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Time-Resolved X-Ray Spectral Studies of Laser-Compressed Targets*
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We present temporally and spectrally resolved x-ray emission data from a laser-ir-
radiated target. The temporal dependence is interpreted in terms of a laser heating
phase, a plateau period in which the glass-shell pusher propagates radially inward, a
secondary x-ray burst corresponding to stagnation of the pusher at the target center, and
a rapid decay of emission in the post-compression target disassembly period.

Experiments designed to confirm the concepts
of laser-induced fusion' are under way in a num-
ber of laboratories. The essential features of
this process, which is to be studied in these ex-
periments, is the compression and heating of
matter to thermonuclear conditions. "Typical
experiments involve the irradiation of an approx-
imately 100-pm-diam glass shell by an approxi-
mately 100-psec, terawatt neodymium-laser
pulse. In contrast to the isentropic, ablatively
driven implosions discussed in Ref. 1, these pre-
liminary experiments are of an "exploding push-
er" nature which, by comparison, are hydrody-
namically more stable but result in less than op-
timal compressions. ' ' Because of the high den-
sities and temperatures expected, an important
part of these experiments is the observation of
temporally, spatially, and spectrally resolved x-
ray emissions. Such observations can provide
measures of significant physical parameters of
the implosion process. We report in this paper
the first observation of multichannel, spectrally
resolved emission with sufficient temporal reso-
lution to display the x-ray signal characteristic
of the heating and implosion processes. Specif-
ically, x-ray emission bands centered at 2.6,
4.0, and 5.3 keV, temporally resolved to 15 psec,
show an overall emission envelope of 300 psec
[for a 70-psec full width at half-maximum (FWHM)
neodymium-laser pulse] characterized by a sig-
nificant x-ray burst in the last 100 psec which
we correlate with target compression. From
these recorded x-ray temporal signatures we in-
fer an implosion time of 180 psec and, conse-
quently, an average implosion velocity of 2x 10'
cm/sec.

The JANUS laser-target irradiation facility,
which is described elsewhere, ' consists basical-
ly of a Nd-doped yttrium-aluminum-garnet oscil-
lator with mixed yttrium-aluminum-garnet and
glass amplifiers, culminating in a two-beam nom-
inal 0.5 TW output at 1.064 p,m. Two-sided tar-
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FIG. 1. Simplified diagram of the x-ray streak cam-
era. An optical image intensifier, located between the
streak-tube output phosphor and the recording camera,
is omitted for clarity. The 100-A gold photocathode is
sensitive to x rays in the 1-10-keV range. The low-
energy cutoff is determined by the 8-pm beryllium sub-
strate.

get illumination is accomplished with a pair of
f/1 aspheric lenses. In the experiment described
here, an 87-pm-diam, 0.7-pm-wall-thickness
glass microshell target was filled with a deuter-
ium-tritium mixture to an initial density of 3 mg/
cm'. Upon simultaneous, two-sided irradiation
by 70-psec (FWHM) pulses of 14.5 and 13.8 J,
the target compressed and produced 4.6x 10' neu-
trons. Time-integrated x-ray microscope photo-
graphs' indicate a change in radius of the com-
pressed target by a factor of approximately 6.
X-ray emission was detected with an ultrafast
x-ray streak camera, ' which is shown in a some-
what simplified manner in Fig. 1. X rays from.
the laser-irradiated target strike a slit-shaped
gold photocathode causing the emission of elec-
trons. This "slit" of electrons is then accelerat-
ed, deflected, and imaged onto a phosphor screen.
By the application of a properly timed, strong
ramp voltage, the slit image is swept quickly
across the phosphor surface. Fast sweep speeds
and small photoelectron velocity dispersion pro-
vide a 15-psec temporal resolution with this in-
strument. This value of time resolution is based
on a measured photoelectron energy distribution
for this photocathode, "and is consistent with
both measured signal rise time presented herein
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FIG. 2. Streak-camera photographic density contours
showing temporal emission as a function of time for
various g-edge filters. Numbers 1 through 4 refer to
film density. Energies in parentheses refer to respec-
tive g-edge values.

and resolution studies reported in the literature
for similar instruments. "&" The image intensi-
fier, used with the ultrafast streak camera to
bring the data to a photographable level, is omit-
ted in Fig. 1 for simplicity of presentation.

In order to record spectrally resolved x-ray
emission from laser-irradiated targets, we em-
ploy a set of simple K-edge absorbers which cov-
er the slit photocathode. X-ray filtering materi-
als of aluminum, chlorine, titanium, cobalt, and
zinc are used. Except for chlorine, the filters
consist of high-purity metal foils, typically 25
pm thick. The chlorine filter consisted of com-
mercially available polyvinylchloride (PVC). Dou-
ble channels, of varying thickness, were used
with the chlorine and titanium channels to pro-
vide exposure latitude and to check camera lin-
earity in given spectral regions. The spectral
region sampled by the chlorine K-edge filter is
centered at 2.6 keV, with a 300 eV FWHM. This
response is obtained by folding the foil transmis-
sion characteristic with the photocathode re-
sponse and with the steeply falling x-ray emis-
sion spectrum that is measured by independent
means. " The higher-energy channels are con-
structed to sample wider spectral regions and
thus compensate for the dual problems of rapid-
ly declining emission spectrum and photocathode
response.

Figure 2 shows the streak-record photographic
density contours obtained from the temporally
and spectrally (but not spatially) resolved x-ray
emission detected upon irradiation of the above
described target. From this data profiles of film
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FIG. 8. Time-resolved x-ray emission from an 87-
pm glass microshell irradiated from two sides with a
total of 28 J in 70 psec. Quoted energies are mean
values for the chlorine, titanium, and cobalt channels.
Spectral widths are 0.8, 1.7, and 2.2 keV, respective-
ly. The aluminum channel is not presented because of
both film saturation and nonlocalized spectral contribu-
tions. The zinc channel showed no detectable emission
in this particular experiment.

density versus time are obtained for each chan-
nel. Characteristics of the recording film are
then removed with a simple computer program,
thus converting the data to x-ray intensity versus
time, on a channel-by-charnel basis. Using re-
cently measured" yield data for the gold photo-
cathode, these channels can then be quantitative-
ly related to one another in relative intensity,
giving the time-resolved spectral data shown in
Fig. 3. Time integration of these temporal pro-
files gives an emission spectrum that is in good
agreement with that determined by the now stan-
dard time-integrated P- i-n diode measurements
for this same target irradiation experiment. ""

The measured x-ray temporal profiles present-
ed in Fig. 3 are readily identified with general
features of the exploding pusher process, perti-
nent aspects of which we briefly review here. In
this process laser energy is absorbed in the plas-
ma atmosphere and, by electron conduction, is
rapidly transported throughout the glass pusher
before significant hydrodynamic expansion takes
place. According to numerical simulations of
this process with the computer code LASNEX, ""
this results in a rapid heating of the glass pusher
to an isothermal electron temperature of several
hundred electron volts. During this heating phase
there is a rapid rise in kilovolt x-ray emission
from the shell region, reaching a crest approxi-
mately coincident with peak laser power. Now at
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high temperature and pressure, the shell explodes
both outwardly and inwardly, rapidly accelerat-
ing to a velocity of about 1x 10' cm/sec in a few
tens of picoseconds. The numerical calculations
indicate that during the period beyond peak laser
power, heating and acceleration play a diminish-
ing role, resulting in a temporal plateau in kilo-
volt x-ray emission and a maximum shell veloc-
ity of about Sx 10' cm/sec just before stagnation
near the target center. At stagnation, kinetic en-
ergy of the pusher is converted to internal ener-
gy of both the shell and the enclosed DT gas, re-
sulting in a secondary rise in x-ray emission.
The calculations indicate a peak DT ion tempera-
ture of about 2 keV, resulting in a short burst of
neutrons. However, the stagnated glass shell re-
mains at an electron temperature of about 600 eV
for several tens of picoseconds, continuing to
radiate until extinguished by hydrodynamic expan-
sion and radiative losses.

These general features of kilovolt x-ray tem-
poral emission from an exploding pusher are all
evident in the experimentally determined pro-
files of Fig. 3. In all three x-ray channels one
observes the rapid rise in emission associated
with shell heating, the plateau region in which
laser heating and acceleration play a diminishing
role, the secondary peak which corresponds to
stagnation, and the final decay which accompan-
ies post-compression target disassembly. A
significant spectral feature observed in Fig. 3 is
the relatively' rapid decay of emission in the high-
est-energy x-ray channel (cobalt, 5.3 keV mean
energy) between the first crest and the final peak.
We interpret this spectrally sensitive data as ex-
perimental evidence of target cooling during the
period extending from peak laser power to final
stagnation. The average pusher velocity, a sig-
nificant parameter in implosion studies, can be
determined directly from the data presented here.
According to the model described, the implosion
time extends from the first crest in the emission
history to the second peak, corresponding to stag-
nation. From the 4.0-keV channel of Fig. 3, the
implosion time for this experiment is 180 psec.
With initial and final radii of 43.5 and 7 pm, re-
spectively, ' the average pusher velocity is deter-
mined, within the accuracy of the model, to be
2x 10' cm/sec, a value which agrees very well
with the computed value.

In summary, we have measured temporally and
spectrally resolved x-ray emissions which dis-
play temporal profiles consistent with a numeri-
cal simulation of la,ser-driven implosion of a,

glass microshell. Further x-ray streak-camera,
studies, including x-ray spatial imaging, are
currently under way. The latter will permit us
to observe separately temporal emission of x
rays in the core and corona regions, further
clarifying the data reported here.

The authors wish to acknowledge the contribu-
tions of several colleagues, particularly H. N.
Kornblum, H. J. Weaver, G. Tripp, and mem-
bers of the JANUS laser staff.
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We report on the quasi-linear evolution of the electron-beam-plasma instability in a
two-dimensional system. The numerical solutions of the basic equations show that a two-
dimensional system evolves in a different way as compared with a one-dimensional sys-
tem. After saturation the wave energy monotonically decreases with time while the width
of its spectral distribution in & space narrows rapidly. In some cases, the system reach-
es a state which is modulationally unstable, and consequently cannot be described by the
weak-turbulence theory.

In the problem of plasma heating, the turbu-
lence excited by electron beams is of great impor-
tance. Various investigators have studied" the
electron-beam-plasma interaction on the basis
of the quasi-linear theory for the case when the
turbulent oscillation spectrum is one-dimensional
(wave vector k parallel to the motion of the beam).
Such a model is appropriate when there is a mag-
netic field parallel to the beam in the plasma and
when this field is strong enough to suppress os-
cillations that propagate at an angle to the beam
axis. If there is a weak magnetic field in the plas-
ma, so that ~~, » ~ (&u~, and ~„are the plasma
and the cyclotron frequencies of electrons, re-
spectively), the turbulent spectrum becomes es-
sentially three-dimensional. Such situations are
met, e.g. , in astrophysical problems or in the
inertial confinement of plasmas. At present not
much is yet known about the quasi-linear behav-
ior of a three-dimensional turbulence excited by
electron beams in a plasma. Attempts have been
made to find at least certain general features of
possible asymptotic states for the three-dimen-
sional system. ' However, these states seem to
be too artificial and they have never been ob-
served in experiments. ' Thus the relaxation dyn-
amics as well as the final state of the system re-
main unknown.

In this Letter we report on the two-dimensional
quasi-linear evolution of the electron-beam-plas-
ma instability. Since the problem exhibits axial
symmetry with respect to the beam axis, the two-
dimensional model is not restrictive and was on-

ly chosen for convenience. The fundamental equa-
tions of the quasi-linear theory for the electron-
beam-plasma interaction read'

Bf 8 kk &f
wQ —Ig5((u —k v) ~ —,

~v ~V

d'uk. —5 (cu -k'v),
Bt k se/B(d ~ Bv

where a& = 1+3k'/2, Be/8 ~ = 2+ 3k', f is the veloc-
ity distribution function for electrons, and Iz is
the spectral distribution of the electrostatic field
associated with the oscillations. Equations (1)
and (2) are in dimensionless units; the units of
time, space, velocity distribution function, and
spectral distribution are, respectively, ~~,
XD, m, n/T„and 4vnT, . Here m„T„and n are
the electron mass, temperature, and density, re-
spectively, and XD is the Debye Length.

We have solved Eqs. (1)' and (2) by the finite-
element method. "' The algorithm consists of the
following stages. First, Eq. (1) is put into the
Galerkin (weak) form, the natural (Neumann)
boundary condition being imposed on the velocity
distribution function. The approximate solution
for f is then assumed to be a combination gf,e, .
of the linear pyramid basis functions e;(v). ln
this manner, Eqs. (1) and (2) are transformed
into a system of ordinary differential equations
in time for the quantities f, and Ig. Thi. s system
of equations is solved numerically by an implicit,
four-level, time- centered, finite-difference
scheme.
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