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Abstract. The propagation features of laser radiation are dis-
cussed for the case of axiconic focusing. Issues explored include
the nature of gas breakdown in the field of a Bessel laser beam,
the gasdynamic expansion of the breakdown plasma, and how
optical discharges and plasma channels are structured.

1. Introduction

Optical discharge, which was discovered in the focusing of
laser radiation [1]in 1962, immediately attracted the attention
of researchers. Subsequently, the new phenomenon was
explained in numerous papers (e.g., Refs [2-7]), including
even an article in Fizicheskaya Entsiklopediya (Encyclopedia
of Physics) (1992). To produce an optical discharge, laser
radiation was focused with a spherical lens. As is well known,
a Gaussian wave beam with a plane wave front forms in the
caustic waist region. Owing to diffraction divergence, the
length of this beam is proportional to the squared diameter,
and increasing the radiation intensity by decreasing the beam
diameter results in further shortening of its length.

Focusing the radiation with an axicon (a conical lens)
produces a wave beam with a Bessel-type radial field
distribution [8—11]. A Bessel beam differs from a Gaussian
beam in that the diffraction-induced beam divergence is
compensated and its Rayleigh length is theoretically unlim-
ited. As a result, the optical breakdown of substance in the
Bessel beam takes the form of an extended filamentary
plasma channel [13, 14]. The geometrical beam dimensions
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and the intensity distribution in the beam are easy to change
[12, 15-17]. Owing to these properties of Bessel beams, these
channels furnish a unique possibility to change the config-
uration, parameters, and their distribution, which is impor-
tant in solving many applied problems.

Every specific task is characterized by its requirements.
For instance, short-wavelength plasma lasers [18, 19] necessi-
tate a fast excitation of population inversion. Plasma particle
acceleration [14, 20, 21] is possible only for a special optical-
discharge propagation mode, for a moving focus. In fast-
response laser-triggered switching devices [22-25], the electric
conductivity and the shortest channel formation time are
primarily important. Energy transfer [12, 26, 27], standard
sources, and plasma antennas [28, 29] require a long plasma
lifetime.

Recent years have seen the vigorous development of
laser-plasma techniques for the generation of radiation in
the terahertz range, which is difficult to access (see, e.g.,
Refs [30-33]), the radiation powered by strong Langmuir
oscillations driven by high-intensity laser pulses in the
plasma of Bessel beams. One of the prerequisites for the
production of strong Langmuir oscillations is the formation
of fast ionization fronts. That is why research into the
generation of plasma channels was pursued using ultrashort
(pico- and femtosecond) laser pulses [34—40].

The properties of plasma channels in gases, liquids, and
solids are determined by the heating radiation propagation
features of a Bessel beam and its interaction with the
propagation medium. In this review, we consider the
production of plasma channels in gases.

2. Bessel wave beams

The propagation of radiation, specifically electromagnetic
radiation, depends on the permittivity ¢ of the medium. In the
general case, the permittivity consists of a linear part, which
comprises real ¢ and imaginary ¢” terms, and the functional
enL, which takes the special features of the nonlinear matter
equations of the propagation medium into account:

e=¢e+ie” +ene([E[). (1)
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Behind an axicon, the axially symmetric field
E(r,7) = Re {eE(r, 2)exp [—i(or — /cz)}} 2)

(where e is the unit vector of the electric intensity) with an
intensity amplitude varying slowly in the propagation
direction, z, is defined by the equation [41, 42]
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where k = (w/c),/% is the modulus of the wave vector.

The boundary conditions are determined from the
geometry of radiation focusing with an axicon with an
aperture radius 4, which forms a conical wavefront:

E(r,z) ~ Ein(r) exp (—ikr), 4)

where |Ein(r)] o, = 0, |Ein(r)|, < 4 = V/I(r), 1(r) is the radial
distribution of the initial beam intensity, and kr = krsiny.
The hyper-Gaussian beam distribution of radius R and order
N =1 has the form

Ealr) = Ebexp {— (%) ] . 5)

For linear radiation propagation, when ¢” = ¢np = 0, the
solution E£© of problem (3) with boundary condition (4) is

given by
. kzsin’ ,
EO(r,z) = Eyexp (71 ZS;H V) <J0(x) —1 Ji (x))

A +r? kAr
)a(F) e

x =krsiny. (7)

2zsiny

+ E4 exp (ik

where

Equation (6) holds for the paraxial region r < zsiny,
kr? < z in the portion 1/sin’y < z < L of the axicon focal
segment of the length L, = A/tany. The first term, correct
up to a small quantity of the order of r/(z sin y), is the field of a
nondiverging beam with the wave vector k; = ksiny normal
to the axis [for the variation of its longitudinal part
Sk = (1/2)k sin? 7] and with the slowly varying amplitude

Eo(z) = 2msiny \/gEin(z siny) exp (4 g) . (8)

The second term in the right-hand side of Eqn (6) with the
amplitude E4 = E;,(A) exp (—ikAsiny)/(1 — z/L,) describes
the axicon edge diffraction. Its amplitude is lower by the
factor \//z < 1 than the amplitude of the first term. Because
the beam radius normally does not exceed the axicon
aperture, R < A, the effect of diffraction on distribution (6)
decreases, according to conditions (4) and (5), proportionally
to exp [—(4/R)*]. It follows that axicon focusing for a linear
radiation propagation forms a beam wherein the intensity
distribution obeys the relation [42]

|EO)(r,2)] = | Eo(2) 3 (ke ir). (9)

In these beams, the radial field distribution is given by the
zeroth-order Bessel function J; of the first kind. In this case,

the axial field distribution |Ey(z)| of the Bessel beam is related
to the geometrical-optics factor, which depends mainly on the
radial field profile of the initial beam. For the initial radiation
profile (5) and an axicon with a rectilinear generatrix, the
amplitude of the focused beam field is proportional to
V277 Enzsin3).

The specific character of radiation propagation in the case
of a nonlinear interaction with a medium is related to the
nonlinear part exi (JE[*) of the medium permittivity and its
dependence on the intensity of the beam field. In gases, the
nonlinearity normally shows up in the breakdown and
immediately before it. In this case, a partly ionized plasma
emerges, in which the dependence of the permittivity on the
field intensity may be local or nonlocal, with and without
saturation [42, 43].

In partly ionized plasmas, the resultant electron tempera-
ture varies depending on the balance of the energy the
electrons acquire due to inverse bremsstrahlung and lose in
collisions with neutral particles. When the field nonunifor-
mity scale length /g is much greater than the electron mean
free path lo = ve/Ven, le/lg < \/Sen, Where 8¢, is the fraction of
energy transferred by electrons to neutral particles in the
collisions (for elastic collisions, d., = 2m/M), the nonlinear
part of the permittivity, which is defined by the deviation
on = n — ng of the electron density » from its initial value n, is

~on_ny |E['/E}

L N d Y el Y 10
ne N 1+ |E|*/E2 (10)

ENL =

where E7 = /121dennc Teo 1s the electric plasma field typical
for the thermal nonlinearity, n. = mw?/(4ne?) is the critical
density of electrons, and Ty is their initial temperature.

In a sufficiently hot plasma, when the electron mean free
path exceeds the field gradient scale length, [ > I, the
electron density varies under the action of the ponderomo-
tive force caused by the striction nonlinearity. In this case, the
nonlinearity is also local and the nonlinear part of the
permittivity takes the simpler form

_mlE[
nE2

ENL (] 1 )
Expression (11) corresponds to formula (10) under the
condition |E|?/E2 < 1, but the plasma field E; = /T6mn. Te
characteristic of the striction nonlinearity is used in (11).

A local power-law nonlinearity is observed not only in
plasmas but also in other media in which, in particular, the
Kerr effect manifests itself. In gases with excited atoms, the
nonlinearity may be due to multiphoton transitions from
metastable states. In this case, the nonlinear permittivity may
exhibit a higher-power, for instance, quadratic dependence
on the field intensity:

E|*

In a partially ionized plasma with a long electron mean free
path, when /6. < l./Ir < 1, the plasma nonlinearity becomes
nonlocal. The nonlinear permittivity, as in the case of
expression (10), depends on the electron density variation
dn = n — ny, but the difference on depends on the electron
heat conductivity, which is defined by the equation

212 (én\ on on|E[
2 A —— =,
3 Je ne ne EZ

(13)

ne
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where A is the Laplace operator. We emphasize that the
ionization and recombination frequencies in relations (10)
and (13) are assumed to be low in comparison with the inverse
electron temperature and the inverse pressure settling time.
In dimensionless variables & = E/E* for the field ampli-
tude normalized to the value E* = E7, , ; characteristic of this
type of nonlinearity, we rewrite Eqn (3) as
o6& 10 ( o0&

i

(14)

o2 ;& xax>+[1F+ﬁX]é‘):0,

where I' =¢”/(gysin’y) is the dimensionless absorption
coefficient and f = [ng/(ne — np)] sin~2y. Here, we use nota-
tion (7) and the density variation for the local nonlinearity
expressed by the ratio

_ 6P
no 14 |6

5 (15)

which corresponds to formula (11) when |&]* < 1:

X=|6P. (16)

In the case of a nonlocal nonlinearity, it follows from
Eqn (13) for sin’y < 1 and small spatial derivatives with
respect to z that

Loy
x ox \7 Ox

where o = (3/2)3.(kl. siny) "> < 1 and condition (4) becomes
6(x,z =10) = exp (—ix).

Equations (14)—(17) were numerically solved for hyper-
Gaussian beam (5) for N = 8 and R < A4. The intensity field at
the boundary x = xpax ~ 10° > Aksiny = 0.8 xpax of the
computation domain and beyond it was taken to be zero,
&(x,2), 5 ., = 0. To match the conditions of these calcula-
tions to the experimental ones in [44—47], we used a radial
beam distribution &j,(x) such that the amplitude of linear
solution (8) remained constant over the greater part of the
focal segment length L,. The conservation of the energy flux
of Eqn (4) served as the solution accuracy criterion.

Numerical investigations under the assumption of linear
absorption of the heating radiation, when the optical
thickness t over a distance s &~ R/y is small, T = ks¢” < 1,
showed that the structure of the Bessel beam field is hardly
different from its structure in the absence of absorption. This
condition corresponds to a bound on the radius r of the
absorbing domain:

012
&

+X)=0, (17)

(18)

For instance, for radiation at the wavelength 4 = 1.06 um
and the angle y = 0.1, the effect of dissipation on the beam
field in a plasma with the parameters 7, ~ 10" cm~2 and
Ve ~ 1013 57! may be neglected when r < 100 pm.

The form of the radial distribution of a Bessel beam
may be changed. In essence, the role of an axicon reduces
to the transformation exp (—ikr), which converts a Gaus-
sian wave beam into a beam with the Bessel radial
distribution Jy. An additional azimuthal deflection of the
wave vector Kk, exp (—is¢), transforms the distribution Jy
into a Bessel beam with the radial distribution given by a

higher-order Bessel function J, [17, 48]. The vector k is
deflected in the azimuthal direction by adding a phase helix
or a kinoform [49], resulting in the formation of a tubular
Bessel beam. We now consider the action of the conversion
system.

Behind an axicon with a rectilinear generatrix and a
relative refractive index N, the angle y of inclination of the
vector k to the z axis is defined by the refracting angle o,
y = (N = 1)a (for a < 1), while the change in the radiation
field phase depends on the radius r and the angle « linearly,
Ay, = —k(N — 1)or. The phase helix additionally deflects the
wave vector azimuthally by an angle ¢. When the phase helix
thickness /(@) with a peak /g increases linearly as

¢
= 19
W) = ho. (19)
the variation of the radiation field phase  is given by
Ay = k(N — 1) hy 2 = 50 (20)
P 2n ’

where the relative refractive indices of the phase helix and the
axicon are assumed to be equal.

On completion of a full turn of the azimuth angle, ¢ = 2m,
converter thickness (19) and phase (20) experience a jump,
which produces perturbations due to diffraction and scatter-
ing. However, owing to the smallness of these perturbations,
the phase variation in (20) can subsequently be treated in the
geometrical optics approximation. Under the new conditions,
for a wave of type (2), the complex amplitude of the electric
field strength of the radiation field is

E(r,7) = Re {eE(r, ¢,2) exp [—i(owt — kz)] } : (21)
and condition (4) takes the form
E(r,p,z2) ) Ein(r) exp [—i(stp — krsin y)} . (22)

We represent the radial field distribution in the incident beam
by expression (5), as before.
The field of the focused beam can be described by the wave
equation in the parabolic approximation [37]:
5 OF 13 [ 0EN 1 O’E
' az+r6r<r ar) t 02

(23)

+ (%)2 [is” + 8NL(|E|2)}E =0.

We represent the radiation field as the sum of azimuthal
harmonics:

o0

E(r,p,z) = Z E,(r,z) exp (img) .

nm=—0o0

With the order-m Fourier—Bessel transform, we obtain the
linear (¢” = enp = 0) solution of Eqn (23) for the harmonics
E,(r,z):
k kr
EO _ _:r el
(r@,z)=—i—exp i~

i B,,(s) exp {im( - g)}

m=—o0

<[ By (kL e ] e @)
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Here,

kr'?

_exp [2ni(s —m)] — 1 = "

B (s) =

- — kr'si
2mi(s — m) ron

and J,,,((kr/z) r’) is the mth-order Bessel function.

When the parameter s of phase helix (22) is an integer,
s = n, solution (24) corresponds to a single azimuthal mode,
whose number is defined by the value

Bm(s = I’l) = 5}11,)71 .
In the paraxial zone of the Bessel beam r < zsiny, kr? < zin
the main portion 1/ siny <z < Ly of the focal segment

length L ~ R/tany, we have the following asymptotic
expression for solution (24):

EO(r,p,2) = exp {in ((p - g)}

r2 4 z2sin’ Y
2z

(2 2
+EAJn(k B) exp (_M)} ,
z 2z

where

X {onn(kr siny) exp (ik

(25)

in

Ey(z) = V2nkz siny Ei,(zsiny) exp (— Z) ,

Ein(A4)

E =
4 l—Z/LA

exp (—ikAsiny).

The first term in expression (25) is the variation of the
complex amplitude of the beam field with the diffraction
neglected. The second term describes the axicon edge
diffraction. Under the conditions specified in the comment
to formula (6), this term is small in comparison with the first
term at the ratio \/m < 1. Under the approximation
adopted here, the radial distribution of the field intensity in
the focused beam can be represented as

|EO(r,2)|” ~ |Eo2 J2 (krsiny) . (26)
Therefore, for an integer parameter s, a tubular beam forms
whose radial field distribution is described by the nth-order
Bessel function. Evidently, the order n corresponds to the
pitch of the helix that is equal to an integer number of
wavelengths,

nz%(N—l)\/%. (27)

The nonlinear interaction of the beam field with its
propagation medium is defined by the imaginary part ¢”
and the nonlinear intensity-dependent term eng. of permittiv-
ity (1). By passing to dimensionless variables, as in Eqn (14),
we obtain

i

06, 10 [ 06, ) ,ont]
- — r T —— 16, =0. (2
a- xax(xax>+{l + Bléa| xzé 0. (28)
Equation (28) was solved by the procedure of trial and
error in radius. Boundary conditions (4) corresponded to the
initial Gaussian beam (5) of the order N =38. The field
amplitude Ej,(r) was profiled in such a way as to make the

linear solution amplitude &y(r) = Ey/E* constant through-
out the working portion of the focal segment length. The
method of calculation, the parameters, and the ranges of their
variation were similar to those of problem (14).

Calculations showed that self-modulation in the beams
with the J, initial field distribution occurs, as with Jy, for a
power close to the critical power for self-focusing:
1
ﬁ )
where f is the dimensionless nonlinearity coefficient from
Eqn (28). In this case, the self-modulation for beams with the
radial profile J, differs from the self-modulation for beams
with the profile Jy. In the J, beams, in particular, the
instability develops from the beam periphery to its center as
the power increases, while in the Jy beam, perturbations arise
on its axis and propagate toward the periphery. In the
J, beams, the modulation is therefore observed not near the
first peak, as is the case with the Jy-profile beams, but in the
region of higher-order peaks. Furthermore, the structure of
the J,-beam field smears for r > r. for each mode. This effect
becomes stronger with increasing the absorption I'y.

16,

max |gC|2 = (29)

3. Optical discharge
in the field of a Bessel beam

An axicon transforms a plane wave front of heating
radiation to a conical wave front. The vertex of the cone,
which is on the symmetry axis at the point z = 0, faces the
axicon. The wave front propagates along the normal to the
cone surface at the speed of light ¢, and the intersection
region of the cone and the z axis travels along this axis with
the speed
¢

V= cos (30)

Owing to the wave nature of light, a plane front of the
Bessel beam forms in the intersection region. This front
travels along the z axis with the same speed V/, and its motion
corresponds to the so-called moving focus regime. The waves
of the altered medium state, such as the breakdown,
ionization, and population inversion waves, should also
propagate in this regime in the Bessel beam. However, the
breakdown of the working medium and its attendant
processes emerge at the beginning of the focal segment and
propagate at constant speed (30) only in the case of a short
heating pulse or for a constant intensity along the focal
segment of the axicon.

The longitudinal field distribution in the Bessel beam
depends on the order N of the initial Gaussian beam and the
surface shape of the focusing axicon [12, 50-52]. In the general
case, the field increases beginning with the initial part of the
focal segment, but it decreases at its end. For example, we
consider the propagation of a breakdown wave in this general
case. For definiteness, we take an initial hyper-Gaussian
beam of the order N =5 and an axicon with a rectilinear
generatrix. The intensity distribution /(z) along the focal
segment in these conditions is shown in Fig. la. The dashed
line I, corresponds to the level of the breakdown threshold
for the propagation medium.

A discharge originates at the point z; and terminates at the
point z;. Behind the z, point, the intensity is insufficiently
high for breakdown and the discharge propagation termi-
nates. When the energy of the heating pulse is high enough, an
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Figure 1. Optical discharge limits (a) and plasma channel in a Bessel beam
(b): A =1.06 pm, D =4.5cm,d = 50 pm, t = 50 ns, £ = 2007,y = 1°, the
air at I atm.

extended plasma channel forms in the segment Z =
zp — z1 < L. Its photograph is shown in Fig. 1b. The Bessel
beam with the diameter d = 50 pm and length Z = 1.3 m was
produced by a laser pulse with the duration © = 50 ns and the
energy E = 200 J, which had the form of a Gaussian beam
(A=1.06 um, N = 5, and D = 4.5 cm) and was transformed
by an axicon with a rectilinear generatrix and the angle
y=1°.

In a Bessel beam, the translational motion of the discharge
boundary from z; to z, with the speed V" defined by relation
(30) is not always possible. This is true only when the rise time
7 of the heating pulse [i.e., the time of the intensity increase to
the level (1 — 1/€?) of its peak value] is shorter than the time
of its propagation through the focal segment L:

T < %cosy. (31)
The focal segment length L itself depends on the angle v,
L = Rtany, and hence

R cos?y
T — " .
¢ siny

(32)

Inequality (32), which limits the rise time, is highly
sensitive to the angle y, and the leading edge of the heating
pulse should become steeper as this angle decreases. In view of
these features of propagation of the pulse front, this regime of
optical discharge formation is termed dynamic. The opposite,
quasistatic, regime is characterized by a slow increase in the
radiation intensity, with

> % cos7y. (33)

Under condition (33), the length of the heating radiation
wave train turns out to be longer than the focal segment. That
is why the instantaneous longitudinal field distribution over
the focal segment is virtually coincident with the dependence
depicted in Fig. la. Accordingly, only the scale of the
distribution amplitude varies with time. In this quasistatic
regime, as is clear from Fig. la, the beam field reaches the
breakdown threshold at the point of the distribution peak zy,
first. As the field amplitude increases, the discharge length Z
is bounded, as before, by coordinates z; and z,, which depend
on the power of the heating pulse. However, unlike the
discharge in the previous regime, the discharge that origi-

nates at the point z;,, where the field reaches its peak value
propagates in both directions.

In this regime, the discharge propagation speed is defined
not by relation (30) but by the slope of the /(z) curve, which is
different on opposite sides of the z, point. In the region
z > zn, the speed is below the speed of discharge propagation
in opposition to the radiation, z < zy; in both directions, the
speed increases with increasing the heating pulse energy. The
position of the peak z, depends on N. Under the conditions
involved, zy, is rather accurately described by the expression

Zm 0.24
— =~ 05N, 34

The relative discharge length Z/L also depends on N. In
this case, as the refracting axicon angle « decreases, reaching
the breakdown threshold requires higher-energy heating
pulses owing to an increase in the axicon caustic length L.
But for every refracting angle, strengthening the heating pulse
leads to an increase in the optical discharge length Z within
the bounds of the focal segment L, (Z/L) — 1.

Once the intensity /(z,7) at the peak of the beam field
reaches the breakdown magnitude /(zp,, t,) = Iy, a discharge
in the neighborhood of the z, point emerges, Z = z, — z; =~ 0.
Increasing the pulse energy and intensity has the effect that
the points z; and z; shift apart and the discharge length
increases. When the intensity level Iy, is known, determining
the velocity of travel of these points requires specifying the
function I(z, t). Under condition (33), the arguments of this
function separate and it may be represented in a factored
form:

I(z,t) =1(z) f(2).

A breakdown normally originates at the leading edge of
the function f(¢), whose temporal run may be represented by
the expression f(¢) = Io(1 — exp [—(z/7)%]), where I, is its
peak value. Because of the form of the I(z,7) function, the
solution of this basically simple problem entails cumbersome
calculations, which involve solving an equation of the type
y = xexp x. Another complication is related to properties of
the Gaussian function and the uncertainty in selecting the
zero time. We somewhat simplify this function to avoid
cumbersome calculations.

The dependence /(z) is approximated by a triangle with
the vertex at the point z, = 0.5 N%>* and of the height that
varies in time as I, = Iy f(¢). It suffices to transform the
function f(¢) in the initial region, where f(¢) < 1 and I < I,
does not exert an effect on the interaction of radiation with
the propagation medium. For this, in the range from
t/T = —oo0 to the inflection point 7/t = —/2/2, we replace
the Gaussian function by a straight line passing through this
point with the slope tan ¢ = \/ﬂé and place the origin at the
point 7/t = —1.4. The function f(¢) may now be represented
by two expressions relating to the two time intervals:

2/t 2 ¢ V2
g(;—l-“) ~ 7 € [0, 1.4—7},

exp [767 1.4)2}, %e [1.4‘?, 1.4}.

(36)

(35)

J() =

The derivatives of expressions (36) define the rate of
intensity build-up at an arbitrary point of the focal segment.
From the condition /(z, t) = Iy, with the known /(z) and Iy,
we then obtain the dependence of the velocities of breakdown
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[
0 0.2 0.4 0.6 0.8 1.0
Zm/L z/L

Figure 2. Discharge propagation velocities in quasistatic regime (32), with
N=35and I,/In, = 5.

boundary propagation from the z,, point in two directions
along the focal segment. This dependence is exemplified for
N =5 and I,/Ij, = 5 in Fig. 2. We note that the discharge
plasma of the Bessel beam absorbs only a small fraction of the
energy of the heating laser pulse when its energy is not high
and Z/L<1. As Z/L — 1, the radiation-use efficiency
increases and may exceed 90%.

Because a long Rayleigh length is inherent in a Bessel
beam, the resultant optical-discharge plasma has the shape
of an extended plasma channel. The emergence of the
channel and the plasma-induced absorption of the heating
radiation entail an increase in temperature and pressure in
the volume of the Bessel beam. In accordance with the beam
shape, this volume begins to play the role of a cylindrically
shaped piston whose motion generates a cylindrical shock
wave [53, 54].

4. The plasma channel and its development

At the instant of plasma channel inception, the positions of
the shock wave and the plasma piston surface coincide.
Subsequently, the shock wave leaves the piston behind.
Behind the shock, a domain of perturbed gas flow forms
(the channel shell according to Ref. [55]). The channel
broadening from the instant of its inception to the instant of
shock separation may be estimated using the self-similar
solution for an instantaneous strong explosion of a cylind-
rical configuration [56].

The velocity u, density p, pressure p, and temperature T of
the gas behind the shock propagating through an immobile
gas are described by the formulas

2 c? 2
”*ﬁ”(“ﬁ)*ml’f”

y—1 2 2 y+1
=l l+— )=
p y+1p0< +'))—1D2> V_ll’of%

(37)
2 y—1 ¢? 2 X
== pD(1-— ) =—_p,D?
s ( % D2> S 1 P S
_r
Rp’

where p, and c are the gas density and the speed of sound in
front of the shock, D is the shock speed, y is the effective
adiabatic exponent, and R is the gas constant. The correction
functions f}, f>, and f3, which take the counterpressure into
account, depend on the ratio ¢/D and are equal to unity for
¢/D=0: fi =f, =f3=1. When the channel expansion

speed is known, the temperature step behind the shock front
is given by
2(y 1)

7=l
R(y+1)

D?. (38)

On the other hand, the radius r of a cylindrical shock and its
speed D are expressed in terms of the explosion energy E per
unit channel length:

Er2\ V4
-)"
Po

(39)
1 JE
2\ pg’
or
r
D= % (40)

When an energy Ey falls on a unit length of a Bessel beam,
the effective linear energy deposition is E = aEy. The value of
E required for the calculation can be estimated using the
experimentally known ratio between the plasma channel
length Z and the focal segment L. But a comparison of
theoretical curves and experimental data suggests that the
self-similar solution provides an insufficiently accurate
description of the experimentally observed motion of a
cylindrical shock wave.

This may be attributed to the following circumstances.
First, for a small diameter of the channel, a heating pulse of
nanosecond duration cannot be considered instantaneous,
which is the premise for applying the theory of a strong point-
like explosion. Second, the high temperature of the plasma
leads to substantial losses of specific energy for radiation and
ionization. Furthermore, the explosion propagation depends
on the counterpressure, and the channel expansion velocity
during the action of the heating pulse may be affected by
laser-supported detonation.

The temperature of the plasma channel can also be
estimated by setting the radial channel expansion speed
equal to the ion sound speed ¢ in the plasma (this method
was applied to investigations of the properties of an optical
discharge at the focus of a spherical lens [57]):

T
Drxe=vr=DE~y /)
1

(41)

where £ is the specific energy, 7 is the effective adiabatic
exponent, and my is the ion mass. In the calculation of the
sound speed in Ref. [57], the values of the adiabatic exponent
were borrowed from the tables in Ref. [58].

In reality, the state of equilibrium in a laser-produced
plasma is unknown. If the plasma is assumed to be in
equilibrium, calculations yield somewhat overestimated
density and pressure values and an underestimated tempera-
ture value. That is why in many papers concerned with the
theoretical investigation of explosion processes in gases with
axially symmetric energy sources (see, e.g., Refs [59-66]),
deviations from equilibrium are taken into account along
with other real processes.

The development of a plasma channel in the field of a
Bessel beam was numerically investigated in Ref. [66]. The
zeroth-order Bessel beam was formed by a profiled axicon,
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which produced a constant intensity on the axis along the
focal segment. The central axial beam caustic was considered,
in which the intensity is highest. A strong thermal explosion
was produced in the air by a laser pulse of nanosecond
duration. For definiteness, the initial radius of the interac-
tion domain was limited to the interval 0.002-0.1 cm. During
the course of the heating radiation, the gas in the volume of
the Bessel beam was heated to a temperature exceeding its
initial value by a factor of several hundred.

Because the durations of the heating pulse and the main
elementary processes in the optical discharge are much
shorter than the characteristic gasdynamic times, the solu-
tion of this problem splits into two stages, kinetic and
gasdynamic. The composition, temperature, component
densities and other local plasma parameters are determined
by the end of the pulse action. To calculate them, the
mathematical IKAR model was used [67]. At the second
stage, the HERA-6 code package [68] was used to investigate
the dynamics of the initial development stage of the channel,
which was treated as an axially symmetric thermal explosion.
Several modifications introduced into this model are
described in Ref. [67].

The gasdynamics of the cylindrical plasma channel were
numerically investigated for nitrogen. The results of these
calculations may also be carried over to the air, because
optical discharges in nitrogen and dry air, according to the
measurements in Refs [69, 70], induced by laser radiation
(A =1.06 pm) for the intensity ~ 10'" W cm~2 and pulse
duration T = 1—10 ns develop in about the same manner in a
wide pressure range.

In addition to the model in Ref. [67], the following factors
were taken into account in kinetic calculations: plasma
heating due to the energy transfer of the internal degrees of
freedom of excited molecules, atoms, and ions to translational
and rotational degrees of freedom; the nonequilibrium
character of the electron energy distribution function; the
excitation of the metastable atoms N(?D°) and N(*P’) and
the ions N*¥('D); the quenching of excited particles in
collisions with electrons; the V—T relaxation and thermal
dissociation of molecules and the complex ions N7 and Ny ;
and multiphoton processes [71, 72].

The temperatures T, of heavy particles were assumed to
be equal; this temperature was found from the energy
balance equation that included the energy transfer from
electrons to heavy particles. Because the photon energy
hw =1.17 eV is small in comparison with the electron
energy, the electron distribution was found from the
classical kinetic equation [73-77]:
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G is a coefficient that takes the radiation loss into account,
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ver 18 the elastic collision frequency, and v,; is the electron—ion
collision frequency.

The collisional term Sj, in Eqn (42) accounts for the
inelastic energy loss due to excitation Se, ionization Si,
and dissociation Sg;s:
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Here, m and my, are the electron and k-type particle masses; njk

is the density of the k-type particles in the jth energy state;
v(e) is the speed of electrons with an energy ¢; ¢ is the electron
oscillation energy; vy, is the frequency of electron collisions
with heavy particles; a/’,‘, 6},?“, and ad“ are the excitation,
ionization, and dissociation cross sectlons for k-type parti-
cles; and Ik 11,0“, and I/dls are the thresholds for the inelastic
processes. The term See, which accounts for electron—electron
collisions, has the form [76]

See = if < {ze | (100 [ e aer)
df

e ron)

where ve(c) = ne*An/(v/2mc??) is the electron—electron
collision frequency and A is the Coulomb logarithm. For the
Maxwell electron distribution, the expression for S, simpli-
fies to

1 d
e de

where Tor = (2/3)(e) = (2/3) J,” f(€)e3/>de is the effective
electron temperature and (¢€) is the average energy of
electrons.

It is assumed that electron escape from the discharge
volume may be neglected [73, 74] and the distribution
function in Eqn (42) is independent of spatial coordinates,
ie.,

S = 320 0+ T |},

oty > 1, (47)

where 1, & 3r2ver/(20%(€)) is the mean electron residence
time in the Bessel beam volume. According to estimates, for
the density of nitrogen molecules 10" cm™3, r, > 0.01 cm,
and ¢y » 107" eV, inequality (47) holds for the most
important part of the electron energy spectrum 0 < ¢ < 1keV.
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In Eqn (42), which is a quasistationary approximation,
the function responsible for the electron distribution is given
by the product

F(e,G, 1) = ne(1) f(€,G) - (48)
This representation is admissible if the electron distribu-
tion relaxation time is much shorter than the time of
significant variation of the heating radiation intensity.
Representation (48) can be used because the rate coefficients
for elementary processes depend only slightly on the correc-
tions to the distribution f'(¢) that arise from the variations of
the function G(¢) during the period when these variations are
most significant. This condition is satisfied in the experiments
under consideration. In this case, however, the distribution
f(¢) is to be calculated anew for different time instants.

The data of calculations of the heating radiation—plasma
interaction suggest that the electron energy distribution
function is substantially nonequilibrium and is considerably
different from the Maxwellian one above some energy
€(t;) ~ 20 eV. This has the effect that an ionization over-
heating instability develops in the resultant plasma and the
plasma temperature increases significantly. This increase
depends on the energy input, the pulse shape and duration,
and the radius and profile of the field in the energy deposition
domain. Upon completion of the pulse, the electrons rapidly
become Maxwellian and acquire the temperature of heavy
particles.

The energy deposition in the beam generates a radial flow.
In Lagrangian coordinates m and ¢, where m is the mass of the
gas column confined to the azimuthal angle equal to one
radian at a unit distance from the symmetry axis, this flow is
described by the system of equations

ou_ _ OP
or om’
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where u is the speed, P is the gasdynamic pressure, £ is the
internal energy of a unit gas mass without vibrational energy,
q is the heat flux across the transverse section, Q is the mass
density of the absorbed heating-radiation density, T is the
translational gas temperature, and x(p, 7) is the thermal
conductivity coefficient. The mass coordinate m is related to
the Eulerian spatial coordinate r as dm = rp dr, where p is the
gas density, 0 < m < M. The quantity M remains invariable
in time. The gas column is assumed to be sufficiently long, i.e.,
the spatial coordinate r does not exceed the value
r*(t)=r(M,t), 0 <r<r(M,t), during the selected time
interval.

The boundary conditions of the system of equations (49)
are defined by the cylindrical symmetry of the problem, r = 0,
u(0,7) =0, ¢(0,7) = 0, and by the values of unperturbed gas
parameters at the outer channel boundary. The local
thermodynamic equilibrium in the plasma establishes in
several nanoseconds owing to a high electron density, of the
order of 10! cm~3. Gasdynamic processes start at the instant

to the energy release terminates, when the plasma temperature
T(r, tp) and density p(r, t9) are determined by the calculations
of'its local characteristics.

The system of equations (49) is not closed and should be
supplemented with the equation of state and the expressions
for the thermal conductivity coefficient and the energy
source. The equation of state for the plasma of dry air is
used in the form [63, 64]

P=pRT[l+ Ay +2(4 + 4)], 0<4;<1, (50)

E=RT[0.5(5+ Ao) +3(41 + 42)] + Aoly + A1 [y + A>1>

(51)
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The I; are the effective specific energies of dissociation
(i=0), and the first (i = 1) and second (i = 2) ionization,
the C; are the corresponding constants in the Saha equation,
and R = 2.871 x 10° erg (g K)~! is the specific gas constant.
The following values are taken for unperturbed gas para-
meters: u = 28.96 (molecular weight), 7o = 300 K, Py =
1.01325 x 10°dyn cm~—2, and p, = 1.17681 x 1073 gem ™.
The thermal conductivity coefficient is given by the sum
[76]

K = Ko + Kr + Ke [erg cem~ ! s7! K‘l] ,

where xy = 1000(1 — A4;)\/T accounts for the thermal con-
ductivity of neutral particles, , = 2.2 x 1013p(d4,/dT) for
the thermal conductivity due to the diffusion of atomic
recombination energy, and k. = 0.1488¢ T for the electron
thermal conductivity, where

4173 x 107194y + A) T2
T 2x 10715(] —A]) + A1 b ’

is the electric conductivity [~ cm~!] and
oo (Al 4345\

b =28 x 1070 T2 ———=
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In [1.72 107> —=
xn[77>< 0 134,

T(Alp)71/3}

is the mean cross section of electron—ion collisions [cm?].

The system of equations (49) supplemented with expres-
sions (50)—(52) is solved under the conditions that the gas
temperature, which is equal to T at 7y, increases to 7, within
the volume of the Bessel beam (a cylinder with a radius ry).
The medium remains unperturbed outside the cylinder:

T(I‘,lo):{Ta’ r<ro,

Ty, r>rg. (53)
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Owing to strong temperature gradients, the electron
thermal conduction plays a significant role and is included
in the calculations. Under the condition div (kVT) > divS
(where S is the radiant energy flux), which is true for high-
density plasma at the initial stage of its cooling (up to 100 ps),
the radiative heat conductivity may be neglected, as is done,
for instance, in the investigation of an electric spark discharge
[77, 78].

Figure 3 shows the temporal dependences of the shock
wave radius R determined in the framework of the model
described above (curve 1) for a cylindrical point-like explo-
sion without the inclusion (curve 2) and with the inclusion
(curve 3) of counterpressure for the adiabatic exponent
y = 1.4. The points reproduce the measured values of the
radius of the plasma channel glow domain [79].The curves
were plotted for a specific energy input £ =4 J cm™! in the
dimensionless variables R = r/ry, and © = ¢/t [56]:

E
P (54)
Po

Py

Fm =
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It is evident from Fig. 3 that in a wide range of channel
radii and temperatures, the calculated data are rather close to
the results of the theory of a point-like explosion with
counterpressure but do not exactly coincide with them. At
the same time, the experimental points indicating the
dimensions of the expanding plasma glow domain coincide
with the calculated values of the radius of the shock wave up
to the instant of its separation, t ~ 9 x 10~*, when the shock
wave begins to travel faster than the glow boundary. As
regards the plasma parameters, the plasma temperature in
particular, their radial distribution is appreciably different
from the predictions of the point-like explosion theory.

In this case, the distribution depends not only on the
specific energy input but also on the radius ry and the
temperature T,. The radial temperature, density, and pres-
sure profiles at E = 0.23 J cm~! are shown for ry, = 0.01 cm,
T, = 10eV (Fig. 4a) and for rpy = 1.89 x 1072 cm, T, = 3eV
(Fig. 4b). The relative parameter values are plotted as
functions of the dimensionless radius R for several time
instants 7.

We see from the above examples that the substantial
difference in r, and T, has almost no effect on the position
of the shock front, but it affects the dynamics and the

Figure 4. Radial parameter profiles: (a) ry, =0.01 cm, 7, =10 ¢V,
E=023Jem 1 —1=00109, 2—1=0.1043, 3 — 7 = 0.5701, 4 —
7=1.001; (b) ry =0.0189 cm, 7T, =3 eV, E=023 J cm™: I —
1=0.0114,2—1=10.022,3 — 1 =0.5201, 4 — 7 = 1.190.

character of parameter distributions. In particular, in the
version depicted in Fig. 4a, the temperature and density on
the channel axis, which are significant in practice, change
several times faster than the parameters plotted in Fig. 4b.
Furthermore, in the former version, the temperature
decreases by the factor (T/Ty),/(T/Ty), =3.4 and the
density to the level (p/py);/(p/po)s =5 x 107* during the
time interval under investigation. In the latter version, these
ratios are (T/To),/(T/To)s = 2.14 and (p/po),/(p/po)s =
7.5 x 1073,

From a comparison of the data given above it can be
inferred that for the shorter radius r, and the higher
temperature 7,, the parameters exhibit a one-and-a-half
times greater variation, while the respective lifetimes of
the reduced-density channel in these two cases are
0.023 < 7<0.82 and 0.12 < 7t < 0.78. Therefore, by select-
ing the values of rg, T,, and E, it is possible to control the
rarefaction in the channel and its lifetime.

In wave beams with the radial field distribution given by
the Bessel function J,, (n > 0), the plasma channel immedi-
ately assumes a tubular shape[17, 48, 80-86]. Initially, there is
no plasma on the channel axis; the plasma emerges there only
after the arrival of an axially converging cylindrical shock
wave. The plasma is then strongly compressed. The compres-
sion ratio is determined by the order n of the Bessel function
and the symmetry of the cylindrical shock wave, which
depends on the quality of alignment of the axicon and the
phase helix. Subsequently, the strong compression of the
paraxial plasma is succeeded by its substantial rarefaction
and recompression. On a longer time scale, the alternation of
regimes dies down.

5. Optical discharge structures
in a Bessel beam

As noted above, the basically unavoidable diffraction diver-
gence of a wave beam, with the angle y ~ 1/d, where d is the
diameter and 4 is the wavelength, is compensated when the
radiation is focused by forming a conical wave front that
converges to the symmetry axis with the angle y equal to the
divergence angle.
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Figure 1b shows a photograph of a channel produced
under these conditions, which was recorded in the light of
plasma emission [87, 88]. The plasma channel of the wave
beam rapidly becomes uniform, but at the instant of its
inception, the channel structure depends to a large extent on
the optical discharge structure, which is defined by the
features of the Bessel beam. We therefore consider the
structure of discharges that were observed under different
conditions in experiments with Bessel beams.

In these experiments, the angle y was varied from 1° to 18°,
which defined the Bessel beam diameter d € [3, 50] pm and
length L € [1.5,130] cm. These investigations were carried
out in ten different gases at pressures 0.05-10 atm. The
heating pulse duration was consecutively shortened from
50 ns to 0.1 ns. The energy of the heating pulse was decreased
from 200 J to 0.6 J and the power accordingly increased. The
discharge structure was visualized in the light of plasma
emission and scattered heating radiation, as well as with the
use of shadow and schlieren methods. In experiments
involving 0.1 ns long heating pulses, the channel state was
investigated by interferometric techniques with laser illumi-
nation at a wavelength shorter than that of the heating
radiation. The images of transitory structures were recorded
using streak and CCD cameras.

It was anticipated that a uniform filamentary plasma
channel would emerge owing to the axially symmetric power
supply to the focal region in the high-intensity beam with the
Bessel field distribution. Even in the first experiments with a
laser energy source, however, the resultant plasma exhibited a
sequence of axially located perturbations resembling beads
[11-14, 89-91]. Initially, the ‘beads’ were assumed to arise
from the complex mode composition of the laser radiation.
But investigations involving a single-frequency laser [46]
yielded precisely the same result. Therefore, the bead
structure of the plasma channel in the beam with divergence
compensation was ascribed to the specific features of the
optical discharge and the nonlinear propagation of the wave
beam itself [41].

The observed structures were classified and the prerequi-
sites to their emergence were analyzed [87, 92]. Five typical
structures were singled out; these are depicted in Fig. 5 in the
order of their production. In the photographs in Fig. 5, the
wave front propagates from left to right.

Figure 5a shows an optical discharge formed in air at the
atmospheric pressure by an axicon with y = 7.5° (L = 17 cm)
for the pulse duration 7 = 40 ns and the energy E = 70 J. To
the special features of the structure must be added the
occurrence of lobes that deviate from the symmetry axis,
reminiscent of a herring-bone pattern. The lobe bases make
up breakdown nuclei (beads) periodically located on the
axis and spaced at intervals / = 0.12 mm. The inclination f§
of these lobes to the beam axis is much greater than the
y angle, > 7. Therefore, their occurrence cannot be
attributed to the motion of discharge in opposition to the
heating radiation, as in optical discharges in the focus of a
spherical lens. The lobes are axially located and spaced at
[ =0.12 mm, and each of them consists of small discrete
discharge micronuclei.

Figure 5b shows the structure of discharge in argon at the
atmospheric pressure for a heating laser radiation beam with
the same parameters as in the case of Fig. 5a (r =40 ns,
E=701], and y = 7.5°). However, large-scale funnel-shaped
structures spaced at intervals greater than 1 mm are observed
in argon.

Figure 5. Structures of an optical discharge in Bessel beams: (a) © = 40 ns,
E=70J,7y=7.5°airat | atm;(b)t =40ns, E=70J,y = 7.5°, argon at
latm;(c)t=20ns, E=20J,y =5%airatl atm;(d)t=0.8ns, E= 171,
y = 2.5°, air at 1 atm; (e) detail of the photo in Fig. 5d; (f) t = 0.8 ns,
E=101J,y=1°,argon at 0.2 atm.

As is well known, the threshold intensity is [y, =
1.5 x 101 W cm~2 in argon and [ = 6.5 x 101° W cm™2,
i.e., ~ 4.5 times higher, in air [2—6]. Therefore, the excess over
the threshold intensity in argon under the same conditions
turns out to be substantially larger, which most likely
underlies the structure change in passing from air (Fig. 5a)
to argon (Fig. 5b). Nevertheless, in this case, the periodically
located discharge nuclei (beads) are also seen on the axis,
spaced at the interval / = 0.12 mm coinciding with the period
of the structure presented in Fig. 5a.

The breakdown images in Fig. 5¢c were obtained with
heating pulses of a shorter duration. In particular, the
structure depicted in Fig. 5S¢ was produced by a laser beam
with the parameters =20 ns, E=20 J, and y=15°
(L =26 cm) in atmospheric air. In this case, the intensity
decreased six-fold and the specific energy twelve-fold in
comparison with those for the structure in Fig. 5b. The
periodicity of the on-axis discharge structure nevertheless
showed up in this case, but its period increased to / = 0.28 mm
and the structure elements turned into continuous plasma
nuclei in the paraxial region.

Figure 5d shows a discharge in air at the atmospheric
pressure induced by a beam with the parameters 7 = 0.8 ns,
E=17J,and y = 2.5° (L = 52 cm). In this case, the intensity
is almost three times higher and the specific radiation energy
is one order of magnitude lower than for the discharge in
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Fig. 5c. The longitudinal structure period was /= 1.1 mm.
Judging by the picture in Fig. 5d, decreasing the specific
energy disrupts the uniformity of the type of structure nuclei,
but the distribution period remains invariable in this case. It
follows that each nucleus consists of smaller cells measuring
0.02-0.05 mm, which group into lines adjoining the axis. A
magnified fragment of this picture is shown in Fig. 5d. It
clearly shows both the cells themselves and the way they
group into separate lines. The angle of inclination f of these
lines to the axis is, as before, much larger than the angle of
inclination y of the wave vector k of the heating radiation.

The breakdown structure in Fig. 5f was obtained in argon
at the pressure 0.2 atm using a beam with the parameters
t=0.8 ns, E=10 J, and y = 1°. In this experiment, the
intensity was two orders of magnitude lower than the
intensity in the previous experiment. For the channel length
Z = 130 cm, the picture in Fig. 5f shows a 50 cm long portion
of the channel. Closer to the axicon (in the left part of the
picture), the beam intensity is only a little higher than the
breakdown threshold and is equal to about one fourth of the
intensity averaged over the entire length (see Fig. 1). The
breakdown nuclei are located on the beam axis and make up a
sequence of points with the spatial period / = 7 mm.

The beam intensity increases with the distance from the
axicon and the breakdowns merge together, tending to form
a continuous channel. But the scale of the intensity
distribution in the beam is independent of the gas composi-
tion, pressure, energy, and duration of the heating pulse; it
is related solely to the angle y at the base of the conical
radiation wave front.

In experiments involving Bessel beams at the wavelength
A = 1.06 um for short-duration laser pulses, t = 100 ps, with
the rise time t = 20 ps, the energy level E = 0.6 J underlay the
choice of nitrous oxide as the medium with a low breakdown
threshold. Furthermore, to increase the intensity in the focal
segment of the axicon, a relatively large inclination angle of
the vectors k was taken, y = 18°, which corresponds to the
diameter 2a = 2.6 pm of the central caustic of the Bessel beam
and the length L = 1.5 cm.

These experiments were performed at the facility
described in detail in Refs [93-96]. The state of the channel
was determined from the optical channel inhomogeneities,
which were recorded using a Mach—Zehnder interferometer
with laser backlighting at the wavelength 0.53 pm for the
probing pulse duration 70 ps [87, 88].

In these experiments, however, the beam intensity
approached the level of 5x 101> W cm~2, at which the
absorption of the heating radiation and the development of
parametric instabilities begin to affect the field structure [38].
To avoid errors in the interpretation of the effects observed,
the temporal progress of the optical discharge was investi-
gated at different pressures. The interferograms are exempli-
fied in Fig. 6. The contours of spark channels stand out
against the background of interference fringes of equal
inclination. Their local shifts are reflective of the variations
of the optical density of the medium.

The interferograms shown in Fig. 6 were recorded with 0,
100, and 250ps delays of diagnostic backlighting pulses
relative to the onset of the heating pulses, at the nitrous
oxide pressures 200 Torr (0.27 atm) (Figs 6a—6¢) and 500 Torr
(0.67 atm) (Figs 6d—6f). Array pixels measuring 1.6 um are
indicated on the interferogram axes. The interferograms in
Figs 6a—6¢ show that the optical discharge channel at the
pressure 0.27 atm remains uniform throughout the observa-
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Figure 6. Optical discharge in nitrous oxide for t=0.1 ns, E=0.6 J,
y = 18°: (a—) P = 0.27 atm, with the respective backlighting delays 0, 100,

and 250 ps; (d—f) P = 0.67atm, with the respective backlighting delays 0,
100, and 250 ps.

tion time. On the other hand, we see from the interferograms
in Figs 6d-6f that at a higher pressure, 0.67 atm, the
interferometer records inhomogeneities during the course of
the heating pulse, since the channel inception (for a nearly
zero delay of the backlighting).

The primary discharge nuclei are indiscernible in the
interferograms in Figs 6d—6f because of the insufficient
spatial resolution of the technique. The general character of
fringe shifts in the channel testifies to a discrete structure of
the discharge at its inception. Hence, it is believed that
primary breakdown nuclei are the source of perturbation
waves in the channel. Then, by invoking the technique
described in Ref. [97], it is possible to reproduce the spatio-
temporal parameters of primary breakdowns from the
structure of the perturbation waves and to subsequently
gain an insight into the discharge mechanism.

6. Mechanism of optical discharge
in a Bessel beam

Along with other discharge characteristics, the mechanisms of
the emergence of primary breakdown nuclei in space and
time, i.e., coordinates r, and the sequence of inception ¢, of
individual nuclei, their dimensions « and the distribution
f(r < a) of the hydrodynamic parameters in each of them,
are interesting. The picture of the perturbation waves
produced by primary microbreakdowns forms in the course
of propagation of these waves. When the microbreakdown
parameters are known, finding the perturbation distribution
is a direct problem that is easy to solve. Reconstructing the
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Figure 7. Plot of the Bessel beam structure for y = 5°.

primary nuclei parameters from the perturbation distribution
is an inverse problem.

As shown in Ref. [38], when the radiation field intensity in
the annular zones of the radial distribution becomes close to
its self-focusing critical value EZ?, a longitudinal spatial
modulation emerges in the distribution |[E©) (r, z)|*, with the
scale given by

24

/= .
sin’ y

(55)

The magnitude of | E©)(r, z)|* is then bounded, for instance, in
the case of cubic nonlinearity:
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0.2 < <l. (56)

The combination of longitudinal (55) and radial (9) field
distributions in a Bessel beam makes up a system of long-
itudinal-annular intensity peaks; a fragment of this structure
is depicted in Fig. 7, where the beam radius is represented by
the argument of the Bessel function x = krsin y and the beam
length is expressed in terms of the scale / in (55) of the
longitudinal structure, z//. The value x = 0 corresponds to
the beam symmetry axis. The distance or between the
neighboring radial peaks is 6r = 1/2siny. Under the condi-
tions of the experiment in Fig. 6f, the scale length of the
longitudinal structure is / = 21 pm. The radial beam structure
is defined by the rings of the Bessel function peaks; on the
scale of the channel radius R = 20.5 um, their radii are
specified by the following sequence of dimensionless quan-
tities: @ = 0.063, 0.145, 0.227, ....

When the pulse duration exceeds the characteristic
channel expansion time «/c, a discharge emerges at the
peaks of beam intensity, and when solution (55) holds, a
chain of microbreakdowns emerges on the axis. Each of them
produces a local perturbation p of the pressure P with some
characteristic diameter 2a. At a distance r > a, the perturba-
tion propagates through space as a spherically shaped
acoustic wave packet of the thickness 2a. We represent the
pressure variation by an arbitrary function p ~ f(r) to obtain
the pressure perturbation [53]

p=0, r—a>ct>r+a,

(57)

r—a<ct<r—+a.

Relations (57) describe the propagation of a spherically
shaped acoustic wave layer and its internal structure. But it
remains unknown how many radial peaks the quantity a
comprises and what the time sequence of the breakdowns is,
i.e., what the distributions of the breakdowns in space r, and
in time ¢, are.

To answer these questions, we invoke the method for
determining pulsations in a tube outlined in Ref. [97]. In
doing this, we bear in mind that in the present version of the
problem, the primary perturbations emerge near the symme-
try axis of the plasma channel rather than at the flow
boundary (the tube wall). Let the breakdown regions be
confined by one of the Bessel function rings of diameter 2a,
located at the longitudinal maxima. A 512um long CCD
array accommodates 24 maxima.

Owing to the symmetry of the problem, the wave
propagation can be described by two coordinates: the long-
itudinal coordinate z and the radial one r. To compare the
calculation data with the measurement data, the z coordinate
and interference fringe shifts are expressed in the scale of /
(the interference fringe pitch along the z axis). The structure
of perturbations is investigated on the same segment
{z1,22} = {0.55} that was observed in the experiment
depicted in Fig. 6f.

The interference fringe shifts in the cylindrical channel
correspond to the total phase increment for the probe
radiation wave taken along the chord y with an impact
parameter ry. For definiteness, we specify the chord position
by the coordinates ro = R/2 and zy = (z; — z1)/2. Let the
y coordinate vary from 0 to ry tan ¢ through half the chord,
where ¢ is the azimuthal angle. The sum of the perturbations
at each point of the chord should comprise the action of all
waves originating at points z, along the length of the selected
segment {z1,2,}.

Not restricting ourselves to any assumptions, we intro-
duce the following parameters to describe the perturbations:
the possible shift O of the sequence of points z, as a whole,
0 < 1; the interval ¢ of random deviations of the points z,
from their uniform distribution, ¢ < 0.5; the duration ¢, of
that part of the heating pulse 7 in which a breakdown occurs;
the interval ¢, of the random spread of the breakdown instant
at the points z,, #, < #o; the number k of microbreakdowns
along the length {z;, z» } with the inclusion of edge effects; the
density distribution f(r < a) in a primary microbreakdown;
and the number m of summation elements along half the
chord y.

We express the quantities #,, #,, and 7 in the scale of the
time of channel development prior to the instant of structure
observation, 250 ps, such that the heating pulse duration is
7 = 0.4. We write the complete version of the initial condi-
tions of the problem:

a=1{0.063,0.145, 0227}, k=25, t=04, 10=04,
T

{21722}:{_1756}7 {ylvyz}:{oa rotan§}7

fr)=1, m=11, 0=1, ¢=0. (58)

Figure 8 shows the calculated and measured data for
initial perturbations whose scales are defined by the dimen-
sionless radii @ = 0.063, 0.145, and 0.227 (the central part and
the first and second rings of the Bessel function). The left
column shows the density distributions along the line
ro/R = 0.5 and the right column gives the spatial spectra of
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these distributions. A comparison of the distributions and
spectra in Fig. 8 suggests that the plots for the relative value
a = 0.145 exhibit the best agreement with experiment. For
a = 0.063, the structure scale turns out to be too small in
comparison with the measurement data. For a = 0.227, by
contrast, the scale is too large.

The further refinement of primary perturbation para-
meters was therefore made for the value a = 0.145. Varia-
tions were made of the number k of perturbations, their
distribution along the z, axis, the displacement Q of the entire
perturbation sequence, the range ¢ of possible individual
perturbation deviations from the periodic distribution, the
period #y, of breakdown initiation, and the form of the
function f(r).

It turned out that the best agreement between the
calculated dependences and the experimental data was
reached for the following values of the fitting parameters:

k=25, t,=02, 0=017, ¢=0, f(r)=1. (59)

According to these results, microbreakdowns in the beam
emerge during the time 7y = 0.2 (50 ps) at each axial peak and
deviations from the period / =21 pm do not exceed several
percent. The dimension of a primary breakdown does not go
beyond the second zero of the Bessel function, which
corresponds to the radius 2.9 um. Within the time 7y = 0.2
(50 ps), the breakdown of the medium occurs for a radiation
intensity at the level of 0.8 of its peak, while the intensity turns
out to be insufficiently high to induce a breakdown in the
third and next annular peaks of the Bessel function.

Therefore, for the heating pulse energy £ = 0.6 J and the
duration t = 100 ps, the optical discharge structure is under-
lain by the mechanism of nonlinear interaction between the
heating radiation and the resultant plasma. According to this
mechanism, primary breakdowns of the longitudinal optical
discharge structure emerge at the peaks of the Bessel function,
including those rings for which the intensity satisfies condi-
tion (56).

In the course of the heating pulse, 7o =50 ps, the
boundary of an elementary breakdown shifted by no more
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Figure 9. Schematic of beam propagation along the beam axis.

than 1 um, and the microbreakdown itself was a point-like
explosion with a freely moving explosion wave. The estab-
lished mechanism allows describing all the kinds of optical
discharge structures depicted in Fig. 5, bearing in mind the
effect of the heating pulse lengthening on the microbreak-
down development.

A wealth of data on the propagation of an optical
discharge has been accumulated in the investigation of a
laser spark in the focus of a spherical lens. According to
Refs [2-7], the breakdown threshold is proportional to the
ionization potential and decreases with increasing the
pressure, the diameter of the focal volume, and the duration
of the heating pulse. The breakdown zone moves in opposi-
tion to the laser radiation in accordance with one of the
mechanisms such as the ionization wave, breakdown wave, or
laser-supported detonation with a speed of the order of
107 cm s~! or even higher. The optical discharge develops
asymmetrically, because only a thermal plasma expansion
occurs in other directions, which propagates with a substan-
tially lower speed, 10°—5 x 10° cm s~ .

Similar effects should occur in the focusing of radiation
by an axicon. However, in this case, the breakdown is also
affected by the structure of the Bessel beam field and the
breakdown propagation in the moving focus regime. The
propagation of the nonlinear interaction front along the
beam axis is schematized in Fig. 9. The intensity modulus
distribution along the axis is represented by the function
I(z, t); temporal variation of the heating radiation intensity
is given for on-axis points zj, z;, and z3. The dashed surface
denotes the lower intensity level I; whereby nonlinear
processes manifest themselves in accordance with condi-
tions (56).

Below this level, for 7 < I;, the beam intensity increases
monotonically along the axis. For 7> I;, a longitudinal
intensity modulation occurs with peaks at z, and z3, which
is depicted by the bold line /(z) in the vertical plane z—1.
This accounts for the enhancement of microbreakdowns
with an increase in the z coordinate and their tendency to
merge. At the points z;, z5, and z3, the intensity reaches its
peak at the respective instants ¢;, 75, and 5. The interaction
nonlinearity manifests itself only at the points z, and z3,
the onset of breakdown occurring at the instants #, and 23
even prior to the occurrence of intensity peaks at these
instants.

Therefore, the breakdown occurs sequentially at points
z,—1 and z, if the pulse field attains the breakdown magnitude
earlier than the front of the wave travels the distance
Zy — Zn-1, 1.€., if At < (z,—2z,—1)/V. Refining condition (31),

the primary breakdown zone covers new, increasingly distant
off-axis rings of the Bessel function. As the microbreakdown
diameter increases, the distance in which the wave field affects
the channel structure also increases (at a ratio a;/ap). This
effect shows up in a decrease in the ionization potential and
accordingly in a change of the bounds in (56) for the
neighboring radial peaks. That is why lengthening the pulse
changes the character and direction of discharge propagation.

In estimating this direction 5, we note that primary
breakdown nuclei emerge most likely in the region of
localization of the central caustic and the first rings of the
radial beam structure. But in a Bessel beam, unlike in
spherical focusing, other intensity peaks exist outside the
breakdown region. The beam field is capable of maintaining
the propagation of an optical discharge in each of these peaks.
When a peak falls within the domain of propagation of an
ionization wave, which decreases the electric strength of the
medium, a new breakdown nucleus accordingly forms in the
medium and defines the breakdown propagation direction f.
A peculiar interplay of the radiative (ionization) mechanism
and the breakdown wave mechanism occurs.

Let v and u be the velocities of propagation in opposition
to the beam and in the lateral direction, or; the distance
between the neighboring rings of the radial structure, or, the
distance between the same rings in the direction of the angle y,
and &r, = dry/siny. Because dr, > dry, the front of lateral
plasma expansion travels through the peak of the neighboring
ring earlier than the wave moving in opposition to the beam.
The axial (along the z axis) and radial wave components can
be represented as vz = vcosy and v, = vsiny + u. Then the
angle f3 is found from the relation

vsiny + u
tanﬁ:—/.

(61)

VCOSY

Formula (61) permits estimating the u/v ratio from the
experimentally measured f angle. For instance, the lobes in
Fig. 5a make the angle f = 36°, and hence u/v = 0.56. With
an increase in specific power, the intensity greatly exceeds its
threshold value and the breakdown spreads over a progres-
sively larger number of rings of the radial structure. The
picture of discharge in Fig. 5b clearly testifies to a change in
the breakdown mechanism. Here, f =45 and u/v=1,
which attests to the detonation mechanism of breakdown
nucleus propagation and the transformation of the optical
discharge structure in the Bessel wave beam to a system of
breakdown groups.

The large dimensions of the nuclei and the high density of
plasma electrons largely screen the internal region of the
beam from the action of radiation. The intensity at the
channel center is sufficient for a breakdown in the axial
caustic, but not through the whole length. Therefore, only
discontinuous fragments of the side lobes of the structure can
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Figure 10. Shadowgrams of the plasma channel at the time instant
t = 330 ps for the argon pressure (a) 200, (b) 280, (c) 300, (d) 340, (e) 370,
and (f) 420 Torr. The heating pulse duration =100 ps, and /=
5% 108 Wem™2.

be seen here. The sparse locations of breakdown groups are
also attributable to the screening.

When the heating pulse energy is sufficiently high, the
above observations and the picture in Fig. 1b suggest that the
structure of the plasma channel in a Bessel beam may be
traced only up to the instant of merging of primary break-
down nuclei. After the merging, the channel becomes
continuous and virtually uniform. Its further development
and the diameter it eventually assumes in the course of its
expansion are determined by the specific energy input due to
the heating radiation.

A common property of the observed primary breakdown
structures is their discreteness, which is defined by relations
(55) and (9) or (26) and which is independent of the pressure
and sort of gas. A comparison of the pictures in Fig. 6 shows
that this property of discharges in Bessel beams persists when
the heating pulse duration is of the order of or higher than the
characteristic channel expansion time 7~ a/c and the
intensity does not exceed ~ 5 x 10'3 W ecm~2. However, for
shorter pulses and higher intensities, the character of the
structure may be different.

In the experiments in Ref. [38], a plasma channel
approximately 8 mm long was produced with an axicon with
the base angle o = 25° (L ~ 1.5mm)in a pulsed argon jet. The
jet of a working gas effusing from a narrow square nozzle [93,
98] in a vacuum was matched to the geometry of the Bessel
beam. The gas was fed via a pulsed electromagnetic valve
from a receiver at a pressure ranging from 15 to 70 atm. Laser
radiation pulses (4 = 1.06 pm) had the halfwidth 100 ps and
the peak intensity 5 x 10> W cm~2. The plasma channel
structure was visualized by interferometric or shadowgraphic
techniques and recorded with a CCD camera. The channel
was probed with a laser pulse at the frequency of a heating
radiation harmonic with the duration of several picoseconds.

Figure 10 shows a series of shadowgrams recorded 330 ps
after the onset of a heating pulse at an argon pressure ranging
from 200 to 420 Torr. The shadowgrams show a 0.8 mm long
portion of the channel. At pressures below 300 Torr, the
channel appears to be fairly uniform in the axial direction.
But already at 340 Torr, an axial modulation can be clearly
seen; for higher pressures, the spatial period depends strongly
on the pressure. The data derived by a spatial Fourier
transform indicate that the period is equal to 0.14 and
0.09 mm for the respective pressures 340 and 370 Torr.

Interferometric measurements show that axial density
oscillations amount to no less than 10%. According to the
model proposed in Ref. [38], this kind of modulation is due to
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Figure 11. Evolution of plasma channel parameters in argon for the
pressure 380 Torr, T = 100 ps, /=5 x 10> W cm™2: ¢ = 88 ps (—e—),
t=138ps(--m--),1=188ps(---®---).

nonlinear absorption, which involves the interaction between
the Bessel beam field, the waveguide channel mode, and the
axial modulation of plasma channel parameters. With the
lapse of time, the beam-induced plasma forms a waveguide
whose properties depend on the profile of the plasma
parameters in the channel and on the radial and azimuthal
order of the relevant mode.

To determine the plasma parameter profiles during the
expansion of the channel produced by a Bessel beam for a
short high-intensity heating pulse, the WAKE computer
code was used [99-102]. The calculated channel evolution
data corresponded to interferometric data in [94, 103, 104].
Figure 11 shows profiles of the electron density n., the
temperature T, and the ionization rate n>S(7T.) at three
instants of channel development: ¢ = 88, 138, and 188 ps.
Here, S = Y, Si(Te)n;/n, where S;(T.)nn; is the collisional
ionization rate of an i-fold ionized ion, S;(T:)=
9 x1076\/T./U; exp (—U;/T)/U*(T./ Ui+ 4.88)  [105],
and U; is the ionization potential of the ith electron.

For argon, the channel properties were calculated for a
100 ps long pulse of laser radiation (4= 1.06 um) at the
intensity 5 x 101> W cm~2. As is evident from Figs 11a and
11b, the peak of the electron plasma density is located on the
channel axis immediately after the breakdown. In this case,
collisional heating of the electrons occurs up to the tempera-
ture 70 eV and a shock wave is formed. This follows from
Fig. 11c, in which the local ionization shows a maximum. By
the instant # = 90 ps, the electron density peak shifts from the
axis in the radial direction. The electron energy subsequently
goes to maintain the shock wave, and the channel expansion is
attended with a decrease in temperature.

The case exemplified in Fig. 11 corresponds to a
relatively high pressure, with the electron density being
high enough to affect the distribution of the Bessel beam
field. The redistribution of this field is demonstrated by the
plot of |E.|* in Fig. 11d. At the onset of the heating pulse,
the highest intensity of the beam field is concentrated by the
axis. But 88 ps later, a partial extrusion of the field from the
paraxial region already occurs; and by the instant # = 138 ps,
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the field in the central part of the beam is suppressed almost
completely.

In this connection, we consider the mode structure of the
channel. A Bessel beam can be characterized by the axial
wavenumber k, = ko/1 + 4my cosy, where ko = wg/c is the
laser radiation wavenumber and y is the susceptibility of
argon at the pressure P =200 Torr, equal to y=
(1/47)1.36 x 1074, The plasma waveguide has its own
wavenumber k,. When the wavenumbers of the beam mode
and the waveguide coincide, k, = kg, linear resonance field
absorption occurs [106, 107]. In this case, for some initial gas
densities, the beam field produced by the axicon may go
beyond the plasma channel at a certain instant to excite a
quasiwaveguide mode.

When the channel parameters experience small perturba-
tions with an axial modulation k,, = ks — k, # 0, the beam
fields are scattered, giving rise to beats and local plasma
heating proportional to the radiation intensity. Modulated
heating leads to an exponential enhancement of the small
axial modulation &, of the channel parameters, strengthening
the absorption of the Bessel beam field. This type of
resonance absorption is nonlinear and occurs due to para-
metric instability. Because the inclination angle y of the wave
vectors of the heating radiation is usually small, with
cosy = 1, the wavenumber k,, depends only slightly on the
angle y. This feature of the interaction of high-power heating
radiation pulses is different from the parametric instability
considered above, whereby the plasma channel structure is
highly sensitive to the magnitude of the y angle.

In this model, the electric field of the beam consists of the
axicon-produced field E, and the weak scattered radiation
field E:

E(r,t) = Re {Ea(r) exp [i(kaz — wol)]

+ Ey(r,z, 1) exp [i(ksz + my — wot)]} . (62)
The electron density is the sum of the main symmetric part
and a small perturbation related to the modulation:

ne(r, t) = ny(r) + Re { (r, 1) exp [i(kpz + my)}} . (63)
The amplitude of the radial beam field, which is assumed to be
linearly polarized, satisfies the differential equation

[Vi +12(r, w07ka)] E,(r)=0, (64)
where K2 = k(1 + 4ny) — k2 — dmreng(r)(1 + v/ao) ™", v is
the electron—ion collision frequency, and r. is the classical
electron radius. The electron density profile ny(r) is deter-
mined with the inclusion of ionization, Joule heating, and
thermal conduction. The beats of the axicon field and the
density modulation excite the scattered wave with the
polarization of the incident wave:

V2 +21 — 69 + K (r, o, ks) Es(r, 1) = 4nreneo(r, 1) E, .
(65)

The complex amplitude of the electron density perturba-
tion, like that of other parameters, is represented in the form
i =nexp (ft), and the plasma is treated as an ideal gas:
p =noT + iTy. If the axicon-produced field has the profile
u,(r) = E,(r)/Ea, the amplitude E,, and the scattered field
profile us(r) = Es(r)/Eao, then the electron density modula-

tion amplitude is given by

~ ﬁ2 .
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Equation (66) is a consequence of linearized conservation
equations [38]. Here, A =1+ vi(—2)/f, vi =noS is the
radial change of the ionization rate, and n =dInS/dIn T..
The parameters

(66)
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are the growth rates of the corresponding quantities and the
electron oscillation rate in the axicon and scattering fields.
The parameter r, )= dlog(n,T)/dr is the inverse of the
density and temperature scales.

Equations (63) and (64) lead to a differential equation for
the profile of the scattered field #5(r) and its growth rate
us(r) = i(r) exp (imp) for the eigenvalues of the growth rate
B(ks, 1), which can be written as the second-order differential
equation

d? d
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with the coefficients
N 0 (B3 B;

R e o=l (N S P T

_ n—2 U)Oua(r) By .
N@F) =1+ 5 _2(w0+iv)[ (ﬁ%u )

N d By By d
+dr(’£0 ua>+a<ﬁ—§u> — (;/lr:|

(o) 5t 58
(cuo+1v)cz[32
woua(r) [ d rd (rBy B
L) )
d (B d 2B
o) ()]

The eigenvalue of the exponent f(ks, ¢) depends paramet-
rically on the time and the wavenumber kg via ionization,
heating, and ponderomotive physics. The growth in perturba-
tions in different modes with different values of the modula-
tion wavenumber k,, = ks — k, is defined by the effective
quantity I'(ks) = [dtp(ks, ). Clearly observed in experi-
ments are modulations with the greatest value of I'(k;). The
data in Ref. [38] suggest that the modes with parameters from
m = 0 to m = 2 satisfy these conditions. The variation of the
k,, number with pressure, which was obtained experimentally
and calculated for fastest-growth modes, is depicted in
Fig. 12a. A comparison of the theoretical dependences and

o(r) = (1+v1

(70)
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Figure 12. Modulation parameters in the form of the functions &,,(p) and I' = [ B(ks, 7) dz.

the experimental data shows that these results are in close
agreement and describe the increase in the wavenumber k,,
with pressure quite well.

The correct theoretical description of the process para-
meters permits estimating the mode instability increments
I' = [y(ks,t)dt during the course of a pulse. These depen-
dences are shown in Fig. 12b for fastest-development modes
at pressures 200 and 380 Torr. At the pressure 380 Torr, the
m = 1 mode has an advantage: we can see from the plot that
the quantity I' for this mode becomes equal to 20 by the
midpoint of the period of the heating pulse action, = 150 ps.
At the pressure 200 Torr, this result is reached by the instant
of cessation of the heating pulse, 7 = 220 ps, while the heating
pulse action at the midpoint of the period is I' = 8.

We note that Eqn (65) was obtained without taking the
electron thermal conduction in the plasma waveguide into
account. However, early in the evolution of the channel, when
the electron temperature is high and the channel diameter is
small, it may play an important role by affecting the field
distribution | Es(r)|* and Eqn (67). While the instability for a
low thermal conductivity is caused primarily by Joule heating
and ionization, the contribution due to the ponderomotive
force now becomes significant. That is why the overall effect
of including the thermal conductivity reduces to the suppres-
sion of the m > 0 modes and the prevalence of the m =0
modes. It is assumed that the true solution lies somewhere
between these extreme cases. Equation (67) with the electron
thermal conduction taken into account, its solution, and a
detailed comparison of the results are discussed in Ref. [38].

7. Conclusion

We have discussed the processes responsible for the emer-
gence of plasma channels in the caustic of an axicon. A
distinguishing feature of these channels is that the optical
discharge occurs in the Bessel beam J,(r) to form an extended
plasma waveguide with a diffraction-limited diameter and a
large value of the Rayleigh length parameter, Zr =
nd?/4 > 1. For a short rise time of the heating pulse, the
breakdown wave propagates along the beam axis in the mode
of a moving focus at a speed exceeding the speed of light. The
plasma channel expansion corresponds approximately to the
theory of a strong cylindrical explosion and depends on the
energy input.

The longitudinal and transverse profiles of plasma
channel parameters depend on the intensity distribution
over the transverse section of the Bessel beam, which may be
configured differently. In particular, the intensity may be
tubular in shape, of the type J2 (n > 0). The capability to vary
the distribution of parameters and control the channel
structure is important for applications. In this respect, the
cylindrical channel symmetry offers additional advantages in
comparison with the spherical one because it allows the
effective use of a magnetic field in various applications, for
instance, for magnetic plasma confinement.

In the application of the Bessel beam considered in this
review, the discharge was generated in gases in the field of
laser radiation. However, a transparent liquid and a solid may
also fulfill the function of the medium under irradiation.
Furthermore, to produce Bessel beams, the electromagnetic
radiation of other ranges as well as wave radiation of a
different nature, for instance, acoustic, can be used [108].
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