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in order to collect radiation from a distant light source and to compensate astigmatism, a toroidal 
mirror is often placed in front of a grazing-incidence spectrograph. In this study, characteristics of 
space-resolved spectra obtained with such a system have been investigated using a ray-tracing 
analysis. The following was found: in the stigmatic focal region of the spectrum, the spatial 
resolution along the sagittal direction is excellent but that along the meridional direction is poor; on 
the other hand, in the astigmatic wavelength region, the trend is reversed, i.e., the spatial resolution 
along the sagittal direction is poor but that along the meridionai direction is good, particularly in the 
wavelength region which is far from the stigmatic focus. The method was successfully applied to the 
space-resolved spectroscopic study of a capillary discharge plasma. 0 1995 American Institute of 

Physics. 

I. INTRODUCTION 

A space-resolved extreme ultraviolet (XUV) spectros- 
copy is in great need in various scientific areas such as as- 
tronomy, soft-x-ray laser experiments, laser-plasma interac- 
tion studies, plasma fusion research, and so on. A focusing 
toroidal mirror has been widely used in a spectrograph 
equipped with a concave gratinglY2 or a variable-line-spacing 
grating3 to produce a stigmatic image at a sagittal focus in 
various spectroscopic studies. 

Even though the characteristics of a system which con- 
sists of a grazing-incidence spectrograph equipped with a 
spherical-grating and a toroidal mirror to correct astigmatism 
have been investigated in the past,1*24 the spatial resolution 
that can be obtained with such a system is not yet well un- 
derstood. One often needs to obtain space-resolved spectra 
from a source in a wide spectral range5-7 and also have a 
space resolution both in the sagittal and meridional direction. 

We have studied the spectral performance of a grazing- 
incidence XUV spectrograph combined with a toroidal 
mirror”z.4’8 for space-resolved spectroscopy. The method for 
space-resolved spectroscopy presented in this work has been 
applied to the spectroscopic study of capillary discharge 
plasmas7 for the development of soft-x-ray lasers. In such 
experiments, a spatial resolution of a few hundred microme- 
ters in the spectral range of 20-200 tf is required to selec- 
tively observe the lasing region in the capillary pIasma. 

II. THE OPTICAL LAYOUT 

A schematic diagram of the optical layout of a concave- 
grating grazing-incidence spectrograph and a toroidal mirror 
under this study is shown in Fig. 1. Basically the toroidal 
mirror focuses the source in two directions with different 
focusing powers determined by the incidence angle and the 
minor and major radii of the mirror. 

The parameters of the optical system used in the present 
study are summarized in Table I, which are the same as those 
of the experimental system described later. The specific nu- 
merical values mentioned in this paper are dependent upon 
the parameters of an optical system; however, the basic prin- 
ciples drawn in this work should be true for different sets of 
the parameters. With these parameters the toroidal mirror 
forms a real image at the entrance slit with a magnification of 
unity (-rdr,,). The acceptance angle of the system for a 
point source located at S is less than rt9 mrad with respect to 
the optical axis in the meridional plane. The reversed real 
image of the source with a magnification of about 2 
(-rt$r,J is obtained at the sagittal focus around 287 A. The 
acceptance angle in this sagittal plane is less than r+lO mrad 
for a source located on the optical axis. The aberration of this 
system is about 30 pm at the sagittal focus in the sagittal 
plane. 

Ill. EFFECT OF THE SOURCE DISPLACEMENT 

In the meridional plane the toroidal mirror focuses light In the present study, we are interested in obtaining 
rays from a source at the entrance slit S1 according to the space-resolved spectra from an elongated (8-16 mm) plasma 
equation which is produced in a capillary discharge. The spectroscopic 

A+‘= 2 
rst rtm Pm COS 4 ’ (1) 

where rSt and rtm are the source-to-toroidal mirror and the 
toroidal mirror-to-entrance slit distance, respectively. pm is 
the major radius of curvature of the toroidal mirror and C$ the 
incidence angle to the mirror in the meridional plane. 

In the sagittal plane, a stigmatic image at a given wave- 
length is formed at the position P’ according to the combi- 
nation of the grating equation and the lens equation of the 
spherical surface of the grating, 

L+L-- 2 cos ip 

rst rts PS 
(2) 

In Eq. (2), rts is a distance between the mirror and the image 
P, and pS the minor radius of curvature. 
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FIG. 1. Schematic diagram of the optical layout of a toroidal mirror (T) and 
a grazing-incidence grating (G). (a) View in the meridional plane (horizontal 
focus). (b) View in the sagittal plane (sagittal focus). S: point source. S, , 
Sa: entrance slit and auxiliary slit. P: position of the sagittal focus. P’: 
position of the diffracted image. 4: incidence angle at toroidal mirror. They 
axis is defined as the optical axis. 

observation is to be made from the end-on of the capillary 
with the spatial resolution in a radial direction. We assume a 
lo-mm-long (test) line source which is to be placed at vari- 
ous locations inside the capillary. The line source is always 
parallel to the capillary axis and to the optical axis. The 
optical axis is a line of sight which is determined by the 
toroidal mirror-spectrograph system and it is assumed to go 
through the center of the entrance slit. The emission from the 
line source diverges with an angle of ? 15 mrad meridionally 
and -t-20 mrad sagittally, covering the effective acceptance 
angle for the toroidal mirror-spectrograph system. From the 

TABLE I. The optical parameters of the toroidal mirror-spectrograph sys- 
tem. r and r’ are shown in Fig. 1. 

Spectrograph 

Radius of curvature of the grating R=ZOOO mm 
Spacing between the groove lines d=1/600 mm 
Angle of incidence on grating ry’=88.5” 
Sagittally focused wavelength x=287 A 
Angle of diffraction /l’=79.2478’ 
(Main) entrance slit (S,) 22 px9 mm 
Entrance slit (&)-to-grating distance r. =52.35 mm 
Grating size (width X height) 35mmx25mm 
r’ 373 mm 
r 384.6 mm 

Toroidal mirror 
Angie of incidence on mirror 
(Major) radius of curvature of the mirror 

4=85.71” 

in (y,z) plane 
IMinor) radius of curvature of the mirror 

in (x,z) plane 
Source-to-mirror distance 
Mirror-to-entrance slit distance 
Mirror-to-image distance 
Size of the mirror 

p,=605.085 cm 
p,=4.538 cm 

r,,=46.3 cm 
r,,=44.3 cm 
r,=88 cm 
120 mm X 24 mm 
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FIG. 2. The images at the entrance slit [S,) of a source displaced along the 
x direction. The displacements of the source are 0,0.6, and 1.2 mm, respec- 
tively. The slit is shown as a vertical line, the center of which the optical 
axis goes through. [A lo-mm-long line source (parallel to the y axis) was 

used in the simulation] 

ray-tracing simulation we have found that the length effect of 
the line source can be ignored up to 20 mm when the source 
is placed at the axis of the capillary. The focusing power or 
the image at the photographic plate for the spectral range 
below 200 A varies only less than 5% for the source length 
variation of 4-20 mm. 

When the line source is located at the optical axis, then 
the rays from the source form a banana-like image at the 
entrance slit (St) plane (Figs. 2 and 4). Only the rays which 
pass the entrance slit form diffracted images at the Rowland 
circle (or photographic platej, forming a stigmatic image at 
287 A for the set of parameters shown in Table I. However, 
when the source location is displaced from the optical axis 
along the x and z directions as shown in Fig. 1, the image at 
the entrance slit and at the film plate becomes complicated. 
This effect has been studied by using the ray-tracing code 
sHADow.9 

The effect of the source displacement in the sagittal 
plane along the x direction [the sagittal direction, Fig. l(b)] 
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FIG. 3. The images on the Rowland circle of a source displaced along the x 
direction. Ray-traced intensity distributions at several wavelengths were 
scanned along the x’ direction [Fig. l(b)] from the optical axis. [A lo-mm- 
long line source (parallel to the y axis) was used in the simulation.] 

Rev. Sci. Instrum., Vol. 66, No. 8, August 1995 XUV spectroscopy 4223 Downloaded 11 Nov 2002 to 141.223.90.45. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



(a) 2 = 0 
I”” -,,-I 

‘A .>.. 
? ‘. E 

;s; 
‘. : :: 
;: ., 
c< 

.: 

YT 

X .k 

t- 

:. 
4 

! 1;: : ., t 
I 

II.8. ,..,I 

(b) z = - 0.3 mm 
I”” -‘-*I 

(c) z = - 0.6 mm 
I-,,* -‘,.I 

FIG. 4. The images at the entrance slit (5,) of a source displaced along the 
z direction for the source locations at z=O, -0.3, and -0.6 mm, respec- 
tively. The slit is shown as a vertical Iine, the center of which the optical 
axis goes through. [A lo-mm-long line source (parallel to the y axis) was 
used in the simulation.] 

is shown in Figs. 2 and 3. Figure 2 shows three images of a 
source by a toroidal mirror at the entrance slit when the 
source is displaced by 0, 0.6, and 1.2 mm along the x direc- 
tion [Fig. l(b)], respectively. No appreciable change is no- 
ticed in the shape when the source displacement is less than 
20.6 mm and the throughput (the number of rays passing 
through the slit) is not decreased appreciably (<20%) until 
the source is moved by k-2 mm. 

Figure 3 shows the intensity distribution along the direc- 
tion perpendicular to the dispersion on the Rowland circle 
for several wavelengths, when the source is located at x=0, 
0.3, and 0.6 mm, respectively. As can be seen in Fig. 3(a), 
the stigmatic image is formed at 287 A and the FWHM (full 
width at half maximum) of the intensity distribution is less 
than 35 pm. At this stigmatic wavelength the position of an 
image is sensitive to the position of a source in the x direc- 
tion. As a source moves away from the optical axis, the spa- 
tial aberration increases the width of the intensity distribu- 
tion. The FWHMs of the intensity distribution are 45 and 
1.50 pm for x= 0.3 and 0.6 mm, respectively. Therefore we 
can get a spatial resolution less than 1.50 pm at this stigmatic 
wavelength along the x direction for the source displacement 
less than 20.6 mm. On the other hand, at astigmatic wave- 
lengths their image positions are less sensitive to the source 
displacements in the x direction and their widths are rather 
broad. For these wavelengths the spatial resolutions are 
worse and, as well, considerably depend on the scanning 
window size of a microdensitometer. For example, a 40 A 
wavelength, the spatial resolution at the optical axis is -800 
pm when a film is read with a 300 pm wide microdensito- 
meter window. 

When the source is displaced along the z direction [Fig. 
l(a)], the image formed at the entrance slit would look like 
Fig. 4. The source is displaced by 0, 0.3, and 0.6 mm along 
the (-z) direction, respectively. The location of the image 
relative to the slit changes rather sensitively to the source 

4224 Rev. Sci. Instrum., Vol. 66, No. 6, August 1995 XUV spectroscopy 

:=Omm 

j/ji:;j:j:& 

i 

a 

’ ; / j ; f $J‘;(; 
? I 

it;; j i i I $5 

Y+ 

j 
t ! ! : i j 1 ‘,b$ 

1 il’.lIl;ii 
, ! 1 i ( < 

* 

,y 
’ hlij 

i!/.,‘/iil;.i 
. j j ‘220/ 

& 

11 i’iif’!i 
/ j j i / 1 g;i 

.2 0 2 
-I- 

perpendicular distance 
from optical axis [mm) 

)z=-0.3mm 

’ perpendicular distance 
from optical axis (mm) 

c)z=-O&mm 

perpendicular distance 
from optical axis (mm) 

FIG. 5. The images on the Rowland circle of a source displaced along the 
(-z) direction. Ray-traced intensity distributions at several wavelengths 
were scanned along the x’ direction from the optical axis. [A lo-mm-long 
line source (parallel to the y axis) was used in the simulation.] 

displacement. When the source is displaced along the (+z) 
direction, the number of rays passing through the slit de- 
creases rapidly and nothing could pass through even when 
the source is moved only by about +50 ,um. A number of 
rays passing falls down below one half when the source 
moves by 30 ,um along the (+z) direction. This tolerance of 
30 pm is partly due to the length of the source and when the 
point source is used, this tolerance gets even smaller. 

When the source is displaced along the (-2) direction, 
two portions of its image cross with the slit and the rays 
which pass through the slit result in two narrow bands at the 
dispersion plane which converge gradually toward the focus 
at the stigmatic wavelength. A microdensitometer scan of the 
resulting spectral plate along a direction perpendicular to the 
dispersion would give two peaks, in general, as can be seen 
in Fig. 5. The separation of these two peaks increases as the 
wavelength decreases. At a given wavelength, particularly at 
shorter wavelength region, however, it is sensitively depen- 
dent on the source displacement along the ( -z) direction. 
For example, using a scan window of 300 w, one can get a 
spatial resolution of -50 pm at 40 A and 100 pm at below 
200 A, respectively. At the stigmatic wavelength, however, 
this spatial resolution along the z direction is poor. 

An extended source in the place of a line source is con- 
sidered based on the above result. Suppose uniformly distrib- 
uted rays coming out of a x-z plane. The resulting spectrum 
from such an extended source will show the spectral lines 
and continua with their height minimum at the stigmatic 
wavelength and gradually become high toward the short- 
wavelength region. The spatially resolved spectrum may be 
obtained by scanning the resulting spectral plate along the 
dispersion at the middle of the spectral height, for example. 
The spatial resolution obtainable is therefore dependent on 
the wavelength and the microdensitometer scan window size. 
Now suppose we put the scanning window at the center of 
the spectral height at the dispersion plane and examine a 
number of rays which would pass through the window at 
three different wavelengths. Figure 6 shows the result ob- 
tained using the ray-tracing code where the cell size was 50 
pmX50 pm. The origin of each plot indicates the optical 
axis and only a part of x30 is plotted due to the symmetry 
about the x axis. From these plots, one can get an idea as to 
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FIG. 6. Spatial resolution at the source plane (x-z plane) for wavelengths of 
40, 182, and 287 A obtained with a 300 pm microdensitometer scan win- 
dow. The relative number of rays starting from each sampling point in the 
source plane and passing through the microdensitometer scan window is 
plotted. The origin for each figure is the location of the optical axis. Only the 
parts of x30 are plotted due to the symmetry along the x direction. The 
sampling size is 50 pmX50 pm. [A lo-mm-long line source (parallel to the 
$ axis) was used in the simulation.] 

what portion out of the extended source the toroidal mirror- 
spectrograph system actually sees at three different wave- 
lengths. At the stigmatic wavelength (287 A) region, one can 
get good spatial resolution in the x direction but poor in the 
z direction. However, the trend is reversed at the 40 A region 
where spatial resolution along the x direction is not good but 
is very good in the z direction. At an intermediate 
wavelength region the spatial resolution is somewhere be- 
tween the two. At the 182 A region, the spatial resolution is 
about 180 ,um along the -z direction and is 400 pm along the 
x direction. Note that for ail wavelengths the spatial resolu- 
tion along the (+z) direction is excellent and is less than 30 
pm. The overall spatial resolution can be improved by 
choosing the proper stigmatic wavelength according to the 
needs and also the narrower scanning window size. 

IV. SPACE-RESOLVED SPECTRA FROM A CAPILLARY 
DISCHARGE 

The above technique is applied to an end-on observation 
of a capillary discharge plasma.7 In this experiment, we are 
interested in obtaining spectrum from a peripheral plasma 
region without seeing the plasma radiation from the central 
region and vice versa. It is expected that a soft-x-ray ampli- 
fication takes place along the peripheral plasma region due to 
a rapid recombination of fully stripped carbon plasma. Poly- 
ethylene capillaries with a bore diameter of 1.2 mm were 
used and the covered spectral range was 20-200 A. 

Figure 7 shows the candidate locations of the optical 
axis (A, B, C, C’, 0) in the capillary cross section, in 
order to observe the peripheral region of the capillary with- 
out seeing the plasma radiation from central (or axial) por- 
tions. The points B, C, C’, and D are located 300 pm away 
from the capillary axis. The features of each position are as 
follows: 

(a) The optical axis at the point A: At the sagittal focus 
(at 287 A) the spatial resolution is good (-35 pm) along the 
x axis as shown in Fig. 6, and one can observe the cold 
plasma located at 0.3 mm away from the capillary axis by 

FIG. 7. Optical axis positions to observe peripheral plasma in a 41=1.2 mm 
diameter capillary discharge. 

reading the film 0.6 mm off the center of the spectral height 
in the dispersion plane (the magnification is -2). However, 
for wavelengths below 200 A it is difficult to obtain and read 
a portion of the spectral image of the cold plasma. The ra- 
diation background from the hot plasma could give errors in 
reading the portion from the cold plasma. 

(b) The optical axis at C or C’: At this location the 
system sees the cold region directly near the sagittal focus. 
EJowever, at shorter wavelengths, e.g., at wavelength of 40 
A, the portion from the hot central pIasma also contributes to 
the spectral image, as can be seen in the Pig. 6, and worsens 
the spatial resolution. 

(c) The optical axis at B: This location might be the best 
of all if one wants to eliminate the contribution from the 
axial plasma. In this case the spectral image in the whole 
dispersion plane is formed only by the light from the periph- 
eral region, z< - 0.27 mm. 

(d) The optical axis at D: This is also a good location. At 
the sagittal focus the spatial resolution is bad, but insofar as 
two peaks appear at the desired wavelength range, one can 
get a spatial resolution. For example, in the wavelength re- 
gion below 200 A, one can get the spectrum exclusively for 
the peripheral plasma which is located at z= 0.3 mm. This 
location is also useful to check the alignment by measuring 
the distance between the two peaks; this is because the dis- 
tance between the two peaks is sensitively dependent on the 
source displacement along the (-z) direction. 

Using the technique described above, we have been able 
to obtain spectra from the axial and the peripheral plasma 
regions of the capillary discharge, respectively, adopting the 
locations A and B as the optical axis. Figure 8(a) and 8(b), 
respectively, shows the resulting spectra from the axial and 
the peripheral region, obtained with the same optical param- 
eters described above and also under the same discharge con- 
dition. One can see the large difference in the spectral feature 
between the two. The axial plasma is believed to be hotter 
than the peripheral region. This is manifested by the fact that 
the higher IZ members of Lyman series are strong and the 
temperature estimated by the slope of C VI recombination 
continua is higher (25 eV) in the axial plasma than that ob- 
tained (13 eV) from the peripheral plasma.7 

V. DISCUSSION 

Space-resolved spectral data obtained using a toroidal 
mirror grazing-incidence spectrograph system have been in 
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FIG. 8. Space-resolved and time-integrated spectra of (a) hot plasma and (b) 
cold plasma in the capillary discharge (14 m m  long and 1.2 m m  diameter). 
The discharge parameters and other conditions are the same for both cases, 
except for the relative location of the optical axis. The optical axis for (a) 
and (bj is placed at A, B of Fig. 7, respectively. (a) and (b) were obtained by 
scanning the spectra along the midpoint of spectral height. The measured 
temperatures are 25 eV for (a) and 13 eV for (b), respectively. 

vestigated. The sagittal and meridional resolution of a  light 
source at stigmatic as well as astigmatic wavelength regions 
have been analyzed using the ray-tracing calculation for dif- 
ferent positions of a  lo-mm-long test line source. The spatial 
resolutions in the both directions are determined from the 
relative location of optical components, the width of the en- 
trance slit, and the scan window size of the microdensitom- 
eter. It has been shown that a good space resolution in a 
sagittal and a meridional direction is obtained, respectively, 
at the stigmatic and the astigmatic wavelength region. Par- 
ticularly, an excellent space resolution in a meridional direc- 
tion can be achieved in the spectral region which is far (say, 
40 A) from the stigmatic wavelength. At the intermediate- 
wavelength region, however, the spatial resolutions in this 
direction are between the two. 

It has been shown for the present optical parameters 
where the stigmatic wavelength is at 287 A that the spatial 
resolution in the meridional direction is less than 200 pm in 
the 20-200 8, range, when the spectrum is read by a 300 pm 
microdensitometer window. Another feature of the system is 
that the spatial resolution along the (+z) direction is less 
than 30 pm for all wavelengths. The spatial resolution can be 
improved considerably by carefully choosing the optical pa- 
rameters and stigmatic wavelength according to the needs. 

The method suggested in this work has been applied 
successfully to an end-on observation of plasma which is 
generated in an l.Zmm-diameter capillary discharge. In this 
experiment, emission spectra from the axial as well as from 
the peripheral plasma regions of the capillary discharge have 
been obtained, in order to prove the x-ray amplification in 
the latter plasma region. 

ACKNOWLEDGMENTS 
The authors would like to thank J. S. Koog for his earlier 

help in this work. This research was partly supported by the 
1994 basic research grant from Research Institute of Science 
and Technology, the Korea Science and Engineering Foun- 
dation, and the Basic Science Research Program of the Ko- 
rean Ministry of Education. 

‘G. Tondello, Opt. Acta 26, 357 (1979). 
‘E. Jannitti, P. Nicolosi, and G. Tondello, Opt. Lett. 4, 187 (1979). 
‘P.-Z. Fan, Z.-Q. Zhang, J.-Z. Zhou, R.-S. Jin, Z.-Z. Xu, and X. Guo,Appl. 
Opt. 31, 6720 (1992). 

‘J. A. R. Samson, Techniques of Vacuum Ultraviolet Spectroscow (Wiley, 
New York, 1967). 

5 R. A. McCorkle and H. J. Vollmer, Rev. Sci. Instrum. 48,1055 (1977); R. 
A. McC’orkle, Appl. Phys. A 26, 261 (1981). 

‘.I. J. Rocca, 0. D. Cortazar, B. Szapiro, K. Floyd, and F. G. Tomasel,  Phys. 
Rev. E 47, 1299 (1993); J. J. Rocca, J. C. Marconi, and F. G. Tomasel,  
IEEE J. Quantum Electron. 29, 182 (1993). 

7Hyun-Joon Shin, Dong-Eon Kim, and Tong-Nyong Lee, Phys. Rev. E 50, 
1376  (1994).  

aW. A. Rense and T. Violett, J. Opt. Sot. Am. 49, 139 (1959). 
‘B. Lai, K. Chapman, and F. Cerrina, Nucl. Instrum. Methods A 266, 544 

(1988); B. Lai and E Cerrina, Nucl. Instrum. Methods A 246, 337 (1986). 

4226  Rev. Sci. Instrum., Vol. 66, No. 8, August 1995  XUV spectroscopy 

Downloaded 11 Nov 2002 to 141.223.90.45. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp


