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X-ray emission from a 650-fs laser-produced barium plasma
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We have used x rays in the 9—15-A band emitted from a solid target of BaF2 irradiated by —120 mJ of
248-nm radiation in a 650-fs full width at half maximum Gaussian laser pulse to characterize spectros-
copically the resulting ultrashort-pulse laser-produced plasma. The emission was spectrally resolved but
space and time integrated. By comparing the spectrum with unresolved-transition-array calculations
and measurements of plasma emission from longer-pulse experiments, it is clear that ions as highly
stripped as titaniumlike barium are present. We have successfully modeled the observed spectrum by as-
suming an optically thin source in local thermodynamic equilibrium (LTE) and using the super-
transition-array theory [A. Bar-Shalom et al. , Phys. Rev. A 40, 3183 (1989)] for emission from a hot,
dense plasma. The model indicates that the emitting region is at comparatively low temperature
(200—300 eV) and high electron density (10 —10 cm ). The degree of agreement between the model
and the measured spectrum also suggests that the emitting plasma is near LTE. We conclude that the
emission in this band arises from a solid-density plasma formed early in time, and is thus localized in
both space and time. This interpretation is reinforced by LAsNEx [G. B. Zimmerman and W. L. Kruer,
Comments Plasma Phys. Controlled Fusion 11, 51 (1975)] simulations that indicate that emission in this
band closely tracks the laser pulse.

PACS number(s): 52.50.Jm, 32.30.Rj, 52.70.La

Ultrashort-pulse laser technology, providing subpi-
cosecond pulse lengths and power densities of up to 10'
W/cm from table-top systems, has significantly expand-
ed the field of laser-produced plasma research. Applica-
tions presently under investigation include x-ray lasers
[1],ultrashort-pulse x-ray fiashlamps [2), and the study of
the laser-matter interaction at high density and tempera-
ture [3]. Progress in these and other directions depends
on understanding x-ray production in ultrashort-pulse
laser-produced plasmas. Unfortunately, experimental in-
vestigations have generally been compromised by the lack
of time- and space-resolved information. Broadband
measurements have put the duration of the x-ray burst at
less than 2 ps, for a 100-fs-long laser pulse [2], but, in
general, time resolution has been sufficient only to put
upper bounds on the duration of x-ray emission [4].
Pinhole cameras have yielded images of the emitting plas-
mas with resolutions down to about 5 pm [4,5], but this is
insufficient to resolve a transient, solid-density plasma ex-
pected to extend over less than 500 nm, based on the ab-
sence of hydrodynamic motion and measurements of heat
front penetration [6]. Prior attempts to characterize
these plasmas based on spectroscopically resolved mea-
surements have been limited to estimates of electron den-
sity using line broadening [4,7] in light elements. These

analyses have encountered ambiguities owing to the long
time scales involved in the atomic kinetics [4,7] and have
involved short-pulse energy deposition in plasmas pre-
formed by an amplified-spontaneous-emission (ASE)
prepulse and consequently emitting at much lower than
solid density [4,7,8].

In the absence of sufficient instrumental time and space
resolution, it is important to explore spectral signatures
that can be correlated with localized plasma conditions.
Recently, Zigler et al. [5] measured intense x-ray emis-
sion from ultrashort-pulse laser-produced barium plas-
mas, formed without an ASE prepulse [9], at or near the
maximum possible intensity. We have analyzed this spec-
trally resolved, but space- and time-integrated, emission
in the 9—15-A band created by 650-fs full width at half
maximum (FWHM), 248-nm, KrF-laser pulses on solid
targets of BaF2. Time scales for the atomic kinetics of
highly stripped barium should be short enough to remove
atomic transients from the analysis. From the spectrum,
we have been able to characterize the charge-state distri-
bution, temperature, and density of the emitting plasma.
For the latter two quantities, we have used the super-
transition-array (STA) theory for heavy-element emission
from plasma in local thermodynamic equilibrium (LTE)
[10]. This method of spectral simulation is essential for
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analyzing the quasicontinuum emission of many-electron
systems at high density, in distinction to the simpler line
spectra encountered in light-element plasmas even under
ultrashort-pulse irradiation. Our conclusion is that this
emission arises primarily from a cool, near-solid-density
region, rather that from the hot, expanding corona, in
contrast to the light-element emission seen in prepulse ex-
periments [4,7,8]. This interpretation is supported by hy-
drodynamic simulations that further confirm that the
emission is local in time.

The KrF laser for these experiments had a pulse width
of 650 fs and an energy of 120 mJ, yielding a peak power
of 200 GW and an average power density of —10'
W/cm . A 20-mJ prepulse was spread over -20 ns. A
detailed description of the laser system has been present-
ed elsewhere [11]. The laser beam was focused onto a
planar rotating target with a piano-convex f/10 CaF2
lens. Several positions of the focusing lens were selected
in order to vary the incident peak laser intensity. The
x-ray emission from the target was collected by a Aat po-

0
tassium acid phthalate crystal (2d =26.6 A) spectrome-
ters using Kodak DEF film. The calibration is described
in Ref. [5]. Each spectrum was produced by 25 laser
shots. Shot-to-shot variations in laser intensity were typi-
cally smaller than 10%, but could be as large as 50%.
Ten shot averages always varied by less than 10%. The
BaF2 target was chosen since it is sufficiently transparent
to low intensities of the uv laser that no prepulse plasma
is formed [9]. Figure 1 shows the spectrum obtained with
a laser intensity of 5X10' W/cm . Figure 2 shows the
spectrum, previously reported in Ref. [5], obtained at—10' W/cm .

We turn now to analyzing the spectrum and plasma
conditions. The lower trace in Fig. 1 shows an
unresolved-transition-array (UTA) calculation [12] of the
3d 4f transitions in c-harge states of barium from scandi-
umlike through nickel-like. Comparing with this calcula-
tion, it is clear that the quasicontinuum emission in the
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FIG. 2. Same as Fig. 1, but for an irradiation intensity of
—10' W/cm . (From Ref. [5].)
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measured spectrum arises from the same charge states. If
near-coronal conditions are obtained in the emitting plas-
ma, this implies a fairly high temperature, on the order of
1 keV. On the other hand, if emission arises primarily
from a near-solid-density plasma, conditions can be near-
er LTE, and much lower temperatures are required. In
fact, assuming Saha equilibrium, at solid density a tem-
perature as low as 100 eV will strip barium beyond
nickel-like. The almost complete absence of structure in
the measured spectrum, as contrasted, for example, with
the distinctive non-LTE, long pulse (4.5 ns) laser-
produced plasma spectrum [13] in Fig. 3, supports the
latter hypothesis, since, at high density, multistep col-
lisional processes populate a huge array of states never
sampled under non-LTE conditions, and these "satel-
lites" fill in the spectrum. In Fig. 3, emission from
specific charge states of barium have been identified using
Cowan's atomic structure computer code [14].

We have modeled the barium spectrum shown in Fig.
1, assuming that it is emitted by an optically thin plasma
in LTE. In Fig. 4(a), STA spectra are displayed for bari-
um at normal density (3.5 g/cm ) and a range of tempera-
tures. The solid trace represents a weighted sum of the
emission at the several temperatures shown. The weights
were chosen to give a reasonably good fit to the data
shown in Fig. 1. Though this is not a precise procedure,
it conveys the essential point that the emission can be
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FIG. 1. Space- and time-integrated x-ray spectrum emitted
by a barium plasma formed by ultrashort-pulse irradiation with
5X 10' W/cm at X=248 nm. The vertical axis is intensity, in

0
units of 5 X 10" eV/sr A. The narrow lines at long wavelength
are tluorine He-P and H-a. The lower trace is a UTA calcula-
tion of the 3d 4f transition arrays in charg-e states of barium
from scandiumlike through nickel-like. The calculated posi-
tions of these transition arrays indicates these same charge
states contribute to the measured spectrum.
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FIG. 3. Barium spectrum from a plasma formed by a 4.5 ns
pulse. Contributing charge states between nickel-like Ba XXIX
and scandiumlike Ba xxxvi are identified. Characteristically,
the long-pulse laser-produced plasma is dominated by UTA's.
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a)

Total
350 eV (0.04)
325 eV (0.04)
300 eV (0.05)
275 eV (0.08)
250 eV (0.15)
225 eV (0.25)
200 eV (0.27)

FIG. 4. {a) STA model for the spectrum in
Fig. 1. Solid trace is the sum of the spectra ob-
tained for each temperature, weighted by the
fractions in parentheses. {b) Density depen-
dence of STA n = 3—4 peak position at 200 eV.
{The intensities for 0.35 and 0.035 g/cm have
been scaled by factors of 10 and 100, respec-
tively, relative to the normal density trace. )
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well represented assuming a distribution of temperatures
between 200 and 350 eV, and that the peak emission cor-
responds to a temperature around 225 eV. (Discrepan-
cies between the measured and model spectra are attri-
butable to emission from lower densities —between solid
and coronal —and higher and lower temperatures than
those shown. )

Note that the position of the peak emission, corre-
sponding in this case to n =3—4 transitions, is a strong
function of temperature. In Fig. 4(b), the peak is shown
to vary with density as well, shifting to shorter wave-
length with decreasing density. Since the model assumes
LTE, this trend is easy to understand: three-body recom-
bination is suppressed at lower densities, leading to a
more highly ionized charge-state distribution and, thus,
more energetic bound-bound transitions. The model,
then, strongly suggests that LTE emission from lower
density regions does not contribute appreciably, since
these regions are almost certainly at higher temperature
than the normal density plasma.

Based on general features of the measured spectrum
and the fit obtained in the STA model, we conclude that
emission in the 9—15-A band is dominated by radiation
from a normal density plasma at a temperature between
200 and 300 eV. The data is consistent with this plasma
being in LTE, and optically thin. Emission from lower-
density, higher-temperature regions is not apparent, and
is not required to explain the observations.

A cool, dense emitting plasma is formed early in time
by skin-depth absorption and a thermal wave propaga-
ting into the solid material. If the region does not ablate
during the laser pulse, but remains at high density, it will
rapidly recombine once the drive is off, effectively localiz-
ing the emission in space and time. If, on the other hand,
the plasma ablates before it recombines through the M
shell, the drop in density will "freeze" a charge-state dis-
tribution rejecting LTE at low temperature and high
density, and emission will be nonlocal, persisting into the
corona. Such coronal emission ought to contribute struc-
ture on top of the high-density background. Since the
spectral measurement integrates over all time, even weak
emission, if persistent, could easily swamp the early-time
component. Although there are hints of this structure in

the data, it clearly does not suggest appreciable late-time
or coronal emission.

We must also consider the possibility that, though
emission comes from a high-density plasma localized ear-
ly in time, there is insufficient time for the charge-state
distribution to equilibrate. Our LTE model is hardly ap-
plicable in this case, and the temperature inferred thereby
will be incorrect. It is difficult to dispose of this possibili-
ty without supplementing the spectral evidence with a
simulation of the experiment. But we can, at least, check
the consistency of the LTE hypothesis by comparing col-
lisional ionization times with the —1-ps pump duration.
Assuming T, -250 eV and solid density, and using the
Lotz formula [15], the total LTE ionization rate for an
n = 3 electron of nickel-like barium is —6 X 10
cm sec ', indicating that electron densities of only
-2X10 cm, well below that of the solid, are needed
at this temperature.

Our assumptions and conclusions are substantiated by
simple hydrodynamic simulations. We simulated the ex-
periment in one dimension, with an incident laser Aux of
5 X 10' W/cm and 30%%uo absorption, using the Lagrang-
ian hydrodynamic code LAsNEx [16], with hydrogenic,
non-LTE average-atom atomic physics (xsN) [17]. Laser
energy was deposited by both inverse bremsstrahlung and
resonant absorption at the critical surface, N, = 1.6 X 10
cm . We found that assuming 30%%uo absorption at X,
best reproduced the observed position of the Ba emission
maximum at about 12.5 A. Resonant absorption is re-
stricted to the ablated corona, where suprathermal elec-
tron temperatures of several keV, and fractions as high as
95%%uo are generated [18]. The thermal electron tempera-
tures, however, do not exceed 350 eV, as shown in Fig.
5(a), and peak just after the peak of the laser pulse at 1

ps. Note that peak temperatures are reached later for
deeper zones, owing to thermal transport. Figure 5(b)
shows that the electron density rises initially in each
zone, as the plasma is heated and stripped, then drops as
the material expands.

In Fig. 6, we plot integrated radiant energy output as a
function of time in the band from 900 to 1100 eV. Evi-
dently, over 80%%uo of the emission into this band takes
place in the first 4 ps following onset of the pump; at the
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FIG. 5. As predicted by LAsNEx, (a) the
thermal electron temperature and (b) electron
density, as functions of time, in a series of La-
grangian zones: E is the front surface of the 2
pm target; F, E, and D are, respectivel 0.02
0.05 andd 0.12 pm deep initially, and B is at 0.7
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terpretation is reinforced by LAsNEx simulations that in-
dicate that emission in this band closely tracks the laser
pulse. We expect to be able to apply an understanding of
this localization to develop spectroscopic diagnostics for
ultrashort-pulse laser-produced plasmas.
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