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A stigmatic spectrograph for the wavelength region 170-190 A is realized experimentally,
including two identical normal-incidence multilayer mirrors (Ao=180 A, r=2000 mm) and a
plane grazing-incidence diffraction grating. It is used to obtain spectra of multiply charged

ions in laser produced plasmas. A resolving power of A/S\ =24000 is demonstrated with an
astigmatic slit height of 16 uwm and a reciprocal linear dispersion of 0.35 A/mm. The

profiles of the 2p—3s transition of the Mg IV ion at different distances from the target surface
are analyzed. A comparison of the experimental intensity profiles with calculated ones
indicates that the ‘‘red’’ wing of the lines fits a Holtsmark distribution with a quadratic Stark
effect. It is shown that the theoretically calculated lineshape of the
2p32P%—2p*(*P)3s%P transition of Mg IV is sensitive to the electron density 7, , which can be
measured by this method at various distances from the target. © 1996 American Institute

of Physics. [S1063-7761(96)01611-3]

1. INTRODUCTION

Up to now the main instrument for spectroscopy in the
soft x-ray range (30—300 A) has been the concave diffraction
grating.!

Research on x-ray lasers has stimulated the development
of a new scheme in which a plane grating with a variable
period is used together with a grazing-incidence focusing
mirror.2 This spectrometer is tuned by rotating the grating
while the radiation detector is fixed (an interval of several A
is measured at each stop). The instrument maintains a reso-
lution of =30 000 over 130-210 A. It has been used to
observe a fivefold narrowing (to 10 mA) of the 206.38 A line
at the (2p§,23p3/2)2—(2p§,23s1,2)1 lasing transition of neon-
like Se XXV (Ref. 3), the absence of broadening of the same
line owing to saturation,’ and hyperfine splitting (28 mA) of
the J=0—1, 3p—3s transition (1459 A) of neon-like
Nb XXXII (Ref. 4).

A monochromator with a plane grating in a converging
beam of synchrotron radiation reflected from an ellipsoidal
mirror has been used to obtain a resolution of 11 000 at 190
A (Ref. 5). This system was proposed by Petersen.®

Grazing-incidence schemes have extremely narrow ac-
ceptance angles (< 10™# sr) which cannot be increased with-
out loss of resolving power.

Increasing the input solid angle and eliminating astigma-
tism require the use of normal-incidence optics, which has
become possible in this wavelength range with the develop-
ment of multilayer interference coatings. A multilayer Mo-Si
coating (Ao=156 A) deposited on a replica of a spherical
ruled grating has made it possible to attain a resolution of
14 000 in a Rowland configuration after deduction of the slit
apparatus function’ (without this procedure the resolution
was 9200).

We have developed a concept for high-resolution soft
x-ray spectral devices that are stigmatic and have high ac-
ceptance, a combination of properties that were previously
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only characteristic of apparatus for the visible and ultraviolet
regions. This makes it possible to record spectra with simul-
taneous high spatial and spectral resolution, and to determine
the parameters of nonuniform plasmas in different spatial
regions.

We have avoided the classical Rowland configuration
with a concave diffraction grating and grazing incidence of
the radiation. Our approach®® is based on separating the
functions of dispersion and focusing, as is traditional for vis-
ible spectroscopy, and on the ability of multilayer mirrors to
form an image with a resolution close to the diffraction limit.
Experimental confirmation of this will be given in Section
2.2. Normal-incidence multilayer mirrors are the focusing
elements and the dispersive element is a plane grazing-
incidence diffraction grating. This configuration combines
high spectral resolution and the ability to obtain a stigmatic
image of the entrance slit. A point on the entrance slit, which
is vertical, is imaged onto the spectral (horizontal) focal
curve in the form of a vertical segment with a height on the
order of hundredths of a millimeter. In a first realization of
this scheme (two multilayer spherical Mo—Si mirrors with
D =40 mm, \y=135 A, and r=1000 mm, and a plane 1200
groove/mm 30 mm (height)X28 mm (width) diffraction
grating), a spectral resolution of 4-10° was obtained with a
vertical astigmatism of 35 mm.'°

In this paper we describe a new device of this type for
wavelengths of 170-190 A. It has been used to record spec-
tra of Mg, Fe, F, and V ions excited during irradiation of
solid targets with radiation from a periodically pulsed laser at
irradiances of up to g;~10'2 W/cm?. A spectral resolution
of N/ &\=24 000 was obtained. The high resolution and the
stigmatic imaging make it possible to observe the quadratic
Stark effect in the 2p*3s levels of the Mg IV ion owing to
the electrical microfields in the dense plasma.
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2. DESIGN AND OPTICAL ELEMENTS

2.1. Optical configuration of the spectrograph

The optical configuration of the stigmatic spectrograph
is shown in Fig. 1. The normal-incidence multilayer mirrors
MMI and MM2 (Ay=180 A, r=2000 mm, D=60 mm)
served, respectively, as the objectives for the entrance colli-
mator and camera. The dispersing element was a plane dif-
fraction grating G with a gold coating (p= 1800 groove/mm,
blaze angle (1 ="7°, height of grooves H=30 mm, width of
grooved portion W =40 mm) mounted for grazing incidence.
The second (m= —2) outer order of the spectrum was used.
The radiation was detected by an UF-4 plate (F) with a reso-
lution of 170 lines/mm.

A laser produced plasma (LP) was produced by the sec-
ond harmonic (A =0.54 um) of the output pulse from a
single-mode Nd:YAIO; laser with a passive Q-switch (the
laser pulse energy at the target was up to 0.15 J; its duration
was 5 ns).!" The beam was focussed by a fused quartz lens
(f= 106 mm) onto the surface of a rotating target (T) several
millimeters from the entrance slit (S). Targets made of ma-
terials with different nuclear charges were used. The size of
the focal spot was varied. In order to prevent parasitic illu-
mination, the target and entrance slit assemblies were
mounted in a light-tight case with openings for the laser light
and soft x-ray radiation. All of the optical elements of the
spectrograph, target, focussing lens, and steering mirror were
fastened to a vibrationally isolated duraluminum optical slab
(size 1100X 580 mm?). The spectrograph was placed in a
large vacuum chamber with a diameter of 0.9 m and a length
of 4 m equipped with oil-free pumps.'? The laser light passed
through a window with an antireflection coating at A =0.53
pm mounted in the end flange of the vacuum chamber.

The dispersing element serves as the aperture stop of the
spectrograph; thus, the theoretical resolving power is

Ho=mN=mpW=1.44-10".

The principal aberration of this optical system which af-
fects the resolution is meridional coma. When off-axis angles
v,=0.77° and y,=1.07° are used, the combined aberration
in the dispersion direction at the center of the working region
of the spectrum (180 A) is 4 wm. The aberration in the
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FIG. 1. Optical layout of the spectrograph.

direction of the slit height is mainly determined by the astig-
matism and for the chosen grating groove height it is 16
pum.

The low reciprocal linear dispersion d\/d[.was a result
of using the grating in the outer orders. For a=22° and
B=7.26° (the grazing a and diffraction B angles are taken
relative to the grating surface) it is 0.35 A/mm. Table I
shows the spectral intervals S\ that are permitted by the
dispersing element, optical geometry, and detector. The com-
bined dispersion spot is then 8 um and the maximum reso-

lution (with an infinitely narrow entrance slit) is
J6=64000.

The system was aligned with a He—Ne laser (A~0.63
um) with the aid of an optical-mechanical goniometer when
the diffraction grating was replaced by a glass plate of
equivalent thickness and larger width (W =100 mm). The
alignment of this kind of system with visible light is dis-
cussed in more detail elsewhere.'®

2.2. Normal-incidence multilayer mirrors

The multilayer Mo—Si coatings were deposited by single
pass magnetron sputtering in an argon atmosphere at the
Kharkov Polytechnical Institute.'®

In order to study the spectral characteristics of multilayer
mirrors a method for topographic study of the mirrors has
been developed'*~!* which can be used to observe the reduc-
tion in the resonant wavelength A, toward the edge of the
aperture, which is asymmetric relative to the center of the
aperture of the multilayer mirror and the reduction A\, in
the half width of the local reflection curve, as well as to
demonstrate the effect of the resonance reflection curve
R(\,r) (r is the coordinate in the aperture) of the multilayer
mirror on the integrated reflection coefficient of the pair of
mirrors.'® Because of the resonant character of the reflection
from a multilayer mirror, the working bandwidth of the ap-

TABLE I. Limiting spectral resolutions owing to diffraction (6\),;,, me-
ridional coma aberration (8\) ., » the spatial resolution of the UF-4 x-ray
film (8\)yiy, » and the combined effect of these factors VE(8N)2.

(8M) iy mA (8N comasMA (N mA  JE(BN)7, mA
1.25 1.4 2.1 2.8
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FIG. 2. An image of a slit with subsecond angular resolution produced by a
normal-incidence multilayer x-ray mirror. (8 is the angular size of the image
of the slit.)

paratus is limited to A\g= A\ ,, where N\ (= 2dn is the wave-
length at which the reflection coefficient of the multilayer
mirror is highest for normal incidence and A, is the full
width at half maximum (FWHM) of the spectral reflection
coefficient.

The focal properties of the multilayer mirrors have been
studied elsewhere.!” Quasi-monochromatic images of a two-
dimensional test object and slit, created with the aid of the
focusing multilayer mirror, were recorded with subsecond
angular resolution on a type UF-n x-ray photographic plate
developed at NIIKhIMFOTOPROEKT, Inc. This film pro-
vides a resolution of at least 350 lines/mm. Figure 2 shows a
microdensitometer trace of the image of a five-micron slit
obtained with a 1:1 magnification with the aid of an Mo-Si
mirror (D =25 mm). An analysis of this image (including the
grain size of the photographic emulsion, 1-1.5 wm) showed
that the image of a point source created by the mirror had a
size of less than 2.5 um or 0.3” (at least in terms of width).
The closeness of the intrinsic resolution of the multilayer
mirror to the diffraction limit (A\/D=0.15") serves as an ex-
perimental justification for the use of multilayer normal-
incidence x-ray mirrors in high and ultra-high resolution
spectroscopy.

2.3. Resolving power of the instrument

The experimental results were processed using an auto-
matic scanning microdensitometer with a laser displacement
measurement device.'® The spectrophotometer traces pre-
sented in this paper were scanned with a step size of 8\/2,
where A~0.63 um is the wavelength of the He—Ne laser,
while the microdensitometer trace of Fig. 2 was obtained
with a scan step size of 4\/2.

Figure 3 shows an unsmoothed fragment of a spectrum
obtained by irradiating a teflon (CF,), target and taken at a
height of 145 wm. This is the 2p4s—2p? 178.540 A line of
the F IV ion which lies between two strong lines of the F V
ion."” The overall linewidth at half maximum is 7.4 mA,
which gives the instrument a resolving power of
N/ &\ =24000.
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FIG. 3. The A=178.540 A F IV line with a width of 7.4 mA recorded
during irradiation of a (CF,),, target.

3. STARK BROADENING IN LASER PRODUCED PLASMAS

3.1. Experimental profiles of an Mg IV line

Figure 4 shows a photograph of part of the spectrum of
Mg IV (four components of the multiplet splitting of the
resonant 2p°—2p*(®P)3s transition between the 2P°—2p
terms), obtained in 900 laser shots, which shows clearly the
high stigmatic quality of the apparatus. A level diagram is
shown in Fig. 5.

The “‘blue’” dip, which is present in the lines at the
target surface (see Fig. 4) is explained by reabsorption of the
radiation in the plasma. Descriptions of this effect in an op-
tically thick plasma?® and in an expanding laser-produced
plasma?®! have been given elsewhere. Thus, with high expan-
sion velocities the dip is assumed to exist even in an optical
thin plasma.?! We believe that the most probable reason for
the blue dip is absorption in the outer, colder layer of the
expansion cone of the plasma which has a velocity compo-
nent in the direction of the observer. The unshifted positions
of the lines essentially coincide with the center of the reab-
sorption lineshape at the target surface. With increasing dis-
tance from the target, the central frequency of the reabsorp-
tion is shifted to shorter wavelengths owing to the Doppler
effect and reproduces the well-known saturation of the ex-
pansion velocity which has been observed spectroscopically
before.?? Because of the uncertainty in the reemission func-
tion, in the expansion velocities of the plasma, and in the
sizes of the absorbing region, this effect was not examined
quantitatively.

Densitometer traces of the Mg spectrum obtained on an
automatic scanning microdensitometer'® are shown in Figs. 6
and 7. Density was converted to exposure using the blacken-
ing curve for the UF-4 plate. Then the background, which
was the same for all the densitometer traces, was removed
additively and the spectrum was Fourier-filtered to eliminate
the film noise. It is convenient to compare the calculated
lineshapes with the Fourier-filtered experimental profiles
(smooth curves in Figs. 6 and 7).

3.2. Pressure-broadening mechanisms

The interaction with the nearest 3p levels owing to the
electric microfield of the electrons and ions in a laser-
produced plasma causes a shift and an effective broadening
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FIG. 4. Photograph of a segment of the spectrum of Mg IV (2p°—2p*3s transition). The shift in the resonance lines is caused by the quadratic Stark effect.
The dips are caused by absorption in the cold outer region of the laser produced plasma; their shift to shorter wavelengths is explained by the Doppler effect

in the expanding plasma.

of the upper 3s levels. The relationship between the time a
perturbing particle interacts with this system and the recip-
rocal of the frequency shift necessitates use of either a col-
lisional or quasistatic mechanism for describing the line-
shape. In the case of broadening by the electrons, the
integrated intensity of the line is almost completely concen-
trated in the collisional region and is fit by a Lorentz profile.
Ion broadening is mainly quasistatic and produces a long-
wavelength (‘‘red’’) wing in the profile. Both mechanisms
are statistically independent, so that, in general, the lineshape
is described by a convolution of Lorentz and quasistatic dis-
tributions.

The lower level of the transition being considered here is
the ground state, so its broadening and shift can be ne-
glected.

3.3. lon broadening

The electric field # created by the ensemble of randomly
distributed charged particles in the ideal-gas approximation
(neglecting the mutual correlation in the positions of the
ions) is described by the Holtsmark function H (),

Wy(£)dE=H(B)dB, B=21%,,

{3
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#0=2.6(Z—1)eN7>,
)
dx,

2 w0
H(ﬂ):—ﬂ;ﬁjo X sin x exp

where N is the density of the perturbing ions and the charge
of the atomic core (spectroscopic symbol) is Z=4. (We as-
sume that the maximum in the density distribution of the
ions corresponds to Mg IV.)

The function H(B) can be approximated by the expres-
sion

B* 1+bdp
T+ 1+@p”

H(B)= (2

which is asymptotically exact both for B<1,

H(B)~aB?, a=4/3w,
and for g>1,
H(B)wgﬁ‘”, b=1.496551-,
cd a
c=0.06, d=0.85.

A comparison with exact numerical data®® shows that the
error is less than 3—5% in the region B~ 1.

The shift AE in the level of a non-hydrogen-like ion
acted on by an external electric field # is determined by the

quadratic Stark effect,

AE=S [(7#Dly")?

_—-_—’ (3)

71 E.y—E,yr
where D=er is the dipole moment operator, y, E,, and
¥', E,» are the quantum numbers and energies of the per-

turbed and perturbing levels, respectively.
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FIG. 5. A diagram of the resonance transitions of Mg IV.

Then, using the approximation of a hydrogen-like ion for
calculating the matrix element and average distance AE,, to
the perturbing level, we obtain the skift in the upper
s-level:

Ry ni(ni -1)

AE= 3RyAE(_ ) — (4)
where n,=2.3 is the effective principal quantum number,
=#2%/me*=0.5292-10"8 cm is the atomic unit of length,

e is the electronic charge, Ry is the Rydberg constant, and

A
AEZA_

{JU

where the sum was taken over the five perturbing levels of
the nearest 3p level.
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FIG. 7. Fragments of the microdensitometer traces of Fig. 6a. The vertical
lines denote the position of the center of the unshifted line which was found
by scanning at a distance of 700 um from the target surface (Fig. 6b). The
broken curves are theoretical profiles obtained for n,=2.5-10%° cm™* (dot-
dashed with two points), n,=1.8-10%° cm™* (dotted), n,=1.3-10%° cm™*
(dashed), and n,=0.5- 10 cm ™3 (dot-dashed).

The intensity distribution in the line is proportional to
the statistical weight of the configuration of the perturbing
particles for which the frequency of the atomic oscillator lies
within the interval w,w + dw:

I(w)dw=1,W(£)d¥. )

Finally,” for quasistatic broadening by the ions we ob-
tain (w<w,)
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FIG. 6. Spectum of the

AA 2p*CP)3s2P—2p> 2P° transition

b of Mg IV. The microdensitometer

traces were obtained by scanning the
spectrum of Fig. 4 at different dis-
tances / from the target surface: (a)
h=0, (b) h=700 um. The smooth
curves are Fourier filtered experi-
mental spectra with the background
subtracted; the dashed curve is a pro-
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TABLE II. Excitation rates for the 3s—3p transition.

TABLE III. The parameter g;f;; for the multiplet components of the Mg IV
2p° 2P°—2p*(*P)3s2P transition calculated with the ATOM program?®

kT, /Ry 16 8 4 2 and GRASP-2 program® (with Coulomb and Babushkin gauges).
Te, eV 217.60 108.80 54.40 2720 y,. J,, ATOM (LS-coupling) GRASP-2(B) GRASP-2(C)
ZXv0)3-3p,
1075 ems 0.83 0.98 1.2 1.4 32 12 0.057 0.046 0.064
1/2 12 0.11 0.089 0.12
32 3/2 0.29 0.23 0.32
12 32 0.059 0.041 0.058
12
Wy~ W wWo— w
+bd
Ioa AwH A(.l)H (6)
l(w)= 2Awy, , W~ @ wy— o\’ glected in Eq. (7). The ion temperature in a laser-produced
I+d Awy I+e Awy plasma is, as a rule, substantially lower than the electron
temperature owing to the long electron—ion relaxation time.
where As an estimate, let us take T;~0.1T, . Then the relative Dop-
3 31 (Z—1)? pler width is Aw,/w~ 1073, or an order of magnitude less
A __(26)2 2( 2__1) N4/3 . . of
wH_4 OV I AR n.(n, —zz Nz than the linewidth at the target surface.
av

and w, is the frequency of the unshifted line.

3.4. Electron collisional broadening

Line broadening by collisions with electrons is described
by the well known Lorentz distribution. The linewidth
y=n,{vo) is determined primarily by the rate of the transi-
tion to the nearest 3p level. Table II shows the calculated
excitation rates Z3(v0')3s_3p for the ions at different elec-
tron temperatures 7, using the program ATOM.? Since the
electron temperature has been estimated to be 7',~ 50 eV for
similar experimental conditions,'* in the calculations we
have taken Z*(vo)3,-3,=1.2-107° cm’/s.

Numerical calculations indicate that inelastic collisions
play a fundamental role.

3.5 Combined broadening

The convolution over the interval (0,w() of a standard
Lorentz profile with the profile (6) corresponding to quasis-
tatic ion broadening describes the combined effect of the
electrons and ions and can be written in the form

_ 'yIO ab
Ho)= R wn? cd
f(mo/AwH)”“ (124 1/bd)dt
0 (P 1db) (7 + ) (1= k)2 + 1)
(M
where
wytA—w
k= 0 = Y i
AwH 2AwH

and A is the line shift owing to collisions with electrons,
while y and A wj; have been defined above.

The long-wavelength wing of the line profile (7) has a
Holtsmark asymptote (wy— )~ " and the short-wavelength
wing has a Lorentz asymptote (@ — wq) 2. Thus, we have an
asymmetric lineshape that is shifted toward lower frequen-
cies relative to the unperturbed frequency .

We should point out why the Doppler broadening asso-
ciated with the random motion of the particles has been ne-
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3.6. Comparison with experiment

The theoretical lineshapes shown as dotted curves in
Figs. 6 and 7 are superpositions of the four components of
the multiplet, each of which was calculated using Eq. (7) and
has been multiplied by g;f;; in the sum, where g; is the
statistical weight of the initial (upper) level and f;; is the
oscillator strength of the given component of the multiplet.
Acccording to estimates, the probability of the radiative tran-
sitions is two orders of magnitude smaller than the nonradi-
ative transition probability. Table III shows values of the
parameter g;f;; calculated using the ATOM program® in the
LS-coupling approximation and the GRASP-2 program?® us-
ing a Dirac-Fock method with Coulomb and Babushkin
gauges. In the calculated spectra of Figs. 6 and 7 we have
used the relative values of g,f;; given by the GRASP-2 pro-
gram with a Babushkin gauge. These values are roughly the
same in all three cases.

The fact that the intensities of the multiplet components
at a distance of 700 xm from the target surface are related to
one another as g;f;; (cf. Fig. 6b and the dashed curve of Fig.
6a) indicates that the plasma in this region is optically thin
and that the unshifted frequency wq can be determined from
its emission spectrum (in Figs. 7a and 7b these frequencies
are denoted by vertical dashed lines). Thus, the absolute shift
in the maximum is not a free parameter.

As can be seen from Table II, the Lorentz width y de-
pends very weakly on the electron temperature T, , while the
Holtsmark width Aw, does not depend explicitly on T,
(only through the ion density N, i.e., through n,=3N).

The electron density 7, is the only parameter that deter-
mines the lineshape. By varying the amplitude of the theo-
retical spectrum and comparing it with the experimental pro-
files it is possible to determine the electron density in the
laser-produced plasma at different distances from the target.

Table IV lists the electron densities and the errors in
these determinations. The upper bound on n, was determined
from the unperturbed long-wavelength edge of the 181.345
A line (see Fig. 7a) and the lower bound, from the short-
wavelength edge of the 180.618 A line (see Fig. 7b). Each of
the theoretically calculated profiles (broken curves in Figs. 7
and 6a) was multiplied by an arbitrary factor and compared
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TABLE IV. Density n, of the laser produced plasma as a function of dis-
tance to the target.

h, um 0 30 70

n,, 10%° cm™3 1.3%%5 1.0193 0.8533

with the experimental Fourier-filtered profile. Thus, the cri-
terion for determining n, was not a quantitative parameter
(linewidth, shift, or intensity ratio), but a qualitative param-
eter (the shape of the profile). In Fig. 7a, for example, it is
quite clear that when n, is doubled the line profile changes
so much that it cannot be matched to the experimental profile
for any value of the arbitrary multiplier.

4. CONCLUSION

A stigmatic high-resolution spectrograph employing
normal-incidence multilayer mirrors and a plane reflection
diffraction grating has been used to study the spectra of a
laser-produced plasma in the soft x-ray range. A resolving
power of N/ A =24 000 has been obtained at a wavelength
of A\=178.5 A with a reciprocal linear dispersion of 0.35
A/mm and an astigmatism of 16 um. Line broadening and
shifts owing to the quadratic Stark effect have been ob-
served. A method has been developed for determining the
electron density n, at various distances from the target.

The unique combination, for the soft x-ray range, of high
resolution and stigmatic imaging make this new type of spec-
trograph attractive, especially for x-ray plasma diagnostics.
The high acceptance of the instrument means that it can be
used for relatively low brightness sources, not just ultrabright
sources of soft x-rays (e.g., the emission from x-ray lasers).
It is also important that the low reciprocal linear dispersion
(dN/d1~0.35 A/mm) permits spectral and spatial resolution
with this device when two-dimensional CCD arrays are used
as detectors.
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