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Abstract

In high temperature laboratory plasmas used for fusion research,

there are considerable spatial variations of plasma parameters from the

central part to the plasma edge. Spectroscopic diagnoses in the vacuum

ultraviolet (VUV) region, therefore, require instruments which provide

spatially resolved measurements for accurate determination of radiative

power losses and impurity concentrations. Especially, the spatial distribu-

tions of different impurity ions are useful for understanding the impurity

transport and confinement properties. In non-axisymmetric plasmas or

plasmas with complicated spatial structure, two-dimensional image

measurement like human eyes' observation may be attractive. For this

purpose, we have developed a two-dimensional imaging monochromator

system in VUV wavelength region from 400 to 2000A.

The imaging is achieved with utilizing the pinhole camera effect

created by an entrance slit of limited height. The point is that for near

normal incidence, the sagittal focusing (perpendicular to the dispersion

plane) of a diffracted light by a spherical concave grating is produced at

the point outside the Rowland circle. Then, by displacing a two-dimen-

sional detector away from the sagittal focusing point, a one-to-one

correspondence between the position of a point on the detector and where

it originated in the source is accomplished. The important features of

this scheme are two-dimensional imaging which does not require a

stigmatic property for focusing and easy fabrication with minor modifica-

tions of a commercial normal incidence monochromator.
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A 1-m normal incidence monochromator with off-Rowland circle

mounting is used for this imaging system. The equipped spherical

concave grating has the ruling of 1200-lines/mm and is blazed at 1500 A.

The detector system consists of two subsystems: a two stages microchan-

nel plate image intensifier assembly and a charge coupled device camera.

Ray tracing has been performed to evaluate the imaging properties

in the practical geometric configuration and to determine the detector

position. The focusing property perpendicular to the dispersion plane

was verified by the simple experiment using Hg source and photographic

film and compared to the result of ray-tracing.

In order to measure the spatial resolution and the relative sen-

sitivity on spatial coverage of the imaging system, a stationary arc

discharge (TPD-S) was developed as a light source. In order to measure

the spatial resolution of the imaging system, an aperture mask has been

settled to the position of 40 cm in front of the entrance slit. The

measured spatial resolution is about 0.5 mrad and 1 mrad in the disper-

sion and vertical plane, respectively, with the entrance slit of 0.1 mm

width and height. The spatial sensitivity was also tested using a mercury

lamp or the TPD-S apparatus for the VUV wavelength region. The flat

sensitivity was concluded in the direction perpendicular to the dispersion

plane. However, it is found that there is a strong non-uniformity of the

sensitivity in the direction of the dispersion plane, depending on the

observed wavelengths and the blazed wavelength of the used grating.

This strong variation in horizontal sensitivity is recognized as the effect

of a grating.
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The usefulness of the imaging system was demonstrated by

applying to the experiment of JIPP T-IIU tokamak plasma. The measured

distribution of C IV emission at 1548.2 A shows that C IV ion is con-

centrated in the radial position of -20 cm (The limiter radius is -23 cm)

and spreads uniformly in the toroidal direction. The differences of the

radial distributions which depend on ion species and their ionization

stages have been observed on the emission lines of Li-like impurity C IV

1548.2 A, N V 1238.8 A and O VI 1031.9 A. Temporal behaviors of the

radial distribution have been also measured for O VI emission line at

1031.9 A.

We have analyzed and tested the system of imaging monochromator

based on pin-hole techniques. The optical characteristics of the system

appear promising. In principle, the non-uniformity problem of the

sensitivity in the dispersion plane may be solved with an introduction of a

non-blazed holographic grating. The interchangeable grating mount

equipped with several gratings with different blazed wavelengths is

thought to be useful in practice. By incorporating a multilayer coated

grating, which can produce high reflectivity at non-grazing angles as

Bragg reflectors, the imaging system shown here will be applicable even

in the extreme-ultraviolet and soft x-ray region.

Key words : imaging monochromator, vuv spectroscopy, ray-tracing

tokamak, impurity transport
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1. Introduction

1.1 Spectroscopic VUV Diagnostics

Spectroscopic diagnostics in the vacuum ultraviolet (VUV) region

have been extensively studied for measuring radiation losses, impurity

concentrations, impurity transport and atomic processes of highly ionized

ions in the magnetically confined high temperature plasmas.

VUV diagnoses in fusion research require instruments which

provide a spatially resolved measurement for accurate determination of

radiative power losses and impurity concentrations. Especially, the

spatial distributions of the different impurity ions are useful for un-

derstanding the impurity transport and confinement properties.

1.2 Review of the Space-Resolved Measurements

Various types of instruments for the space resolved measurements

have been developed for VUV diagnostics in magnetically confined

plasmas.

A duochromator with gold-coated tilting mirror placed in front of

the entrance slit has been used in tokamak plasmas, which allows a

number of spatial scans to be made in a single shot.1'2

By utilizing the astigmatism of a grazing incidence concave grating,

the multispectral spectrograph which has a space resolution has been

developed.3'4
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With the same principle as above spectrograph, the grazing-

incidence spectrograph equipped with a flat-field aberration-corrected

concave grating has been used to measure the spatial distribution of VUV

radiation in tandem mirror plasma.5

1.3 Overview

For the plasma with axis-symmetry, the radial distributions of

radiation are important features. In this case, spatial-resolved

measurements in the radial direction are interested.6

On the contrary, in non-axisymmetric plasmas or plasmas with

complicated structure, two-dimensional image measurement like human

eyes' observation may be attractive.

This paper describes a development of the two-dimensional imaging

monochromator system.

A commercial normal incidence monochromator working on off-

Rowland circle mounting7 is used for this purpose. The imaging is

achieved with utilizing the pinhole camera effect created by an entrance

slit of limited height. The astigmatism in the normal incidence mounting

is small compared with a grazing incidence mount, but has a finite value.

The point is that for near normal incidence, the vertical focusing with a

concave grating is produced at outside across the exit slit.

Therefore, by putting a 2-D detector at the position away from the

exit slit (-30 cm), a one-to-one correspondence between the position of a

point on the detector and where it originated in the source is ac-

complished.
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The principle and development of the imaging monochromator

using the off-Rowland mounting, including the 2-D detector system are

described in chapter 2. A computer simulation by ray tracing for

investigations of the imaging properties of the imaging system, and

aberration from the spherical concave grating on the exit slit are dis-

cussed in chapter 3. The plasma light source (TPD-S) for the test

experiments is described in chapter 4. Performances of the imaging

monochromator system on the spatial resolution and sensitivity are

presented in chapter 5. In chapter 6, the use of this system for diagnostic

studies on the JIPP T-IIU tokamak is covered briefly.
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2. Imaging Monochromator

2.1 Basic Concept of an Imaging Monochromator

A) Vertical Focusing Property of a Spherical Concave Grating.

Here, the focusing property in vertical direction of a spectrometer

is discussed in connection with an imaging.

In order to avoid confusions related to the designation of directions

and locations, we take the coordinate attached to a grating. Then, we call

the direction parallel to the dispersion plane of the grating as horizontal

(meridional). And the direction perpendicular to the dispersion plane is

called as vertical (sagittal). In other words, horizontal is a direction

perpendicular to the grating rulings, and vertical is a direction parallel to

the grating rulings.

According to Fermat's principle of least time, the best horizontal

focal point for the spherical concave grating is given by

cos a cos a cos p cos p _
+ ^ = ° C2-DR r1 R

where a and P are the angles of incidence and diffraction, respectively.

R is a radius of curvature of the grating, r and r' are the distances from

the grating center to the entrance slit and the exit slit, respectively.
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Astigmatism Az is approximately given by

, T , 1 1 cos a + cos B .
A Z « r ' L ( - + — - *- ) ( 2 - 2 )

r r K.

where L is the z-axis value of a point on the grating where the incidence

ray is diffracted..

As shown in eq. (2-2), astigmatism has a finite value even in near

normal incidence mounting.

In the field of astrophysical research associated with a use of

telescope, stigmatic focusing is required for the transfer of an image on

the entrance slit into an image on the exit slit. This stigmatism which

image a point on the entrance slit or on the object into a point on the exit

slit has been achieved with a concave toroidal grating in near normal

incidence8 or a toroidal mirror as a focusing element for a spherical

grating in the grazing incidence region9.

The above imaging spectrometers based on the stigmatic property

enable us the spatially resolved measurements along the vertical direction.

Though, when we take pin-hole techniques in the configuration for

spatially resolving spectrometer, stigmatic properties are not always

necessary. Especially, for the monochromated imaging like human eye's

observation, a vertical focusing away from the exit slit position is neces-

sary. In the case of mounting equipped with a spherical concave grating,

the vertical focusing of diffracted light is possible within the range of

near normal incidence.
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B) Principle of an Imaging Monochromator System

A schematic diagram of the optical system is shown in Fig. 2-1.

The system uses a spherical concave grating, an entrance slit of limited

height, an exit slit and a planar detector. As in the case of a spherical

concave mirror, the concave grating in near normal incidence will image

a point source first into a vertical line (horizontal focus), then into a

horizontal line (vertical focus).

In the horizontal plane, the rays emitted from points of a plasma

source pass through the entrance slit, strike the grating, are dispersed and

focused on the exit slit. Then the focused rays diverge again, and fall on

points on the detector. Optical diagram in the horizontal plane is shown

in Fig. 2-l(b). It shows that the rays from points A and B in the plasma

fall on points A1 and B', respectively.

Similarly, the rays emitted in the vertical plane are traced through,

but focused at outside across the exit slit, which is depend on the

wavelength. In the case of the near normal incidence, vertical focal point

r' for the diffracted image is given from the eq. (2-2) as

JL c o s a , _L — K n (~> n\
r " R + r' " R * U {2~"5)

Fig. 2-l(c) shows that the rays from points C and D fall on points

C and D1, respectively.

Therefore, by putting a 2-D detector at the position away from the

exit slit of the monochromator, a one-to-one correspondence between the

— 14 —



(a) Concave (Spherical) Grating

Entrance slit

( b ) Horizontal view
(Top view)

(C) Vertical view
(Front view)

D

Exit slit

Fig. 2-1. (a) A schematic diagram of the optical system which has

a spherical concave grating, an entrance slit with limited height, an

exit slit and a two dimensional detector system, (b) View in the

horizontal plane (the dispersion plane), (c) View in the vertical

plane (perpendicular to the dispersion plane). A, B, C and D :

source points. A1, B1, C and D1: image points on the detector, a

and P : the incidence and diffraction angle of the grating.
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position of a point on the detector and where it originated in the source is

accomplished. The important features of this scheme are two-dimensional

imaging which does not require a stigmatic property for focusing. As a

result, the monochromated two-dimensional space-resolved image of a

plasma is obtained.

2.2 Off-Rowland Monochromator

A commercial 1-m normal incidence monochromator working on

off-Rowland circle mounting is used for the imaging system.

The principle of off-Rowland monochromator action is that the

grating is constrained to move along the bisector of the angle subtended

by the slits at the center of the grating ; simultaneously the grating is

rotated about a vertical axis tangent to its center (see Fig. 2-2). The

rotation and the linear motion of the grating are provided with a lever

arm attached to the grating mount. The end of the lever arm is con-

strained to a properly shaped cam for the best focusing (McPherson type

normal incidence).

In this monochromator, the translation of the grating causes the

shift of the optical axis from the center of the grating to the slits. The

translation x (see Fig. 2-2) is given by

x - R [ 1 - cos{( a + p )/2}] (2-4)

where R is the radius of curvature of the grating, a and [3 are the angles

of incidence and diffraction, respectively. The displacement of the

16



Rowland circle

Entrance slit
Rowland circle

Fig. 2-2 Schematic of off-Rowland circle mounting monochromator

based on the rotation and translation of the grating along the bisector

of the angle subtended by the slits at the grating center.
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optical axis is sufficiently small (0.2 mrad at 400 A, 1.8 mrad at 1000 A

and 4 mrad at 1500 A) for the use of observations of fusion oriented

plasmas.

A commercial 1-m normal incidence monochromator with off-

Rowland circle mounting fabricated by Acton research Co.(VM-521) is

shown in Fig. 2-3. The angle subtended by the slits at the center of the

grating is 15° in initial Rowland circle position.

The grating of ruled area 56 mm high (in the groove direction) and

96 mm wide is used to observe a large area of the plasma. The 1200-

lines/mm grating blazed at 1500 A is coated with Al + MgF2. The

grating efficiency as a function of wavelength is shown in Fig. 2-4, which

is measured at 1st order.

Fig. 2-5 shows the measured profile for the spectral resolution,

which is measured at the wavelength of Hg I 2536 A. Measured spectral

resolution is about 0.15 A through the VUV wavelength region.

The spatial coverage are 5.5° in the dispersion plane (horizontal

plane) and 3.2° in the direction perpendicular to the plane of dispersion

(vertical plane). Two ports for the exit slits equipped in this

monochromator can be alternated by using a rotatable reflection mirror

positioned at the direction of the diffracted ray by the grating.

- 1 8 -



Entrance slit

Dual grating
and mountin

Plasma

Reflection mirror

Exit slit Detector

Fig. 2-3 A 1-m normal incidence monochromator with off-Rowland circle

mounting which has a dual interchangeable grating mount. Detector

system is shown outside of the exit slit.
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Fig. 2-4 Grating efficiency as a function of wavelength.
The grating is coated with Al + MgF2 and blazed at 1500 A.

20



25 f
i

I

1 f!1 f!
1 I i

§ 1 0

2536 2536.5 2537 25373 2538

Wavelength (A)

Fig. 2-5 Measured Profile for spectral resolution of the 1-m normal
incidence monochromator with the 1200-lines/mm grating and
the entrance slit width of 20 jim, which is measured at the
wavelength of Hg I 2536 A.
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2.3 Detector System

The 2-D detector system for the spatial resolved images is shown in

Fig. 2-6, which has a flexible bellows with guide bars.

The detector system consists of two subsystems: a microchannel

plate (MCP) image intensifier assembly and a charge coupled device

(CCD) camera, which is displaced away from the exit slit in order to

obtain two-dimensional monochromatic images.

The MCP assembly consists of two 32 mm<() microchannel plates in

a chevron configuration and a P-20 phosphor screen which converts an

electron into a visible photon (F2224-21PFFX, Hamamatsu photonics

Inc.). The MCP used here has 12-jxm-diam channels, with a 15-|Am

center-to-center spacing. The front surface of the MCP is coated with a

2500-A thickness of Csl in order to enhance the quantum efficiency in the

VUV wavelength region. Efficiency of the detector coated with Csl is

given in Fig. 2-7 as a function of wavelength.

The bias angle of each microchannel used here is 8°. Relative

sensitivity versus the incidence angle to the MCP is given in Fig. 2-8.

When the focused lights by the spherical concave grating are diverged

again and then illuminated on the detector(see Fig. 2-1), the incidence

angle for each pixel of the MCP are changed around 8° ± 2°, which can

influence on the spatial sensitivity of the detected image within the 10%

errors.
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The MCP operating voltage is varied from -1200 to -1800V

depending on applications. The gain of the MCP versus the supplied

voltage is shown in Fig. 2-9. Over this range the electron gain of the 2-

stage MCP varies from 4 x 105 to 5 x 106.

Focusing of electrons is achieved by applying a voltage of +3 kV

between the grounded MCP output surface and phosphor screen. The

phosphor layer provides a gain of the order of 10-100 visible photons/in-

cident 3-keV electron10.

Fiber-optic 3:1 reducing taper couples the image of the phosphor to

the CCD camera with fiber windows (C4346, Hamamatsu photonics

Inc.).

The CCD camera of 768 x 493 pixels is used. The pitch of each

pixel is 16.6 |im and 20 fim in horizontal and vertical direction, respec-

tively, and the whole area of the device is 12.8 x 9.6 mm2. The resolu-

tion of an image taken by this CCD camera is 8 bit. The 1-frame signal

integrated during 33 msec from the camera is digitized by a video frame

grabber (IQ-50, Hamamatsu photonics Inc.) and is analyzed by using a

personal computer (Apple Macintosh).

— 23
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pump

f
X Threaded Rod

2 stage MCP
(Chevron configuration)

Phospher

Fiber array

3:1 tapered Fiber

CCD camera

\ r
signal out camera control

Fig. 2-6 Detector system which consists of a two-stage

microchannel plate (MCP) image intensifier assembly and

a charge coupled device (CCD) camera.
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Fig. 2-7 Efficiency of the detector coated with Csl as a function of wavelength.

25 —



100

90

80

70

& 60

I 50
^ 40

1 30

20

10

0
0

e /
•--•• / Incidence light

Channel Plate

30 40 50 60

Incidence angle (degree)

70 80 90

Fig. 2-8 Relative sensitivity as a function of the incidence angle to the MCP.
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3. Ray Tracing and Aberration

3.1 Aberration

The effect of astigmatism and coma are the major aberration

inherited by the spherical concave grating. The theory of the astig-

matism of a concave grating using the Rowland mounting was first

developed by Runge and Mannkopf.11 Later it has been dealt with in

detail by Beuttler12 and Namioka.13- 14' 15) 16 In the following

paragraphs, the study for astigmatism and coma is summarized briefly

and applied to the imaging system using off-Rowland mounting.

The monochromatic image on the exit slit for a point source on the

entrance slit is not a point but a line because of astigmatism; that is,

focusing is achieved only in the horizontal plane.

In general, the astigmatic image is not a straight line. The curvature

of the images identified two types of curvature. The curved spectral lines

caused by the astigmatism of a point source at the entrance slit was called

the astigmatic curvature. Another kind of curvature is caused by the

finite length of the entrance slit, and was called by Beutler the enveloping

curvature. The images at the exit slit have a curvature and height.

For the off-Rowland mounting, ray tracing has been performed to

understand the aberration properties especially for astigmatism and coma.

Ray traced images on the exit slit are shown in Fig. 3-1 (a), (b),

and (c), for the width of the entrance slit of 10 |im, 50 jxm, and 100 |nm,

respectively. In this case, the entrance slit height is fixed to 0.1 mm and

•28 —



(a)-r-

4mm

' ' ' I '

20

(b)T

V. ' , • • ' £ •< : . •

50 (im

(c)-.

Line-width

Fig. 3-1 Ray traced images at the exit slit plane for the off-Rowland

mounting with the entrance slit width of 10 |Lim (a), 50 |xm (b), and 100

|xm (c) as a parameter. The entrance slit height of 0.1 mm and

wavelength of 1500 A are used.
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the wavelength of the incidence photons is chosen to 1500 A as a typical

case.

The lengths of the astigmatic image z are 4 mm for the entrance slit

of 0.1 mm height. In the case the width of the entrance slit is less than 50

(xm, the line-width of the image on the exit slit is about 2 or 3 times

greater than the width of the entrance slit. When the width of the

entrance slit is larger than 50 Jim, the line-widths of the images at the exit

slit plane are almost same order of the width of the entrance slit.

3.2 Image Properties of the System

In order to study the spatial imaging properties of the off-Rowland

mounting in the practical geometric configuration, we performed ray

tracing calculations with the SHADOW computer program.17'18

In this simulation, the sources are placed on a plane defined by axes

xs and zs in Fig. 3-2, which is perpendicular to the optical axis. The

intensity distribution of the source is assumed as uniform. The size of the

source is limited by the acceptance angles of the monochromator. The

source is set 30 cm away from the entrance slit. Rays starting from a

point of the source plane go through the opening of the entrance slit and

incident on the grating. The direction cosines of the diffracted rays are

then calculated by using the light path function and Fermat's principle.11

Then, the diffracted rays go through the exit slit. Finally the image point

can be obtained on the output plane defined by axes Xi and z\ in Fig. 3-2,

which is perpendicular to the optical axis.

— 30



Ray tracings using the off-Rowland mounting have been performed

for a 1-m spherical concave grating which was 56 mm high (in the

groove direction) and 96 mm wide, with a ruling of 1200 lines/mm, an

entrance slit of 20 |Lim wide and 100 Jim high.

In order to verify the reproduction of the object image, a source

which has a cross shape has been used for ray tracing. Results of the ray

tracings are shown in Fig. 3-2 where the wavelength of 1000 A is

assumed. Ray traced image at the output plane which is 30 cm away from

the exit slit shows the good reproduction of the source (shown in Fig. 3-

2(b)). These results of calculations show that the major aberrations

(astigmatism, coma, astigmatic curvature) do not distort a imaging

property seriously. We can make mapping the source position at the

plasma on the detector plane from these results.

Another ray tracings have been performed to understand the

characteristics of the images for the system. Ray traced spectral images

with wavelength of 1500 A is shown in Fig. 3-3 where the uniform

source plane of 2.8 cm x 1.6 cm areas is assumed (shown in Fig. 3-3(a)).

Fig. 3-3 (b) and (b1) show the diffracted images on the exit slit, which

represent aberration from the concave spherical grating. Fig. 3-3 (b1)

used different units against each axes. Focused image at the vertical

focus position in the vertical plane is shown in Fig. 3-3 (c). The variation

of the vertical focus position as a function of the wavelength is studied in

section 3.3. The computed images at the output plane which is 30 cm

away from the exit slit show the good reproduction of the plane source

(shown in Fig. 3-3(d)).
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Fig. 3-2 Results of the ray tracings where the wavelength of 1000 A is assumed,

(a) Cross type source, (b) Ray traced image on the output plane which is positioned

30 cm away from the exit slit
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Fig. 3-3. Ray traced spectral images with wavelength of 1500 A and an entrance slit of 0.02mm width

and 0.1 mm height, (a) Plane source, (b) Image at the exit slit plane, (c) Image at the vertical focal plane.

(d) Image at the output plane



3.3 Focusing Property of the Imaging System

In near normal incidence, the focusing position of the grating in

the vertical plane is in outside across the exit slit, which is a function of

the wavelength. Therefore, the monochromated imaging is achieved by

displacing a two-dimensional detector away from the exit slit. In order to

get the most suitable parameters between the exit slit and the detector

system, the ray tracing was carried out to find the focusing position in the

vertical plane as a function of the wavelength.

Ray tracing has been performed for a 1-m off-Rowland monochr-

omator of an entrance slit 100-(im wide and 0.1-mm high, and

wavelengths in the region from 1 A to 3000 A.

Results of ray tracings are shown in Fig. 3-4 where the focus

distance in the vertical plane are measured from the exit slit along the

optical axis (shown in Fig. 3-1). It shows that the vertical focus positions

move to far away from the exit slit as the wavelengths increase. In the

range of VUV wavelengths, the vertical focus distance is positioned

between ~ 5 cm and 10 cm. As this results, 2-D detector for the imaging

should be put more than 20 cm away from the exit slit depending on the

size of 2-D detector.
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Fig. 3-4 The focus point from the exit slit in the vertical plane

as a function of wavelength. A 1-m off-Rowland monochromator

which has an entrance slit 100-}J,m wide and 0.1-mm high

is used for ray tracing.
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4. Arc discharge Light Source

4.1 Stationary Arc Discharge Light Source (TPD-S)

In order to see the spatial resolution and the relative sensitivity on

spatial coverage of the imaging system in vacuum ultraviolet wavelength

region, a stationary arc discharge has been developed as a light source.

Fig. 4-1 shows the configuration of the stationary arc discharge

source (TPD-S: Test Plasma by Direct current discharge for Spectros-

copy). LaB6 disk of 70 mm diameter supported with Ta was used as a

material of the cathode, which can be moveable for the variance of the

distance from the anode. The convergent float electrodes are made of

SUS. The anode made of Ta has a tiny nozzle of 8 mm diameter. The

anode and float electrodes are water cooled not to be damaged by plasma

heat.

A continuously operated dc arc discharges with the help of a

sufficient magnetic field produce a steady state plasma at subatmospheric

pressures. The plasma expands through the nozzle of the floating

electrode and the anode into a low-pressure vessel, creating a supersoni-

cally expanding plasma jet.

The argon plasma is produced with the discharge current of 100 A,

the discharge voltage of 100 V and the magnetic flux density of several

hundred G. Electron temperature T e and electron density n e of the

plasma are expected to be about 5 eV and 1014 cm'3, respectively. And

the size of the produced plasma column has a length of 50 cm and a

diameter increasing from 8 mm to a few centimeter.
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Fig. 4-1 Configuration of the TPD-S. A thermal plasma at subatmospheric pressure is created

in a continuously operated dc arc, consisting of a cathode, floating electrodes and an anode plate.

The plasma expands through the nozzle of the floating electrodes and anode into a low-pressure

vessel, creating a supersonically expanding plasma jet.



4.2 Installation of the Imaging System to the TPD-S

The monochromator has been set to observe a part of the plasma

column of the TPD-S in the direction perpendicular to the plasma axis

(shown in Fig. 4-2).

The center of the viewing area of the monochromator was installed

to see the plasma column at 30 cm behind from the anode. The viewing

area is limited to 6 cm and 4 cm in the horizontal and vertical direction,

respectively, because of the distance of 70 cm between the axis of the

plasma column and the entrance slit of the monochromator.

Two gratings with 1200-lines/mm grooves can be interchangeable;

one is a grating blazed at 1500 A and another is a tripartite grating blazed

at 800 A.

2-stage MCP and CCD camera were installed to the distance of 30

cm behind from the exit slit. The signal from the CCD camera is

analyzed by the Apple Macintosh (PowerPC 7100/75).

Monochromatic images of the plasma column were observed with

spectral lines of Ar I at 1048 A and Ar II at 932 A, 718 A.
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Fig. 4-2 Schematic diagram of TPD-S with the imaging system. The viewing
area is limited to 6 cm and 4 cm in horizontal and vertical direction,
respectively, and aligned to see the plasma column of 30 cm behind from the
output of anode. Argon is used as the working gas.
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5. System Performance

5.1 Vertical Focusing Test

To verify the results of ray tracing for the focusing property in the

vertical direction, we used the experimental setup shown in Fig. 5-1.

A mercury lamp is used as a light source. The monochromated

image of a mercury lamp was exposed on a photographic film (Polaroid

667).

Fig. 5-1 (a) shows a schematic diagram for the experiment of the

vertical focusing test. A mercury lamp with 5 cm length in the vertical

plane was positioned at a distance of 142 cm in front of the entrance slit

with limited height of 0.5 mm. The photographic film was displaced at a

distance of 30 cm behind from the exit slit. The image length of the

mercury lamp was measured at zeroth order light, Hg I at 2536.5 A and

Hg I at 3131.5 A.

A mercury lamp photographed by camera is shown in Fig. 5-1 (b).

Fig. 5-1 (c) shows an image of a mercury lamp at the wavelength of

2536.5 A as a typical example, which is exposed on a photographic film.

These pictures simply show the attainment of monochromated imaging in

this system and the demagnification scale depending on the vertical

focusing point and the position of the film. Calculated image from ray

tracing is represented in Fig. 5-1 (d), which use a rectangular source of 5

cm height and 1 mm width at the wavelength of 2536.5 A.
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Fig. 5-1 The experimental setup using a Hg lamp for the focusing property in the vertical direction, (a) Schematic
drawing for a vertical focusing test with Hg lamp, (b) Photograph of Hg lamp, (c) Image at Hg I 2536.5 A exposed
on the photographic film, (d) Ray traced image of 2536.5 A.



The image length measured in the vertical direction was compared

to the results of the ray-tracing calculations with the same experimental

parameters (shown in Figure 5-2). In Fig. 5-2, the wavelength of 0 A

means the zeroth order light with the same entrance and diffraction angle

of 7.5° in case of this monochromator. Measured image lengths are in

good agreement with the results of ray-tracing.
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Fig. 5-2 Comparison of the observed image length with the ray-tracing

calculation. The length of the mercury lamp was measured at zeroth order

light, Hg I at 2536.5 A and Hg I at 3131.5 A
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5.2 Spatial Resolution

In order to measure the spatial resolution of the imaging system, an

aperture mask which has the apertures with various center pitches was

inserted between the imaging system and the TPD-S device. The ex-

perimental setup is shown in Fig. 4-2. The 2-D detector system which is

consist of MCP and CCD is set to the distance of 30 cm behind the exit

slit.

An aperture mask has been settled to measure the spatial resolution

of the 2-D imaging system (shown in Fig. 5-3 (a)). This mask is posi-

tioned at a distance of 40 cm in front of the entrance slit of the

monochromator. The used masks have 1-mm, 1.5-mm or 2-mm diameter

apertures opened with various center pitches.

The observed image of the aperture mask is shown in Fig. 5-3 (b).

Images of the masks represent the spatial structure of light source in 2-

dimensional plane. Here, the emission of Ar I 1048 A from the plasma

column was used as an illumination for the aperture mask.

The measured spatial resolution is about 0.5 mrad and 1 mrad in

the dispersion and vertical plane, respectively, with an entrance slit of 0.1

mm width and height.

Better resolution can be obtained by decreasing the entrance slit

width and height of the monochromator but at the expense of decreased

signal to noise
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(b)

Fig. 5-3 Testing for spatial resolution, (a) An aperture mask with

diameter of 2 mm, 1.5 mm and 1 mm holes, (b) The observed

image of the aperture mask, where the entrance slit height of 1 mm

and width of 0.5 mm were used.
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5.3 Spatial Sensitivity

5.3.1 Preliminary Experiments using a Mercury Source

In order to understand the spatial sensitivity of the imaging system,

a preliminary experiment using a mercury source has been performed.

The mercury lamp was just attached at the entrance slit with the 0.1 mm

width and height to fill up the acceptance light cone of the grating, here

Hg lamp acts as a homogeneous light source. The width of the exit slit

was fixed to 0.1 mm. The photographic film (Polaroid 667) positioned at

a distance of 30 cm behind the exit slit was used to expose the

monochromated image of a homogeneous source. The grating which has

the blaze wavelength at 1500 A was used. Images of a mercury lamp

have been measured at zeroth order light (CI: the central image), Hg I at

2536.5 A and 3131.5 A.

Fig. 5-4 shows the image at Hg I 2536.5 A on the photographic

film and its intensity profile. The good uniformity of the spatial sen-

sitivity was concluded perpendicular to the dispersion direction.

However, it was found that there is a strong non-uniformity of the

sensitivity in the direction of the dispersion plane.

An image measured at zeroth order light is shown in Fig. 5-5, as an

other example. The direction of the non-uniformity of the spatial

sensitivity in the direction of the dispersion plane was reversed compared

to the image at Hg I 2536.5 A, though the uniformity in the vertical

direction is confirmed.
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Fig. 5-4 Image and its profile at Hg I 2536.5 A.
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Fig. 5-5 Image and its profile measured at zeroth order light.
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5.3.2 Effects of a Grating on the Horizontal Sensitivity

The strong variation in the horizontal sensitivity is explained as the

effect of a grating.

a) A grating

Gratings are usually blazed, which means that the groove is shaped

to concentrate a large fraction of the incident intensity into diffraction at

a particular angle. The principle of the concentration of radiation into

any desired spectrum is discussed below.

A cross section of a typical blazed grating is shown in Fig. 5-6. Let

N be the normal to the macroscopic surface of the grating while N'

denotes the normal to the facets. The grooves are cut such that the facets

make an angle 0 with the grating surface. The angles a and (3 are the

angles of incidence and diffraction. The principle of concentrating

entrance radiation into a given wavelength is that this wavelength must be

diffracted in a direction which coincides with the direction of the

specularly reflected light from the surface of the facet.

The wavelength Ablaze for which the grating is blazed is given by

m A,blaze- 2d sin 9 cos (a - G) (5 - l)

the a = 0 and m=l, X-biaze is normally defined as the blaze wavelength,

and it is obviously fixed by the grating ruling. The grating is also blazed

for the higher order of Xbiaze/2, A,t,iaze/3 and etc.
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Fig. 5-6 A cross section of a typical blazed grating. N and N' are the

normals to the grating and the facets respectively. 0 is the angle

between the facets and the grating surface. The angles a and |3 are the

angles of incidence and diffraction.
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b) Effect of the blazed facet plane

Effect of the blazed concave grating on the intensity distribution is

discussed.

The width of one facet of a grating is the same order of length as

the wavelength of the entrance ray. In our case with 1200 grooves/mm

grating, the width of one facet is about 8000 A, for example. For a

rigorous treatment of intensity distributions from such a grating, electro-

magnetic wave form given by Sommerfeld is calculated. But this rigor-

ous treatment of diffraction problem provides a complicated mathematical

formulation. Another approach based on the Fraunhofer diffraction is

practically useful to see the intensity distribution from a grating. Qualita-

tively speaking, Fraunhofer diffraction occurs when both the incidence

and diffracted waves are effectively plane. This will be the case when the

distances from the source to the diffracting aperture and from the

aperture to the receiving point are large enough for the curvatures of the

incident and diffracted waves to be neglected.

In the case of Fraunhofer diffraction scheme, the Fresnel-Kirchhoff

formula becomes to be a very simple equation

U = C JJe i k r dA

where all constant factors have been lumped into one constant C. And U

is a complex amplitude, k is a wave number and A is an aperture area.

The formula above states that the distribution of the diffracted light is
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obtained simply by integrating the phase factor elkr over the aperture.

The diffraction by a single slit is described in brief to see an

intensity envelope and the case of the diffraction by the facet of the blazed

grating is treated in the same way.

(1). The single slit

The case of diffraction by a single narrow slit can be treated as a

one-dimensional problem. Let the slit be of length L and of width b. The

element of area is then dA = L dy as indicated in Fig. 5-7(a).

Furthermore, we can express r as

r = r0 + y sinG

where r0 is the value of r for y - 0, and where 9 is the angle of

diffraction.

The diffraction formula then yields

b/2

U *~\ ikro P iky sin8 T J= Ce J e Ldy
-b/2

sin(jkbsine) , sinB
e L, - ; — ̂  ^ - ;

k sine B

where P = (nb/X) x sin9, and C = eikroCLb. Thus C (sinB / B) is the

total amplitude of the light diffracted in a given direction defined by p.
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Fig. 5-7 Definition of the variables by a single slit
and intensity distribution
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And the corresponding intensity distribution at the infinity is given by

the expression

TT U _

u | - p

where I o = ICLbl2, which is the intensity for 0 = 0. The intensity

distribution is plotted in Fig. 5-7(b). The maximum value occurs at sinG

= 0, and zero values occur for sin© = ± Xlb, ± 2A/b,..., and so forth.

(2). The facet plane of a grating

The case of diffraction by one facet plane is treated in the same way

as the single slit (shown in Fig. 5-8). Let the facet be of groove length L

and of width b. In here, the path difference A0 of the two rays shown is

expressed as

A(j) = - y x since + y x sin( a + y) = [sin( a + y ) - sina] x y

where a is the incidence angle, and y is the angle between the direction

of the mirror reflection and that of the diffracted light (in other word,

angle of the diffracted light measured from the direction of the mirror

reflection).
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a cross section of the blazed grating

Fig. 5-8 Definition of the variables for Fraunhofer diffraction
by a facet plane of the blazed grating
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The result is

b / 2

TT _ r ; e
i k r c f e

i ky [sin(Y+a)-sina] j ^ ,

-b / 2

. , 1
= 2C eikro L sin(^ T k b [sin(Y+ a> - s i n «D = c sinp'

k [sin(y+a) - sin a ] P'

where p' and C is (Tib/A,) x [sin(oc + y) - sina] and e^o CLb, respectively.

Therefore, the corresponding intensity distribution at the infinity is given

by

= | U |2 = Io ( ^ )

where Io = ICLbl2, which is the intensity for 0 = 0.

Diffracted patterns from one facet as a function of y are shown in

Fig. 5-9. It shows that the full width at half maximum (FWHM) becomes

smaller at shorter wavelength.
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Fig. 5-9 Diffraction pattern of a facet as a function of y.
y : angle between the direction of the mirror
reflection and that of diffracted light.
Here, the width of a facet b is set as 6400 A
corresponding to the grating with 1200 grooves/mm.
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c) Intensity distribution by the blazed concave grating

Effect of the blazed concave grating on the horizontal sensitivity in

the imaging system can be simply described by the difference between the

exit angle of a diffracted light in consideration and the angle for the

effective blazed wavelength.

The imaging system consists of the entrance slit, the spherical

concave grating, the exit slit, and detector system.

The key point is that the detector should be positioned behind from

the exit slit as shown in Figure 5-10 (a). When the detector is positioned

on the exit slit, there is no spatial resolution in the dispersion plane since

the diffracted monochromatic rays from the grating are focused to the

exit slit forming a narrow line. When the detector is used at a distance

behind the exit slit, however, intensity distribution on the detector is

influenced by the effect of a diffraction from each facets.

As discussed in the preceding section, each facet plane makes an

output of a diffraction pattern. The center (maximum intensity) of the

diffraction pattern is in the direction of the mirror reflection against the

facet plane (Define the angle p' as the direction of the mirror reflection

to the grating normal). Fig. 5-10(b) shows the definition of the incidence

and diffraction angles on a facet plane of the grating. But the direction of

a measured wavelength makes an angle (3 that is measured from the

normal to the grating plane, which is defined as the diffraction angle.

Therefore, the difference between the direction of the mirror
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reflection and that of a measured wavelength has a responsibility for the

intensity on the pixel of the detector. ( Lets define the difference angle as

For considering the intensity distribution on the detector, it is

necessary to calculate the difference angles y on all the facets of the

grating.

Fig. 5-10 shows the schematic diagram of a typical blazed grating

demonstrating the definitions (the incidence and diffraction angles to the

grating normal and angles of the mirror reflection to the facet plane)

against each area of the grating facet.

The grating of 96 mm width was used for the 1-m off-Rowland

monochromator. The grating is blazed at 1500 A, which means the blaze

angle 0 = 5.2°.

In case of 1500 A, the distance between the center of the grating

and the entrance slit is varied to 98.7 cm, and the incidence angle of the

grating is adjusted to 12.7 degree. Incidence angles on the facet of area 1,

area 2 and area 3 are 12.9°, 12.7° and 12.5°, respectively.

At the center part of the grating (area 2), the diffracted light with

the wavelength of 1500 A has a diffraction angle of 2.3° to the grating

normal, and here the diffraction angle for the effective blazed wavelength

is also 2.3° to the grating normal. In the same way, the diffraction angle

for 1500 A at area 1 is 2.2° and that of the effective blazed wavelength is

-3.4° to the grating normal. The diffraction angle for 1500 A at area 3 is

2.4° and that of the effective blazed wavelength is 7.8°.
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Entrance slit

995.4 mm

Direction of mirror
reflection

Direction of measured
wavelength

Facet plane

Grating plane

Fig. 5-10 Schematic of a typical blazed grating demonstrating the angles
and its definition against three facets of the grating. The blazed angle 0 of
5.2 degree is used, which is the angle between the facets and the grating
surface. Radius of curvature of the spherical grating is 995.4 mm, and the
grating of 96mm width is used. Here, p is the diffraction angle for the
wavelength selected, and p ' is the diffraction angle for the effective
blazed-wavelength (angle for the mirror reflection from the facet plane).
This figure is not to scale.
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As the result, the angles (y) between the direction of the mirror

reflection and that of the diffraction for the selected wavelength are

varied to -5°, 0°, and 5° from area 3 to area 1.

In the case of imaging of a wavelength far from the blazed

wavelength, 1000 A as an example, incidence angle a of 11.0° to the

grating normal is selected. Then, the incidence angles at each facet are

changed to 10.8°, 11° and 11.1° from area 3 to area 1. The difference

between the diffraction angle and the angle for the effective blazed

wavelength from a facet are varied to -2°, 3°, and 9° from area 3 toward

area 1.

The difference between the diffraction angle and the angle for the

effective blazed wavelength at a various wavelength are represented in

Table 5.3.2.

Table 5.3.2 Difference angles y for each area at various wavelengths.

(Unit: degree)

1548.2 A

1238.8 A

1031.9 A

977 A

2536 A

Area 1

5.3

7.3

8.7

9.1

-2.1

Area 2

-0.2

1.8

3.0

3.5

-7.6

Area 3

-5.7

i -3.7

-2.2

-1.8

. -13.1
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These calculations show that when the grating is used to diffract the

light which is of the wavelength close to the blazed wavelength, intensity

distribution in the horizontal direction is appeared to have axis-symmetry

and be roughly uniform.

On the contrary, in the case of an imaging measurement at a

wavelength far from the blazed wavelength, the intensity distribution

shows a strong non-uniformity, due to the large deviation between a

diffraction angle and an angle for its effective blazed wavelength.

The above discussion may give us an explanation for the roughly

uniform distribution or the strong variation in the horizontal sensitivity

of the imaging system.

Observed intensity distributions of the C IV 1548.2 A, N V 1238.8

A and O VI 1031.9 A (angle between the direction of the mirror

reflection and that of diffracted light) are compared with calculated

intensity envelopes as a function of y, as given in Fig. 5-11.

Fairly good agreements between the observed intensity distribution

and the expected distribution from the diffraction theory show that the

non-uniformity of the imaging system in the horizontal direction is

attributed to the effect of the concave grating.

To attain a more flat reflectivity over the entire surface of a

grating, the grating which has different blaze angles in one surface is

available commercially; the angle of the ruling diamond is reset in a few

areas. Even though it increase the total intensity, this grating also does

not produce a uniformity of the sensitivity in the dispersion direction.
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Image from a tripartite grating is shown in Fig. 5-12 as an example. It is

clearly seen that the spatial sensitivity of the tripartite grating represents

three patterns in the dispersion direction.
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Fig. 5-11 The solid lines show the observed intensity distributions in the horizontal
direction (the dispersion plane) as a function of y. (a) C IV 1548.2 A, (b) N V
1238.8 A and (c) O VI 1031.9 A emitted from JIPP T-IIU plasma. The dotted
lines show the calculated intensity distributions in the horizontal direction.
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Fig. 5-12 Image from the tripartite grating measured at 1048 A of Ar I

in the TPD-S plasma. The grating used is blazed at 800 A.
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5.3.3 Images of the TPD-S Plasma

In order to see the spatial sensitivity in VUV wavelength, TPD-S is

used as a light source. The image at Ar I 1048 A and the intensity

profiles are shown in Fig. 5-13 as a typical example.

As shown in Fig, 5-13, the observed intensity distribution in the

plasma column image with the spectral line of Ar I at 1048 A varies in

the horizontal direction, in spite of the homogeneity of the plasma column

along the axis. In this measurement, the grating blazed at 1500 A was

used. At the measurements of the spectral lines close to the blaze

wavelength, the good uniformity was found in the horizontal direction.

For the example, the observation of C IV 1548.2 A emission distribution

with the grating blazed at 1500 A is shown later in Fig. 6-4.

The non-uniformity of the sensitivity in the horizontal direction

may be thought as a problem on the observation of emission distributions.

But a calibration procedure is not so complicated one. As shown in Fig.

5-13, the observed relative intensity in the horizontal direction shows

itself relative sensitivity, because of the homogeneity of the plasma

column along the axis. With using this calibration curve, the observed

distribution on O VI 1031.9 A emission in JIPP T-IIU plasma has been

calibrated. As the result, the good uniformity of O VI emission along the

toroidal direction has been confirmed within the errors of 10 percent

(Fig. 5-14).

By using the homogeneity of the plasma column along the axis, it

was shown that the relative sensitivity calibration can be easily attained.
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But, in this calibration experiment with the plasma of TPD-S apparatus,

available spectral lines for the calibration are quite limited because of a

low electron temperature. In Fig. 5-15, relative sensitivities along the

horizontal direction are presented for four different wavelengths. Here,

C IV 1548.2 A, C III 977 A and N V 1238.8 A spectral line from JIPP T-

IIU plasma were used under the assumption of the homogeneous

distribution in toroidal direction.
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Fig. 5-13 Image and its intensity profiles of the plasma column at

1048 A for Ar I emission.
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Fig. 5-14 The calibrated intensity distribution of O VI 1031.9 A

emission along the toroidal direction, which is obtained from the

measurement of Ar I 1048 A .
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Fig. 5-15 Relative sensitivity curves for various wavelengths.
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6. Measurements of Radial Distribution of Impurity

Ions in Tokamak Plasma

The usefulness of the imaging system was demonstrated by

applying on the measurement of JIPP T-IIU tokamak plasma at National

Institute for Fusion Science (NIFS), Japan.19

6.1 Outline of the JIPP T-IIU Tokamak

The JIPP T-IIU tokamak is a device which has a major radius of

0.91 m and a minor radius of 0.23 m determined by the fixed carbon

limiter (Fig. 6-1). The maximum toroidal field Bt is 3 T and the

maximum plasma current Ip is 250 kA with a limiter configuration.

The plasma is heated in the two-ion hybrid heating regime (ion

cyclotron range of frequency : ICRF) with a maximum power of 500

k W . 2 0 Also, a hydrogen beam of 30 keV is injected tangentially (

neutral beam injection : NBI), with a maximum input power of 300 kW.

ICRF heating and NBI are used as auxiliary heating systems in the present

experiment in order to bring the plasma parameters into the proper

range.

Device and plasma parameters of the JIPP T-IIU tokamak for

limiter and divertor configurations are summarized in Table 6-1.

Time history of a typical shot of the JIPP T-IIU tokamak is shown

in Fig. 6-2.
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Fig. 6-1 Cross-sectional view of the JIPP T-IIU device.

— 7 2 -



Table 6-1 Device and plasma parameters of JIPP T-IIU.

Limiter Configuration

Major Radius

Minor Radius

Toroidal Field

Magnetic Flux of Iron Core

Plasma Duration

Plasma Current

Plasma Elongation

Electron Temperature

Ion Temperature

Line-Averaged Electron Density

Energy Confinement Time

Effective Charge, Zeff

i 0.89 ~ 0.93 m

j 0.21 ~ 0.24 m

j 3T

: ~ U W b

~ 0.5 sec

j 200 ~ 320 kA

. <; l . o
; ~1.2keV(OH)

~ 2.5 keV (ICRF)

~ 0.5 keV (OH)

~ 2.0 keV (ICRF)

<: 8 x 10 13 cm"3

~ 25 ms ( OH)

~ 40 ms (IOC-Mode)

~ 15 ms (ICRF)

<;2

Divertor Configuration
(expected value)

Major Radius

Minor Radius

Toroidal Field

Magnetic Flux of Iron Core

Plasma Duration

Plasma Current

Plasma Elongation

~ 0.91 m

~ 0.20 m

3 T

~ 1.1 Wb

~ 0.5 sec

<; 150 kA

<; 1.4
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Fig. 6-2 Time evolution of plasma current, loop voltage, diamagnetic stored
energy, electron density and temperature at near center, and C II emission in
visible wavelength. Heating time of NBI and ICRF is shown.
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6.2 Installation of the Imaging System on the JIPP T-IIU

Tokamak

The imaging monochromator system has been installed to the JIPP

T-IIU tokamak for the observation of spatial distributions of impurity

radiation.

The set-up for space-resolved measurements in the vacuum

ultraviolet spectral region is shown schematically in Fig. 6-3.

The monochromator-detector system has been mounted at a port of

JIPP T-IIU tokamak. This system is positioned at a distance of 4 m from

the plasma center to the entrance slit of the monochromator because of

the restriction of the space of JIPP T-IIU Lab.

The view area in the plasma is about 38 cm and 22 cm in the

horizontal and vertical plane, respectively. This view size in the vertical

plane is less than the half of the plasma size (diameter).

The imaging system is inclined below at a degree of 16.4° to view

an upper half of the JIPP T-IIU tokamak plasma in the radial direction,

which has a limited view area from the plasma center and to a below

region of the limiter.

The 6-mm spatial resolution in the vertical direction has been

obtained using the entrance slit of 0.15 mm height with a 4-m distance

from the entrance slit of the monochromator to the plasma center. The

spatial resolution of 3-mm in the horizontal direction has been also

achieved.
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Fig. 6-3 Experimental set up to observe monochromated image from the

JIPP T-IIU tokamak. (a) Top view, (b) Vertical view.
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6.3 Images and Radial Profiles of Impurity Ions in JIPP T-

IIU Plasma

The imaging system was in use on the JIPP T-IIU tokamak. The

two-dimensional space-resolved images of the impurity line radiations

from a single discharge has been obtained

(a) Image of the impurity line emission

Because of a roughly parabolic radial profiles of electron

temperature and electron density, impurity ions in the tokamak plasma

localize at certain radial positions according to their ionization stages.

Thus, emission lines from impurity ions in certain ionization stages may

be expected to have a shell structure.

The typical image of the distribution of C IV 2p 2P3/2 -> 2s 2Si/2

emission at 1548.2 A is shown in Fig. 6-4 (a), which is obtained in the

discharge with plasma current of 200-kA during ion cyclotron range of

frequency (ICRF) heating (200 kW). Its intensity profile is shown in

Fig. 6-4 (b).

It shows that C IV ion is concentrated in the radial position of -20

cm and spreads uniformly in the toroidal direction. The emission of the

impurity line is shown as shells near the plasma edge where the electron

temperature is of the order of its ionization potential.

The viewing area in the plasma is limited from a 5 centimeter

above the plasma center to a slightly below of the limiter radius, which is

constrained by the limited grating size and the size of viewing port. The
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Fig. 6-4 The typical image of C IV emission at 1548.2 A and viewing

area in the JIPP T-IIU tokamak. (a) Observed image, (b) Processed

image data which shows the intensity distribution of the spectrum.
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images in this work have been obtained with the exposure time of 33

msec.

Result from Fig. 6-4 shows that this imaging system can monitor

the 2-D spatially resolved images of the impurity emission line from the

tokamak plasma.

(b) Emission profiles of the successive ionization potentials

The difference of the radial distribution which depends on ion

species and their ionization stages is shown in Fig. 6-5.

Here, the 2p2P3/2 -> 2s 2Sm emission lines of Li-like impurity C IV

1548.2 A, N V 1238.8 A and O VI 1031.9 A have been observed as the

example of the distribution with successive ionization potentials (C IV :

64.5 eV, N V : 97.9 eV, O VI : 138.1 eV).

Fig. 6-5 (b) shows a Abel-inverted radial profiles, which are

normalized to the peak value. In this processes, the inner tail and the

outer increase of the ion density profiles is disregarded due to the poor

precision of the Abel-inversion procedure in this region.

The radial positions of the peaks are in the right order taking into

account their respective ionization potentials and the decrease of the

electron temperature towards the plasma edge.
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Fig. 6-5 (a) Observed emission profiles of the Li-like ions C IV, N V,

and O VI. (b) Abel-inverted radial profiles, which are normalized to

the peak value.
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(c) Time Evolution of the Radial Profile of the Impurity Ion

Temporal behaviors of the radial distribution have been measured

for O VI emission line at 1031.9 A.

Figure 6-6 shows the evolution of the Abel-inverted radial profiles

of the O VI emission line, which has been obtained with the different

phase in the discharge; (1) initial buildup phase, (2) current plateau

(plasma current of 200 kA), and (3) during the ICRF heating (200 kW).

Typical time evolution of the O VI emission line and each phases

measured are shown in Fig. 6-7.

It is seen that in the initial buildup phase, oxygen impurity is almost

uniformly distributed since the deep penetration of the impurities into the

discharge is possible due to the low temperature and density.

However, after this initial ionization phase, the temperature and

density rapidly increase and penetration to the center of the incoming flux

is no more possible; the emission profile of the ion therefore develops a

cylindrical shell structure (Fig. 6-6 (2)). The variation of the emitting

shell position corresponds to the evolution of the peripheral electron

temperature.

During the ICRF heating, the shell peak of O VI emission shifts to

the more outside from the plasma center, compared to the peak at the

current plateau phase. This shift may be understandable as the results of

the change of radial profiles of electron temperature and density, hence

the shell position moves outward as Te increases.
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7. Conclusion

A two-dimensional imaging monochromator in normal incidence

region (400 A ~ 2000 A) was developed, and its performances under

various testing conditions were studied.

The imaging is achieved by using the entrance slit of limited height

as a pin hole and the 2-D detector system displaced away from the exit slit

of the monochromator.

Ray tracing was performed in order to evaluate the imaging

properties and to study the effect of aberrations, mainly astigmatism and

coma, which is caused by a concave grating.

In order to see the spatial resolution and the relative sensitivity on

spatial coverage of the imaging system in vacuum ultraviolet wavelength

region, a stationary arc discharge (TPD-S) was developed as a light

source. An aperture mask has been settled to measure the spatial

resolution of the imaging system. The measured spatial resolution is

about 0.5 mrad and 1 mrad in the dispersion and vertical plane,

respectively, with the entrance slit of 0.1 mm width and height.

To verify the focusing property in the vertical plane and see the

relative sensitivity on a viewing direction, the monochromated image of a

mercury lamp was exposed on a photographic film. In the vertical

direction, the flat sensitivity was concluded. However, it was found that

there is a strong non-uniformity on the sensitivity in the direction of
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dispersion plane when the wavelength of the image is far from the blazed

wavelength of the equipped grating, which is recognized as an effect of a

grating.

The imaging monochromator system has been installed to the JIPP

T-IIU tokamak for observation of spatial distributions of impurity

radiation. The 2-D spatially resolved images of the impurity emission

line was obtained successfully. As an example, it is shown that C IV ion

is concentrated in the radial position of ~20 cm and spreads uniformly in

the toroidal direction. The differences of the radial distributions which

depend on ion species and their ionization stages have been observed on

the Li-like impurity C IV 1548.2 A, N V 1238.8 A and O VI 1031.9 A.

It can be seen that the ion with higher ionization potential is localized

more inside the plasma. Temporal behaviors of the radial distribution

have been also measured for O VI emission line at 1031.9 A. It is seen

that in the initial buildup phase, oxygen impurity is almost uniformly

distributed. During the ICRF heating, the shell peak of O VI emission

shifts to the more outside from the plasma center, compared to the peak at

the current plateau phase.

The important features of this scheme are the 2-D imaging which

does not require a stigmatic property for focusing and an easy fabrication

with minor modification of a commercial normal incidence

monochromator. One problem of this instrument may be a non-

uniformity of the sensitivity in the direction parallel to the dispersion

plane, which originated from a grating. In principle, the non-uniformity

problem of the sensitivity in the dispersion plane may be solved with an

introduction of a non-blazed holographic grating or a laminar grating.
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But it may lose a merit of high reflectivity around the blazed wavelength.

The interchangeable grating mount equipped with several gratings with

different blazed wavelengths is thought to be useful in practice. By

incorporating a multilayer coated grating21, which can produce high

reflectivity at non-grazing angles as Bragg reflectors22, the imaging

system shown here will be applicable even in the extreme-ultraviolet and

soft x-ray region.
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