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The high-energy continuum x-ray emission from plasma created by intense (10"
Wem %) nanosecond 10-pum laser pulses has been characterized. The temperature of the
superthermal electron component deduced from this emission was found to be strongly
dependent on focus position, while displaying a weaker dependence on irradiation angle,
beam polarization, and target composition. The variation of the hot-electron
temperature as a function of IA" has been examined in detail in a range of IA® from
10" to 2x 10" Wum® ¢cm ° for various target materials and has been found to be in
qualitative agreement with the predictions of current theories of hot-electron production

based on resonance absorption.

PACS numbers: 52.50.Jm, 52.70. — m

I. INTRODUCTION

Characterization of the x-ray continuum emission from
laser-produced plasmas is a proven approach to the estima-
tion of plasma temperatures and an important indicator of
energy absorption and transport processes.'” In recent
times, examination of the x-ray continuum from plasmas
produced by intense (> 10" W cm™ at 1.06 zm) nanosecond
laser pulses has identified hard x-ray emission uncharacter-
istic of a purely thermal electron-energy distribution.®® This
has generally been interpreted as being due to the generation
of superthermal electrons during the laser-light absorption
process. Since these high-energy electrons play a critical role
in laser-fusion schemes, it has become of considerable im-
portance to determine their characteristics in terms of laser
and focusing conditions, target configuration, and in par-
ticular their dependence on laser wavelength and intensity.
The dependence on laser intensity is not only of concern in
the design of laser-fusion targets, but also can be considered
as an important signature of possible nonlinear processes
occurring during the laser-plasma interaction.'*!” While ear-
ly calculations estimated the hot-electron temperature
(T ) toscale with IA ?(the parameter IA 2is directly propor-
tional to the oscillatory energy of an electron in the incident-
radiation field) where / is the laser intensity and A is its wave-
length, other dependences have also been predicted. Theor-
ies based on flux limitation with stochastically heated elec-
trons at the critical surface predict!"* T, ~ (I4 %)*°, whereas
resonance absorption has been shown to indicate a depen-
dence on either (A ?)'/2 %15 or (I4 2)'/.1

Experimentally, insofar as investigations with intense
subnanosecond Nd : glass laser pulses (1 = 1.06 gm) are
concerned, reasonably consistent x-ray measurements of the
variation of T, with laser intensity have recently been re-
ported by a number of laboratories.’'*?° Those are all com-
patible with resonance absorption showing (4 2 ® depen-
dence with § varying between ~0.25 and 0.41, with some
weak dependence on the charge state Z of the target materi-
al. This conclusion is further supported by fractional absorp-
tion measurements,?' studies of the polarization and irradi-
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ance-angle dependence of the bremsstrahlung emission,**?’
and of the energies and angular anisotropy of the fast-ion
emission.?®*** However, the high-energy continuum emis-
sion from plasmas produced by intense CO, lasers at compa-
rable values of I4 2 has not to date been so clearly character-
ized. Early experiments,** with nanosecond pulses
indicated values of T, similar to those obtained with 1-um
lasers for values of 74 ? in the region of 10'* Wum? cm™. The
power dependence of the total x-ray intensity was also found
to be similar to that obtained with shorter-wavelength irra-
diation,” although the absolute conversion efficiency was
approximately 20 times less. However, in experiments at
lower powers ({ ~ 10" W cm™) with long (40 ns) pulse CO,
lasers, Stenz et a/.** found 8 ~0.63, corroborated with a simi-
lar dependence for the fast-ion blowoff, and in accordance
with a steady-state flux-limited scaling law."""’

In this paper we describe an investigation of the brems-
strahlung emission from plasmas produced by intense nano-
second CQ, laser pulses in the intensity range 10">-2 x 10"
W cm™. The emission has been characterized as a function of
laser intensity and target material, and its dependence on
laser beam polarization, prepulse condition, irradiation an-
gle, and focus position have been determined. These results
are compared with measurements of the fractional absorp-
tion,” electron-density distribution,* and high-harmonic
emission levels from the plasma.*'”’

Il. EXPERIMENTAL CONDITIONS

Measurements of the x-ray continuum emission were
made under a wide range of operating conditions with plane
flat polished targets irradiated with the output of one arm of
the COCO-II CO, laser system.

A. Characteristics of the laser pulse

The laser system provided energy in excess of 50 J in a
single pulse of nominal nanosecond duration in a near-dif-
fraction-limited beam, 80 mm in diameter.’2 The system uses
uv preionized atmospheric-pressure discharges throughout
with several saturable absorber gas-isolator cells in the am-
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plifier chain. Because of saturation effects, the originally ap-
proximately Gaussian pulse emanating from the mode-
locked oscillator and switchout stages is considerably modi-
fied during amplification. Initial investigations using a pico-
second resolution linear-upconversion technique® indicate
the pulse has a rise time typically of ~400 ps and a fall time
of 800 ps to 1 nsec. An on-line prepulse monitoring scheme is
capable of detecting levels of prepulse above 50 uJ and pre-
lase above SO kW and, in general, the pulse contrast ratio was
~ 10°. The near-field energy distribution had peak intensity
in a central peak ~20 mm in diameter surrounded by a high-
intensity ring ~ 60 mm in diameter.* The beam was focused
onto plane solid targets in a vacuum ~5X 10~ Torr, by an
f/1.520 -cm focal length off-axis parabolic mirror. After ac-
counting for various transmissions and reflection losses in
transporting the beam to target, the maximum energy deliv-
ered on target in these experiments was ~45 J. The focal
spot size had a measured half-energy diameter of ~ 110 #m
5 and was limited by imperfections in the focusing mirror.
Thus peak intensities of ~2.4 X 10 W cm™ were deliverable
on target with prepulse radiation levels of <2 X 10* W cm™.
Under these conditions, picosecond visible-light interfero-
metry* established that no detectable plasma (r, < 10"
cm™) existed on the surface of the target prior to the inci-
dence of the pulse. ‘

Plane, flat-polished targets of Al, Be, C, and (CH,),
were utilized in this study, each being aligned in the focal
plane to an accuracy of ~30 um.

B. Conditions of the interaction

The extent of the x-ray emitting region of the plasma
was determined by pinhole photography on Kodak SC-7
film. The camera had an aperture 15 gm in diameter and was
situated 20 mm from the target. The film was shielded by a
25-um Be filter, and a 1-kG magnetic field prevented film
fogging effects due to superthermal electrons. A typical pho-
tograph is shown in Fig. 1. It can be seen that the emitting
region is ~ 150 um in diameter and extends from the target
surface by less than 100 um. Spatially and temporally re-
solved electron-density measurements indicate the plasma-
density profile has a steep density gradient, of scale length
~ 10 pm, extending from 1, ~2 10" cm™ through the
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FIG. 1. X-ray pinhole photograph of an Al plasma. The incident intensity
was ~2 X 14 W/cm?2
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FIG. 2. The continuum spectrum obtained from a (CH,) plasma. The
ranges of the x-ray channels are shown.

critical density (n, = 10" cm™) to a density approximately
equal to that for equilibration between the radiation and
plasma kinetic pressures (~ 7n, for 2 X 10** W cm™). This
density wall moves away from the target surface with a ve-
locity of ~ 107 cm s™' during and immediately after the inter-
action. Since the fast-time-response x-ray detectors indicate
the predominant x-ray emission occurs within 1-2 ns after
the creation of the plasma, the x-ray photograph of Fig. 1
unambiguously establishes that the primary emitting region
is restricted to a zone well behind the critical density.

A typical spectrum of the x-ray continuum in the low-
energy range emitted by a plasma produced off a (CH,),
target is shown in Fig. 2. From the slope of the spectrum in
the low-energy region, a value of the thermal temperature of
T ~250 eV is deduced. This can be compared with values
of T~ obtained from a study of the He-like and H-like reso-
nance lines recorded with an x-ray crystal spectrograph
from similar plasmas created off Al and Mg targets. From
these investigations estimates of 7~ of 300400 eV at densi-
ties of n, > 10 cm™ were deduced. A superthermal tem-
perature, T, of 9.5 keV was inferred from the slope of the
high-energy portion of the spectrum shown in Fig. 2.

The major difference between the x-ray emission spec-
trum obtained from plasmas produced by CO, lasers and
those produced by Nd : glass lasers is the reduction in the
observed intensity by more than an order of magnitude of the
thermal component of the spectrum?’*¢** from CO,-laser-
produced plasmas. As a consequence the superthermal com-
ponent of the spectrum becomes dominant at a lower x-ray
energy with 10-um irradiation. In our investigations a sig-
nificant fraction of the x-ray flux detected by even the low-
est-energy x-ray detector channels was due to the superther-
mal portion of the spectrum. However, since the sensitivity
of SC-7 film drops rapidly above a few keV, the pinhole pho-
tograph (Fig. 1) would not be as sensitive to the superther-
mal emission.
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FIG. 3. The dependence of the x-ray intensity on focal position. The top

curve corresponds to x rays between S and 25 keV and the bottom curve
corresponds to x rays above 10 keV.

lll. MEASUREMENTS OF SUPERTHERMAL X-
RAY EMISSION

The superthermal x-ray emission from the plasma was

examined under a wide range of operating conditions in the
energy range 4 —30 keV with the aid of a number of detector-
foil combinations. These utilized as active elements, surface
barrier detectors (Ortec R-series), PIN detectors (Quantrad
PIN 250), or photomultiplier scintillator combinations. In
order to obtain reproducible spectra throughout this region
care was taken to protect the detectors from both energetic
electrons and x rays that originate outside the plasma region.
The detectors were enclosed in a light-tight housing which
had a foil entrance window. A collimator that consists of a
100-mm-long brass pipe with an inside diameter of ~ 10 mm
ensured that only x rays originating in the plasma region
were detected. An inside pipe thread was cut in the collima-
tor to form a series of apertures in the beam path. A perma-
nent magnet that provides a 1-kG field over a 1-cm region
was placed in front of the collimator entrance to sweep away
electrons from the detectors. Despite these precautions it
was found that a significant fraction of the x rays of energy
greater than ~ 25 keV recorded by the detectors originated
outside the immediate plasma region. The most probable
source of this signal is x-ray fluorescence of the aluminum
target support structure caused by fast electrons emitted
from the plasma.*** Thus measurements of the plasma con-
tinuum beyond this energy range (~ 30 keV) were not
reliable.
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In the present experiments the values of 7, were deter-
mined using five surface-barrier detectors located in a clus-
ter which was positioned ~ 40 cm from the target at angles of
60° with respect to the target normal and 80° to the axis of the
laser irradiation. They were calibrated relative to each other
in this configuration. This was achieved by using identical
foils (both 50-um Be and 25-um Al were used) in front of
each detector and comparing their respective signals for a
number of laser shots. The typical shot-to-shot variation in
signal was ~ 7% and the variations in sensitivity from detec-
tor to detector were less than 15% and did not depend on the
foil used for the calibration.

In obtaining the values of 7', it has been assumed that
the emission above 4 keV can be described by a single tem-
perature. Because of the sensitivities of the detectors em-
ployed, these values of T, are primarily determined from
the spectral characteristics in the region from 5 to 24 keV.
Theerrorin T, due toshot-to-shot variations in the detector
signalsis ~ 10% (for T, < 15 keV). An iterative deconvolu-
tion procedure was used employing Henke’s analytical ex-
pressions®! for x-ray absorption coefficients in calculating
foil transmissions and detector sensitivies.

A. Focal-spot dependence

The intensity of the hot x-ray component is very sensi-
tive to the focusing conditions. Figure 3 shows the x-ray
intensity detected by two of the detectors as the target is
moved in and out of focus. The upper figure illustrates the
transmission through 50-um Al foil and detected by a sur-
face-barrier detector, which corresponds to x rays of energy
between 5 and 24 keV and the lower figure shows transmis-
sion through 75-um Ti detected by a photomultiplier—Nal
scintillator detector which is sensitive to x rays above 10
keV. The data were taken with Al targets with from 20 to 30
J of incident energy. The variation in incident energy is re-
sponsible for most of the observed scatter. It can be seen
from Fig. 3 that the intensity of x rays of higher energy ex-
hibits a stronger dependence on focus position than those of
lower energy. Thus, the hot-electron temperature deduced
from these distributions will also be dependent on focal posi-
tion and has the form shown in Fig. 4. From Fig. 4 it is noted
that this temperature has a peak value when the targetisin a
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FIG. 4. The dependence of T, on focal position.
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FIG. 5. The dependence of focal-spot intensity distribution on the distance
from the best focus. Each successive intensity contour represents a change
in intensity by a factor of 2.

position corresponding to best optical focus, and that the
value of 7', drops by a factor of 2 in moving the beam focus
by only 400 um. Thus, in these experiments the maximiza-
tion of high-energy x-ray flux and 7, could be utilized as a
means of confirming optimum focus. Similarly, strong focal-
spot dependence of the superthermal emission has been ob-
served with Nd : glass lasers.*** In these investigations com-
parable behavior appears to be evident in the x-ray emission
at higher energies (above 40 keV).

During these investigations concurrent backscattered
harmonic emission levels were also being recorded and a
strong correlation was found between the intensity of scat-
tered high-harmonic radiation’*? and the intensity of the
superthermal x rays. However, measurements of the frac-
tional absorption utilizing both infrared light balance and
ion calorimetric techniques indicated no strong dependence
of the absorption (typically ~40% for an irradiation angle
of 20°) on focus position or target material.

Preliminary measurements of the focal-spot side on ei-
ther side of focus had indicated that the variation in average
intensity was not sufficient to explain the present results.
More recently, the intensity distributions on either side of
focus have been more carefully measured* and it is evident
that it is difficult to rule out the variation in intensity distri-
bution on target as the sole cause of the observed dependence
of the x-ray emission on focal position. Figure 5 illustrates
the change in focal-spot intensity distribution on either side
of best focus. At best focus the focal spot is reasonably sym-
metric, but even 100 um away from best focus the spot be-
comes elongated and begins to break up and exhibits local-
ized hot spots. At positions further away from focus the
beam breakup is more severe and it is not clear how to assign
a value to the focal-spot size.

B. Dependence on irradiance angle

The dependence of the x-ray emission on irradiance an-
gleisillustrated in Fig. 6. Although T, changes only slightly
as the irradiance angle is changed from 15° to 35° the intensi-
ty of x rays transmitted through 50-um Al foil (5-25-keV x
rays) is reduced by a factor of 3. The irradiance angle mea-
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surements were made with both S- and P- polarized incident
laser light. Any dependence on polarization was less than the
shot-to-shot scatter in the data.

Measurements made of the higher harmonics scattered
off the plasmas under similar conditions indicate that their
intensities exhibited a similar dependence on irradiance an-
gle to that shown by the high-energy x-ray intensity. The
ratio between successive harmonic intensities appeared to be
relatively independent of irradiation angle or polarization.
Concurrent measurements have revealed that the fractional
energy absorbed drops from 45 to 30% from P-polarized
light and from 30 to 25% for S-polarized light as the irradi-
ance angle is varied from 15 to 40°. The observed dependence
of the energetic x-ray intensity and the absorbed energy is
consistent with the number of hot electrons being propor-
tional to the absorbed energy.

Recently a study of the irradiance angle dependence of
the superthermal x-ray emission from 1-um laser-produced
plasma has been reported.” The study has shown that 7',
has an irradiance-angle dependence that is similar to pre-
viously reported energy-absorption measurements, while
the superthermal x-ray flux exhibits a more enhanced irradi-
ance-angle dependence. Because of the small f number of the
focusing optics, the smaller values of kL (where k is the free-
space wave vector of the incident radiation and L is density
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FIG. 6. The dependence of hot x-ray intensity (top curve) and T, (bottom
curve) on irradiance angle. .
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FIG. 7. The intensity dependence of the hot x-ray emission from various
targets.

scale length), the larger radiation pressures, and the longer
pulse lengths encountered in our experiments, we would not
expect to observe a clear resonance peak in the absorption
measurements as has been observed with glass-laser-pro-
duced plasmas.

C. Intensity dependence

The intensity dependence of the x-ray emission is illus-
trated in Fig. 7 for various targets. For Be and C the intensi-
ties have a power-law dependence of ~ 1, while for Al targets
the power law appeared to be ~ 1.2. This difference may be
due to the leakage of the intense Al line emission through the
Alfilters. The linear dependence of energetic x-ray intensity
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FIG. 8. The dependence of T, on incident for Be and C targets.
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FIG. 9. Comparison of the present results (solid circles and triangles) with
other CO,-laser-produced plasmas; [LASL (Ref. 16) O for I4*> 10°, LLL
(Ref. 38) + , INRS (Ref. 36) + , and Ecole Poly. (Ref. 28) O for I4, < 10"].
The solid line is representative of results with Nd : glass-laser-produced
plasmas (Ref. 18).

on laser power, together with the observed independence of
the fractional-energy absorption on laser intensity further
substantiates the assertion that the number of hot electrons
is proportional to the absorbed energy. A somewhat surpris-
ing result was the fact that the emission was more intense
from Be targets than from C targets. The intensity had been
expected to increase with increasing z.

The dependence of T, on irradiance level is illustrated
in Fig. 8. It is found to obey a power law of ~0.26 for C and
~0.39 for Be. Also included in Fig. 7 is a single measure-
ment made from a polyethylene plasma. A similar weak de-
pendence of T, on target z and irradiation conditions has
been noted recently with 1-um irradiation.'®

A scaling law of T, ~(I4 ?) ? is expected. These results
clearly indicate that for JA ? > 10" ¢ is z dependent. We may
compare our results to other CO;-irradiation studies and in-
vestigations with 1-um illumination as is shown in Fig. 9.
Although absolute comparison between different experi-
ments is not possible because of differences in focal-spot dis-
tributions, a general behavior of T, ~(I4 ' for IA *> 10"
does appear to be evident. This behavior is consistent with
resonance absorption being the dominant absorption mecha-
nism in this region.

IV. CONCLUSIONS

The superthermal x-ray emission from high-intensity
CO,-laser-produced plasmas exhibits characteristics similar
to those obtained from glass-laser-produced plasmas when
compared at equal values of JA 2. The scaling of T, with
(IA ?) 7 has been confirmed for CO,-laser-produced plasmas.
Although the derived value of ¢ is somewhat target depen-
dent, it is in agreement with values obtained from simula-
tions which employ resonance absorption as the dominant
laser-light-absorption mechanism.
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