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Fast waves in a laser plasma
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Heating of spherical targets by intense laser radiation in the Kal’mar installation produced, besides

spherically symmetric emission of thermal plasma ions, as various methods have shown, also jet-like

emission of groups of fast ions of energy ~0.5 MeV. It is shown by analysis of the possible acceleration
mechanisms that the observed effect is due to ponderomotive acceleration of the ions in the region of the
critical density by the resonantly amplified electric field of the laser radiation. A theory of resonant ion
acceleration, in which account is taken of the nonlinear interaction of the plasma waves in the critical-
density region, is proposed. Estimates of the energy and of the number of the fast ions agree with the

experimental data.

PACS numbers: 52.55.Fp, 52.50.Jm, 52.35.Mw

1. INTRODUCTION

An important problem in laser-mediated thermo-
nuclear fusion is the determination of the redistribution
of the absorbed energy in the plasma and the generation
of the accelerated particles. The appearance of fast
ions that carry away an appreciable fraction of the ab-
sorbed energy has been repeatedly reported in recent
years.!™?

In experiments with the nine-channel “Kal’mar”
laser installation in which solid and hollow shell
targets were heated, a new effect was observed against
the background of the spherically symmetrical expan-
sion of the plasma corona, namely jetlike acceleration
of particles to high energy (on the order of 0.5 MeV).
The purpose of the present paper is to explain the
physical nature of the observed effect and to calculate
the main characteristics (number and energy) of the
fast particles. It is shown on the basis of an analysis
of the possible ion-acceleration mechanism in a non-
stationary and inhomogeneous plasma that the forma-
tion of a jet of fast ions is due to electrostatic accelera-
tion of the particles in the region of plasma resonance.
The presently prevailing theory of ion acceleration in
plasma resonance®* can explain acceleration of the ions
to an energy on the order of several dozen kiloelectron
volt. To describe ion acceleration to higher energies
it is necessary to take into account the nonlinear de-
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formation of the structure of the electric field in the
region of the plasma resonance, since the field pres-
sure turns out in this case to exceed the gas kinetic
pressure. Such a nonlinear theory of resonant accel-
eration of ions is developed in the present paper. The
derived formulas explain the experimentally observed
number and energy of the fast ions.

From the point of view of laser-mediated thermo-
nuclear fusion, an important question is the influence
of the ion jets on the symmetry of the compression of
shell-like targets. In the case of resonant ion accel-
eration, this influence turns out to be small because
the average momentum transferred to the shell during
the time of the collapse is small compared with the
gas-kinetic pressure of the plasma. This is due to the
short duration of the ion-acceleration process.

2. INVESTIGATION OF THE DYNAMICS OF
EXPANSION OF THE PLASMA CORONA

The experiments were performed on the nine-channel
“Kal’mar” laser installation, the diagram and diag-
nostic gssembly of which are described in detail in
Refs. 5-7. The laser radiation was focused from nine
directions on spherical targets of glass (SiO,) of di-
ameter from 80 to 200 um, placed in the center of a
vacuum chamber. With each light beam having in the
region of the target a diameter ~150 um and an optical
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energy <100 J (the pulse duration at the base was
7= 2.5 nsec), the flux density at the target was
q~10'* W/cm?,

To investigate the angular directivity and the rate of
scattering of the plasma particle, various ultrahigh
speed interferometric® and Schlieren® photography
methods in the laser beam were used, as well as ion
collectors mounted at various angles to the plasma.

The interferometric measurements performed at a
pressure P~107%=1 torr in the vacuum chamber have
shown the plasma corona to have a high expansion
symmetry (see Fig. 1). At high pressures of the re-
sidual gas (D,) (P 25 Torr), however, in more than
50% of the experiments it was observed!® that besides
the spherical expansion of the plasma there appear
several strongly peaked “jets,” whose velocity exceeds
noticeably the velocity of the spherical expansion of
the plasma corona and reaches values v ~(2-3) X 108
cm/sec at the first instants after the end of the heating
pulse (see Fig. 2). The number and direction of the
jets registered by an interferometry method changed
from experiment to experiment, but the angle between
the directions of an individual jet and the nearest laser
heating beam was in the range 6~15=30°.

Reduction of the interference pattern has made it
possible to conclude that the electron density »n, inside
the jet corresponds to complete ionization of the re-
sidual gas (deuterium) and increases with increasing
pressure in the vacuum chamber. The lower limit of
the sensitivity of the interferometric procedures was
n,0~5x10'® ¢cm~2, (Here I~ 1 mm is the characteristic
jet diameter,) At these values, the jet could be regis-
tered only at n, 25x 10" ¢cm™3, i.e., at a gas pressure
P =5 Torr.

Another method of observing the dynamics of the
region of ionization of the residual gas was multiframe
Schlieren photography® for ~300 nsec after the end of
the heating pulse. Figure 3 shows a characteristic
T-frame Schlieren photograph, the first frames of
which demonstrate the increase of the transverse di-
mensions of the jet with time, explainable as due to
formation of a cylindrical shock wave propagating from
the gas ionization region. In the later stages of the
observation, visualization of the jet becomes impos-

FIG. 1. Interference patterns of plasma corona spreading in
vacuum (P ~10~% Torr): a) 5.4 nsec, b) 3.1 nsec.

493 Sov. Phys. JETP 49(3), March 1979

FIG. 2. Interference patterns of a plasma spreading in an
atmosphere (P ~10 Torr) of deuterium: a) 3.1 nsec, b) 5.4
nsec.

sible. The reason is apparently that at a velocity

v’ s10° cm/sec (starting with approximately 50 nsec)
the cylindrical shock wave becomes non-ionizing and,
as a result of the decrease of the gradients of the re-
fractive index on its front, the deflection angle of the
sounding radiation becomes smaller than the minimum
value registered by the employed Schlieren method.

V‘;

z [

1cm

FIG. 3. Seven-frame Schlieren photograph of laser plasma at
P =16 Torr: a) 12 nsec, b) 20 nsec, c) 48 nsec, d) 92 nsec,
e) 136 nsec, f) 226 nsec, g) 316 nsec, h) relative positions of
spherical (1) and cylindrical (2) shock waves, 3—annular con-
densation region.
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Nonetheless, the sensitivity of this method was suf-
ficient to register an annular increas-density region
that appeared as a result of interaction of the cylindri-
cal shock wave with the spherical wave produced in
the isotropic expansion of the plasma (Fig. 3, b and g).
On the photographs, this region was elliptic in shape
with an eccentricity and position that depended on the
angle between the directions of observation and propa-
gation of the jet. This has made it possible to deter-
mine both the spatial orientation of the jets (in contrast
to the interoferometric measurements, which regis-
tered only the projection of the jet on the plane of the
object), as well as the diagram of the expansion of the
cylindrical shock wave. The motion of the latter (see
Fig. 4) is satisfactorily approximated by the model of
instantaneous cylindrical explosion'!:

r=la() W1 p¢",

where W is the explosion energy, p is the gas density,
and a(y) is the coefficient that depends on the adiabatic
exponent Y. This made it possible to determine accurate
to ~100% the value of W, which usually amounted to
~0.01 J/cm. The inaccuracy in the determination of W
is due to some uncertainty in the choice of the value of
Y, which depends on the temperature behind the front
and can vary with time.

In the experiments performed in vacuum (P <107°
Torr), the plasma expansion was investigated also
with the aid of ion collectors with negative bias,'?
placed in the vacuum chamber at various angles.

It turned out that most experiments the oscillograms
of the ion current registered only ions with thermal
velocities (v <10% cm/sec) that agreed with the data of
the interferometric measurements. The number of
ions per unit solid angle in the investigated direction
differed by less than a factor 1.5, which barely ex-
ceeds the measurement error. Thus, a comparison of
the results of the collector and interferometry mea-
surements leads to the conclusion that the scattering
of the thermal ions is isotropic.

In some experiments, however, a group of ion was
observed with velocities v > 108 cm/sec, and in contrast
to the thermal ions their scattering was anisotropic.
Figure 5 shows the results of the reduction of the

[
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FIG. 4. The experimental r-¢ diagram of motion of a cylindri-
cal shock wave is represented by the points. The curves
corresponds to the model of instantaneous point explosion at
energies W =5, 1.5, and 0.5 J/m, respectively for the upper,
middle, and lower curves.
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FIG. 5. Velocity distribution of the number of ions in an ex-
periment where the fast ions are registered with one collector
(®) and with the other (O). The inset shows an oscillogram of
the signal of the first collector (distance from target L =110
cm).

oscillograms obtained with two collectors located at an
angle ~90° to each other, when one of the detectors
registered an appreciable number of fast ions (v>10°
cm/sec). The number of these ions is ~10'°, meaning
~5% of the total number of plasma ions entering the
aperture of this collector (solid angle ~1072 sr), and
the energy (in the observation direction) is up to 40%
of the total ion energy, with the average fast-ion energy
~280 keV. It must be emphasized that an isotropic
spreading of fast ions was observed only in a small
number of experiments and is apparently due to the
small angle aperture of the employed system of ion
collectors.

Even though the collector measurements in vacuum
have confirmed the narrow directivity of the spreading
and have established the velocity distribution of the
fast ions, they cannot be used to estimate the total
number of ions with velocities v>10® cm/sec, since
their directivity pattern remains unknown.

An estimate of the total number of fast ions can be
made by using the results of high-speed optical
methods. According to Ref. 13, the energy lost by an
ion of velocity v=2.5x10® ¢cm/sec when slowed down
in the gas surrounding the target at a pressure P=5
Torr is dE/dx~ 20 keV/cm. The ratio of the energy W
of the cylindrical shock wave to the energy loss per ion
dE/dx is an approximate estimate of the number of fast
ions in the jet, the characteristic value of which~5x 102
ions, or 0.1% of the total number of ions in the target.
The fraction of the energy of the fast ions of the jet
amounts in this case to <3% of the absorbed laser
energy. We emphasize that this is a highly approximate
estimate.

Simultaneously with the procedure described above,
we photographed the plasma with a spatial resolution
6 =10 am in its own x radiation with the aid of pinpoint
cameras (quantum energy = 1-2 keV). There was no
correlation between the appearance of the jets and the
changes in the spatial distribution of the x-ray lum-
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inosity of the plasma corona was observed. At the
same time, a connection was observed between the
spatial position, on the target, of the regions of jet
generation, on the one hand, and the localization of

the corona regions in which the plasma luminosity at
the second-harmonic frequency of the heating radiation
increased noticeably, on the other. To investigate the
plasma luminosity at the second-harmonic wavelength,
the image of the target was projected through inter-
ference filters by a lens on photographic film. The
dimensions of the increased-luminosity regions (Fig. 6)
were comparable with the spatial resolution (~15 um)
of the registration system. Simultaneously with photog-
raphy of the plasma in the second-harmonic light, we
registered, in the same direction, its spectrum with
spatial resolution. The second-harmonic spectrum con-
sists of two components: basic, shifted towards the
“red” side by several angstroms, and a long-wave
pedestal. This line shape was interpreted in Ref. 14,
where a connection was obtained between the appear-
ance of the basic component and the linear transforma-
tion of the incident light wave into plasma waves in a
spatially inhomogeneous plasma, while the long-wave
component was attributed to effects of parametric
turbulence. Investigations of the contour of the spectrum
of the second-harmonic line over the target surface
have shown that in the region of increased luminosity
there is a noticeable increase in the intensity of the
basic component compared with the other sections of
the surface (Fig. 7).

3. DISCUSSION OF EXPERIMENTAL RESULTS

To interpret the described experiments it is neces-
sary first to find a particle-acceleration mechanism
capable of explaining the following effects:

1. The fast particles are not produced on the entire
surface of the target, but in a limited number of lo-

FIG. 6. Photographs of plasma corona in the light of the sec-
ond harmonic of the heating radiation. The dashed line shows
the position of the spectrograph slit.
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FIG. 7. Spectral distribution of the intensity of the 2w harmon-
ic at the two plasma-corona points A and B indicated by the
arrows in Fig. 6.

calized zones.

2. The particles that ionize the gas around the target
are emitted in almost parallel streams in directions
that do not coincide with any of the heating beams.

3. The fast particles of high velocities exceeding by
one order of magnitude the average thermal velocity
of the spreading ions.

4. The group (jet) of accelerated particles carries
an appreciable fraction of the energy, sufficient to
produce a cylindrical shock wave in the gas surrounding
the target.

5. A correlation was observed between the target
regions from which the accelerated ions emerge and the
regions where the second-harmonic of the heating
radiation is generated most intensively.

We note first that the mechanism most frequently
used to interpret laser experiments, namely electro-
static acceleration of the ions in the laser-plasma
corona by the ambipolar potential of the “hot” elec-
trons,'5*!® is incapable of explaining the observed
anisotropic spreading of the ions. For the same reason
we must reject also the assumption that the ions are
accelerated on the plasma boundary'’-it is seen from
Fig. 2 that the plasma expands with spherical sym-
metry.

The narrowly directed group of fast ions could be
produced by a cumulative jet formed when two shock
waves converge in a dense plasma. However, strong
anisotropy of the jet is preserved only over scales
comparable with the dimensions of the converging
shock waves. In our case, however, the jet is 100
times longer than the target dimension. In addition,
the energy contained in a cumulative jet is much less
than the energy of the converging waves. To explain
the observed effect we must therefore assume that the
energy of the colliding shock waves is of the order of
the energy input to the target. Having monitored in
the experiment the homogeneity of the target irradia-
tion with a calorimetric system and x-ray pinpoint
cameras, we can state that the possibility of formation
of such powerful shock waves is low. In experiments
with hollow shell targets, cumulative jets might be
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produced because of the asymmetry of the compres-
sion, However, the fact that the jets were observed
also in experiments with solid spherical and flat
targets allows us to reject this assumption, too. One
more possible mechanism of formation of a jet of ac-
celerated ions is connected with the presence of the
gas surrounding the target. A powerful electron beam,
produced for some reason in the corona of the laser
plasma and entering the neutral gas, ionizes the
latter and some of the ions acquire in this case ve-
locities of the order of the ionization-wave propaga-
tion velocity. This effect is used for collective ac-
celeration of ions.'® In our case, however, this effect
cannot occur for two reasons. First, anisotropic
plasma expansion was registered in experiments in
vacuum by time-of-flight collector measurements.
Second, the necessary strong-current electron beam
cannot be produced in the target because the needed
number of electrons exceeds the total number of elec-
trons in the target. In fact, in a glass shell of radius
~50 um and a wall thickness ~1.5 um contains 3 - 10'%
atoms with average charge z~ 10, i.e., ~3x10'¢ elec-
trons. On the other hand, knowing the energy released
in a cylindrical shock wave and the energy lost per
unit length by D* ions with velocity (1.5-3.5) x 108
cm/sec (energy 25-100 keV), we find that the number
of ions necessary to produce such a shock wave is
10, Recognizing that the electrons in the laser plasma
can have an energy not higher than 100 keV, and that
the coefficient of conversion of electron-beam energy
into ion-beam energy, even at optimal pressure
(0.1-0.5 Torr for deuterium) does not exceed 10°%,

we find that the minimum necessary number of elec-
trons in the beam (10'7) exceeds the total number of
electrons in the target.

Finally, the spontaneous appearance, in a laser
plasma, of localized regions with a strong magnetic
field (magnetic “islands™) can also be the cause of ion
acceleration. The collision of two such islands with
oppositely directed magnetic force lines converts the
magnetic energy into kinetic energy of the medium.
Such an induction mechanism (reconnection of mag-
netic force lines) was used to explain the acceleration
of the plasma in the atmosphere of the sun and the
stars).!? For a laser plasma this effect is insig-
nificant, for according to Ref. 19 the reclosing of the
magnetic force lines accelerates the plasma to veloc-
ities of the order of the Alfven velocities:

ve~va~B/ (han M),
The same estimate can be obtained by equating the
energy of the magnetic field of the island to the kinetic
energy contained in this volume of plasma. Recog-
nizing that the most probable location for the formation
of the magnetic island is the region of critical density,°
we find from the foregoing formula that the magnetic
field needed to attain velocities v;~3x 108 is B~100 MG.
It is not very likely that magnetic fields of such strength
will be produced in a laser plasma.

Besides the ion-acceleration mechanisms listed
above, under laser-plasma conditions there is another
possible mechanism connected with resonant amplifi-
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cation of the electric field of the light wave in the
vicinity of the critical density. It will be shown below
that it is precisely this mechanism that can explain the
experimentally observed jet acceleration of ions.

4. RESONANT ACCELERATION OF IONS IN A
LASER PLASMA

The effect of resonant acceleration of ions in the
vicinity of the region of the critical density, in the
linear approximation in the amplitude of the electric
field of the pump radiation, has been discussed in the
literature. The main theoretical premises were formu-
lated by Silin.* The energy distribution of the fast ions
in a laser plasma, at not too large pump-flux energies,
was obtained in Ref. 21. Physically, the cause of the
resonant acceleration is that in the case of oblique
incidence of the electromagnetic wave on an inhomo-
geneous plasma layer the wave electric-field compo-
nent in the incident-wave plane (the p component) in-
creases sharply at the plasma resonance point w,=w_,.
This singularity is due to the resonant excitation of
longitudinal Langmuir oscillations of the plasma by the
b component of the pump field.??

In the linear approximation, the maximum field
amplitude E, at resonance is determined by the
relation??'2

E.~Eo® (8) (2rkoL) ="' (0o/verr ) 1)
where E, is the amplitude of p-polarized pump wave in
vacuum, ¢ is a resonant function of the wave incidence
angle 6 and reaches a maximum &(6,)~1 at 6~ 6,
= (koL)™2, ky=w,/c =21/, L is the characteristic
scale of the inhomogeneity of the density in the vicinity
of the critical point. The quantity v, is determined
either by the frequency of the Coulomb collisions v,;,
or by the drift of the plasma waves out of the resonance
region:

Vege=max {ve,, ©o(ro./L)"?}, (2)
where 7p, is the Debye radius of the electrons.

The width Ax of the resonant peak is determined by
the effective collision frequency

AZ=LV ogp/ 0. 3)
In the case of a sufficiently hot plasma, however, when
V<o (rpe/L)"?, (4)

the region of existence of intensive Langmuir oscilla-
tions with wavelength ~Ax is much wider than (3) since
the Langmuir waves that go out of resonance can re-
move energy to a distance

Az =3 (kyrp)*L (5)
into less dense plasma layers, where they are ab-
sorbed by the electrons on account of the Cerenkov

effect. For a Maxwellian electron-velocity distribution
we have k= 0.37p," L.

The excess pressure of the electric field of the
Langmuir oscillations causes the plasma to be ejected
from the region of the critical density. The maximum
energy acquired by the accelerated ions is given by the
relation®*

niMoi~E./4xn. (6)
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The region of applicability of the presented formulas
of the linear theory can be obtained by recognizing that
the resonantly excited peak of the Langmuir waves can
be parametrically unstable. A stability check on the
peak shows that the nonlinear restructuring of the field
can be neglected if
Eaz _s Veff 3 Vet [ OLe 2

<2nk,LO*(8) (T) max{i, (—) } )

4anT, @ \Or¢

We note that allowance for the electronic nonlinearity
(self-crossing of the trajectories)® leads to a greater
restriction on the applicability of the linear theory than
relation (7) only in a strongly inhomogeneous plasma,
when L< 7p,wz,/wg;. This inequality under real condi-
tions of a plasma produced by aneodymium laser (A,=1
pm) is not satisfied at fluxes ¢ <10'®* W/cm?,

The development of an aperiodic parametric insta-
bility in the resonant region leads to further increase
of the amplitude of the electric field and by the same
token to an increase of the energy of the accelerated
ions (6). To determine the maximum electric field
intensity at nonlinear resonance it is necessary to trace
the evolution of the nonlinear stage of the aperiodic
instability. We determine first the scale that charac-
terizes the produced aperiodic instability. We confine
ourselves here only to the case of sufficiently steep
density profiles

L<rpe@re?/ @LiVegy,

when AX /¥p, < wr./wz;. In this case, when the thresh-
old (7) is exceeded, a hydrodynamic aperiodic instabil-
ity is excited in the resonant region Ax;, with a char-

acteristic scale k, - 1 determined from the relation®

o Az E.
Ore Tpe (4nn.T.)" ’ (8)

karp

We note that the characteristic scale of the parametric
instability k' (8) is less than the width Ax (3) of the
peaks. As a result of the hydrodynamic aperiodic in-
stability the resonant peaks therefore break up into
several density wells in which the Langmuir oscilla-
tions are trapped.

The subsequent evolution of the cavitons produced by
the instability can be considered with the interaction
between them neglected. To solve our problem, that
of determining the maximum energy of the accelerated
ions, we do not have to trace the entire dynamics of
the self-contraction of the cavitons, and it suffices
only to obtain an estimate of the maximum energy of
the Langmuir field in the caviton. We assume, follow-
ing the results of Refs. 26 and 27, that the total energy
of the trapped Langmuir field changes little in the
course of the nonlinear evolution of the caviton.

The minimum size Ax ;, to which the caviton is
compressed is determined from the condition that the
trapped Langmuir field not be subject to Landau damp-
ing. Consequently, when the caviton reaches the size
AX min ~ k¢t the self-compression processes stops and
effective absorption of the Langmuir oscillations takes
place. From the condition for energy conservation in
the caviton we obtain the maximum field intensity in
the nonlinear regime:
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Ena™E- (kul ko) ™. )

Under the high-temperature plasma conditions of inter-
est to us, when the inequality (4) is satisfied, we ob-
tain from (9) the following estimate of the maximum
energy density of the Langmuir field in the caviton:

The total number of cavitons N~ Ax;k, can be quite

large under the conditions (4) because of the large

dimension of the region Ax;:

3(kyirpe)*
(2n)’/a

(03 E,

N~koAa,~ 0(0) (i e

)2 (knL)"/:

Vre

The caviton lifetime 7~ (k,v,)"! is determined by the
self-compression time, since the “burnup” of the
high-frequency content of the caviton occurs within a
time At < 7 (here v, is the speed of sound).

We determine now the energy that can be acquired
by an ion passing through such a structure consisting
of N nonstationary cavitons. The energy determined
by (6) is acquired only by ions initially present in the
caviton. On passing through the caviton, which can be
regarded as a nonstationary potential barrier, the ion
acquires an energy increment Ag; = A(M;v%) determined
by the energy increment of the barrier during the time
of flight A¢; ~ (kvy)7Y, i.e.,

At~ (Ati/T) (BRo/bnin) ~ (0,/0) (Emas/4nns).
Thus, on passing through one caviton the ion draws
from the caviton only a small fraction of its energy,
but the total energy of the ion passing through all N
cavitons turns out to be quite large:

¢i~2T o (NE s/ bnin.T.) ™, (12)

If the process of nonlinear amplification of the field
(aperiodic instability) develops simultaneously in the
entire region of x; (5), then an ion with velocity
v, =(g;/M;)*? increases its energy during the time
T~ (kavs)"* of the caviton collapse not in all the N
cavitons (11), but in smaller number

Negr ~0i/ Vo~ (/2T ) “~Emas (4ntncTe) .

However, the group velocity of the Langmuir waves
that leave the plasma-resonance region Ax (3) turns
out to be comparable with the velocity of the fast ions
accelerated in the first resonant peak. Therefore the
compression of the cavitons in more rarefied plasma
layers (at distances ~Ax; from the resonance) should
set in later than at resonance, for example at the time
when ions accelerated in the first cavitons arrive in
this region. The delay of the development of the
aperiodic instability in the rarefied regions of the
plasma then ensure an increase of the ion energy in all
N [see (11)] cavitons.

The considered ion-acceleration mechanism results
in a sharply anisotropic distribution of the accelerated
particles, due to the spatial structure of the nonlinear
field in the caviton. Indeed, according to the results
of Ref. 28, a contracting caviton is a disk-shaped ca-
pacitor with rounded edges, the distance between
whose “plates” is substantially less (by a factor 3-5)
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than their transverse dimensions. The orientation of
the cavitons in space is determined by the Langmuir-
wave polarizatin vector along which the growth rate
of the aperiodic instability is maximal. Since the
Langmuir waves propagate strictly along the density
gradient, the planes of the plates of all the cavitons
are parallel to one another and the ions accelerated
in the direction of the plasma inhomogeneity have a
small angle spread determined by the ratio of the ion
temperature to their maximum energy:

AB~(T/e:)™.
Some of the ions are accelerated and escape through
the lateral surfaces of the cavitons. By virtue of the
caviton geometry, however, their number is smaller
by a factor 3-5 than the number of ions accelerated in
the inhomogeneity direction, and the angle spread is
quite small.

The acceleration takes place within a very short
time, of the order of the caviton collapse time. There
is little likelihood that this process will be repeated,
since the striction forces that arise in the resonant
region should lead to a strong deformation of the den-
sity profile and by the same token to a complete re-
structuring of the electric field. We note that the ob-
tained expression (12) for g; depends little on the
pump-wave field intensity, since N o« E, and E2,,

« Egt.

To find the total number of ions that take part in
the acceleration process it is necessary to determine
the volume of the plasma in which the cavitons exist.
The longitudinal dimension (along the inhomogeneity
direction) is determined by the quantity of Ax; (5).
The area S of that spot on the critical surface at all
points of which the incidence angle 6 of the radiation
is close to the resonant value 6, =~ (koL)"/s, under con-
ditions when the diameter of the laser-beam cross
section in the target plane exceeds the diameter of the
target and k,L>>1, can be set equal to S= (R,6,)?,
where R, is the curvature radius of the critical surface.
The total number of accelerated ions in the volume is

3
Ny= _z(k'urz:u)z"cLRcz (kuL) - (13)

This formula should be regarded as an upper-bound
estimate of the number of fast ions, since not all the
ions acquire the maximum energy (12). The product
N;¢; yields the upper-bound estimate of the energy
carried away by the jet:

Nie~TonRho(Rure) ™ (€/vre) Y (@re @) ¥ (koL) 7. (14)
The dependence of the jet energy on the pump-field
intensity enters formula (14) implicitly, only via the
hydrodynamic parameters: N;g «<RZL%/°TS/,

For the plasma parameters in the discussed ex-
periment (7,~ 0.6-1 keV, L~20 um, R,~100 um,
z~10, A=20), according to formula (7), the non-
linear processes in the plasma resonance should set
in at ¢,>2+10"* W/cm?. The fluxes ¢ ~10'* W/cm?
used in the experiment exceed this threshold value.
According to (12), the maximum energy of the reso-
nantly accelerated ions under the conditions of the
discussed experiment is
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ei~202"APT."* (L/ho) "1 keV (15)

(T, is in keV), and at the parameters quoted above it
yields a value g ~1 MeV, which agrees with the mea-
surement data. We note that according to formula (15)
the ion energy shou'd increase with increasing atomic
weight A of the target material and with increasing
charge z. i

The number of accelerated ions (13)
N;~108(L3R%/z04%) (L, R, A, are in microns) under the
conditions of the experiment in question is ~10'%, which
agrees within the limits of experimental error with the
experimentally obtained value of N;.

5. CONCLUSION

The mechanism proposed by us for the acceleration
of ions in a laser plasma can explain all the phenomena
listed above (see Sec. 3): 1) The onset/of intense elec-
tric fields is limited to small sections of the critical
surface, where the angle of incidence of the radiation on
the plasma is close to optimal. 2) The accelerated ions
are emitted in a direction normal to the target surface,
and the angle spread turns out to be quite small-either
of the order of the ratio of the velocity of the thermal
ion to their maximum velocity, or of the order of the
angle of curvature of the critical surface in the reso-
nant region

A0~max {(T/e:)™, (koL)~"}.

3) The energy of accelerated ions turns out to be quite
high, larger by almost two orders of magnitude than
the average thermal energy of the expanding plasma.
4) The energy of the flux of the accelerated ions is
sufficient to ionize the gas around the target. The
resonant acceleration of the ions by the ponderomotive
force of the high-frequency electric field should be
accompanied by intense generation, by the plasma,

of harmonics of the frequency of the heating radiation,
not of only the second harmonic observed in this ex-
periment, but also of higher harmonics: third, fourth,
etc.

It should be noted that with increasing laser-radia-
tion flux density the energy (15) of the ions accelerated
in the plasma resonance should not increase substan-
tially. However, the directivity pattern of the fast
ions should broaden because the density profile of the
plasma becomes steeper in the critical region. Fast
C VI ions with energy ~0.5 MeV were observed in ex-
periment®® at neodymium-laser radiation fluxes
~10'5-10'® W/cm®. The energy and emission direc-
tion of these ions can be explained within the frame-
work of the acceleration mechanism considered above.
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