 'X-point viewing
system'.

The number of lines of sight for each viewing fan is given in Table 5.1-1.
The 10 mm spatial resolution will be realized by filter spectrometers. The detailed
lines of sight are also shown in Fig. 5.1-2, 3, 4, 5, 6 and 7. The each viewing fans of
OH and IH is composed of two sub-viewing fans called OH/Lower and
OH/Upper, and IH/Lower and IH/Upper respectively, in order to realize the
required spatial resolution.

< Top view >

< Side view >

Mo-miror
Fig. 5.1-1 Viewing fans in the divertor cassette. The additional viewing fans XL and XU observe

the region near the top of the divertor leg to the x-point through the gap between the
divertor cassette.
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Table 5.1-1 Number of lines of sight for spectrometers in each viewing fan.

Viewing fan Visible survey spectrometer

Filter spectrometer

High dispersion spectrometer

<2-D viewing system>

ov >4

OH -

v >4

H -
<X-point viewing system>

XL >2

XU >2

>100
>100
>100
>100

>50
>50

>4

>4

>2
>2
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Fig.5.1-2 Detailed lines of sight for IH/Lower viewing fan. This viewing fan has about 50
lines of sight. From the sight lines, only five lines are illustrated in this figure.
Baffle plates are mounted in the viewing slot.
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the image of the opticat fiber dundte

7044 tr the center of the v 1

Fig.5.1-3 Detailed lines of sight for IH/Upper viewing fan. This viewing fan has about 50
lines of sight. From the sight lines, only five lines are illustrated in this figure.
Baffle plates are mounted in the viewing slot.
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Fig.5.1-4 Detailed lines of sight for IV viewing fan. This viewing fan has about 100 lines of
sight. From the sight lines, only five lines are illustrated in this figure. Baffle

plates are mounted in the viewing slot.
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Fig.5.1-5 Detailed lines of sight for OV viewing fan. This viewing fan has about 100 lines of
sight. From the sight lines, only five lines are illustrated in this figure. Baffle

plates are mounted in the viewing slot.
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Fig.5.1-6 Detailed lines of sight for OH/Lower viewing fan. This viewing fan has about 50
lines of sight. From the sight lines, only five lines are illustrated in this figure.
Baffle plates are mounted in the viewing slot.
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Fig.5.1-7 Detailed lines of sight for OH/Upper viewing fan. This viewing fan has about 50
lines of sight. From the sight lines, only five lines are illustrated in this figure.
Baffle plates are mounted in the viewing slot.
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5.2 Optics
5.2.1 Optical penetration and collecting optics

The overview of the optical penetration system for the 2-D viewing system
is shown in Fig. 5.2-1. The light from the divertor region is reflected by mirrors in
the divertor cassette and goes through quartz windows at the divertor port plug
and the cryostat. After that the light goes through a dog-leg optics in the biological
shield and focused on fiber arrays by a collecting and focusing optics such as a off-
axis Cassegrain type in order to avoid the chromatic aberration for wide

wavelength range (200-1000 nm).

Biological Shield
>/ Fiber Bundle

Cryostat

Vacuum Vessel N
R

Divertor Plate

N

\/
Collecting & Focusing Optics

Fig. 5.2-1 Overview of the optical penetration and collecting optics

The detailed mirror arrangements are shown in Fig. 5.2-2. The detailed
shapes of the mirrors are also shown in Fig. 5.2-3 and 4. The collecting and

focusing optics for the 2-D viewing system is show in Fig. 5.2-5.
The overview of the optical penetration system for the X-point viewing

system is shown in Fig. 5.2-6. The region from approximately up the divertor leg
to the x-point will be observed through the gap between the divertor cassettes.
The collecting and focusing optics for the X-point viewing system is show in Fig.
5.2-7. A field lens is mounted on the optical fiber array to incident the light on
each fiber vertically as shown in Fig. 5.2-64 later. The shapes of the field lens and

mirrors are shown in Fig. 5.2-8 and 9.
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Fig. 5.2-3  Detailed shapes and dimensions of the mirrors in the divertor cassette.
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Fig. 5.2-4  Detailed shapes and dimensions of the mirrors in the divertor cassette.
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X POINT VIEW
MIRROR BLANKS

180 230
+ — --_mg
\___ / ©

R=371. B(CONVEX)
PRIMARY MI]RROR

105 570

[ \
\ /

R=1113. 7(CONCAVE)

—

292.4
+

SECONDARY MIRROR

Fig. 5.2-9 Shapes and dimensions of mirrors in the collecting and focusing optics (for X-point
viewing system).
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5.2.2 Fiber array

The light from the divertor region is focused on a optical-fiber array to
measure spatial distribution of spectral emissions at the divertor with the
resolution of about 10 mm. Each optical fiber has a core diameter of 200 pm and
a clad diameter of 250 pm. The arrangement of the optical-fibers are shown in
Fig.5.2-10 and 11. Fig. 5.2-10 is the plan view of the fiber arrangement for 2-D
viewing system. Fig. 5.2-11 is the front view. Each viewing fan has 360 (120 x 3)
optical fibers. Total number of fibers is 2,880.

For the X-point viewing system, 480 optical-fibers will be arranged totally.

The distributions of optical fibers are summarized in Table 5.2-1, 2, 3 and 4
for all of this system, for visible survey spectrometers, for filter spectrometers

and for high dispersion spectrometers respectively.

Table 5.2-1 Distribution of optical fibers for Divertor Impurity Monitoring System.

Viewing fan Nur.nber of fibers VSS ES HDS Subtotal
in bundle
IH/L 120x 3 0 50 x 4 0 200
IH/U 120x 3 0 50x 4 0 200
1v2 120x 3 4x16 100x 4 4x2+4x2 480
Iv1 120x 3
OV1 120x 3 4x16 100x 4 4x2+4x2 480
ov2 120x 3
OH/L 120x 3 0 50x 4 0 200
OH/U 120x 3 0 50x 4 0 200
Subtotal 2880 128 1600 32 1760
XU TBD 2x16 50 x 4 2x4 240
XL TBD 2x16 50 x 4 2x4 240
Subtotal 64 400 16 480
Total 192 2000 48 2240
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Table 5.2-2 Distribution of optical fibers for Visible Survey Spectrometer.

Viewing fan
No. of VSS{Capacity| IH/L |IH/U | IV2/1V1 |OV1/OV2|OH/L |OH/U}| XU | XL |Total
No.1 20 0 0 4 4 0 0 2 2 12
No.2 20 0 0 4 4 0 0 2 2 12
No.3 20 0 0 4 4 0 0 2 2 12
No.4 20 0 0 4 4 0 0 2 2 12
No.5 20 0 0 4 4 0 0 2 2 12
No.6 20 0 0 4 4 0 0 2 2 12
No.7 20 0 0 4 4 0 0 2 2 12
No.8 20 0 0 4 4 0 0 2 2 12
No.9 20 0 0 4 4 0 0 2 2 12
No.10 20 0 0 4 4 0 0 2 2 12
No.11 20 0 0 4 4 0 0 2 2 12
No.12 20 0 0 4 4 0 0 2 2 12
No.13 20 0 0 4 4 0 0 2 2 12
No.14 20 0 0 4 4 0 0 2 2 12
No.15 20 0 0 4 4 0 0 2 2 12
No.16 20 0 0 4 4 0 0 2 2 12
Total 320 0 0 64 64 0 0 321321 192

Table 5.2-3 Distribution of optical fibers for Filter Spectrometer.

Viewing fan
Name | Capacity | IH/L | IH/U | IV2/IV1 |OV1/0OV2] OH/L | OH/U | Total
Uuv 400 50 50 100 100 50 50 400
VIS-1 400 50 50 100 100 50 50 400
VIS-2 400 50 50 100 100 50 50 400
VIS-3 400 50 50 100 100 50 50 400
Total 1600 200 200 400 400 200 200 1600

Viewing fan
Name | Capacity | XU XL Total

uv 400 50 50 100
VIS-1 400 50 50 100
VIS-2 400 50 50 100
VIS-3 400 50 50 100
Total 1600 200 200 400

Table 5.2-4 Distribution of optical fibers for High Dispersion Spectrometer.
Viewing fan

Name [Capacity|IH/L |IH/U|[1IV2/1V1jOV1/OV2jOH/L|OH/U| XU | XL |Total
Blue 12 0 0 4 4 0 0 2 {2 12
Red 12 0 0 4 4 0 0 2 2 12
Total 24 0 0 8 8 0 0 4 14| 24
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OPT|CAL FIBER BUNDOLE

<23
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Fig. 5.2-11  Front view of fiber arrangement for 2-D viewing system. Each viewing fan has 360
(120 x 3) optical fibers. Total number of fibers is 2,880.
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5.2.3 Ray trace analysis

The optimum optical arrangement is determined for each viewing fan by a
ray trace analysis. For each viewing fan, rays are emitted from the five points of
the fiber bundle and go to the divertor plate through the collecting and focusing
optics and the penetration optics. The results confirm that about 10 mm
resolution will be satisfied for all regions of the divertor plate. A typical result for
the viewing fan IV, which observes the inner divertor from the dome, is shown
in Fig. 5.2-12. The traced rays, the spot diagrams on the divertor plate and the
contours of irradiance for the images of the fiber cores are shown in this figure.
Here, it is assumed that the core emits the light uniformly.

The detailed traced rays, the spot diagrams on the divertor plate and the
contours of irradiance for the images of the fiber cores for each viewing fans are
also shown in Fig. 5.2-13 ~ 61. For the X-point viewing system, traced rays and the
spot diagrams on the fiber are shown in Fig. 5.2-62 ~ 65. In this case, the rays starts
from the different five positions ( on axis, 75 mm, 150 mm, 225 mm and 300 mm
away from the axis) of divertor region and focused on the fiber. The figure
captions are listed in Table 5.2-5 for reference.

Contour of ;
Irradiance <Spot Diagram> Ray Trace of Viewing Fan IV
5
Divertor Plate
4 .
3 . Mirror in Dome
2 ]
Bottom Mirror rad
10.0 mm
—_—

Fig.5.2-12 The traced rays, the spot diagram and the contours of irradiance for the viewing fan IV. Rays
are emitted from the five points on the end of the fiber bundle and go to the divertor plate
through the penetration optics. Here we define field numbers from the bottom (as 1) to the top
(as 5) as shown in this figure.
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Table 5.2-5 List of figure captions for traced rays, spot diagrams on the divertor plate and
contours of irradiance for images of fiber cores for each viewing fans.

Figure No. Caption

<For 2-D viewing system>

Fig. 5.2-13 Traced rays of IH/Lower .

Fig. 5.2-14 Spot diagrams on the divertor plate of IH/Lower.

Fig. 5.2-15 Contours of irradiance for the images of the fiber cores (field 1 of IH/ Lower).
Fig. 5.2-16 Contours of irradiance for the images of the fiber cores (field 2 of IH/ Lower).
Fig. 5.2-17 Contours of irradiance for the images of the fiber cores (field 3 of IH/Lower).
Fig. 5.2-18 Contours of irradiance for the images of the fiber cores (field 4 of IH/ Lower).
Fig. 5.2-19 Contours of irradiance for the images of the fiber cores (field 5 of IH/ Lower).

Fig. 5.2-20 Traced rays of IH/Upper.

Fig. 5.2-21 Spot diagrams on the divertor plate of IH/Upper .

Fig. 5.2-22 Contours of irradiance for the images of the fiber cores (field 1 of IH/ Upper).
Fig. 5.2-23 Contours of irradiance for the images of the fiber cores (field 2 of IH/ Upper).
Fig. 5.2-24 Contours of irradiance for the images of the fiber cores (field 3 of IH/ Upper).
Fig. 5.2-25 Contours of irradiance for the images of the fiber cores (field 4 of IH/Upper).
Fig. 5.2-26 Contours of irradiance for the images of the fiber cores (field 5 of IH/Upper).

Fig. 5.2-27 Traced rays of IV.

Fig. 5.2-28 Spot diagrams on the divertor plate of IV.

Fig. 5.2-29 Contours of irradiance for the images of the fiber cores (field 1 of IV ).
Fig. 5.2-30 Contours of irradiance for the images of the fiber cores (field 2 of IV ).
Fig. 5.2-31 Contours of irradiance for the images of the fiber cores (field 3 of IV ).
Fig. 5.2-32 Contours of irradiance for the images of the fiber cores (field 4 of IV ).
Fig. 5.2-33 Contours of irradiance for the images of the fiber cores (field 5 of IV ).

Fig. 5.2-34 Traced rays of OV .

Fig. 5.2-35 Spot diagrams on the divertor plate of OV.

Fig. 5.2-36 Contours of irradiance for the images of the fiber cores (field 1 of OV).
Fig. 5.2-37 Contours of irradiance for the images of the fiber cores (field 2 of OV).
Fig. 5.2-38 Contours of irradiance for the images of the fiber cores (field 3 of OV).
Fig. 5.2-39 Contours of irradiance for the images of the fiber cores (field 4 of OV).
Fig. 5.2-40 Contours of irradiance for the images of the fiber cores (field 5 of OV).

Fig. 5.2-41 Traced rays of OH/Lower.

Fig. 5.2-42 Spot diagrams on the divertor plate of OH/Lower.

Fig. 5.2-43 Contours of irradiance for the images of the fiber cores (field 1 of OH/Lower).
Fig. 5.2-44 Contours of irradiance for the images of the fiber cores (field 2 of OH/Lower).
Fig. 5.2-45 Contours of irradiance for the images of the fiber cores (field 3 of OH/Lower).
Fig. 5.2-46 Contours of irradiance for the images of the fiber cores (field 4 of OH/Lower).
Fig. 5.2-47 Contours of irradiance for the images of the fiber cores (field 5 of OH/ Lower).
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Table 5.2-5 List of figure captions for traced rays, spot diagrams on the divertor plate and
contours of irradiance for images of fiber cores for each viewing fans (continued).

Figure No. Caption

Fig. 5.2-48 Traced rays of OH/Upper.

Fig. 5.2-49 Spot diagrams on the divertor plate of IH/Upper.

Fig. 5.2-50 Spot diagrams on the divertor plate of [H/Upper (50 mm scale).

Fig. 5.2-51 Spot diagrams on the vertical plane to the optical axis of IH/Upper.

Fig. 5.2-52 Contours of irradiance for the images of the fiber cores (field 1 of OH/Upper).

Fig. 5.2-53 Contours of irradiance for the images of the fiber cores (field 2 of OH/Upper).

Fig. 5.2-54 Contours of irradiance for the images of the fiber cores (field 3 of OH/Upper).

Fig. 5.2-55 Contours of irradiance for the images of the fiber cores (field 4 of OH/Upper).

Fig. 5.2-56 Contours of irradiance for the images of the fiber cores (field 5 of OH/Upper).

Fig. 5.2-57 Contours of irradiance on the vertical plane to the optical axis for the images
of the fiber cores (field 1 of OH/Upper).

Fig. 5.2-58 Contours of irradiance on the vertical plane to the optical axis for the images
of the fiber cores (field 2 of OH/Upper).

Fig. 5.2-59 Contours of irradiance on the vertical plane to the optical axis for the images
of the fiber cores (field 3 of OH/Upper).

Fig. 5.2-60 Contours of irradiance on the vertical plane to the optical axis for the images
of the fiber cores (field 4 of OH/Upper).

Fig. 5.2-61 Contours of irradiance on the vertical plane to the optical axis for the images
of the fiber cores (field 5 of OH/Upper).

< For X-point viewing system>

Fig. 5.2-62 Traced rays of X-point viewing system (side view).

Fig. 5.2-63 Traced rays of X-point viewing system (plan view).

Fig. 5.2-64 Traced rays of X-point viewing system (at field lens).

Fig. 5.2-65 Spot diagrams on the fiber of X-point viewing system; Only this case, ray
starts from the different five positions ( on axis, 75 mm, 150 mm, 225 mm and
300 mm away from the axis) of divertor region and focused on the fiber.
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Fig. 5.2-13  Traced rays of IH/Lower viewing fan.
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Fig. 5.2-14  Spot diagrams on the divertor plate of IH/Lower viewing fan.
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IH/LOWER FIELD1

2.976 MM

2.976 MM

ITER DIVERTOR IH/LOW
ER ’97

irradiance

Total flux 0.12221E-05 Watts
Max irradiance 0.91071B-05 Watts/CM~2
Min irradiance 0.00000E+00 Watts/CM~2

11-Nov-97

Contour increment 0.910710866719¢-6

Fig. 52-15 Contours of irradiance for the images of the fiber cores (for field 1 of IH/Lower).
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IH/LOWER FIELD2

2.976 MM

2.976 MM

Total flux 0.12235E-05 Watts
Max irradiance 0.17924E-04 Watts/CM*2

ITER DIVERTOR IH/LOW Min irradiance 0.00000E+00 Watta/CMA2
ER 797

irradiance

11-Nov-9 Contour increment 0.179242704235e-5

Fig. 5.2-16  Contours of irradiance for the images of the fiber cores (for field 2 of IH/Lower).
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IH/LOWER FIELD3

2.976 MM

2.976 MM

ITER DIVERTOR IH/LOW
ER '97

irradiance

Total flux 0.12235E-05 Watts
Max irradiance 0.13321E-04 Watts/CM~2
Min irradiance 0.00000E+00 Watts/CM~2

11-Nov-97

Contour increment 0.13321454162e-5

Fig. 5.2-17 Contours of irradiance for the images of the fiber cores (for field 3 of IH/Lower).
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IH/LOWER FIELD4

2.976 MM

2.976 MM

Total flux 0.12236E-05 Watts
Max irradiance 0.64543E-05 Watts/CM~2

ITER DIVERTOR IH/LOW Min irradiance 0.00000E+00 Watts/CM*2
ER ’97

irradiance

11-Nov~97 Contour increment 0.645429906854e~6

Fig. 5.2-18 Contours of irradiance for the images of the fiber cores (for field 4 of IH/Lower).
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IH/LOWER FIELDS

2,976 MM

2.976 MM

Total flux 0.12211E-05 Watts
Max irradiance 0.36971E-0S5 Watts/CM~2

ITER DIVERTOR IH/LOW Min irradiance (.00000E+00 Wattas/CM*2
ER ’97

irradiance

11-Nov-97 Contour increment 0.369714939552e-6

Fig. 5.2-19  Contours of irradiance for the images of the fiber cores (for field 5 of IH/Lower).
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IH/UPPER

Fig.5.2-20  Traced rays of IH/Upper viewing fan.
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Fig. 5.2-21 Spot diagrams on the divertor plate of IH/Upper viewing fan.
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IH/UPPER FIELD1

2,976 MM

2.976 MM

|

Total flux 0.12047E-~05 Watts
Max irradiance 0.$3610E-05 Watts/cM~2

ITER DIVERTOR IH/UPP Min irradiance 0.00000E+00 Watts/CM~2
ER 97

irradiance

11-Nov—97] Contour increment 0.536095626558e-6

Fig. 5.2-22 Contours of irradiance for the images of the fiber cores (for field 1 of IH/Upper).
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IH/UPPER FIELD2

2.976 MM

2.976 MM

Total flux 0.12060E-05 wWatts
Max irradiance 0.85590E-03 Watts/CM"2

ITER DIVERTOR IH/UPP Min irradiance 0,00000E+00 Watts/CM~2
ER 97

irradiance

11-Nov=97 Contour increment 0.8559009074682e-6

Fig. 5.2-23  Contours of irradiance for the images of the fiber cores (for field 2 of IH/Upper).
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IH/UPPER FIELD3

2.976 MM

2.976 MM

ITER DIVERTOR IH/UPP
ER 797

irradiance

Total flux 0.12064E-05 Watts
Max irradiance 0.99565E-05 Watts/CM*2
Min irradiance 0.00000E+00 Watts/CM*2

11-Nov-97

Contour increment 0.995648292701e-6

Fig. 5.2-24  Contours of irradiance for the images of the fiber cores (for field 3 of IH/Upper).
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IH/UPPER FIELD4

2.976 MM

2.976 MM

|

Total flux 0.12060E-05 Watts
Max irradiance 0.6B8505E-05 Watts/CM~2

ITER DIVERTOR IH/UPP | .. irradiance 0.000002+00 Watts/cu~2
ER 97

irradiance

11-Nov—-97| Contour increment 0.68504562023e-6

Fig. 5.2-25 Contours of irradiance for the images of the fiber cores (for field 4 of IH/Upper).
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IH/UPPER FIELDS

2.976 MM

2.976 MM

|

Total flux 0.12047E-05 Watts
Max irradiance 0.39718E-05 Watts/CM"*2

ITER DIVERTOR IH/UPP Min irradiance 0.00000E+00 watta/CM*2
ER ' 97

irradiance

11-Nov-97 Contour increment 0.397177387867e-6

Fig. 5.2-26  Contours of irradiance for the images of the fiber cores (for field 5 of IH/Upper).
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Fig. 5.2-27
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Traced rays of IV viewing fan.
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Fig. 5.2-28

Spot diagrams on the divertor plate of IV viewing fan.
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IVl FIELD1l

2.976 MM

2.976 MM
o

Total flux 0.12288E-05 Watts
Max irradiance 0.88841E-05 Watts/CM"2

ITER DIVERTOR IV ! 97 Min irradiance O0.00000E+00 Wattas/CM~2

irradiance

11-Nov~97] Contour increment 0.888413808298e~6

Fig. 5.2-29  Contours of irradiance for the images of the fiber cores (for field 1 of IV ).
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IVl FIELD2

2,976 MM

2.976 MM

Total flux 0.12308E-05 Watts
Max irradiance 0.11366E-04 Watts/CM*2

ITER DIVERTOR IV ! 97 Min irradiance 0.00000E+00 Watts/CM*2

irradiance

11-Nov-97] Contour increment 0.113663134016e~5

Fig. 5.2-30 Contours of irradiance for the images of the fiber cores (for field 2 of IV ).
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IVl FIELD3

2.976 MM

2.976 MM

Total flux 0.12308E-05 Watts
Max irradiance 0.11894E-04 Watts/CM*2

ITER DIVERTOR IV ! 97 Min irradiance 0.00000E+00 Watts/CM~2

irradiance

11-Nov-97 contour increment 0.118939078675e-5

Fig. 5.2-31 Contours of irradiance for the images of the fiber cores (for field 3 of IV ).
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IVl FIELD4

2.976¢ MM

2.976 MM

Total flux 0.12292E-05 Watts
Max irradiance 0.86353E-05 Watts/CM~2
Min irradiance 0.00000E+00 Watts/CM~2

ITER DIVERTOR IV ‘97

irradiance

11-Nov-87 Contour increment 0.863529294293e-6

Fig. 5.2-32  Contours of irradiance for the images of the fiber cores (for field 4 of IV ).
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IVl FIELDS

2.976 MM

2.976 MM

Total flux 0.94533E-06 Watts
Max irradiance 0.25369E-05 Watta/CM*2

" ITER DIVERTOR v ! 97 Min irradiance 0.00C0CE+00 Watts/CM~2

irradiance

11-Nov=97 Contour increment 0.253686550877e-6

Fig. 5.2-33  Contours of irradiance for the images of the fiber cores (for field 5 of IV ).
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oV

Fig. 5.2-34  Traced rays of OV viewing fan.
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Fig. 5.2-35  Spot diagrams on the divertor plate of OV viewing fan.
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OVl FIELD1

2.976 MM

2.976 MM

Total flux 0.12251E-05 Watts
Max irradiance 0.42989E-05 Watts/CM*2

ITER DIVERTOR OV ! 97 Min irradiance 0.00000E+00 Watts/CM*2

irradiance

11-Nov—-97!1 Contour increment 0.429885858466e-6

Fig. 5.2-36  Contours of irradiance for the images of the fiber cores (for field 1 of OV).
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OVl FIELD2

2.976 MM

2.976 MM

Ir———

Total flux 0.12285B-05 Watts
Max irradiance 0.63544E-05 Watts/CM 2

ITER DIVERTOR OV ! 97 Min irradiance 0.00000E+00 Watts/CM~2

irradiance

11-Nov-97 Contour increment 0,635437174878e-6

Fig. 5.2-37 Contours of irradiance for the images of the fiber cores (for field 2 of OV).
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OVl FIELD3

2,976 MM

2,976 MM

|

Total flux 0.12305E-05 Watts
Max irradiance 0.7158%E-05 Watts/CM"2

ITER DIVERTOR OV " 97| L. irrediance 0.00000E+00 Watta/CcM*2

irradiance

11-Nov—-97 Contour increment 0.7158%0394076e-6

Fig. 5.2-38  Contours of irradiance for the images of the fiber cores (for field 3 of OV).
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OVl FIELD4

2.976 MM

2.976 MM

Total flux 0.12300E-05 Watts
Max irradiance 0.77556B-05 Watts/CM*2

ITER DIVERTOR OV ! 97 Min irradiance 0,00000E+00 Watts/CM+2

irradiance

11-Nov-97 Contour incremsnt 0.77556035194e-6

Fig. 5.2-39  Contours of irradiance for the images of the fiber cores (for field 4 of OV).
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OVl FIELDS
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Total flux 0.12261E-05 Watta
Max irradiance 0.7575SE-05 Watts/CM~2

ITER DIVERTOR OV ! 97 Min irradiance ©.00000E+00 Watts/CM*2

irradiance

11-Nov—-97 Contour increment 0.757549798891e-6

Fig. 52-40 Contours of irradiance for the images of the fiber cores (for field 5 of OV).
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OH/LOWER

Fig. 5.2-41  Traced rays of OH/Lower viewing fan.
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Fig. 5.2-42  Spot diagrams on the divertor plate of OH/Lower viewing fan.
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OH/LOWER FIELD1

2.976 MM
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Total flux 0.12018E-05 Wattas
Max irradiance 0.12336E-04 Watts/CM~2

ITER DIVERTOR OH/LOW Min irradiance 0.00000E+00 Watts/CM*2
ER 797

irradiance

11-Nov-97 Contour increment 0.12335971177%e-5

Fig. 5.2-43  Contours of irradiance for the images of the fiber cores (for field 1 of OH/Lower).
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OH/LOWER FIELD2

2,976 MM

2.976 MM

Total flux 0.12048E~05 Watts
Max irradiance 0.12063E-04 Watts/CM~2

ITER DIVERTOR OH/LOW Min irradiance O0.00000E+00 Watts/CM~2
ER '97

irradiance

11-Nov-97 Contour increment 0.120633922052e~5

Fig. 5.2-44 Contours of irradiance for the images of the fiber cores (for field 2 of OH/Lower).
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OH/LOWER FIELD3

2.976 MM

2.976 MM

Total flux 0.12065E-05 watts
Max irradiance 0.11975E-04 Watts/CM~2

ITER DIVERTOR OH/LOW Min irradiance 0.00000E+00 Watts/CMA2
ER ’97

irradiance

11-Nov-97 Contour increment 0.119745811844e-5

Fig. 5.2-45 Contours of irradiance for the images of the fiber cores (for field 3 of OH/Lower).
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OH/LOWER FIELD{4

2.976 MM

2.976 MM

Total flux 0.12058E-05 Watts
Max irradiance 0.12241E-04 Watts/CM~2

ITER DIVERTOR OH/LOW
ER 797

Min irradiance 0.00000E+00 Watts/CM~2

irradiance

11-Nov-97 Contour increwent 0.12240501519e-5

Fig. 5.2-46  Contours of irradiance for the images of the fiber cores (for field 4 of OH/Lower).
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OH/LOWER FIELD5

2,976 MM

2.%376 MM

Total flux 0.12011E-0S Watts
Max irradiance 0.12504E-04 Watts/CM 2

ITER DIVERTOR OH/LOW Min irradiance ©.00000B+00 Watta/CM~2
ER 797

irradiance

11-Nov-97 contour increment 0.125036228837e-5

Fig. 5.2-47 Contours of irradiance for the images of the fiber cores (for field 5 of OH/Lower).
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OH/UPPER

Fig. 5.2-48 Traced rays of OH/Upper viewing fan.
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Fig. 52-49  Spot diagrams on the divertor plate of IH/Upper viewing fan.
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Fig. 5.2-50 Spot diagrams on the divertor plate of IH/Upper viewing fan (50 mm scale).
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Fig. 5.2-51 Spot diagrams on the vertical plane to the optical axis of IH/Upper viewing fan.
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OH/UPPER FIELD1

2.976 MM

2.976 MM

Total flux 0.12017E-05 Watts
Max irradiance 0.50660E-05 Watts/CM~2

ITER DIVERTOR OH/UPP Min irradiance 0,00000E+00 Watts/CM~2
ER 97

irradiance

11-Nov—97 Contour increment 0.506601338657e-6

Fig. 5.2-52  Contours of irradiance for the images of the fiber cores (for field 1 of OH/Upper).
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OH/UPPER FIELD2

2.976 MM

2.976 MM

Total flux 0.12053E-05 Watts
Max irradiance 0.43201E-05 Watts/CM~2
Min irradiance 0.00000E+00 Watta/CM~2

ITER DIVERTOR OH/UPP
ER ’ 97

irradiance

11-Nov-97 Contour increment 0.432013024465e-6

Fig. 5.2-563  Contours of irradiance for the images of the fiber cores (for field 2 of OH/Upper).
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OH/UPPER FIELD3

2.976 MM

2.976 MM

Total flux 0.12071E-05 Watts
Max irradiance 0.27669E-05 Watts/CM~2

ITER DIVERTOR OH/UPP Min irradiance 0.00000E+00 Watts/CM*2
ER ’97

irradiance

11~-Nov—-97 Contour increment 0.276687472933e-6

Fig. 5.2-54  Contours of irradiance for the images of the fiber cores (for field 3 of OH/Upper).
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OH/UPPER FIELD4

2.976 MM

2.976 MM

ITER DIVERTOR OH/UPP
ER ’ 97

irradiance

Total flux 0.12060E-05 Watts
Max irradiance 0.13463E-05 Watts/CM*2
Min irradiance 0.00000E+00 Watts/CM~2

11-Nov-97,

Contour increment 0.13462828008e-6

Fig. 5.2-55 Contours of irradiance for the images of the fiber cores (for field 4 of OH/Upper).
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OH/UPPER FIELDS
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8.929 MM

Total flux 0.12017E-05 Watts
Max irradiance 0.21318E-06 Watts/CM*2

ITER DIVERTOR OH/UPP Min irradiance 0.00000E+00 Watta/CM*2
ER 797

irradiance

11-Nov-97] Contour increment 0.213176747366e-7

Fig. 5.2-56  Contours of irradiance for the images of the fiber cores (for field 5 of OH/Upper).
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OH/UPPER FIELD1

.976 MM

2

2.976 MM

Total flux 0.11951E-05 Watts
Max irradiance 0.62092BE-05 Watts/CM~2

ITER DIVERTOR OH/UPP Min irradiance 0.00000E+00 Watts/CM~2
ER 797

irradiance

12-Jan—-98 Contour increment 0.620918797267e-6

Fig. 5.2-57 Contours of irradiance on the vertical plane to the optical axis for the images of
the fiber cores (for field 1 of OH/Upper).
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OH/UPPER FIELDZ

2.976 MM

2.976 MM

Total flux 0.11996E-05 Watts
Max irradiance 0.61645E-05 Watta/CM~2

ITER DIVERTOR OH/UPP Min irradiance 0.00000E+00 Watts/CM*2
ER 97

irradiance

12-Jan-98 Contour increment 0.616448630808e-6

Fig. 5.2-58 Contours of irradiance on the vertical plane to the optical axis for the images of
the fiber cores (for field 2 of OH/Upper).
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OH/UPPER FIELD3

2.976 MM

2.976 MM

Total flux 0.12010E-05 Watts
Max irradiance 0.52945E-05 Watts/CM*2

ITER DIVERTOR OH / UPP Min irradiance 0.00000E+00 Watts/CM*2
ER 797

irradiance

12-Jan-98 Contour increment 0.529452393039e-6

Fig. 5.2-59 Contours of irradiance on the vertical plane to the optical axis for the images of
the fiber cores (for field 3 of OH/Upper).
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OH/UPPER FIELD4

2.976 MM

2.976 MM

l

Total flux 0.12002E-05 wWatts
Max irradiance 0.36144E-05 wWatts/CM*2

ITER DIVERTOR OH/UPP Min irradiance 0.00000E+00 Watta/CM"2
ER ' 97

irradiance

12~-Jan—9 Contour increment 0.361439418839%e-6

Fig. 5.2-60 Contours of irradiance on the vertical plane to the optical axis for the images of
the fiber cores (for field 4 of OH/Upper).
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OH/UPPER FIELDS

2.976 MM

2.976 MM

Total flux 0.11965E-05 Watta
Max irradiance 0.26407E-05 Watts/CM*2

ITER DIVERTOR OH/UPP Min irradiance 0.00000E+00 Watta/CM*2
ER " 97

irradiance

12-Jan—-98] Contour increment 0.264069655032e-6

Fig. 5.2-61 Contours of irradiance on the vertical plane to the optical axis for the images of
the fiber cores (for field 5 of OH/Upper).
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Fig.5.2-62  Traced rays of X-point viewing system (side view).
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Fig. 5.2-63  Traced rays of X-point viewing system (plan view).
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Fig. 5.2-64  Traced rays of X-point viewing system (at field lens).
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Fig. 5.2-65 Spot diagrams on the fiber of X-point viewing system; Only this case, ray starts
from the different five positions ( on axis, 75 mm, 150 mm, 225 mm and 300 mm away
from the axis) of divertor region and focused on the fiber.
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5.3 Spectrometer

Spectrometers have been designed in accordance with the required functions
as shown in Table 3-1.

5.3.1 Spectrometer for species monitor (Visible Survey Spectrometer)

The spectral lines in the wavelength range of 200 - 1000 nm are observed
simultaneously by sixteen grating spectrometers as shown in Table 5.3-1. Each
spatial line of sight has sixteen fibers and each fiber guides the light to the
spectrometer as shown in Fig. 5.3-1. The light from over twelve spatial lines of
sight are observed by each spectrometer simultaneously. Here, it is assumed that
spectral lines are detected by an ICCD detector with 1024 x 512 pixels (imaging
area: 2.5 cm x 1.25 cm). If we use a larger detector, the number of spectrometers
will be decreased.

The schematic view of the optics of the visible survey spectrometer is
shown in Fig.5.3-2. The optical fiber array which has twelve fibers is mounted on
the entrance slit. The light is collimated by lenses and dispersed by grating and
focused by camera lens on a detector through a filter.

The ray trace analysis has been carried out. Rays are emitted from the five
points (on axis, 0.5 mm, 1.5 mm, 2 mm and 2.5 mm away from the axis) of the
fiber array on the entrance slit. The spot diagrams on the detector for those points
are shown in Fig. 5.3-3,4, 5, 6 and 7. These spot diagrams shows the resolution is
less than 0.048 mm which corresponds to the width of two pixels of the detector.
Therefore, 0.1 nm resolution will be satisfied.

X-point Optical ji{er bundle IDia'\?:o:tiT roF:o - ]
viewing -
system Movable trolley in the pit [ No.7 | | No.13]
[ No.t | [No.4 | [No.8 | [No.14]
[No-2 | | No.5 | No.9 | [No.15]
2-2;2?::9 [No-10] [No.16]
2

Fig. 5.3-1 Arrangement of visible survey spectrometers. There are sixteen spectrometers (No. 1
~ No. 16). Five spectrometers for UV region are located on the movable trolley in
the pit and other spectrometers are set in the diagnostics room.
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Table 5.3-1 Specifications of twelve visible survey spectrometers.

TNo. Il band nng | center | fcam 6 2 1] AA|
1 220-250) 225 |l 700 4.189 2.1274| 0.10
2l 250-300 275 ||_700[ 5.1233 2.1101 0.101]
3[[ 300-350 325 |l 680 6.057 2.153 ] 0.103
4]f 350-400) 375 I 680 6.994 2.133] 0.102
5l 400-450 425 | 680] 7.932 2.113] 0.10
6l 450-500 475 || 660] 8.872 2.15d | 0.103
7l 500-550 525 || 660l _9.8159 2.1341 0.102
8l 550-600 575 |l 660] 10.761d 2.1141 0.101
oll 600-650 625 |l 660] 11.709 2.088] 0.10d
10}l 650-700 675 |l 660} 12.6611 2.064] 0.099
11][ 700-750 725 _||_600f 13.6164 2.244] 0.108
12l 750-800 775 || 600] 14.5759 2.214[ 0.104
13]] 800-850 825 || 600] 15.5389 2.189 [ 0.103
14] 850-900i 875 || _600] 16.5063 2.15d | 0.10
15| 900-950 925 I 600f 17.4797 2.129 1 0.10

_ 16,I950~100C 975 _||_600] 18.4574 2.0991 0.101]

wavelength unit ; nm

fcam : focus length of the camera; mm

6 : rotation angle of the grating from Oth position ; degree

il : inversed liner dispersion on the entrance slit ; nm/mm

ws : width of the entrance slit corresponding to 2 pixel-width of the detector(0.048mm); mm

i2 : inversed liner dispersion on the detector at the center wavelength; nm/mm

A A : dispersion correspoding to 2 pixcel-width of the detector(0.048mm);  nm

VSS for UV3, 4,5

Grating ‘\
Optical Fiber Bundle

Camera
Filter
Detector \\ !
\ 0 500
4 ] ] | ] 4

Scale

Fig. 5.3-2 Schematic view of the optics of the visible survey spectrometer.
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Fig. 5.3-3 Spot diagrams on the detector from the five points (on axis, 0.5 mm, 1.5 mm, 2mm
and 2.5 mm away from the axis) of the fiber array on the entrance slit (300 nm).
Spot diagrams are less than 0.048 mm which corresponds to the width of two pixels
of the detector. Therefore, 0.1 nm resolution will be satisfied.
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Spot diagrams on the detector from the five points (on axis, 0.5 mm, 1.5 mm, 2mm
and 2.5 mm away from the axis) of the fiber array on the entrance slit (312.5 nm).
Spot diagrams are less than 0.048 mm which corresponds to the width of two pixels
of the detector. Therefore, 0.1 nm resolution will be satisfied.
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Fig. 5.3-5 Spot diagrams on the detector from the five points (on axis, 0.5 mm, 1.5 mm, 2mm
and 2.5 mm away from the axis) of the fiber array on the entrance slit (325 nm).
Spot diagrams are less than 0.048 mm which corresponds to the width of two pixels
of the detector. Therefore, 0.1 nm resolution will be satisfied.
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Fig. 5.3-6 Spot diagrams on the detector from the five points (on axis, 0.5 mm, 1.5 mm, 2mm
and 2.5 mm away from the axis) of the fiber array on the entrance slit (337.5 nm).
Spot diagrams are less than 0.048 mm which corresponds to the width of two pixels
of the detector. Therefore, 0.1 nm resolution will be satisfied.
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Fig. 5.3-7 Spot diagrams on the detector from the five points (on axis, 0.5 mm, 1.5 mm, 2mm
and 2.5 mm away from the axis) of the fiber array on the entrance slit (350 nm).
Spot diagrams are less than 0.048 mm which corresponds to the width of two pixels
of the detector. Therefore, 0.1 nm resolution will be satisfied.
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5.3.2 Filter optical system for influx measurement (Filter Spectrometer)

There are two sets of filter spectrometers. One is the set for the viewing fans
OV, OH, IV and IH (2-D viewing system). Another is the set for the viewing fans
XL and XU (X-point Viewing system). Each set has four spectrometers and each
spectrometer can observe three different spectral lines simultaneously. The
spectrometer for the wavelength region of 200 - 450 nm is set on the movable
trolley just behind the biological shield. The other spectrometers for the
wavelength range 450 - 1000 nm are installed in the diagnostic room as shown in
Fig.5.3-8. The number of lines of sight and fibers are shown in Table 5.2-3. The set
for the viewing fans of OV, OH, IV and IH has 400 lines of sight and each line of
sight has four fibers in order to guide the light to each spectrometer.

Bio-Shield < Pit > < Diagnostic Foom >

" 200-450 nm >450 nm

for XL, XU > g; .
l —_// 5F oM ooM \|\ = = o™
| S S - AT
Y >t

f(I)r ?\\//’?HH’ Fiber Bundle (100 FlJbers) .
= e

= M N BPF >
i _\ BPF PF ! »_ DM P BPF
| BPF BPF
\ Fiber Bundle (400 Fibers)

Fig.5.3-8 Arrangement of filter spectrometers. Each spectrometer measures three spectral
lines.

The optical design has been carried out for twelve selected lines here:

1) Ho+Da+Ta, 2) Hel : 667.8 nm, 3) Hel : 706.5 and 706.6 nm,

4) Hel : 728.1 nm, 5) Hell : 468.6 nm, 6) Bell : 313.0 and 313.1 nm,

7) Belll : 372.0, 372.1 and 372.3 nm, 8) BelV : 465.9 nm,

9) CII : 657.8 nm, 10) CV :227.1 nm, 11) Cul : 521.8 and 522.0 nm,

12) Nel : 640.2 and 640.1 nm.

These spectral lines are measured by four spectrometers as the combination
of Table 5.3-2.
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Table 5.3-2 Spectrometer and the filter combination.

Spectrometer Filter No. Central wavelength of filter Target line
uv 1 227.091 nm cv
2 313.041 nm Bell
3 372.085 nm Belll
VIS1 4 465.854 nm BelV
5 521.9136 nm Cul
6 657.810 nm cn
VIS2 7 468.5682 nm Hell
8 656.1032 nm Ha, Da, Ta
9 706.5449 nm Hel
VIS3 10 640.1661 nm Nel
11 667.8157 nm Hel
12 728.1349 nm Hel

As an example, the schematic view of the filter spectrometer for 200 - 450
nm is shown in Fig. 5.3-9. The light emitted from the optical fiber bundle, which
is composed of 400 fibers, passes through a collimator. After that, the light of a
required wavelength region is reflected by a dichroic mirror. It passes through a
band-pass filter (full width of half maximum: ~1 nm) corresponding to the
selected spectral line and is focused on a 2-dimensional detector by a camera. The
light penetrating the dichroic mirror goes to the next dichroic mirror. The
outline of the filter spectrometer is summarized in Table 5.3-3. The spot
diagrams on the detector at 229 nm, 300 nm and 450 nm and the contours of
irradiance for the image of the fiber cores are shown in Fig. 5.3-10(a), 11(a), 12(b)
and Fig. 5.3-10(b), 11(b), 12(b). Here, it is assumed that the cores emit the light
uniformly. The diameters of the contours, which irradiances are 1/10 of
maximum one, are about 230 pm. This shows that the resolved measurement
for each images of 400 fiber cores is possible by a two-dimensional detector if the
fiber cores are set at intervals of >230 um.

The arrangement of the dichroic mirrors and band-pass filters is shown in
Fig.5.3-13. The reflection rate of the dichroic mirrors and the transmissivities of
the band-pass filter are designed as shown in Fig. 5.3-14 ~ 18.

Table 5.3-3 Outline of filter spectrometer.

Focal length of collimator 170 mm
Diameter of collimated light 70mm
Focal length of camera 170 mm
NA 0.2 (same as fiber's NA)

— 100 —



JAERI-Tech 98-047

"W OGP - 00 10 1919wondads 193 9Y3 JO MIAA dNRUIYOS 6-£°6 31

00S 0

370NNE 43814 VI LdO—
GO»OWh
(mw!«

YONU [N JIOUHDIO

HO1YW) 110
HOud I u.oc:u_?/ %
/l H088IM D108HI0 ,

PEISIF) mm:o.: CETRTP) mm<8z<v.\ Y\\ /@.
vy3Iny
vyIny
¥01931

¥010314

AN JOJ S5

— 101 —



JAERI-Tech 98-047

229nm

FIELD
POSITION

0.00, 1.00 -
0.000,0.000 DG

0.00, 0.83 L
0.000,0.000 DG

0.00, 0.67 L
0.000,0.000 DG

0.00, 0.50 =
0.000,0.000 DG

J

0.00, 0.00 | ® _
0.000,0.000 DG

0.20000 MM
| ——

DEFQOCUSING 0.00000
ITER/FS/UV/£f=170mm

Fig. 5.3-10(a) Spot diagrams on the detector at 229 nm for the emitted point of on axis (bottom
one), 1.5 mm, 2 mm, 2.5 mm and 3 mm away from the optical axis (top one).
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Fig. 5.3-10(b) Contours of irradiance for the image of the fiber cores at 229 nm for the cores of on
axis (0 mm), 2 mm, 2.5 mm and 3 mm away from the optical axis.
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Fig. 5.3-11(a) Spot diagrams on the detector at 300 nm for the emitted point of on axis (bottom
one), 1.5 mm, 2 mm, 2.5 mm and 3 mm away from the optical axis (top one).
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Fig. 5.3-11(b) Contours of irradiance for the image of the fiber cores at 300 nm for the cores of on
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Fig. 5.3-12(a)  Spot diagrams on the detector at 450 nm for the emitted point of on axis (bottom
one), 1.5 mm, 2 mm, 2.5 mm and 3 mm away from the optical axis (top one).
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Fig. 5.3-12(b) Contours of irradiance for the image of the fiber cores at 450 nm for the cores of on
axis (0 mm), 2 mm, 2.5 mm and 3 mm away from the optical axis.
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Fig, 5.3-13  Arrangement of the dichroic mirros and band-pass filters of filter spectrometers.
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Fig. 5.3-14 Desugned reflection rate of the dichroic mirros for numer 1, 2, 3,4, 5 and 6.
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Fig. 5.3-17  Desugned total transmissivities of the channel number of 1, 2 and 3.
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Fig. 5.3-18  Desugned total transmissivities of the channel number of 4, 5 and 6.
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5.3.3 High dispersion spectrometer for line shape measurement

The high dispersion spectrometer is a Littrow type spectrometer with an
echelle grating as shown in Fig. 5.3-19. The light emitted from the optical fiber
bundle, which is composed of 12 fibers, passes through a relay optics where order
sorting filter is inserted on the optical pass. After that, the image of the fiber
bundle is focused on a entrance slit of the Littrow type spectrometer. The
specification of the high dispersion spectrometer is summarized in Table 5.3-4.
Two set of this spectrometer are set in the diagnostic room. One is used in the
shorter wavelength range and another is used in the longer wavelength region.

Table 5.3-4 Specification of high dispersion spectrometer.

Wavelength range 450 nm - 1000 nm

Resolving power A/ AA ~ 50000 (AA ~ 0.01 nm)

Optical fiber bundle 12 fibers (0.25 mm x 12 = 3 mm length)

Magnification of relay optics 3.7

Length of entrance slit >12mm

Focal length of Littrow lens 990 mm

Effective diameter of Littrow lens ~110mm

Blazing angle of echelle grating 70.45 degree (for shorter wavelength range)
71.8 degree (for longer wavelength range)

Number of grooves of echelle grating 52.676 1/mm (for shorter wavelength range)
31.6 1/mm (for longer wavelength range)

Detector 1024 x 512 pixels (0.024 pitch)

Angle between axis of Littrow lens

and incident axis 1.8 degrees

The dispersion of the spectrometer for shorter wavelength range is
calculated as Table 5.3-5.

Table 5.3-5 Dispersion of the high dispersion spectrometer for shorter wavelength range.

Dispersion at the entrance slit 0.0763 nm/mm (at 500 nm; order of 72nd)
Slit width correspond to 0.01 nm 0.131 mm
Width of image of entrance slit (0.131 mm)

on detector 0.108 mm (4.52 pixels)

The result of ray trace analysis for relay optics is shown in Fig.5.3-20. In this
case, rays are emitted from three positions (on axis, 4.55 mm away from axis and
6,6 mm away from axis) of the entrance slit. The spot diagrams for composition
of 450 nm, 500 nm, 650 nm, 750 nm and 1000 nm on the fiber bundle are shown
in this figure. The result shows the relay optics has a good performance.

The spot diagrams of the spectrometer for 72nd of 500.102 nm, 500.558 nm,
501.008 nm, 501.451 nm, 501.888 nm and 502.319 nm on the detector are shown in
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Fig.5.3-21, 22, 23, 24, 25 and 26. Rays are emitted from five points (from the
bottom in the figures; on axis, 1 mm away from axis, 2 mm away from axis, 3
mm away from axis and 4 mm away from axis) of the entrance slit. The results
shows the widths of spots are sufficiently less than that of pixel of the detector.
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Fig. 53-20 Ray trace analysis for relay optics. Rays are emitted from three positions (from the
bottom; on axis, 4.55 mm away from axis and 6,6 mm away from axis) of the entrance
slit. The spot diagrams for composition of 450 nm, 500 nm, 650 nm, 750 nm and 1000

nm on the fiber bundle are shown here.
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Fig. 5.3-21  The spot diagrams of the spectrometer for 72nd of 500.102 nm on the detector. Rays
are emitted from five points (from the bottom in the figures; on axis, 1 mm away
from axis, 2 mm away from axis, 3 mm away from axis and 4 mm away from axis) of
the entrance slit.
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Fig. 5.3-22  The spot diagrams of the spectrometer for 72nd of 500.558 nm on the detector. Rays
are emitted from five points (from the bottom in the figures; on axis, 1 mm away
from axis, 2 mm away from axis, 3 mm away from axis and 4 mm away from axis) of
the entrance slit.
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501.008nm 72nd
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Fig. 5.3-23  The spot diagrams of the spectrometer for 72nd of 501.008 nm on the detector. Rays
are emitted from five points (from the bottom in the figures; on axis, 1 mm away
from axis, 2 mm away from axis, 3 mm away from axis and 4 mm away from axis) of
the entrance slit.
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501.451nm 72nd
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Fig. 5.3-24  The spot diagrams of the spectrometer for 72nd of 501.451 nm on the detector. Rays
are emitted from five points (from the bottom in the figures; on axis, 1 mm away
from axis, 2 mm away from axis, 3 mm away from axis and 4 mm away from axis) of
the entrance slit.
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501.888nm 72nd
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Fig. 5.3-25  The spot diagrams of the spectrometer for 72nd of 501.888 nm on the detector. Rays
are emitted from five points (from the bottom in the figures; on axis, 1 mm away
from axis, 2 mm away from axis, 3 mm away from axis and 4 mm away from axis) of
the entrance slit.
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502.31%m 72nd
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Fig. 5.3-26  The spot diagrams of the spectrometer for 72nd of 502.319 nm on the detector. Rays
are emitted from five points (from the bottom in the figures; on axis, 1 mm away
from axis, 2 mm away from axis, 3 mm away from axis and 4 mm away from axis) of
the entrance slit.
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5.4 Estimation of number of photons coming into the detector

5.4.1 Collecting performance and transmissivity

The numbers of photons Ny (photons-s'1) incident on the detector is
(see next appendix)
Nd = Idiv - Tpe Tt Tsp-Qd- Sq
= Idiv - Tpe Tf- Tsp - Q¢ 5S¢, (54-1)

where Igjy is the intensity of the spectral line emitted in the divertor, Tpe is the
transmissivity of the optics from the divertor to the end of the fiber, Ts is the
transmissivity of the fiber to the spectrometer, Tsp is the transmissivity of the
spectrometer, Qg is the effective solid angle on to the fiber and St is the area of the
fiber core as shown in Fig. 5.4-1.

Penetration

<Divertor> Optics
I .
div Tpe . I — (NA=O.2
- -,
e ;
v
' wa un N - -
Optical fiber — o #”
T4 e Spectrometer
4 Detector
' _ B 5~ Tsp
{ ~—
A — -

Fig. 5.4-1 Transmission pass of the system.

Qs , St and Tpe x Tsp for the filter spectrometers with the viewing fans of
OV, OH, IV and IH are 3.8 x 10-3 sr, 1.26 x107 m2 and 0.06 - 0.15 respectively. On
the other hand, Qfand Tpe x Tsp for the filter spectrometers with the viewing
fans of XL and XU are 5.1 x 102 sr and 0.12 - 0.24 while S remains 1.26 x10-7 m?2.

The summary of the trasmissivity of the penetration optics and of the
spectrometers are tabulated in Table 5.4-1, 2, 3, and 4.
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Table 5.4-1 Trasmissivity of penetration optics (from divertor to the end of fiber)

Wavelength (nm)| 200 300] 400 500 600] 700] 800 900] 1000
Reflectivity or Transmissivity of each material (for one surface)
Al 0.93 0.93 0.92 0.92 0.92 0.9 0.87 0.89 0.94
Mo 0.65 0.6f 055 059 057] 057] 055 0.6] 0.81
Si02 0.96f 096 096 097 097 097] 097 097 0.97
Transmissivity of Penetration Optics (from divertor to fiber)
IH/OH view 0.41f 037, 035 037 035 033] 028 033 0.56
IV/OV view 0.27{ 022 0.19] 0.22 0.2 019 0.15 0.2] 045
XL/XU view [ 059 058 058 059 057 054 047] 052] 065
IH/OH: 1 surface of Mo. 4 surfaces of Al, 4 surfaces of SiOp
IV/OV: 2 surfaces of Mo. 4 surfaces of Al, 4 surfaces of SiOp
XL/XU: 4 surfaces of Al, 6 surfaces of SiO3
Table 5.4-2 Trasmissivity of Visible survey spectrometer.
Transmissivity Slit Transmissivity|Total
No. |Band (nm) |Collimator |Grating |[Camer [Width (mm) of Slit Transmissivity
11200 - 250 0.85 0.5 0.85 0.0237 0.15 0.05
2|250 - 300 0.85 0.5] 0.85 0.0234 0.15 0.05
3300 - 350 0.85 05| 085 0.0237 0.15 0.05
4|350 - 400 0.85 0.6] 085 0.0234 0.15 0.06
5{400 - 450 0.85 0.6f 0.85 0.0231 0.15 0.06
6[450 - 500 0.85 0.6] 0.85 0.0234 0.15 0.06
7|500 - 550 0.85 0.6] 0.85 0.0231 0.15 0.06
8/550 - 600 0.85 0.6] 0.85 0.0228 0.14 0.06
91600 - 650 0.85 0.6] 085 0.0225 0.14 0.06
10650 - 700 0.85 0.6/ 0.85 0.0221 0.14 0.06
11{700 - 750 0.85 0.6 0.85 0.024 0.15 0.07
12{750 - 800 0.85 0.6f 0.85 0.0237 0.15 0.07
13800 - 850 0.85 0.6f 0.85 0.0233 0.15 0.06
14{850 - 900 0.85 0.6] 0.85 0.0229 0.15 0.06
15}900 - 950 0.85 0.6] 0.85 0.0226 0.14 0.06
16{950 - 1000 0.85 0.6] 0.85 0.0222 0.14 0.06

Slit width correspond to 0.1 nm of wavelength.
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Table 5.4-3 Trasmissivity of Filter spectrometer.

Total
No. |Wavelength (nm)| A C D E F G |Transmissivity
1 227.091| 0.9 ? 0.8 ? 096 | 0.6 0.8 ?
2 313.041] 0.85 0.6 085 | 043 | 094 | 0.6 0.8 0.2
3 372.085 0.8 0.6 0.9 043 | 092 | 0.6 0.8 0.19
4 465.854| 0.9 0.7 098 { 062 | 098 | 0.88 | 0.88 0.47
5 521.9136| 0.85 0.6 0.98 0.5 0.97 | 0.88 | 0.88 0.38
6 657.811 0.8 0.6 098 | 047 | 096 | 0.88 | 0.88 0.35
7 468.5682f 0.9 0.7 098 | 062 | 098 | 0.88 | 0.88 0.47
8 656.1032 0.85 0.6 0.98 0.5 097 | 0.88 | 0.88 0.38
9 706.5449| 0.8 0.6 098 | 047 | 096 | 0.88 | 0.88 0.35
10 640.1661 0.7 0.7 098 | 048 | 098 | 0.88 | 0.88 0.36
11 667.8157| 0.6 0.6 098 | 035 | 097 | 0.88 | 0.88 0.27
12 728.1349] 0.9 0.7 098 | 062 | 096 | 0.88 | 0.88 0.46
A: Design value of filter surface transmissivity
B: Diffusive loss coefficient of filter surface (rough estimate)
C: inner transmissivity in the filter-layers (rough estimate)
D:AxBxC
E: Transmissivity of the filter blank (do not include filter surfaces ).
F: Transmissivity of collimator
G: Transmissivity of camera
Table 5.4-4 Trasmissivity of High dispersion spectrometer.
Order Sorting |Littorow Total
Spectrometer |Relay Optics |Filter (Double pass)|Grating [Slit [Transmissivity
Shorter Region 0.92 0.7 0.88 0.5 0.21 0.06
Longer Region 0.92 0.7 0.88 0.5 0.23 0.06
Setting angle of grating:
for Shorter Region : 70.45 degree
for Longer Region: ~ 71.8 degree
Slit width (for A/AA = 50000 )
for Shorter Region : 0.122 mm
for Longer Region:  0.133mm
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5.4.2 Intensity estimation of spectral lines in the divertor

The particle influx I is given by
I'=4nK1], (5.4-2)

where K is the number of ionization events per photon for the observed line
with the intensity of L.

The required range to be measured for the deuterium total influx is 1019 -
1025 ats”l as shown in Table 1. Since the power deposition area on the divertor
targets is about 10 m?2, the measurable range of the deuterium influx density T to
the divertor is 1018 - 1024 atm-2.s-1. In a similar way, the influx density to be
measured for carbon and beryllium are 1016 - 1021 atm-2.s-1.

We estimated the intensities of Da, CII(3s-3p, 657.8 nm) and Bell(2s-2p,
313.06 nm) lines for each required influx density region using equation (5.4-2)
under the conditions of electron density of 1x1019 - 1x1022 m-3 and electron
temperature of 1 - 50 eV. These values are expected for ITER divertor plasmas.
The values of K are calculated in references [1], [2], [3] for wide ranges of electron
density and temperature.

The calculated results are shown in Fig.5.4-2.

5.4.3 Measurable limit

If we assume the lower limit of the number of photons is 1000 photon-ms-1
at the detector, the measurable intensity limit in the divertor derived from
equation (5.4-1) is about 1.4x1016 - 3x1016 photon-m-2:sr-l:s-1 for the optics of
viewing fans of OV, OH, IV and IH. From Fig. 5.4-2, it is expected that the
measurable limits for influxes will be different depending on the electron density
and temperature. For example, it is difficult to measure the carbon influx density
of 1x1016 m-2.5-1 for Te=5eV. Also, it is difficult to distinguish between line
emission and bremsstrahlung emission by filter spectrometers. The calculated
line intensities of the bremsstrahlung emission (Zegf=1.5, Te= 5-50 €V) are also
shown in Fig. 5.4-2. Here, we have assumed that the integrated length is 5 cm and
the wavelength band width is 1 nm which is the same as that of the band pass
filter of the spectrometer. In the high density region, it is necessary to confirm the
bremsstrahlung component by survey spectrometers. In addition, free-bound
continuum originated recombination will be important in the low temperature
and high density region.

— 127 —



JAERI-Tech 98-047

In the low temperature and high density region, more detailed

consideration of atomic and molecule process is necessary.

I ine (Photon.m?s™sr™)

Do o To=lev 2 | Bl (31306 nimy |8 Te- Sov 20 | CH(EB7.8nm) |8 8258
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Fig.5.4-2 Intensities of Det, Bell (313.06 nm) and CII (657.8 nm) lines as a function of electron
densdity for various influx densities and electron temperatures, and bremsstrahlung
emission Igrem

For the detailed estimation, following further works will be necessary.

i) Calculations of spatial distributions of line and continuum emissions
in the divertor for various conditions of ITER.

ii) Calculations of integrated emissions along the sight lines with the
above calculations 1).

iii) Test for reconstruction of the spatial distribution of emissivity in the
divertor.

iv) Estimation of the accuracy of particle flux derived from the measured
emission with measured ne and Te which spatial resolutions are
larger than that of emission measurement.

v) Actual selection of detector.

vi) To include the effect of the degradation of first mirror.
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5.5 Calibration system

Before the installation of the diagnostic divertor cassette and the
penetration optics, the sensitivity calibration will be carried out by arranging the
real components in the same arrangement as the real optics with standard light
sources set in the divertor. After the installation, the standard light will be set
behind the biological shield. The light will be applied to the molybdenum CCRs
through the same optics as used for the measurements. The CCR will be installed
in the pocket which is free from neutral particle bombardment and from dust
deposition. The spectral intensity of the reflected light from the CCR will be
monitored by a spectrometer in order to monitor the degradation of the
penetration optics. Schematic view of the calibration system (surrounded by
doted line) is shown in Fig. 5.5-1.

i
Detectori2
I

1
Collecting & Fdcusing Light Sourse 2
Optics )
Penetration \ )
Optics !

Mirror Optical Fiber

Bundle
\

CCR | Optics /
in Diverto Half Min:o

E el B

Light Sourse 1

1

Detector 1

Detector 1,2:
Spectrometer with auto-
changeable grating &
detector vs wavelength

[P, S

Spectrometers

Fig, 5.5-1 Schematic view of the calibration system (surrounded by doted line).

It will be a problem that only a few areas of the optics will be calibrated
actually by this method. The degradation of other area will be assumed as same as
the calibrated area. This problem should be resolved and demonstrated by
mockup equipment. The details of the calibration method are still under
development.

For the signal to noise ratio during the calibration, the ratio will be
improved by increasing the integration time longer than that of plasma
measuring phase (for example 1 ms for filter spectrometer). It will be necessary to
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estimate the signal to noise ratio with actual light sources, optics and detectors
during the calibration.

In addition, it will be necessary to consider other calibration methods. For
example, it is better to install the light source at the divertor during the
calibration remotely.
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5.6 Alignment system

The alignment of the optical axis will be carried out by moving the collecting
optics it self for large movement and by moving the optical fiber bundle for small
movement. The mirrors in the labyrinth will not be moved except installation
phase.

The alignment will be carried out with a laser, a diffuser, a plane mirror and
a corner cube reflector (CCR) mounted between the line of sight in the divertor
cassette. The laser is shone through the optical axis of the system and the position
of light spots created by the diffuser, the plane mirror and the CCR are monitored
with a CCD camera as shown in Fig. 5.6-1. The diffuser is used to adjust the shift
of the axis and the plane mirror is used to adjust the tilt of the axis. The CCR is
used for reference.

Optics Collecting & Focusing
in Divertor Cassette Optics
CCD
# / CCR
NN .
| ] Mimor
Diffuser
Plane Mimor
on CCD from Plane Mimor
—— ° /
" ° — ot
= *~~from CCR

Fig. 5.6-1 Concept of alignment system.

The detailed arrangement of alignment system for axis-tilting is shown in
Fig.5.6-2. The light source and the detector is also shown in Fig. 5.6-3. The
arrangement of alignment system for the axis-shift is shown in Fig.5.6-4.

i) Illumination optics (see Fig.5.6-2)

The laser light is focused on the plane mirror where is the focal point of the
collecting optics. The laser beam is radiated with the diameter of 193 mm from
the collecting optics on to the mirrors located in the divertor cassette. The focal
length of the collecting optics is 1380 mm.

ii) Alignment system for axis-tilting (see Fig.5.6-3)
The reflected lights from the plane mirror and the CCR on the divertor
cassette are focused on the plane mirror in the collecting optics and detected by
the detector (CCD camera).
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The distance D between the spot from the CCR and that from the plane
mirror is written as

D=fw (5.6-1)
where f is the focal length and o is the angle between the beam from the CCR and

that from the plane mirror. If the axis-tilting is 1' (1/60 degree; ® = 2.91 x 104 rad),
D becomes 0.401 mm at the plane mirror in the collecting optics. The distance
becomes 0.167 mm on the detector because the magnification from the plane
mirror to the detector is designed as 0.416. If the axis-tilting is 0.5 degree, the
distanse on the detector becomes 5.01 mm.

iii) Alignment system for the axis-shift (see Fig. 5.6-4)

The light from the diffuser mounted on the divertor cassette focused on the
plane mirror at the optical fiber bundle and focused on the detector (CCD camera)
by a relay optics. The magnification from the diffuser to the detector is 1/5. If the
shift is 1 c¢m, the sift of the spot becomes 2 mm on the detector.

— 133 —



JAERI-Tech 98-047

-unqii-sixe 10§ wWISAs Juawugife Jo Juowofuelre po[ie1d z-9°¢ “Sig

9. €9€7 ™5 WOdd O009ET
002=02

d01S N%EN%/

(XVA)WWBE=@ 11dNd L1X3 !

_ 4.& - 4

(062)00€=0

}
|
o
! -~
SOILdO DNILLOATI0D 40 INIOd VOO0 18 \
! HOHHIN 3INV1d —
| -
t -
|
!
1
|
|
\
\
\
\
\
\
\
370NNE, 83814 1VI11dO
\
SO11d0 d01d3A1IEQ 3HL 804
w_o.ﬁow._.,roo LHO11 30103130 1111 3 3030S LHOIT
. SHOYYIN SIXV-d440 OML 3IHL 40
\

: SIXv-0D

134 —




JAERI-Tech 98-047

40103130

uauIUSI[e J[1) 10J 1030933p Y} puE 35IN0S WYIIT €-9°C "SI

N
n

w

dJOdY W 3NV

I,

av3aH 3a0ia mmm<._l\

\
A
/ d4311171dS Wv3g

EET

9 °L9T7

Y
A

0 '6¢eT o

135




JAERI-Tech 98-047

“IJIyS-SIXe Y} JOJ WASAS Juowudife Jo Juowaduelly +-9°G ‘31

0

00¢
Eﬂ\\\_

40123130 14IHS
WILSAS LN3IWND [V OLNY

— 136 —



JAERI-Tech 98-047

6. Mechanical design
6.1 Optics
6.1.1 Over view and arrangement

The over views and arrangements of this system in the pit and in the
diagnostic room are shown in Fig. 6.1-1, 2, 3 and in Fig. 6.1-4, 5 respectively. The
system has two viewing systems. One is a viewing system through the optics in
the divertor cassette and another is a viewing system through the gap between
the divertor cassette. Those are called '2-D viewing system' and 'X-point viewing
system' respectively. Each viewing system has a dog-leg optics in the biological
shield to prevent neutron and y-ray stream.

Spectrometers for the wavelength region from 200 nm to 450 nm and their
local controller are mounted on the movable trolley in the pit as shown in Fig.
6.1-2 and 3. An optical terminal box and a electrical terminal box are set beside
the spectrometers in the pit. Through these terminal boxes, optical fibers and
electrical wires are connected with the spectrometers and the electrical
components set in the diagnostics room.

Spectrometers for the wavelength region from 450 nm to 1000 nm, their
local controller and a main control and data acquisition system are set in the
diagnostic room as shown in Fig. 6.1-4 and 5.

6.1.2 Optics in the divertor cassette

The optics in the divertor cassette described in section 5.1. is realized by
mirrors made of molybdenum. Mirrors in the bottom of the divertor cassette are
arranged in a box as shown in Fig.6.1-6 and mounted on the divertor cassette
from the bottom. Mirrors in the divertor dome are arranged on a plate as shown
in Fig.6.1-7 and mounted in the dome from the top before setting the dome.

6.1.3 Dog-leg optics

The drawing of the dog-leg optics for 2-D viewing system is shown in Fig.
6.1-8 and 9. The components of the dog-leg optics are mounted in the biological
shield from the outside. After the adjustment of optical axes, the crevice is filled
up with concrete blocks except optical pass.
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The drawing for X-point viewing system is shown in Fig.6.1-10.

6.1.4 Collecting and focusing optics

The collecting and focusing optics for 2-D viewing system and for X-point
viewing system are shown in Fig. 6.1-11 and 12 respectively.

6.1.5 Alignment system

The arraignment system for optical axes is shown in Fig. 6.1-13. A light
source for arraignment is mounted on the box of collecting and focusing optics.
The light is introduced into the optical axis by a movable plane mirror which is
inserted in the optical axis. The light from the optics in the divertor is detected by
CCD camera mounted near the light source for adjustment of tilt. The shift of the
optical axis is detected by a CCD camera mounted near the block of fiber arrays.
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Fig.6.1-11  Collecting and focusing optics for the 2-D viewing system.
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Fig.6.1-12  Collecting and focusing optics for the X-point viewing system.

— 150 —



JAERI-Tech 98-047

“uIaIsAs SuImMalA (1-7 9y 1oy sondo Sursnooj pue Sunof[o)) Y} UL WANSAS JUSWUSIY €1-1'9°814

e /.
L | /

e
\ \
M0103130 LiIHS \

SOI1d0 AVI3Y

HOMYIN 3NV

0123130 L1711 % 30¥0S LHOIN

370NN ¥3814 vOlLldO

151




JAERI-Tech 98-047

6.2 Spectrometer
6.2.1 Visible survey spectrometer

A general view of the visible survey spectrometer for UV region is shown
in Fig.6.2-1.
6.2.2 Filter spectrometer

A general views of the filter spectrometer for UV and for visible region are
shown in Fig.6.2-2 and 3 respectively.
6.2.3 High dispersion spectrometer

A general view of the high dispersion spectrometer for UV region is shown
in Fig.6.2-4.
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Fig.6.2-1 Visible survey spectrometer for UV region.
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Fig.6.2-2 Filter spectrometer for UV region.
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6.3 Analysis of the electromagnetic force during the disruption

Rapid decay of the plasma current during the disruption affects a large stress
on the optical component. Here, we estimate an electromagnetic force on the
mirror base which is located in the divertor cassette. In this estimation,

followings are assumed;

(1) Toroidal magnetic field during the disruption is 5.8 T at the mirror.

(2) Plasma current of 21 MA creates a poloidal magnetic field of 0.84 T at the
mirror base which is located 5 m away from the plasma center.

(3) The mirror base, which is made of stainless steel, is 50 mm wide, 413 mm
long and 30 mm thick as shown in Fig. 6.3-1.

(4) The mirror base is inclined at 50 degrees against the poloidal field as shown

in Fig. 6.3-1.

r

&

SSSSISSSXIEN

BRSNS IS KRR NSNNNNT

F
®-4>.
sof | EZF 22224
A e
<+ i <+

Fig.6.3-1 The electromagnetic force on the
base of the mirror is calculated.
The considered object is shown by
thick solid lines.

The electromagnetic force was
estimated by using a simple model
calculation. The results are shown in
Fig. 6.3-2, 3 and 4 in case of the current
decay time of 10 ms, 5 ms and 1 ms.
Maximum values of the force, the
induced current and the moment are
also summarized in Table 6.3-1.

As the result, the electromagnetic
force on the mirror base is 67 N in case
of the current decay time of 10 ms. Even
if the decay time was 1 ms, it becomes
only 440 N. These results indicate that
the electromagnetic force on the mirror
base is not a serious problem.

Table 6.3-1 Summary of calculated force, induced current and torque.

Plasma Current Decay Time 10 ms 5ms 1ms
Maximum Force 67 N 124 N 440 N
Maximum Induced Current 430 A 800 A 2900 A
Maximum Torque 21 Nm 38 Nm 138 Nm
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Fig. 6.3-2 Calculated induced current, electromagnetic force and moment on the mirror base for
the plasma current decay time of 10 ms.

— 158 —



JAERI-Tech 98-047

(A)

Induced Current
8

TYT 2222 URRSXSIIISARRSISRRRANABEISISS

Time x107%e

(N)
480

1200

100.0

Moment
3

150

100

80

(1]
SYReO22NRRAXSYITISINRSISRINLIVLISISE

Time 107 %(s)

Fig. 6.3-3 Calculated induced current, electromagnetic force and moment on the mirror base for
the plasma current decay time of 5 ms.
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Fig. 6.3-4 Calculated induced current, electromagnetic force and moment on the mirror base for
the plasma current decay time of 1 ms.
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6.4 Analysis of the nuclear heating for mirrors in the divertor cassette

The temperature rise of the mirror located in the divertor dome is
estimated by a simple model calculation as a function of nuclear-heating value.
The calculation was carried out under the following assumption.

(1) The mirror has a triangle shape as 525x352x391 mm as shown in Fig. 6.4-1.

(2) Heat is transmitted only by conduction.

(3) The temperature distribution of the triangle is approximated by that of a
fan-shape as shown in Fig. 6.4-1.

The temperature distribution T(r) is approximately written as

2_y2
T(r) = Ty, + XEw" "0 (6.4-1)
4\
where Ty is a temperature of the bottom of the triangle, y is a nuclear

heating value, A is a thermal conductivity, ry, is a length of the oblique side of the
fan and r is a distance from the top of the triangle (see Fig. 6.4-1). From the
equation (6.4-1), the temperature difference AT between the top and the bottom
of the triangle is

2
AT = W™ (6.4-2)

Fig. 6.4-1 Schematic view of the mirrors in the dome and a triangle which is used in the
calculation.

The calculated results are shown in Fig. 6.4-2 and 3, and summarized in
Table 6.4-1. Fig. 6.4-2 is AT as a function of nuclear heating value and Fig. 6.4-3 is
the temperature distribution T(r) as a function of r. Since the nuclear heating
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value y at the mirror is expected to be 0.2 W/cm, the temperature difference AT
between the top and the bottom of the mirror becomes 94 degrees for
molybdenum and 861 degrees for stainless steal. It suggests that the molybdenum
mirror has no problem but the base of the mirror which is made of stainless steal
has a problem. Therefore, the base should be made of the material which has a
higher thermal conductivity such as aluminum/copper alloy.

Table 6.4-1 Calculated results of temperature difference AT between the top and the
bottom of the mirror for different nuclear heating.

Nuclear heating AT for molybdenum AT for stainless steal
(W/cm3) (degree) (degree)
0.2 94 861
0.4 188 1723
0.6 281 (2584)
0.8 375 (3445)
1.0 469 (4307)
400 Molybdenum
3500 — Stainless Stea -
2 3000 3
g P
B 2500 S
S o
’21 2000 .g
1500 Q Molybdenum
£
1000 e
500
o b
0 02 04 06 08 1
Nuclear heating A (W/cn3) r(cm)

Fig.6.4-2 Calculated results of ATas a function
of nuclear heating value.
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6.5 Remote handling for mirrors in the divertor cassette

The concept of remote handling for mirrors in the divertor cassette is
illustrated in Fig. 6.5-1 and 2. The support tools are mounted on the mirror box
as shown in Fig.6.5-1. The mirror box is installed in the dome by remote
handling tool before installation of the dome as shown in Fig.6.5-2. The mirror
box for the bottom of the divertor cassette is installed from the bottom. The
remote handling method is still under consideration.

If it is able to set mirrors in a mono-module, the installation and remote
handling from the bottom of the divertor cassette will become simple as shown
in Fig. 6.5-3. Further work is needed about this method.
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Fig. 6.5-3 Remote handling concept from the bottom. Mirrors are mounted in a mono-
module.
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7. Neutron and y-ray irradiation effect

The neutron flux and y-ray dose rate at the port plug are calculated to be
2x1013 m-2-s-1 and 200 Gy/h [1] respectively. The windows located at the port plug
are shielded by water cooled stainless steel tubes as shown in Fig.4.5-1. The
neutron flux and y-ray dose rate at the windows are expected to be 6x1011 m-2.5-1
and 3 Gy/h. The degradation of trasmissivity (A>350 nm) of fused silica KU is less
than 5 % (for 8 mm thickness) at the neutron fluence of 1021 m-2 and the y-ray
dose of 107 Gy [2,3]. At 200 nm, the degradation is 17 % (for 8 mm thickness) at the
Yray dose of 10° Gy.

From these consideration, the windows will survive during ITER operation
(50,000 shots x 1000 sec) for the wavelength region of A>350 nm.

For the wavelength region of 200 - 350 nm, the windows will survive
against the y-ray irradiation. For the neutron irradiation, more careful
consideration is necessary.

References

[1] R. T. Santro, H. Iida, V. Khripunov, Neutron and gamma-ray flux and dose rate levels in the
cryostat and gallery cells. Impact on electronic instrumentation, ITER Internal Report
NA:NAG-31-16-05-97 (1997).

[2]. D. V. Orlinski, Radiation hardening of diagnostic components, in: Diagnostics for
Experimental Thermonuclear Fusion Reactors, P. E. Stoott, G. Gorini and E. Sindoni, ed.,
Plenum Press, New York (1996).

[3]. S. Yamamoto, The present status and future plan of task T246, in Technical Meeting on
Irradiation Tests on Diagnostic Components based on the T246 task agreement, Garching
(1997).
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8. Control and data acquisition

Here, the control system of the Divertor Impurity Monitoring System and
the data acquisition system are described.

8.1 Concept of control and data acquisition

The basic concepts are as follows.

1) The control system should be composed of wide used equipment.

2) The data should be acquired with a fast sampling mode and a slow
sampling mode during each ITER shot to reduce the amount of data.

3) The equipment control and the data acquisition should be realized by a
local control system and a data acquisition system. Only the selected
and/or processed data should be forwarded to CODAC.

4) The plasma parameter such as electron temperature and density
measured by the other diagnostics should be necessary. It should be
able to get those data through CODAC.

5) Real time data acquisition and processing should be considered for
plasma control.

The block diagram of the control and the data acquisition system is
illustrated in Fig. 8.1-1.
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Fig. 8.1-1 Block diagram of control and data acquisition system.
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8.2 Items of control for the Divertor Impurity Monitoring System

The Divertor Impurity Monitoring System should be controled by a system
composed of wide used equipments. The actual equipments are under
consideration.

Items to be controlled are listed in Table 8.2-1.

Table 8.2-1 Items to be controlled and the number of their points.

Control Item Point : Total point

1. Collecting & Focusing Optics
for 2-D Viewing System

1) Base

a) Vertical movement 1x1 1

b) Horizontal movement 1x1 1

¢) Vertical tilt Ix1 1

d) Horizontal tilt 1x1 1
2) Optical fiber Bundle

a) Vertical movement 1x1 1

b) Horizontal movement 1x1 1

¢) Movement for focusing 1x1 1

d) Rotation 1x1 1
3) Light source for alignment

a) on/ off 1x1 1
4) CCD detector for alignment

a) Control & signal 1x2 2

2.  Visible Survey Spectrometer

1) Shutter

a) Open/Close 1x1x16 spectrometers 16
2) Slit

a) Slit width 1x1x 16 spectrometers 16
3) Grating

a) Wavelength 1x1x 16 spectrometers 16
4) Camera lens

a) Focusing 1x1x16 spectrometers 16
5) Detector

a)Control signal 1x1x16 spectrometers 16

HV, Scan cycle,
Amp Gain, Grouping for pixels

6) Temperature

a)Temperature monitor 1x1x 16 spectrometers 16
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Table 8.2-1 Items to be controlled and the number of their points (continued-1).

Control Item

Point

Total point

Filter Spectrometer

1) Shutter
a) Open/Close
2) Camera lens
a) Focusing
3) Detector
a)Control signal
HYV, Scan cycle,
Amp Gain, Grouping for pixels
4) Temperature
a)Temperature monitor

High Dispersion Spectrometer

1) Shutter
a) Open/Close
2) Slit
a) Slit width
3) Band-pass filter
a) Replacing
4) Grating
a) Wavelength
5) Littrow lens
a) Focusing
6) Detector
a)Control signal
HV, Scan cycle,
Amp Gain, Grouping for pixels
7) Temperature
a)Temperature monitor

Collecting & Focusing Optics

for X-point Viewing System

1) Base
a) Vertical movement
b) Horizontal movement
¢) Vertical tilt
d) Horizontal tilt

2) Optical fiber Bundle
a) Vertical movement
b) Horizontal movement
¢) Movement for focusing
d) Rotation

3) Light source for alignment
a) on/ off

4) CCD detector for alignment
a) Control & signal
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Table 8.2-1 Items to be controlled and the number of their points (continued-2).

Control Item Point Total point

6.  Calibration system (2-D viewing)

1) Mirror for light source

a) in/out 1x3 3
2) Light source

a) on/ off, control 1x2x2 4
2) Detector (with monochromator)

a) Wavelength 1x2 2

b) HV 1x2 2

c) Amp Gain 1x2 2

d) Rotation 1x2 2
3) Shutter

a) on/ off 1x2 2
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8.3 Data acquisition and processing
8.3.1 Data flow for physical parameter

In this section, the concept of the derivation for physical parameters from
measured data is described. Fig. 8.3-1 is a illustrated view of verius coefficients
and parameters.

| Ionization

7 17
W / Ionization limit

Influx
I —

Fig. 8.3-1 Illustrated view of verius coefficients and parameters among energy levels.

In this figure, S is a ionization rate coefficient (function of Te ), Cgj is an
excitation rate coefficient from g (ground state) to j (function of Te ), T is an
influx, Ij; is a spectral intensity of transition j -> i, Aj; is a transition probability
from j to i, and n?(g) is a population density of ground state of atom (or ion) z.

In the low density region, the population n%(g) of ion (or atom) z is usually
derived by corona model as below.

I = n(e)n.C Aji
ji = M AZIMeLy;
A,
I (8.3-1)
where ne is an electron density. The influx T is derived by the following

equation.
F=am - Kji - T, (8.3-2)
where
( For low density limit; K:: = S , Bi=_—_ )
n ngBji n Z

In the high density region, the above equations can not be used. The
collisional radiative model (CR model) should be used. In addition, more study
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is still necessary for low temperature and high density region such as divertor of
ITER.

Data flows to derive physical parameters are illustrated in the following
figures.

i) Impurity species identification and monitor (See Fig.8.3-2)

Visible Survey Spectrometer

Visible Survey Spectrometer

Selection of
Spectral Lines
for Monitor

Wavelength Table Identification

Derveing
Intensities of
Spectral Lines

Calblation
Cogefficient

Impurity Species

Time Evolution of Intensity
of Spectral knes for
Monitoring

Fig. 8.3-2 Data flow to impurity species identification and the monitoring.
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ii) Measurement of impurity and plasma particle influx (See Fig. 8.3-3)
In this processing, information of magnetic surface in the divertor will be
necessary to reconstruction the 2-dimensional distribution of spectral emissions.

The data of ne and Te distributions in the divertor, which are measured other

systems such as a divertor Thomson scattering system, is also needed to calculate
the influxes.

iii) Measurement of density of ion and atom (See Fig. 8.3-4)

In this processing, same information as above is also needed.

I Fiter Spectrometer I

I Fiter Spectrometer

> -

) Deriveing X Deriveing
Cablation Intensiies of gﬂ’:“o" Intensities of
Coeffcient SpectralLines oefficient Spectal Lines

Magnetic Re canstuction Magnetic Reconstruction
Surface Surface
~

X

>

2-Dimensional Distributon of]
Spedral Emissions

I (xy)

2 -Dimensional Distrbution of
Spectral Emissions

lii (x.y)

from other systems

fram other systems

Atomic Dat
K.

2-Dimensional Distibution
ofParticle Influx
T (xy)

2-Dimensional Distributon
of mpuiity Dersities

Fig. 8.3-3 Data flow to derive 2-dimensional  Fig. 8.3-4 Data flow to derive 2-dimensional
distribution of particle influx. distribution of density of ion and atom.
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iv) Measurement of density ratio of H, D and T (ng/np/nT) (See Fig. 8.3-5)

Since the temperature of atoms (H, D, T) is low in the divertor, it will be
able to deconvolute spectral lines Ha,, Da, and Ta. It should be considered that a
He 1II line appears near the Ta line.

v) Measurements of ion temperature and energy distribution of particle (See
Fig. 8.3-6)

Ion temperature will be derived by measuring Doppler profiles of impurity
lines. The demonstration is still necessary in the existing Tokamaks.

The energy distributions and/or speed of particles will be estimated by
measuring the line profiles and/or the Doppler shifts.

I High Dspersion Spectometer I

4

[H'gh Di persion Spectnmeterl

Dertv eing

. Derveing .
Calblation Intensties of Caiblation Intenstties of
Coefficient SpectralLines Coefiicient Spectra Lines
¥
Profle of Prdiie of
Spectml Lines Spectral Lines
Ha, Doy, Ta, Helt

A

Deconvoluton Wavelength

Fig. 8.3-5 Data flow to derive density ratio
of H, DandT.

Deconvoluton

Intersity Ratio of Doppler Profiles
Ho, Do, Ta, Hel of Spectral Lines
Denst yRatio of lon
H,D, T Temperature
nHAD/nT

Wavelength

Fig. 8.3-6 Data flow to derive ion temperature.
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vi) Measurement of ionization front (See Fig. 8.3-7)

Ionization front of each outer and inner divertor will be determined by
detecting the channel which has a maximum intensity respectively.

Filter Spectrometer

Deriveing
Intensities of Da

l

Detect the Channels which hav:
Maximum Intensity for each oute
and inner divertor legs

i

lonization Front

Calblation
Coefficient

Fig. 8.3-7 Data flow to derive ionization front.

vii) Measurements of ne and Te

The electron density ne and temperature Te will be measured by line ratio
method in the divertor.

For example, ne and Te were measured by following lines [1].
ne: Hel (667.8151nm: 2p 1P° - 3d 1D) / Hel (728.1349 nm: 2p 1Po - 35 15)

Te: Hel (728.1349 nm: 2p 1Po - 35 1S) / Hel (706.519, 706.5707 nm: 2p 3Po - 3s
39)
Concerning this method, it should be necessary more detailed study and
demonstration in the existing Tokamaks.

References
[1] B. Schweer, G. Mank, A. Pospieszczyk, Electron temperature and electron density profiles

measured with a thermal He-beam in the plasma boundary of TEXTOR, J. Nucl. Mater, 196-
198: 174 (1992).
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8.3.2 Data from detector

i) Visible survey spectrometer

Each visible survey spectrometer has an intensified CCD detector which has
1024 x 512 pixels (~ 25 mm x 12.5 mm) in this design. The wavelength region
from 200 nm to 1000 nm will be measured by 16 visible spectrometers. If we use
the detector which has 2048 x 512 pixels, the number of spectrometers will be
decreased to 8.

The spectral lines from the different sight lines are imaged on the detector
as shown in Fig. 8.3-8. 12 sight lines (maximum number is 20 optically) will be
observed by each detector. The signals of the same line, which corresponds to
same wavelength, are added as shown in Fig. 8.3-9. These signals from the 12
sight lines are sent to the data acquisition system of this system.

That is,

1024 x 12 sight lines = 12,288 data /one scan for each spectrometer,

12,288 x 16 spectrometers = 196,608 data / one scan for this system.

The amount of the data will be very large if we got the data every 10 ms
during ITER shot of 1000 s. Here we assume the data will be sent to the data
acquisition system and CODAC as follows.

To the data acquisition system;

-10 ms sampling Total 100 s during the ITER shot
-100 ms sampling Total 900 s during the ITER shot

196,608 x (100/0.01) + 196,608 x (900/0.1) = 3.7 x 10 9 data/shot
= 3.7 G data/shot

To CODAC;

- Time evolutions of selected 50 spectral lines.
50 x 12 sight lines x ((100/0.01) + (900/0.1) ) = 1.14 x 10 7 (11.4 M) data/shot
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Fiber ends are set along the entrance slit

spectral lines
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(correspond to wavelength)

Fig. 8.3-8 The spectral lines from the different sight lines are imaged on the detector. 12 sight
lines (maximum number is 20 optically) will be observed by each detector.

Add along Spectral lines
this direction on the detector

v

A ﬂ M A Added signal

Fig. 8.3-9 The signals of the same line, which corresponds to same wavelength, are added.
These signals from the 12 sight lines are sent to the data acquisition system of this
system.
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ii) Filter spectrometer

The filter spectrometer system is composed of two groups of filter
spectrometers as shown in Fig. 8.3-10. Each group has 4 spectrometers and each
spectrometer observes 3 spectral lines. The group for viewing fans of XL and XU
observes 12 spectral lines from 100 sight lines simultaneously. The group for
viewing fans of IV, IH, OV and OH observes 12 spectral lines from 400 sight lines
simultaneously. An intensified CCD detector (or MOS detector) which has 512 x
512 pixels will be used in this design.

A filtered spectral line from the different sight lines are imaged on the
detector as shown in Fig. 8.3-11. 400 or 100 sight lines will be observed by each
detector. The signals from pixels corresponding to the same sight line are added
and the added data will be sent to the data acquisition system of this system.

That is,

12 x (400 + 100) sight lines = 6,000 data /one scan,

The amount of the data will be very large if we got the data every 1 ms
during ITER shot of 1000 s. Here we assume the data will be sent to the data
acquisition system and CODAC as follows.

To the data acquisition system and to CODAC;

-1 ms sampling Total 100 s during the ITER shot
-100 ms sampling Total 900 s during the ITER shot

6000 x (100/0.001) + 6000 x (900/0.1) = 6.54 x 10 8 data/shot
= 654 M data/shot

In addition, the data from the filter spectrometer should be sent to CODAC
by real time processing system every 100 ms for plasma control.
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<PIT> < Diagnostic Room >

]

IV: 100

IH: 100 A o |
OV: 100 Dichroic Mirror

OH: 100

Bandpass —

Filter \

|
|
!
|
Detector | > | 6 ]
|
|
|
1

XL: 50
XU: 50

Dichroic Mirror ! @
I

-
1
e . f
Bandpass
Filter

Detector —

Fig. 8.3-10 The filter spectrometer system is composed of two groups of filter spectrometers.
Each group has 4 spectrometers and each spectrometer observes 3 spectral lines.

(For IV4+IH+OV+OH )

! 512 pixels
he!

I Image of
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20 points 512 pixels

QD
! ©O000000000000000000

20 points

Fig. 8.3-11 A filtered spectral line from the different sight lines are imaged on the detector.
400 (for IV+IH+OV+OH) or 100 (for XL+XU) sight lines will be observed by each
detector. The signals from pixels corresponding to the same sight line are added
and the added data will be sent to the data acquisition system.
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iii) High dispersion spectrometer

Each high dispersion spectrometer has an intensified CCD detector which
has 1024 x 512 pixels (~ 25 mm x 12.5 mm) in this design. There are two
spectrometers in this system.

The spectral lines from the different sight lines are imaged on the detector
as shown in Fig. 8.3-12. 12 sight lines (maximum number is 20 optically) will be
observed by each detector. The signals of the same line, which corresponds to
same wavelength, are added as shown in Fig. 8.3-13. These signals from the 12
sight lines are sent to the data acquisition system of this system.

That is,

1024 x 12 sight lines = 12,288 data /one scan for each spectrometer,

12,288 x 2 spectrometers = 24,576 data / one scan for this system.

The amount of the data will be very large if we got the data every 10 ms
during ITER shot of 1000 s. Here we assume the data will be sent to the data
acquisition system and CODAC as follows.

To the data acquisition system;

-10 ms sampling Total 100 s during the ITER shot
-100 ms sampling Total 900 s during the ITER shot

24,576 x (100/0.01) + 24,576 x (900/0.1) = 4.7 x 10 8 data/shot
= 470 M data/shot
To CODAC;
- Time evolutions of Ti and the ratio of nyg, np and nt.
(to be considered)
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Fiber ends are set along the entrance slit

spectral lines
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Fig. 8.3-12 The spectral lines from the different sight lines are imaged on the detector. 12
sight lines (maximum number is 20 optically) will be observed by each detector.
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v
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(comrespond to wavelength)

Fig. 8.3-13 The signals of the same line, which corresponds to same wavelength, are added.
These signals from the 12 sight lines are sent to the data acquisition system of this

system.
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8.3.3 Flow of data acquisition

It is considered here that the data are acquired with a fast sampling mode
and a slow sampling mode during each ITER shot to reduce the amount of data.
For example, the fist sampling time of the visible survey spectrometer is 10 ms
and that of the filter spectrometer is 1 ms. The period of the fast sampling is 100 s
totally during each shot. The slow sampling time is 100 ms for all spectrometers.

The only selected and/or processed data will be sent to CODAC. The
summary of data acquisition as described previous section is tabulated in Table
8.3-1. The summary of forwarded data to CODAC is also shown in Table 8.3-2.
The total amount of data is still very large. Further consideration should be
needed.

In addition, real time processing should be necessary for plasma control.
And it will be required that the data acquisition and the simple processing
should be carried out within the discharge. The concept is illustrated in Fig. 8.3
14. Further works should be necessary in these issues.

Sampling

Data acquisition

Data processing
Send the processed data to CODAC

N

Sampling period = Integration period of detector

Fig. 8.3-14 Concept of data acquisition, processing and the forwarding to CODAC.
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9. Space requirement

In the pit, spectrometers and local controllers are mounted on the movable
trolley and cubicles for data acquisitions are set behind the shielding wall as

shown in Fig. 9.1
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In the diagnostic room, spectrometers, local controllers and cubicles for data
acquisitions and workstations are installed as shown in Fig. 9.2.
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Fig. 9.2 Space recquirement in the diagnostic room
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10. Further work, and necessary R & D

Further works and necessary R & D were described in the each sections.
Those are summarized in this section as follows.

i) First mirror in the divertor cassette:

- Particle flux estimation as a function of energy in the divertor.

- Experimental data of candidates for the first mirror concerning the
degradation by neutral particle bombardment especially at the low energy
region.

- Test of the baffle method in the present tokamaks.

- Shutter in front of the mirror in order to block off the particle just during
the disruption, the boronization and other wall conditionings.

- Strong gas puff into the divertor just during the disruption in order to
decrease the energy of the disrupted particles.

- Strong gas puff to the mirror in order to blow the dust off the mirror.

- In-situ coating of the mirror.

- R & D of mirror materials.

ii) Optical design
- Detailed design for new divertor cassette.
- Design of new viewing fans.
- Detailed design of calibration system.
- Detailed design of alignment system.

iii) Mechanical design
- More detailed design of interface with other equipment.
- Remote handling equipment

iv) Detector
- Detector selection and design.
- R & D if necessary.

v) Data acquisition and processing
- Reconsideration for concept of data acquisition and processing.
- Detailed design.
- Interface with CODAC.
- Data acquisition and processing for plasma control.

vi) Physics

- Study of atomic and molecular process in the low temperature and high
temperature plasma such as ITER divertor.
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11. Rearrangement of mirrors for new divertor cassette.

The design of the rearrangement of mirrors in the divertor cassette was
carried out for the new divertor cassette as shown in Fig. 11-1.

The new divertor cassette [1] has liners between divertor legs and the first
mirrors. The gap of 7 mm between each liners is narrow to measure spectral lines
through the gap. In order to get a suitable viewing slot for measurement, one of
the liners is removed for each viewing fans. There are four viewing slots for
inner and outer divertor measurement. The gap of each viewing slot is 30 mm as
shown in Fig. 11-2.

The optical design will be necessary for this new arrangement. It is,
however, expected that the optical performance will not change so much, since
the rearrangement is not so big.

Liner

Mirror

Fig. 11-1 Mirror arrangement and viewing fans for new divertor cassette.

e ¥ A ( )
iner i
Liner Outer

Mirror @:(]EQ Outer Mirror o~——ToE 'A

. ; ; Divertor
D Sid
Side Sil;grtor ide Side
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o=l

- q mmViewing Slotmmm———
[o>—I0T1 1
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Lo>—=I0[ ]

. _J N\ J

Fig. 11-2 Horizontal section of liners. Each viewing slot is realized by removing one sheet of liner.
There are two viewing slots for outer divertor. The width of the viewing slot is 30 mm.
The viewing slots for inner divertor are realized by same structure as outer one.

— 190 —



JAERI-Tech 98-047

In addition, new viewing fans through gap between divertor cassettes has
been considered. The viewing fan IG mainly observes inner divertor from the
bottom. The viewing fan OG mainly observes outer divertor from the side as
shown in Fig. 11-3. These viewing fans have wide views with mirror optics. Since
it is possible to make the aperture area of the mirror box smaller with this optics,
the particle flux on the mirror will be reduced.

These viewing fans are coupled with viewing fans of VUV spectrometer to
calibrate the VUV spectrometer with branching ratio method.

Detailed design will be carried out near future.

= Outer Divertor

Inner Divertor Mirror Optics

irror Box

Mirror Optics
Mirror Box

Aperture 7 k

Fig. 11-3 Concept of new viewing fans through gap between divertor cassettes. These viewing
fans are coupled with viewing fans of VUV spectrometer to calibrate the VUV
spectrometer by using the branching ratio method.
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12, Conclusion

The objectives of the divertor impurity monitoring system (WBS 5.5.E.04)
are to identify impurity species and to measure those quantities and influxes
with spatial resolution in the divertor. The system has been designed here in the
wave length region of 200 - 1000 nm in accordance with the work order and the
requirements of the design description document (DDD).

Main results are as follows.

1) System should be composed of three kind of spectrometers such as a visible
survey spectrometer, a filter spectrometer and a high dispersion spectrometer.

2) Spectrometers should be located outside the cryostat from the magnetic shield
point of view.

e Spectrometers for the wavelength range of 200 - 450 nm should be sit on a
movable trolley in the pit to prevent the transmission loss of fiber.

* Spectrometers for over 450 nm should be set in the diagnostic room from
the accessibility's and flexibility's point of view.

3) In order to realize 2D measurements on the poloidal plane both in outer and
inner divertor region, four viewing fans are proposed with mirror optics in
the divertor cassette.

4) The region from approximately up the divertor leg to the x-point will be
observed with the additional viewing fans through the gap between the
divertor cassettes.

5) The ray trace analysis shows that the 10-mm spatial resolution in the all region
of the divertor will be achieved.

6) Visible survey spectrometers, filter spectrometers and high dispersion
spectrometers are designed.

7) It is difficult to measure deuterium influx lower than 1019 (at/-m-2-sec’l) in a
high electron density region. Continuum radiation such as bremsstrahlung
and recombination emission is large in the dense and cold plasmas.

8) The windows on the divertor port plug will be survive against neutron and y-
ray flux. For the short wavelength region, more detailed consideration is
necessary.

9) Mechanical designs have been carried out for the optical penetration system,
spectrometers, remote handling concept, electromagnetic force, nuclear
heating and so on.

10) Concept of control and data acquisition are considered.
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11) Space requirements are listed. _

12) Further design works and necessary R & D are listed.

13) Estimated cost is listed.

14) Rearrangements of mirrors mounted in the divertor cassette were carried out
for a new divertor cassette.
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Appendix
5.4.1(Appendix) Relations among optical parameters
Definitions of optical parameters and there relations are explained here.
e
l"

Fig. 5.4-A1 Illustration for NA, F-number and solid angle Q.

Numerical aperture NA is defined as

NA = sinc. (5.4-A1)
F-number F is defined as
F = 1/(2sina). (5.4-A2)
From (5.4-A1) and (5.4-A2)
FeNA =05 (5.4-A3)
Solid angle Q is defined as
Q=5/12 (5.4-A4)
Forr=1,
Q =S = n(sina)?
=TNAZ2 or n(1/2F) (5.4-A5)
Sy Qq Optics o s
) 9d o

Fig.5.4-A2 Illustration of optics.

Abbe's sine condition
sinog /sinof = M, (5.4-A6)
where M is a magnification of the image, is satisfied in the optics. M is also
written as
M2 = S¢/S4, (5.4-A7)
where S is the area of an object or the image.
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From above equations,
Q4 Sq = n(sinog)? Sq
= nt(sinog)? S¢ /M2
= m(sinog)? S¢ / (sinog / sinoy)?
= nt(sinou)? S¢
= Q¢ S¢ (5.4-A8)
is derived.

In addition, F-numbers of spectrometers here (in the Divertor Impurity
Monitoring System) were designed in order to adopt to the NA of the optical
fiber with suitable pre-optics as shown in Fig. 5.4-A3.

(Spectrometer)

NA Pre-optics | Spectrometer

Detector

Entrance Slit

Fig. 5.4-A3 Pre-optics and spectrometer.

All amount of light from the optical fiber enter the optics of the filter
spectrometer because they have no entrance slit. Transmissivities of the filter
spectrometers can be calculated by multiplying the transmissivities of optical
components of the spectrometers as shown in Table 5.4-3.

Since the survey spectrometer and the high dispersion spectrometer have
each entrance slit, the lights from the optical fibers were blocked off by these slits
partially as shown in Fig.5.4-A4. The total transmissivities of these spectrometers
are calculated by multiplying the transmissivities of optical components and the
transmissivities of the slit of the spectrometers as shown in Table 5.4-2 and 5.4-4.

Entrance slit

—— Area=E

— Image of optical fiber (Area = S)

—»| & siit width

Fig. 54-A4 Image of the optical fiber and entrance slit. Transmissivity of slit is defined as E/S.
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IV Ly vR|V—2VvR| S A/V 2 RACEBE /o b, Tow, A2y
T #|lv = — | Wb | V.s 1A=0.1nm=10""m TALBTOTOBHORORE DT
34 ] % F |7 A 7 E Wb/m? 1 b=100 fm?=10"%* m? Cfliﬁ%(‘to
N - N N ) — =14 o =3
157 52Ny H | Wb/A | bar—0.1 MPa—10°Pa 3. barid, JISTRFEKDENERDTH
vy AEE | eryoRE)C | Gal=1 cm/s? = 10~ m/s? BRIBOE2ON 7 7Y —ICAEENTL
# # v — 2 v| Ilm | cdesr al=lom/s =10 m/s %
] 2 1 Ci=3.7x10'°Bq °
Ejv 7 Ak lm/m . 4. ECHIREFIHER Tt bar, barnkk
" i el 2 Lol Bg | & 1 R=2.58x10"*C/kg Rt
! e a 2 U TIHEOHA | mmHg #&2DH5 7Y
® X & ®|s7 v 4| Gy| Jikg lrad=1cGy=10"Gy R ARTLE
s OB 4 B|lv-~utr| sy J/kg lrem=1¢Sv=10 *Sv °
# i< 3
71| N(=10°dyn) kgf 1Ibf £ | MPa(=10 bar) kgf/cm? atm mmHg(Torr)| 1bf/in*(psi)
1 0.101972 0.224809 1 10.1972 9.86923 7.50062 x 10° 145.038
9.80665 1 2.20462 5 0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
¥ K 1Pa-s(N-s/m*)=10P(#7 X)(g/(cm-s)) 1.33322 x 107* | 1.35951 x 10~° | 1.31579 x 10 1 1.93368 x 10~¢
BEE 1mY/s=10'St(2 b =7 2) (cm¥/s) 6.89476 x 107* {7.03070 x 102 | 6.80460 x 10"? 51.7149 1
x| J(=10"erg) kgfem kW=+ h cal (Gt&#) Btu ft + Ibf eV 1cal = 4.18605 J (it&#:)
3
14!; 1 0.101972 277778 x 1077 0.238889 9.47813 x 107 0.737562 6.24150 x 108 =4.184J (#(LE)
I 9.80665 1 2.72407 x 107°¢ 2.34270 9.29487x 107° 7.23301 6.12082 x 10*° =4.1855Jd (15°C)
% 3.6 x10° 3.67098 x 10°® 1 8.59999 x 10° 3412.13 2.65522 x 10° 2.24694 x 10%® =4.1868 J (HBEARTRE)
ol 418005 0.426858 | 1.16279 x 10~ 1 396759 x 107 | 308747 | 261272x10"®  {rei | pS ({LE )
&’ 1055.06 107.586 293072 x 107 | 252.042 1 778.172 6.58515 x 10°! =75 kgf-m/s
1.35582 0.138255 | 376616 x10°7 | 0323890 | 1.28506 x 10~ 1 8.46233 x 101® = 735.499 W
1.60218 x 107? | 1.63377 x 1072°| 4.45050 x 107%%| 3.82743 x 10°2° | 151857 x 1072%| 1.18171 x 10~ "° 1
bih 4 Bq Ci ﬂ% Gy rad ;‘; C/kg R g Sv rem
o 1 2.70270 x 107! 5 1 100 8] 1 3876 3‘4 1 100
i1 it & &
3.7 x 10" 1 0.0t 1 2.58 x 107* 1 0.01 1

(86 £ 12 A 26 A BE)



DESIGN OF DIVERTOR IMPURITY MONITORING SYSTEM FOR ITER (II)




