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Module type flat-field grazing incidence spectrographs equipped with
holographic grating are designed tor the impurity diagnosis of large TOKAMAK
{(JT-60) plasma in the wavelength region of 0.5~122 nm. The spectrographs
are with common size, and they cover different wavelength regions by
changing the grating. The design requirement and characteristics of the
spectrographs are summarized. Optical design and designed properties are
discussed. The preliminary tests with photographic plates are examined,
and many spectra including Al Ko (0.83 om) are recorded. These
spectrographs show the designed flat-field charscter, and sufficient

wavelength resolution for plasma diagnosis.
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1. Introduction

During the last decade, various aberration-corrected gratings have
been designed and produced both by recording interference fringes in
photoresist and by using numerically controlled ruling engines in order

to develop new types of spectroscopic instruments.?”?®

Among these, a
grating for a flat-field spectrograph is very attractive in that its flat
focal plane facilitates the use of an array detector for simultaneous
photoelectric detection of a spectrum over a wide wavelength region.l’__9
Flat-field spectrographs are useful in plasma diagnosis, i.e., in real-time
measurement and control of plasmas. Fonck et al. developed a spectrograph
equipped with teroidal holographic gratings for diagnosis of PDX TOKAMAK

piasmas in the 10-170 nm wavelength region.®>?

Kita et al. took spectra cof
laser—-produced plasmas in the 5-20 nm wavelength region with a flat-field
spectrograph equipped with a mechanically ruled grating,’ and later they
succeeded in going down to 1.5 mm with a finer grating.8
For the dmpurity diagnosis of large TOKAMAK(JT-60)} plasma, space-
resolved simultaneous intensity measurements are essentially important.
The design requirements of the spectrographs are as follows;
I. wavelength region is 0.5-122 nm,
II. wavelength resclution A/dXx is equivalent to conventional Rowland
circle monochromator (10 at 0.5 nm, 100 at 5 nm, 300 at 20 nm),
ITI. spatial resclution is 7 cm,
IV. time resolution is 20 ms,
V. easy to install, to exchange, and to repair.
We develcoped module type flat-field grazing incidence spectrographs
with holographic grating which satisfy these requirements. These
spectrographs coupled with photo-electric array detector are working now,

2 In this paper, we describe the basic

and some results are reported.lo_
considerations for these spectrographs, including the design characteristics,
the detailed design procedure, and the expected performance of the spectro-
graphs. The results of the preliminary tests with photographic plates are

also shown.

2. Summarization of the design characteristics

Considering the requirements described in Sec. 1, we designed four

spectrographs for JT-60 plasma diagnosis which have following characteristics;

_1_
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spectrographs for JT-60 plasma diagnosis which have following characteristics;
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A. the size of the spectrographs is common, 670 mm(l) X 150mm(w) * 60 mm(h),

B. positions of the entrance slit and the grating are fixed, and that of
the focal plane is almost invariant,

C. by changing the grating, each spectrograph covers certain wavelength
region, 0.5-5 nm, 0.5-50 nm, 2-50 nm, and 50-122 nm, respectively (we
call these spectrographs as S1, 32, S3, and S4},

D. incident angles of the spectrographs are 89° for S1 and $2, 88° for 53,
and 85° for 34,

E. image plane is flat, the incident angle of the diffracted ray to the
image plane is smaller than 30°, and the length of the image plane is
fit to the commercially available array detector,

F. wavelength resolution A/d) is better than 150 at 5 nm with photographic
plate, and equivalent to conventional Rowland circle monochromator with
photo-electric detector,

G. a vacuum vessel with seventeen guide bars is prepared, and the modu-
larized spectrographs are inserted along the guide bars,

H. each modularized spectrograph cbhserves different spatial position of the

plasma, and realizes the spatial resolution of 7 cm.

The flat-field grazing incidence spectrogrphs with the photo-electric

detector are suitable for measuring requirements I, IT and IV. Moreover,

when these spectrographs are modularized and inserted along the guide bar

in the vacuum vessel, they also satisfy the other requirements IIT and V.

The schematic diagram of the modularized spectrograph is shown in Fig. 1,

and the arrangement of the spectrographs for space resolved large TOKAMAK

plasma diagnosis is shown in Fig. 2. The merits of the instrument {the

modularized spectrographs and the vaccum vessel) are as follows;

(1) handling of the spectrographs is easy, and needs no skill,

(2) the vacuum vessel is connected to JT-60 TOKAMAK and fixed, and free
from putting on and taking off the spectrograph,

(3) measuring wavelength region or ther spectrscopic conditions can be
changed easily by changing the modularized spectrograph,

(4) even by changing the spectrograph, the optical axis through the plasma
does not move,

(5) adjustment of the spectrograph can be done at a different place apart
from JT-60 TOKAMAK.
Other design considerations which satisfy the requirements L-V and

bring the characteristics A-H are described below.
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a) Spatial region and wavelength region to be measured

The vacuum vessel of JT-60 TOKAMAK is a deughnut type, its major
radius is 3 m, and the minor radius, the radius of the cross section, is
1 m. The spatial distribution of the impurities changes along the minor
radius, and the upper half area of the plasma cross section is measured by
dividing into 15 measuring chords. (this situation is already shown in
Fig. 2) The required spatial resolution is 7 cm at the plasma, which is
discussed in detail in Sec. 3.

The wavelength region to be measured is 0.5-122 nm. For the
wavelength region shorter than 0.5 nm, crystal spectrometers are prepared,
and the longest wavelength to be measured is Hydrogen L o (121.6 nm). To
cover this wavelength region, two spectrographs, 52 and S4, which cover
0.5-50 nm and 50-122 nm respectively, are considered. 1In this case,
however, the wavelength resolution of $2 becomes poor in the wavelength
region shorter than 5 nm. Thus another spectrograph Sl which covers 0.5-
5 nm with higher resolution is added. One more spectrograph S$3, covers
2-50 nm, is also designed. The waveleng.h region of 53 is overlapped with

that of $2, but with different incident angles.

b) Size of the spectrograph

The size of the modularized spectrograph is limited by the following
requirements: (1) the module should be compact, easy to hold by hand, {2}
the space permitted for the vacuum vessel of the spectrograph is restricted
from the construction arouand the JT-60, (3) the module can be put on and
taken off without interference with other instruments and surrounding wall,
(4) the designed condition for the production of the gratings can be
realized, (5) the resolution and the length of the image plane of the
spectrograph should match the detector, (6) the distances among components
of the spectrograph are suitable to assemble.

From the requirements (1)-(3), the upper boundary of the size of the
modularized spectrograph is determined as 750 mn(l) % 160 mm{w) ¥ 60 mm(h).
Considering the length of the detector and the space between the edge of
the module and the entrance siit, the upper boundary of the distance from
the entrance slit to the image plane is about 550 mm. From the require=-
ments (4)}—(6), the lower boundary is determined. This value depends on the
designed results which is described below, they show the lower boundary of

the distance from the entrance slit to the image plane is about 400 mm.
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c¢) Incident angle

The incident angle of the spectrograph for seoft X-ray region is
determined by the reflectance of the grating material at the shortest
wavelength to be measured. Here, Pt is assumed as the grating surface
material, and the reflectance of more than 50% is considered. The caicu-

13l 45 697 at the

lated reflectance from the optical ceonstants
wavelength of 0.6 nm and the incident angle of 89°, 64% at 2 nm and 88°,
and 69% at 50 mm and 80°. Thus the incident angles are determined as 89°
for 81 and 52, and 88°for S3. For S4, the maximum width of the modularized
spectrograph is restricted from the narrow space for the instruments, the
incident angle of 85° is adopted.

The incident angles cf the modularized spectrographs are different,

but the directions of the optical axes are invariant.

d) Detector

The detector for this spectrograph is required to be a multi-channel
detector with high sensitivity in VUV wavelength region. For this require-
ment, one dimensional array detector coupled with MCP as a face plate 1is
considered. TFor example, a detector which has an array sensor of 1024 or
2048 channels with 25 um channel pitch is commercially available.

The spatial resolution of the detector is deteriorated by the spread
of the electron flux and electron—-photon conversicn in the detector, it is
estimated about 50 um. The sensitivity of MCP changes with‘the incident
angle of the light on it. For the grazing angle, it goes down more than 2
orders of magnitude as compared to the maximum value. To prevent this
decrease in the sensitivity, the incident angle of the diffracted ray to
the detector is restricted to smaller than 30°.

The period of the data acquisition is 20 ms, which corresponds to the

integration time of the light flux on the detector.

e) Wavelength resclution

For the impurity measurement, the required data is the intensity of
the known spectra. The detailed line profile measurement of the spectra
and identification of the spectra are done with another instrument. Thus
the wavelength resolution which is equivalent to conventional Rowland
circle monochromator used for JFT-2 plasma is taken as a reference. The
values of A/dX in that case were 10 at 0.5 nm, 100 at 5 nm, and 300 at 20
mm (these values are the results with wide slit width because of weak
light intensity). The resclution of the spectrograph is restricted with a

slit width, residual aberrations, and the detector. In cur design, the

_.4_
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rezolution of the detector is dominant, which is discussed later.

3. Optical design and optical performance

3.1 Design procedure

The optimum image plane is determined in two steps. Firstly, the
light path function of the spectrograph is expanded and coefficients of
lower orders are minimized, then an approximate solution is determined.
Secondly, from this solution, optimum one is determined by ray tracing,
where the density of sports in the image plane at several wavelengths is
chosen as the merit function.

We refer to Fig. 3 to describe cur procedure of designing a concave
holographic grating (H.G.) with a radius R for a flat-field spectrograph.
We introduce a rectangular cocordinate system, the origin is at the vertex O
of H.G. and the x-axis is the grating normal. In the figure, € and D are
the coherent peint sources of wavelength Ar. We consider a ray which
originates from the center A of the entrance slit and is diffracted at
point P(€,w,1) on the nth groove of H.G., where the zeroth greocove is the
one passing through the vertex of H.G. The diffracted ray of wavelength A
in the mth order intersects the flat image plane L at point B. For the
incident principal ray AQ, the diffracted principal ray of A in the mth
order intersects L at point By. We assume for practical reasons that A,
By, C, and D are located in the xv plane, and the polar coordinates of
these points are (ra,a), (rb,B), (rC,Y), and (rd,ﬁ), respectively.

Fer the ray APB, the light path function F is expressed as

F = AP + PBp + nmh
= ra+rb+(w2/2)F20+(12/2)F02+(w3/2)F30+(w12/2)F12+ cee (1)
where
Fuy =My (r /Rory JR,0L8) + (mAA D (r Ry /R,Y,6) @)
gin o + sin B = mA/o , {3

and 0, the effective grating constant, is expressed as

g = Ar/(sin § - sin v) . (4)

Mi' is determined from the mounting of the spectrograph, whereas Hij is

determined from the recording arrangement. Their explicit expressions are

.;5ﬁ
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found in ref. 15.
According to Fermat's principal, the stigmatic condition is expressed

as
(3F/3w) = 0 and (38F/381) = 0 regardless of values of w, 1, and A. (5)

It is, however, almost impossible to satisfy Eq.(5). Thus, for practical

applicaticns, it is sufficient to make

(3F/3w)? = min. and (3F/31)% = min.
1] £ 1o, and Ay 2 A

1A

ho (6)

for |w| £ wg,

where 2wy and 214 are the width and the hight of the grating respectively,
and A, and A, are the shortest and longest wavelength to be measured
regpectively. Furthermore, condition (6) is approximately satisfied by
minimizing certain low order expansion coefficients in Eq. (1).

Then, first-order mounting parameters are obtained from the following

conditions where integration regions are same as shown in condition (6):
Io = J (Fs0)” dA = min., (N
and the condition for flat-field,

r = s/(sin 3 -t cos B} . (8)

The recording parameters of H.G. are determined from Egs. (4) and (7)

and
139 - f (F30)2 dk - min., IlZ - f (Flz)z dk = min. (9)

It should be noted that Eqs. (4), (7), (8), and (9) do not guarantee to
give a realizable solution for the recording parameters, especially for
grazing incidence arrangement. If this is the case, the design conditions
should be lecosened until a practical scolution is obtained.

The optimum flat image-plane L is determined by tracing rays through
the system for wavelengths under consideration and by minimizing the merit

function
V o= fQ(/ Ab(A)Zdwdl)d) , (10)

where Q is a weight function, Ab is the distance between the points B and
By. In the actual calculation, this integration is approximated by
summation over a certain number of wavelengths.

_6_
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3.2 Designed constants

in Egqs. (7) and (8), the wavelength region A;-A; and the incident
angle 0 are already given from the considerations mentioned in Sec. 2, thus

the mounting parameters to be determined are T, Iy ¢, and 0. We solved

b

Eqs. (7) and (8) by fixing O, which is determined from the position 2 and

the length 1 of the image plane. A range of 200-300 mm is chosen for s
and a range of 1 to match the detector is 20-50 mm, thus the groove number
of 300 g/mm is expected to give a practical solution for S3. TFor other
spectrographs, the groove number is also determined by the relation of T
and 1. The adopted values are 1200 g/mm for 51, and 300 g/mm for S2 and S4.

With these conditicons, the solutions of T Ty and ¢ which satisfy Egs.

(7) and (8) are computed. The results for SBband 34 are shown in Fig. 4.
The relation of T and s normalized by R cosd, is almost the same
for 83 and S4. This enables us to design similar grazing incidence type
spectrographs. From this figure, the solution, where r, and r, are nearly
equal and ¢ is less than 35°, is selected as an approximate solution.

In the second step, Q is changed according with A. For wavelength
region longer than 5 nm, Ab changes moderately and we set Q as 1. For the
shorter wavelength region, Ab changes sharply and Q is set as 5.

The instrumental constants of four spectrographs caluculated by the
above method are shown in Table 1. The value of ros 238 mm, is made common
for all spectrographs. Distance from the entrance slit to image plane is
within 500 mm. The resultant value of ¢ is within 30° and the Iength of
image plane 1 is within 40 mm. These values satisfy the requirements for

JT-60 plasma diagnosis.

I

The inverse linear dispersion (dA/d1) for m 1 is given by following

equation,

dAr/dl = 0 cosf cos¢/rb . (11

For S3, the values of (dA/dl) are 0.5 nm/mm at A 0.5 nm, and 2.4 nm/mm at
50 nm. The grating constant varies across the grating surface gradually.

The case of the grating for $3 is shown in Fig. 5.

3.3 Line profile and wavelength resolution

For all the spectrographs designed here, line profiles of spectral
images with a point scurce and an entrance slit size of 50 um(w) * 5 mm(h)
are computed. Line profiles of S2 with the entrance siit are shown in
Fig. 6, where the size of the grating is assumed 36 mm(w) * 5 mm(h).

_7_



JAERI-M 88-179

These spectrographs show charactristic line profiles that are steep on the
long wavelength side and slow on the short side. This is due to the
residual coma type aberration. This asymmetric profile appears in the
lenger wavelength region and the widening of the profile by defocus appears
in the shorter wavelength region. These aberrations are well corrected
only in narrow wavelength region, for example, around 1 nm for S52.
However, full width of the profile is nearly within 100 pm, and in most
cases PWEM of 30-40 pm, smaller than the slit width, is expected.

The ratio of stigmatic image width a, to the entrance slit width a
is shown in Fig. 7, which is given by

ai/aS =T cosa/ra cosB  cosd . (12)

It is 0.6 at 1 nm and 0.2 at 20 om for 52, for example. Thus, narfower
FWHM values than a, are obtained.

From Fig. 6 and similar calculations for ather spectrographs, FWHM of
30-40 um is expected over the required wavelength region, except for
wavelengths shorter than 1 nm in the case of §2. The resolution (A/dA)
corresponding to 35 ym on image plane is shown in Fig. 8, and this
satisfies the resolution requirement.

For the spectrographs with a photo-électric detector, the wavelength
resolution is restricted by the detector rescluticn and the inverse
linear dispersion of the spectrographs. When we assume the over all
resolution of 50 um on the image plane, A/dA decreases to 70% of those
shown in Fig. 8. The values of A/dX of Sl are still better than the
reference data of the JFT-2 experiment, and of 82 and S3 are comparable.
Thus, these spectrographs with an entrance slit of 50 um and a photo-

electric detector satisfy the resolution requirement described in Sec. 1.

3.4 Spatial resolution

Spatial resolutions of the spectrographs in JT-60 plasma measurements
are calculated from the geometric relations between the plasma and the
spectrograph. We assume two apertures a; and a; in the spectrograph, where
a; is the slit and a» is the grating or the detector. The distance of a)
and a, and the distance of a:; and the plasma are r and LP, respectively,
and the full width of the viewing field in the plasma is named a - Then

a_ is glven by

a_ = a + (a; + az) Lp/r . {(13)
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For the arrangement shown in Fig. 2, Lp ig common for four
spectrographs and 5175 mm. In the meridional plane of the spectrograph
Sl, that dis, in the horizontal plane in this case, a3 = 50 um is the
width of the entrance slit and a; = 0.63 mm is the aperture determined
by the grating, and r = r, = 238 mm. Then a = 15 mm, and this value is
smaller than the required spatial resolution of 70 mm. TIn the saggital
plane, that is, in the vertical plane, a; = 5> mm is the hight of the
entrance slit, a = 2.5 mm is the detector hight, and r = ra+rb(min.).=
481 mm. Here, the value of aj; is chosen tentatively, and the change of the
direction of rays on the grating is neglected because of the grazing
incidence arrangement. From Eq. (13), a, = 86 mm is obtained, and exceeds
70 mm.

Now we consider the case where the a_ is smaller than 70 mm, From
Eq. (13), the value aj which corresponds to a_ = 70 mm is 3.7 mm. In view
of the light throughput, the larger value of the slit hight is desirable.
A possible compromise is addition of one more aperture at the crossing
point of the optical axes of the moduled spectrographs (see Fig. 2). This
point is 3030 mm apart from the plasma center. If we choose the aperture
of 29 mm in hight, a is 66 mm and satisfies the required resolution, and
the corresponding entrance slit height is 7.4 mm. This means that twice
the throughput can be obtained with additional aperture for the same
spatial resclution of 70 mm. For other spectrographs, the values a in
horizontal plane are 15 mm for S$2, 28 mm for S3, and 69 mm for S84, and
almost equal to that for Sl in vertical plane. Thus all spectrographs

satisfy the required spatial resolution.

3.5 Light throughput

To calculate the light throughput of the spectrographs, we vefer to
Fig. 9. Here, Ip is the photon number per unit volume emitted from the
plasma into all directions, bp is the plasma length, ag and Hs are the
width and height of the entrance slit, Fm and FS are F-numbers in the
meridional and the saggital plane respectively, Kg is the grating
efficiency, a4 and Hd are the width and height  of the detector pixel
respectively, and a, and Hi are the width and height of the image

respectively. The photon number N1 introduced into the spectrograph

through the entrance slit is given by

Nl =1 b aH /4nF F . (14)
pPps s m s
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The photon number N2 fell into the detector pixel is given by
N2 = NIK (15)
g
if the image is smaller than the pixel, and

N2 = NlKgadeMmMs/aiHi _ (16)

if the image is larger than the pixel, where Mo and MS are the cocefficients
considering the intensity distribution of the image. With these equations,
we can estimate the over all ratio NZ/IP. The values adopted for this
calculation in the case of Sl 1s listed in Table 2.

At the center of the plasma, the plasma length is 180 cm. Considering
the distribution of the photon number across the plasma area, we assumed
the effective length as one-third the whole length. HS is determined from
the discussion on the spatial resolution. Fm is determined from the
spectrogrph, but FS is limited by the aperture between the plasma and the
gpectrograph. Kg is estimated as 2% from ref. 16. MIH is determined from
the designed line profile and the detector width. Assuming the line
profile is triangular with the bottom width a, of 100 um, and the pixel
width ad is 25 um, Mmris 1.75 for the pixel at the center of the image.

Ms is determined from the trapezoidal intensity distribution. With these
values, NZ/IP is.calculated as 1.7 x 1077 (cm®) from Egs. (l4) and (l16).
Thus, for an Ip value of 1 x 103 (cps.cm's), N2 is 1.7 x 10* (cps).
Considering the integration time of 20 ms, we obtain 340 as the expected
photon.number per detector pixel. For other spectrographs, the values
N2/IP igs similar for S2, nearly twice for $3, and five times for S4,
respectively, according the change of the incident angles. These are

acceptable values for the detector.

4. Imaging properties with photographlc plate

The imaging properties of the modularized spectrographs are examined
with Kodak SWR photographic plate, and the wavelength resolution are
checked in the wide wavelength region. The conditions of some examinations
are listed in Table 3.

To examine the imaging properties in wavelength region shorter than
10 nm, a windowless Al target SX light source is prepared. The condition

of the experiment for the spectrograph 52 is listed in Table 3-a, and the

710_.
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The photon number N2 fell into the detector pixel 1s given by
N2 = NIK (15)
g
if the image is smaller than the pixel, and

N2 = NlKgadeMmMs/aiHi (16)

if the image is larger than the pixel, where Mm and MS are the coefficients
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the distribution of the photon number across the plasma area, we assumed
the effective length as one-third the whole length. H_ is determined from
the discussion on the spatial resolution. Fm is determined from the
spectrogrph, but FS is limited by the aperture between the plasma and the
spectrograph. Kg is estimated as 2% from ref. 16. Mm is determined from
the designed line profile and the detector width. Assuming the line
profile is triangular with the bottom width a, of 100 um, ard the pixel
width ad is 25 um, Mmris 1.75 for the pixel at the center of the image.

MS is determined from the trapezoidal intensity distribution. With these
values, NZ/IP ig calculated as 1.7 x 10°? (cm®) from Egs. (14) and.(l6).
Thus, for an IP value of 1 x 10%3 (cps.cm_a), N2 is 1.7 x 10% (cps).
Considering the integration time of 20 ms, we obtain 340 as the expected
photon number per detector pixel. For other spectrographs, the values
NZ/Ip is similar for S2, nearly twice for $53, and five times for S4,
respectively, according the change of the incident angles. These are

acceptable values for the detector.

4. 1Imaging properties with photographic plate

The imaging properties of the modularized spectrographs are examined
with Kodak SWR photographic plate, and the wavelength resolution are
checked in the wide wavelength region. The conditions of some examinations
are listed in Table 3.

To examine the imaging properties in wavelength region shorter than
10 nm, a windowless Al target SX light source is prepared. The condition

of the experiment for the spectrograph S2 is listed in Table 3-a, and the

_10._
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densitometer trace is shown in Fig. 10-a. Specular light is cut with
filter, and stray light level is low enough. Al Ko line, A = 0.83 nm,
its higher order spectra, and other impurity lines, for example, O
(2.37 nm) and C (4.4 nm) are recorded. Ist order of Al Ku line is
broadened because of the residual defocus around this wavelength region,
while the Znd order spectrum is gquite narrow. The FWHM of the Ist order
of Al Xo is 70 ym, which correspends to dA of 0.03 mm and A/dA is 30.
The enlarged trace of the 2nd order of Al Ko is shown. in Fig. 10-b. The
FWHM of this prefile is 20 uUm, which corresponds to dA of 0.0l am and
A/dh of 170 is obtained. The Al Ko line is also recorded with the
spectrograph S1. The FWHM of the lst order is 65 um, dA is 0.0l nm, and
A/dA of 75 1is obtained.

For the test in the wavelength region of 10-50 nm, an Al spark
discharge light source was used. The conditions of the experiment for the
spectrograph S3 are shown in Table 3-b, and the densitometer trace is
shown in Fig. 11. A difference in dark level near 2 nm region shows stray
light level. Spectra longer than 10 nm are recorded, and FWHM of 20-30 um
on photographic plate is attained in whole wavelength region. The smaller
FWHM value of the experiment than the designed one is seemed that the
narrower grating surface is exposed by the light source. The experiment
with two He spectra, 30.4 nm and 58.4 nm, are also examined. The profiles
are agree with the deisgned ones, and full width of 90 pm and FWHM of
30-40 um are obtained for both spectra with a slit of 50 um. The
resolution A/d)X corresponds to 35 Um on the photographic plate is 230 at
10 nm, 450 at 30 nm and 600 at 50 nm,

In the wavelength region lenger than 50 nm, a continuous discharge
light source with He gas was used. The condition of the experiment for
the spectrograph S4 is shown in Table 3-c. Flat field property is also
realized and spectra are well resolved in whole wavelength region.
Densitometer traces at 66 nm and 115 nm are shown in Fig. 12. Spectra
with FWHM of 20 um are obtained with a slit of 20 pm, and the caluculated

resolution A/dh for two wavelengths are 1000 at 66 nm and 1500 at 115 nm.

These results show that the produced gratings and spectrographs
satisfy the designed imaging properties and are suitable for coupling

with photo-electric detector for JT-60 plasma diagnosis.

W11,
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5. Conclusion

New modularized flat field grazing incidence spectrographs which cover
wide wavelength regien down to 0.5 nm and have appreciable resolving power
are designed. The designed characteristics are summarized, and the optical
desien and optical performance are discussed in detail. The preliminary
tests with photographic plates are examined, and AL Ko (0.83 nm), Al
discharge spectra in 10-50 nm, and He spectra in 30-120 nm are recorded.
These spectrographs show the designed flat-field properties and wavelength
resolution in whole wavelength region.

The main features of the meodularized spectrographs are:

{1) time- and space-resoclved spectrographs for the wavelength region 0.5-

122 nm are realized,

(2) handling of the spectrographs is easy, and needs no skill,

(3) the measurement in a wide wavelength region is possible using an array
detector having a total width of 75 mm or 50 mm, ,

(4) the compact spectrographs with the same size and the positions of the
components are almost same can be produced,

(5) spectregraphs are designed with holographic gratings, and it makes easy
to realize other spectrographs, for example, with higher resclution in
a specified narrow wavelength region.

The modularized spectrographs are suitable for large TOKAMAK (JT-60)
plasma diagnosis as described above, and are alsc available for other

spectroscopic measurements in soft X-ray and VUV wavelength region.
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5. Conclusion

New modularized flat field grazing incidence spectrographs which cover
wide wavelength region down to 0.5 nm and have appreciable resclving power
are designed. The designed characteristics are summarized, and the optical
design and optical performance are discussed in detail. The preliminary
tests with photographic plates are examined, and Al Koo (0.83 nm), Al
discharge spectra in 10-50 nm, and He spectra in 30-120 nm are recorded.
These spectrographs show the designed flat-field properties and wavelength
resolution in whole wavelength region.

The main features of the modularized spectrographs are:

(1) time- and space-resolved spectrographs for the wavelength region (0.5-
122 nm are realized,

{2) handling of the spectrographs is easy, and needs no skill,

(3) the measurement in a wide wavelength region is possible using an array
detector having a total width of 25 mm or 50 mm, _

(4) the compact spectrographs with the same size and the positions of the
components are almost same can be produced,

(5) spectrographs are designed with holographic gratings, and it makes easy
to realize other spectrographs, for example, with higher resolution in
a specified narrow wavelength region.

The modularized spectrographs are suitable for large TOKAMAK (JT-60)
plasma diagnosis as described above, and are also available for other

spectroscopic measurements in soft X-ray and VUV wavelength region.
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Table 1 Constants of four spectrographs.
5t 52 53 S4
wavelength region 0.5-5nm | 0.5-50nm 2-50nm | 50-122nm
o 89° 89° 88° §5°
o] 1/1200mm 1 /300mm 1 /300mm 1/300mm
r, 238mm 238mm © 238mm | 238mm
rb(max) 250mm 256mm 2 34mm 24 5mm
¢ (max) 24° 15° 20° 15°
1 20mm 39mm 31mm 2 3mm
Table 2 Values for the light throughput estimation.
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Table 3 Conditions of the experiment with photographic plate.

densitometer

experiment a b c
odule number 52 83 54

" umbe (0.5-50nm) (2-50nm) (50-122nm)

light source

electrode/gas Al Al He

voltage 5Kv 10Kv 8Kv

shot number/current lmA (cont.) 3shots /min. 100mA (cont.)
slit width of

spectrograph 20um 20um 20um

exposure time %0min. 50min. 20min,

development time . . .

D-19, twice thinned . fmin. fimin. fimin.

glit width of 10ym 10y 10um
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Fig. 1 Schematic diagram of the modularized spectrograph.
(D entrance slit & grating (3) detector & base plate.

Fig. 2 Arrangement of the spectrographs for the
space-resclved diagnosis of large TOKAMAK
plasma. (D cross section of TOKAMAK plasma
@) vacuum vessel with seventeen guide bars

(3 modularized spectrographs.

Fig. 3 Schematic diagram of grazing incidence
flat-field spectrograph and recording
system of holographic diffraction
grating.
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Fig. 4 Relation of r and rys T and ¢ which satisfies
conditions fof an approximate solution, (a) at
10nm for S3, and (k) at 100nm for S4.
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Fig. 5 Change of grating constant on a grating for 53.
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Fig. 6 Designed line profile for 52 with an entrance slit of 50 um.
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Fig. 7 Ratio of stigmatic image width a, to entrance slit width a.

A/d A
1000-

5004 52 54

2004 53

T T T T T T T

0.5 | 2 5 10 20 50 100 £00
A{nm)

Fig. 8 Spectral resolution A/dA corresponds to 35 um on image plane,
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Fig. 9 Schmatic diagram for the calculation of light
throughput, (a) in the meridicnal plane and

(b) in the saggital plane.
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Fig., 10 Densitometer trace of the photographic plate taken with the
spectrograph 52 and Al-target SX light source. (a) wavelength
region of 0.5-15 nm, and (b} enlarged trace at 1.7nm. The
condition of the experiment is listed in Table 3-a.
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Fig. 11 Densitometer trace of the photographic plate
taken with the spectrograph S3 and Al spark
discharge light source. The condition of
the experiment is listed in Table 3-b.
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taken with the spectrograph S4 and He gas
discharge light source at (a) 66nm and (b)
115nm. The ceondition of the experiment Is
listed in Table 3-c.
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