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Abstract—The paper is concerned with the study of thermal interaction of radiation with a quiescent medium
and with a medium in co- and counter-current flow over the path being traversed by radiation. Operation of a
gas lens focusing high-power lasing in the case when radiation-induced heat generation contributes
additionally to temperature nonuniformity is considered. The conditions required for self-focusing of
stationary Gaussian and circular beams the intensity of which decreases towards the beam center are studied.
Dynamics of thermal and optical processes in the case of “banana” self-focusing is considered.

NOMENCLATURE

X, ¥,z coordinates;

X, direction of radiation propagation;

t, time;

V., = y0, + 20,, y and Z being coor-
dinate unit vectors;

To, temperature of a homogeneous
medium;

3, nonuniformity of the medium tem-
perature in the absence of radiation;

0, nonuniformity of the gas tempera-
ture due to radiation absorption;

P, pressure;

0, density of the medium;

€y Cpy heat capacity at constant volume
and pressure;

v, kinematic viscosity ;

2 thermal conductivity;

a, thermal diffusivity;

k, radiation wave vector;

Ao, radiation wavelength;

c, speed of light;

E, electric field strength in radiation
beam;

I, radiation intensity;

g, dielectric constant of the medium;

er, = Ei atT =Ty,

dT - 0>

o, radiation absorption coefficient;

A, halfwidth of radiation beam;

Ay, characteristic scale of radiation in-
tensity change in direction x (focus-
ing or defocusing length);

Pe, Fo, Ho, Peclet, Fourier and homochromat-
icity number, respectively.

Subscript

1, transverse component with respect
to direction of radiation propagation
X.

1. INTRODUCTION

THE LIGHT rays in a homogeneous medium are bent
into regions of higher refractive index — hence the
refraction of light. The refractive indices of gases
decrease with increasing temperature. This is the
reason why the heating produced by absorbed radi-
ation leads to defocusing of high-power laser beams
thus being responsible, among other things, for a
constraint on radiative power which can be transmit-
ted efficiently through the atmosphere or through the
medium of a laboratory or industrial setup. Thermal
blooming of radiation is characterized by a low
threshold amount of energy and can occur at radi-
ation intensities on the order of 1 W even in the
atmospheric windows which are distinguished by low
absorptivity [ 1-3]. For long enough pulses and also
for stationary and quasi-stationary radiation, heating
is the main reason for a constraint on the output power
[4, 5].

Intense radiation propagating in a gas gives rise to a
variety of interesting phenomena. Thus, in a quiescent
gas it generates photoabsorption convection which,
at sufficiently high intensities, leads to turbulent flow
of the medium [3, 6, 7]. This type of convection
produces distortions in distribution of radiation in-
tensity over the beam [8]. In a medium moving cross-
wise, the beam deflects to the direction of motion and
can even split into several beams [2, 3, 5, 8, 9]. The
effect of “kinetic” cooling of the medium in a CO,-laser
beam is possible [2, 10].

Much work, both experimental and theoretical, has
been done to date on the problem of thermal in-
teraction of radiation with gases. The majority of
publications have been reviewed in [1-3, 11]. Most of
the studies concern thermal interaction of radiation
with a quiescent medium and a medium moving across
the beam. Correlations have been established between
deflection of a beam as a whole and distortion of the
beam cross-section, on the one hand, and the heat
transfer regime and radiation parameters, on the other.
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In particular, it has been shown that beam behaviour
depends strongly on the time of radiant flux in-
teraction with the medium, say, on the pulse length and
radiation intensity distribution over the beam. Thus,
the output pulses which have a circular intensity
profile focus at the center and defocus at the edges (the
so-called “banana” self-focusing [ 12, 13]), those with a
Gaussian intensity profile defocus. Stationary radi-
ation in a quiescent medium defocuses irrespective of
the form of the intensity distribution [14-16]. In a
medium moving across the beam, the beams with any
intensity distribution become focused but the process
is accompanied by beam deflection and splitting into
several beams and this decreases the efficiency of
focusing [5, 9].

Problems related to compensation for thermal
distortion by means of adaptive optics and a proper
choice of the initial focusing of the beam, etc. are
discussed in [2, 3, 11].

However, a large number of problems have been
studied in less detail. This concerns thermal in-
teraction of stationary radiation with a co- and
counter-current gas flows and propagation of high-
power radiation pulses in shear flows. Thus the
possibilities for the radiation transfer processes to be
controlled thermooptically by selecting proper con-
ditions for thermal interaction of radiation with a gas
have not been used to full advantage.

In the present work, the parameters have been
determined which make for minimal radiation losses in
transit by a proper choice of the conditions for thermal
interaction of laser beams with gases. The following
three problems are considered : (1) thermal interaction
of stationary and quasi-stationary radiation beams in
co- and counter-current gas flows; (2) the effect of heat
transfer on propagation of high-power radiation
pulses in shear flows (gas lenses); (3) thermal interaction
of radiation pulses of circular beams in quiescent gases.

2. STATEMENT OF THE PROBLEM

Let us consider the ranges of variation of the
problem parameters which are typical of thermal
interaction of radiation with gases. The gas flow
velocities are much below the speed of sound. The
radiative flux density, E2/8n, is much smaller than the
internal energy density, i.e.

I <cpe,T. (1)

In the atmospheric air under normal conditions
cpc, Ty ~ 10'* W/m?2. A change in the gas tempera-
ture, ©, is smaller than the gas temperature with no
radiation, i.e. @ < T, Under atmospheric conditions
® can amount to tens of degrees. For the condition (1)
to be satisfied, it is also assumed that the intensities are
far from those of the breakdown threshold. Nonun-
iformity of the gas temperature in the absence of
radiation, 4, is also relatively small. Therefore, the
physical properties of the medium and the radiation
absorption coefficient, a, are assumed to be constant,
Characteristic times of radiation interaction with the
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medium (say, the radiation pulse length t;) greatly
exceed the mean free path time of the gas molecules
and also the time of propagation of the acoustic
disturbances p and T. All of the scales of nonun-
iformities of the problem parameters are much above
the free path length of the gas molecules and the
radiation wavelength 2.

Under such equilibrium conditions, thermal in-
teraction of radiation with the medium dominates the
process, the dielectric permittivity of the medium (the
refractive index being \/e) is the function of the
temperature alone, and, due to a relative smallness of 3
and O, is of the form [4, 5]:

eT)=¢ + &7 (3 + O) + ie", 2
where
de
£y = — < 0,8y, & = const > 0
dT|r -7,
and

ler (9 + @), " « .

The imaginary part of ¢ defines absorption of radiation
and is related to the absorption coefficient as « =
¢"k/ey. For optical radiation in the atmospheric win-
dows g = 100029, a < 107*m™ !, & =
—23-107¢K~ L

Fluid motion and heat transfer are described by the
system of Navier-Stokes and energy equations which
is solved jointly with the system of Maxwell equations.
However, under the conditions assumed the latter
system can be transformed into a single, more simple,
parabolic-type equations (5) (quasi-optical approxi-
mation [17]) and the equations for the problem take
on the form [5, 7,9, 11]:

P
4V + (VV)V = — V? + VW2V + gB(3 + @), (3)

divV =0, 4)
pc,[0(9 + @) + VV(3 + ©)

— V9 + @) + 2

8C | 1
EFF, (5
8n | ’ )

2

k
—2ikO,E=VIE+ —[er (3 + ©) + ic"]E, (6)
o

in which the second term on the RHS of (5) is a/, and
the radiation intensity, I, is of the form

1=ﬁﬁm? (7)
8n
Equations (3)—(5) are written in the Boussinesq appro-
ximation. In a forced flow, the last term on the RHS of
equation (3) will not be taken into account.

The heat source on the RHS of (5)is due to radiation
absorption. Equation (6) describes propagation of
radiation beams of a finite width allowing for the fact
that A » A

The solution of the heat-transfer problem subject to
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the prescribed boundary and initial conditions in the
absence of radiation is assumed to be known as well as
the specific parameters for V and 3.

The initiai and boundary conditions for @ are
specified for each particular case, since beams are
considered far from the gas-confining surfaces. There-
fore at y, z — oc the function © and its lateral spatial
derivatives tend to zero.

The boundary conditions for E are

24 2
E*(x = 0,y,2) = E2 exP(_ Y e >f(t), (8)
\ 1
or
24,2
Ex=0,y2) = Eg(y 22 >
. AL
2 2
y +z
eXP(— A2 >f(t), 9
\ 4
0,E, 0,E, E -0,
y. z—=x®

i.e. the most practically interesting cases of Gaussian
(8) and circular (9) beams are considered, with the
dimensionless function f(t) specifying the radiation
pulse shape in time. In equation (6), time is a parameter
of the problem.

The heat source in equation (4) is of a peculiar type
which imparts a specific nature to heat transfer. First,
emission of radiation entails no changes in the boun-
dary conditions in the sense that no additional surfaces
are introduced into the gas flow which is free to move
through a radiative flux. Second, the heat source — a
laser beam — is spatially very inhomogeneous [see (8),
(9)]- The velocity profile of the radiation-induced flow
has therefore the inflexion points and, with no walls to
stabilize the flow, the latter is very unstable, i.e. it is
distinguished by very small critical Reynolds and/or
Grashof numbers that define transition to a turbulent
flow. Turbulence is assumed not to occur ; correspond-
ing estimates of the hydrodynamic criteria and critical
radiation Intentisites responsible for the development
of turbulence in various situations are given in [7].

A nonanalytic nonlinearity of the heat source in (5)
is due to complex solutions available for equation (6).
This singularity is commonly circumvented by seeking
the solution of (6) in the amplitude () — phase (S)

variables [17], i.e. by expressing E as
E(x, y,z,t) = y(x, y, z, t) exp{ikS(x, y, z, ©)}. (10)

Substitution of (10) transforms (6) into the following
system of equations for ¢ and S:

er(9+0)  Viy
20 2T F )
S +(V.S) o 2y (11)
QW + VY2 V.S + YPV3S + ay? = 0,
(12)

where « = ke”/e,. Now the heat source in the energy
equation (5) takes on the form
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B acy/ oy

81 (13)

al

The normails to the surface S = const determine the
trajectories of beams. The beams are directed towards
a medium with higher optical density, i.e. towards
lower temperatures, and they focus or defocus. The
first term on the RHS of (11) stands for warping
(refraction) of beams due to the medium temperature
nonuniformity ; the second term stands for diffraction
divergence of beams. As a rule this term (being on the
order of 24/A, « 1}is negligible as compared with the
first one, and refraction dominates the process. Then
the approximate solution of equation (11) for plane
and/or axisymmetric beams propagating along the
axis x will yield the angle of inclination of beams to this
avic (47

azis [ ~j.

0 =0 + L{(H+0)=(9+0),)
&
=T re) -+, (14
€0
9 = 0,8,

where ¢, is the initial angle hereafter assumed to be
zero; 3, ®, are the corresponding temperature non-
uniformities at the starting point of the beam trajectory.
Since er < 0,92 > 0, the beams are directed to a colder
region.

Thus, the problem of thermal interaction of
radiation with a gas has reduced to the solution of
equations (3)-(5), (11), (12).

3. STATIONARY AND QUASI-STATIONARY RADIATION
IN A MOVING MEDIUM

For a forced flow of a homogeneous gas along the
radiation beam at the velocity V = {V, 0, 0} the heat-
transfer, (3)—(5), and radiation, (11), (12), equations
take on the form

al

Vo0 — aV?e = —, (15)
Py
er® V272
20,8 + (V.52 ==L —kill,z, (16)
oI+ VI -V, S+IViS+al=0. (17

In the absence of radiation the gas is homogeneous,
hence 3 = 0.

(A) One-dimensional problem

In the one-dimensional case, when all of the vari-
ables of the problem depend on x alone, the system of
equations (15)—(17) allows an exact solution for a
beam of an infinite width. For two different directions
of velocity V(V = V* for a co-current flow and V =
— V) for a counter-current flow), there are two
different solutions:

Io{l — exp(— ax)}

o) =
ai(l + Pe't?)

, (18)
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FiG. 1. Temperature distribution along the axis x for ra-
diation beam in a co-current flow, 7.

_ Io{exp(— Pe'Dax) — exp(— ax)}
B ai(l — Pe'™))

o , (19)
where ®*) and ®'7) correspond to the velocities V'™
and V), Pt = Vg, Pe' ™) = V! Yaoaand ') =
I = I, exp(— ax).

Equation (18) has been derived with the allowance
that @ (x = 0) = 0,dO®"/dx - 0 at x > . In
deriving (19), it has been taken into account that ® ™,
dO)/dx — 0 at x —» . The radiation source is
located at section x = 0.

At V = V), the function ®*)(x) changes mon-
otonically, ®'*’ increases due to conductive and
convective heating asymptotically approaching the
limit @y = Iy/2a(1 + Pe'™)).

AtV = V), the function ® " )(x) does not change
monotonically, since the heat which was absorbed is
transferred by convection in the direction opposite to
radiation. The temperature maximum is reached at
section x = x,, = [a(Pe' ™’ — 1)] ™! In Pe'™ and shifts to
the left with increasing Pe!™’. Maximum temperature
increases with Pe'™.

At Pe'™ = 1, equation (18) acquires a singularity.
On proceeding to the limit Pe!™) — 1, we obtain ©@*)
= Iyx/2exp(— ax). The maximum in temperature
distribution at Pe! 7' = lisattained at x = x,, = a~ .

(B) Three-dimensional problem

Consider a three-dimensional case for relatively

short distances along the axis x, when the length of the

beam path, A, meets the condition A, « A « a™!,

leaving no time for radiation to be absorbed. Two

®(+l

Pet! > |

Pet-i<|

Y
X

FiG. 2. Temperature distribution along the axis x for ra-
diation beam in a counter-current flow, @),
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competing heat transfer processes occur: convective
heat transfer along the beam and transverse con-
ductive heating of the medium. With the latter process
being predominant, the case reduces to the problem
discussed earlier [ 5] and is not considered here. In the
other limiting case, when the time of convective
transfer of heat along the beam is much less than the
time of conductive heating of the medium in cross-wise
direction (A/V <« A?/a, which can be rewritten as Pe
= VA, /a » A/A)), the situation reverses. The heat
conduction equation {15} yields
2l

0@ -l @ =
Vo ® —aly 0 =
pe

(20)
»
where I is determined by solving the system of
equations (16) and (17).

Temperature distribution along the axis x will be of
the same nature as in the one-dimensional case, while
in cross-wise direction it will be determined, for each
assigned x, by the distribution of I at this section. The
nonuniformity of I (x = const, y. z) causes the
nonuniformity © (and of ¢) across the beam which
results in defocusing or self-focusing of the latter. The
beams the intensity (and temperature) of which dimin-
ishes away from the beam axis, e.g. the Gaussian beams
(8), will defocus, while those with the intensity decreas-
ing towards the axis, e.g. circular beams (9), will self-
focus at the center and defocus at the edges. This case is
formally analogous to the “banana” focusing of radi-
ation pulses in a quiescent medium [12-14] (see also
Section 4 of this paper). The difference is that now
stationary beams are focused, the maximum of ¢
(minimum of ®) on the beam axis is ensured by
convection along the beam which prevents tempera-
ture equilibration by heat conduction in cross-wise
direction, thus making for stability of this type of self-
focusing in contrast to the “banana” one.

Let us consider the characteristic parameters for the
focusing of circular beams and defocusing of Gaussian
beams. The condition at which the divergence of
radiation due to refraction caused by nonunifcrm
heating exceeds the diffractional divergence of the
beam is, by equation (16), of the form

O = uy/|ey [KPAR. (21

By using (18) or (20) one can obtain from (21) the
characteristic intensity I, above which the diffraction
can be neglected and thermal interaction makes itself
felt:

I, = jaPe' Moy /ep [KIA2, (22)

cr

where it is taken into account that Pe'*’ » 1 and the
path length A « a. AtV = V'™ asimilar value of I, is
obtained but Pe'*) should be substituted by Pe' ™.
Note that the corresponding threshold power out-
put, N, = I,nA}, is independent of the beam width
and therefore the effect of thermal defocusing (focus-
ing) can be controlled (amplified or reduced) by
varying the flow velocity at the power prescribed.
Consider focusing of circular beams as an example
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illustrating the concentration of output power. In the
most interesting case, when I » I, diffraction can be
neglected and the angle of beam convergence can be
found from equation (14). The beam focuses at the
distance

A= A (ler |@eg )12 (23)

from the entrance to the absorbing medium. Self-
focusing will occur until there is a maximum on the
axis in the intensity (temperature) distribution in the
cross-section. Equilibration of temperature (intensity)
in the central portion of the beam will take place at

AJV = R/a, (24)

where R is the transverse dimension of nonuniformity
of I (the focal spot radius) in the cross-section x = A P
R « A . The value of R is determined from (23) and
(24). The cross-section-average radiation intensity in
the focused part of the beam is found from equation
(17) (the output power balance in the beam cross-
section):

Iix=A)=Tx=0AR? (25)

the factor exp(—aA,) on the RHS of (25) being
disregarded since aA; « 1. At x > A, radiation
intensity and temperature diminish towards the beam
edges and the beam defocuses.

In a forced flow of weakly absorbing gases V » aa
and, hence, for example, for a co-current flow, when V
= V*) equation (18) or (20) and (23) yield the length
of self-focusing as

Ay = ALV + pegeof|er [Tx = 012 (26)

Having found A from equation (26), one can now
determine the focal spot dimension, R, from (24) and
the radiation intensity at the focus from (25). The focal
spot temperature is @ = I(x = AH)/pch.

(C) Discussion of results

[t has been shown earlier that stationary radiation
in a quiescent medium defocuses at any intensity profile
of the latter [14, 15]. The medium moving across the
beam can ensure its focusing at any intensity profile
[5], but the beam deflects from its line of travel and
splits into several beams [9] thus reducing the ef-
ficiency of energy transfer. In the earlier discussed
example it has been shown that longitudinal con-
vection of heat can ensure stable focusing of stationary
beams with circular intensity profile. The estimates of
the parameters of such thermal focusing (critical
power, focusing length, beam size at the focus, focal
intensity and temperature) have been given. The self-
focusing can be controlled by varying flow velocity,
radiation intensity, etc.

Let us consider the range of applicability (the
domain) of the results obtained and check them. The
lower limit of velocities at which the effect is observed
is determined by the rate of radiation-induced photo-
absorption convection, ie. it is required that the
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following inequality be satisfied [2, 6, 7]
V> Vph = SJ(aIAiBg/pCp)v

with V being always much greater than aa(V » «a).
The validity of equation (26) follows from com-
parison of the heat conduction equation pc, V3,0 = al
with equation (28) which describes thermal interaction
of radiation pulses with the gas. Then, formal sub-
stitution V — (xt)”! transforms equation (26) into
(40) which has been verified experimentally in [12].

The above effect of stationary self-focusing of cir-
cular beams is observed both in counter- and co-
current gas flows provided that the moving gas path
length is on the order of A, « o™ '

What has just been said is also true of quasi-
stationary radiation, i.e. radiation with duration of
pulses t; » A /V or series of pulses with duration 7; 2
A /e, (c,1s the speed of sound) and the pulse repetition
rate (on-off time ratio) 7, « A} /V.

The edges of a circular beam will defocus and a
bright spot of radius R surrounded by a halo will be
seen at the focus, i.e. a picture similar to that observed
during “banana” self-focusing [13].

Let us illustrate the above by a numerical example for
a circular radiation beam of a CO,-laser (the wave-
length 10.6 yum) in the atmospheric air with « =
2.107*m~!. For a circular radiation beam with I(x =
0)=10W/m* A, =10"'m,V =V =10m s},
oneobtains Ay = 10m,R=4-102m,I(x = A)) =
6 - 108 W/m?. This estimate proves the occurrence of
the effect.

4. RADIATION PULSES IN A QUIESCENT
HOMOGENEOUS MEDIUM

At the initial stage of heating of a quiescent gas by a
continuous radiation or by radiation pulses when the
time of interaction with the medium ¢, t; « A?/a (the
corresponding Fourier number being Fo = ta/A? «
1), the heat is localized within the beam boundaries.
The terms which define the heat and momentum
diffusion as well as the convective terms in equations
(3)—(5) are small so that the temperature and velocity
of the medium satisfy the following equations [5, 7]:

o,V = gfo, divV =0, 27
pc,0,0 = al, (28)

with V(t = 0) = 0, ®(t = 0) = 0, while the radiation
intensity is determined from the solution of equations
(16) and (17). The solution of (28) is

t

o
Q@ =—/| Ix y, z t)dt.

PCp Jo
The solution of the problem of thermal interaction of
radiation with a gas reduces to investigation of
equations (16), (17) and (29).
In equations (16) and (17), the time ¢ is a parameter
of the problem, and radiation intensity can be repre-
sented as

(29)
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I = Lix. v, 2)f(2), (30)

where the dimensionless function f(t) determines the
radiation pulse shape in time.

By virtue of equations (29) and (30), the nonuni-
formity of dielectric permittivity of the medium
acquires the form

eraly

6@ = ( fiyde. 31)
0

pe,

Since f(t) > 0, the integral in (31) is always positive. A
change of radiation in time characterized by the
function f(t) is weakly dependent on the form of the
function proper and is determined by the integral of
this function, i.e. the effect of thermal interaction is
accumulated in time and is of integral nature. As is
evident from equation (31), the choice of a spatial
distribution of I exerts a substantial effect on the
character of thermal interaction. Thus, the Gaussian
beams having the profile (8) will defocus. Circular
beams with the profile (9) will focus at the center
where the temperature is lower and defocus at the
edges.

This is the so-called “banana” self-focusing pheno-
menon [5, 12-14].

Let us consider the results that follow from the
analysis of a corresponding linearized problem.

In the one-dimensional case of an infinitely wide
radiation beam, when all of the variables depend on x
alone, the problem admits an exact solution. In-
vestigation of the stability of the solution with respect
to small spatial disturbances of /, S and ® allows one
to obtain critical (theshold) intensities when heating of
the medium controls propagation of radiation. Re-
duction in radiation intensity of defocusing beams is
the result of the effect of two factors: divergence of the
beam due to thermal defocusing produced by heating
and absorption of radiation, I » exp(— ax). The
linearized theory makes it possible to obtain the
characteristic parameters of the problem. Thermal
interaction effects are especially pronounced when

aA? PEptq

Iz1,, = ; (32)
2)e | (f(t)d[
J O
and become weaker over the distances
!
x> Xy = o~ ' In{2er {1, J‘ f(oydi/aA peyeo). (33)
o

The angle of beam divergence due to heating of the
medium is determined from equations (14) and (31)

b3

¢ = (KOPC,,/|‘51' |l f floydn)=12. (34)

0

(A) “Banana” self-focusing

Let us consider an interesting and practically useful
case of “banana” self-focusing of radiation pulses
having a circular intensity profile (9). We shall in-
vestigate the process of thermal interaction of radi-
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ation pulses and the initial stage of propagation of
stationary radiation beams when

f(t):{1,0<r<ri

0,1, >ttt <0

it >0

0,1 <0
(35)

or f{t) = {

For mean values of velocity and temperature with
respect to the beam cross-section (we shall limit
ourselves to horizontal orientation of radiation only),
we obtain from (27), (28) and (35)

O(x. 1) = als(x)t/pc,

V(x. 1) = ghaly(x)i*/pc, (37)

The cross-section-mean intensities in the central focus-
ing part of the beam in the initial cross-section and at
the focal spot are similarly found from (25)

Lix=A)=T(x=0A2R2 (3

Here we assume that the intensities I(x = 0) are so
large that A, « x,, the quantity R characteristizes the

beam radius at the focus.
Focusing terminates and at x > Al gives place to

defocusing when the transverse dimenston of the beam,
R, becomes so small that heat diffusion (conduction) or
convection succeed in equilibrating the temperature in
the beam cross-section, i.e.

mm<—, ==X (.
a | 4

The condition (39) can be rewritten as max(Fo, Ho) =
1, with the Fourier number being Fo = ta/R? and the
homochromaticity number, Ho = tV/R.

Equations (36)-(39) form a closed system for in-
vestigation of the “banana” self-focusing of the central
portion of a circular beam, the focusing length A, being
determined, by virtue of (34), from

(39

(40)

0

‘ ‘ 12
A=A (nopcp/lx:ﬂocfg(x =0) J f(t)dt\) .

\

The photoabsorption convection velocity ¥ depends
on radiation intensity and time (V o It?). Therefore, at
large enough radiation intensities and/or times t, Ho
> Fo and the constraint on focusing (dimensions and,
hence, intensity) will be determined by convection,
while at small ones, by heat conduction. By (39), the
focus dimensions increase with time, R = Rit, I), and
the focus moves towards radiation [ by (40), the value
of A, decreases] at the speed V = dAj/dr o 1717
When R = A, focusing terminates and in subsequent
instants of time defocusing is observed.

At the initial instant, the radiation-induced flow
velocity is small, R ~ \/at, and the intensity at the

focus is
Ii(x = A) = A T(x = 0)ar)™".  (41)

In the case of large intensities or times of radiation
interaction with the gas, when the velocity of con-
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vection increases and becomes equal to the rate of heat
diffusion across the focus (V = a/R = ./a/t) the
intensity at the focus is determined, by virtue of (37)
and (39), as

e, \
Rlx=A) = A I(x = 0)<g ﬂat3> (42)

and R o t.

Thus, the focus, while expanding, moves towards the
beam. The “banana” self-focusing terminates and gives
placetodefocusingat R > A ,ie.att = A /V(x = Ay).
The temperature at the beam focus is determined from
equation (36).

(B) Discussion of results

One of the first studies of thermal interaction of
radiation pulses with substance appeared in 1966 [18].
Since then, a vast number of theoretical and experim-
ental investigations have been carried out [2, 4, 5,
12-14], but the problem of such interaction has not
been elucidated completely. Not all of the features and
parameters of the process have been determined.
Usually, a single factor, namely attenuation of radi-
ation due to thermal defocusing, is taken into
account, while it follows from (32) that in the case of
rather short radiation pulses and broad beams, both
thermal defocusing and reduction in the intensity due
to radiation absorption should be allowed for. De-
focusing can be disregarded at x > x,.

The threshold intensity of the radiation beam, N, =
n- A% -1, where

I, = gypc,/2aler ]Jf(t)dtszi
0

is the intensity above which diffractive divergence of
the beam can be neglected compared with the heating-
induced refraction, is independent of the beam width
as is also the divergence (convergence) angle of the
beam, ¢ [see equation (34)]. For all beams of the given
intensity, N > N, defocusing is identical. In the
atmospheric air, for radiation with the wavelength 2,
~510"°manda = 107*m~, N, = 1 -t~ }(W).

Quenching of thermal defocusing of radiation pulses
by selection of the beam width is impossible. Neverthe-
less, there is a possibility to compensate for thermal
blooming of pulses both by means of pre-focusing of
the beam (which is discussed in detail in [5, 11]) and by
choosing a circular profile of the beam intensity.

A circular radiation beam has the temperature
minimum in its central portion which ensures its
thermal self-focusing. The “banana” self-focusing effect
was first predicted and detected experimentally by the
authors of [ 12, 13] when a luminescent central portion
of the beam was registered against the background of
an obscured halo produced by defocusing of the beam
edges. The focus, while moving, left a luminescent
trace. In [5, 12—14], the focus distances for “banana”
self-focusing and the products of the dynamics of
focusing relaxation due to heat conduction have been
determined.
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In the present paper, radiation intensity at the focus
and the size of the latter are shown to be limited at the
initial instant of time at small intensities by transverse
heat conduction. With the intensities in the beam being
large, the focus dimensions and intensity are limited by
radiation-induced convection. In the latter case the
lifetime of the “banana” self-vocusing is shorter. Radi-
ation intensities at the focus can increase by several
orders of magnitude as compared with the incident
pulse intensity.

The “banana” self-focusing is highly unstable. The
mechanisms limiting the constraint on the intensity at
the focus are characterized by very small velocities, on
the order of a/R. That is why a medium moving across
the beam at a very high velocity rapidly equilibrates
the temperature distribution and the focusing effect
disappears. This conclusion agrees with the experim-
ental results [13].

5. RADIATION PULSES IN NONUNIFORMLY
HEATED GASES

Let us consider the effect of heat transfer on
propagation of high-power radiation pulses in moving
gases. The presence of radiation contributes ad-
ditionally to nonuniformity of the flow temperature
distribution. The temperature nonuniformity is de-
termined by the sum 3 + ©, it develops due to the
temperature nonuniformity resulting from heat trans-
fer in the absence of radiation and that associated with
absorption of radiation. Solution of this problem is of
interest for studying high-power radiation propa-
gation in gas lenses. In gas lenses, nonuniformity of the
temperature field of a heated gas develops which
imparts focusing (lens-like) properties to the gas [19].
The presence of high-power radiation changes these
focusing properties.

When the velocity of the forced external gas flow |V |
» |V,,|, where V,, ~ gBalt*/pc, is the radiation-
induced convection velocity, the effect of radiation-
induced flow on the gas stream can be neglected and
the Navier-Stokes equations (3) and (4) will acquire
the form

v
OV + (VOIV = = == 3PV, divV = 0. ()

When the time of gas interaction with radiation ¢ «
A/V, Ai/ar (the corresponding Fourier and hom-
ochromaticity numbers Fo, Ho <« 1), the heat-
conduction equation (5) yields two equations for the
temperature 3 and ©:

pe,d9 + VV9 = 2929, (44)
pc, 8,0 = al, (45)

in which the radiation intensity is found from (11)—(13).
The solution of the problem of (43) and (44) with the
corresponding initial and boundary conditions is
assumed to be known.

Now determine the conditions required in order
that the highpower pulses with the circular and
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Gaussian intensity profiles should focus. Consider a
two-dimensional symmetric radiation beam (when all
of the variables depend on x and y only, with nothing
changing in the direction z) and a corresponding
symmetric focusing temperature distribution 3. Equa-
tions (11)and (12) in the approximation of geometrical
optics will take on the form

20,8 + (8,8)F = “ld + ©)

£

B+ 20,8 + 20,8 + ap? = 0.

; (46)
(47)

Now the function 3 should be determined from the
condition of radiation focusing and ®, from equation
(45).

On integrating (45) and introducing the notation

[ . t
by = r et J fnde <0, (48)
8npc, Jo
rewrite equation (46) in the form
Y e d
28,8 + (3,5)* = i + a7 (49)

€0 £o

Thus, the problem of radiation behaviour in a nonuni-
formly heated medium has reduced to integration of
(47) and (49). This system of equations reduces to the
system (49) and to

dlny? € er
= —-—=38, | dy*dx - —5,9dx — 50
dx 260 W dx 2800’ x—a (50)

In the general case, construction of solution for (49)
and (50) is impossible. However, it is already evident
from (50) in which way propagation of beams is
affected by heating of the medium due to radiation
absorption [first term on the RHS of (50)], by the
temperature field of the medium [second term on the
RHS of (50)] and by reduction of radiation due to
absorption (third term). Contribution of these factors
to diminishing of the amplitude logarithm (the so-
called “level”) turns out to be an additive one, hence it
is easy to determine from (50) the gradient §,3 which
ensures radiation focusing and thus compensates for
the intensity losses due to thermal interaction of
radiation with the medium.

When one and the same gas is used as a working
medium of a gas lens and a surrounding medium, then
compensation for defocusing and absorption of the
Gaussian beams on the path of the length L, requires
afocusing element (gas lens) of length L, < L, with the
temperature gradient satisfying the condition

o0 2 '(ﬂé +

%/_\L““ffl L (51)
NerAy '

le:,: L,

For circular beams with the same parameters the
condition imposed on 08,9 is less rigid

R. 1. SoLOUKHIN, O. G. MARTYNENKO and N. E. GaLIcH

8,92 0,90,

Ajaeg\ L
,,}ﬁ‘l) ~1 (52)

Lyey J L, |

( @i _
e\ |

\

Corresponding equations for different media in and
around a gas lens are obtained in a similar way. If the
conditions (51) and (52) are not met, the use of gas
lenses to focus radiation is of little value.

We shall clarify our preceding remarks using the
example of operation of a gas lens the walls of which
are heated by a constant heat flux [20]. Temperature
distribution and a corresponding distribution of the
refractive index can be presented in the form

n(y) = const — By,
where

§ = 24,50 — 34,5
h Ty ’
and g, g, stand for the heat flux supplied to the wall
and heat release due to radiation absorption, re-
spectively, y, is the gas lens radius. The focal length of
the gas lens with the above refractive index distri-
bution can be approximated as f x> 1/8L,.
Analysis of the above expressions shows that at

_ 2gq,
%= 3}’0’

the focal length turns out to be infinite. In other words,
when the light source power attains the above magni-
tude, thermal defocusing occurs and the efficiency of
the use of the gas lens is reduced.

(A) Discussion of results

The criteria to be satisfied by the gas lenses in order
to focus high-power radiation with Gaussian and
circular intensity profiles have been determined. Re-
lated criteria follow directly from comparison of
distribution of temperatures 3 and © within the
boundaries of the beam of the width A . However, in
(51) and (52) intensity attenuation due to radiation
absorption has also been allowed for. The criteria
obtained take into account attenuation of intensity
due to radiation absorption and thermal defocusing.
In the case of a beam with cylindrical symmetry, an
additional term, (- { y~'d,Sdx), appears on the RHS
of equation (50).
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INTERACTION THERMIQUE DU RAYONNEMENT D'UN LASER
A HAUTE PUISSANCE AVEC DES GAZ

Résumé—On étudie l'intéraction thermique du rayonnement avec un milieu immobile et avec un milieu en

écoulement a co-ou-contre courant sur le parcours du rayonnement. On considére le cas d’une lentille de gaz

convergente et d’une source de chaleur induite par le rayonnement qui contribue a la non-uniformité de la

température. On étudie les conditions d’auto-convergence de rayons stationnaires gaussiens et circulaires

dont I'intensité décroit 4 partir de 'axe. On considére la dynamique des mécanismes thermiques et optiques
dans le cas d’une auto-convergence en forme de banane.

THERMISCHE WECHSELWIRKUNG VON HOCHLEISTUNGS-LASER-STRAHLUNG
MIT GASEN

Zusammenfassung— Diese Arbeit befalt sich mit der Untersuchung der thermischen Wechselwirkung von

Strahlung mit einem ruhenden Medium und einem in Gleich- und Gegenrichtung strémenden Medium. Es

wird der Fall betrachtet, daB durch den Betrieb eines fokussierenden Gas-Linsen-Lasers die Erwiarmung

durch Strahlung die Ungleichmaissigkeit des Temperaturfeldes zusitzlich erhoht. Es werden die Bedingun-

gen untersucht, die zur Selbstfokussierung stationdrer Gauss’scher und zirkularer Strahlen notig sind; die

Intensitit dieser Strahlen nimmt gegen den Strahlmittelpunkt ab. Die Dynamik der thermischen und
optischen Prozesse im Fall der “Bananen”—Selbstfokussierung ist beriicksichtigt.

TEMJIOBOE B3AMMOJENCTBHE JIASEPHOIO U3JIYUEHHA CO CPEJAOW

Annoramma — HcciienyeTcs TenioBoe B3auMOeHCTBAE H3JIy4eHHA C NIOKOSILEHCS CPeNoH, a TaAKXKe npu
CMYTHOM W BCTPEUHOM BBIHYXEHHOM [BHXEHHH Cpe/lbl Ha TPAcce PacipOCTPaHEHHA H3nydeHus. Pac-
cMOTpeHa paboTa ra3oBoil JIMH3bI PN GOKYCHPOBKE MOIUHOIO JIA3€PHOTO M3/yYeHHUs B Cilyvae, Korja
TEMJIOBLIAENICHAE 3a CYET MOTJIOLICHHUS H3YHCHHS BHOCHT NONMOTHHTEIbHBIA BKNad B HEOAHOPOAHOCTH
pacupeaeieHus Temnepatypsl. MccnenoBaHel ycnoBus caMOOKYCHPOBKH /1% CTALMOHAPHBIX raycco-
BBIX M KONBLUEBBIX NYYKOB H3JyYeHHs, HHTEHCHBHOCTb KOTODBIX YMEHBIUAETCS K UCHTPY MyHKa.
PaccmaTpuBaeTCsl AMHAMHKA TETJIOBBIX M ONTHYECKUX NMPOLECCOB NPH «GaHaHOBOH» caMOdOKyCHpOBKe.



