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A new class of instruments for x-ray spectroscopy has emerged, especially for imaging x-ray 
spectroscopy, comprising fast spectrographs with spherical crystals, transmission 
diffraction grating-obscurae, and multilayer Fresnel lenses. These instruments significantly extend 
the capabilities of experimental spectroscopy of high temperature plasmas. In this paper we 
show that the use of these instruments in the atomic spectroscopy of multiply charged ions greatly 
improves the accuracy of measurements of x-ray spectral line wavelengths, and makes 
possible the study of previously unobserved low-intensity spectral transitions. In addition, their 
use in plasma diagnostics yields information about one- and two-dimensional spatial 
parameter distributions both of nonuniform plasma microsystems (e.g., micropinches, or dense 
regions of a laser plasma) and extended plasma sources in regions of low luminosity 
(e.g., freely expanding laser plasmas at large distances from the target). We present here the 
results of our experimental and theoretical studies of the radiative properties of real plasma objects 
(i.e., X pinch, Z pinch with composite loading, and plasmas produced by laser pulses with 
nanosecond and subpicosecond durations). 63 1995 American Institute of Physics. 

1. INTRODUCTION 

X-ray spectroscopy of multiply charged ions is presently 
one of the most powerful techniques available for investigat- 
ing high temperature plasmas. Indeed, x-ray spectroscopic 
methods have thus far provided most of our information on 
parameters of both laboratory and astrophysical plasmas, and 
on the processes that take place within them (see, e.g., the 
reviews and monographs Refs. 1-6). 

In recent years, new classes of x-ray spectroscopic in- 
struments have appeared whose members possess not only 
dispersive, but focusing properties as well. Such instruments 
enable us not only to investigate the spectral composition of 
the x-ray emission but also to image plasma objects in spec- 
tral lines. Their principal advantage over more traditional 
instruments is that they combine very high speed with high 
spatial resolution, while preserving the highest possible spec- 
tral resolution of their dispersive element. Using these instru- 
ments, it is possible, first of all, to obtain more detailed in- 
formation about the properties of previously studied plasma 
sources, and secondly, to investigate in detail a number of 
relatively new plasma laboratory objects with very small di- 
mensions (e.g., micropinches) or low energy content (plas- 
mas produced by subpicosecond laser pulses). In Sec. 2 of 
this paper we discuss these new instruments for x-ray imag- 
ing spectroscopy; in Secs. 3 and 4, respectively, we present 
results of experiments in which these instrunients were used 
for atomic spectroscopy of multiply charged ions and high- 
temperature plasma diagnostics. 

2. X-RAY SPECTROSCOPY OF PLASMA OBJECTS: ONE- 
AND TWO-DIMENSIONAL SPATIAL RESOLUTION 

2.1. Bragg x-ray spectroscopic instruments 

In this section, we discuss imaging of plasma objects in 
individual spectral lines using spectrographs with crystals as 
their dispersive elements. Because crystals are highly disper- 
sive, these instruments enable us to record images with high 
spatial resolution and good spectral selectivity. With their 
good characteristics, these objects are distinguished by sim- 
plicity of design and convenience of alignment, which are 
very important in complex experiments where the installa- 
tion of a large amount of diagnostic equipment usually pre- 
sents problems. 

In these various spectrographic schemes, images are ob- 
tained by using plane or cylindrically curved crystals (both 
concave and convex), as well as crystals that conform to 
second-order surfaces, e.g., spherical. Depending on the 
problems addressed by the experiment, each of these spec- 
trographs can generate images with both one- and two- 
dimensional spatial resolution. When used in this way, they 
are characterized by the following parameters, which are the 
most important for investigating plasma objects: spectral and 
spatial resolution, spectral detection range, and speed (i.e., 
focal ratio). 

In what follows, we discuss those instruments that are of 
interest with regard to practical use in various experiments 
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involving the recording of spectrally selective images of 
plasma objects. 

2 I. 1. Defocusing spectrographs 

Defocusing spectrographs are characterized by the high- 
est spectroscopic field of view. Therefore, despite their low 
speed and spectral resolution, they can be used successfully 
to investigate extended high-intensity plasma objects with 
complicated internal structure. 

The layout of a defocusing spectrograph in shown in Fig. 
la. In accordance with the Bragg condition, we have 

mX = 2d sin 8, (1) 

where X is the wavelength of the x rays, d is the distance 
between crystallographic planes of the crystal, 8 is the Bragg 
angle, and m is the diffraction order. In this scheme, the 
spectral range of the detected x rays for each reflection order 
lies within the full range of wavelength variation from 
X = 0 (for 8= 0°, i.e., the incident ray is tangent to the crys- 
tal) to X-2dlm (for 8= 90°, i.e., normal incidence). In this 
case, the spectrograph possesses spatial resolution in the di- 
rection of dispersion. 

To obtain a two-dimensional image of a source, a slit is 
positioned between the source and the crystal, oriented par- 
allel to the dispersion. The linear magnification of this image 
differs in the two principal directions: in the direction of 
dispersion, we have a magnification of P,----bla, where a 
and b are the respective distances from the source to the 
center of curvature of the crystal and from the center of 
curvature of the crystal to the photographic film, while per- 
pendicular to the dispersion the magnification equals 
,G2=pIq, where q is the distance from the source to the slit, 
and p is the distance from the slit to the film. 

Spatial resolution perpendicular to the dispersion de- 
pends on the width of the slit, and is limited by the diffrac- 
tion of x rays. By reducing the dimensions of the slit, we can 
obtain resolutions down to 10-20 pm. Here it is necessary 
to take into account that the slit acts as an aperture for the x 

FIG. I .  Defocusing spectrograph with spa- 
tial resolution. (a) Elements of the spec- 
trograph. (b)Spatial resolution when the slit 
is parallel to the direction of dispersion. (c) 
Scheme for obtaining good spatial resolution 
in the radial direction of an extended source. 
I-source; 2+rystal; 3-photographic 
film; 4-slit; udistance from source to the 
axis of curvature of the crystal; Mistance  
from axis of curvature of the crystal to the 
image; Ddiameter of the source; 
R-radius of curvature of the crystal. 

rays, and its minimum size is limited by the achievable speed 
of the instrument. In the direction of dispersion (Fig. lb), the 
spatial resolution at the photographic film is 

where a is the distance from the source to the center of 
curvature of the crystal, and SO is the width of the rocking 
curve of the crystal. 

In Eq. (2), the first term in parentheses represents the 
influence of spectral broadening of the source line, while the 
second is the broadening due to the rocking curve of the 
crystal. It follows from Eq. (2) that to increase the spatial 
resolution it is necessary to reduce the distance from the 
source to the crystal as much as possible. Spatial resolution 
in such a scheme usually does not exceed 100 pm in the 
plane of dispersion. 

This scheme exhibits several peculiarities when used to 
investigate extended linear sources, e.g., in experiments in- 
volving linear compression (see Fig. lc). To study the fine 
radial structure of an object, the slit of the instrument must 
be parallel to the axis of the extended object. In this case, the 
slit, as before, should be parallel to the dispersion; the axis of 
a convex crystal must therefore be rotated by an angle of 90" 
relative to the axis of the object. However, this causes the 
spectral resolution to drop sharply due to the large dimen- 
sions of the source. It is possible to obtain acceptable spec- 
tral resolution while preserving good spatial resolution in the 
radial direction by stopping down the slit in the direction of 
dispersion. Different portions of the objects will then be im- 
aged in different spectral lines. For a uniform plasma source, 
this has no effect on the results. For other types of sources, 
not only must it be allowed for, it can actually be employed 
to address novel research problems. 

In our experiments we used both types of defocusing 
spectrograph schemes. In Sec. 4, we describe the most inter- 
esting results obtained in recording two-cliniensional spec- 
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FIG. 2. Focusing crystal spectrographs: u-Johann 
spectrograph with a slit; b-Cauchois spectrograph 
with a slit, b'-ray path in the Cauchois spectrograph; 
c-FSPR-I spectrograph, c'-ray path in the meridi- 
onal plane of the FSPR-I spectrograph, cff-ray path in 
the meridional plane of the FSPR-2 spectrograph: 
I-Rowland circle; 2--crystal; 3-source; 4-image; 
5-slit; bphotographic film; a-distance from crystal 
to source; M i s t a n c e  from crystal to image; R-radius 
of curvature of the crystal; H-size of crystal in the 
meridional plane. 

trally selective images of plasmas generated by the compres- circle, and are focused onto photographic film also located 
sion of "liners" in the large-scale Angara 5 experiment. on the circle. The linear dispersion in this scheme is 

2.1.2. Focusing spectrographs with cylindrical crystals 

Two members of the class of focusing spectrographs 
with cylindrical crystals are the Johann spectrograph, in 
which x rays are selectively reflected from the interior (con- 
cave) crystal surface (Fig. 2a), and the Cauchois spec- 
trograph, in which the crystal operates in transmission (Fig. 
2b). In contrast to defocusing instruments, these spectro- 
graphs have a considerably smaller spectroscopic field of 
view, but their speed and spectral resolution are considerably 
higher. 

Because Johann spectrographs have traditionally been 
used for x-ray spectroscopy of plasma objects (see, e.g., Ref. 
I ) ,  we will not dwell on the details of this scheme. Instead, 
we will concentrate on the distinctive features of the Cau- 
chois spectrograph. This type of spectrograph is of great in- 
terest as a means of recording x rays in the short-wavelength 
region of the spectrum X<3 A, because in this range the 
reflectivity of most crystals falls off abruptly. 

In the Cauchois spectrograph (Fig. 2b), the source of x 
rays is positioned on the Rowland circle in such a way that 
the x rays pass through the curved crystal locatecl on the 

X 
D,= - cot 8, 

R 

where R is the radius of curvature of the crystal. The spectral 
resolution is given by 

where p is the crystal thickness and 1 is the size of the 
working region of the crystal for a given wavelength. 

Because the size of the working region depends on the 
dimensions of the source, it follows from (4) that for a small 
source (a situation typical of most experiments), the spectral 
resolution is determined solely by the ratio of the radius of 
curvature to the crystal thickness. This makes it possible to 
obtain spectral resolutions from 1000 to 10000. 

Just as in the defocusing spectrographs discussed in Sec. 
2.1.1 ., using a slit positioned parallel to the direction of dis- 
persion makes it possible to record spectra with spatial reso- 
lution. In Fig. 2b we show that when the slit 5 is positioned 
between the source 3 and crystal 2, a spectrally selected im- 
age of the plasma with one-din~ensional spatial resolution is 
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Anode 

Cathode 

FIG. 3. Image of an X-pinch plasma in K and L 
spectral lines: a) spectrum of He-like A1 recorded 
from three hot spots of the X pinch using an FSPR-1 
spectrograph; b, c)  spectrum of Ne-like copper (2nd 
reflection order) and K a , ,  KLY, lines of Cu (7th 
reflection order), recorded simultaneously with an 
FSPR-1 spectrograph; d) spectrogram of continuum 
x rays from hot spots of the X pinch (of a palladium 
wire), demonstrating the high spatial resolution of 
the FSPR-1 spectrograph (using a mica crystal with 
R =  100 mm, 5th reflection order); e) L spectrum of 
palladium recorded by a spectrograph with a convex 

I .U 155 A CSAP crystal. 

obtained on the photographic film 4 located on the Rowland 
circle. When the film is positioned outside the Rowland 
circle (position 6 in Fig. 2b), the plasma is imaged with 
two-dimensional spatial resolution. Experimental results ob- 
tained using the Cauchois scheme in various configurations 
are also discussed in Sec. 4. 

2.1.3. Focusing spectrographs with spherical crystals 

By using focusing spectrographs in which a spherically 
curved crystal is used as the dispersive element, we can 
greatly increase the instrument's speed over that obtainable 
with cylindrical crystals due to the focusing of the x rays in 
the plane perpendicular to the dispersion. 

2.1.3.1. Focusing spectrographs with one-climensional 
spatial resol~ltion (FSPR-I). Figure 2c shows a focusing 
spectrograph with one-dimensional spatial resolution. In the 
plane of the Rowland circle, which we will refer to as the 
meridional plane, this setup operates like an ordinary Johann 
spectrograph with all of its advantages with regard to spec- 

, mrn 

2 .  

0 

tral resolution and speed. In the plane perpendicular to the 
meridional plane, which we will refer to as the sagittal plane, 
it operates as an ordinary mirror, focusing x rays in this 
direction, and making it possible to significantly increase the 
speed of the instrument. 

For nonnormal Bragg angles, this scheme suffers from 
astigmatism, so meridional and sagittal rays focus differ- 
ently: spectral focusing takes place in the meridional plane, 
while spatial focusing takes place in the sagittal plane. The 
distance from the center of the crystal to the sagittal focus is 
given approximately by 

f,= R / 2  sin 0. ( 5 )  

Equation (5) implies that best focus is achieved when the 
source 3 is a distance a = R cos cplcos 2p  from the crystal 2, 
and the photographic film 4 is located on the Rowland circle 
at a distance b= R cos p from the crystal (Fig. 2c1). Here 
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cp=90°-8 is the angle of incidence of the x rays on the 
crystal. In this case, the linear magnification /3 in the plane of 
the film is 

Due to the focusing of the x rays in the sagittal plane, 
spherical spectrographs are very fast. A comparison of the 
speed of spherical spectrographs with Johann spectrographs 
shows that the former are 

G=[ l -2a  sin 8/(a+R sin 8)]-' (7) 

times faster than the latter. Despite the fact that G is limited 
by aberrations equivalent to those of a spherical mirror and 
depends critically on the quality of the crystal, in practice 
this quantity ranges from 10 to 500. 

In this scheme, focus conditions are met in the vicinity 
of real images produced by the crystal as a spherical mirror. 
Because the distances a and b are uniquely related through 
the angle cp to the wavelength of the detected x rays, we find 
from the expression for a that cp can range from 0' to 45". 
This range of cp corresponds to a wavelength range of 2dlm 
to fidlm. For the first reflected order of the crystal, this 
range is not large. However, in our experiments we used 
mica crystals with high reflectances in many reflection orders 
from 1 to 13. This enabled us to experiment over a broad 
spectral range, from 1. I A to 19.94 

Spatial resolution in the FSPR-I scheme is governed by 
the laws of optics, imperfections in the crystal, and the qual- 
ity of the spherical surface. From an engineering point of 
view, producing a high-quality bend with the required radius 
of curvature in a crystal is a relatively coniplicated problem. 
Nevertheless, modern fabrication techniques are sufficiently 
advanced to enable high-quality large-aperture crystals of 
mica (10-20x30-70 mm) to be made with R = 100, 186, 
250, anti 443 n~m. We were therefore able to use crystals 

FIG. 4. Image of two grids superimposed on one another 
(with wire diameters 100 and 500 pm) obtained in laser 
plasma light, using an FSPR-2 spectrograph with a spheri- 
cal mica crystal with a radius of 100 mm. R ,  I are the 
l s Z  'So- l s 2 p  'P,  and IsZ 'so- l s 2 p  ' P I  resonance 
and intercombination lines of the He-like Mg XI ion. 

with R=100 mm in our experimental study of the Pd X 
pinch, where we obtained spatial resolutions of better than 
20 p m  (Fig. 3d). 

We discuss other high-precision wavelength measure- 
ments and diagnostics of various sources obtained with 
FSPR- 1 spectrographs in Secs. 3 and 4. 

2.1.3.2. Focusing spectrographs with two-dimensional 

FIG. 5. Optical layout for a spherical crystal mirror: a) to generate a mono- 
chromatic collimated beam; b) in the x-ray niicroscope scheme; c) to obtain 
a shadow image in the nionochroniatic x-ray emission ol'a backlit plasma 
source. (I-emission source; 2-crystal; 3-test object; 4-photographic 
film; 5-imagc; 6-Rowland circle; F-focal length of thc mirror, 
R-radius of curvaturc of thc crystal; 11-dist;~ncc from mirror lo object; 
h-distance horn mirror lo image.) 
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FIG. 6. a) Density and b) shadowgram of a test object obtained in collimated monochromatic x rays from a copper wire X pinch (using a mica crystal with 
R =250 mm); c) image of the X-pinch emission source in the 1s'- I s3p line of the He-like A1 XI1 ion; d) Density and e) shadowgram in the l s2- 1 s3p line 
from the He-like A1 XI1 ion of test grids with period 400 p m ,  A1 wires of diameter 37 p m ,  and an expanding plasma obtained by exploding an A1 wire of 
the same diameter. 

spatial resolution (FSPR-2). FSPR-2 spectrographs are used where f, = Rl2sin8 is the sagittal focal length. This yields the 
to obtain two-dimensional spectrally selective images. A linear magnification in the sagittal plane: 
sketch of such a spectrograph is shown in Fig. 2c". From the 
figure, it is clear that the FSPR-2 and FSPR-1 spectrographs b 

G = - =  
R 

differ only in the position of the photographic film: in the u 2a sin 8-R ' 
(9) 

latter case, it is located outside the Rowland circle. 
Denoting the distance from the Rowland circle to the 

Let us consider the basic relations that hold in this spec- 
source and the photographic film by c and g,  respectively, 

trograph scheme. In accordance with the laws of geometrical 
we obtain the linear magnification in the meridional plane: 

optics in the sagittal plane, the position of the source relative 
to the crystal (distance u) and the photographic film relative g R[a-sin 0(2a sin 8-R) 
to the crystal (distance b )  are related by v=-= (2u sin 8-R). (10) 

c (R sin 8-u) 
I 1 1  
-+-=- 
(1 h f ', ' (8) Analysis of Eqs. (9) and (10) shows that an anamorphic in)- 

age is formed in this scheme (i.e., an image with differing 
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sagittal and meridional magnification). Within a certain 
range of distances from an object to the vertex of the crystal, 
the anamorphic factor is K=GIV=0.3-3. In this case, im- 
ages can be obtained at any wavelength in the range 
fidln < A < 2dln. If the distance from the object to the ver- 
tex of the crystal equals twice the sagittal focal length 
(a= Rlsin O), the magnifications are the same, and equal to 
unity: 

Spatial resolution in the meridional and sagittal planes is 
affected by various physical factors. In the sagittal plane, it is 
determined by aberrations of the spherical surface, while in 
the meridional plane, the resolution is also affected both by 
the nonmonochromatic nature of the source and the width of 
the rocking curve of the crystal. We attempted to estimate 
experimentally the spatial resolution using the x-ray emis- 
sion from a laser plasma.12 To do so, we focused the image 
of a test object illuminated by the plasma on the film, rather 
than the image of the laser "plume" itself. The test object 
consisted of two metallic grids superimposed on one another. 
Our results are shown in Fig. 4. The spatial resolution was 
better than 100 p m  in both directions, with a field of view of 
at leas1 15 mm. 

We managed to use the FSPR-2 scheme to investigate 
the radiative properties of various plasma objects; results are 
given in Sec. 4. 

2.1.3.3. X-ray microscope. One type of FSPR-2 scheme 
that is useful when the angle 9 is close to normal is the 
so-called x-ray microscope (see Fig. 5b), which can be used 
to obtain a monochromatic image of a plasma with high 
magnification and good spatial resolution that is essentially 
the same in both the meridional and the sagittal planes (see, 
e.g., Refs. 1,'13). In this geometry, the spatial resolution is 
governed by aberrations of the spherical reflector and the 
quality of the crystal. This scheme can therefore be used to 
obtain spatial resolution down to 5 pm, which enables one to 
investigate the structure of the source in detail. Note, how- 
ever, that an image can be constructed only at wavelengths 
near an integer submultiple of twice the interplanar distance 
(i.e., A = 2dln), which imposes certain limitations on the use 
of this scheme; however, it ensures that the resulting image is 
highly monochromatic. 

We now discuss the possibility of using monochromatic 
x-ray emission from a plasma to backlight plasma objects. 

The scheme (see Fig. 5c) is essentially identical to the x-ray 
microscope scheme described above. The difference is that 
here we are interested not in the structure of the x-ray source, 
but in the structure of the object backlit by x rays from the 
supplementary source (which can be any plasma system, i.e., 
a laser plasma or a 2- or X-pinch plasma). In this scheme, the 
source of x rays is also located near the optical axis of the 
crystal mirror, but on the Rowland circle. A shadowgram of 
the object under study, which is located in the path of the x 
rays between the source and the spherical crystal mirror at a 
distance a from the mirror, is produced at a distance b from 
the mirror; the lens formula gives I la + llb = 1/F, where F is 
the focal length of the mirror. The spatial resolution along 
the object does not depend on the size of the x ray source in 
this scheme, but is instead determined by aberrations of the 
spherical mirror and the selectivity properties of the crystal. 
The size of the x ray source 2 determines the spectral com- 
position of the radiation producing the image of the object: 

Because all radiation from the source is focused to a 
small spot near the Rowland circle, the photographic film 
can be effectively shielded from intrinsic radiation emitted 
by the object under investigation and from other sources by 
using, for example, a screen with an iris diaphragm. 

We ran experimental checksI4 using the emission from 
an X pinch produced by fine aluminum wires, and a 15x50 
mm2 spherical mica crystal with radius of curvature 
R = 186 mm. A steel mesh with 0.04 mm spacing and fine A1 
wires of 37 and 15 p m  diameter were used as test objects. To 
produce the plasma object, a portion of the current in a diode 
was passed through the aluminum wire. 

The experimental results are presented in Figs. 6d and 
6e, which show a shadowgraph of the grid, 15-pm A1 wires, 
and the expanding plasma produced by the explosion of an 
A1 wire of the same diameter. The crystal was tuned to the 
ls2- l s3p  line of the [He]-like Al ion. The size of the x-ray 
source in the light of this line, which was monitored using 
the x-ray microscopy scheme with a spherical mica crystal 
with R=250 mm (see Fig. 6b), was about 1 mm (Fig. 6c). 
This is consistent with the spectral range of the imaging 
radiation, which was approximately 0.002 A. The spatial 
resolution obtained in these experiments was of order 15 pm 
over a 4x10 mm image field. Spatial resolutions of better 
than 10 p m  were also obtained in an experimental check 

TABLE I. Comparison between x-ray lasers based on the Ta XLVI ion (Ref. 17), and monochromatic collimated 
x-ray beams obtained from an X-pinch plasma (Ref. 15) and from plasmas heated by picosecond Nd laser pulses 
(Ref. 16). 
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source 

X-pinch 

Picosecond 
Nd-laser 

x-ray laser 

Wave 
length. 

A 
9.87-9.94 
3.95-3.98 

9.22 

45 

Monochro- 
maticity . 

A X / X  
4 . 
4 .  

3. 

lo-' 

10-4 rad 
Divergence, 

5 x 5 
5 x 5 

6 x 6 

100 x 200 

Beam j I 

size , Energy, duration . 
mm I , ns 

5-10 
2-5 

10 x 45 
10 x 45 

3.2 
2 

10 x 30 

0.075 x 0.05 

0.3 , 0.01-0.02 
10 1 0.2 

I 



using a mesh with a period of 100 p m  and a wire diameter of 
25 pm, similar to the foregoing (a 10x30 mm2 spherical 
crystal of mica with R= 100 mm was used). The x-ray back- 
light source was a plasma heated by a pulsed Nd laser with 
energy - 10 J and pulse width 2 ns. 

2.1.3.4. Production of high-intensity monochromatic col- 
limated beams of soft x rays. Monochromatic collimated 
beams of soft x rays can be produced by positioning an x-ray 
source in the focal plane of the crystal mirror. In Fig. 5a we 
show an experimental layout designed to produce parallel 
monochromatic beams using a spherical crystal. Because re- 
flection from the crystal is selective, the radiation that par- 
ticipates in creating the beam lies in a certain wavelength 
interval, 

from the X pinch (the grids were approximately 2 cm from 
the film). Measurements of the transverse dimensions of the 
wires in the shadowgrams of the test object yield a beam 
divergence of 5 .  rad. The spectral composition of the 
beam was recorded using a spectrograph with a convex crys- 
tal of CsAP (see Sec. 2.1). In Table I we compare the char- 
acteristics of the beams obtained in these experiments, and 
also in experiments where a plasma is heated by a picosec- 
ond laser,16 with x rays from a Ta laser17 at a wavelength of 
X=45 A, which is at present one of the shortest-wavelength 
x-ray lasers available. From this table it is clear that certain 
characteristics of the beams obtained here (wavelength, di- 
vergence, size) are better than the same characteristics of the 
Ta laser. 

AX = 2d(sin Om,- sin Omin)lm, 
2.2. Instruments with Fresnel and Bragg-Fresnel x-ray 

where Om, and Omin are the maximum and minimum grazing optics 
angles at the crystal surface, which are determined by the 
mutual disposition of the mirror and source. inasmuch as We now consider a class of x-ray imaging spectrographs 
em,=900, while emin is determined by the crystal aperture, in which the dispersive and focusing elements are Fresnel 
we can also write Eq. (12) in the form and Bragg-Fresnel 

where D and F are the mirror diameter and focal length. The 
ultimate characteristics of the collimated beams (divergence, 
spatial uniformity) are determined by the size of the source, 
spherical aberrations of the mirror, width of the rocking 
curve of the crystal, and quality of the spherical mirror. 

We performed experiments in which collimated mono- 
chromatic beams were obtained in the wavelength interval 
4-10 A using a high-quality mica crystal with R=250 mm 
in the light from an X pinch produced by Pd and Cu wires.'' 
The quality of the beams thus generated was monitored by 
positioning a pair of metallic grids at various distances from 
the photographic film. Figures 6a and 6b show densitograms 
and shadowgrams of the test objects-metallic grids super- 
imposed on one another (the wire thicknesses were 15 and 
40 p m  spaced at 100 p m  and 1.2 mm, respectively)- 
obtained by illumination with a collimated beam of x rays 

2.2.1. Transmission diffraction gratings 

Crystal spectrographs can no longer operate in the spec- 
tral range from 30 to 100 A . Therefore, in this range the 
basic spectroscopic instrument used in our experiments was 
a transmission diffraction grating. Despite the fact that their 
spectral resolution is coarser than that of crystal spectro- 
graphs and oblique-incidence spectrographs, gratings possess 
a number of advantages that make them a very valuable di- 
agnostic instrument. 

Transmission gratings have at least one imt advantage: 
they can be used to measure the absolute intensity of soft x 
rays. Calculating the transmission of a grating is relatively 
simple, an important factor being that the calibration curve is 
smooth in the 20-100 A spectral range, especially for the 
tungsten grating that we actually used. Note that analogous 
calculations for crystal spectrographs yield results that are 
difficult to apply to quantitative estimates, because the sharp 

L I 

L ,  L, I 
FIG. 7. Optical layout for Fresnel and Bragg- 
Fresnel dispersive structures: a) using a trans- 
mission diffraction grating to record the plasma 
emission; b) using a Bragg-Fresnel lens depos- 
ited on an artificial multilayer minor oriented so 
as to focus in the direction of the dispersion; c )  
using a Bragg-Fresnel lens deposited on a crys- 
tal so as to focus in the direction perpcndiculitr 
to the dispersion. I-crystal; 2-Bragg-Frcsnel 
structure; 3-photographic film; 4-source; 
5-image. 
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Cu XX FIG. 8. Image of a Z-pinch plasma in the emission 

Zp - 3d 2p - 3s near a resonance line o f  the He-like Al XI1 ion, and 
in the Ne-like lines of the Ne-like Cu XX ion. % is 

jumps in the crystal reflection coefficient as a function of 
wavelength due to the K and L absorption edges of the ele- 
ments in the crystal lead to considerable uncertainty in their 
interpretation. 

In our e ~ p e r i m e n t s , 2 ~ ~ ~ ~  we used a tungsten pellicle 0.36 
p m  thick as a transmission grating. A 25 pm-diameter peri- 
odic structure was fashioned on the pellicle, consisting of 
free-standing (unsupported) stripes 1 p m  apart, with a 1 : l  
strip-to-gap factor. 

Figure 7a shows the layout of the grating experiments. 
L, and L2 are distances from the object to the grating and 
from the grating to the recording film, respectively, S and D 
are the diameters of the source and aperture, and d is the 
period of the grating. In order to shield from hard x rays, we 
positioned a 50-micron tantalum foil screen with a small 
opening (50-150 p m  diameter) in front of the grating. 

The dispersion of x rays in the plane of the film is de- 
termined by 

Y m =  L2 sin am= L2mAld, (14) 

where m is the diffraction order, Y ,  is the distance in the 
direction of dispersion in the recording plane, am is the dif- 
fraction angle for the mth diffraction order, and A is the 
wavelength of the x rays. The limiting resolution in the ideal 
case is determined by the number N of stripes in the grating 
aperture: 

In practice, it is necessary to allow for blurring of the image 
due to the finite size of source and aperture: 

From Eqs. (14) and (16), it follows that the spatial resolution 
Ah,  along the dispersion axis is 

Finally, the shortest wavelength Amin that can be reliably de- 
tected is limited by the spatial size of the zero-order maxi- 
mum, and is close to Ah,. 

Substituting typical experimental values into the expres- 
sions for the spatial resolution S = 1 0 0  pm, D=25 pm, 
d=25 pm, d =  1 pm, L, =L2=50 cm, we find that for the 
first diffraction order, AAd=4. A and AA,=2.6 A. 

Thus, it is clearly impossible to achieve diffraction- 
limited resolution at wavelengths A<65 A, and the quality of 
the spectrogram is determined by the physical dimensions of 
the source, aperture, etc. Nevertheless, the use of a grating is 
fully justified at A>65 A, where it operates with diffraction- 
limited resolution. Our use of gratings to investigate various 
pinch plasmas is detailed in Sec. 4. 

2.2.2. Use of multilayer Bragg- Fresnel lenses in x-ray 
imaging spectroscopy 

Of the various elements used in Bragg-Fresnel x-ray 
optics, one group consists of elements with the topology of a 
zone plate based on a multilayer mirror or ~ r ~ s t a 1 . ~ , ~ ~ , ~ ~ - ~ ~  
Because these elements simultaneously have spectral selec- 
tivity and focusing properties, they can be used both to ob- 
tain focused images of a source in a spectral line and to 
record spectra over a wide spectral range with high spatial 
resolution. 

The spatial resolution of a Bragg-Fresnel structure is 
determined by the width 6 of the last zone, and depends on 
the diffraction order m. It follows from Ref. 18 that the 
distance p,,, between two points of an image that are resolv- 
able in the radial direction is p,,,= 1.2261nr. The resolution 
Aft,, in the axial direction is related to p,), by 
Af,,=5.37p:,lh. The spatial resolution of a Bragg-Fresnel 
lens can be as small as a fraction of a micron. 

To make spectroscopic measurements in our experi- 
ments, we employed two types of Bragg-Fresnel lenses (one 
based on a multilayer mirror, the other on a mica crystal), 
fabricated at the Institute for Problems in Microelectronics 
Technology of the Russian Academy of Sciences. For one of 
these, a linear Fresnel strilct~~re was made by etching through 
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TABLE 11.  Spectral lines of multiply charged alun~inum ions. 

Note. A-Ref. 39; B-Ref. 44; C--Quantum defect method (Ref. 61); D--Quantum defect method 
using data from Ref. 44; E-Laser plasma experiment (spectrogmph R= 100 mm); F-Laser plasma 
experiment (spectrograph R= 186 mm); G-X-pinch experiment (spectrograph R= 100 mm). 

141 layers of a WISi multilayer mirror with a pattern spacing 
(i.e., the distance between alternate planes) of 64 A. The lens 
aperture was 1 x 5 6  mm2, the width of the outermost zone 
was 3.5 pm, the focal length was fo=7 cm, and the mean 
Bragg angle was 1.34" for a wavelength of 1.5 A . Since this 
structure, like any zone plate, has more than one diffraction 
order (theoretically an infinite number), in addition to the 
primary focus f o =  DSIA (where D is the diameter of the 
zone plate and S is the size of the last zone) there are other 
foci f n =  fo ln  as well, where n is an odd integer. The inten- 
sity at a higher (nth) order focus is lower than the intensity 
of the primary focus by a factor of n2, so the maximum 
attainable spatial resolution is n times better. A sketch of the 
multilayer Fresnel mirror used in our experiments is shown 
in Fig. 7b. 

Another type of Bragg-Fresnel lens used in these ex- 
periments consisted of a Fresnel structure in a copper laxer 
sputtered onto the surface of a mica crystal (2d= 19.94 A). 
The thickness of the copper (0.25 pm) was chosen to ensure 
that x rays at the operating wavelength were phase shifted by 
ri upon reflection. The lens aperture was 1 cmX 108.5 pm; 
for A =7.75 A, the focal length was 8 cm, and the width of 
the last zone, which determines the attainable spatial resolu- 
tion, was 0.5 pm. 

In contrast to the Bragg-Fresnel lens discussed above, 
which was based on a multilayer mirror, the copper-layer 
lens was positioned in such a way as to focus in the direction 
perpendicular to the dispersion direction (Fig. 7c). This ex- 
perimental geometry enabled us to obtain a focused image of 
the source with high spatial resolution over a wide spectral 
range (in one direction the Bragg structure of the crystal acts 
as a spectral selector of x rays, while in the perpendicular 
direction the Fresnel structure provides spatial resolution). 
The focus condition is the same at all wavelengths in the 
working spectral range (i.e., wavelengths that can be re- 
flected given a specific mutual disposition of the crystal and 
source), since the distance from the crystal to the image 
plane does not depend on X. In principle, one can tune this 
lens to x rays of any wavelength (in which case the focal 
length f ,  varies as X o  /XI ), and also use higher-order foci as 
necessary. 

Ion 
'Al X l l l  
.41 XI1 

\*I X l l  

hexp* A 

Figure 8 shows typical images with one-dimensional 
spatial resolution of a Z-pinch A1 plasma (near a resonance 
line of the He-like Al XI ion) and a Z-pinch Cu plasma (in 
the 2p-3d and 2 p  -3s lines of the Ne-like Cu XX ion). It is 
clear from Fig. 8 that Bragg-Fresnel lenses make it possible 
to obtain high spectroscopic and spatial resolution. 

Transition 

4p 'P3j2,1j2-ls Ylj2 
 IS'^^ 'PI-1s' ISo 
l s l l p  'PI-ls2 'So 
Islop 'PI-Is2 'So 

itheor, A 
E 

5.73927 
- 
- 

6.00031(40) 
6.01340~6.013406.013406.013406.01314~40)i6.01323(40)6.01340(40)/ 

6.03255(40) 
6.05291 

6.06007(30) 
- 

3. HIGH-PRECISION WAVELENGTH MEASUREMENT AND 
IDENTIFICATION OF X-RAY SPECTRAL LINES OF 
MULTIPLY CHARGED IONS 

Spectrographs with spherically curved crystals based on 
the FSPR-1 scheme are extremely effective in the experi- 
mental atomic spectroscopy of multiply charged ions. As 
noted earlier, this scheme provides high speed combined 
with a narrow instrumental function, which makes it possible 
to record even comparatively low-intensity line spectra with 
high spectral resolution. The availability of one-dimensional 
spatial resolution also turns out to be very useful in several 
problems involving the spectroscopy of multiply charged 
ions (see Sec. 3.1.2.). 

Over the last five years, we have pursued this type of 
investigation using FSPR-1 spectrographs.7~'0~25-39 In this 
chapter, we will therefore quote only a few of our most re- 
cent results to illustrate the use of these spectroscopic instru- 
ments in problems of atomic spectroscopy. 

D 
- 

5.98271 
5.99018 

6.03218 
- 

6.05978 
6.10279 

F 
- 

5.98278(50) 
5.98981(50) 

6.00035 

6.03255 
- 

6.06007 
6.10281(10) 

~.uXII ls9p1P1-ls"S~ 
ls8p 1 P ~ - l s 2  'SO 

Al Xlll 3p 2P3/2 .1 /2 -1~  2S1/2 I:::: ' 

3.1. Wavelength measurements in spectral transitions of 
multiply charged ions 

C 
- 
- 
- 

6.000046.00003 

6.03219 
- 

6.05979 
6.10282 

A 
- 

5.98272 
5.99019 
6,00003 

G 
- 

5.98271(55) 
5.99023(55) 

6.00035 I 
6,03255 I 

6.05282(40) 
6.06007 

6.10279(40) 1.4 XI1 

In various problems of atomic physics, a question that 
often arises is how accurately the positions of energy levels 
of multiply charged ions are known. In many cases both 
experimental and theoretical data are available, and as a rule 
there is no way to know which of these should be given 
preference from the standpoint of accurately determining the 
spectroscopic constants. The only exceptions are multiply 
charged H-like ions, for which calculations necessarily pro- 
vide higher accuracy than experiment, and ions with many 
untilled shells (more than three), for which the experimental 
data are more accurate than the results of even the most 
detailed theoretical calculations. In the remaining cases, the 

B 
5.73927 

- 
- 
- 

ls7p 'PI-IS~ 'So 
Is6p 1fi-ls2 'So 
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FIG. 9. a) Structure of targets used in experiments to 
measure the wavelength of closely spaced spectral lines 
of various ions; b, c) spectrogram and densitogram of 
the spectra near the He a resonance line of the Mg XI 
ion, and 2-4 transitions of the Ne-like Cu XX ion, ob- 
tained using an FSPR- 1 spectrograph with a mica crys- 
tal with R = 250 mm. A Nd laser was used, with a pulse 
energy of order 20 J and a pulse duration of 2 ns. 

problem of choosing one type of data over the other is far 
from trivial. This is so largely because it is impossible to 
assess the accuracy of theoretical calculations a priori, while 
a comparison of calculated results arrived at via different 
methods can yield only an indirect assessment of their mer- 
its. In these cases, high-precision absolute measurements of 
the wavelengths of spectral lines enable us, firstly, to obtain 
quantitative estimates of the accuracy to which the position 
of some energy level is known, and secondly, to assess the 
capabilities of various computational methods. 

Note that for many problems in both applied and funda- 
mental physics, it suffices in practice to know only relative, 
rather than absolute, values of the wavelengths of spectral 
transitions. Thus, for example, in designing a resonantly 
pumped x-ray laser, we require data not on the absolute 

wavelengths of the pumping and pumped spectral transitions, 
but only on their wavelength differences. Similarly, it is usu- 
ally sufficient to know just the relative positions of spectral 
lines in order to decipher spectra and identify those lines. 
Although both relative and absolute wavelength measure- 
ments can be made using the same spectroscopic instru- 
ments, the former are somewhat simpler, since they do not 
require reference lines in the spectrum under investigation 
with wavelengths known to higher accuracy than that of the 
experimental results. 

3. I. I. Absolute wavelength measurements of the resonance 
series for the He-like ion A1 XI1 

The most accurate absolute measurements of the wave- 
lengths of the first terms of resonance series of various mul- 

TABLE 111. Wavelength differences for resonance pairs. 

Resonance AbX,, A 

0.0017 k 0.0008 0 0027 * 0.001 0.0031 r 0.002 
0.0016 f 0.0009 0.0016 + 0.0008 
0.0025 * 0.0008 0.0019 + 0.0007 

Note. (a)--2p Z ~ , I z - l s  2 ~ l I z  M g  XI1 and 2s2p63p 3 ~ l - 2 s 2 2 p 6  'so Ge 
XXIII: (b)-ls2p 3 ~ l - l s Z  'so M g  XI and 2s22p54d 3 ~ l - 2 s 2 2 p 6  'so 
Cu X X .  
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tiply charged He-like ions were made recently and described 
in Refs. 40 and 41. It was found that for transitions from 
levels with n=2, 3 (where n is the principal quantum num- 
ber), theory and experiment agreed to within 5 .  in 
order of magnitude, which was within the limits of experi- 
mental error. However, high-precision measurement of the 
wavelengths of transitions from levels with n a 4  constitutes 
a much more complicated experimental problem, by virtue of 
the low intensity of these spectral lines and their strong 
broadening in the plasma microfield. In steady-state plasma 
sources, the populations of highly excited states decrease 
rapidly with increasing n. For reliable detection of these 
lines, we therefore require a plasma with very high density. 
In such a plasma these lines are very broad, which increases 
wavelength-measurement errors. Of course, by reducing the 
plasma density we can reduce the width of these lines, but 
we rapidly reduce their intensities at the same time. Even in 
the best case, this also reduces measurement accuracy, while 
in the worst case it makes the transitions impossible to detect 
at all. 

Accordingly, plasma sources traditionally used in the 
spectroscopy of multiply charged ions (vacuum sparks, tok- 
amaks, dense laser plasmas, and, recently, EBIT) do not per- 
mit measurement of wavelengths of the higher components 
of the resonant series of He-like ions to accuracies compa- 
rable to those of theoretical calculations. The situation 
changes when a transient plasma is used, i.e., a recombining 
plasma where the dependence of level populations on n has a 
considerably different character (usually nonmonotonic). In 
this case, emission spectra can be obtained in which the lines 
are both narrow (due to the lower plasma density) and an 
intense (due to the efficiency of the recombination channel 
for the populations of high-lying states). Such recombining 
plasmas can be obtained, for example, in the decay of mi- 
cropinches or in the dispersal stage of a laser plasma. We 
have investigated these plasma sources as a way to study the 
higher (n = 6 - 12) components of the resonance series for 
the He-like A1 XI1 ion.39 

Our experimental studies were carried out in two phases, 
at the P. N. Lebedev Institute of Physics of the Russian Acad- 
emy of Sciences (Moscow), and the Institute for Plasma 
Physics and Laser Microsynthesis (Warsaw). In the first 
phase, we used the explosion of two aluminum wires in the 
X-pinch geometry to produce the plasma?8 and in the second 
we used a Nd-glass laser42'43 (6-15 J pulses 1 ns wide, 
on-target flux densities of - 1013 w/cm2) .  In both cases, the 
x-ray emission of the plasma was recorded by FSPR-1 spec- 
trographs with spherically curved mica crystals having radii 
R l =  100 mm and R2= 186 mm. 

Figure 3a shows an example of the resulting spectrum, 
which contains higher terms of the 1 s n p  ' p I  - l s2 
resonance series (n =6- 12) of the He-like Al XI1 ion, and 
the LyS and Ly, lines of the H-like Al XlII ion. It is clear 
from this figure that plasma regions located near the point of 
production (i.e., the target surface for the laser plasma, or the 
point of intersection of the wires for the X pinch) emit very 
broad spectral lines that are ill-suited to high-precision wave- 
length measurement. A fast spectrograph makes it possible to 
observe spectra of relatively tenuous plasma objects, how- 

Lb SI  XIV 3 

FIG. 10. a) Density of a segment of the spectrum obtained when a plasma is 
heated by xo rays from a subpicosecond XeCl laser, in wavelength range 
6.16-6.23 A ; b) theoretical simulation of this segment of the spectrum 
given by radiative-collisional model with N,= 6 .  1 0 ~ ~  cm- and T,= 460 
eV; c) the same segment of the spectrum as given by the corona model with 
T ,  = 460 eV. 

ever, which emit fairly narrow lines (about 3 d), and to 
measure the wavelengths with relative errors 
AA/A-(5-8). lov5. 

We used the Lyp and Ly, lines as primary references for 
wavelength measurements, as their wavelengths are knownM 
to an accuracy of -+0.000007 A, which is considerably better 
than the expected experimental errors (+0.0003-0.0005 A). 
Table I1 lists the derived wavelengths and their measurement 
errors. It is clear from this table that the wavelength differ- 
ences obtained in the various experiments are smaller than 
the estimated measurement accuracy. This may mean that the 
measurement errors are actually somewhat smaller (by 30- 
50%) than those shown in Table 11. 

In Table 11, we also list the 1 s n p  ' P ,  - 1 s2 'so transi- 
tion wavelengths calculated by various methods (see Ref. 39 
for details). It is clear that for transitions from highly excited 
levels, the differences between the theoretical and experi- 
mental values lie within the limits of experimental error. 

3.1.2. Measurement of wavelength differences for nearby 
spectral lines of different ions 

We remarked above that in certain problems, relative 
rather than absolute measurements of the wavelengths of 
x-ray spectral lines are of interest. One typical example of 
such a problenl is the design of an x-ray laser with resonant 
photon pumping.5 Our calculations show that these lasers can 
be more efficient than existing lasers based on recombination 
or collisional schemes when the wavelength difference be- 
tween the strong pump line of one ion and the absorption line 
of the other (which is coupled to the upper level of the laser 
transition) is si~fticiently small, i.e., at least smaller than the 
widths of these lines. Usually, however, one or both of the 
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TABLE IV. Satellite structure in the resonance line of the H-like Si 
XIV ion due to transitions of the type 2131'- 1 s31'. 

Transition 

2p3p 'So- 1 s 3p 'PI 
2p3d 'Pt-ls3d ID2 
2p3p 'Dl-ls3p 'P2 
2p3s 'p2-ls3s 3sl 
2p3s 'PI-ls3s 'S1 
2.53~ 'P2-ls3s 3 1  
2s3p 'Po-ls3s 'St 
2p3d 'D2-ls3d ID2 
2p3d jF4-ls3d 'D; 
2p3d 'Fj-ls3d 'Dz 
2p3p 'Dl-1 s3p :Pi 

ZP2 ISo-1 s2p 'PI 
2p3d 'F2-ls3d 'Dl 
2p3d 'F2-ls3d 'D? 
2p3p 'D;-l s3p 'P2 
2p3p 3D2-l s3p 'PI 
2p3p 'D 1 - 1 s 3p 'Po 
2p3p 8 - l s 3 p  'Pi 
2s3p 'PI-ls3s 'Sg 

ions involved in the laser scheme are multielectron (Ne-like, 
for example), and existing theoretical methods are not accu- 
rate enough to calculate the wavelengths of their spectral 
lines. Therefore, only a high-precision experiment can de- 
finitively evaluate the feasibility of particular x-ray laser 
schemes based on resonant pumping. 

We used an FSPR-1 spectrograph to assess the feasibility 
of two schemes for photon-pumped in which the 
resonance doublet of the H-like Mg ion or the intercombina- 
tion line of the He-like Mg ion are used as pump lines, while 
the absorption lines are the 2p-4d and 2s-3p transitions 
of the Ne-like Ge XXIII and Cu XX ions, respectively. In 
both cases, the experiments made use of a scheme resem- 
bling the one shown in Fig. 9. A characteristic feature of this 

FIG. I I .  I) Density of a segment of the x-ray spectrum from a Mg plasma 
heated for 1 ns by light [rom a Nd laser (Refs. 26, 28). The traditional 
nomenclature (1, r, ti, d, k,  I ,  j is used k)r Li-like satellites (see, c.g., Ref. I); 
2 )  results of theoretical modeling of 21 spcctrurn consisting oC 

1 s2/)2131'-- l s22131' satellites o f  the Be-likc Mg IX ion (with no Li-likc 
s;~tellitcs). 

scheme is the use of a stepped target, consisting of two plane 
targets of different materials (Mg and Ge or Cu and Mg), 
whose surfaces differ in height by 0.2-0.3 mm. Spectra were 
recorded in two laser bursts: first one part of the target was 
illuminated, then the target was shifted horizontally and the 
second burst produced a plasma of the other material. Since 
the FSPR- I spectrograph provides one-dimensional spatial 
resolution in the vertical direction, by using this stepped tar- 
get we were able, first of all, to spatially separate the emis- 
sion spectra of the various elements recorded on the film, and 
secondly, we could measure the relative positions of the 
spectral lines of interest to us in those regions of the plasma 
where they are narrowest. This provided measurement accu- 
racy of the resonance defect of a subject pair of lines to 
better than t0.0008 (these results are listed in the column 
headed "Laser Plasma" in Table 111). Note that although we 
were interested solely in relative measurements in these ex- 
periments, we actually measured the absolute wavelength of 
the 2s2p63p 3 ~ , - 2 s 2 2 p 6  'so line of Ge XXIII, since to 
the given measurement accuracy, the Ly, ,  line of Mg XI1 
could be treated as an absolute reference. 

3.2. Identification of satellite structures in the K- and L- 
spectra of multiply charged ions 

A characteristic feature of the emission spectra of multi- 
ply charged ions is the presence of lines resulting from ra- 
diative decay of doubly excited states. These lines, usually 
called dielectronic satellites (although not all of them are 
excited via dielectronic capture), are primarily observed as 
long-wavelength satellites of the corresponding resonance 
lines. Up to now, the most thoroughly investigated satellite 
structures have been those in the spectra of ions with a 
K-shell core (i.e., H- and He-like ions), with most of the 
available information pertaining to satellites of resonance 
lines that result from transitions in which the ion loses one 
unit of charge. Although there has always been great interest 
in investigating such structures (among other things, because 
these lines provide an exceedingly useful means of gauging 
plasma temperature and density), this interest has recently 
increased, if anything. There are a number of reasons for 
this: Plasmas obtainable in the laboratory contain more and 
more multiply charged ions, in whose emission spectra sat- 
ellite structures begin to dominate resonance lines. The ion- 
ized state of a high-temperature plasma produced by picosec- 
ond and femtosecond laser pulses has distinctive features 
that lead to the emergence of many previously unobserved 
satellite structures in the x-ray spectra, due to transitions in 
ions of various isoelectronic sequences. The need for shorter 
and shorter-wavelength lasers based on transitions in multi- 
ply charged (Ne- and Ni-like) ions requires that satellite 
structures in L- and M-spectra that heretofore went essen- 
tially unstudied now be investigated. Diagnostics for ul- 
tradense plasmas based on resonance line shape require in- 
vestigation of how satellites contribute to the observed 
profiles. 

With regard to the experimental design, the study of sat- 
ellite structures is generally a more complicated problem 
than studies of resonance transitions, for example, since we 
are then cleating with dozens of spectral lines concentrated 
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within a narrow spectral range. The x-ray spectrometer em- 
ployed should therefore, on the one hand, provide very high 
spectral resolution, and on the other, be fast enough to record 
satellite structures emitted even by low-density regions of 
the plasma. At present, when it comes to recording and iden- 
tifying certain new classes of satellite structures in the K -  
and L-spectra of multiply charged ions, FSPR-I spectro- 
graphs best satisfy these requirements. 

3.2.1. Satellite structures in the K-spectra of Si and Mg ions 

We studied the spectrum of silicon ions near the Ly, 
resonance line of the H-like Si XI11 ion in a laser plasma 
heated by a femtosecond pulse from the Los Alamos Bright 
Source I1 XeCl excimer ~ a s e r . ~ ~ . ~ ~  An example of the spec- 

trum obtained with an FSPR-1 spectrograph is shown in Fig. 
IOa. We found that the observed spectrum contains a much 
greater number of intense lines than corresponding spectra 
previously obtained in experiments with an X pinch28 and in 
a laser plasma heated by 2-ns pulses from a Nd laser.' Sev- 
eral of the observed lines are known dielectronic satellites 
due to 2p21- l s21 transitions in the He-like Si XI11 ion. The 
remainder (I - 13 in Fig. IOa), located in immediate proxim- 
ity to the resonance, turn out to be due to radiative decay of 
the 2131' levels of this same ion. 

These lines were identified by comparing experimental 
and theoretical values of the transition wavelengths and in- 
tensities. The wavelengths were measured with a relative ac- 
curacy of t0 .0008 A; however, since we used the previously 

TABLE V. The most intense resonance-line satellites of the He-like Mg XI ion due to 
radiative decay of 1~2121'31" levels of the Be-like Mg IX ion. 

Transition I 
Lower level 
ls22s3d 'Dl 
1s22s3d ID! 
ls2Zp3d 'D3 
ls22s3p If2 
1 ~ ~ 2 ~ 3 ~  Ifl 
lsZ2s3p 'pl 
ls22p3d ID2 
I S ~ Z S ~ S  Is1 
ls22s3p 'PI 
ls22s3p 'PI 
ls22p3d IF? 
1 s22p3d 3 D ~ 
ls22s3s 'SI 
ls22p3d 'PI 
ls22p3d 'FJ 
ls22p3d 'Dl 
ls2Zp3d ID? 
I s22p3d 'D3 
ls22s3d 'Dz 
ls22p3d 'PI 
ls22p3s 'PI 
ls22p3s IP2 
1s2!p3d 'F2 
ls22p3d 'P2 
1 s22p3p 'P2 
ls22p3p ' ~ 2  

ls22p3d IF4 
ls2ZP3p 'Dl 
ls2Zp3d 'F2 
l s22p3d 'D: 
ls22p3d 'P2 
ls22p3p 'Dz 
ls22p3p 'DI 
1 s22p3p 'DI 
ls22s3p )PI 
1 s22p3s 'P2 
ls22p3p 'SI 
1 ~ ~ 2 ~ 3 ~  'P: 
1 ~ ~ 2 ~ 3 ~  If' 
1 ~ ~ 2 ~ 3 ~  'So 
1s*2p3s 'PI 
ls22p3s 'PI 

Upper level 
1~2s['Sl2p['Pl3d 'PI 
1s!s['S12~[~P13d 'F, 
1~(2~2['Dl)I'D13d 'P* 
1~2s['S12~[~P~3~ 'P2 
1s2sl's12~1~Pl3~ 'PI 
I S ~ S [ ' S I ~ ~ [ ~ P I ~ ~  
ls(2p2['Dl)['Dl3d 'Dj 
1s~s~'sl2~r~P13s 'PI 
1s2sl~Sl2~I'PI3~ 'SI 
I S ~ S [ ' S I ~ ~ ~ ~ P ~ ~ ~  ID2 
1s(2~2('~1)[~~13d 'PI 
IS(~~'['P~)['P~~~~DI 
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IS(~~'['PI)[~PI~~ IF3 
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I S ( ~ ~ ~ [ ' P ] ) [ ~ P ~ ~ ~  'F4 
1~2s['Sl2p[~P13d ID? 
ls(2p:['P])12P13d 'DI 
1s(2~~['P])[*PI3s !PI 
ls(zp'l3P])[*P13s If2 
ls(2p'['~l)l'Dl3d Gc;~ 
1s(2p2['Dl)l2Dl3d 'PI 
i~(2~'['PI)['P13p 'SI 
1s(2~~['Dl)['Dl3~ 'P2 
ls(2p'['Dl)[*Dl3d 'G4 
Is2s['S12p12P13d ' ~ 4  

1s~2~~['Dl)l~Dl3d IF, 
ls~2p~['D])[~Dl3d IF, 
ls(~~~['Dl)[:D13d 'Dl 
1s(2~'['P1)['P13~ ID2 

I~(?~'['PI)[~P~~~ 'DI 
Is(2p2['~])['P13p 'Dl 
1s2s['sl2~l~Pl3~ 'PI 
IS(?~'['DI)[~D~~S ID3 
IS~~~*['P~~I'PI~~ 'Pz 
1~(2~'['Dl)['Dl3~ 'Dl 
I S ~ ~ ~ : I ' P I , I ~ P ~ ~ ~  'So 
IS(~~'~'PI,[~PI~~ IPI 
IS(~~~['DI)[~DI~S ID2 
I~(~~~['PI,I=P~~S 'P* 
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identified 2p2 ' D ~ -  1 ~ 2 ~  'P, and 2s2p 'pl- l s2s  'so 
satellites as a reference, the absolute accuracy was somewhat 
lower, coming to +0.0015 a. Theoretical data on the wave- 
lengths and probabilities of the 2~31-  ls31 transitions, and 
on the autoionization constants for the 2131' levels, were 
taken from the calculations of Refs. 47 and 48. A comparison 
of the experimental and theoretical wavelengths shows that 
all of the observed lines (1-13) correspond to some 
2p31- 1 s31 transition. However, a comparison of the experi- 
mental intensities of these lines with the values of the factors 

I. arb. units 

FIG. 12. a) Density of a segment of the x-ray 
spectrum near the 2 ~ ~ 2 ~ ~  1 ~ 0 - 2 ~ z 2 p 5 4 d  
3 ~ ,  , I D  I resonance lines of the Ne-like Cu XX 
ion (Ref. 33). Also shown here are satellite 
structures of the Na-like Cu XIX ion. b) Simu- 
lation of the experimental spectrum (A. Oster- 
held, Lawrence Livermore Laboratory) for 
N,= loz2 cm-3 and T,= 135 eV; c) same, for 
N,= loZ0 cm-' and T,= 135 eV. 

Q d ,  which determine their intensities in the coronal limit, 
yields differences that are too large. The explanation is that 
the coronal model becomes inapplicable for an ultradense 
plasma (which is exactly the situation when a target is heated 
by an ultrashort laser pulse), since collisional mixing of dou- 
bly excited states of Si XI11 is more efficient than collision- 
less decay when N,> ~ r n - ~ .  By calculating the kinetics 
of the satellites based on a full radiation-collision model 
(see Fig. lob), we can completely reconcile the experimental 
and theoretical data and reliably classify the satellite struc- 

arb. units I. arb. units 

FIG. 13. a) Spectral density near the reso- 
nance lines (3A, 3C, 3D--see notation, e.g., 
in Ref. I )  for the 2-3 transitions of the Ne- 
like Mo XXXlll ion. b) The same segments 
of the spectra simulated while taking into 
account satellite structtlres of Nn- and Mg- 
like ions; c) calculated results for the contri- 
bution from satellitc structures of the Nn- 

d Mo XXXl ions. 
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TABLE Vi. Na-like satellites (Rel'. 13) of the 4tl-2p lines of the Ne-like Cu 
XX ion. 

.hcxp. A] Afhem. Transition 
9.0984 ] 9.0984 1 I2p,/,4d1/2] , -2s22p6 

tures under study. Our results for the 2p3 1 - 1 s 3  1 transitions 
are shown in Table IV. 

Similarly, we have managed to decipher another type of 
satellite structure in the K spectrum of magnesium detected 
in experiments where magnesium targets were heated by a 
picosecond laser pulse2s,26,28 (Max Born Institute, Berlin). In 
this case, we recorded previously unobserved spectral lines 
in the vicinity of the 1 s2p ' P ~  - 1 s2 'so resonance line of 
the He-like Mg XI ion, which is located in the immediate 
neighborhood of known dielectronic satellites due to the 
1~2121'- ls221' transitions of Li-like Mg X (see Fig. 11). 
We assumed that these lines were associated with radiative 
decay of the doubly excited 1 s2121'31" states of Be-like Mg 
IX. Calculations of the atomic constants and kinetics of Mg 
1 ~ ~ " ' ~  confirm this assumption. In Fig. I I we show those 
segments of the spectrum that contain the most intense sat- 
ellites of this kind, obtained with an FSPR-I spectrograph, 
along with the results of theoretical modeling, while in Table 
V we identify the most intense ls2p213l1-ls22131' satel- 
lites. 

It is worth noting that the satellites we have identified 
have apparently been observed previously in strongly uncler- 
ionized laser plasmas. but inaclequate spectral resolution pre- 

cluded distinguishing them from the set of familiar Li-like 
satellites q, r ,  a-d, and k-j (see Fig. I I), leading to difficul- 
ties in interpreting the intensities of the latter (see, e.g., Ref. 
1). 

3.2.2. Satellite structures in the L spectra of heavy ions 

An example of satellite structure in the spectra of L ions 
(i.e., ions with an L-shell core) is provided by the satellites 
of the resonance lines of Ne-like ions; the latter result from 
transitions of Na- and Mg-like ions. On the one hand, this 
situation is one of the simplest involving L satellites to de- 
scribe theoretically (because of closed or almost closed shells 
in the configurations of excited levels for both the Ne-like 
ion itself and the doubly excited states of the ions respon- 
sible for the satellite structure); on the other hand, these Ne- 
like ions may themselves be useful, a possibility of great 
interest for various applications. 

We investigated satellite structures over the past few 
years for a number of heavy elements from Co to Mo, at first 
using spectrographs with crystals bent into cylindrical sur- 
faces (Johann spectrographs), and later using FSPR-1 spec- 
trographs. The use of the FSPR-1 spectrograph turns out to 
be of fundamental importance when the source of the spec- 
trum is low-energy (in particular, when the plasma is heated 
by ultrashort or low-power laser pulses). Thus, for example, 
using the FSPR-1 we were able to detect satellites of the 
n =  4- tn1=2  transition of Ne-like Cu XX in plasmas pro- 
duced by a long pulse from a XeCl excimer laser at a flux 
density of order loL2 w/cm2 (for laser pulse energies of 
= 4  J and pulse durations of =I20 ns). These  experiment^^^ 
were carried out at the Frascati Center of ENEA. An example 
of a spectrogram, along with the corresponding densitogram, 
is shown in Fig. 12, together with the results of theoretical 
modeling.33 By comparing the theoretical and experimental 
data, we were able to identify a large fraction of the observed 
spectral lines as transitions from doubly excited levels of the 
Na-like Cu XIX ion (see Table VI and Fig. 12). 

In investigating Na-like satellites, we used ion structure 
calculations based on the multiconfiguration Dirac-Fock 
method as implemented in the YODA and HULLAC pro- 
grams (see, e.g., Refs. 35,49-51). The good agreement be- 
tween calculated data and measurements shows that modern 
methods based on the theory of atomic spectra do indeed 
enable us to calculate the energy structure of multielectron 
ions with spectroscopic accuracy even for such complex ob- 
jects as a Na-like ion with a vacancy in its L-shell. There- 
fore, we have recently attempted to use these methods to 
decipher still more complicated satellite structure in the reso- 
nance line of Ne-like ions due to radiative transitions from 
doubly excited 1.s221731'31"31"' states of Mg-like ions.'" 
These experiments were carried out at the XP laboratory at 
Cornell University; the plasma was generated by exploding 
two intersecting n~olybdenum wires (X-pinch geometry), and 
its x-ray spectrum was recorded in the 4.4-4.95 A range by 
an FSPR- I spectrograph. 

Figures 13a- 13c show sample densitograms of the spec- 
tra, together with the results of theoretical sinlulations that 
take Na- and Mg-like satellite structures into account. Table 
VII" lists the wavelengths of the Mg-like satellites we have 
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identified. From these figures it is clear that the Mg-:ike sat- 
ellites are somewhat longer-wavelength than the Na-like sat- 
ellites, as a rule. This implies that most of the observed spec- 
tral peaks are produced by radiative transitions of an ion of 
one isoelectronic sequence. However, in several cases (e.g., 
the lines at 4.463 A, 4.509 A, and 4.886 A), they are a 
superposition of Na- and Mg-like satellites. In these in- 
stances, the experimental measurements yield some mean 
wavelength, which depends heavily on the relative abun- 
dance in the plasma of ions with various charge states, and 
which can differ when plasma sources of a different ioniza- 
tion state are used. 

4. HIGH-TEMPERATURE PLASMA DIAGNOSTICS: X-RAY 
SPECTROGRAPHS WITH SPHERICALLY CURVED 
CRYSTALS 

The x-ray techniques discussed in Sec. 2 can be used not 
only in the spectroscopy of multiply charged ions, as shown 
above, but also to extract information about the parameters 
of a plasma and the physical processes taking place within it. 
In this case, the advantages of the FSPR spectrograph, e.g., 
its high spatial resolution (in one or two dimensions) and 
speed, are most important, although high spectral resolution 
is still of no mean import, since many diagnostic methods are 

TABLE VII. Wavelength of  Mg-like resonance-line satellites of  the Ne-like Mo XXXIII ion. 

Transition -.-.-- 

upper level I lower level 
2s2p63s1 /23~3 j23ds / z  1 3 ~ 1 / 2 3 d j , / 2  
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TABLE 7. (Cotrlitrrrr~l.) 

*Blended with Na-like satellites. 

,Atheor, A 
4.8780 

based either on comparing the characteristics of closely 
spaced spectral lines or on the profile of an individual line. 
Their combination of all these qualities enables one to use 
FSPR spectrographs to investigate various spatial regions of 
the most diverse plasma objects (see, e.g., Refs. 12, 28, 31, 
34, 42, and 52-55). 

From the standpoint of diagnostic applications, the 
FSPR-2 design is very promising, providing two- 
dimensional spatial resolution as it does. However, we were 
unable to fully exploit its advantages in the case of nonsta- 
tionary plasma generation, because we had no way to record 
x rays with the required high temporal resolution (better than 
1 ns). However, the solution to the ill-posed problem of re- 
covering the spatial distribution of luminosity from a time- 

Lya Si XIV 

Transition 

integrated image is insoluble, even for axial or centrosym- 
metric objects. Therefore, in our studies we used FSPR-1 
spectrographs to obtain basic quantitative information, while 
the two-dimensional scheme was used to extract estimates 
that were qualitative rather than quantitative, albeit still very 
important in many cases. 

4.1. Diagnostlcs of an ultradense plasma 

By an ultradense plasma we mean a plasma with density 
close to that of a solid, i.e., with N,> ~ m - ~ .  Such plas- 
mas can be obtained under laboratory conditions, e.g., in 
laser compression of spherical targets, micropinches, or 
when a plane solid-state target is heated by ultrashort laser 
pulses (see, e.g., Refs. 28, 31, 34, 37, 52, and 53). The pa- 

- upper level 

2 ~ ~ 2 p ~ ~ ~ 2 p ~ ~ ~ 3 d 3 / 2 3 d s ~ 2 3 d ~ ~ z  

A211 = 6.6.10~ 
FIG. 14. Spectral density near the Ly, 
line of the H-like Si XIV ion, recorded in 

lower level 
3dj/23ds/2 

the emission of various plasma sources: 
a) X pinch plasma (Ref. 28); b) plasma 
heated by 300-fs light pulses from a 

N, = 6.1 0 2 2 ~ m - 3  XeCl laser (Ref. 37); c) plasma heated 
A 2 1  = 2.2. lo4 by radiation from a Nd laser with 2-ns 

pulses (Ref. 1). Also shown in the figure 
are results of theoretical modeling of the 
satellite lines of Li-like Si XI11 ions, cor- 
responding to 212p3f - l s2l3'1~ transi- 

N,= 102'cm-3 tions. 
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FIG. 15. Spectral density in an aluminum plasma (Refs. 42, 43) at various 
dist-es X from the surface of the target over the wavelength range 6.0- 
1 . 1 1  A . Dashed curves are experimental results, solid curves are the result 
of theoretical modeling. 

rameters of these plasmas are ordinarily determined by x-ray 
spectroscopic methods based on comparing theoretical and 
experimental values of the intensities of K satellites or reso- 
nance line profiles. Since ultradense plasma regions are nor- 
mally small (no more than a few tens of microns), the x-ray 
spectroscopic technique used must possess at least this de- 
gree of spatial resolution; if this is not the case, averaging the 
luminosity over less dense regions of the plasma can signifi- 
cantly overestimate the parameters in the compressed zone. 
Generally speaking, the required spatial resolution can be 
obtained by using classical spectrographs with slit widths 
= 10-20 pm; however, because these instruments are slow, 
they cannot be used for diagnostics of low-energy ultradense 
plasma objects, e.g., plasmas produced by ultrashort laser 
pulses. For the FSPR-1 spectrograph there are no such limi- 
tations. 

We used an FSPR-1 spectrograph to determine the pa- 
rameters of an ultradense plasma at the hot spot of an X 

distance from target, mm 

pinch, and of plasmas heated by femto- and picosecond laser 
pulses. The diagnostic method we chose was the well-known 
method of determining plasma parameters from the relative 
intensities of dielectronic satellites of the resonance line of 
H-like ions (see, e.g., Refs. 28, 3 1, 34,37,52, and 53). These 
intensities are less sensitive to spatial averaging, since the 
intensity of the satellite structures falls off rapidly with dis- 
tance from the hot region of a plasma, whereas resonance 
lines continue to radiate intensely at considerable distances 
due to repopulation of singly excited states of the ion in the 
course of recombination. 

Figure 14 shows segments of spectra near the Ly, reso- 
nance line of the H-like Si XIV ion obtained in experiments 
using (a) an X and (b) a laser plasma produced by 
300-fs pulses from a XeCl laser:7 along with (c) the spec- 
trum of a laser plasma heated by "long" (-2 ns) pulses 
from a Nd laser.' In all three cases, the plasma density can be 
determined from the intensity ratio of the triplet satellites 
2p2 3 ~ -  l s2p  3~ and 2s2p 3 ~ - l s 2 s  3 ~ ,  , which is 
sensitive to density. This technique yields N e =  1.2. 
6 .  and 1021 cmP3 for experiments (a), (b), and (c), 
respectively. The high density in case (a) is also confirmed 
by observation of the forbidden satellites6 
2p2 ' D ~ -  l s2p  3 ~ 2 ,  while the density in case (b) is con- 
firmed both by estimates of the width of the Ly, resonance 
line for the Si XIV ion and by the relative intensities of 
satellites of type 2131'- 1 s31'. 

Note that in case (b), the ratio of the intensities of the 
satellite 2p2 ID,- l s2p 'P, and resonance lines yields the 
rather low value Te= 460 eV for the electron temperature of 
the plasma. In this experiment, the flux density of the heating 
pulse is q= 4 loc8 w/cm2. Furthermore, before the primary 
laser pulse there is a pre-pulse that ensures the production of 
a pre-plasma. In light of these facts, the low value of T ,  and 
the value of the density N , = 6 .  ~ m - ~ ,  which exceeds 
the critical density for the heating x rays, imply that under 
the conditions of this experiment, the spatial region of the 
plasma where the luminosity peaks is located between the 
critical point and the surface of the solid. 

For the X-pinch case, we investigated the explosion of 
wires made of glass and aluminum with various thicknesses. 
The temperature and density of the hot spots differed some- 
what from one burst to the next, remaining in the range 

FIG. 16. a) Measured dependence of electron temperature 
and plasma density on distance to the target. b) Evolution 
of the ion content of an aluminum plasma as i t  expands 
over distances 0-3 mm (Refs. 42, 43). Lighter solid 
curve-H-like ions; heavier solid curve-Hc-like ions; 
dashed curve-sun1 of low-multiplicity ions. 

distance from target, mm 
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Satellites 

- 

FIG. 17. Spectrogram and characteristic 
densitogram (in the directions of anode 
and cathode) near the lsZ1S0- I S ~ ~ ~ P ,  
resonance line of the He-like Al XI1 ion - in experiments with an X pinch (Ref. 
59). 

Cathode . 
2=-3.31 mm 

I I r order - 

7.8 7.9 8 .O 8. l 8.2 8.3 

N,- cm-3 and T,= 550-950 eV, while the hot 
spot dimensions2' never exceeded =30 pm. 

4.2. Diagnostics of pulse-generated plasma objects in their 
decay stage 

Once the pulse that produces a high-temperature plasma 
has ended (or even somewhat sooner), its decay begins. At 
this stage, the density and temperature of the plasma fall, and 
its dimensions increase. X-ray spectroscopy makes it pos- 
sible to follow the variations in plasma characteristics, and to 
track plasma evolution at this stage. At this point the most 
important requirement on the x-ray instrument is that it be 
fast: the faster the instrument, the fainter and less dense the 
plasma regions that can be studied. In this case, the require- 
ments on spectral resolution are not very stringent, since usu- 
ally only well-isolated spectral lines are observed (such as 
the resonance series of K ions, for example). 

In this section we illustrate the capabilities of FSPR 
spectrographs to address this kind of problem with two ex- 
amples. The first of these is a study of a freely expanding 
laser plasma of aluminum43 (for the conditions of this experi- 
ment see above, Sec. 3.1.1 .). The use of fast FSPR-I spec- 
trographs enables us to obtain spectrograms suitable for 
quantitative processing, corresponding to distances from the 
target surface up to x--3-5 mm. These spectrograms contain 
the 1 snp '  P ,  - I s2  'so lines of the resonance series of He- 
like Al XI1 ions with n=6-10, whose intensity ratios are 
used to cletermine the plasma parameters. For this, we calcu- 
lated the kinetics of the A1 XI1 ion in plasma in the quasi- 
steady-state radiation-collision model for various values of 

N, and T, . We then chose N, and T, for each distance x so 

as to ensure agreement of the observed spectral line intensi- 
ties with the calculated results. In Fig. 15 we show densito- 
grams of the spectra radiated by laser plasma regions located 
at distances x2.1-3 mm from the target surface (dotted line), 
and the results of kinetic calculations for the chosen values 
of N, and T, (solid curve). The functions N,(x) and T,(x) 
measured in this way are shown in Fig. 16a. Note that in 
plasma regions close to the target (xG0.3 mm), the values of 
N, are calculated from the shape of the A1 XI1 spectral lines, 
while the value of T, is obtained both from the ratio of the 
intensity of the resonance line of this ion to that of its dielec- 
tronic satellites, and from the intensity ratio of the 
3p 2 ~ -  1s 2~ line of Al XI11 to the 1 s 7 p  ' P I -  l s 2  'so 
line of A1 XII. 

The functions N,(x) and T,(x) obtained in this way can 
be used to determine other parameters of the expanding laser 
plasma. For example, substituting them into the system of 
nonstationary kinetic equations enables us to track variations 
in the charge composition of the plasma as it disperses (a 
problem of high current interest in connection with the cre- 
ation of laser injectors of multiply charged ions; see, e.g., 
Refs. 57, 58). Plots of the abundances of ions of various 
multiplicities obtained in this way are shown in Fig. 16b. 

A second example comes from the study of X-pinch 
plasmas in regions far from the hot point. In experiments at 
the Cornell XP l a b o r a t ~ r ~ ~ ~ ~ ~ ~  we obsel-ved that during the 
explosion of aluminum wires in the X-pinch geometry, the 
spectrum of the x rays from plasma regions located between 
the hot spot ant1 the anode containeil many spectral lines 
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FIG. 18. nplcal  features of  spectrohel~ogram near 
the 1 s2 IS,- 1 s 2 p  ' P , resonance lme of the He- 

' mm [ m .. '=I0 T like plasma, h4g and XI o n  durlng dunng mteractlon free expansion wlth a 10-T of a axlal laser 

magnetlc field. a) FSPR-2 spectrograph, sphencal 
I I I I 

mica crystal with R =  100 mm; b) FSPR-1 spec- 
9.20 9.25 A 9.2 9.3 A trograph, spherical mica crystal with R =  100 mm. 

corresponding to radiative decay of 2 p -  1s autoionization 
states of Li-, Be-, B-, and C-like ions (see Fig. 17). Theoreti- 
cal investigationss9 showed that excitation of these lines in 
these regions is attributable to the generation of an electron 
beam in the vacuum diode that arises as the hot spot at the X 
pinch decays. Comparison of the experimental and computed 
values enables us to estimate both the plasma temperature in 
this region (which turned out to be =30-80 eV) and the 
electron beam density (of order lop7 of the plasma density 
in this region, or -- 1018 cmw3). 

4.3. High-resolution imaging spectroscopy for qualitative 
plasma diagnostics 

There are a number of problems which, first and fore- 
most, require information about the spatial structure of the 
plasma under study. In these cases, we can use the x-ray 
spectroscopic instruments with two-dimensional spatial reso- 
lution described in Sec. 2 above (FSPR-2; defocusing, focus- 
ing and Cauchois spectrographs with slits; and transmission 
diffraction gratings). If the images of centrosymmetric or 
axisymmetric objects are temporally resolved, subsequent 
mathematical processing enables us to obtain quantitative in- 
formation about their spatial structure. If not, the results are 
more clualitative, although information of this kind sonie- 
times turns out to have a considerable influence on our un- 
tlerstantling of plasnia processes. 

We used spectrograms with two-dimensional spatial 
resolution-so-called spectroheliograms-to estimate the 
size and shape of plasmas. For example, in a freely expand- 
ing laser plasma, these spectroheliograms enable us to esti- 
mate the change in transverse dimensions of the plasma 
plume as it departs from the surface of the target. In Fig. 18, 
we show spectroheliograms of a laser magnesium plasma 
taken in both resonance and intercombination lines of the 
He-like Mg XI ion when the plasma was expanding freely 
(a), and expanding in an axial magnetic field with induction 
B= 10 T (b).42 In these spectroheliograms, the influence of 
the magnetic field on the structure of the laser plume is very 
clear: whereas in free expansion the plasma broadens into a 
cone with apex angle =30°, in the presence of an external 
magnetic field, a plasma jet formed at a distance x= l  mm 
from the target extends without broadening at least out to 
distances of approximately 5 mm with no appreciable reduc- 
tion in luminosity. 

The use of a spectrograph with spatial resolution makes 
it possible to study the spatial structure of x-ray sources, 
which is especially important in investigating complex 
plasma objects of the sort produced in experiments with the 
Angara 5 accelerator (2 mA, 100 n ~ ) . ~ '  These experiments 
investigated the possibility of stabilizing a pinch when com- 
posite loatls are used for the diocle-specifically, in the com- 
pression of a hollow gas shell onto an axial wire load. De- 
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tailed studies of the structure of the hot plasma formation is 
possible only when imaging spectrometers with one- or two- 
dimensional spatial resolution are used. The typical size of 
an object and its irregularities are of order tens (or even 
hundreds) of microns. Furthermore, it is bright, and emits 
over the spectral range from 3 to 15 A. We were therefore 
able to investigate it with spectrographs that utilized convex 
mica crystals. 

In these experiments, we investigated composite Z 
pinches with wire and gas loads (Fig. 19a). In several cases, 
the composition of the wire load was complex, e.g., 
palladium-clad copper wire, or an agar-agar cylinder with an 
admixture of NaCl or Mo. Often the composition of the gas 
shell was also complex, e.g., a mixture of Ne and Ar. In this 
case, using spectrographs in various orientations (see Sec. 
2.1 .I), we recorded spectra with spatial resolution along the 
axis and radius of the object, which we could use to identify 
precisely where and how the pinch occurs in the gas shell 
and the wire. 

Figure I9 shows spectrograms of x rays from coniposite 
Z pinches with various loads, obtained by using a spec- 

FIG. 19. Convex-crystal spectrographic images of a Z-pinch 
plasma with gas bleed and a wire load. a) Layout of diode and 
load. mo-dimensional images of  plasma objects obtained us- 
ing spectrograph with axial resolution, in the lines of b) Ar 
XVIl (load: Ar plus CD, filament); c) A1 XI1 (load: A1 wire). 
Images of plasma objects obtained using a spectrograph with 
radial resolution, in the lines of d) Ar and A1 (load: Ar plus Al 
wire); e) Ar and Cu (load: Ar plus Cu wire). 1, Z d i o d e  elec- 
trodes; 3-gas jet; 4-wire load. 

trograph with a convex mica crystal. It is clear from Figs. 
19b and 19c, where we show two-dimensional images of the 
plasma produced by gas shell and wire, that the center of the 
load does not radiate (Fig. 19c), i.e., only the exterior ex- 
panding layer of the wire (which is pinched) is heated, pre- 
cisely mimicking the structure of the gas jet (Fig. 19b). In 
Fig. 19e we show plasma spectrum from an argon Z pinch 
with a copper wire, from which it is clear that the pinching 
action of the argon shell takes place at a radius of 1 to 1.5 
mm, whereas the copper wire, which exhibits essentially no 
free expansion (merely expanding from 20 to 300-400 
pm), remains at the center of the target, where it is pinched 
and produces hot spots. When the wire load is made of nia- 
terial with lower Z than that of the gas jet (in our case, Ar 
and Al) (Fig. 19d), it expands out to roughly the same dis- 
tance from the center of the pinch, i.e., 1-2 mm. 

Our studies showed that there is no hot core in a com- 
plex Z pinch of this kind, and the plasma is heated out to 
distances of 1-2 nini from the axis of the object. It is likely 
that in the initial stage of the process, the cliotle current flows 
along the gas shell, heating ancl compressing it; there is also 
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FIG. 20. a) Densitogram and image of a 
segment of  the spectrum of H-like and He- 
like 'I? ions in the plasma of an X pinch 

crystal dispersion; b) densitograms and 
images of the spectrum near the K,,, 
K,? lines recorded bv an FSPR-1 swc- 

I 
-- 

trograph in the 7th reflection order of a 
I I 

I * l r  mica crystal with radius of curvature 
23 2.6 2.7 1 R = 250 mm. 

a slight heating and expansion of the wire under the action of 
emission from the shell plasma. When the two collide, the 
boundary layer between the shell and wire is heated, which 
also accounts for the identical structure of the shell and wire 
x rays. 

The fine structure of X and Z pinches arising from the 
explosion of various types of wires (see Figs. 3 and 20-22) 
can be investigated similarly, i.e., by determining the number 
and size of hot spots, their ion content, temperature, and 
density. Figures 3b and 3c show spectrograms of X-pinch 
emission derived from Cu wires, obtained using a FSPR-I 
spectrograph in a single shot. Using various orders of reflec- 
tion from the mica, and x-ray films with various sensitivities, 
we were able to record images of the plasma in a single burst 
using the same spectrograph in fairly well-separated spectral 
regions. It is clear froni these spectrograms that the emission 
from the CI-oss of the X pinch has a coniplex structure con- 

sisting of soft x rays from Ne-like copper ions (Fig. 3b), hard 
x rays from the K, line of weakly ionized copper (Fig. 3c), 
and continuum x rays in the 3-6 A, observed on both films. 
The continuum emission is typical of the most compressed 
regions of the plasma, i.e., individual hot spots roughly 20 
p m  across. Softer x-ray emission of Ne-like copper is ob- 
served near the hot spots out to about 100-200 p m ,  while 
K, emission stal-ts roughly 300-400 p m  in the direction of 
the anode, and extends out to 3-4 mm or more. We see this 
sort of behavior in Figs. 3d and 3e, which show spectro- 
grams of the emission from a Pd wire X pinch. 

In a Z pinch, the structure of the emission froni each hot 
spot is also complicated: we often record the spectra of both 
highly ionized ions and lines from the K and L series of 

'Ions near an weakly ionized ions in the emission from re&' 
individual hot spot (Fig. 20b). Note that the regions emitting 
these lines are smaller than in an X pinch (see Figs. 20a ancl 
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FIG. 21. a) Wire support in the 
X-pinch experiment. Images of x 
rays from an X-pinch plasma pro- 
duced by tungsten wire, recorded 
with the following spectrographs: b) 
Cauchois, with a (lo? 1 )  quartz crys- 
tal with radius of curvature R = 250 
mm and slit in front of the crystal 
parallel to the crystal dispersion; c) 

Z, mm x-ray microscope, mica crystal with 
radius of curvature R =  186 mm; d) 
FSPR-2 spectrograph. Idathode; 
2-anode; 3--crossed wires of the X 
pinch. 

20b). Spectrograms recorded with an FSPR-1 spectrograph 
from X and Z pinches involving light materials (Fig. 3a) 
exhibit notable expansion of the emitting plasma. As a rule, 
emission from the anode side is considerably weaker than 
from the cathode side. Using these lines, we can determine 
the plasma parameters both at the center of the pinch and its 
periphery. It is clear from these spectrograms that the heavier 
the wire material used to produce the X pinch, the weaker the 
plasma expansion observed in the emission lines of highly 
ionized ions, and the smaller the zone emitting in the con- 
tinuum. 

Previous investigations of the structure of plasmas in 
hard x rays used only camerae obscurae with filters. Only 
recently developed spectrographs with spatial resolution en- 
able us to observe the structure of hard radiation in indi- 
vidual spectral lines. Figure 21 shows images of a plasma in 
various lines of the L spectrum of tungsten as recorded by 
various ins t r~ments .~~ In this experiment, to ease line identi- 
fication and spatial calibration, we positioned a piece of cop- 
per foil at the anode (see Fig. 21a). The very fact that we 
detected lines of the tungsten L series indicates that an elec- 
tron beam formed in the diode, and then generated the char- 
acteristic x rays of that series. If we possess spatially re- 
solved spectra, we can thus determine the point at which the 
beam is generated-in the present case, the region where the 
wires cross. In a plasma pinch, an explosion takes place in 
the vicinity of this crossing. In essence, this is a miniature 
vacuum diode in which electrons are accelerated. The elec- 
tron beam then interacts with the relatively cold plasma on 
the anode side of the X pinch, causing it to emit radiation. By 
spatially resolving this emission, we can observe the struc- 
ture of the X-pinch plasma from the cross out to the anode. In 
Figs. 3 and 21, for example, we can see enlission from the 

wires of the X pinch, and the plasma jet escaping from the 
cross in the direction of the anode. In Fig. 21b, emission 
from the copper foil is also evident in the K, and Kg lines of 
copper. 

For certain problems, there is interest in investigating x 
rays at 20-100 A, which does not fall within the "crystal" 
range. Techniques involving transmission diffraction gratings 
are exceedingly effective here, and we employed them to 
study the structure and estimate the absolute spectral density 
of plasma emission from fast X and Z pinches at 5-100 A. 

Figures 22b-22e illustrate several characteristics of im- 
ages obtained with transmission diffraction gratings: a 
plasma pinch in an Ar+Ne gas jet (b) and exploding tung- 
sten wires in the Z- (c) and X-pinch configurations (d,e). It is 
very clear that all of these have similar hot-spot structure 
(except that these hot spots are seldom very numerous for an 
X pinch; sometimes only one appears, at the point where the 
wires cross, as in Fig. 22d). In our experiments with X 
pinches, the maximum spectral energy density of the emis- 
sion from hot spots, 2-8 J/A, comes at 50-80 A (for the Z 
pinch, this energy is distributed across several hot spots). The 
core region of the pinch, which is hotter and emits harder 
radiation ( A 4  A), is an order of magnitude less intense 
(-0.3-1 JlA). This probably results from differences not so 
much in the sizes of regions within the source that emit in 
different spectral ranges (from less than 10 p m  for hard x 
rays with A<4 A to more than 1000 p m  for soft x rays with 
X>20 A) as in the various "lifetimes" of the hot spots, 
which emit over a very brief interval (T S I ns), and of the 
more friable "corona," which exists (and emits) throughout 
the discharge, i.e., about 100 ns. Integration over the entire 
spectrum yields an estimate of the radiated spectral density, 
I =  1-2 JIA. We then find W= 10'- lo8 WIA for the mean 
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FIG. 22. Plasma object images obtained with a transmission diffraction grating. a) Optical layout of grating; b) plasma object in a Z pinch with gas bleed 
(mixture of Cr and Ne); c) plasma object in a tungsten-wire Z pinch; d, e) plasma object in a tungsten-wire X pinch with one (d) and several (e) closely-spaced 
"hot spots," respectively. I-x-ray source; 2--entrance pupil in the form of an obscura; 3-transmission grating aperture; 4-tantalum transmission diffrac- 
tion grating of diameter 25 p m  and grating period 1 pm;  5-plasma image. 

TABLE VIII. Fundamental properties of an X-pinch, measured using X-ray imaging spectroscopy. 

Wire framework 
Tenuous plasma 
Jets 
Dense plasma 
Hot spot 
Electron beam 
Ion beam 
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Region Temperature, 
eV 

S k 9  I Density, 
mm cm 

Time, 
ns 

- 

Range, 
Energy, 
J 

, A I 



Anode - 
Wire 
framework7 

Dense 
plasma 

T e n u o u s 1  4 
plasma 

Electron 

7 beam 
Hot spot 

I 
k t  Ion beam 

Cathode 

FIG. 23. Emission zones of an X pinch, and a table of their fundamental 
characteristics measured by various x-ray imaging spectroscopy methods. 

spectral power of our source. The intensity of the more dif- 
fuse emission from the gas jet, which occupies a larger vol- 
ume, is approximately an order of magnitude lower. 

Of course by using the full complement of x-ray spec- 
trometers and diagnostic methods described above, we can 
obtain reasonably complete information about some arbitrary 
plasma object. For example, Fig. 23 shows the results ob- 
tained in this way in a study of X pinches. Naturally, we 
cannot claim to have a complete description of the physics of 
an object as complex as a micropinch, but these data serve as 
a starting point in constructing a theory of the X pinch, and in 
testing its implications. 

5. CONCLUSION 

In this study, we have shown that the emergence of a 
new class of instruments for x-ray imaging spectroscopy, 
which includes fast spectrographs with spherically curved 
crystals, transmission diffraction grating-obscurae and 
multilayer Bragg-Fresnel lenses, significantly enhances ex- 
perimental spectroscopy of high-temperature plasmas. By us- 
ing these instruments for atomic spectroscopy of multiply 
charged ions, we can more accurately measure the wave- 
lengths of x-ray lines (primarily because emission spectra 
can now be recorded from relatively tenuous regions of the 
plasma, where line broadening is small) and investigate pre- 
viously unobserved low-intensity spectral transitions. 

With regard to plasma diagnostics, these instruments en- 
able us to obtain information about spatial distributions of 
the plasma parameters (in one or two dimensions) of both 
nonuniform plasma micro-objects with linear dimensions 
<I00 pm (e.g., micropinches or dense regions of a laser 
plasma) and extended plasma sources in regions of low lu- 
minosity (e.g., freely expanding laser plasmas far from a 
target). In our opinion, further progress in this field will re- 

sult from the amalgamation of such x-ray spectroscopic im- 
aging instruments with recording instrumentation that pro- 
vides high temporal resolution. 
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