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X-ray emission spectra, produced by irradiation of neon-filled aluminum-coated glass
microballoon and plane aluminum targets, with 100-ps Nd-glass laser pulses, have
been time resolved with an x-ray streak camera. The time evolution of the Ne x L ~ and
SixIII 1 Sp 3 Pl linewidths has been recorded. The implosion delay time of microbal-
loon targets and the emission histories of the Al xIII 1'~0-2'Pl line and its satellites from
plane 'targets have been measured.

PACS numbers: 52.70.-m, 32.30.Rj, 52.50.Jm

Analysis of x-ray emission spectra from laser-
produced plasmas has been widely used in diag-
nosing the plasma parameters. ' ' Spectra have
been either time and space integrated or, more
recently, space resolved, e.g. , down to a scale
of 10 pm. Development of x-ray streak cameras
has made time resolution of spectra possible, in
principle, with a resolution down to' ps and x-ray
continua have been studied in this way. ' In prac-
tice sensitivity restricted the study of dispersed
spectra until a high-sensitivity CsI photocathode
became available. '

We report here results which show the time-
resolved line shapes of NexLp and Nax?Ln in
glass microballoon implosions and the time-
resolved line shapes and intensities of SiXIII 1'$,—

and its sat el lite s in surface ablation plas ma s.
Experiments were performed with a Nd-glass

laser and focusing was by f/1 lenses. ' Spectra
were recorded with the apparatus shown in Fig. 1
with typically L = 20 cm. ' Temporal resolution
in each case was limited by instrumental sensi-

tivity. Table I lists the laser pulse and instru-
mental parameters for the three cases discussed

t

v

FIG. 1. Experimental arrangement for recording
streaked spectra: (1) crystal of thallium-acid-phtha-
late (TlAP) or pentaerythritol (PET), (2) adjustable
entrance slit, (3) beryllium filter, (4) baffle, and
{5}CsI photocathode.
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TABLE I. Experimental parameters for the data presented in Figs. 2, 3(a), and 3(b).

Target
Laser

parameters
Crystal;

Spectral
range

Spectral Time
resolution resolution

z/a g (ps)

Fig. 2
Plane
0.2 pm Al on glass

Fig. 3(a)
Glass microballoon

r= 52 pm
Dr= 0.64 p,m

Coating 0.02 pm Al
Gas fill 10 bar Ar

Fig. 3(b)
Glass microballoon

r= 93 pm
2 r= 0.56 pm

Coating 0.04 iL(, m Al
Gas fill 0.5 bar Ne

15 J
1 beam
100 ps

45 Z (total)
2 beams

100 ps

45 Z (tot@)
2 beams

100 ps

TIAP
25.75

PET
8.74

TlAP
25.75

0.3

1.8

600

1400

500

100

70

70

here.
Figure 2(a) shows a streaked spectrum obtained

from a plane aluminum target including the AlXII
1 Sp 2 &] resonance line and its as sociated di-
electronic satellites and intercombination line
1'Sp-2'&, . The dielectronic satellites are emit-

ted only during the 100-ps laser pulse and thus
behave similarly to continuum emission. The
resonance and intercombination line intensities
decay slowly and are observable for about 600 ps.
This temporal behavior is consistent with the
markedly different spatial extent over which
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FIG. 2. (a) Streaked spectrum from a plane aluminum target with a densitometer trace at t = 50 ps showing the
Al xrr 1'S,-2'I', resonance line (A), its associated dielectronic satellites (p, r, p, k), and the 1'8,-2'P& intercom-
bination line (I), recorded with a gold photocathode (b) E. xperimental and calculated data showing the time varia-
tion of (1) the measured intensity ratio lz/11 of resonance-to-intercombination line, (2) the electron density A,
from (1) above, (3) N, for self-similar planar expansion fitted at t = 250 ps, and (4) the laser pulse.
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these lines have been observed in space-resolved
spectra. " These observations may be explained
by the rapid adiabatic cooling of the plasma after
the pulse. The satellite-to-resonance line-inten-
sity ratio Is/Iz falls with decreasing temperature'o
while the resonance-to-intercombination line-in-
tensity ratio Iz/I, falls with decreasing density, '"
and this latter effect is used here to estimate the
time-varying volume-averaged electron density,
N, . Figure 2(b) shows the measured ratio I/I~
as a function of time and also N, calculated for
the electron temperature of 400 eV (measured by
x-ray spectrometry'). Figure 2(b) also shows a
plot of N, for a self-similar planar expansion
fitted to the experimental data at /= 250 ps with a
simple model of the form N, t= constant. Dis-
crepancies at early times may be explained by
self-absorption of the resonance line" and at
later times by supercooling in the plasma' and
a departure into nonplanar expansion.

Figure 3(a) shows a streaked spectrum obtained
from an aluminum-coated glass microballoon. A
simultaneously space-resolved and time-inte-
grated spectrum showed only weak emission from
the implosion core; the prominent Si XIII1'$p-
3'P, emission is therefore mainly from the sur-
face ablation plasma. The linewidth varies in

O

time and reaches a maximum of 18 mA well re-
solved by the instrumental width of 4 mA. Line
profile analysis" indicates a peak plasma elec-
tron number density (0.7 —1.4) &10'2 cm '. The
line emission lasts for 400 ps which is signifi-
cantly longer than the duration of the underlying
continuum emission. The latter is about as long
as the laser pulse (100 ps). The longer duration
of the line emission is in the form of an after-
glow during which the linewidth narrows to about
the instrumental limit. The intensity decay is
more rapid than for the analogous A1XII 1'So 2

line from the plane Al target discussed above.
This is due to more rapid plasma expansion from
the spherical target. Time variation of resonance
line shapes in afterglow emission, affects time-
integrated line shapes and should be considered
in spectral analysis.

A streaked spectrum from the implosion of a
neon-filled microballoon (see Table I) is shown
in Fig. 3(b). The NaXILo. line is emitted from
the surface ablation plasma while the NeXL/3 line
emanates from the implosion core. 4 There is a
delay of 120 ps, associated with the implosion
time, ' between the NaXI and NeX emission. The
emission of Ne XLp is accompanied by emission
of the NeX continuum seen beyond the continuum

0

200
X—

400—

(a)

Al

12

Sj YTI1

1 So-3 Pj
—

t

Al~
—1S-4 P

I

5.5
I

5.6
I

5.7 5.8 S.9 X(A)

0

200

400

t (Is)

(b)

NaX

1S-3P

Na 3Q

1 S-2 P~ NeX
—1S-3 P

2 2

NaX

1 S 1 p
I

I

9.0
I

9.5
I

10.0
I

10.5

I

11.0
I

11.5 g(E)

FIG. 3. (a) Streaked spectrum from an aluminum-
coated glass mieroballoon with a densitometer trace
along XX, (b) streaked spectrum from a neon-filled
glass microballoon with a densitometer trace along
XX, recorded with a low-density CsI photocathode.
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edge in the spectrum. The NeXLp line persists
for 200 ps and is strongly broadened with a peak
linewidth of 180 mA greatly exceeding the 20 mA
instrumental width; electron number density of
0.6 to 1.1 &10" cm ' is indicated from analysis
of the linewidth. ' The line intensity is reduced
by a factor of 2 at 80 ps before and after its emis-
sion peak and the linewidth by a factor of 1.5.
These changes imply a reduction of average den-
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sity by a factor of 2 in this-time interval.
In conclusion, we have demonstrated the record-

ing of transient x-ray line intensities and line
shapes from laser-produced plasmas. Observa-
tions of this type have considerable potential for
(a) verifying or correcting conclusions based on
line shapes and intensity ratios in time-integrated
spectra and (b) providing time scales for such
topically interesting processes as implosion of
microballoons, burn through by ablation of layers
of material where the layers are identifiable by
spectrally adjacent characteristic x-ray lines, '
and mixing through hydrodynamic instabilities in
similarly identifiable layers in ablatively im-
ploded laser fusion targets.

It is a pleasure to acknowledge the contribution
of E. Bateman in developing the more sensitive
low-density CsI x-ray photocathode. This work
was supported by the Science Research Council.
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Polymer-coated glass microspheres filled with DT fuel and argon seed gas were ir-
radiated with the SHIVA 1.06-pm laser using 4-kJ, 200-ps (full width at half maximum),
Gaussian pulses. Measured light absorption, x-ray spectrum, neutron yields, and x-ray
continuum images compared favorably with detailed computer simulations. Pusher neu-
tron activation and argon line imaging diagnostics were utilized to measure fuel density.
Fuel densities of 1—3 g/cm or 5-15 times liquid DT density were inferred.

PACS numbers: 52.50.Jm, 52.55.Pi

Recently, much laser-driven inertial-confine-
ment-fusion (ICF) research has turned towards
the next step in achieving high-gain targets: com-
pressing DT to high density. ' Earlier efforts con-
centrated on short-pulse (& 100 ps) exploding-
pusher targets' which achieved high final DT tem-
peratures (2-8 keV) but low DT densities (-0.2
g/cm'). However, to achieve high gain for an
ICF reactor, low-isentrope, ablatively driven
implosions are required to compress DT to high
densities (& 200 g/cm').

The work reported here employed thick-walled,
coated microspheres, intermediate pulse lengths,
and fairly high laser irradiance to operate be-
tween these two regimes. The target designed
for these experiments is shown in Fig. I. The
twenty SHIVA beams were tangentially focused
with p polarization. With 4 kJ incident in a 200-
ps Gaussian pulse, intensities at the poles (near
the beam-cluster axis) and the equator were -4
x 10" W/cm', while at intermediate latitudes, in-
tensities were —2x 10"W/cm'.
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