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The angular distribution and the spectrum of the emission scattered by a plasma produced by ruby-laser
pulses of ~20 psec duration at a flux density 10”-5X 10'* W/cm? are investigated. It is shown that the
absorption coefficient equals 80+ 10%. The scattered radiation is the result mainly of reflection from the
critical surface. The fraction of the stimulated Brillouin scattering in the total energy balance is small. The
energies of the scattered optical radiation as well as of the x rays were measured with a time resolution
corresponding to the axial period of the picosecond-pulse train. The spectrum, the spatial and angular
distributions, and the polarization of the continuous x radiation of the laser plasma are investigated. It is
shown that the principal anomalous absorption mechanism responsible for the formation of superthermal

electrons is resonant absorption.

PACS numbers: 52.25.Ps, 52.50.Jm

A number of investigations of the physical processes
that take place when intense laser radiation interacts
with a plasma have been reported in the last few
years.'® Particular attention has been paid to investi-
gations of the mechanisms whereby radiation is absor-
bed by a laser plasma, since knowledge of these mech-
anisms is of decisive importance for research into
laser-mediated controlled thermonuclear fusion. A
number of procedures have been developed for the in-
vestigation of the absorption processes and for the
determination of the principal plasma parameters, such
as the electron density, temperature, and others.
These procedures include high-speed interferometry,’
investigation of the spectral composition of the radia-
tion scattered by a plasma,*'®® x-rays emitted by the
plasma,'? the fast particles produced in the plasma,™
and others.

We have experimentally investigated the optical and
x-ray emission from a plasma produced by picosecond
pulses of a ruby laser in the flux-density range 10—
5X10" W/cm®. The results were used to calculate the
plasma parameters and to determine the basic mecha-
nism of the absorption of the laser emission.

EXPERIMENTAL SETUP

We used a mode-locked ruby laser at low temperature
(100 K). The laser construction is described in detail
in Ref. 12. It generated a short train of 1-3 pulses
with minimum duration 10-20 psec and with a total
energy up to 0.5 J. The interval between pulses, with
the exception of specially stipulated cases, was 4 nsec.
The radiation was linearly polarized with a degree
of polarization not worse than 0.9. The laser beam
was focused with a lens of /=50 mm into a spot of 60
Lm diameter at half-intensity. The maximum radiation
flux density at the target reached 5X10™ W/cm®. We
used bulky targets of different materials with atomic
number from 6 to 74. The targets were placed in a
vacuum chamber evacuated to a pressure 10 Torr.
The x-ray detectors were insulated from the chamber,
but the target holder was in contact with the chamber
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housing.

The experimental data were accumulated and reduced
with a multichannel automatized facility with on-line
CAMAC, NIM, and minicomputer electronic modules.!?
The signals from the x-ray detectors were converted
into a digital code by an AD-811 11-digit amplitude-
digital converter,'* while the signals from the coaxial
photocells that measured the energy of the laser radia-
tion were digitalized with a charge-digital QD-808 con-
verter." The experimental data were recorded on a
floppy disk and printed on a teletype. The graphic in-
formation was reproduced by a Tektronix-613 display
and an NE-230 plotter.

OPTICAL RADIATION SCATTERED BY PLASMA

The optical radiation scattered (reflected) by a laser
plasma is an important factor in the plasma diagnos-
tics.!2*® The angular distribution of this radiation
characterizes the shape of the critical surface and
makes it possible to assess the mechanisms of the
scattering of the radiation. Its spectral composition
yields information on the mechanisms of laser-energy
absorption, on the rate of plasma expansion, on the
plasma electron temperature, and others. We have
investigated the angular and spectral distribution of the
radiation scattered by the plasma, and determined the
absorption coefficient and the character of its variation
along the path of the pulses.

TABLE I. Dependence of the de-
gree of polarization (in %) of
the x rays on the observation di-
rection, on the target material,
and on the incidence angle.

. Position

Target Position 1
material 0 15° 350 i
10 9 - 3
Al 14 14 - -
Cu 7.5 11 - -
Mo 12.5 12 - 11
w 12 13 8.5 12
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FIG. 1. Directivity pattern of the scattered radiation for the
case of normal incidence on a copper target. Pulse duration
T810-100 psec, radiation flux density I~103-101* W/cm?,

1. Angular distribution of the scattered radiation

The angular distribution of the radiation scattered by
the plasma was investigated at various incidence angles
with the aid of energy-calibrated FK-19 photocells.

The measurements were made in a plane perpendicular
to the vector of the electric field of the heating radia-
tion. The maximum radiation intensity in these ex-
periments was ~10"* W/ ecm?. We used targets made of
various materials ranging from carbon to tungsten; the
results obtained with all targets were similar within
the limits of experimental error.

Figure 1 shows the directivity pattern of the scatter-
ed radiation in the case of normal incidence of a laser
beam on a copper target. The coefficient of reflection
into the aperture of a lens of 14 mm diameter with
focal length 50 mm was 2.8 +0.5%. The directivity
pattern was qualitatively similar to that observed in
Ref. 15. The value of the total reflection coefficient
of the plasma, obtained by integrating the directivity
pattern a solid angle 27, was 20+109,. This is some-
what less than the values measured in Refs. 2, 16, and
17 at a wavelength 1.06 um, and corresponds approxi-
mately to the values measured in Refs. 17 and 18 and
wavelengths 0.53 and 0.26 um at comparable flux den-
sities and pulse durations.

With the radiation obliquely incident on the target,
the directivity pattern reveals a maximum correspond-
ing to specular reflection. This is evidence that the
spreading of the plasma over a scale on the order of
the focusing-spot radius is on the whole planar, i.e.,
the deviations of the critical surface from a plane are
much less than the dimension of the focusing spot.
However, as will be shown later on, small-scale modu-
lation of the critical surface, and its bending on the
periphery, are possible. The directivity pattern for
inclined incidence had a weak asymmetry. Thus, at
an incidence angle 15° the reflection coefficient at an
angle ~15° (into the aperture of the focusing lens) was
0.2%, and at an angle 45° (symmetrical relative to the
specular maximum) only 0.05%. This can attest to the
appearance of stimulated Mandel’shtm-Brillouin scat-
tering (SMBS) in the laser-plasma corona.

Figure 2 shows the dependence of the coefficient of
specular reflection on the angle of incidence on an alu-
minum target for p- and s-polarization of the laser
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FIG. 2. Specular reflection coefficient for p-(00) and s-polar-
ization (Q) of laser radiation and of the reflection into the a-
perture of the focusing lens (4) on the angle of incidence on an
aluminum target, 1~10-100 psec, I~1013-10" W/cm?.

radiation and for reflection into the aperture of the
focusing lens. The general appearance of the curves is
similar to that obtained in Ref. 16, but the absolute
values of the reflection coefficient are smaller in our
case. The relations between the scattering, due to
SMBS, into the aperture of the focusing lens and the
specular reflection from the critical surface are also
different. In Ref. 16 the contributions of the SMBS
and of the specular reflection are approximately equal.
In our case, at a radiation flux density smaller by a
factor of 10, the SMBS makes a smaller contribution
than the specular reflection. In contrast to Refs. 17—
19, we did not observe, within the limits of the mea-
surement accuracy, a difference between the specular
reflection coefficients for the p- and s-polarization at
comparable flux densities. This is possibly due to the
already mentioned small-scale modulation of the criti-
cal surface. The increase of the reflection coefficient
at incidence angles larger than 60° agrees with the re-
sults of Ref. 16 and may be evidence that the plasma
electron density N, undergoes an abrupt change in the
region between N, and iN..

The absorption coefficient 80+ 10% measured by us
greatly exceeds the estimate based on an inverse
bremsstrahlung mechanism for a pulse of 20 psec dur-
ation at a plasma electron temperature 7,~0.5-1.0
keV.® This indicates that the anomalous absorption
mechanisms make a noticeable contribution, compar-
able with the inverse bremsstrahlung, to the total en-
ergy balance.

2. Time dependence of reflection

Since no single ultrashort pulse was separated in our
experiments, the conditions of absorption of the laser
radiation by the plasma could, strictly speaking, vary
from pulse to pulse. We have therefore measured to
coefficient of reflection into the aperture of the focus-
ing lens with a time resolution corresponding to the
spacing of the train pulses. The signal from the photo-
cell that recorded the scattered radiation was fed
through a cable delay line to an 12-7 oscilloscope,
which received also a signal from the photocell that
recorded the radiation incident on the target. The time
resolution of the recording system was ~1.0 nsec. The
amplitudes of the pulses on the oscillograms were pro-
portional to the energies of the corresponding light
pulses. A statistical reduction of ~100 oscillograms
has shown that, on the average, the reflection coeffi-
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cient is constant over the train of the ultrashort pulses.
This indicates that the plasma produced by the first
pulse of the train manages to become dispersed during
the time between two pulses. This does not mean, how-
ever, that the radiation is absorbed under identical
conditions (i.e., on the same plasma-density profile)
for all the pulses of the train.

3. Spectral composition of the scattered radiation

In addition to the measurements of the energy of the
plasma-scattered radiation, we investigated its spec-
tral compositions. The measurements were made at
normal incidence on bulky flat targets of carbon, cop-
per, and tungsten. The spectral width of the laser
radiation was ~1 cm™ (~0.5 A). We investigated the
spectrum near the laser frequency w, as well as near
the frequencies 2wy and (})wy. An STE-1 spectrograph
was used (dispersion for w, in third-order diffraction
was #13 A/mm). The distance between the spectro-
graph and the target was 3 m. We registered radiation
scattered into the aperture of a focusing lens of 20 mm
diameter and focal length 50 mm.

The spectra of the scattered radiation near w, were
registered for a single laser flash. Typical spectra
and the corresponding density distributions are shown
in Fig. 3. In all the laser flashes and on all the tar-
gets the spectrum of the scattered radiation near the
fundamental frequency was broader than the spectrum
of the heating radiation, and reached 12 A in width.
The center of gravity of the spectral distribution was
shifted to the long-wave side by 1-3 A in the case of
the carbon target, 3-6 A for copper, and 4-8 A for
tungsten. The short-wave end of the spectrum for the
tungsten target was located on the average 3 A away
from the laser-radiation wavelength %,. In the case of
the copper target, the short-wave end was near 2,
while for the carbon target it was shifted towards the
blue region by a value -4 A [Fig. 3(a)l. In a number
of flashes, oscillations of the intensity were observed
in the spectrum of the scattered radiation [Fig. 3(b)],

=10 0 +10%20 ~10 0 +10+20+30,
AAA

FIG. 3. Spectrogram of radiation scattered into the aperture
of the focusing lens at normal incidence on the target, obtained
near the laser-radiation wavelength 2 (top) and the corres-
ponding density distributions (bottom): a—carbon target, b—
tungsten target.
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with a period 3-5 A. This modulation occurred almost
always when strong superthermal x rays were present.

The plasma radiation at the 2wy, harmonic and near
the frequency 3w, could not be registered even when
the exposure was lengthened to ~50 flashes. An esti-
mate of the 2w, radiation intensity yields I, < 1071,
where I, is the intensity of the scattered radiation at
the fundamental frequency.

The results agree with the measurements of the
spectrum of the scattered radiation near the funda-
mental frequency, performed in Refs. 8 and 9. The
spectral composition of the radiation near wg is deter-
mined by the joint action of two mechanisms: SMBS
in the corona of the laser plasma, and the Doppler
effect produced by scattering in the dispersing plasma.
As shown in Ref. 8, the plasma region that moves with
subsonic velocity gives a red shift, while the tgnuous-
plasma region with supersonic dispersal velocity can
give a blue shift. The blue shift registered by us in
the case of the carbon target, and its absence when
copper and tungsten targets were used, agree with the
experimental results of Ref. 9, where it was observed
that the threshold flux density at which the blue shift
takes place increased with increasing atomic number
of the target material. This quantity amounted to
(2-3)x10' W/cm? for (CHy), at a pulse duration ~5
nsec. The appearance of the oscillations of the spec-
tral intensity is likewise in good agreement with the
results of Ref. 4, where the spectrum observed had a
line structure with a period 1-2 A at I 210" W/cm®.

Thus, under the conditions of our experiment, SMBS
takes place in the laser-plasma corona. This process,
however, makes a small contribution to the reflection
coefficient. This is attested to by the character of the
angular distribution of the scattered radiation, by the
low value of the reflection coefficient, and by the fact
that it does not vary along the train.

From the position 62, of the blue boundary of the
spectrum we can estimate the rate of dispersal » of a
cold tenuous plasma in which SMBS sets in:

cOA,
~(1—- ~15¢, .
v (1 2¢3cho )c“ Cae

. *1.5%X10" cm/sec at T, =400 eV for carbon.

In addition, we can estimate the speed of sound in the
plasma region where most of the light scattering takes
place. From the expression for the wavelength of the
scattered radiation

‘h

Ar= %(o,c—u) (1— Ict)

we obtain c,, 2 cAN/2)y. Since AX=5-15 A, we have
Cae 2 (1-3)X10" cm/sec.

INVESTIGATION OF THE PLASMA X RADIATION

The x rays from a laser plasma serve as one of the
most important sources of information on the processes
in the plasma. They are characteristics of the plasma
electron temperature and of the electron velocity dis-
tribution, and help identify the mechanisms of laser-
radiation absorption and of the appearance of super-
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thermal electrons. In the present study we investi-
gated the spectrum and the angular and spatial distri-
butions of the continuous x radiation from a laser plas-
ma,.

1. Pinpoint photographs of a laser plasma

The spatial distribution of the x radiation of a laser
plasma in the 1-3 keV range was investigated by taking
pinpoint photographs of the x radiation. They were
taken on UF-VR photographic film through a diaphragm
perpendicular to the target plane and having an 8 um
diameter hole. A copper target was used. The spec-
tral range of the registered radiation was determined
by the thickness of the beryllium filter placed in front
of the photographic film. Pinpoint photographs obtained
at various filter thicknesses are shown in Fig. 4(a).
Figure 4(b) shows the density distributions of the flare,
taken through a filter 48 mg/ cm?® thick (cutoff energy
E, =3 keV). It is seen that the luminous region de-
creases with increasing filter thickness. For the very
thinnest filter the flare dimension along the normal to
the target was ~100 um, and the total dispersal angle
was 25°. For the thickest filter, the thickness of the
luminous region on the pinpoint photograph was closest
to the smallest attainable in the given geometry and
equaled 20 um. This minimum dimension was deter-
mined by the resolution of the pinpoint camera, which in
this case was equal to the diaphragm diameter,20 and by
the distance from the center of the diaphragm to the
plane of the target (0.7 mm). Consequently the dimen-
sion of the region occupied by the dense hot plasma
should be much smaller than this dimension. We note
that the dimension of the plasma flare on the pinpoint
photographs obtained in Ref. 1 using pulses of nanosec-
ond duration was much larger, at comparable beryl-
lium filter thicknesses, than in our case.

The size of the luminous region of the plasma in the
target plane depends little on the filter thickness and
corresponded to the diameter of the focusing spot on
the target surface. This means that there is no sub-
stantial transfer of plasma energy in the radial direc-
tion via heat conduction or via dispersal over the tar-

20 um

FIG. 4. a) Pinpoint photograph of plasma flare, taken through
beryllium filters of thickness 16 mg/cm? (top), 32 mg/cm?
(middle), and 48 mg/cm? (bottom). b) Density distribution of
flare, taken through a filter 48mg/cm? thick, X—in the target
plane, Y—perpendicular to the target plane.
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get surface after the termination of the laser pulse.
The size determined from the pinpoint photographs
agrees also with the estimate based on the width, mea-
sured by us earlier,?! of the spectral lines of multiply
charged ions.

2. Spectrum of continuous x radiation

The experimentally simplest and most widely used
method of measuring the spectra of continuous x radia-
tion is the wide-band filter method,? in which one
registers the absorption curves of the investigated x
radiation as it passes through filters with different
thicknesses. To find the differential spectrum (i.e.,
the spectral density of the radiation) from the absorp-
tion curve obtained in this manner, one uses numerical
reconstruction methods based usually on the regulariza-
tion method.?® In this reconstruction method, however,
it is difficult to estimate the errors of the results,
since quite complete information on the spectrum must
be on hand before a correct solution is obtained.

The form of the response function of the detector can
be substantially improved, and the reduction and accu-
racy of the measurement of the x-ray spectra simpli-
fied thereby, by using the Ross-filter (K-filter) pro-
cedure,“ which consists of measuring the x rays in
discrete subbands of the energy band determined by
absorption K-band of the employed filter. This method
was proposed for the investigation of a laser plasma in
Ref. 25. Since the spectrum of the continuous x radia-
tion from a laser plasma falls off strongly with increas-
ing photon energy, these measurements are usually
performed with a Ross spectrometer that contains one
filter and one x-ray detector, rather than the two used
in the classical Ross spectrometer.

The x-ray spectrum was investigated by us earlier
with the aid of wideband aluminum filters.® In the pres-
ent study we investigated the differential x-ray spectra
with a spectrometer containing K-filters and scintilla~
tion counters based on CsI(T1) crystals, with FEU-85
photomultipliers, in front of which we placed filters of
Ti (150 um), Fe (100 um), Co (120 um), Cu (1501m),
Zn (120 um), Zr (300 gm), Mo (300 um), Cd (600 Lm),
and BaTiOy (1000 um). The spectrometers operated in
the energy band from 5 to 37 keV. The recording sys-
tem accommodated a dynamic range of 4-5 orders.
This range was reached by using AD-811 analog-digital
converters and by suitable selection of the K-filter
thickness and of the diameters of the holes in the lead
collimators in front of the filters. The spectrometers
were energy-calibrated automatically using the radio-
active 7 isotopes *°Fe (5.9 keV), 1®Cd (22.5 and 88 keV),
and **Na (511 and 1280 keV).

Figure 5 shows the differential spectra of the x rays
from a tungsten plasma, obtained with the aid of K-
filters in various series of flashes. Each curve was
obtained by averaging over ~10 flashes with close val-
ues of the x-ray energy. The form of the spectrum
corresponds to a two-temperature distribution with an
electron temperature 7, and with an effective super-
thermal-electron temperature 7. The inflection
point of the spectral distribution lies in the 8-keV re-
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FIG. 5. Differential specturm of x rays from tungsten plasma
in two laser-flash runs. On the horizontal axis are marked
the width of the pass bands of the K-filters at the 0.1 level.

gion and separates the sections with predominant ther-
mal radiation (recombination radiation of thermal elec-
trons) and superthermal radiation (bremsstrahlung of
superthermal electrons). The obtained values of T, and
T, agree well with the values obtained by us with wide-
band filters. The form of the x-ray spectrum agrees
with the data obtained in Refs. 3 and 26 at approximate-
ly the same laser-radiation flux densities.

Figure 6 shows a plot of T, against 7., obtained
from differential x-ray spectra similar to those shown
in Fig. 5. This dependence can be approximated by the
expression T, TZ.

3. Influence of prepuise on the x-ray output

It is known that the prepulse influences the interaction
of the radiation with the laser plasma, since it deter-
mines to a considerable degree the electron-density
profile with which the main pulse interacts. As shown
in Ref. 27, the intensity and spectrum of the plasma
X rays depend substantially on the prepulse. We have
therefore measured the x-ray energy of the plasma
produced by each laser pulse in the train.

We used for the registration a detector consisting of
a plastic scintillator (p-terphenyl in polystyrene) and an
FEU-87 photomultiplier. The time resolution at half-
amplitude was 4 nsec. The energy resolution of the
detector was 15% for the 662-keV line of *'Cs. The
detector signal was fed to an 12-7 oscilloscope. The
same oscilloscope input received a signal from a photo-
cell that registered the laser radiation. The photo-

Ts, keV
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FIG. 6. Dependence of effective temperature T, of the super-
thermal electrons on the plasma electron temperataure T, for
a tungsten target.
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FIG. 7. Oscillograms of plasma x rays at various prepulse
amplitudes i; E,=12 keV, 1—laser radiation, 2—x radiation.

multiplier signal was delayed ~15 nsec relative to the
FK-19 signal. The axial period of the resonator was in
this case 7 nsec. The x rays were registered in two
spectral regions that were set by the thickness of the
aluminum absorber placed ahead of the x-ray detector.
We used absorbers with cutoff energies 5 and 12 keV.
These spectral ranges corresponded to the thermal and
superthermal radiation.

Typical oscillograms for a cutoff energy 12 keV are
shown in Fig. 7. The relative amplitude i of the pre-
pulse ahead of the maximum-amplitude pulse ranged
from 0.1 to 1.0 and usually amounted to 0.2. The total
background energy did not exceed ~107° of the energy of
the ultrashort pulses. The form of the x-ray pulse
train depended on the prepulse amplitude. At i=0.1-
0.4 the maximum x-ray pulse corresponded as a rule
to the maximum laser pulse [Fig. 7(a)l. At large val-
ues of 7, the probability that the maximum x-ray pulse
was produced by the main pulse decreased [Fig. 7(b)].
The dependence of this probability W on i for the cutoff
energy 12 keV is shown in Fig. 8. A similar depen-
dence was obtained also for the cutoff energy 5 keV.

As shown by measurements of the reflection coeffi-
cient with the time resolution corresponding to the
train period, the x-ray absorption was the same for all
the train pulses. At the same time, the conversion of
laser radiation into X rays with photon energy ~5 keV
is more effective in the prepulse than in the main pulse
of the train. This can be attributed to the following
factors. During the interval between the prepulse and
the main pulse, the plasma produced by the prepulse
becomes dispersed. Therefore the main pulse passes
on its way to the target through a layer of tenuous and
relatively cold plasma, which can have an appreciable
optical thickness. Thus, the electron temperature
averaged over space and the degree of ionization of the

w
1.0 —== —
0.5
42 —
0.2 a6 1.0
t
FIG. 8. Probability W that the maximum of the X radiation

corresponds to the main laser pulse vs. the amplitude of the
prepulse i; E, =12 keV.
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plasma produced by the main pulse will be lower than in
the case of the prepulse, if the latter is of considerable
amplitude. The recombination-radiation spectrum is
shifted to the softer region and its intensity in the E,_
=5 keV region decreases.

The character of the laser-radiation absorption in
the critical region is also different for the prepulse and
the main pulse. The fraction of the radiation reaching
the critical region of the plasma decreases in the
presence of a strong prepulse. In addition, the main
pulse acts on a smoothed electron-density profile, and
this creates unfavorable conditions for the resonant
absorption that takes place near the critical region of
the plasma. At the same time, as will be shown below,
the resonant absorption is the principal mechanism for
the formation of superthermal electrons under our con-
ditions. Therefore the x rays in the region of £, =12
keV, which constitute bremsstrahlung of superthermal
electrons, become weaker for the main pulse when the
prepulse amplitude is increased.

4. Dependence of effective temperature 7 of
superthermal electrons on the laser-radiation flux
density

When measuring the dependence of T's on the laser-
radiation flux density, the latter was calculated with
account taken of the energy distribution in the focal
spot and of the duration and of the number of pulses in
the train. Laser pulse durations in the interval from
200 to 40 psec were measured by an electron-optical
camera, and in the interval from 50 to 10 psec by a
high-speed optical shutter and saturating filter 28

The measured 7(I) plots are shown in Fig. 9. The
plot has the ' for typical resonant absorption29 at not
too high radiation flux densities, before the electron
density profile deformation sets in. The absolute val-
ues of T, exceed somewhat the results of the theoretical
calculations,?®*®® but are close to recent experimental
results.’ 28" 1t should be noted that the values of T
at the same flux density but at different pulse energies
and durations were equal within the limits of experi-
mental error.

In contrast to Ref. 34, where the superthermal radi-
ation (in the case of pulses of 3.5 nsec duration at I up
to 2X10" W/cm?) was observed only at incidence ang-
les <45°, we have observed this radiation at incident
angles up to 70°. The possibility of the onset of ab-
sorption mechanisms under this condition may be re-
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FIG. 9. Effective superthermal-electron temperature T, vs.
the laser-radiation flux density I for a copper target.
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FIG. 10. Dependence of energy E  of superthermal x radiation
passing through an aluminum filter with cutoff energy 20 keV
on the laser-radiation flux density on a copper target. Laser
radiation energy at target 0.2 J.

lated to local perturbations of the critical surface.

We performed simultaneously absolute measurements
of the energy of the superthermal x radiation as a func-
tion of the laser-radiation flux density. The measure-
ment results for a cutoff energy E, =20 keV (at a laser
radiation energy 0.2 J at the target) are shown in Fig.
10.

5. Measurement of the angular distribution

The angular distribution of the continous x radiation
yields information on the isotropy of the plasma-elec-
tron distribution. In particular, the angular distribu-
tion of the x-ray bremsstrahlung is sensitive to the
mechanisms of superthermal-electron production. As
shown in Ref. 35, in the case when the electrons have
preferred directions of motion, the angular distribution
of the bremsstrahlung has a minimum in this direction.
Observation of the anisotropy of the x rays with a mini-
mum in the direction of the vector E has led the authors
of Ref. 36 to the conclusion that parametric instabilities
develop in this case.

We have measured the angular distribution of the
continuous x radiation in a wide spectral range, using
targets of different materials with atomic numbers
from 13 to 74. The measurements were made both in
the target plane and in the laser-radiation polarization
plane.

In the cutoff-energy region from 2 to 5 keV the x
rays were registered on UF-VR photographic film.
The measurements have shown that the angular dis-
tribution is isotropic in both investigated accurate to
+10%. For the measurements in the cutoff-energy
range from 12 to 25 keV we used up to 32 scintillation
detectors arranged on a sphere with the target at its
center.
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FIG. 11. Angular distribution of continuous x radiation for a
copper target at I~ 10" W/cm? at a cutoff energy 16 keV. a)
in the target plane, b) in the laser-beam polarization plane.
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The measurement results for a copper target at a
flux density ~10™ W/cm® and aluminum-target cutoff
energy 16 keV are shown in Fig. 11. The dashed line
in Fig. 11(b) marks the results calculated with allow-
ance for the vacuum-chamber wall thickness. The iso-
tropy of the angular distribution in the target plane and
the anisotropy in the polarization plane point to the
presence of a flux of superthermal electrons in the
plasma near the normal to the target.

6. Measurement of the polarization of superthermal x
radiation

The polarization of bremsstrahlung x rays, as well
as their angular distribution, is sensitive to the direc-
tions of the electron fluxes in the plasma. Thus, for
example, the polarization of the solar-corona x radia-
tion has revealed the presence of electron fluxes in the
corona. The polarization of the x radiation of a laser
plasma was first observed by Godwin et al 3" and in-
vestigated in Refs. 38 and 39.

To measure-the degree of polarization of the continu-
ous x radiation we used a Thomson polarimeter con-
sisting of an LiD scatterer and two pairs of mutually
perpendicular scintillation counters based on Nal(T1)
with dimensions 30X 30 mm and FEU-85 photomulti-
pliers (Fig. 12). One more spectrometer was placed
behind the scatterer and served to monitor the x-ray
energy passing through it. The spectrometers placed
on the target chamber were used to determine the ef-
fective temperature T, of the superthermal electrons.
The exit window of the vacuum chamber was sealed with
aluminum foil 100 pm thick. The accumulation of the
data from the polarimeter spectrometer and the cali-
bration of the spectrometer channels were automatic.
For the calibration we used the radioactive v isotopes
S5Fe (5.9 keV) and '®Cd (22.5 and 88 keV). The drift
of the position of the photopeak of the calibration iso-
tope during the two-hour measurement run did not
exceed +1%. To exclude systematic measurements,
the spectrometer pairs changed places after each mea-
surement run.

The lower x-ray photon-energy limit registered by
the polarimeter spectrometers was ~12 keV. It was
determined only by the thickness of the exit window of
the vacuum chamber (100 um of Al) and by the scatter-
er material LiD. For the scatterer used in the study,

FIG. 12. Setup for the measurement of the polarization of
continuous x radiation. a) position of polarimeter 1, b) posi-
tion of polarimeter 2.
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the cross section of the Compton effect exceeds the
cross section of the photoeffect at a photon energy =9
keV. As follows from our earlier results® and the
measurements of the differential spectra, the main con-
tribution to the continuous x radiation in the registered
energy region 212 keV is made by the superthermal-el-
ectron bremsstrahlung.

The polarimeter is mounted in such a way that the
collimated x-ray beam from the target is incident on
the scatterer in a direction parallel to the vector E of
the laser radiation [Fig. 12(a)] in one measurement run
(position 1). In the other run (position 2) the vacuum
chamber and the polarimeter were rotated 90° around
the optical axis of the system [Fig. 12(b)]. In position
1 the polarimeter could register the presence in the
plasma of an electron flux normal to the target. In
position 2 it was possible to register fluxes directed
both normal to the target and along the vector E.

The experiments were performed on targets of carbon,
aluminum, copper, molybdenum and tungsten with
atomic numbers Z from 6 to 74. The angle of incidence
of the laser beam on the target (p-polarization) ranged
from 0 to 35°. Inclination did not change the relative
position of the polarimeter and target.

The measurement results are listed in Table I. The
values of P (the degree of polarization of the x rays) in
the table are given by the expression

_ (Ec+E.)—(E,+Ey)
" (E.AE)+(E+E,)

where E; are the readings of the ith spectrometer.

As seen from the table, observations in position 1
showed polarization of the continuous x radiation for
all the investigated targets and incidence angles. The
degree of polarization was independent, within the lim-
its of the measurement error (+4%), of the incidence
angle and of the target material, and its average value
was 12%.

The measurements in polarimeter position 2 were
made on targets of carbon, molybdenum, and tungsten
at normal incidence. In the case of the molybdenum
and tungsten targets the degree of polarization had the
same sign and the same absolute value as the degree
of polarization measured in position.1. For the carbon
target the degree of polarization was less, 3-4%.

The results point to the existence of a flux of super-
thermal electrons in a direction close to the normal
to the target, i.e., of a plasma-density gradient, thus
corresponding to resonant absorption. The agreement
between the degrees of polarization of the molybdenum
and tungsten targets when observed in positions 1 and 2
point to the absence of noticeable electron fluxes in
the direction of the vector E. The decrease of the de-
gree of polarization in the case of the carbon-target
when observed in position 2 is possible due to the onset
of a flux of superthermal electrons along the vector E
as a result of the development of parametric instabili-
ties, which have lower thresholds for lighter-element
plasmas. The possible development of parametric
instabilities for a carbon plasma at a heating pulse
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duration ~10 psec may be due in our case to an increase
in the spatial scale of the critical region as a result of
the presence of a prepulse.

Comparison of the measured degree of polarization
with the results of calculations®®*? with account taken
of the real energy spectrum of the superthermal x rays
suggests that the dispersal of the superthermal elec-
trons takes place in a rather wide cone. The apex an-
gle of the cone is estimated at ~60°. This value agrees
well with the results of Ref. 11, where the dispersal
angles of the superthermal electrons were measured
directly. An exact quantitative comparison of the re-
sults with the calculations of Refs. 35 and 40 is diffi-
cult, since these calculations were made for collimated
monochromatic electron beam.

No dependence of the degree of polarization on the
laser-beam incidence angle was observed in the experi-
ment, within the limits of the measurement accuracy.
This leads to the following conclusions: 1) There are no
fluxes of superthermal electrons in directions other
than normal to the target. 2) the angular maximum
of the resonant absorption is larger than the value that
follows formally from the theory,*! in agreement with
the results of Refs. 42 and 43. 3) Fast electrons with
isotropic velocity distribution, which produce depolar-
ized bremsstrahlung, constitute a small fraction of the
total number of superthermal electrons.

The presence of noticeable resonant absorption at
normal incidence on the target seems at first glance to
contradict formally the theory of this effect. The pos-
sibility of the onset of resonant absorption at normal
incidence is apparently due to the difference between
the critical surface from a plane because of the small-
scale modulation,* and also because the dispersal of
the plasma is no longer one-dimensional in the peri-
pheral region. In this case the absorption takes place
on those sections of the critical surface where the
angle between the density gradient and the electric-
field vector takes on a value that is optimal for reso-
nant absorption. In this case the direction of the dis-
persal of the superthermal electrons that are acceler-
ated by resonant absorption should make with the laser-
beam axis a nonzero angle close in magnitude to the
optimal resonant-absorption angle. This explains pos-
sibly the large range of dispersal angles of the super-
thermal angles,

DISCUSSION OF RESULTS

A comparison of the experimentally obtained laser-
radiation absorption coefficient K =80+ 10% with the
theoretical estimates shows that so large an absorption
cannot be attributed to inverse bremsstrahlung alone.
Indeed, the characteristic electron-density scale L,
which determines the value of the absorption coefficient,
cannot exceed the quantity c¢,.7 (7 is the laser pulse
duration), which equals 2-3 um at 7=20 psec and at
T,=0.5-1keV. As shown by the reduction of the pin-
point photography, this quantity is at any rate less than
10 um. The form of the dependence of the reflection
coefficient of the laser radiation on the incident angle
indicates that L is apparently even smaller, L ~A.
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The fact that the experimentally measured absorption
coefficient was independent of the pulse duration is evi-
dence that the characteristic scale depends little on

the duration. Therefore L <S¢, Tpia (T iS the shortest
pulse duration in the experiment), and it can be esti-
mated at ~1 um. For so small a value of L the absorp-
tion coefficient for inverse bremsstrahlung is 20-409
for targets with Z ranging from 6 to 74. Thus, an im-
portant role in the energy absorption is played in our
case by anomalous absorption mechanisms.

The main contribution to the anomalous absorption
under conditions of our experiment is made by the res-
onance mechanism. This is confirmed by the charac-
ter of the polarization of the plasma x-ray bremsstrah-
lung, by the form of its angular distribution, by the
character of the dependence of T on the flux density,
and by the independence of the absorption coefficient of
the atomic number of the target material.

At the same time, the measurements have shown that
model calculations based on resonant absorption” do
not explain many significant experimental features,
particularly the difference by a factor 2—-10 between
the measured and calculated T, the larger width of
the resonant maximum than predicted by the theory,
the presence of superthermal electrons at normal in-
cidence of the laser beam, as well as the stronger de-
pendence of T, on T, than predicted in Ref. 29. Some
of these features can be attributed to the small-scale
modulation of the critical surface, which leads to the
onset of resonant abscrption at normal incidence.

The stronger absorption than obtained in Refs. 16 and
26 with a neodymium laser is apparently due to the
large value of N, which increases the fraction of the
absorbed energy. This agrees well with the result of
Ref. 17, where a higher absorption coefficient was ob-
served at the second harmonic of the Nd laser com-
pared with the first harmonic.
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