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In experiments on the self-channeling of a subpicosecond (7=0.6 ps) high-power ( P z 3  10" 
W) pulse from a KrF* laser (il=248 nm) in gases, intensities in the range I =  10'' 
w/cm2 have already been obtained in filaments with radius r ~ 2 A .  and length L = 2  mm. 
Possible applications of the effect are considered: self-compression of pulses, increases in the 
self-channeled propagation length due to external uptake of energy, new designs for x- 
ray lasers and harmonic generation, generation of magnetic fields with intensities greater than 
10 MG, the possibility of detection of the generation of electron-positron pairs, and the 
possibility of creating pulsed fast-neutron sources. 

1. INTRODUCTION 

Recent years, in connection with the vigorous develop- 
ment of pico- and femtosecond laser technology, have seen 
an acceleration of theoretical and experimental studies of 
the interaction of ultrashort high-power laser pulses with 
matter.' One of the directions of these investigations has 
been the nonlinear propagation of ultrashort pulses in mat- 
ter and new perspectives which have opened up in connec- 
tion with this. 

It  is well known that thermal and strictive self-focusing 
of a light beam, and also the regime of waveguide propa- 
gation of light in matter, were predicted by Askar'yan as 
early as 1962.~ 

At present it is possible to distinguish the following 
main regimes of nonlinear propagation of laser radiation in 
matter: 

1. The stationary regime 
1.1. Waveguide (including pulsed) 24 ( L ) Ld) 
1.2. One or more foci5s6 
2. The quasi-stationary regime with fast 

nonlinearity597 TB-T,,, , 7% L/c 
3. The nonstationary regime with fast nonlinearity899 

7)Tn1, 79 L/c 
4. The nonstationary regime with slow nonlinearity10 

7Qrn1 
Here L is the nonlinear propagation length of the laser 
radiation in the medium, Ld = d2/A. is the diffraction length 
associated with the transverse dimension d of the pulse in 
matter, A. is the wavelength of the laser radiation, 7- is the 
duration of the laser pulse, and r,,, is the setup time of the 
nonlinear response of the medium. Regimes 1, 2, and 4 
have already been considered in Refs. 11-13 (reviews) and 
in Ref. 14. 

The present paper considers certain phenomena which 
arise in the propagation of an ultrashort (usually subpico- 
second) high-power laser pulse in a medium with a fast 
nonlinearity. Under these conditions the model of quasi- 
stationary self-focusing (case 2) is, generally speaking, in- 
applicable. For short enough pulses, in describing the dy- 
namics of the pulse, it is impossible to represent the pulse 

as a set of independent parts, each of which is described by 
the equation of stationary self-focusing. Each of the vari- 
ous parts of the pulse propagates with its own velocity and 
interacts with the others in a wavelike fashion. Therefore 
the given case must be considered a special propagation 
regime of a high-power ultrashort pulse-the nonstation- 
ary regime with fast nonlinearity (case 3). 

The above-indicated nonlinear regime of laser pulse 
propagation was called in Ref. 15 self-channeling of an 
ultrashort pulse. Its essence consists in the following, 
namely that a clump of the field plus medium with varying 
dielectric properties (laser pulse in matter) propagates a 
distance L which is many times greater than the length of 
the pulse itself Lp=cr and the diffraction length L,, thus: 
L ) L,, L, . There does not exist a physical channel in the 
medium along the propagation length of the pulse L. The 
filament (or channel) here is none other than the trajec- 
tory or trace of the motion of a clump of electromagnetic 
field with small longitudinal and transverse dimensions. 

The dynamics of self-channeling of a high-power laser 
pulse have yet to be studied in detail. A laser pulse, as it 
propagates, can collapse into a single filament or break up 
in the transverse direction into several filaments. In turn, 
the radiation forming the filament can pulsate in a compli- 
cated way: it can either stabilize or break up in the longi- 
tudinal direction into several clumps with less energy. We 
emphasize that a rigorous theoretical analysis of these 
questions must go beyond any approximation tied to the 
nonlinear Schrodinger equation (NSE),16,17 and should be 
based instead on the nonlinear wave equation (NWE). 

In Ref. 18 it was predicted that the relativistic-strictive 
nonlinearity of the electronic component of the plasma 
leads to self-channeling of an ultrashort high-power laser 
pulse. The effect was later observed e ~ ~ e r i m e n t a l l ~ . ' ~  The 
approximate theory of this phenomenon, which makes use 
of the nonlinear Schrodinger equation, is expounded in 
Refs. 15, and 20-22, later experimental results are pre- 
sented in Ref. 23, and the theory which generalizes the 
nonlinear Schrodinger equation is developed in Ref. 9. 

Let us briefly review the physics of the self-channeling 
effect. A high-power ultrashort laser pulse, as it propagates 
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in matter, gives rise to a rapid nonlinear ionization of the 
atoms of the medium. The generation of a plasma de- 
creases the refractive index of the medium, and the form- 
ing plasma column possesses linear defocusing properties. 
However, there exist a number of physical mechanisms 
leading to a nonlinear increase in the refractive index in the 
region where the field is intense. These are a )  the Kerr 
effect, which is that high-power laser radiation, by deform- 
ing the electron shells of the ions, induces nonlinear dipole 
moments, b) relativistic increases in the mass of the free 
electrons oscillating in a strong field; and c)  repulsion of 
the electrons by the ponderomotive force from the region 
occupied by the field. When the indicated mechanisms ex- 
ceed a critical power level, they lead to self-channeling of 
an ultrashort laser pulse. Inside the pulse, a region with 
reduced electron density forms; that region is shorter than 
the pulse and moves along with it. The critical power level 
necessary for relativistic-strictive self-channeling of an ul- 
trashort pulse 

PC,= 1.62. 1 0 ' ~ ( w / w ~ ) ~ [  W], 

where w j = 4 . r r e 2 ~ ~ m ,  is the plasma frequency. 
Reference 23 reports the observation of self-channeled 

propagation of a KrF* excimer laser pulse ( A  =0.248 pm, 
~ = 6 0 0  fs, P= 3 10" W) a distance L=2  mm, which 
amounts to = 100L,. The diameter of the channel was - 1 
pm. The self-channeled propagation length L was deter- 
mined by the rate of dissipation of the energy of the pulse 
in the medium. 

It appears that this recently discovered nonlinear prop- 
agation regime of ultrashort high-power laser pulses, 
which leads to strong self-concentration of optical energy 
in a small region that propagates through the medium, 
opens up interesting prospects for various new fundamen- 
tal and practical applications of laser radiation, and also 
substantially alters the conditions under which some well- 
known physical processes take place. 

In the present paper we discuss not only the peculiar- 
ities of some well-known physical effects, but also new ef- 
fects which can accompany the self-channeled propagation 
of an ultrashort high-power laser pulse in matter. 

2. LONGITUDINAL COMPRESSION OF A LASER PULSE 

In the self-channeling of an ultrashort pulse there are 
two mechanisms altering its temporal shape. First, as the 
self-channeling regime is entered, the pulse becomes com- 
pressed in the transverse coordinate. The effect of this com- 
pression on the temporal shape of the pulse in the presence 
of quasistationary focusing has been discussed in the liter- 
ature (see, e.g., Refs. 24 and 25). Second, after the self- 
channeling has been set up, an additional mechanism 
which alters the longitudinal shape of the pulse comes into 
play, possibly leading to longitudinal compression. This 
mechanism is associated with dispersion in the propagation 
velocities of the various parts of the pulse, which has al- 
ready been compressed in the transverse direction. 

Actually, the group velocity of light propagating in a 
plasma is close to ~ ,=cE"~,  where E < 1 is the real part of 

the dielectric constant. Therefore the central part of the 
laser pulse propagates with velocity approaching the speed 
of light, since in the region from which the electrons are 
repulsed, E- 1. At the same time, the leading edge of the 
pulse moves somewhat slower. As a result, the pulse be- 
comes compressed. Let us estimate the compression length. 
The leading edge of the pulse moves a distance L during 

2 2 1/2 the time t with the velocity v,=c(l-wdw ) 
=c( 1 --wg2w2). At the same time, the central part of the 
pulse moves a distance L - L,/2 with velocity c. Equating 
times, we obtain the following estimate for the compression 
length: L,= L ~ ( W ~ / W ; - -  1). This estimate is valid, of 
course, under the condition w2/w;& 1. For example, if 
w2/wj= 100, then the pulse is compressed at a distance of 
100 pulse lengths. For r= 500 fs, LC= 1.5 cm; for T=  100 
fs, LC = 3 mm. If 02/w; = 10, then the compression length 
is decreased by a factor of 10. The above estimates do not 
take into account the transverse structure of the pulse. 
Therefore the final conclusion of the possibility of compres- 
sion and degree of compression can be made only on the 
basis of a nonstationary and spatially at least two- 
dimensional theory of self-channeling of an ultrashort 
high-power laser pulse in matter. 

3. INCREASING THE SELF-CHANNELING PULSE 
PROPAGATION LENGTH VIA AN EXTERNAL SOURCE OF 
ENERGY 

The self-channeling pulse propagation length L is de- 
termined by energy losses. The energy loss mechanisms are 
numerous. Let us list a few of them: ionization and exci- 
tation of the atoms and ions of the medium, reverse brak- 
ing absorption, generation of plasma oscillations, harmonic 
generation, scattering of radiation by turbulence in the 
plasma and by the plasma oscillations, partial defocusing 
of the radiation due to refraction by a nonuniform trans- 
verse electron density profile, generation of spontaneous 
magnetic fields, etc. 

An important circumstance in all this is the fact that 
the walls of the cavitation region that exist inside the trav- 
eling pulse can be partially transparent to the laser radia- 
tion propagating in it. The reason is that the walls can 
oscillate with the plasma frequency wp, since with the for- 
mation of the cavity the electrons are repelled in the trans- 
verse direction by the ponderomotive force while the Cou- 
lomb attraction force, due to ions remaining in the 
channel, pulls them back. The plasma oscillations of the 
repelled electrons (electron cloud) will depend on the time 
rate of growth of decay of the intensity of the laser radia- 
tion in the cavity and on the efficiency of the energy dissi- 
pation mechanisms for these oscillations. The laser radia- 
tion propagating inside the cavity with its oscillating side 
walls should partially pass through these walls. Confirma- 
tion of the partial transparency of the cavity is provided by 
experimental observations of scattered laser radiation radi- 
ating outward in a narrow cone from the interaction 
region. 19,23 

The partial transparency of the cavity walls can be 
used to allow additional energy into the cavity from the 
region surrounding it. For this purpose, the wavefront of 

82 JETP 79 (I), July 1994 Borovskii et a/. 82 



the laser radiation should have a phase component in the 
form of a cone. Replenishment of the electromagnetic wave 
inside the cavity might be possible by means of axicon 
focusing of the laser With external replen- 
ishment, one might hope to obtain much longer self- 
channeling lengths than reported in Ref. 23. 

4. X-RAY LASER 

The possibility of using laser pulse channeling to am- 
plify x rays was apparently first indicated in Ref. 28. The 
excitation efficiency of the medium was estimated in Ref. 
29. In the self-channeling regime the pulse leaves behind a 
long narrow filament of plasma consisting of multiply 
charged ions mainly in excited states and free electrons. In 
the very near future it may be possible to obtain plasma 
filaments several centimeters in length, which is sufficient 
for the generation of stimulated x-ray emission. 

At least four different mechanisms of such generation 
are possible. The first is due to multiphoton excitation of 
multiply charged ions with subsequent stimulated emis- 
sion. This mechanism ensures good selectivity of the cor- 
responding levels and has probably been observed in a xe- 
non plasma.30 

The second mechanism is the so-called self-excitation 
of the internal electron shells of the ions by collisions with 
the outer electrons that belong to the same atom and os- 
cillate with relativistic energies sufficient for inelastic pro- 
cesses. This mechanism leads to the appearance of holes in 
the electron shells. Subsequent dynamics of the holes under 
a favorable course of events can lead to population inver- 
sion of certain transitions. This mechanism was proposed 
in Ref. 31 and needs further study. The oscillating elec- 
trons can lead to the formation of holes not only in the 
original atom, but also in surrounding atoms since the am- 
plitude of the oscillations can exceed interatomic distances. 

The third mechanism is ordinary three-particle recom- 
bination of electrons and ions in the plasma filament left 
behind the pulse. This process usually populates the upper 
levels of the working ions, and in conjunction with radia- 
tive depletion of the lower levels leads to population 
inversion.32 Recombinational pumping in the situation un- 
der consideration can be efficient as a result of the high 
density of ions, low plasma temperatures, and optical 
transparency of the medium in the transverse direction. 

A possible fourth mechanism may be optical pumping 
of the surrounding gas by soft x rays emitted by the plasma 
filament. In this regard, selective photoionization of sub- 
valence electron shells of heavy atoms in the ambient gas 
may be promising.33 

An important feature of the present scheme for excit- 
ing the medium during the self-channeling of a laser pulse 
propagating in a gas is the fact that generation of x rays is 
possible only inside a band of excited matter remaining 
behind the pulse. Generation inside the pulse itself is hin- 
dered by superstrong dynamic Stark broadening of the ex- 
cited levels. 

A virtue of the scheme is the possibility of amplifica- 
tion of a wave traveling with the speed of light, which is, as 

is well known, the most efficient regime for amplification of 
spontaneous emission. 

A drawback of the scheme is the excessively small 
transverse width of the plasma filament, which should lead 
to large diffraction and refraction losses of the x rays am- 
plified along the filament. All of these losses taken together 
are referred to as defocusing losses and can be estimated 
using the following formula: 

where K F ,  K+ ,  K;, K; are the coefficients (in units of 
cm-') for refraction losses, amplification, absorption, and 
diffraction losses at the frequency of the amplified radiation 
w=2nc/A. Formula (2) was obtained in Ref. 34 on the 
basis of the theory of the Helmholtz equation for a model 
Epshtein layer, proposed in Ref. 35. 

Usually refraction losses predominate. Working with 
an active medium L z  1 cm long, we see that refraction 
losses place an upper limit on the wavelengths that can be 
efficiently amplified within the narrow plasma filaments. 
For efficient amplification, it is desirable to have KT < L-I, 
whereupon w >wp4L/d. If, for example, wp= 1015 s-', 
L = 1 cm, d =  2 - cm, then the wavelength of the am- 
plified radiation should satisfy the inequality A < 20 A. 

Let us estimate the energy necessary to obtain a nar- 
row d=4A string of 10 times ionized plasma. We will as- 
sume that an energy E = ~ R , z ~  is expended in the ioniza- 
tion of each atom, where Z= 10 and R, is the Rydberg 
constant. The total energy is then 

If A =  cm, L= 1 cm, N,= lo2' cmP3, and Z= 10, then 
E = 5  lop3 J/cm. 

5. HARMONIC GENERATION 

The self-channeled propagation of an ultrashort high- 
power laser pulse is characterized by certain peculiarities 
in the generation of harmonics. 

There are at least two mechanisms of harmonic gener- 
ation in a superintense optical field. The first is associated 
with the excitation of nonlinear dipole moments of the 
electronic shells of the atoms or ions36,37 and leads to the 
appearance of a large number of odd harmonics of compa- 
rable amplitude. The second mechanism is due to the emis- 
sion of free electrons moving in the superintense field along 
complicated trajectories in the form of figure eights or 

For efficient generation of harmonics it is necessary 
that the phase velocities of electromagnetic wave propaga- 
tion in a prescribed direction for the fundamental fre- 
quency and the frequency of the harmonic coincide (the 
condition of phase synchronism). If this condition is not 
fulfilled, then the intensity of the harmonic oscillates in 

83 JETP 79 ( I ) ,  July 1994 Borovskii et a/. 83 



space at a low level in comparison with that of the funda- 
mental. In the direction of propagation of the fundamental 
the spatial period of the oscillations of the harmonic is 
LS=An/2An, where An is the difference in the refractive 
index at the frequencies considered. 

A peculiarity of self-channeling is that the diffraction 
length for the harmonic ~ , ,=d~/ /2 ,  for dl:4A turns out to 
be less than the phase synchronism length L,. This means 
that the harmonic radiation is drawn out of the channel 
through its lateral surface into the diffraction cone. In the 
far zone the distribution of harmonic radiation is deter- 
mined by interference of the diffracted fields that leak out 
at various points along the channel. 

Indeed, let us consider the fundamental radiation 
propagating along the z axis in the self-channeling regime 
between the points z=0 and z= L. We assume that the 
radiation propagates without attenuation, and the field has 
a Gaussian distribution and a planar wavefront in any 
transverse cross section of the channel. Then the expres- 
sion for E(r,z,t) of the fundamental radiation has the form 

where do is the transverse radius of the beam. 
Let us consider some fixed z={. We assume that at 

each point of the transverse cross section there takes place 
an in-phase conversion of the fundamental radiation into a 
harmonic of multiplicity m with amplitude coefficient ym . 
The transverse distribution of the real amplitude of the 
field of the harmonic generated at z={ in the interval d{ is 

and hence the increment of the real amplitude of the field 
of the harmonic along the axis is dEo,= ymE2d{, and the 
transverse radius of the harmonic is dog=ddm1/2. 

The element of the field of the harmonic generated at 
z={ has a planar wavefront and propagates in space ac- 
cording to the laws for a Gaussian beam 

where dog is the minimum beam radius (the radius at the 
beam waist), d2(z) =dig( 1 +2/bt),  ag(z) =arctan(z/b,), 
Rg(z) =z( 1 +z?/b;), b = ~ d i p g A , ,  kg= 2lingA,, and n, 
is the refractive index. In formula (6) the term q,({) is the 
contribution to the phase of the harmonic due to propaga- 
tion of the pump wave along the z axis and is equal to 
qg({) = -k{mg/W. 

The total magnitude of the harmonic field is obtained 
by integrating expression (6) with respect to { over the 
interval 0 < < L,. We denote the look angle by 8. Then 
tan 8=r/z, and we obtain 

X [ exp (iLpAk) - l]/iAkLp, ( 7 )  

where the dephasing Ak is equal to 

Thus, efficient harmonic generation should be observed at 
angles for which the condition tan 8=[2(1 -n/n,)~ ' /~ is 
fulfilled. Here n < n,. In addition, the angle 8 should lie 
inside the diffraction cone of the harmonic: 
e < ed = lidig/ag. 

Earlier we indicated two mechanisms of harmonic gen- 
eration in strong fields. These mechanisms differ in the 
shape of the transverse spatial zones of generation. In the 
case of harmonic generation by the dipole moments of the 
electronic shells of the atoms and ions of the medium the 
transverse generation zone is a disk since the process takes 
place inside the cavitation channel, inside which the radi- 
ation intensity is maximum and there are no free electrons. 
In the case of harmonic generation by nonlinear currents of 
free electrons, the generation zone is a ring, since the free 
electrons are expelled from the channel and the process 
takes place inside the electron cloud surrounding the cav- 
itation channel. The various transverse zones have different 
angular intensity distributions of the interference rings of 
the harmonics in the far zone. 

Recording of the harmonics can serve as a method of 
determining the phase velocity of the fundamental wave, 
the phase synchronism lengths, and the power captured 
into the self-channeling regime, and also enables one to 
distinguish the different harmonic generation mechanisms. 

6. GENERATION OF STRONG MAGNETIC FIELDS 

The self-channeling regime is accompanied by the ac- 
tion of powerful electromagnetic forces on each electron 
located in the interaction zone. As a rule, the motion of the 
electron can be broken down into two components: high- 
frequency oscillations and a drift motion. 

Let us first discuss the drift motion of the electrons. At 
the leading edge of the laser pulse the electron absorbs a 
large number of photons from the electromagnetic field 
and receives momentum in the direction of propagation of 
the field. The ponderomotive force repels the electron in 
the transverse direction. 

The equation for the transverse drift of the electron 
describes the translation of an electron made heavier by the 
relativistic effect in the presence of high-frequency oscilla- 
tions, in some force field which communicates to the elec- 
tron an amount of kinetic energy equal to the difference in 
the ponderomotive potential between the initial and final 
points of its translation. The magnitude of this potential in 
the relativistic case ism 
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where a= I / I r .  Here I is the intensity and I, is a parameter 
which is called the relativistic intensity 

Formula ( 10) was derived for the case of circularly polar- 
ized radiation. 

The longitudinal motion of the electron differs from its 
transverse motion. The corresponding equation is dis- 
cussed, e.g., in Ref. 41. 

It is easy to show by a simple estimate that an electron 
repelled by the ponderomotive force can acquire a kinetic 
energy in excess of 1 MeV. The velocity of such an electron 
approaches the speed of light. Once the electron leaves the 
strong field region, a Coulomb force from the positive ion 
swarm begins to act on it pulling it back. The ions remain 
immobile for some time as a result of their large inertia. 
The Coulomb force retards the repelled electron. The com- 
petition between the repulsive ponderomotive force and the 
attractive Coulomb force gives rise then to oscillations at 
the plasma frequency of the electrons, which form a cloud 
around the strong field zone. At the trailing edge of the 
pulse, the electrons return into the ion swarm, neutralizing 
it, and thermalization of the plasma oscillations takes 
place. 

Let us estimate the magnitude of the magnetic field 
which arises as a result of the repulsion of the electrons 
from the strong high-frequency field region. The circula- 
tion of the magnetic field about a closed contour is equal to 
the total current through the surface bounded by this con- 
tour. Let the contour be a circle in the plane perpendicular 
to the direction of propagation of the laser pulse and cen- 
tered on the axis of the beam, which we take to be axially 
symmetric. We choose the radius of the circle to be equal 
to the transverse dimension of the laser pulse R = L, . We 
then have 

We obtain an overestimate of the magnitude of the 
magnetic field 

Assuming, for example, that a pulse from a neody- 
mium laser propagates in the medium in the self-channeled 
regime, and that L, = 2A =2 . lop4 cm and neE lo2' 
cmp3, we obtain B ~ 6 0  MG. 

Magnetic fields of the indicated magnitude should car- 
dinally influence the properties of the medium and the 
picture of nonlinear propagation of an ultrashort laser 
pulse in the medium. 

Numerical modeling of the action of a 100-fs pulse 
with an intensity of 1019 w/cm2 on a solid-state target, 
reported in Ref. 42, gave a magnetic field intensity B in the 
neighborhood of 250 MG. 

Let us consider in more detail the high-frequency com- 
ponent of the motion of the electrons. The case of a circu- 

larly polarized electromagnetic field is of interest. The elec- 
trons, turning in micro-circles in such a transversely 
inhomogeneous field, create an uncompensated circular 
current around the axis of propagation of the laser beam. 
Let us estimate the magnitude of the magnetic field created 
by this current parallel to the axis. We take as the integra- 
tion contour a narrow band of width Az lying in a plane 
passing through the beam axis. The lateral legs of the con- 
tour are perpendicular to the beam axis and extend to in- 
finity. The circulation of the magnetic field about the 
above-indicated contour is equal to B .  Az, since the field 
lines are perpendicular to the lateral legs of the contour 
and the field vanishes at infinity. The contribution to the 
quasistatic current flowing through the band defined by the 
contour comes from electrons circling about the length 
element of the contour Az. The electrons, turning in circles 
which cut through the surface of the band twice give zero 
contribution to the total current. As a result, we obtain the 
estimate 

Next, applying the relativistic formulas for the velocity of 
the electron v and the radius of the circle r about which it 
turns in the circular field with intensity I, we obtain the 
following formula for the magnetic field: 

Here k=m/c is the wave number, and I, is the relativ- 
istic intensity. In the ultrarelativistic limit I>I, for a 
neodymium laser and ne=5 . lo2' cmp3, the magnitude of 
the field B ~ 2 4  MG. 

Note the following fact. A plasma in which the elec- 
trons revolve synchronously in micro-circles is a ferromag- 
net. Estimating the magnetic field in terms of the magne- 
tization of the medium B=4nP, where P=nep, and p is 
the magnetic moment of an individual revolving electron, 
leads to the same formula ( 12). 

7. GENERATION OF ELECTRON-POSITRON PAIRS 

The practical realization of relativistic-strictive self- 
channeling of an ultrashort high-power laser pulse in 
gases'9323 opens up possibilities for answering the question 
of the generation of electron-positron pairs in the collisions 
of electrons oscillating in the field of an intense optical 
wave with the nuclei of heavy elements. 

Quantum electrodynamics, as is well known, predicts 
the possibility of creating electron-positron pairs in the 
field of an intense electromagnetic wave. The probability of 
pair creation at the focus of an ideal lens for focusing co- 
herent laser radiation was first estimated in Refs. 43 and 
44. The most favorable results were obtained for pair gen- 
eration by electrons scattering off the nuclei of heavy ele- 
ments in the presence of an intense electromagnetic 
~ a v e . ~ ~ , ~ '  

Pair generation will take place more efficiently in a 
circularly polarized field. An electron in such a field, whose 
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intensity varies slowly in time, moves in a spiral trajectory 
and much of the time possesses the energy needed for pair 
generation, in comparison with the case of a linearly po- 
larized field. 

Let us estimate the energy of a revolving electron: 

2 4 1/2- E= (P2~2  + m e , o ~  ) - me,oc2 ( 1 +a ) 'I2, a = I/I, . 
(13) 

The energy E should exceed the sum, first of all, of the rest 
masses of two electrons and a positron 3me,oc2, which ob- 
tains for a > 8; second, roughly 10 bond energies of the 
electrons with the heavy atom. The latter is necessary to 
ensure that the relativistic electron will break through the 
electron shells of the atom. Taking all this into account, the 
estimate for the threshold energy for Z-90 is 

In the setup of the experiment to observe electron- 
positron pair generation, self-channeled propagation of an 
ultrashort laser pulse in a gas is of no less interest than 
focusing on a solid-state target. 

Indeed, the pair yield in both cases can be estimated in 
the following way: 

Here n, is the concentration of heavy target atoms, o is the 
cross section of the process, V is the volume of the inter- 
action region of the radiation with the medium, and T is the 
duration of the laser pulse. The relative yield of reaction 
products for the cases of self-channeling in a gas and fo- 
cusing on a solid-state target is 

Ng/Nt = ( pi  Vgug / ( p: Vtut (16) 

i.e., the ratio of the squares of the densities of the two 
media, the volumes of the interaction regions, and the cross 
sections. For a neodymium laser, the first ratio pi/p: can 
be equal to E lop4. The interaction region in the case of 
self-channeling, according to Refs. 20-22, is a tubular shell 
with thickness A r d  and outer radius ~ 3 i l .  Therefore 
v , = ~ ? ~ A ~ L ,  where L is the pulse propagation length in the 
medium. The interaction region in the solid-state target is 
a disk of thickness and radius ~ 3 i l .  The radius is 
determined by the quality of focusing of the system. There- 
fore V, ,977~~.  The ratio of volumes Vg/Vt can be equal to 
=0.5 L/il ~ 0 . 5  . lo4 for lengths L -- 1 cm. In the near- 
threshold region, the cross section of the process grows 
abruptly with growth of the energy of the oscillating elec- 
tron, i.e., with increase of the intensity of the radiation in 
the interaction region. It would seem that higher radiation 
intensities can be realized in the case of self-channeling of 
an ultrashort pulse in a gas than by focusing on a solid- 
state target. Thus, self-channeling of laser radiation in a 
gas is promising for electron-positron pair generation. 

In conclusion, let us estimate the number of head-on 
collisions of the relativistic electrons with the target nuclei 
in the self-channeling experiment. Taking the cross section 
to be equal to the transverse area of the heavy nucleus 
u=?rri?, A " ~ =  5.5 cm2, where ro= 1.2 . 10-l3 cm, 

A=238; e.g., for n,= lo2' ~ m - ~ ,  n,=10'~ ~ m - ~ ,  
A =  1.06 lop4 cm, L =  1 cm, T= 10-l2 s, we obtain 
Ng= 3 . 10'. The pair yield will, of course, be less than this. 

8. PULSED NEUTRON SOURCE 

It is of interest to realize the regime of self-channeling 
of an ultrashort laser pulse in a gas mixture of deuterium 
and tritium. The ponderomotive forces expelling the elec- 
trons from the region occupied by the strong field lead to 
the formation of a positively charged swarm of ions with 
transverse dimension dz4i l .  The Coulomb forces then 
push the positively charged ion swarm apart, transferring 
to the ions a large kinetic energy. The ion swarm simply 
explodes. After the impact of the scattering ions with the 
adjacent layers of gas, the ions thermalize and thermonu- 
clear reactions can take place in this region at times of the 
subsequent gas-dynamic scattering of the plasma. Let us 
make some estimates. 

For simplicity, let us consider the Coulomb-repulsive 
disintegration of an extended ionic cylinder of length I and 
radius R = 2il (1% R ) . The mean Coulomb energy per ion 
in such a cylinder is 

The characteristic time of conversion of Coulomb po- 
tential energy into kinetic energy of directed motion of the 
ions rq 2. mi:, where w;,; = 4?re2~/mjis  the ionic plasma 
frequency. If = 1013 s-I, then rq= 100 fs. This means 
that if we use laser pulses with duration 1 > T > 0.1 ps, then 
after such a pulse has acted, all of the Coulomb energy of 
the ions in the channel will have been converted into the 
kinetic energy of the explosive motion of the ions. A large 
part of this energy is converted into heat during the ther- 
malization stage. 

We estimate the neutron yield from the formula 

N - i~~ (UV) to V. (18) 

Here the gas-dynamic scattering time of the heated ion 
swarm tONR/v, where v is the thermal velocity. We obtain 
N E ( T / ~ ) N ? U R ~ L .  Let us make some estimates for the 

2 following parameter values: I=CTE 3 - 10- cm, 
R=2i12.2. 10W4 cm, N,E lo2' ~ m - ~ ,  LE lop '  cm. For 
the mean Coulomb energy we obtain w('Y') E 9 .  lo6 eV, 
U E  cm2. For the neutron yield, N E ~ .  lo4. For the 
power of the neutron pulse, P=Nc/L=6.  1016 s-'. The 
neutron yield can be increased using a shorter-wavelength 
laser, since N E N , ~  cc w2, but R a w-I, so N cc w. The neu- 
tron yield is probably somewhat higher than the estimate 
given here due to additional compression of the ions due to 
impact with the adjacent layer of gas. 

Thus, self-channeled propagation of an ultrashort 
high-power laser pulse in matter opens up a wide range of 
possibilities for the investigation of new physical phenom- 
ena in superstrong optical fields, and also substantially 
changes the form of well-known phenomena. An important 
attendant circumstance here is the conversion of the energy 
of the electromagnetic field into the energy of plasma os- 
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cillations. Effects described in this paper are preserved with 
some changes of form in this case. It would seem promising 
to us to carry out additional experimental and theoretical 
studies of the directions enumerated in this paper. 
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