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For an exact measurement of fusien plasmas with higher electron temperature, the
following two methods which can solve a window coating problem were developed in the
JT-60U Thomson scattering system. One is an in situ monitoring method which can infer a
window transmission with sufficient precision from a known attenuation of the deposited
film. The other is an in situ window cleaning method which removes the film on the basis
of a lser blow-off technique. As the results of the extensive investigations, the
existence of chromatic upper limit has been found in the recovered transmission after
the laser blow-off cleaning, however, which gives systematic errors only of less than
3% to the apparent measurement for both electron density and temperature at 10 keV or
less. The attenuation itself was unchanged before and after the laser blow-off
cleaning. So the first method can be also applicable to the window after the laser blow-
off cleaning. A complementary use of both the methods against the window coating problem
can be expected to provide the Thomson scattering measurement of high T. plasmas with

durable reliability and sufficient precision in the present tokamaks and also the ITER.

Keywords: Window Coating Problem, JT-60U, Thomson Scattering, Polyacrylonitrile,
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1. Introduction

‘The degradation of a viewing window transmission is still one of practical problems to be
solved on visible plasma diagnostics. Through many plasma discharges thin films colored
dark brown are gradually deposited on the inner surface of the window, which attenuates the
light from plasmas to be measured and also gives rise to the spectrum distortion due to the
chromatic dependence of its transmission property. Especially in Thomson scattering
diagnostics, the coated window causes a systemnatic underestimation not only for electron
density », but for electron temperature T,. This problem is emphasized more in the measurement
with a large scattering angle and also for high T, plasma, because in such cases the Thomson
scattering spectrum stretches toward shorter wavelength region, where the coated window
transmission decreases more.” ® With the progress of tokamak experiments, high electron
temperature exceeding around 10 keV has been demonstrated in large fusion devices such as
JT-60U,” TFTR® and JET.® On the other hand, the frequent vacuum break needed for the
replacement of the coated window with a fresh one has become hard, owing to the operational
necessity of keeping the first wall clean and the limited access to the activated vessel components.
To cope with such a problem without a vacuum break of the vessel, several kinds of coating
protection and transmission correction techniques have been developed as follows: (i)
mechanical shutters installed in front of the inner window surface, (ii) replaceable protective
cover glasses stacked with a window shutter,” (iii) in situ spectral calibration using a white
plate provided by a special probe taken in and out the vessel” and (iv) in siru window
transmission monitoring by comparing the plasma light transmitted through the coated window
and the laser blown-off window.®? The second approach can periodically keep the window
clean and lasts it longer than the first one. The third and fourth approaches are effective
against a temporal change of the window transmission.

On the other hand, also in situ window cleaning methods have been developed A
localized electron cyclotron resonance discharge with pure hydrogen was investigated at the
initial stage.” This window cleaning method, however, necessitates the special configuration
that produces the resonance magnetic field locally, close to the coated window. Recently a
laser blow-off based window cleaning has been recognized as the useful method that can
provide the transmission recovery in situ. The first demonstration based on this method was
performed in atmosphere by Narihara et al.'” for the JIPP TII-U Thomson scattering window.
They used a Nd:YAG laser with laser energy per pulse of ~0.4 J, pulse width of ~30 ns and
repetition rate of 30 Hz. Also in the JET LIDAR Thomson scattering system, the effectiveness
of this method has been demonstrated by Brown et al.'” with the low energy density fixed at
0.25 J/em® using a 3 J, 0.3 ns and 0.5 Hz ruby laser.'” The excellence of the JET Thomson
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scattering is that they have adopted the laser blow-off in situ cleaning method in combination
with the window transmission monitoring method mentioned above for solving the window
coating problem. This combined method, however, requires the special configuration such as
a backscattering geometry.

The main purpose of this paper is to propose a novel approach to the in situ window
transmission monitoring based on an idea of using a known attenuation of the deposited film,
and also to present the latest results of the laser blow-off window cleaning that can give us
sufficient grounds for its practical effectiveness. In Section 2 the fundamental features of
deposited films on their growth, composition and thickness are revealed for the first time
using the coated windows used in the JT-60/JT-60U Thomson scattering system for the last
eight years. The expression that can infer the coated window transmission is derived in
Section 3, using a known chromatic attenuation of the film and Rayleigh scattering or
bremsstrahlung light. The basic properties of laser blow-off based window cleaning for the
transmission recovery and the area recovery are investigated in connection with the laser
energy per unit area and the irradiation number of successive laser pulses in Section 4.
Finally the efficiency of laser blow-off cleaning and the comparison of attenuation before
and after laser blow-off are discussed in Section 5. The conclusion in this work is summarized

in Section 6.
2. Characteristics of Deposited Films
2.1. Window Transmission

Figure 1 illustrates the collection optics in the JT-60U Thomson scattering system, the
two viewing windows made of synthetic silica at INJA port for measuring the edge plasma
and at R/ port for the core plasma, and the corresponding mechanical shutters. Working gas
was hydrogen for JT-60 from 1986 to 1989, and mainly deuterium for JT-60U after 1991.
The vacuum vessel has been almost kept at about 300°C during each experimental period.
Inconel 625 has been a main material of the vacuum vessel. From 1986 to 1989 the
Thomson scattering measurement was made only through the INIA port using a mechanical
shutter without a remote control function. The transmission of the thin-film-deposited windows
is shown in Fig. 2. The periods of each window attached to the vacuum vessel are presented
in Table I with the typical plasma configurations, operational records and the first wall
materials of JT-60/JT-60U. The window coating problem had been enhanced since the first
wall tiles made of titanium carbide (TiC} coated molybdenum (Mo} was replaced by those
made of graphite in 1988. From Fig. 2 and Table I it is understood that the window



JAERI-Research 96-062

scattering is that they have adopted the laser blow-off in situ cleaning method in combination
with the window transmission monitoring method mentioned above for solving the window
coating problem. This combined method, however, requires the special configuration such as
a backscattering geometry.

The main purpose of this paper is to propose a novel approach to the in siftu window
transmission monitoring based on an idea of using a known attenuation of the deposited film,
and also to present the latest results of the laser blow-off window cleaning that can give us
sufficient grounds for its practical effectiveness. In Section 2 the fundamental features of
deposited films on their growth, composition and thickness are revealed for the first time
using the coated windows used in the JT-60/JT-60U Thomson scattering system for the last
eight years. The expression that can infer the coated window transmission is derived in
Section 3, using a known chromatic attenuation of the film and Rayleigh scattering or
bremsstrahlung light. The basic properties of laser blow-off based window cleaning for the
transmission recovery and the area recovery are investigated in connection with the laser
energy per unit area and the irradiation number of successive laser pulses in Section 4.
Finally the efficiency of laser blow-off cleaning and the comparison of attenuation before

and after laser blow-off are discussed in Section 5. The conclusion in this work is summarized

in Section 6,
2. Characteristics of Deposited Films

2.1. Window Transmission

Figure 1 illustrates the collection optics in the JT-60U Thomson scattering system, the
two viewing windows made of synthetic silica at IN/A port for measuring the edge plasma
and at R/ port fot the core plasma, and the corresponding mechanical shutters. Working gas
was hydrogen for JT-60 from 1986 to 1989, and mainly deuterium for JT-60U after 1991.
The vacuum vessel has been almost kept at about 300°C during each experimental period.
Inconel 625 has been a main material of the vacuum vessel. From 1986 to 1989 the
Thomson scattering measurement was made only through the INIA port using a mechanical
shutter without a remote control function. The transmission of the thin-film-deposited windows
is shown in Fig. 2. The periods of each window attached to the vacuum vessel are presented
in Table I with the typical plasma configurations, operational records and the first wall
materials of JT-60/JT-60U. The window coating problem had been enhanced since the first
wall tiles made of titanium carbide (TiC) coated molybdenum (Mo) was replaced by those
made of graphite in 1988. From Fig. 2 and Table I it is understood that the window



JAERI-Research 96-062

transmission decreases from the original value of 94% with the number of plasma discharges
as well as the exposure time (o discharge cleaning of Taylor type (TDC), irrespective of the
number of disruptions. Since 1991 the remote-controlled mechanical shutters installed at
INIA and RI ports have worked so that it is closed except for during plasma discharges. As a
result, the severe deterioration of window transmission has been possibly avoided as shown
in Fig. 2, exclusive of the transmission with a shutter trouble occurred in the first half of
1992.

Although 7, did not exceed largely above 5 keV for most of the plasma discharges at the
periods of 1987 to 1989, the systematic errors of underestimation at 7, of 5 keV would
reach at most to 3%, 6%, 11% and 18% for T, and to directly 16%, 30%, 49% and 50% for n,
for the corresponding windows of sample No. I, 2, 3 and 4. Taking advantage of small
scattering angle (54°~72°) and low 7, plasmas, it was possible to correct the electron density
by a comparison between the line density integrated along the vertical beam line and the FIR
interferometer data. Such a correction can not be always applicable to higher 7, measurement
especially with a large scattering angle, however, because the correction factor is not uniform
spatially; the extent of the spectral modulation and also the resultant underestimation differs
largely among the spatial points ranging from low 7, region to high 7, one and from small

scattering angle to large one.
2.2. Film Composition

The color of the deposited films varies from light brown to dark one with decrease in the
transmission. Graphite is generally thought to be a major component of the coated film. The
film coated with pure carbon is brown, too.'"” However, the following fact suggests that the
films may include other components but pure carbon: the chromatic attenuation of the films
has not been always the same in detai! for each experimental period as shown in Fig. 2.

In order to look at light element contents, the qualitative analysis based on an electron
spectroscopy for chemical analysis (ESCA) method was carried out for the film deposited on
the window sample of No. 2. The film was peeled off from the window surface by a
standard carbon tape with an adhesive agent made from carbon (C), oxygen (O) and hydrogen
(H). The three different samples were prepared for the analysis: 1) the peeled-off film
attached to the carbon tape through the adhesive agent mentioned above, II) the standard
carbon tape with the adhesive agent alone and III) the Ar*-etching-suffered sample of I). The
role of Ar* bombardment through a glow discharge is to remove the contents of the adhesive
agent. From the sample I) the detected elements were C, O, nitrogen (N) and silicon (Si),
while N was not found completely in the ESCA spectrum from the sample II). Figure 3
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shows the wide scanning spectrum of the sample I) and III) plotted against a binding energy,
indicating that C is thought to be the major component of the film together with a small
amount of N.” Because O and Si observed in the sample T) were extremely reduced after Ar*
etching, they seem to be residual elements that come from the window material (5i0,).
Especially for oxygen, there might be the possibility that it is included in the film as H,O or
hydroxide, too. It should be noted that H can not be detected in principle by ESCA.
However, it seems to be a natural guess that the coated film would include H, since the
detected elements of C and N are thought to be polymerized possibly together with H
through the normal hydrogen discharges. The detailed analysis of the C, spectral shape
showed a resemblance to that of polyacrylonitrile (polymer of CH,CHCN) with -C=C bond
rather than -C=C bond. Namely the whole spectrum of the narrow scanning ESCA for Cig
was separated into four spectra with different peak positions and relative intensities based on
the corresponding chemical bond such as -CH,, -C=N, -C=N and C-C conjugate or -C=0
bond. Each separated spectrum shape was compared with that of polyacrylonitrile. As a
result, it was found that each peak position and relative intensity of the four separated spectra
was almost consistent with that of polyacrylonitrile with -C=N bond rather than -C=N bond.
Polyacrylonitrile with -C=C bond, which can be easily changed by heat from that with -C=C
bond, is also brown.'® Then a resin based on a polymer such as polyacrylonitrile can be
considered to be one of strong possibilities as a chemical structure of the deposited film.

Next to check up on heavy element contents, the quantitative analysis using inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) was made for the film of the
window sample of No. 3. As a result, the following heavy elements with very small quantities
were detected from the effective window area of 220 mm diameter: Fe (16 pg), Ni (8 pg) and
Cr (2 pg) which are the vessel-related materials of Inconel 625 and SUS 304, and Zn (15 pg),
Al (10 pg), V (8 pg), Ti (2 ug) and Mn (less than 1 pg). It is unknown at present what kind
of state these heavy elements exist in the deposited films: for example, as the original
materials alone, as the chemisorbed ones or as the metallic oxide or the pure elements with
layer structure. As one of possible explanations for the slight change of the chromatic
attenuation for every experimental period, however, it may be brought about by the deposits
of these heavy elements, while most of the attenuation must be determined by the resin

composed of light elements such as C, B and N.

2.3. Film Thickness

A thickness of deposited film was measured by a spectroscopic ellipsometer. The thickness

and the complex refractive index of the film can be generally determined through a non-linear
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least squares fit of the three-phase optical model (air as an ambient medium, a film and Si0O,
as an substrate) and the two measured ellipsometric parameters for the wavelength range of
300 nm to 800 nm. The errors in this measurement is expected to be less than 10% for the
film thickness more than 5 nm.'® The measured thickness of the films d for the window

samples of No. 10, 12 and 17 is plotted against the fractional window transmission 77T, in

Fig. 4, where T, is the original window transmission of 94%. The measured film thickness
of the sample window of No. 12, which suffered not only the normal plasma discharges but
the cleaning discharges (TDC) for several hours, exceeds 100 nm at 7/T=0.3~0.4 in the
wavelength of 500 nm. In the same wavelength, on the meanwhile, the thickness of the
evaporated pure carbon film was estimated at roughly 50 nm or less with a chromatic
transmission similar to the sample window No. 12" This discrepancy makes it clear that the
film composition differs from pure carbon only, supporting the previous result in Subsection
2 2. From the above measurement it was found that the film is distributed with slightly
different thickness on the whole window surface; the thickness measured near the fringe

region is about 20% thicker than that at the center region in the INIA window, and 30% in
the R/ one.

3. In Situ Monitoring Method for Coated Window Transmission

A transmission of coated window with a chromatic dependence can be expressed generally

as
TA) =Tyexpl -o(A)t], (1)

where a(A) is a wavelength-dependent attenuation of the coated film, and ¢ the film thickness
that is considered to be independent of wavelength. Using the self-consistent measured data
on the transmission 7{A) and the corresponding film thickness d investigated in Subsection

2.3, the attenuation @(A) can be estimated as
oAy = (1/d) In[T, IT(A)]. (2)

Figure 5 shows the obtained attenuation plotted as a function of wavelength. Tt should be
noted that there is a little difference in the chromatic attenuation of the IN/A window (sample
No. 10) and the RI window (sample No. 12 and 17). This slight discrepancy seems to be
based on the difference of the metallic ingredients between them mentioned in Subsection
2.2, which originates in the difference of the two ports in Jocation. So for pursuing higher

accuracy, therefore, a polynomial regression to obtain the empirical expression of the attenuation
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accuracy, therefore, a polynomial regression to obtain the empirical expression of the attenuation
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had better be separately made for the INIA film and for the R/ film. The following results

were obtained for the expression of the film attenuation of the IN/A window as

Cle a(A) = 0.0645 - 1.71x10*A + 1.20x1074 7, (3)
and for that of the R/ window as

Ol (A) = 0.0439 - 9.92x10°4 + 6.23x107°4 7, “4)

with an error of less than 7% and an applicable wavelength range of 400 nm to 700 nm.
However, even if the polynomial regression is made for the combined data of the INIA and
R1I films, the degradation of accuracy is nothing but less than 13% with using the following

expression as
Ofpin gt (A) = 0.0483 - 115x104 + 7.50x10°4 %, (5)

Such a wide applicability of the obtained expression of attenuation would be based on the
unchangeableness of the major composition of the deposited films. The film composition
itself seems to depend mainly on the first wall materials. So the chromatic window transmission
can be inferred widely, if only the film thickness is measured with the window mounted to
the vessel.

The following illumination sources are useful for estimating the above thickness in situ:
Rayleigh scattering light (4=694.3 nm for a ruby laser) from occasional calibrations and
bremsstrahlung light (for example, A=523.0 nm stably available for the practical use with
bandpass filters in commercial base) from reference plasma discharges produced frequently.
The Rayleigh scattering light is preferable to the latter in terms of stable reproducibility as
an illumination source and high S/N ratio of the detector system using other equipments
of the existing Thomson scattering system. On the other hand, the bremsstrahlung light to
the former in terms of availability for the frequent measurement of window transmission
daily or weekly. The following procedure of measuring the film thickness is based on the
use of the Rayleigh scattering light. A Rayleigh scattering light intensity &, is obtained
through a fresh window, while N, through the coated one. If all components of the system
are kept in the same condition as at the first Rayleigh scattering calibration after the window
replacement, the ratio N/N, gives an information on the deposited film thickness t; as

follows:
te =(10g) In(T,/Ty) = (Uog) In(N/N,), (6)

where T,=T(A), 04=0(A,) and A,=694.3 nm for a ruby laser. Inserting 7, in Eq. (1) and using
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the known attenuation a(A) as in Egs. (3) and (4), we can obtain the expression for the

chromatic window transmission as
T(X) =T,expl - Az 1. (7

It should be noted that ¢, and the resultant 7(A) can be estimated individually for each spatial
point through this method, which is advantageous to a non-uniformity of the deposited film
distribution on the window surface mentioned in Subsection 2.3.

Supposing the errors generated through the measurement of the empirical film attenuation
and the Rayleigh scattering light are 7% and 5%, respectively, the systematic error of the
inferred transmission is expected to be about 1% at the wavelength of 700nm and less than
2% even at 500 nm for a slightly coated window with a film thickness of 10 nm. Even for a
severely coated window with film thickness of 50 nm, its transmission can be inferred within
an error of 5% at 700 nm and less than 9% even at 500 nm. Assuming that ¢, is accurately
estimated as t, = (1/ay) In(T, /Ty, the above inferring expression is possible to reproduce the
chromatic transmission within an error of 10% even at 500 nm for the windows which have
been coated through the JT-60U discharges during the experimental periods for the last five
years. In this case the calculated ¢, does not exceed largely 70 nm. Using the in situ
inferring method of this type, the temporal change of the coated window transmission can be
monitored occasionally in accordance with Rayleigh-scattering-based calibration. Naturally
the frequently updated £, can give more precise correction for the coated window transmission.
So if the stable bremsstrahlung light with good reproducibility in the limited wavelength is

used instead, the estimation of the film thickness could be performed more frequently.

4. Laser Blow-off Based In Situ Window Cleaning

4.1. Testing Arrangement

A laser blow-off based cleaning test was performed using the windows of sample No. 8
and 9 (INIA), and 12, 14, 16 and 17 (RI) in Table 1. They were removed from the JT-60U
vessel and mounted again on another small vessel with a pumping system as llustrated in
Fig. 6. A Nd:YAG laser, which capabilities are 2.0~2.2 J laser energy per pulse, 10 ns pulse
width, 25 mm beam diameter and 10 Hz repetition rate, was used for i.rradiating the coated
window. The beam diameter on the window surface of the film side was varied from 7 mm
to 40 mm, avoiding the window damages. The corresponding laser energy per unit area, or

the Jaser energy density € , ranged from 0.16 to 5.3 J/em®, which is defined as e = E, /S, .-
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the Jaser energy density € , ranged from 0.16 to 5.3 J/em?, which is defined as e = E,, /5, .-
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Here £
point was set at the back of the mounted window, otherwise in atmosphere most of the laser

..., 15 the laser energy per pulse and S, the beam-hif area on the coated film. A focal
energy would be lost before reaching to the window through such a gas breakdown produced
near there by extremely high electric field of the laser. The pumping system was capable of

providing a vacuum of up to the order of 107 Pa.

4.2. Transmission Recovery

The transmission recovery of coated windows was investigated in terms of its dependence
on the laser energy density and also the number of successive laser pulses. The coated
window of sample No. 16 was used for this purpose. Figure 7 shows the nonlinear
dependence of the transmission recovery on € observed at 500 nm with a single Nd: YAG
laser pulse. The deposited film is removed well with increase in & Especially for £ 2 2
J/em®, the regained transmission reached its maximum of 86% at 400 nm, 89% at 500 nm as
shown in Fig. 7, 93% at 600 nm and perfectly 94%, the same as the original transmission, at
700 nm and over, and seemed to be saturated for larger £ This result agrees with the
previous work’® on the energy density needed for an almost complete blow-off by a single
laser pulse, but differs in the existence of a wavelength-dependent upper limit for the regained
transmission. It is interesting to note that even at lower € of 0.20 J/cm® the blow-off effect
was observed.

Figure 8 shows the regained transmission at 500 nm plotted against the irradiation number
of successive laser pulses. For the blow-off operation with £ = 0.92 J/em®, about twenty
successive Nd: YAG laser pulses were required for obtaining the maximum of the regained
transmission. For further reference of the blow-off performance with higher energy density
(~2 Jem?) and different wavelength, the JT-60U ruby laser was also used'”. As shown in
this figure, the same capability as the Nd: YAG laser was obtained. There also existed the
wavelength-dependent upper limit for the transmission recovery. The maximum of the
regained transmission for each wavelength was almost the same as that obtained through a
single Nd: YAG laser pulse with € 2 2 J/c?. This upper limit for the transmission recovery
was investigated more in terms of the different film thickness and the blow-off operation in
vacuum or in atmosphere using the windows of sample No. 8 and 14 in addition to No. 16.
As a result, almost the same wavelength-dependent upper limit was observed as shown in
Fig. 9, irrespective of the film thickness and the operation in armosp'here or in vacuum. The
maximum of the transmission recovering rate v, defined as the ratio of the recovered transmission
to the original one, was 0.91 to 0.94 at 400 nm, 0.95 at 500 nm, 0.98 to 1.00 at 600 nm and

~1.00 at 700 nm and more. Nevertheless with the above upper limit after laser blow-off
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cleaning, the systematic error of underestimation can be reduced to less than 2.5% and 3.0%
for T, and n, estimation, respectively, for the high 7, plasma measurement of 7, < 10 keV as

shown in Fig. 10.
4.3. Area Recovery

The energy density dependence of the area recovering rate 1) is shown in Fig. 11 fora
single pulse operation of the Nd: YAG laser, where 7 is defined as the ratio of S, the
blown-off area with ¥ > 0.95, to0 S,,,. For the blow-off operation with & > 3 Jem’, the
blown-off area was distributed over the whole beam-hit area. The area recovering rate also
depends on the irradiation number of successive laser pulses as shown in Fig. 12. As to the
blow-off operation with £ 2 0.33 J/em?, almost the complete area recovery was attained
within 500 successive irradiation of laser pulses. A series of photographs is shown in Fig. 13
for the blown-off area of the sample window No.12 irradiated by successive Nd: YAG laser
pulses with ¢ =0.33 J/fem?®. These photographs are identical with the data plotted in Fig. 12
with the same irradiation numbers as indicated figures and the same laser energy per unit
area as 0.33 Jem?® The blown-off area increased with the irradiation number of laser pulses
and spread all over the heam-hit area after 500 successive pulses, while the residual interference
fringes was observed clearly within 100 successive irradiation of laser pulses. The blow-off
operation with very low € takes extremely long time; the operation with £ of 0.16 Jiem®
takes 60 times longer time to achieve the area recovering rate of ~0.9 compared with that of
0.33 J/cm® This is related with the fact that the interference modulation are hard to be

removed in the case with very low £ .

5. Discussions

As a measure of the efficiency to sweep quickly the déposited film off the whole window,

the sweeping speed defined as
SP = Sbiow-aﬁ/ (NL/f) =fE1asern/ (E' NL) (8)

is introduced,'® where N, the irradiation number of successive laser pulses required for
removing the deposited film almost perfectly, f the repetition rate of laser. Figure 14 shows
the dependence of Sp and N, on the energy density of the Nd: YAG laser. Here the plotted
data satisfy the condition that both of the transmission recovering rate and the area recovering

rate exceed 0.95. The highest sweeping specd was about 12 cm’/s obtained at 1.8 J/ cm’in a
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cleaning, the systematic error of underestimation can be reduced to less than 2.5% and 3.0%
for T, and n, estimation, respectively, for the high T, plasma measurement of 7, < 10 keV as
shown in Fig. 10.

4.3. Area Recovery

The energy density dependence of the area recovering rate 1 is shown in Fig. 11 for a
single pulse operation of the Nd: YAG laser, where 7 is defined as the ratio of S, . the
blown-off area with ¥ > 0.95, to S,,,,. For the blow-off operation with & >3 J/em?, the
blown-off area was distributed over the whole beam-hit arca. The area recovering rate also
depends on the irradiation number of successive laser pulses as shown in Fig. 12, As to the
blow-off operation with € = 0.33 J/cm?, almost the complete area recovery was attained
within 500 successive irradiation of laser pulses. A series of photographs is shown in Fig. 13
for the blown-off area of the sample window No.12 irradiated by successive Nd: YAG laser
pulses with € =0.33 J/cm®. These photographs are identical with the data plotted in Fig. 12
with the same irradiation numbers as indicated figures and the same laser energy per unit
area as 0.33 J/cm® The blown-off area increased with the irradiation number of laser pulses
and spread all over the beam-hit area after 500 successive pulses, while the residual interference
fringes was observed clearly within 100 successive irradiation of laser pulses. The blow-off
operation with very low € takes extremely long time; the operation with € of 0.16 Jiem’
takes 60 times longer time to achieve the area recovering rate of ~0.9 compared with that of
0.33 Jcm® This is related with the fact that the interference modulation are hard to be

removed in the case with very low € .

5. Discussions

As a measure of the efficiency to sweep quickly the d-eposited film off the whole window,

the sweeping speed defined as
Sp = Sbfﬂw-oﬁr/ (NL/f) :fElasern / (8 NL) (8)

is introduced,’® where N, the irradiation number of successive laser pulses required for
removing the deposited film almost perfectly, f the repetition rate of laser. Figure 14 shows
the dependence of Sp and N, on the energy density of the Nd: YAG laser. Here the plotted
data satisfy the condition that both of the transmission recovering rate and the area recovering
rate exceed 0.95. The highest sweeping speed was about 12 cm®/s obtained at 1.8 J/ cm’in a
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single pulse operation. Comparing the results shown in Figs. 8 and 12, it is understood that
N, is determined by the requirement for the area recovery rather than for the transmission
recovery. It is important to note that the maximum of the sweeping speed is attained at the
high energy density of around 2 J/em® with N,=1 in this work and also in the previous work'”
using Nd: YAG lasers. This means that the Nd: YAG laser operation with higher & and
smaller N, is more effectual in blow-off window cleaning than that with lower € and larger
N,. In such an effective case, the blow-off operation can be performed without worry about
the problem of the residual interference modulation discussed in Subsection 4.3.

In order to infer the window transmission over an extended period of time, it is worth
while examining a change in the attenuation before and after the blow-off cleaning. Figure
15 shows the above comparisons: (a) for the RI window of sample No. 17 coated only
through the normal plasma discharges, and (b) for the INIA window of sample No. 9 slightly
coated through the normal plasma discharges and also strongly stained by foreign matters
such as melted Viton. Then the attenuation of No.9 window differed from the empirical
expression given as Eq. (4) in the chromatic dependence. The film thickness was reduced by
the laser blow-off from 21 nm to only around 2 nm for the normally coated window of No.
17, and from 54 nm to 13 nm for the stained window of No. 9. We can say from Fig. 15 that
the difference in the attenuation before and after the blow-off cleaning is so small to infer the
blown-off window transmission precisely, and that the change in the film composition may be
also small.

As a future plan in the JT-60U Thomson scattering system and also other visible diagnostics,
the combination of laser blow-off based in situ window cleaning method with in sifu window
transmission inferring method is very attractive. Using the window transmission inferred by
this method, the correction of apparently measured 7, and n, can be made in the data
processing. Frequent renewal of the film thickness can give more precise correction, which
may be possibly made by short and frequent measurements of Rayleigh scattering light
intensity or by routine measurements of bremsstrahlung light intensity from the reference
discharges. If the measured film thickness exceeds the limit over which the accuracy of the
inferring method deteriorates, the laser blow-off based in situ window cleaning can be
implemented for the complete transmission recovery without vacuum break of the vessel. As
to the in situ window cleaning tools, a portable type Nd: YAG laser with higher energy and
higher repetition rate, and also a computer-controlled laser scan system or a multi-joint light

guide system are desirable, which are now available in commercial base.
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6. Conclusion

The window coating problem has been one of the remaining issues to be solved for long
years in visible plasma diagnostics. For establishing the exact measurement of T, and n,
profiles even in higher 7, plasmas, the following results were obtained in this work using the

coated windows of the JT-60/JT-60U Thomson scattering system spanning ten years.

(1) The main composition of the film deposited on the inside of the viewing window surface
during normal plasma discharges could be guessed to be a resin such as polyacrylonitrile

| with a small amount of metals from the gualitative and quantitative analyses. This result

motivated us to develop the following two methods for solving a window coating problem
in Thomson scattering system.

(2) As the first approach, the in situ monitoring method of the window transmission was

" successfully demonstrated with sufficient precision of less than 10% for the first time in
the JT-60U Thomson scattering system. This method can infer a window transmission
from a known attenuation of the deposited film and its thickness estimated by the ratio of
Rayleigh scattering intensities with and without the film. Itis a distinct feature that this
method does not necessitate a special layout like a LIDAR Thomson scattering system
nor an additional apparatus other than an existing Thomson scattering system.

(3) As the second approach, the in situ window cleaning method based on a laser blow-off
technique was extensively investigated. As a result, the existence of the chromatic
upper limit was found in the recovered transmission after the laser blow-off cleaning.
However, it was also confirmed that this upper limit gives systematic errors only of less
than 3% to the apparent measurement for both n, and 7, at 10 keV or less. The
maximum sweeping speed, which is a measure of the efficiency to remove quickly the
film, has reached up to 12 cm¥s with £ of 1.8 J/ cm’ in a single pulse operation,
indicating that the laser operation with higher £ is more effectual in blow-off window
cleaning.

(4) The attenuation itself is unchanged before and after the laser blow-off cleaning. So
the in sifu monitoring method of the window transmission is also usefully applicable
to the window after the laser blow-off cleaning. A complementary use of both the
methods can be expected to provide the Thomson scattering measurement of high T,
plasmas with durable reliability and sufficient precision in the present tokamaks and also

the ITER.
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Table I
Experimental periods and operational records for the coated windows illustrated in Fig. 2:
(a) for windows at INIA port during 1987 to 1989, (b) for windows at /NIA port during
1991 to 1995 and (c) for windows at RI port during 1991 to 1995

{a)
Window Window  Experimental Plasma Number of  Exposure Time  Number of — The First Wall ~ Divertor Arca
Sample No.  Location Period Configuration Plasma Shots toc TDC Distuptions Material Material
1 INIA  Jun-Oct.'g7 Ouer X-Polnt 6y 40 fr 458 TiCcoated Mo  TiC coated Mo
gg Lower X-Point CGraphite & .
2 * Jun.~Oct. '88 & Limiter 1787 54 nr 506 TiC coated Mo Graphite
3 T lan.~Apr. ‘89 T 1351 35.7 hr 324 T T
4 T Jun.~QOct. '89 T 1905 200 hr 482 t T
| )
} Window Window  Experimental Plasma Number of  Exposure Time Boronization The First Wall  Divertor Arca
Sample No.  Location Period Configuration Plasma Shots 1o TDC/GDC with GDC Material Material
5 INTA Jun.~Qct. 91 Lower X-Point 1086 Nene _ Graphite CFC
6 T Jan.~QOct. '92 T 1880 None Yes T T
CFC partially with
7 T Tan.~Oct. '93 T 2335 None Yes partiaty ¥
B,C conversion
8 T Jan.~Oct. '94 T 2776 None Yes T T
None
9 T Jan.~Apr. 95 T 928 but stained by Yes T T
foreign matters
10 T Jun.~QOct. '95 T 1580 None Yes T T
©
Window Window  Experimental Plasma Number of  Exposure Time Boronization The First Wall — Divertor Area
Sample No.  Location Period Configuration Plasma Shots  to TDC/GDC with GDC Material Material
1 R1 Jun.~Oct. '91 Lower X-Point 1086 None ~ Graphite CFC
. ) several hours
12 T Jan.~Jun. '92 T 1017 (Shutter Trouble) Yes T T
13 T Jul.~Oct. 92 T 863 None Yes T il
CFC partially with
14 T Tan.~Jun,'93 T 1334 a few hours Yes 1 partially Wi
B,C conversion
15 T Jul.~Oct. '93 ) 1001 None Yes T T
16 T Jan.~Oct. '94 T 2776 None Yes T T
17 T Jan.~Oct. 95 T 2568 None Yes T T
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IN1A Jan.-Apr.'85
IN1A Jun.-Oct.'95

400

700

100

Window Transmission T (%)
o

0} -

EvET)

-5
—8-16.

1T,

-C-11.
-Hi-12.
{13

R1 Jun.~Oct.'91
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R1 Jan.-0ct.'95
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Figure 2

500 600 -
A (nm)

700

Transmissions of the viewing windows in the JT-60U Thomson scattering system for (a)

INIA port and (b) R! port measured just after each experimental campaign. The number

on the right side of each symbol means the sample number of the coated window that is

listed with the experimental period in TABLE I
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Figure 4
Deposited film thickness d measured by a spectroscopic ellipsometer is plotted against a
fractional window transmission 7/T, at the wavelength of 500 and 700 nm, where T, is

the original window transmission of 94%
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Figure 5
Estimated attenuation of deposited film a(A) plotted against wavelength, using the same
data set as in Fig. 4. The regression curves of attenuation are obtained separately for the

deposited films of INIA port and R/ port
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Quartz window Vacuum vessel  Window removed from JT-60U
= * with coated surface inside
Colored glass /
r o — 25 mm® Nd: YAG or ruby pulses for irradiation
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T
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Figure 6 _
Testing arrangement for laser-blow-off-based window cleaning
100 T T u T T T T T T
. Window Sample No. 16 (A1 '94)
1<) .
. ‘
®
&
2
E
2
B Beam Diamatar on Window: 10-40 mm
'% YAG Laser Oparation
e 50 | Aepstition Rate: Single Puise) b
[ . Laser Energy; 2.1-2.2J
Transmission before Blow-off Pulse Width (FWHM): ~70 ns
40 L Il L ] I 1 1 Il I
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Energy Density E_ /S, (Jiem?)
Figure 7

Window transmission after the blow-off cleaning plotted against laser energy density per
pulse
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Window transmission after the blow-off cleaning plotted against number of laser pulses
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80

Window transmission at 500 nm before and after the blow-off cleaning plotted against

film thickness. Three windows with different film thickness were irradiated by the Nd:

YAG laser with indicated energy density and number of pulses under the condition in

atmosphere and in vacuum. The film thickness was calculated using the known attenuation

given in Eq. (3) or (4) and the corresponding transmission
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Sample No. Before Blow-off After Blow-off
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8: INTA'G4 T %
14: R1 '93 7 —h—
O. 1 5 T N T T T T T T T ] T T T T
I 90° Scattering (a)
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c’ 0.3F 80° Scattering . S
o | GW
g 0.2f . .
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o 8 el

n,,: Apparent Electron Density 1

Figure 10 _ :
Systematic errors of (a) T, and (b) n, measurement before and after the blow-off cleaning

plotted as a function of electron temperature
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Area recovering rate 7} plotted against laser energy density per pulse
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Figure 12
Area recovering rate 7] plotted against the number of laser pulses with the energy density
of 0.16 J/em? (window sample No. 9), 0.33 J/em® (No. 12), 0.92 J/em? and over 1.8 J/em?
(No. 16). For the blow-off operation with 0.16 J/em?, the transmission recovering rate

did not exceed about 0.9 within up to 10* successive laser pulses
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Figure 13
A series of photographs which shows the extension of the blown-off area with increase in

the irradiation number of successive Nd: YAG laser pulses. These photographs are
identical with the plotted data of £ = 0.33 Jcm? in Fig. 11. The beam diameter is about
30 mm on the film sutface of the sample window No. 12. The figure indicated below

each photograph is the irradiation nuraber
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Figure 14

Sweeping speed §, and the number of successive laser pulses needed for the indicated
conditions plotted as a function of £
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Figure 15
Comparison of the attenuation before and after the blow-off cleaning for (a) the R/
window of sample No. 17, and (b) the IN/A of sample No. 9 window not only slightly

coated through normal discharges but strongly stained by foreign matters



