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Temporally resolved x-ray spectra in the range of 1—20 keV have been obtained from laser-
irradiated high-Z disk targets. We obtain the first time-resolved direct observation of the
suprathermal x-ray tail resulting from hot-electron generation due to collective processes.
The measurements indicated that the suprathermal temperature OH has a temporal behavior
which essentially follows the laser pulse of intensity I, implying a relation G„-I",n & 1, an
unexpected result.

In laser-produced plasmas, most of the elec-
tromagnetic radiation that the plasma emits is in
the soft-x-ray regime. The x rays generated
from bremsstrahlung and recombination radiation
yield direct information on the electron tempera-
ture. On the other hand, suprathermal or "hot"
electrons are generated by the resonance-absorp-
tion mechanism' ' as well as other collective
phenomena such as parametric decay and oscillat-
ing two-stream instabilities. ' ' Time-integrated
"hot" x-ray emissions arising from the nonther-
mal high-energy tail on the electron energy dis-
tribution have been observed in laser-plasma in-
teraction experiments, "and time-integrated
"temperatures" have been inferred from the slope
of that tail. For ablatively driven laser-fusion

rgets~ calculat1ons show that suprathermal elec
trons generated by plasma instabilities tend to
preheat the fuel and thus have a detrimental ef-
fect on target performance. " It is, therefore,
important to study the temporal behavior of x-ray
emission spectra of laser -produced plasmas. In
this Letter we present the first temporally re-
solved x-ray emission spectra from laser-irradi-
ated high-Z targets, which show the time evolu-
tion of both thermal and hot x-ray temperatures.
The results imply a much stronger dependence of
the hot temperature on the laser intensity than
has previously been seen in time-integrated ob-
servations.

The experiments were performed at 1.06-pm
wavelength with one beam of the Argus laser fa-
cility, "operating in this case with 250-350-J,
200-400-ps full width at half maximum (FWHM)
pulses, the typical intensity on target being in
the 1—3&10"-W/cm2 range. The targets consist-
ed of gold disks, 300 pm in diameter and thick-
nesses in the range 10-50 pm. The instrument
used for time-resolved x-ray measurements is
the Livermore 15-ps x-ray streak camera, which
is described elsewhere. " For the present pur-
pose, an eleven-channel, K-edge filter pack was
used. The foil materials of this filter pack con-

sisted of two channel thicknesses of polyvinyl-
chloride (chlorine, K edge at 2.8 keV), two of
titanium (5 keV), two of cobalt (7.7 keV), one of
zinc (9.7 keV), one of yttrium (17 keV), two of
molybdenum (20 keV), a.nd one of silver (25.5
keV) ~ Appropriate foil thicknesses of the respec-
tive channels were chosen to provide optimum
channel responses and double channels of varying
thicknesses were used to accomodate the large
dynamic range in emission intensities and to pro-

- vide for error bar estimates in given spectral re-
gions. The instrument response of the x-ray
streak camera was calibrated at a multirange
monoenergetic x-ray source from 4.5 to 98 keV,
the instrument streak speed and dynamic range
were calibrated on a small 1-J laser facility.
From the streak records, one obtains the time-
resolved x-ray emissions for each channel by
using the measured instrument streak speed. By
using the measured instrument response, the
x-ray intensities of the different channels can be
related to one another in relative intensity and
provide an unfold of the x-ray emission spectra
at any given time during the laser interaction
with the target. " A typical streak record from a

FIG. l. A typical streak record from a target shot
obtained with the x-ray streak camera by using an
eleven-ch~~~el, &-edge filter pack. Channels 1 to 11
are from right to left. &-edge energies are -3—25 keV.
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target shot obtained with the eleven-channel filter
pack is shown in Fig. 1.

We note that the peak emission of all eleven
channels occur at the same time. The duration
and temporal shape of the x-ray emission pulses,
however, are different. The hot x rays, i.e.,
emissions at energy channels higher than -10
keV, have a temporal behavior which essentially
follows the laser pulse. Since the energy-loss
time for a hot electron at - 10 ke V is, classically,
only a few picoseconds, the hot x-ray behavior
should follow the laser pulse. This is the first
time-resolved direct observation of the supra-
thermal x-ray behavior due to hot electrons pro-
duced by collective processes.

A sample set of time-resolved high-energy x-
ray spectra is shown in Fig. 2. The target was
irradiated by 330-J, 400-ps (FWHM) pulse. The
peak intensity for this experiment was 1.7 &10"
W/cm' and the measured absorption was 2(Po.
The time scale is chosen such that zero time re-
fers to the time when all eleven channels have
peak emmission. It is logical to presume that
this peak emission time also corresponds to the
peak of the laser pulse. Code simulations (dis-
cussed below) also show that peak x-ray emis-
sions coincide with the laser peak. From Fig. 2,
one can clearly see the evolution of the slope of
the high-energy tail in time. The suprathermal
or hot x-ray temperature, 8» is defined by the
slope of the spectrum in the energy range above
—8 keV. The high-energy tail is detected at about
180 ps before peak x-ray emission, gradually in-
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creasing to a maximum 0~ value of 9 keV at the

peak, and then decreasing with diminishing laser
power. It is also apparent from the spectra that
the thermal x-ray temperature, O„defined by
the slope of the spectrum in the energy range be-
low - 8 keV, is decoupled from the hot x-ray tem-
perature throughout the laser pulse, having a
fairly constant value of about 0.7 keV. It should
be noted that the presence of prominent gold spec-
tral lines at around 2.5 keV makes the determina-
tion of 8, somewhat less accurate.

A comparison of the experimental results with
IASNEX'4 code predictions is shown in Figs. 3
and 4 for both the hot and thermal x-ray tempera-
tures, respectively. The LASNEX computation is
made under the assumption that inverse brems-
strahlung is the prinicpal absorption mechanism
and about 2(Po of the remaining light that reaches
the critical surface is reasonantly absorbed, cre-
ating an electron distribution, characterized by a
T„given by

Ts Ts ~ 49 4(IX2)o.msT o.~

x (1+ 3T /~T ).
where 7'I, is the average electron temperature in
keV, 7'; is the ion temperature, I is the laser in-
tensity in units of 10"W/cm', A is the incident
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FIG. 2. Time-resolved x-ray spectra of 1.06-p, m
laser-irradiated Au-disk (330 J, 400 ps, 1.7&&10 %'/'

cm2). The absorption for this shot was 20%. Zero
time refers to peak emission. Note the evolution of
the high-energy "tail" in time.
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FIG. 3. Hot x-ray temperature as a function of time—a comparison of measured values and T.A&NEx code re-
sults. 1/Io is the 400-ps FWHM laser-pulse intensity
normalized by its peak value. No fiducial was used,
but the laser pulse is chosen to have its peak matched
with the peak of the x-ray emission pulse. Zero time
refers to the peak. Dashed line, laser pulse; filled
circle, experimental data; triangle,

'
~AsNE~, inhibited

transport; square LASNEx, noninhibited transport.
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FIG. 4. Comparison of measured and LAsN&x-code
calculated thermal x-ray temperatures as a function
of time. Note that 8, is fairly constant throughout the
laser pulse, and 0, is decoupled from 6H. Filled cir-
cle, experimental data; tri~~~le, ~AsNE~, inhibited
transport.

laser wavelength in microns, S is the charge
state of the target material at critical density,
and TH is the hot-electron temperature. Note
that T~ is not the same as 0~; OH is defined oper-
ationally by the slope of the code-produced x-ray
spectra generated by the electrons. Equation (1)
is based on particle simulations and is consistent
with well-established time-integrated 8~ vs IX'
data. '" In high-Z plasmas, " it is quite plausible
that heat Qux is inhibited by ion-acoustic turbu-
lence, since the condition for minimal ion Lan-
dau damping c,» v; is ST,» T;, where c, and v;
are the ion thermal speeds, respectively. Thus
turbulence is allowed to grow and presummably
saturate at vd fft c„leading to an effective in-
hibition of c,/v, = 0.02, where v, is the electron
thermal speed. When this inhibition is modeled
in the code, there is qualitative agreement be-
tween code predictions and experiment (see Fig.
3, inhibitied-transport curve) ~ The code predicts
higher values before and after the peak of the
pulse; however, the value of 8~ at peak emission
is predicted accurately to within 1(Po of the meas-
urement. On the other hand, if the heat flux is not
inhibited, the plasma corona is cooled, thereby in-
creasing the inverse bremsstrahlung, and only lw
of the incident laser light ends up as being reso-
nantly absorbed. The noninhibited transport curve
in Fig. 3 clearly shows that such a mix of absorp-
tions does not match the observed data. [From
Eq. (1), Tz = T~+ ~ ~; T~ is much cooler in this
case leading to lower T„].Also plotted in Fig.

3 is the laser pulse normalized by its peak value.
We have chosen to match the peak of the laser
pulse with the peak of the x-ray emission pulse,
and we note that at this time 8~ is highest. This
seems reasonable in terms of the resonance-ab-
sorption theory' '; since 0, is roughly constant,
the ratio of the electron quiver velocity to the
thermal velocity is maximum at the peak of the
laser pulse (for 8, =0.7 keV and I=1.V &10"W/
cm', v„,/v, „-1).Consequently, the highest-en-
ergy electrons are generated at that time and
therefore, the x rays should be the hottest. We
note that if 0~ scales like I", then the measured
data indicate that n=l. before the peak and ~ R 1
after the peak, whereas the code using the inhib-
ited-transport model suggests that n & 1 before the
peak and n s 1 after the peak. [Of course, the
code is constrained to follow the T~- Io'4 scaling
prescribed by Eq. (1).] A likely explanation for
n being different before and after the peak is that
the plasma density profile and corona evolve in
time and thus are asymmetric with respect to the
peak of the laser pulse. For example, with a
hotter corona the classical absorption might drop
and/or Brillouin scattering can build up. " This
enhanced scattering leads to decreased laser in-
tensity on the critical surface, and may account
for the rapid drop in 0~. Earlier experimental
and theoretical analyses" of 0~, which suggested
n= 3, were based on time-integrated data, and
thus reflect 9„vsI (peak value) behavior only.
Our own measurement of the peak time-resolved
0~ indeed matches those earlier predictions, but
throughout the pulse, n is clearly much greater
than 3. Since most of the preheating electrons
are created near the peak of the pulse, it is there
that a predictive capability is most essential, and
thus the earlier analyses are still quite relevant.
From a basic physics point of view, however,
this difference in n requires further study and
understanding.

The code predictions for the thermal x-ray
temperature are slightly lower than the measured
values (see Fig. 4), but are in good agreement
with the experiment in that 0, is fairly constant
throughout the laser pulse, while OH is not. This
fact suggests that the behavior of the thermal
electrons is governed by hydrodynamics and ther-
mal conduction, while the suprathermal electrons
follow the laser-pulse time scale when collective
processes are effective.

Independent measurements on this particular
experiment with a different diagnostic yield time-
integrated datais of 0 —0.7+ 0.15 keg which is jn
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agreement with the x-ray streak-camera data as
well as the code predictions here. However, the
time-integrated 0~ is 14.1~ 3 keV, which is some-
what high. There are numerous other shots
where the correspondence between the time-in-
tegrated and the time-resolved data of 0~ are
much better, with differences between 5 3-(P/o.

In conclusion, we have succeeded in obtaining
time-resolved high-energy x-ray spectra by using
an x-ray spectra by using an x-ray streak cam-
era with multichannel filter packs. We have ob-
served both the thermal and suprathermal x-ray
temperature evolve in time. We have observed
that 0~ follows the laser pulse on grounds ex-
plainable by collective plasma processes but 0,
remains fairly constant and decoupled from 0H.

We also note that the 0~ dependence on laser in-
tensity is much stronger than has been previously
assumed. We speculate that this may be due to
enhanced Brillouin scattering since it can cause
the laser intensity at critical to drop off more
sharply in time than the tempora, l Gaussian of the
incident pulse.
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Double-Difusion Hot-Electron Transport in Self-Consistent E and B Fields
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A two-component, flux-limited diffusion model is introduced for the self-consistent
transport of hot electrons in laser-produced plasmas. Megagauss fields from the Vn„
&&Vn, source are predicted for IA.' Z Bx 10~' W pm /cm~. For low-Z target materials a

prompt back-side B field is a signature for hot electrons reaching the back of thin foils.

Recent experiments reconfirm the existence of
megagauss magnetic fields' in laser-produced
plasmas. X-ray data imply' that the hot-electron
density exceeds 50% of critical for IX' o 7 x &0"
W p, m'/orna. Generally, B-field treatments have
involved the transport of a single thermal-elec-
tron component. '4 Novel suprathermal treat-
ments have recently appeared, "but these are
confined to one-dimensiona1 applications. Zim-
merman' does multigroup suprathermal trans-

port in the code LASNEX, but only selected mag-
netic effects are included, ' e.g., there is no Vn~
&& Vn, hot-electron B-field source. Colombant
and Tidman' have discussed the field from such
a source, but they neglect ~~ effects and avoid
a transport analysis. The present Letter gives
the first results for the self-consistent transport
of hot and cold electrons with E and B fields.

Model equations. —A simulation code has been
constructed in which the hot and cold electrons
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