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20. ABSTRACT (Continued)

X-ray spectra deduced from the measurements are used to evaluate target heating (based on
1-5 keV x-rays) and to determine the relative importance of energetic electron production
by plasma instabilities in the underdense region (based on 10-50 keV x-rays).

The thermal x-ray emission is dominated by the higher energy 4-nsec laser pulse and
corresponds to electron temperatures of about 300 eV. The intensity of this emission scales
with the laser energy, as expected. Temperatures determined from these measurements are
compared with those extracted using time-resolved x-ray diagnostics. Also, temperatures are
compared with values extracted from bremsstrahlung specira based on a 2-D hydrocode
analysis of this experiment.

The dependence of the intensity of energetic x-ray emission and the associated hot electron
temperature, Ty, on the background plasma scalelength and the energy of the short pulse are
reported. Values of Ty, range from 6 to 10 keV, and variations in the energetic x-ray intensity
of more than an order of magnitude are observed in the experiment. For low energy in the
short pulse, the energetic x-ray emission increases with background plasma scalelength, but
this behavior is not maintained as the energy is increased. These observations suggest that the
energetic electrons are produced by different plasma instabilities at low energy and at high
energy.
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i X-RAY PRODUCTION/IN LONG-SCALELENGTH LASER-PLASMA INTERACTION EXPERIMENTS

\\;} Measurements /of x-rays produced in longer-scalelength interaction experiments
carried out usjng the NRL Pharos 11 Nd laser facility are described in this
t presentation. ¢

is shown in Fig. 1. A 4rns laser pulse is used to irradiate a large area on target

T 9.

~- The configuration of the laser and the target for these experiments

to create a long-scalelength background plasma. A 0.3-ns laser pulse, timed to the 1

peak of the long pulse, is focused to a smaller area and at higher irradiance to

study the laser-plasma interaction. The x-ray emission is evaluated in terms of two ‘E.*
experimental parameters: background-plasma scalelength and short-pulse laser b nd
intensity. The background-plasma scalelength is varied by changing the larger spot
size at constant irradiance. Measurements were carried out at three different spot
sizes which correspond to short, medium and long scalelength conditions. These
conditions correspond to scalelengths of 140, 240 and 320 um, respectively, at one-
quarter critical density. The laser intensity is varied by changing the short-pulse
energy. Bremsstrahlung radiation from 1 to 50 keV is measured in order to evaluate
the background-plasma temperature, the perturbed-plasma temperature and energetic
electron production by the short-pulse focused beam. i

The background and perturbed plasma temperatures . .are determined by time-
resolving the thermal x-ray emission. The background-plas}ni temperature corresponds
to heating by the long pulse only while the perturbed plasma temperature is due to
heating by the short laser pulse. Traces from two detectors with filters designed
to detect 1-1.5 keV (AL) and 2-2.8 keV (Cl) x rays respectively are presented in
Fig. 2. Each detector consists of a quenched plastic scintillator coupled to a
vacuum photodiode giving an overall time regponse of ~ 0.7 us. Both detectors
record x rays from the short pulse and the long pulse., The relative amplitudes of
the responses in the two detectors are used to determine the temperatures given in
Fig. 2. These temperatures are based on & thermal Maxwellian electron energy

. distribution. The long-pulse response is time-resolved, and the background plasma
temperatures, evaluated at maximum x-ray emission, are determined to + 10Z. These
detectors integrate the short pulse so the perturbed-plasma temperatures are time-

averaged. Consequently, these values represent lower limits on the heating of the
perturbed plasma. The spread in values of the perturbed-plasas temperatures
encompass the variation in short-pulse laser energy.

Manuscript approved September 15, 1983,
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The measured temperatures are compared to temperatures determined from

hydrodynamic modeling of the experiment.1

The free-bound x-ray radiation is
evaluated using density and temperature profiles given by the hydro-code, and the
slope of the 1-3 keV x-ray region is used to extract the temperature after
appropriate spatial and temporal integrationm. Temperatures determined with the
hydro-code are shown in parentheses in Fig. 2. These results are consistently
higher than the experiment. This may be due to the fact that the code does not
include refraction of the incident light in the underdense region. Only a small
amount of refraction would be required to increase the heated target area by the 10%
needed to explain the discrepancy. Also, laser energy could be absorbed in the
underdense region by processes other than inverse bremsstrahlung and would not be

accounted for in the hydro-code calculations.

Results from temporally and spatially integrated x-ray measurements will be
presented in the remainder of this report. Typical x-ray spectra are shown in Fig.
3. Detector arrays with K-edge filters are used: PIN diodes for the low energy
region (1-10 keV) and scintillator-photomultipliers for the high energy region (20~
50 keV). The two spectra in Fig. 3 are for a fixed short scalelength but different
short-pulse laser energies. The low energy x-ray emission 1s characterized by a
thermal electron temperature (Te) and is dominated by the 4-ns long pulse so these
two low energy spectra are quite similar. The high energy x-ray emission {s
characterized by a hot electron temperature (Th) and a total energy (Ezo)
corresponding to the integrated emission above 20 keV. This emission is sensitive
to the short-pulse energy. At low energy, the x-ray emission is less than
experimental detection limits as shown by the dashed line in Fig. 3. The long laser
pulse gives no detectable high energy emission because it is at low irradiance. We
shall see later that this high energy emission does increase with scalelength as
well as with laser energy as evidenced in Fig. 3. Results for T,, T, and Esp

respectively, are presented in the next three figures.

Thermal electron temperatures (Te) at the short, medium and long scalelengths
are presented in Fig. 4. The temperature is nearly constant at 300 eV because the
irradiance is held nearly constant as the scalelength is changed. For the medium
and long scalelengths, a weak dependence on long-pulse laser energy i{s evident. At
short scalelength, the energy in the short pulse approaches that of the long pulse
and thereby introduces scatter iIn these time-integrated measurements. For

comparison, the time-resolved background temperatures presented in Fig. 2 are




indicated by the horizontal lines. These values are consistently higher than the
time-integrated results, as one {ntuitively expects.

Hot electron temperatures (T,) are given in Fig. 5 as a function of the short-
pulse laser energy for all three scalelengths. At low energy and short scalelength
no energetic x rays are observed, but increasing either the scalelength or the laser
energy causes an onset of energetic x-ray emission (i.e., hot electrons). Values of
Th range from about 6 to 10 keV and have very little dependence on short-pulse
energy. Average values at the three scalelengths are indicated in Fig. 5. Here

also only a weak dependence on scalelength is seen.

Of more interest is the hot electron population as measured by the integral
E_ (Ezo) of the high energy tail of the x-ray spectrum . This quantity, normalized to
i= the incident laser energy, 1s displayed in Fig. 6 for the three scalelengths. At
] short scalelength, the fraction of high energy x rays increases rapidly from an
apparent threshold at ~ 10 Joules (corresponding to a vacuum irradiance of 2 x 1014
U/cmz). Above 20 Joules this fraction increases less rapidly. At longer

scalelengths the behavior is quite differemt. X rays are detected even for laser
energies less than 10 Joules and the intensity increases with scalelength. There iz
a minimum in the intensity near 15 Joules, and above 30 Joules the intensity varies
by an order-of-magnitude from shot to shot -~ even though the hot electron
temperature is rather constant. At 7 Joules, for example, a threshold is apparent
between short and medium scalelengths. Contrast this behavior to that at 20 Joules
where the intensity is nearly constant as the scalelength is increased.

Hot electron fractions were determined from values of E;; and T,, and the
results at 7 and 20 Joules are shown in Fig. 7. Hot electron fractions are
presented in terms of the focal diameter of the long laser pulse for the three
scalelengths, rather than the scalelength, because the scalelength variation is
strikingly different at critical density (“c) and in the underdense region (n./4) as
shown at the top of this figure. These hot electron fractions are based on thick-
target bremsstrahlung with the assumption that one-half of the electrons are
directed {into the target. The increasing hot electron fraction at 7 Joules
correlates with the scalelength variation at nclé, whereas the rather coastant hot

electron fraction at 20 Joules correlates with the constant scalelength at .
Therefore, one is inclined to look for an underdense instability at low energy and a
critical-density process at high energy as potential sources for generating

energetic electrons. This {nterpretation 1s consistent with the experimental




b. observation that more laser energy does penetrate to the critical surface at high
energy."z However, other explanations are possible; for example, profile
- steepening at nclé due to local energy deposition by an instability could eliminate

the differences between the three background plasmas at higher incident energy.

In conclusion, time-resolved x-ray measurements have shown that the perturbed
plasma is heated to a temperature of 1.1 to 1.8 times that of the background plasma,
e depending on the laser energy. Measurements of 20-50 keV x rays have demonstrated
. that the energetic electron intensity has a threshold with increasing laser energy
. for short scalelength, and a threshold with increasing scalelength for low laser
energy. Also, above threshold the hot electron temperature is 7-9 keV and scales
only weakly with plasma scalelength and laser energy. Arguments can be made to
support energetic electron production by underdense plasma instabilities at low
energy and critical-surface phenomena at high energy. Self-focusing, which was

inferred from images of second harmonic emission in this expertnent,3

may impact
energetic electron production at the higher energies. However, we cannot make
definitive statements regarding mechanisms for energetic electron production at this

time.
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HOT ELECTRON TEMPERATURE, T, (keV)
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5 Hot electron temperatures deduced from high energy (20-50 keV) x-ray
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