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We report here on high-resolution spectral measurements of Stark-broadened 3d-5f lines from
lithiumlike ions and 3d-4f lines from heliumlike ions. The spectra were emitted from high-density
laser-produced plasmas. Plasmas were produced by irradiating thin- and thick-foil targets made of
magnesium, aluminum, phosphorus, and chlorine with the OMEGA laser in a line-focus geometry.
Line profiles were compared to a Stark-broadening calculation that uses the static-ion approximation
and an impact approximation for the electrons. The dependence of Stark broadening on atomic
number is discussed. For the aluminum plasmas ~ 10% narrowing was observed in the width of the
3d-5f line as the length of the plasma was increased from 3 to 6 mm.

PACS number(s): 32.70.Jz, 52.25.Nr, 52.70.La

I. INTRODUCTION

Spectroscopic measurements of plasmas have proven to
be an important method of diagnosing plasma parame-
ters. Line-profile measurements are particularly relevant
to understanding the properties of laser-produced plas-
mas, such as occur in inertial confinement fusion and
x-ray-laser research. The principal mechanisms that in-
fluence the line shape for these high-density plasmas are
Doppler broadening (both thermal and motional), Stark
broadening due to microfields in the plasma, and opacity
broadening due to absorption of the emission as it tra-
verses the plasma. In this paper we will discuss profile
measurements of 3d-5f lines of lithiumlike magnesium,
aluminum, phosphorus, and chlorine from laser-produced
plasmas, as well as 3d-4f lines of heliumlike magnesium
and aluminum from the same plasmas. These lines are
strongly influenced by Stark broadening for N, 2 10%°
cm™°.

The 3d-5f and 3d-4f lines of lithiumlike ions have
been studied extensively as soft-x-ray-lasing transitions
and gain has been observed in several experiments us-
ing line-focused laser-produced plasmas [1-4]. Popula-
tion inversion is produced in this case as the plasma
cools through three-body recombination, which prefer-
entially populates the high-n quantum number levels.
Line broadening of these transitions can seriously af-
fect the achievable gain, and therefore measurements
of line profiles are an important part of x-ray-laser re-
search. Indeed, the importance of x-ray-laser linewidths
has resulted in renewed interest in high-resolution spec-
tral measurements of lasing lines [4-6]. As these x-ray
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lasers approach saturation, it is predicted that additional
broadening may occur due to the interaction between ions
and the laser field (power broadening) [7].

There have been several recent experiments that in-
cluded Stark-broadening measurements of highly charged
ions in high-density plasmas. The line profiles of Balmer
alpha (H,) lines, which are also of interest for x-ray
lasers, have been measured for Bv and Cv1, and a Stark-
width scaling with electron density and atomic number
has been proposed [8,9]. A gas-liner pinch was used to
measure 3s-3p line profiles of C1v, Nv, and O VI show-
ing a Z; ! dependence of the Stark width on ionization
stage Z; in disagreement with Stark-broadening calcula-
tions using the electron-impact approximation [10]. This
experiment has been extended recently to Nevi [11].
The same gas-liner pinch was used to measure spectral
line shapes of 3p-4d, 3d-4f, 4d-5f, and 4f-5¢ transitions
in Li-like C1v and Nv [12]. Asymmetric Stark profiles
of Li-like ions were observed from plasmas created by
a picosecond KrF laser [13]. In a related laser-produced
plasma experiment, electron densities inferred from Stark
broadening of Li-like transitions were found to be in-
versely proportional to the lifetimes of the upper lev-
els of the transitions [14]. Li-like and Be-like krypton
spectra were obtained from implosion experiments using
gas-filled microballoons as targets [15]. Good agreement
was observed between measured spectral lines and the
Stark-broadening model of Woltz and Hooper.

In this paper we discuss high-resolution measurements
of Stark-broadened Li-like 3d-5f and He-like 3d-4f line
profiles. Section II describes the experimental setup, in-
cluding the laser system and the spectrograph. Section
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IIT contains comparisons of experimental line profiles and
simulated line profiles using a detailed numerical model
for Stark broadening. Scaling of the linewidths with
atomic number is also discussed.

II. EXPERIMENT

Cylindrical plasmas were produced for these measure-
ments by using up to eight line-focused beams from
the OMEGA Nd:glass laser system at a wavelength of
351 nm. A schematic of the experimental setup is shown
in Fig. 1. Typical pulse lengths were 650 ps, while the
laser irradiance was 8 x 10'®* W/cm?. Each beam was fo-
cused to a spot approximately 1.5 mm long and 100 um
wide, using an f/3.7 fused-silica lens combination con-
sisting of a high-power aspheric singlet lens and a closely
coupled cylindrical corrector plate. Flat targets, em-
ployed for the magnesium and aluminum measurements,
consisted of a 0.5-um layer of Mg or Al and a 0.01-um
layer of gold coated on a 10-pm-thick Mylar backing. For
phosphorus and chlorine measurements we used thin tar-
gets with a total thickness of ~0.25 ym. The phosphorus
emission came from a target consisting of a Formvar foil
coated with a thin film of KH,POy, while the chlorine
emission was from Saran (C2H2Cly). In this laser setup
both sides of the target were illuminated by equal sym-
metric beams.

A 3-m grazing-incidence spectrograph was used to
record spectra on Kodak 101-05 photographic plates in
the range 30-300 A [16,17]. For these measurements
a 1200-grooves/mm grating with a blaze wavelength of
120 A was used. The entrance slit had a width of 10
pum, which gives an instrumental linewidth of 0.02 A at
a wavelength of 100 A, i.e., a resolution of A/AX = 5000.
Targets were precisely positioned relative to the spectro-
graph so that the spectrograph view was along the axis of
the cylindrical plasma. Plasma xuv emission was focused
onto the entrance slit of the spectrograph by a grazing-
incidence mirror. The entrance slit and the surface of the
focusing mirror were rotated approximately 1° with re-

target

spectrograph

FIG.1. Experimental setup showing line-focus irradiation
of both sides of the target. The spectrograph “views” emission
along the line focus.
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FIG. 2. MgX spectrum showing 3p-5d, 2p-3p, and 3d-5f
lines. The solid curve is experimental data, while the dotted
curve is a simulated spectrum including only instrumental and
Doppler broadening (assuming 7; = 200 eV).

spect to each other (around the cylindrical axis), allowing
spatial resolution of the spectral emission in the direction
perpendicular to the planar targets. Spectra from these
experiments have already been used to measure accurate
wavelengths for xuv transitions of Li-like lines of P, S,
Cl, and K [18] and H-like and He-like lines of Mg and Al
(19, 20].

In Fig. 2 we show an example of a measured Mg spec-
trum containing Li-like 3p-5d, 2p-3d (second order), and
3d-5f lines compared to a simulated spectrum assum-
ing only thermal Doppler broadening and instrumental
broadening. Opacity effects and motional Doppler broad-
ening can explain the slight broadening of the 2p-3d line;
however, we attribute the substantial additional broad-
ening of the 3p-5d and 3d-5f lines to Stark broadening.
It should be noted that the 3d-5f line actually consists
of three allowed transitions between the 3d and 5f levels.
The other unmarked lines in this spectrum are from Be-
like and B-like ions of magnesium. Intensity calibration
was assumed to be linear with film density since all lines
measured here had a film density <0.5 [21]. Higher-order
diffraction effects from the grating increase the back-
ground level somewhat, but do not affect the line-profile
measurements since there is no overlap with higher-order
lines. Photographic plates were used here and therefore
these measured spectra are all time integrated.

III. DISCUSSION

Analysis of line profiles from high-density plasmas
must include consideration of several line-broadening
mechanisms [22]. Thermal Doppler broadening for the
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plasmas observed here produces a Gaussian profile with
a linewidth at A = 100 A of 0.02 A assuming a nuclear
charge of Z = 13 and an ion temperature of T; = 200
eV. This is an order of magnitude less than Stark broad-
ening for these plasma conditions. Large plasma flows
can produce motional Doppler broadening from Doppler
shifts in several directions. In this case the spectrograph
is viewing the plasma at right angles to the mostly ra-
dial plasma expansion, and therefore motional Doppler
effects are minimized. However, end effects from the line
focus may still contribute some broadening from Doppler
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FIG. 3. Alx1 3d-5f line profile for two line-focus lengths,

(a) 3 mm and (b) 6 mm. The pulses are the experimental
points and the solid line is the numerical calculation for T; =

200 eV and N, = 10%° cm™3.

shifts. Broadening due to opacity of the plasma is ex-
pected to be negligible for the 3d-5f lines.

In laser-produced plasmas, the densities are high
enough that microfields in the plasma can broaden lines
through the Stark effect [23]. The Stark-broadening
model employed here uses the static-ion approximation
and an impact approximation for the electrons [24]. An
average is performed over the static-ion microfield distri-
bution using the adjustable-parameter exponential ap-
proximation (APEX) [25]. This method allows for rapid
numerical calculations of the line profile.

In Fig. 3(a) we show a comparison between a measured
profile of AlX1 3d-5f and a simulation using our numer-
ical model for Stark broadening and Doppler broaden-
ing. Good agreement is obtained between experiment
and model for N, = 102° cm~3 and T, = 200 eV. The
plasma was produced by using a line-focus (100 pm wide
by 3 mm long) irradiation of a foil target. The same nu-
merical calculation of the 3d-5f line profile is now com-
pared to a spectrum from a longer-line-focus plasma (100
pm wide by 6 mm long) in Fig. 3(b). Gain was observed
[1] in this measurement of the 3d-5f line intensity, which,
in turn, should produce gain narrowing of the line pro-
file. The 3d-5f line width is indeed narrower by ~10%
from the case with a shorter line focus. Some narrow-
ing may also occur if motional Doppler broadening is
less in longer-line-focus experiments due to smaller end
effects. A measurement of a higher-Z ion, in this case
Clxv 3d-5f, is shown in Fig. 4 along with a compari-
son to our numerical model. A somewhat larger density,
N, = 3 x 102° cm~—3, was required in the calculation to
get good agreement with the observed profile of C1xv. In
all cases the general structure of the calculated profiles
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FIG. 4. Clxv 3d-5f line profile. The pluses are the exper-
imental points and the solid line is the numerical calculation
for T; = 200 eV and N. = 3 x 10%° cm™3.
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FIG. 5. Full width at half maximum of 3d-5f lines as a

function of atomic number. The squares are experimental
points and the solid curve is from the numerical model as-
suming T; = 200 eV and N, = 10 cm™3. For aluminum
(Z = 13), the open square is for a plasma length of 3 mm and
the solid square is for a plasma length of 6 mm.

agreed well with observations. Densities inferred from
these Stark-broadening calculations are about a factor
of 2 larger than densities calculated previously by scal-
ing in Z from He11 [1]. However, this is not unexpected
since the He11 3-5 line was calculated assuming a linear
Stark effect, which is generally not valid for the electric
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FIG. 6. Time-integrated electron density as a function of
distance from the target surface. The density was inferred
from the width of the Alxi 3d-5f line.

microfields in Li-like Mg to Cl 3d-5f lines. Inclusion of
ion dynamics has only a marginal effect on the width for
these lines [26].

Figure 5 shows a plot of the measured full width at half
maximum (FWHM) of 3d-5f line profiles of four lithium-
like ions as a function of the atomic number. These are
from profiles measured at a distance of ~200 ym from the
target surface and averaged over a ~200-pm radial ex-
tent. For comparison, the solid curve in Fig. 5 is the nu-
merical calculation assuming the same density N, = 10%°
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FIG. 7. Heliumlike 3d-4f line profiles for two ions (a)
Mg x1 and (b) Alxii. The pulses are the experimental points
and the solid line is the numerical calculation for T; = 400 eV
and N, = 10%° ¢cm~3.
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cm™3 and temperature T; = 200 eV for all cases. The
solid square is for the case where gain was observed, and
the observed linewidth was reduced. Note that for this
temperature and density the agreement with the numeri-
cal model is good for Mg and Al, but for the two higher-Z
elements (P and Cl), a higher density is required in the
numerical model.

Several factors may be contributing to the density vari-
ation in Fig. 5. First, P and Cl plasmas were produced
using very thin foil targets irradiated from both sides.
These thin foil targets resulted in higher-density plasmas
with smaller density gradients than the thick foil targets
of Mg and Al. By measuring the linewidth at different
vertical positions along the line, we obtained spatially re-
solved linewidths with ~100 um spatial resolution. An
indication of the density gradient can be seen in Fig. 6,
which has a plot of the time-integrated electron density,
using the width of the AlX1 3d-5f line, as a function of
distance from the target. For P X111 and Cl1XV there was
little variation in the linewidth over the observable range,
indicating a smaller variation in plasma density.

Another important point is that for the 3d-5f line
the Stark width should scale with atomic number as
Z~5. The actual curve in Fig. 5 does not fit this scal-
ing, mainly because Doppler broadening is also included.
Since the ionization energies increase with Z, presumably
the emission from P X111 and ClXV should come from a
higher-temperature plasma region than Mgx and AlXI.
Taking into account the increased Doppler broadening
would give better agreement between the model and ex-
periment. Calculated Stark broadening alone depends
only very weakly on temperature.

Heliumlike 3d-4f lines from these same plasmas also
exhibit broadening due to the Stark effect. In Fig. 7 we
show measured profiles of Mg X1 and AlXI1I compared to
the numerical model for Stark broadening. The structure
of these lines is more complicated since there are both sin-
glet and triplet levels, but again we see good agreement
with the model using the same electron density (10%°
cm™3) as for the Li-like ions. A higher temperature (400

eV) was used for the He-like ions because of their much
higher ionization potentials. He-like lines were only evi-
dent in the magnesium and aluminum plasmas. Plasma
temperatures were most likely not high enough to create
significant densities of He-like phosphorus and chlorine.

IV. CONCLUSION

Line profiles of Li-like 3d-5f lines were measured for a
sequence of ions. These measured profiles show generally
good agreement with a numerical model for Stark broad-
ening with appropriate choice of electron density. The
density variation as a function of Z can be explained
by differences in the target and plasma conditions. Pro-
file measurements of Stark-broadened He-like 3d-4f lines
were consistent with assumed electron densities for Li-
like ions. In general, measured line profiles of transitions
in highly charged ions, which are dominated by Stark
broadening, can be adopted as a diagnostic for measur-
ing electron densities. These linewidth measurements are
also valuable for understanding the gain characteristics
of x-ray lasers. The narrowing of the AlXI line with an
increase in plasma length could be due to gain narrowing
[5] and a reduction in end effects due to motional Doppler
broadening.
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