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For the satellite tokamak JT-60 Super Advanced (JT-60SA), a divertor Thomson scattering measure-
ment system is planning to be installed. In this study, we improved the design of the collection optics
based on the previous one, in which it was found that the solid angle of the collection optics became
very small, mainly because of poor accessibility to the measurement region. By improvement, the
solid angle was increased by up to approximately five times. To accurately assess the measurement
performance, background noise was assessed using the plasma parameters in two typical discharges in
JT-60SA calculated from the SONIC code. Moreover, the influence of the reflection of bremsstrahlung
radiation by the wall is simulated by using a ray tracing simulation. The errors in the temperature and
the density are assessed based on the simulation results for three typical field of views. C 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4929514]

I. INTRODUCTION

JT-60SA (JT-60 Super Advanced) is a satellite tokamak
device in the broad approach, and it is planned at the moment
to start operation from 2019.1 One of the issues in future fusion
devices is a control of particle and heat loads on materials.
In JT-60SA, the steady state heat load can reach 10 MW/m2

even under detached divertor conditions.2 Since the ionization
front is not so stable and it could be easily shifted to X-
point MARFE (multifaceted asymmetric radiation from the
edge),3 which would degrade the energy confinement of the
core plasma, it is inevitable to control the detached plasma.
For that purpose, it is of importance to measure the plasma
parameters in the divertor region and understand the behavior
of detached plasmas including the ionization front.

One of the reliable measurement methods for the divertor
plasmas is the laser Thomson scattering (LTS).4 Other methods
such as an electrostatic probe and spectroscopic methods have
difficulty in measuring detached plasmas.5–7 The LTS has an
advantage that it can also be applied to detached plasmas, as
demonstrated in DIII-D4 and various linear devices.8,9 In JT-
60SA, the usage of LTS is under consideration,1 and it is at the
moment in the feasibility study phase. Although the tempera-
ture and density ranges and required accuracy were not defined
in the research plan, the typical temperature and density ranges
will be 0.5-200 eV and>1019 m−3, respectively, and the required
accuracy will be 10%-20% in density and temperature.

Until now, a conceptual design10 and an initial optical
design have been conducted.11 One of the serious issues to be
considered is the limitation of the available space for collection
optics. In a previous study, it was assessed that the mea-
surement error in temperature would exceed 100% for the
far field line of sight; it is necessary to improve the optical

a)Electronic address: kajita.shin@nagoya-u.jp

design to increase the collection solid angle. Moreover, for
the assessment, there were assumptions in the plasma density,
the temperature, and photon enhancement factor, which is
mainly determined by reflection of bremsstrahlung radiation
on the walls. Since the covered wavelength range is in near
infrared wavelength, the line emissions are low and the major
noise source for the LTS is from bremsstrahlung radiation. To
accurately estimate the errors, it is necessary to consider the
actual plasma distribution and the influence of the reflection
of bremsstrahlung radiation.

In this study, we show an improved optical design and
assess its performance in an accurate manner. To assess the
influence, the profiles of the temperature, Te, the density, ne,
and the effective charge, Zeff, are calculated using the SONIC
code,12 and, moreover, the influence of the reflection of brems-
strahlung on walls is assessed using a ray tracing analysis. The
errors in the temperature and density were assessed for two
typical discharges.

II. COLLECTION OPTICS

A. Design of collection optics

Figure 1(a) shows a CAD (computer aided design) di-
agram of the divertor LTS measurement system. From the
conceptual design, it was concluded that laser should be intro-
duced from the lower port and the collection optics also should
be equipped in the lower port plug. A commercially available
Nd:YAG (neodymium-doped yttrium aluminum garnet) laser
at 1064 nm with the pulse width of <10 ns is the candidate for
the laser. The optics should be installed in a slender duct. In
the previous design, the primary and secondary mirrors were
installed in the top of the duct, which has only 40 mm in width.
To increase the solid angle of the collection optics, we moved
the collection optics to lower part, of which the available width
is more than 100 mm, though the scattering angle should be
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FIG. 1. (a) A CAD diagram of the divertor LTS measurement system and
(b) schematics of the optics and typical rays seen from (b-1) top and (b-2)
projected to a toroidal cross section, and (b-3) 90◦ rotated on the z-axis.

increased in the configuration. As shown in Fig. 1(a), typical
three field of views (FOVs) are used for the assessment of the
optical performance later. The measurement positions H, M,
and L correspond to the high field side (HFS), middle, and low
field side (LFS), respectively. The position M is close to the
X-point.

In Fig. 1(b), schematics of the optics and typical rays
seen from (b-1) top and (b-2) projected to a toroidal cross
section, and (b-3) 90◦ rotated on the z-axis are shown. Three
directions, x, y , and z are defined as shown in Fig. 1(b). Red
arrows in Figs. 1(b-2) and 1(b-3) represent the major improve-
ments in this study. In addition to shifting the mirrors to lower
part, by shifting the primary mirror, which is the closest to
the plasmas, in x direction, the interference of luminous flux
with mechanical components including the secondary mirror is
averted. Moreover, to increase the numerical aperture (NA) of
the optics on the measurement (plasma) side, fiber collection
optics, which was equipped in front of the optical fiber and
had twice higher NA, was also used for the measurement side.
Since we changed the lens system in the mirror side, further
optimization was required for relay optical system. However,
in this study, optimization of relay system was omitted and
optical fiber was inserted in the middle of the port plug to focus
on improving the optical performance. If the relay optical sys-
tem is inevitable because of the deterioration of transmission
of optical fiber by the influence of radiation, the relay system
can be supplementary added without deterioration of optical
performance. To design the optics, the commercially available
optical design software CodeV (Synopsys, Inc.) was used.
Optimization was performed for front end mirrors as fixing the
lens system. The lens system was based on the one previously
designed.

B. Optical performance

Figures 2(a) and 2(b) show the footprints of the rays on
primary and secondary mirrors, respectively. The size of the
primary and secondary mirrors are 32 × 50 and 10 × 24 mm2,
respectively. It is identified that the footprints are sufficiently
smaller than the size of the mirrors. The shapes of the foot-
prints were not round. This is because some rays to fibers
are clipped by apertures of lens elements. This vignetting is
caused by the pupil aberration mainly derived from the fact that
only the mirror system was optimized using the lens system
developed in the previous study for simplicity. It would be
improved if the lens system was also optimized again.

Figures 2(c)-2(e) show the spot diagram at the measure-
ment positions H, M, and L, respectively. In Figs. 2(c)-2(e),

FIG. 2. Footprints of the rays on (a) primary and (b) secondary mirrors and the spot diagram at the measurement positions (c) H, (d) M, and (e) L.
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FIG. 3. The fraction of diffraction encircled energy as a function of the circle
diameter at the measurement positions H, M, and L.

different colored dots show the spot diagrams at different
wavelengths. The red and blue dots correspond to 1064 and
970 nm, respectively. It is seen that the distribution of the spots
at the position L is broader than that at the position H. It is
seen that the chromatic aberration is well compensated and
much smaller than coma aberration, which is caused mainly
by decentering the mirrors.

Figure 3 shows the fraction of diffraction encircled energy
as a function of the circle diameter. The circle centers are
placed at the chief ray position at the image. The fraction of
the encircled energy increases gradually with the diameter and
reaches ∼80% when the diameter becomes ∼2, 3.5, and 5 mm
at the measurement positions of L, M, and H, respectively. The
fraction of encircled energy almost reaches 100% when the
diameter becomes 3, 5, and 7 mm at the measurement positions
of L, M, and H, respectively. To obtain all the possible photon
signals, it is necessary to expand the measurement region by
3–7 mm in addition to the laser diameter. The spatial resolution
and the measurement region will be discussed later by consid-
ering the encircled energy profile in Fig. 3.

Table I shows the collection solid angle for L, M, and
H measurement points. Previously, the solid angles for the
three measurement points were 0.181, 0.049, and 0.009 msr,
respectively. Thus, the present design improved the solid angle
at L, M, and H positions by a factor of 2.3, 4.6, and 5.6,
respectively. It is seen that the solid angle increased in the high
field side in particular.

C. Spatial resolution

Discussion about the spatial resolution is provided here
by considering the laser beam size, the scattering angle, and

TABLE I. Solid angles for view cords L, M, and H.

View cord Solid angle (msr) Scattering angle (deg)

L (LFS) 0.409 155
M (Middle) 0.224 165
H (HFS) 0.050 170

the encircled energy. The size of the laser beam has to be
chosen by considering the multipulse laser induced damage
threshold on the metallic mirrors, which has been measured
previously.13 It was concluded that the laser beam radius at the
mirror should be 7.2 mm or more at 3.5 J and 10 mm or more
at 7 J for the present configuration.11 By focusing the laser
beam around the X point, we can decrease the size of the laser
beam at the measurement points H and L to approximately
half of that at the laser transmission mirror. Assuming that the
laser radius is 3.6 mm at the measurement points, the length of
intersection between the laser and FOV along the laser beam
becomes 40.8 mm at the position H and 15.4 mm at the position
L. Moreover, considering the encircled energy of 80% fraction,
the spatial resolution should be worsened by ∼2-5 mm.

Figure 4 shows the spatial resolution as a function of
the length of the scattering volume, ∆L, for the measurement
positions H and L. The spatial resolution was defined here as
the sum of the diameter of 80% fraction of the encircled energy
and the length of the region in which 80% of the photons can
be obtained from the total scattering volume. Previously, the
length of the scattering volume was assumed to be 20 mm.
However, considering the facts that spatial resolution cannot
be less than ∼40 and 15 mm at the positions H and L, respec-
tively, and that the errors are marginal or serious especially in
the position H as shown later, it would be better to increase
∆L from 20 mm. In this study, we assume ∆L = 30 mm at
the position M and L and ∆L = 50 mm at the position H; the
corresponding spatial resolution would be ∼30 and 60 mm at
the position L and H, respectively. At the position H, for ex-
ample, though the resolution became approximately 1.5 times
worse than the case of ∆L = 20 mm, the signal level increased
significantly by a factor of three.

III. MODELING

A. JT-60SA discharges

To assess the background bremsstrahlung and the
LTS signal intensity accurately, the profiles of the plasma

FIG. 4. Spatial resolution as a function of the length of the scattering volume
for the measurement positions H and L. The spatial resolution was defined as
the sum of the length in which 80% of the photons can be obtained and the
diameter of 80% fraction of the encircled energy.
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parameters are required. In this study, simulations were con-
ducted using the SONIC code.12 In the SONIC code, a Monte
Carlo (MC) impurity code IMPMC is coupled self-consis-
tently with a divertor code SOLDOR/NEUT2D and further
coupled with a 3D plasma-surface interaction MC code EDDY.
It makes it possible to investigate the details of impurity trans-
port including erosion/redeposition processes on the divertor
plates and influences to the core plasmas. Typical two dis-
charges with the plasma current of 2.3 MA for the full current
drive and 5.5 MA are chosen: they are called low density
discharge and high density discharge, respectively, in this
study. The density in the scrape off layer (SOL) should be low,
say 1.6 × 1019 m−3 at the 2.3 MA operation. Consequently, the
density is lower and the temperature is higher in the divertor
region compared with the high density discharge. It was shown
that the heat load can be acceptable even if the density is
low by deuterium and argon gas puffs. On the other hand,
the discharge at Ip = 5.5 MA is for achieving high plasma
confinement performance.

In Fig. 5, calculated electron density and temperature
profiles in the divertor region in the low density and high
density discharges are shown. In the low density discharge,
shown in Figs. 5(a) and 5(b), the density exceeded 1020 m−3

in the regions close to the strike points and X point. On the
other hands, in the high density discharge, shown in Figs. 5(c)
and 5(d), the density is significantly higher than that in the low
density case, and the density is greater than 5 × 1019 m−3 in
almost all the regions. Concerning the temperature, it is seen
that the high density discharge has lower temperature than that
in the low density discharge.

Figures 6(a) and 6(b) show profiles of the electron density
and temperature along with the laser beam path, i.e. mea-
surement positions, plotted as a function of the major radius,
R. In the low density discharge, the density has a peak of
2 − 3 × 1019 m−3 at around X-point (R = 2.3–2.4 m). The
temperature also has a peak of 180 eV at R ∼ 2.25. In the

FIG. 6. The electron density and temperature profiles along with the laser
beam path.

high density discharge, on the other hand, the density reaches
1020 m−3 in a wide region, and, moreover, it increases sharply
and reaches 1021 m−3 around R of 2.3-2.4 m. In that re-
gion, the temperature is significantly low because the density
is increased by the plasma flow toward X point from both
high and low field sides. Because the magneto-hydrodynamic
(MHD) equilibrium alters shot by shot, the laser beam went
above the X-point in the low density discharge, while it went
under the X-point in the high density discharge. In the high
density discharge, the plasma region was only defined in
R < 2.0 m. In the assessment, the density and temperature at
R = 2.0 m were extended and used for the measurement point
H (R = 1.92 m).

FIG. 5. Calculated electron density and temperature profiles using SONIC code. (a) and (b) are the density and temperature profiles in the low density discharge,
and (c) and (d) are the density and temperature profiles in the high density discharge, respectively.
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TABLE II. Segment points in wavelengths for the optical filters.

No. Wavelength (nm)

5 978.7
4 1036.0
3 1053.0
2 1060.2
1 1064

B. Review the design of polychromator

After collecting the scattering light from the laser beam
path by the collection optics, the light is transferred to spec-
trometers through optical fibers to resolve the spectrum. It is
planned that multi-channel filter polychromators with
avalanche photodiodes (APDs) for detector are used. The
filters were optimized in the previous design.10 However, since
the scattering angle was changed, it was required to optimize
the filter wavelength ranges again in the revised collection
optics. The optimization of the filters was conducted using
a simulated annealing method to minimize the sum of the
averaged and maximum errors in the temperature in the range
of 0.5-200 eV in the same manner as described in detail in
Ref. 14. Table II shows the segment points in the wavelengths
of the optimized optical filters used for the four channel
polychromators. The band widths of the filters are in the range
of 4-60 nm. The lower limit of the wavelength was ∼980 nm
similar to the previous study. Figure 7 shows the spectral
density functions for HFS FOV at the temperature of 0.5, 10,
and 200 eV and the transmission wavelength ranges of the
band pass filters. Although the wavelength range is narrow at
0.5 eV, measurement can be properly conducted with using
narrow band path filter such as 4 nm or less. The wavelength
shifts of the segment points from the previous design were
in the range of 1-4 nm. The optimized filters are used for the
calculation later.

C. Modeling of light reflection

Influence of the reflection of photons in the vacuum
vessel was investigated using a ray tracing simulation software

FIG. 7. Spectral density functions for HFS FOV at 0.5, 10, and 200 eV. The
wavelength ranges of filters used for the noise assessment are also shown.

FIG. 8. Schematics of the model used for the simulation.

LightTools. Components of a 20◦ toroidal sector was installed
in LightTools and used for the simulation, as shown in
Fig. 8(a). In Fig. 8(a), blue colored toroidally shaped tubes
show the sources of radiation. Because only the toroidally
uniform sources are used in this study, the 20◦ toroidal sector
model can be properly used effectively with shorter calculation
time and less necessary memory size. The diameters of the
sources were set to be 60 mm in the divertor region and 200 mm
in the core and SOL regions. The bremsstrahlung power per
wavelength was calculated using the calculated ne, Te, and Zeff
from the following equation:15

ϵλ =
Pbr(λ)
∆λ

=
1.89 × 10−35n2

eZeff

T1/2
e λ2

geff exp
(
−1240

Teλ

)
, (1)

where λ is the wavelength in nm and geff is the Gaunt factor.
The number of cells in the SONIC simulation was approx-
imately 6000; to reduce the calculation time, the cells were
added up and the number of the source was reduced to ∼200
in the core and SOL regions and ∼160 in the divertor region.
The radiation from each cell is installed in the toroidal shaped
sources.

A pinhole configuration without actual optical elements
was used for the assessment, similar to the models used in
previous studies on the ITER spectroscopy.16 To accurately
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assess the radiation profile in the pinhole configuration, a
backward ray tracing is used for the analysis. In Fig. 8(b), a
detailed schematic in the divertor region and rays from the
receiver are shown. A slit with the width of 30 mm is made on
the divertor cassette, and a receiver is positioned at the primary
mirror position. In the backward ray tracing, rays are traced
from the receiver to the measurement region through a small
pinhole, which is much smaller than the distance between the
pinhole and the receiver to obtain necessary spatial resolution
on the receiver. The photon radiance in ph/s/m2/sr can be
obtained from the irradiance profile on the receiver in W/mm2

by considering the size of the pinhole, the distance from the
receiver, and the position at the receiver.

In this model, the detailed surface texture of the walls was
not considered. Also, a plane wall was placed on the port with
the same reflectance with the other walls. The influence of the
surface texture on the global picture should be minor, as previ-
ously investigated by changing the surface reflectance property
from specular to diffusive.16 Concerning the reflection at the
port, it is thought that the influence is likely to be less than 10%
as considering the relative area of the port. The reflectance of
the wall is changed from 0% to 70%. The reflectance would
be ∼10% for carbon wall case and 70% for tungsten wall case
at the wavelength of 1000 nm.

IV. ERROR ASSESSMENT

A. Influence of reflection

Figure 9(a) shows the radiance, Ir , as a function of the
major radius of the measurement positions. The reflectance, r ,
was changed from 0% to 70%. The radiance without reflec-
tion, I0, is ∼1015 ph/m2/sr/s/Å at R < 2.3 m and had a peak
at R ∼ 2.45 m. The radiance in the LFS FOVs has approx-
imately one order of magnitude greater than those of HFS
FOVs. With increasing the reflectance, the radiance increases;
when the reflectance was 70%, the profile of the radiance
becomes almost flat at 2-3 × 1015 ph/m2/sr/s/Å. In Fig. 9(b), the

enhancement of radiance, which is defined as Ir/I0, is shown
for the cases of r = 10%, 30%, 50%, and 70%. The results
indicate that the reflection increases the radiance by up to a
factor of 20 in full W wall case in the low density discharge.
Even in the case of carbon, the radiance can be increased by a
factor of two at R < 2.3 m.

Figs. 9(c) and 9(d) show the profiles of the radiance and
the enhancement of radiance, respectively, in the high density
discharge. Similar to the low density discharge, the radiance
increases with r from R ∼ 2.3 m. In the high density discharge,
the peak radiance does not change so much, but the reflection
can increase the radiance in the region of R ∼ 2.3 m by a factor
of 1.5 (10%) to 10 (70%).

To assess measurement errors in LTS measurement, usu-
ally noise enhancement factor is introduced. In the core Thom-
son scattering cases, the enhancement factor should include
the influence of the line emissions as well as the reflection. In
the present case, however, it is likely that only the influence
of the reflection is plausible, because the wavelength range
is narrow and covers only in the near infrared wavelengths
different from the core and edge Thomson scattering cases.17

Bremsstrahlung has a wavelength dependence and the
dependence alters with changing the temperature. Without
reflection, the photon radiance for a FOV can be obtained by
line integrating the radiation along with the line of sight,

I(λ) =


ϵλ
4πhc/λ

dl, (2)

where h is the Planck constant, c is the speed of light, and
4π is used to obtain the power per unit solid angle. Since the
variation in the wavelength dependence is not so significant
in the measured temperature range, Eq. (2) can be simplified
as

I(λ) ∼ ϵλ
4πhc/λ

l, (3)

where ϵλ is the averaged radiance along with the line of sight
and l is the length of the radiation region in the FOV.

FIG. 9. (a) The radiance profile and (b) the enhancement of radiance as a function of the major radius of the measurement positions in the low density discharge.
(c) and (d) show the radiance profile and the enhancement of radiance, respectively, in the high density scenario.
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FIG. 10. The photon radiance calculated from Eq. (3) as a function of the
density at 1000 nm assuming that l = 1 m.

Figure 10 shows the photon radiance calculated from
Eq. (3) as a function of the density at 1000 nm assuming
that l = 1 m. The weighted averaged Te and Zeff with the
weight of the radiation of each cell were used in Eq. (3). In
the low density case, the averaged Te and Zeff were 15.5 eV
and 1.09, respectively, while they were 3.5 eV and 1.00,
respectively, in the high density case. The averaged Zeff should
be greater without considering the weight of radiation; the
averaged Zeff becomes lower than that with considering the
weight of radiation because the high density region has lower
Zeff. In Fig. 10, two lines are totally overlapped and did not
see the difference at all. It can be said that the differences
in Te and Zeff in the present ranges are negligible. From
Figs. 9(a) and 9(c), it is seen that the radiance is from 1 × 1015

to 3 × 1016 ph/m2/sr/s/Å in the low density discharge and
from 2 × 1016 to 3 × 1018 ph/m2/sr/s/Å in the high density

TABLE III. Major parameters used in the numerical assessment.

Parameter Value

Pulse width 10 ns
Laser diameter 7.5 or 10 mm
Laser pulse energy 3.5 or 7.0 J
Laser wavelength 1064 nm
Length of the scattering volume 30 or 60 mm
Effective path length of the plasma 1.0 m
Enhancement factor (Ke) 1
Excess noise factor (Fnoise) 2.5
Dark noise in a time slice (N0) 30

discharge. Using the relation between the radiation and the
density in Fig. 10, we can obtain the corresponding density;
the corresponding density ranges are 1.5 × 1019-1020 m−3 in
the low density discharge and 8 × 1019-1021 m−3 in the high
density discharge. For the error assessment shown later, the
radiance calculated using the averaged Te and Zeff and the
corresponding density from Fig. 10 will be used as setting
the enhancement factor to be unity.

B. Measurement error

Figures 11(a) and 11(b) show the errors in the density and
temperature at the measurement point M in the low density
discharge with three typical densities, 5 × 1018, 1.5 × 1019, and
5 × 1019 m−3. In this calculation, the reflection of 10%, i.e., car-
bon wall case, was used to obtain the background radiance.
The parameters used for the calculation were summarized in
Table III. The laser pulse energy was assumed to be 3.5 J
in Fig. 11. The errors decrease with increasing the density.
It is seen from Fig. 6(a) that the actual density and temper-
ature at the position M were 2 × 1019 m−3 and 100-150 eV,
respectively; the errors in the density and temperatures are
close to the case of the dotted lines in Figs. 11(a) and 11(b),
respectively.

FIG. 11. The errors in (a) the density and (b) temperature at the measurement point M in the low density discharge with three different typical densities, 5×1018,
1.5×1019, and 5×1019 m−3. (c) and (d) are the errors in the density and temperature, respectively, for high density discharge.
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FIG. 12. Summary of the averaged errors in density and temperature in high density and low density discharges. Two different laser pulse energies, i.e., 3.5 and
7 J, were chosen.

Figures 11(c) and 11(d) show the errors in the density and
temperature at the measurement point M in the high density
discharge with three typical densities at the measurement posi-
tion in the high density discharge, i.e., 3 × 1019, 2 × 1020, and
1 × 1021 m−3. It is seen that the errors are less than those in
the low density discharge, though the background radiance is
much greater than that in the low density discharge.

In Fig. 12, the averaged errors in density and temperature
in high density and low density discharges are summarized.
Two different laser pulse energies were chosen. The 7 J case
can decrease the measurement error by roughly 30%-40%
from that in the 3.5 J case. The measurement error increases

FIG. 13. The errors at H, M and L positions for high density and low density
cases using the actual density and temperature at the measurement positions.

from L to H. Although the difference in the errors between
L and M is not significant, the errors at H are much greater
than those at M and L, because the solid angle is smaller. In
the high density case, the error can be less than 20% even
for H point, indicating that the parameters can be measured
with reasonable errors. On the other hand, when the density
is lower than 1019 m−3, the measurement error is significantly
high, say 40% in the temperature, with the laser pulse energy
of 3.5 J.

Considering the actual density and temperature at the
measurement region shown in Fig. 5, the errors at the three
positions are plotted for high density and low density cases in
Fig. 13. In the high density discharge, the errors can be less
than 10% in the temperature and density if we use 7 J laser
pulse. It is likely that the measurement can be conducted with
a reasonable accuracy. In the low density case, however, the
errors at H would be fairly large, i.e., 40% in the tempera-
ture error and 20% in the density error even using 7 J laser
pulse.

V. CONCLUSIONS

In this study, performance of the divertor Thomson scat-
tering measurement system in the satellite tokamak JT-60SA
was assessed in an accurate manner for an improved collection
optical system. By offsetting the primary mirror position,
the solid angle was increased as avoiding the interference of
luminous flux by a factor of 2.3 times for low field side field of
view and 5.6 times for high field side field of view. To assess
the photon noise, bremsstrahlung radiation was calculated
for typical two discharge cases, i.e., a low density case at Ip
= 2.3 MA and a high density case at Ip = 5.5 MA. The
plasma parameters were calculated by a SONIC code. In the
low density discharge, the density in the measurement region
was in the range of 5 × 1018-5 × 1019 m−3, while it would be
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3 × 1019-1 × 1021 m−3 in the high density discharge. The tem-
perature was in the range of <170 eV.

To assess the influence of the light reflection at walls, ray
trace simulations were conducted with the calculated brems-
strahlung radiation power profile and presently available com-
puter aided design for JT-60SA using a commercially available
ray tracing software LightTools. It was found that the radiation
is stronger in the low field side compared with that in the high
field side by more than an order of magnitude in both high
and low density discharges. With increasing the wall reflection
from 0% to 70%, the radiation increases especially in the high
field side, where original radiation is low. When the reflectance
was 10%, which corresponds to carbon wall case, the radiation
would increase 1.5–2 times in the high field side. When the
reflectance was 70%, which corresponds to tungsten wall case,
the radiation increased 10-20 times in the high field side. Thus,
compared with the carbon case, the measurement error can be
increased in the full tungsten wall case by approximately three
times at maximum.

The measurement errors in the density and temperature
were assessed using the calculated radiation and target
parameters. The wavelength ranges of the optical filter was
optimized again for the present design, because the scattering
angle was altered from the previous design. It was assessed
that the errors in the density and temperature in the high
density discharge can be 1.5%-5% from the X-point to
low field side and 5%-10% at the high field side. It was
found that the measurement can be properly conducted in
the high density discharge including the high field side. On
the other hand, in the low density case, the error could be
increased by two to four times in the whole measurement
region. The measurement performance in the high field side
will be marginal. Based on the present design, we believe
that we can proceed to the next step. Detailed design and
engineering assessment should be conducted for mounting

mechanism of optical elements, cooling capability, and
alignment system etc.
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