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STRACT

The present.thesis 1s devoted to a theoretical
study of various aspects of lasSer seclf focusing and
effect of self focusing on parametric excitations and
ion acoustic solitons in plasmas. The first two chapters
present an analysis of self focusing of a laser bean
(or pulse) in a plasma whose concentration may vary in
time and space. The effect of appropriate boundary
conditions and temperature-depcndence of the thermal
conduction process is seen to be quite significant.

New criteria for monotonic and oscillatory defocusing

of the laser bcam have been derived. Nonlinearity in
the absorption is scen to ernhance the possibility of
focusing of the beam, The direct coupling between the
left and right circularly polarized modes, in the presence
of an axlal static magnetic field, leads to axial
asymmetry of the intensity-profiles of the two modes.

In the final two chapters, the effect of self focusing
has been analysed, The expression for the temporal
growth rate of a parametric excitation is seen to be
modified, and moredver, the excitation isg seen L0 become
congiderably nomuniform on account of gelf focusing of
the pump laser beam. It is seen that the lon-acoustic
solltons, in arder to get destabilized, require a very

inhomogénedus and intense electromagnetic field,
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IHEFACH

In the presence of a high power laser heam, a
1ot
large murber of nonlinear phenomena - e.g. self focusing b,

E=10 T1=1g

parametric excltations g Soliton formation - can

occcur in a plasme. These phenomend constitute a class of
nonlinear phyaics16-18 - a subjéct of much activity in
rTecent years, Apart from academic interest, these
phencmena alse have some relevance to thermomiclear
fusiun19 and ifonospheric modificationsgﬂ. The self
iDcuSing1-5 can concentrate energy of the laser beam into
smaller regions of the plasma and can influence several
othar processes. Parametric excitation56"10 generate
electrogstatic waves which eventually heat the plasma
ghrough their landau damping. The presence of Sulitons11"15
can alsg Influence heating of the plasma,., The present
thesis i= devoted to the study of varicus aspects of laser
self focusinc and effect of the laser self focuSing on
parametric excitations and ion acoustic solltons in

plasmas. In the following, a brief survey of the relevant

Titeratirre and a chapberwiae saommary of the pragsent thnsis

hawre been presented.

Self Foeusing in Plasmas

i L.
Lihe QlelectI™lc canstant ol & piasmag’ y Arradlated

by a laser beam (of nomuniform distribution) generally
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increases with the intensity of the beam. For 3 beam of
radiglly Gaussian intensity distribution, the phase
volocity of various parts of the waveiront decreases with
the radial distance. The wavefront attains a curvature
and tends to comverge the beam. This process is
accomparnied by the diffraction-divergence of the beam.
When the intensity of the beam. is high enough, the non-
linear self-convergence predominates over the diffraction -
divergence and the beam gets self f{ocused. The threshold
intensity for self focusing is usually quite low {much
lover thar™nost of the other nonlirnear phenomem), and
hemce laser self focusing can occur very easily1*5t

The nonlinearity in (i.c, intensity-dependence of)
the dlelectric constant of a plasma arises due to =
vafiety of reascns: (1) relativistic increase in the

21.23

electron mass y {2) redistribution of the plasma by

the ponderomotive fnrnﬂL’EL"ES, and (3} redistribution
of tha plasma dus to ine nonuniform heating of electrnng'zga?
The first mechanism is operative instantaneously; howeyer,
the corresponding nonlinearity is weak. Tho gosond

mechanism is operative on a time scale 'Tb m~ X5l %y
(where v, is the initial laser beamwldth and €, 1z the

ion acoustic 2pccdlsy the corrosponding nonlinearity is

moderate. The last mechanism, which leads to the

strongest nonlinearity, is operative on larger time Scale
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Te ™~ M/my (where M 1s the mass of an ion or a neutraly
m is the electron mass and Y 1is the electron collision
frequency). All these mechanisms of nonlinearity have
been widely discussed in the earlier literature.

There exist several approaches1’36'39 to the
problem of laser self focusing. The approach due to
Akhmanov et al.' is the most widely used1"5, because it
is very straightforward and yet gives reasonable results

Ve, 40, 1

in the paraxial region. Earlier analyses . haye

shown that if the initial beamwidth exceeds the mechanlsm-
dependent critical beamwidth, there exist two values of
the initial axial intensity BS (called lower and upper
self trapping imtemsities Koy,  and Egg,) for which
the beam becomes self trapped.- The beam experiences

monotonic defocusing, osciliatory focusing or oscillatory
: 2
defocusing depending upon whether EE < Egtl, Eitl(LEo

2 2~ 2
4 Esﬁu or Eo s Estu'

Experimentss on the propagation of lager pulses in nonlincar
nedia had observed that the laser pulse propagates

like a occlf Lrapped filament. Thie wag interpreted on

: ’
the basis of the concept of- "moving foci 5’36. Several

42-45 on

obher aspects of the experimental chbservations

gself focusing of laser pulses in plasmas have been touched

46-18 9

1
uponr in recent theorles e« A recent anumerical analysis r

of the problem of transient self focusing has revealed that
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the time-dependence of (he inlensity-profile of a laser
pulse undergoes qualitative changes as the pulse
Propagates.

1t has been observed that an intense laser beam
can penetrate much farther than the normal skin deptnso”51
“in an overdense plasma.sz""56 (i.e. a plaéma whose plasma
frequency exceeds the laser frequency). This kind of
' 43

anomalous penetration has been explained = in terms of
the plasma~-redistribution caused by the ponderomotive
force,

Many experimentSSB"sé'have observed that a laser
beanm propagates like a self trapped filament after
travelling for a'certain distance. Independent of these
experiments, a rumerical analysisS7 and another analytical
investigation58’59 have revealed that the laser absorption
can lead to dampihg of oscillations of the laser bheamwidth.

Though the phenomenon of laser seif focusing has
already been investigated very intensively, earlier
analyses of the phenomenon suffer from a variety of

limitations., A few of them are as followsi-

32-35

1) In evaluating the heating of electrons

limited by thermal conduction (i.e. in solving the heat-
;0
conduction equation), the electron collision frequency’
and thermal conductivityep’61 of thc plasma have becn

assumed to be independent of the electron temperature and



62,63

morcover, approprilate boundary conditions have not

been taken into account.

2) The criteria for monotonic and oxillatory

40,44

defocusing have not been derived completely and

rigorously,

3) The pulse-shape distortion&9 which accompanies
‘Lranslent self focusing has not been analysed satisfactorily
well; an analytical explanation for the mumerical revealaw
tion has not been presented.

%) Anomalous penetration”1

has not been analysed
in detail; earlicr analyses were restricted to gsome
particular situations.

53-56

5) The observed propagation of a laser beam
like a self trapped filament has not been interpreted
reasonably well.

6) The intensityudependence36 of the imaginary
part of the diclectric constant (i.c. nonlinearity in the
laser absorption) has nbt been taken into account.

Se ocysine in Magnet smas

Many of the plasmas in which laser self focusing
is investigated are immersed in static magnetic f1c1as®t®,
For electrcmaghetic plane waves propagating along the
Girectionof astatic magnetic field, left and right
cirenlarly polarized modes are the normal modes of propa-

gationh’66"68. However, in the case of a nomuniform lascr



beam, these two modes are coupledh in two ways:

(1) directly, on account of the anisotropy induced by the
static magnetic field, and (2) indirectly, on account of
the intensity-dependence bf the dielectric constant. In
all of the experimental invostigationsﬁ'-’ﬁé’69 and many
of the theoretical investigationsh’uo,only one mode has
been considered to be present. Sodha ot al.”% nhave shown
that the indirect coupling leads to cross-focusing of the
two modes. The direct coupling has so far not been
treated adequately. Effect of nu:n'mn:i.fm;'mi‘c:,ré,+ in the
plasma temperature and static magnetic field on laser

self focusing has so far not been analysed.

Parametric Excitations

6-10 is a three-wave-

A parametric excitatio
interaction in which a pump wave 1s converted into a signal
wvaye and an idler wave, In a plasma irradiated by a laser

. 71,72
beam, the ponderomotive force

gives rise to a
coupling (when appropriatc phase~matching conditions are
fulfilled) between an clectromagnetic wave of the laser
beam, an electrostatic wave present in the plaswma and
another clectromagnetic or electrostatic scattered wave.
When the laser-energy exceeds energieé of the other two
waves, the laser beam parametrically excites the electro-

static and scattered waves. Depending upon the combina-

tion of electrostatic and scattered waves under
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consideration, there are different tvpes of parametric
excitations possible in a plasma. In the stimulated
Raman Scattering, a photon (electromagnetic wave) gives
rise to a plasmon (electron plasma wave) and gets
snattered as another photon. Tn the stimaiated Rrillonin
scattering, a phéton gives rise to 2z phononfion aconstic
wave) and gets secattered as another photon. In the two-
plasmon decay, a photon decays into two plasmons. In
the plasmon-phonon deéay, a photon decays into a plasmon
and a phonon.

It has been shown that the temporal growth of these
parametric excitations is very much influenced by the

64957377 784,79 80

inhomogeneilty y turbulence and boundedncoe

of the plasma. It is apparent81“87 that the phenomenon

of laser self focusing can influence paramebric exciltations
in a plasna ,since it makes the plasma and laser-beam
lrhonogenseous, Sodha et ales have shown Lhal Lhe yleld of
the third harmonic electromagnetic 1.«ra:\r€3581+ and electron
plasma waveng in a plasma 1s conslderably enhanced LI
the pump laser beam is self focused. Earlier analyse?’mnB?
of the eftfect of self focusing on the temporal growth of
parametric excitations have been less rigorous and

restricted to a certaln particular manifestation oi the

phenomenon of self focusing.



Solitons

1114, 88-90

A soliton is a disturbance which

propagates without suffering any distortion in its shape,
and can exist when the nonlinear effects exactly cancel
out the dispersive effects of the medium. A clear
urderstanding of the effect of external perturbations on

solitons is very essential in order to point out similari-

15,91,92.

ties and differences between golitons and particles

93,94

Recently some investigations have been carried out

in this direction.

In a plasma95, a variety of solitons can exist13.
96-99

Ion acoustic solitons are solitons in the ion fluid

of a plasma and have been widely imvestigated. Effects

of multidimensionality100-102, ion temperature103,

10t.= 10
inhomogenelty Ot 106, static magnetic field 4 a

108.110 ) .
electromagnetic field on ion acoustic solitons

nd

have been analysed. The effect of an electromagnetic field
on the stability of ion acoustic solitons has, however,
not been analysed in sufficient detail.
Summary of the Thesis |

In the present thesis, the phenomena of laser self
focusing, parametric excitations and ion acoustic solitons
in plasmas have heen investigated 80 as to eliminate the
aforementioned limitations of the earlier investigations.

A chapterwise summary of thé thesis is as follows:-



CHAPTER 1: LASER SELF FOCUSING IN PLASMAS

This chapter presents an analysis of self focusing
of a Gaussian laser beam (which may be in the form of a
pulse) in a plasma whose electron concentration may vary
in time and space. The laser absorption is allowed to
vary with the laser intensity. The nonlinearity in the
dielectric constant arises on account of the plasma-
‘redistribution by the ponderomotive force or nonuniform
heating of electrons, Electron-heating limited by thermal
conduction has been rederived. Following Akhmanov’wt al.'s
approach, the beamwlidth parameter and hence the laser
intensity and frequency shift (i.e. time derivative of the
phase) of the laser pulse have been evaluated as functions
of time and the distance of propagation. The following
conclusions afe_drawn:

1) The temperature-dependence of the collision
frequency and thermal conductivity and the boundary effects
cannot be dignored when the nonuniform heating of electrons
is limited by thermal conduction.

2) 4 laser beam in a (guiescent, homogencous,
nonabsorbing) plasma undergoes oscillatory divergence
when the initial axial intensity Ei is less than the
lower self trapping intensity Eitl but larger than a
"linear" self trapping intensity Bf predicted by the

low=field expansion of the dielectric constant.
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3) On account of the saturation of the dielectrie
constant at high laser intensity (or in other words, the
ﬁﬁuble valuedness of the self trapping intensity), time-
dependence of the axial inbensity of a laser pulse changes
appreeciably ag the pulse propagatos.

%) Anomalous penetration of a laser beam in an
overdengc plasma depends gpon the plasma=-inhiomogenaily
and initial laser intensity.

5) In an axlally inhomogeneous plasma, the laser
beanwidth tends to attain a constant value depending upon
the plasma-inhomogenelty and initial laser intensity.

6) Tendency of a laser beam to become self trapped
(as represented by damping of oscillations of the beam-
wildth parameter) increases if the laser absorption
decreases with the laser intensity.

7) Consideration of nonlinearity in absorption
predicts focusing of a laser beam (under certain
conditions) even when the linear-absorption approximation

would predict defocusing of the beam.
CHAPTER 2: LASER SELF FOCUSING IN A MAGNETOPLASMA

This chapter presents an analysis of self-focusing
(and cross-focusing) of the left and right eircularly
polarized modes of a laser beam in a magnetoplasma.

Following an extended version of Akhmanov 's approach, the
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beamwidth parameters and hence intensities of the two
modes have becn evaluated as functions of the distance
of propagation. The calculations correspond to the case
in which the carrier-redistribution is caused by the
ponderomotive force; however, analysis of the problem is
equally valid for any other mechanism of the intensity-
dependence of the dielectric tensar « It is seen that
the radial nonuniformity in the (initial) electron
concéntration, (initial) electron temperature and static
magnetic field has considerable influence on self focusing
of the two modes., The direct coupling between the two
modes leads to axial asymmetry of the intensity profiles
of the two modes. The direct coupling has, however,
little effect on the cross-~focusing phenomenon which is
governed by the indirect coupling between the two modes.
CHAPTER 3: TEMPORAL CROJWTH OF A PARAMETRIC EXCITLTION
BY A SELF FOCUSED LASER BEAM

This chapber consists of two parte. In PART 234
(MODIFIED EXPRESSION), the effect of self focusing of the
punp laser beam on tho ‘tempora.l growth of an arbitrary
parametric excitation has been analysed in the paraxlal
region. The two equatlons for Lhe signal and idler
modces have heen decoﬁpled by assuming the near self

grapping condition and a linearly varying phase mismabche
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A modified expression for the temporal groﬂth rate of the
parametric excitation has been derived by employing the
WKB approximation to solve the elgenvalue equation. 1n
PART 3B (LOCAL CALCULATIONS), the mean beamwidth and

self focusing length of the puelp have been assumed to
be so large that the modification in the expression for
the temporal growth rate of a parametric excitation

may be neglected. The temporal growbh rates of stimulated
Raman and Brillouin scattering of a laser beam in a
plasma have beeh evaluated when the laser beam is self
focused on account of the carrier-redistribution caused
by the collision-dominated heating of electrons. The
calculations predict a considerable spatial nonuniformity
in the scattering on account of self focusing of the

pump laser beam,

CHAPTER L4: ION ACOUSTIC SOLITONS IN AN ELECTRO-
MAGNETICALLY IRRADIATED MAGNETOPLASMA

This chapter presents an analysis of the stabllity
of ion acoustic solitons in the presence of an electro-
magnetic field and a static magnetic field. A modified
Korteveg deVries equation has been derived in which the
glectromagnetic field plays the role of a source term.

A one dimensional perturbation analysis shows that the
static magnetic field influences only the transverse shape

of the solitons. A homogeneous electromagnetic beam does
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not destabilize the solitons; it reduces the amplitude,
but not the velocity, of the solitons. However, any
inhumogeneity in the electromagnetlic field intensiLy
does destablilize the ilon acoustic solitons. An
1i1lustration considering a Self rocused lasér beam shows
that the destabilization is not appreciable - thereby,
implying Stability of solitons against external

perturbations.

Relevant Puyblications

The theoretical investigations reported in the

present thesis have resulted in the following
publications/communicationgss—

1. Ion acoustic solitans in an electromagnetically
irradiated magnetoplasma (L.A.Patel) Journal
of Plasma Fhysics 18 (1977 Dec,) 381-389.

2. Bffect of self focusing on scattering of a
laser beam in a collisional glasma (L.A.Patel)
Journal of Physilcs D 11 (1978 March)33k7-354%.

3, Self focusing of a lasSer beam in a transient
plasma (#,.8.Sodha, D.P.Tewari and L.4A.Patel)
Journal of Flasma Pnysics 19 (1978 Aprili.

4. Temporal growth of a parametric excitation by
a self focused laser beam (L.A.Patel) Optical
and Quantum Electronice 10 (1%78 May).
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L9 (1978 June).



14

6. Self focusing of a laSer beam in an inhomogeneous
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CHAPTER 1

LASER _SEIF FOCUSING IN PLASMAS

This chﬁpter presents an analysis of self fcx:usin@_;‘l"LF
of a Gaussian laser beam (or pulse) in a plaSma”; the
initial electron concentration is allowed to vary in time
and space, and the absorption coefficient36 for the laser
beam is allowed to vary with the laser intensity. In
Sec.1s1, the expressions for the dielectric constantL+
have been presented for'various cases of interest, In
Sec.1.2, the wave equation for the linearly polarized

electric field ~t

of the laser beam (or pulse} has been
solved under the paraxial and WKB approximations, and
following Akhmanoy et al.'s approach1. The laser
intensity and frequency shift (time derivative of the
rhase) have been expressed in terms of the beamwidth
parsmeter. An equation for the beamwidth parameter has
been derived and its implications have been discussed.
Numerical calculations have been carried out for several
1llustrative cases. 1In Sec.1.3, numerical results along
with a discussion have been presented. The main conclusions
from the present chapter are as followsSiw

1) The temperature-dependence of the collision

50 60,61

and thermal conductivity and the

62,63

frequency
boundary effects ¢annct be ignored when the non-

uniform heating of electrons 1s limited by thermal conduction.
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2) A laser beam in a {quiescent, homogeneous,
nonabsorbing) plasma undergoes osclllatory divergence
when the initiai axial intensity E% is less than the
lower self trapping intensity Eitl but larger than the
"Jlineaxr' self trapping intensity Ei predicted by the
low-field expansion of the dielectric constantB’h.

3) On account of saturation of the dielectric
congtant at high intensity (or in other words, the double
valuedness of the self trapping intensity)qo’%1, time-
dependence of the axial intensity of a laser pulse

cha.ngesLF9

appreciably as the pulse propagates.

L) Anomalous penetration&1 of a laser beam in an
overdense plasmasa"56 depends upon the plasma~inhomogenelty
and initial laser intensity.

5) In an axially inhomogeneous plasma, the laser
beamwldth tends to attain a constant value depending
upon the plasma-inhomogeneity and initial laser intensity.

6) The tendency of a laser beam to become self
trapped (as represented by damping of oscillétions of the
beamwldth parameter) increases if the laser abhsorption
decreases with the laser intensity57“59.

7} Consideration of nonlinearity in absorption
predicts focusing of a laser beam (under certain
57

conditions) even when the linear-absorption approximation

would predict defocusing of the beam. The effect of
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'nonlineér absorption is most significant when the electron
collisions are predominantly with the diatomic moleculesn,

It is inferred from the present chapter that the
axial inhomogeneity of the plasma and nonlinear/linear
absorptioﬁ of the laser radiation may be responsible for
the observed53"56 self trapping of a laser beam after a
cértain distance of propagation. However, the self
trapping on account of the plasma-inhomogenelty or laser-
absorption is seen to be partial - in the sense that the
oscillations of the beamywidth parameter are only damped
(but not completely eliminated) and that the laser beam
starts diverging57 after a certain extent of propagation
like a self-trapped filament. It is suggested that further
experiments should be carried out to check whether the.
lager self trapping is partial as mentioned above.

1.1: Dielectric Constant

The dielectric constant of a nonrelativistic plasma

'at frequency 03 much greater than the electron collision~

frequency 3} is given by3’LF

€ = 1 —(@F/eP)(N/NG) — (e nfe?)(NV/N)
(1-1)

2 1je
where mp—-'f{a'itmﬁ /Iﬂ) ! , N, 1, are the plasma

frequency, ¢lectron ¢oncentration and electron collision
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frequency respectively in the absence of the laser beam;
N and L are the electron concentration and electron
collision frequency respectively in the presence oi tne
laser beam; m is the electron mass (whose relativistic
variation has been neglected) and e is the electron
charge. The ratios wpi'-/w?‘- and wg‘l-’a/wz’ may vary in
time and Space if the plasma is nonsteady and inhomogeneous
in the absence of the laser.beam. The ratios N/N, and
N / N, Y, depend upon the laser intensity E-E as
discussed in the following.

As shown in Bec.1.2, the radial intensity-
distribution of an initlally Gaussian laser beam may be

1
gxpressed 4 as

BYE = F2exp(~x¥rifi], (12.)

where the axial intensity Ei and the beamwidth parameter
f vary with the distance of propagation z and time t; T
is the radial coordinate of the cylindrical coordinate
system and r, is the initial laser beamwidth. In an
axlally symmetric plasma, jw*  and @Y,/ are
even functions of r. Then in the paraxial region

(r& 7, ), €& may be expressed by making the
Naclaurin series expansion®®?3 in powers of pr2/r2g?,

The expansion upto the first power of rz/rolfzgives
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== (eae_iea.f) —~{ €yt LE27) S o s (1-3)
where
Car = 1""[({°P2/‘°1)CN/N°>](1~:0) 3 (1-4)
€. = [(m;-na/w%)(N»{vao]]crd__o) , (15)
“r = L’b(r"—}r"‘el) w* No)] r=0) » (1-6)

K. Gy % N )— (-7
€20 © [?(rijr}'f-"l)( w® No¥ J(r—.:a) ’ )

1.1a : Absence of nonlinearity

In order to understand the differance between the
gelf focusingh‘j and induced 1:"@(:1151r1g58’ﬂ’l (as in an
optical fiber), it is instructive to censider a "hypothetical’
case in which the laser beam does not induce any modifica-

tiono in the plasma. In this case,

NN, =1, (1-8 ¢)
NV /N, =1. (32
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Consequently
éar == 1 —'(_mpz'fml)asa] N (1-10a)
N i1

N
e = TFEE [ 2, (2 ] {12 4)

I

€,

1

P2 | 2 Lg"”“)] (113 )
v > § [Br et 21

1,1b : Ponderomotive force

»

In a plasma, irradiated by a nomniform laser

beam, the electrons experience a ponderomotive force3$4,2ha28
%*___‘ '
F — —(e*fzme*) V(E¥E ),  Gdh4)
pondecs.

This leads to ambipolar diffus:;.r:m.-‘)’’L'L and consegquent
redistribution of'electrons and ions. On small time scales
(+ <T, ~ 1,/¢5 ), the electron-temperature does
not rise appreciably and hemee the carrier-redistribution
on account of noruniform heating3’LP of clectrons can be

112

neglected., Dynamies of the ponderomotive force (and
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dynamics ©f the coﬂsequent redistributlon) may be

neglected 1f the time scales of variations of the electron
concentration Ny and laser intensity E* E are much larger
than the time required for the redistribution by the
ponderomotive force. Effect of the plasma boandariesgﬂﬂ:&
on the redistribution by the ponderomotive force 1is
‘negligible if the boundaries are located far away from

the z axis (r=0). Under these conditions, it can be shown

that
Ning = e (CRETE), G
b
NY N,V =t (N/ Ne)
= exp (._.bpb’é'*:E) (1:95b)
where
(115 &)

B, = 62/43,1?\&"1"0@1 ;

Ky 1s the Boltzmann constant, T, is the plasma temperature

(in the absence of the laser beam), and
b= 2 or 1 (1-4¢)

depending upon whether the electron collisions are with

50

ions or neutrals’ . Consequently
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€or = L — @]0%),_,, €%P o EZ),  (rtob)
€r ™ (op 2, [ ? )(_rma) exp(—bPyE, ) , (4-11%)

R 2
€= B8 [2a(8D)], P CRE) T
L

" B Ex (112 b)
( Z‘f_; )(r=c~) Py Ea E’.XP( P ) ’
P % 2y
€ = ro”-fi[i:i(“aﬁ )]@_—;o) exp(—pwEd )+
iy 2 %o PyEa (1:13%)
T pemay ZPEe exp (-BRE).

1.1¢ ¢ Electron-heating without thermal conduction

On large time scales (+ > Tg), the electrons

4,29-35

are heated by the laser beam, The pressure

gradients generated on account of the nonuniform heating
of electrons lead to redilstributlon of the plasma biwrough

anblpolar difquicmB’LF. The nonlinearity duc to pondero-

motive force is négligible%u as compared to that due to

noruniform heating of electrons. If the initial laser
beamwidth is large ( Yo" » A M/ Y mKg N,
where X, 1s the thermal conductlvity in the absence
of the laser beam and M is the mass of ion/neutral),
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contribution of thermal conduction to the electron—

2 .
heating may be neglected3 as compared to the contribution
of the collislonal envrgy-transfer (between eslectrons

and ions/neutrals). It can then be shown that (cf.

APFBNDIX),
N/No = (1..?. ﬁCEfE )5’2'#1 , (‘]_-8(‘.)
b 5/2
No/N, Y ox (N/N,) (T[T
o (L4 B EYE ) HET (2B EEE)TT
(1:9¢c)
where
1.15
Pe == Me* Jem* kT, w®, ( <)
M is the mass of an ion (or a neutral scatter), and
§== —3 or 1 or 2 (1-17 )

depending upon whether the electron collisions are with
ions or nondiatomie molecules or diatomic moleculesu.

Consequently

)5}1""1

e =1 — (O] ) gy (L B ES (110¢)

L Sj2 —b 1 £S)2
€. = (o2 ) oy (I PEL) E+2pEa )

(111 ¢)
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€, = rZf? [B%(%;f')]ma} (14 pEZ) '+

_ —2
(40)  amem) pED (i)’
L/ (r=0) (iaiZC)

@ bSl2-b s)a.
g2 1+pEL 1+ 2RES
€as ""‘r"lfz[ ( ! )](::a)( ) (t PE‘) -)-

St

o

"'-o (b —bs)2
(ﬁ;)@m) (1+Pd=:§) LH:RE;%)] fufin

(1 pE2) T (L 2R E2)S% (e3¢

1,4d : Blectron-heating limited by thermal conduction

As discussed in Sec.l.le, on long time scales

(t> T.), the carrier-redistribution is caused by the
nomnlform heating of electrons. If the initlal laser
peamvidth is small ( Y= <€ R M [3,m KyNo), contribution
of the collisional energy-transfer (between electrons and
ions/neutrals) to the electron=heating mé.y be neglected33’3l+
a8 compared to the contribubtion of the thermal conduction.
In APFENDIX, the heat conduction equatlon for this case

has been solved by allowing the thermal c:onduc1:;:!.v:’ﬂc:>f60’611

x and eleectron collision frequencySO D to vary with
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the electron temperaburc T and by employing the
. . 2
appropriate boundary condltlons6 ’63. It has been shown

that
N/N, -——r—i_ tje &+ [14 2 U"I.\I:N:Q-F@E:_

(38 —ex2) T o YA (184)

7

NV /[N,», o~ (N/No)b(T f'"-t'r.\)s.“‘L

—={ 1p 4 [1+2 N EL

| . —b
(gga‘__f‘q‘fr:')jijr /2’ }bsl'
(14 2o NINTHB B
(882 —2¥>) ] 52T (t:34)
where
B, = N, v, e* 12 [ gx, T, Mm@ (315 %)

?to is the thermal. conductivity of the plasma in the

absence of the laser bveam, L, 1s the electron concentration

on the axis in the presence of the laser beam,

=1+ In (x:-gm/xob)Ne) / In(T/)T,) (#-1%8)
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1s a parameter which characterizes the variation of the
ratio ¥ fv (of the thermal conductivity X  to the
electron collision frequency }» ) with the electron

temperature T, and
1

b .
3= {1 epox) ] hax (t19)
0

is the boundary effect parameter determined“u by the

boundary r = b at which T =T o* Consequently

ecirh:' L — (’:";'/‘*’1)(:-—-0) {12?‘ + [1+ 203 NE NG

Py B £2 NS /2 }5’1_1 ’ (1-104)

s 3 2 a0 &lac
€: = (CFR/3) o T1+20gN" N2 BiBe £2]
{1{1 + [t 4+207 NﬁN;’""[aa X F2] 1}6”
bs/e—b |
/2 Y " ; (1-14 d)

Co — x282 [ 25(20)] . {12 + [1+

sfa—1
ZG“ENQ,Q‘ND_Q.FJ Bl £? ]iw- /2 } 8 -+
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(0] ey (L—5/2) NFNGBa X £?
01 +20g NANSEREZEX TV {ap +

sje—-2
[1+208 NS N2 By B g2 147 J2 lI ]
(4-12.4d)

-2
— e [ 2 mr%]](m] [1t2eg NONGH BES £

€21 3r1

jsfw { 1), + [14209NN2BaES 2 JHT )y,

}lez.*‘f' -+ (%)@“}{ [

2b—bsy #_( s r)
(1+[1+20'3N3Nz*ﬁaa’-9*]"°‘) [1+203NE N R T

JNENTA PRI £ T+ 2050000 pu RN
e } {12 + T2+

o« bs/1—b
2 g NEN, R RS ] /2,} Sﬂ .

(1-134d)
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1,2 ¢ Laser Propagation

1.2.,1: Wave equation

If the laser radiation is linecarly polarized and
f.2 2 : . -
'e* > |v2hn €], the electric field E of the

laser beam (or pulse) is governed by thc scalar wave

e(1ua'i;ion1-]+

2> D
ﬁ.gi _.._1:___72_. A E..E —_— ‘1':2'.' 5 = (} (1-'2'0)
374 T or N c* 2t ’

where T is the displacement vector. Tf the laser
radiation is quasimonochromatic, the electric field E

may bc oxprassged as

Z 1/}2.
Emg exp(iwt—iwct f €0 dz ), (t21)

whereths complex amplitude § verics slowly with time

t and the distance of propagation 2z {(but may vary
rapldly wilh the radial coordinate r), ard Gaj;._.’m eslc

is the wavenumber under the assumption that € . X €. .
If nonlocal effects 1n the plaswma and Lime-dependence of
the wavenumber are negligible, the displacement vector*ﬁ*

3

is given by -

: + P& 9 Y 1
p=[eb—i 2 I ] e (iut). (2]



29

Upon substituting for B and D from Bgs., 1.21 and 1.22,

neglecting the time-dependence of € and employing the

WKE approximation, Eq. 1.20 becomeshk

—2iwet* 2g i'aegf‘ 4 ¢ 98
c dZ ¥z L

T
e w'l— Eeat + Cez_r+zélt) 1{19.] e

zhm“za@@m)aﬁ = O
T E @ w ot

(1-23)

Time-derivative in Eq. 1.23 can be eliminated by using
2

the concept of "reduced time" ’3. Thus the independent

variables g and t are replaced by the new dimensionless

independent variables

E = zc¢/l]wr”* (+:24)
and
Z ¢ 1}z D (Ca E-d'l)
e F o 2]
T < J [e;rn. Sy dz ,
(1-25)

In the paraxial region, r dependence of T may be

uegleclbed and hence the expression 1.25 reduces to

2 (we

z ) C !
A 1-25")
C == Wt — S \S;} 3 dz .
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In terms of & and T y Egs1423 reduces to Lhe
parabolic eguation
1)z 2
2.2 08 i R%x o o4 %2 260
"'"'"'ZLGaI 2L 2% r 9 ?r

1,.b . =
—— racg-f [165.c*cé21c+162;)}}—f€ ]:;o .
(1-2¢)

1.2.2: Solution of the parabolic eguation

The initial (z=0) electric field will be taken to

be Gaussian in the form

& = E, exp (—r3rr). (1-27)

|

1
Then fellowing Akh manov et al. s the solution

of Eq.1.26 can be expressed as

&

I

L, exp (...._ra/,z,x\:'f“) eXp ice_q:’rl/rai),
(127 )

where the axial electric field amplitude E_, beamwidth
parameter .f, axial phase £ and offaxial Phase
coefficient (o are real and vary with ¥ and T put
not with r. The expression 1.2 iz consistent with the
expression 1.27. Substituting for & from Eq.1.27 into
Eq.1.26, and then equating the coefficients of
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2‘6&1{2 ’ 21 E‘ailz ’ “2'6:1{1 I‘QITQZ ) — 2L eaixirira/ r°2{:3
on both sides of the resulting equation, the following
four equations are obtained. (Treating the coefficlents
of r° and r2 independently in this way is an approximation
to the Fourier-series-orthogonalization condition and is

justified only in the paraxial regionj

2 1
?E éar;z £3 == () , (1.:23)
4/4
ddhE, | A€ L 29 xFoter
eE 2 ea.:fz 2 cte* !
(1-28)
oY 2¢p% 1 rrot e
+ — -+ e 2T -
% € 2 £ 2ctFLe >
(130}
2 o .
o L chti_ -+ Y, w f_fab -0, (1-31)
% ‘ 2cte it
Equations 1.28 and 1.31 give
d&
g = LWE £ 2 ’ (1-32)
Car
4
e ot rrw*€y; (133}

53 2% + - 4(_-'1_ *

CP:::-
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Substituting for ¢ from Eq. 1.33 into Eg. 1.29 and then

intesrating 4% ives the following expression for the
axial intensity.

2__ EZ . Y2u? e‘+q
=5 G e[ () [(5G2) o ]
ax -

(1-34]
where Ei = Eﬁ( Q =0) is the initial axial intensity.

Substituting for 90 from Bg.1.33 into Bqg. 1.30 gilves

+ [ 2n €5 in € ) C:u, 2f
%51 42
1 __(gioz-) Cae (e Eat £
[ € £3 * Ve > 4 €. p

EQZ‘JZ. :F Faez-
#( _Zé“ﬂim ' '3'%1 . (_1-35-)

The boundary condilions for Eg.1.3%5, corresponding to a

plane wavefront are1 -l

£(g=0) — L (1-3¢)
S— £-%

(828 ], ,—©° - (4-3%)

1.2.3¢ Frequency shift

The frequency shift normalized by the laser

frequency 6) is defined a33
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B cr————

4T dT x>
It ic convenient to express A as

3 RES) d6  A(eHt) ] _
L= [ d(Fr_’-) 3ty T JETRT BioE) ]

[ ?(wa)_}_ d¢p (G e)
d(ped) >(et) d(epfe™) " o (wt)

de _ do 2 - (1-3%)

L
(1.39)
where f3 is arvitrary, £ , fo or Bjdepending upon
vhether the case under consideration is (a) absence of
nonlinearity, (b) ponderomotive force, (c¢) electron-
heating without thermal conduction.or (d) electron-heating
limited by thermal conduetion. The guantities BCPE:)/QFJE)
and Yl ﬁﬁ)!3ﬂbf) are known beforehand, In the assumed
absence of explicit time-dependence of the dielectric
constant, the guantities d€/d(FE), d0/d(w2e*)
dq.?/d(PEg) and dGP/d{¢¢/ ) depend only on 2
pEo" and a)P"/oj?". This fact greatly simplifies the
evaluation of A\ at any reduced time T

1.2.4: Rehaviour of Eg_ and f

Bquation 1.35 can be solved numerically by the
Ru'nge—Kutta method”s. It would be helpful to have a
guelitative idea regarding the variations of the axial

intensity Eg_ and beamwldth parameter f with the distance
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of propagalion § .
In the absence of nonlinearity, absorption and

axlal lnhomogeneity (in the absence of the laser beam),

Bgs. 1.3% and 1.35 reduce to111
L o ES 4o
E, _}%% . (1-40)

l
1l o £ (.3_ 6_—:1,) ]
E _ 1. [ —-1—3 T Lot W™ Jr=o) U .

(1-41)

The two terms on the right nand side of Egq.1.41 represent
the diffraction and dinduced foeusing respeectively. The
beam experiences monotonic defocusing (i.e. £ keeps
increasing with ¥ ), oseillatory defocusing (di.e. f
oscillates bebween 1 and £ ax > 1), trapping (i.e. £=1)

and oscillatery focusing (i.e. f oscillates between 1

) AV
and fmin<i‘1) depending upon whether ( PYEs ";ﬁ? (£=0)
is £0, >0 but L1, =1 and >1. This cage has been

imvestigated (analybically) intensively in the context

of optical fibers.

- In the absence of nonlinearity and absorptilcn,

Bgsets3 and 1,37 reduce to1ﬂ
2. 12 |
El = o Car(g=q (1-42)
a _PQ. ¢ = P

arx
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3% 2 ell2 af [ L TAWEE S
et T 3R %% émc 5T (R .
(1-43)

Ihe second term on the left hand side of Eg. 1.43 gives
rise to growth or decay of the oscillations of f (i.e.

fm’ which is fmax in the case of oscillatory defocusing
and f ;s in the case of oscillatory focusing, becomes

& dependent in such a way that|f -1} dincreases or
decreases with ¥ ) depending upon whether 3%6;2/ %
is < or >0 (i.e. whether the electron concentration N,
increases or decreases with £ ). The criteria for defocu-
sing/focusing are slightly modified according to the value
of [’a""ewfaa"}m). The present WKB analysis fails in
the region where 60.r ~0 .,

In the abssnce of nonlinearity and axial inhomogeneity

1
Egs, 1.3% and 1.35 reduce to i

El— __2 exp[ (r%’ )I(--L_-b ro £* ,C'i‘ %)(rw) %
4

(1-44)
22 L gttt wiy °f A T4
%% ¥ m— (:”:l & )(t-_m) (37 Cov £3

’
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The criteria for defocusing/focusing of f arc groatly
modified by the radial nonuniformity ir the absorption
as represented by the last term on the right hand side

{ Bg.1.45.  Oscillations of f grow or decay depending

ep Y

L
upon whether (; Iz — 53

)(r::a) i < 0 or *0 (i.ec. whether
N,» ~ increases or decreases with r). A& similar
result had been obtaincd by Ma.::‘cuaéaand Yuenqg

in the absence of radial nonmuniformity, absorption
and axial inhomcggneity and if Lhe laser-lnduced axlal
inhomogeneity is negligible, then Eq.1.3L4 reduces o

Bq.1.40 and Bq.1435 reduces toL"O’h‘l

*F 4 ]:,,1-_ _ (X5} €axa ] (14¢€)
2t | € L £3 <% Fa s
where

3. Wy (L 4F
€ary ™ C2x (?"2 “ﬂo)/(_z— )

The two ferms on the right hand side of REq.1.46 represent
the diffraction and self-focusing respectively. The self
trapping intensity according to the low-field expa_nsion3

of the dielectric constant, called "linear' self trapping

intensity, E% is given by the relation

m Efa.' ézr-l (Eaz"-.r.:: Lf-/g’--)] — c""'/r'f‘{..:f2 .
- (1-4%)
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Equations 1.13 ond 1.48 give

ELZ = c*/ Py o Wy | (143b)

in the case of ponderomotive force,

B = & (-sp) P BT op (149¢)

in the case of electron-heating without thermal conduction,

and
El...?- === () _ (1'!‘?9 d)

in the case of electron-heating limited by thermal

conduction, The actual self trapping intensity Eit is

given by the relation

Eppg (Ba=Est ) = Yoy | (1-50)

No analytical expression for Eit exists. However, it can
be seen'© that Eq.1.50 has no root if rf'@,,l/cl <
(L wF[c®) pp, 3nd it has two roots if rptaptft >
(p > Qpllcl) cp.x, 7 the lower and upper of the two roots
(i.e. lower self trapping intensity Eitl and upper self
trapping intensity Eﬁtu } decrecasesand increases
respectively as rd"wrlfci- increases, It can be shown
that the beam experiences monotonic defocusing, oscillatory

defocusing, trapping and oscillatory focusing depending
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2 2 2 2 2 2
upon whether B £ Bf EL<EO<ESt1 or Eo>Bgr,

o _ 2 2 2 2 .
By = Estu and Egpq <L Eod Estu » In the light of these

new criteria for monotonlc and oscillatory defocusing,

the earlier cri.teriahh’m’M are incomplete and
approximate. |

In the absence of radial nonuniformity, absorption

and axial inhomogeneity, the beamwidth parameter oscillates
between 1ts initlal value of unity and another maximum/
ninimum value f,» The case of monotonic defocusing has
‘no real value for £, oscillatory defocusing, trapping

and oscillatory focusing correspond to £, 1, £, = 1

and 0<Lf <1 respectively., Multiplying both sides

40
of Bq.1.46 vy 2°F/9%  ang then integrating once giveg’

' 2

( ) Li—-— — (% )j cz.ij . asy
At £ =1, bﬂaZ =0 and hence Eg. 1.51 gives

(efh) 7 eary £ AT =— 607 (s2)

Lt can then he shown that

2> x(-—Fiba,f/fg)——exp(-—fstg')]ﬁih’E:
@%P/ )Ee P (1-53 b)

in the case of ponderomotive force, and
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sja -1 an Slo—1
(@otfet) [(rpeEfER)T — (Lt FeEe) ]
| =1 —fa* (1-53¢)
in the case of electron-heating without thermal conduction,

1f may be argued that
This gives an approximate analytical expression for fp:

£, = 2l FSIEoL/ f"‘-(Fs Eq fa?'“;"/c")] Y2 4 s

in the case of ponderomotive force, and

- ~$j2 Al
fm===-z[facﬁé/{[urﬁz)hﬁé’“row*/”] HEs)_ 13 ] .

(1-55¢)
in the case of electron-heating without thermal conduction.
In the absence of radial nonuniformity and
absorption, Bg.1.34 reduces to Eg.1.40 and Bg.1435 reduces

t0h1

%f:drginﬁe“ %= ar[x:s ()]

(1-56)

The discussion following Eq.1.43 applies in the present
¢ase also, -
In fhe absence of radial nonuniformity, nonlinear

(i.e. intensity-dependent) absorption and axial inhomogeneify
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and if the laser-induced axial inhomogeneity is negligible,

then.Eq.T.35 reduces to Eq.1.46 and Eq.1.34 reduces tos?

Ee = E% exp}: ( )I em— AEJ (t-57)

where .
(1-58)

€ T éau?/ (psfe?) .

a1l

. 5
The dependence of on Ea and the decrease of Ei

€2v1
with % (on accuunt of the linear absorpllon) lead Lo
decay of the oscillations of f till E. becomes So small
that £ starts derfocuslng monotonically57.

In the absence of radial nonmuniformity and axial

_ 1nhom0genéity and if the laser-induced axial 1lnhomogeneliy
s négligible, then Egs.1.3% énd 1.35 reduce to

EEm By e[ (E) [ Gagean) aq ], 09

A édgz._

2PE +(ro% €air F __ 1 [_a___ _ sq,“v;) Ear1
art ct) PRIEE 1 €y L E° (c' .

(r{-:;i—)m e;fiif ] ’ (1.€0)

= (e =)/ (). @
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The presence of the lusi Lerm on Lne righbt hand side of
2¢.1.60 implies that nonlinearity (i.e. intensity-dependence
and hence r dependence) of the absorption increases the
possibility of focusing of the beam. The presence of the
sgcond term on the left hand slde of Eg.1.60 implies that
the positive valued €2ii (i.e. decrease of the

absorption with the laser intensity) gives rise to an
additional decay of the oscillations of f. Thus the

murber of oscillations of f possible before f starts
defocusing monotonically is greater in the case of €344 > O

than in the case of linear absorption (i.e. €,; ==0 ).

Above-mentioned conclusions (regarding the
behaviour of Eg and f) are valid for a laser beam in a
quiescent (Egme independent) plasma. The conclusions
may also be applied to a laser pulse in a transient
(Eime-dependent) plasmahé"h9; various paramotérs appealing
in the conclusions then refer to an instantaneous reduced

tine T .

1+43: Results and Discussion

1.3.%: Absence of nonlinearity

Figures 1.1 and 1.2 illustrate the variations of
. . . 2
the beamwidth parameter f and the axial intensity Ej with
the distance of propagation &  in the ahsence of

nonlinearity. Figure 1.1 is for such a small value of
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(axl = )(r__o) thal £ 7 1, whoreas Fig.1.2 is for

such a large value of (arlgl )(f that £ < 1. In each of
these two flgures, three ty_plca.l cases have been consldered:
(A) sbsence of both absorption and axial inhomogeneity,

(B) axially increasing concentration without absorption,

and (C) radially increasing absorption without axial
inhomogeneity. The results presented here are consistent
with the analytical results. It is, moreover, secn that

the decay of the oscillations of f can occur on account

of the axially increasing concentration as well as on

58,59

account of the radially increasing absorption
1e3¢2: Intensity-~dependence of various quantities

Figure 1.3 shows that the dependence of the
functions (N/N Caty = (ND/NJ’o)(rso) ’

(r=a) b
o [ (NN _ %(NWNQ%)-}
E—Wl [.B(r’jr Cr =0) and Catn = e 2% ) lpea)

on the axial intensity Ei in the (a) absence of nonlinearity,
(b) case of ponderomotive force, and (¢} casé of electron-
peating without thermal conduction. This figure is very
helpful in determining the extent of focusling and

absorption of the bcam and growth/decay of oscillations

of f. This figure shows that the intensity=-dependence cof
the imaginary part €; of the dlolectric constant 1s as

strong as that of the real part &, , and hence the
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linear~absorption approximation is doubtiul. In the
case (c) with 8=2, €, is intensity-independent whereas
€s1  and €pj increase and decrease respectively
linearly with Ei.

Figure 1.4 illustrates the var:Lz:.aj::'Lonsh'D of the
"linear" self trapping intensity E% and "actual" self
trapping intensities Eitﬂ in various cases,with the
dimensionless parameter I‘g-m!?{c” « The labels L and &
to the curves in this figure refer to "linear and " actual
self trapping intensities respectively. The suffixes b,
s.to the labels L and A refer to the pondero-

motive force, electron-heating with S=0 without thermal

Cy d1 and d

conduction, electron~heating with $=0 limited by thermal
conduction with ¢ =1 and electron-heating with S=0
limited by thermal conduction with ¢~ =5 respectively,
In a homogeneous nonabsorhing plasma, the beam experiences
monotonic defocusing, oscillatory defocusing, trapping or

Lo

oscillatory focusing '~ depending upon whether the values
chosen for 'fo"'mpllc"" and Ei lie below (or on) the
curve L, in between the curves L and 4, on the curve A or

above the curve A.

19337 Thermal condugyion

——————

Figure 1.5 illustrates the variations of the beam-

vidth parameter f with the dimensionless distance of
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propagation E. when the carrler-redistribution is caused
by the electron heating limited by thermal conduction, and
the lmaginary part of the dielectric constant is negligible.
This figure reveals that the consideration of the tempera-
ture-depenuenceso’60 of the ratic XfV (represented by
G~ = instead of the usual ¢ =1) and that of the
boundary condition562’63 (represented by g 2 1 instead
of the usual g = 1) reduce focusing of the laser beam

appreciably.
1.3.4: Extremm beamwidth parameter

The curves in the upper portion of Fig.1.6
illustrate the variation of the extremumho (i.e. maximum/
minimum) value f, of the beamwidth parameter with ES in
the case of ponderomotive force, and when the imaginary
part of the dielectric constant is negligible. The curves
labelled with 35, 53 and 55 have been obtained by solving
Eg.1.35 for f, solving Eq.1.53b for f, and using the
expression 1.55b for fm respectively. Considering the
approximgtions made in arriving at Egs.1.53b and 1.550,
the agreement between the numerical results (plotted on
the curve 35) and the analytical results (plotted on the
curves 53 and 55) is very good. The curve in the lower
portion of Fig.1.6 illustrates the variation of %the

dimensionless distance &y, at which f becomes f; with
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'Ei__as obtained by sclving Eq.1.35 for £ in the case of
ponderonotive force.

Figure 1.6 shows that fm and ¥ w V8TY very
rapidly with £ if E%{ B (B, but very slodly i
E§> Est . Tlele variation of %, VWith E_ for
By < B <Estu implies, in the case of a laser pulse,
an axial motion of the focl where the instantaneous axial
Intensity becomes maximum., The filamentary tracks

5

observed” along the propagation of a laser pulse had been

interpreted in terms of such an axial motion of the
fOCiS"36. Such an interpretation would require the condition
d(l"l fmin)/d(E-ol) £ d(f‘n Elm)}d(Eé) to be fulfilled for
2
By < B LB oy Figure 1.6, hovever, shows that generally
2 2
d(4n €Y/ ACEL) D> d(In k) ] a(Es) for Ee1<Eo< Bgyye

Hence the present investigation supports the concept of

'moving foci'5’36 only partially.
1;1,5: Frequency shift

Figure 1.7 illustrates the variations of f with ¥
in the case of ponderomotive force; the dimaginary part

of the dielectric constant has been neglected. The four
curves correspond tor (1) 5 (_E%, (2) E% <E% (Eitl,

2 2 . 2
(3) Est1<.Eo< LI
curves confirm the foregoing gualitative digeusaion on the

2
() B >EB,» The shapes of these

behaviour of £,
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Figures 1.8 and 1.9 i1llustrate the variatlons of
d8 de e . 9%
ARES) * deopie® 7 A(Bpka™) d(eod)

(which appear in the expression 1.39 for the normalized

the coefficients

frequency.shift A ) with & . On account of the
negligible effect of the explicit temporal variation of
the dielectric constant, the curves do not explicitly
depend upon T .« As expected, the curves do not show
any correlation with the variations of f represented in
Fig.1.7. This figure is {rery useful in the calculation

of the instantaneous frequency shift3

for any type of
time dependences of E% and N,. Thus,; for Lro*ft =100,
O fw* =0,04, PsEy =1.0, ¥ =3, ¢ =0, ABED] 9T =
10710 ana ) faT =10~1%, the third curves in Fig.1.8

imply that the normalized frequency shift is

~-10

A = (<0.93x10710 & 36x10”TH) = ~0.926k x 10~10,

Thue, the frequency shift ie in general negligibly sma.ll3 -

1:3.6¢ Pulse distortion

.F:Lgures 110 and 1.11 illustrate the variations
of Ei with T[T, for Ef“:-.-E,ﬁ;, exp (-7*T2} . 1In
I_?ig; 1.10, E%o = 1.5/B, 15 less than the upper self
trapping intensity Eﬁtu" whereas in Fig.1.10, E%O:ﬂo/fgb
7 Eitu‘ It is to be noted that the initial Gaussian
time dependence of the laser intensity is drj_stox'tedlJr9 to

such an extent that in many cases the pulse shape develops
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the ) 618
peakse In,sarlier anulysesu restrlcted to small
2
values of Ego and & , the development of peaks was not
cbserved. A similar peak-development was revealsd in an

"I by ¥elt and Fleck. The

elaborate numerical analysis
sqrf Oof pulsSe:.Shape distortion observed in the present
analysis can be easily interpreted on the basis of the
double valuednessLLO cf the self trapping intensity. For
high enough values of % , the curves in Fig.1.11 show
dips at T =0 because Eio has been chosen to be greater
than E%tu in this case. This prediction (i.e. reversal

of thé Gaussian time dependence of the pulse) can be
caslly checked in experiments with very intense laser
pulses propagating over long distances in plasmas.

In the calculations related to Figs,1.10 and 1.11,
instantaneous values of various parameters have been used.
Hence the initial symmetry of the time-dependence of the
pulse is preserved. If the relaxation effects were
included in the analysis, some asymactry in the puise~

shape1+9 would have been cbserved.

1.3.71 Axdal inhomogonoity and anomsloue penotration

Flgures 1.12 - 1.15 illustrate the variations of
f with & in the cases in which the carrier-redistribu-
tion is caused by (b) ponderomotive force and (c) electron-

heating with S=0 without thermal conduction. Figures 1.12,
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1.13, T4 and 1.15 correspond 4o g
homogeneous plasma, an inhorogeneous plasma with exponen-
tially decreasing electron concentration, linearly
increasing concentration and periodically varying
concentration respectively., The imaginary part of the
dielectric constant has been neglected. Figure 1.12
confirms the foregoing discussion on the qualitative
behaviour of f in a homogeneous plasma. The curves in
Fig.e 1.13 show that for the electron concentration decreasing
with the distance of propagation, the diffraction effect
tendsto predominate over the nonlinear focusing effect
and consequently the beam tends to diverge3 monotonically
even wvhen Ei exceeds E%.-

The curves in Figs.1.14 and 1.15 show that an

1 .
H in an overdense

intense laser beam can penctrate
plasma52"56 {for which a¢}> & ) and that the oscillations
of f tend to damp out with the distance of propagation
({.es the laser beam tends to become self trapped); the

Lo, 41
analysis being based on the WKB approximation '’

is no%
valid in the cutoff region where &,~ 0. 4 closer Look
at Fig.1.15 shows that the tendency of the laser becam to
be self trapped andjgnomalous penetration&1 depend very
much on the type of plasma-~inhomogeneilby and initial laser
intensity. Figure 1,16 illustrates the variation of the

depth of penetration 'Efs (i.e. the distance upto which
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the laser beam can propagate "normally” ) with the indillal
axial intensity Ei, when the electron concentration
increases linearly with & and the carrier~redlstribution
islcaused by ponderomotive force. The rcesults plotted

in ¥ig.1,16 are more accurate than the ones reported
;p:r'ev:'Lou.slyLFl and show that the depth of penetration &p

2
increases sharply with the initial axial intensity H,.
1.3.8: Nonlinear'absorption

Figures 1,17 and 1.18 illustrate the variations of
f and Eﬁ with E in the case qf ponderomotive force.
The magnitude of the ratio (fg§§L) , which determines
the magnitude of absorption of the laser beam of given
intensity, has been taken to be larger in Fig.1.18 than
in Fig.1.17. These figures confirm the effect of absorp-
tion discussed in Sec.l.2.%. In addition, it is seen
that stabilization in f does not necessarily imply
stabilization in Ei and that (- df,..) 48 ) > |
(38, dE)  and  (~dE hwldE) > (- dEain /9T )
when the variations of f(and hence _};ﬁ) damp with E .
Figures 1.19 - 1.21 illustrate the variations of
f and Ei with € in the case of c¢lectron-heating without
thermal conduction; 8 = -3, 1 and 2 for Figs. 1.19, 1.20
and 1.21 respectively. As expected from similarity in

the nature of the dielectric constant, it is seen that the
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results in the eases of Figs. 1.19 and 1.20 arc similar

£0 the results in the case of Fig.1.18. BEffcct of increase
in the value of 8 is seen to be quite appreciable; 1t

(1) reduces the number of oscillations of f that can occur
hafore f starte dofocusing monotonica.llys’?, (2) distorts
the pattern of oscillations of f, and (3) increases the
value of the effective abgdorpbion ceeflficienl, su that

Ei approaches zero more rapidly. Results shown in
Fig.1.21 arc coveon mere interesting. The Llime ar-absorption
approximation predicts monotonic defocusing of a laser
beam of any value of bthe iniblial axial intensivy E% when
§=2. Consideration of nonlinearity in the absorption,
however, predicls fucusing of the beam if E% fulfills
certain conditions., These cffects are obvious from the
variatlons of (I\T/’NO)(r:O), Cait €ayqe and €2it

depleted in Fig.1.3.
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Tipures 141 « 1421

Figelal f and /A lOg(Ei/E%) versus %, din the sbsence
of nonlinearity. IFe?fc*=900. wpfw®=0.1
(140,001 T2/22) for (A5C) & 0.1(1+§ )(140.0012%/x7)
for (8). Pp/e’=0 for (a8B) & 0,01(1+0.002 r2/22)
for (C)e L\=t for (A&R) & 0.04 for (C).

Figele2 f and 1og(E§/E%) versus § in the absence of
nonlinearity . rF &7d= 900, @¢fe’=0,1(1+r /1°)
for (5€) & 0.1(1+ § )(14r°/r5) tor (B).
cnglél€ﬂ3 =0 for (AB) & 0.01(1+2r2/r%) for {(C),

Fig.1.3 The funetions ( N/‘No)(r=o)? Nefat, €214
& /€24 versus log( B Ei) in the (a) absence

of nonlinearity, (b) case of ponderomotive force
with b=2, and (¢) case of electron-heating
without thormal conduction with S=-3 for (e3)
&1 for (c1) & 2 for (e2), B = arbitrary for
(a) & Ppfor (p) and B fox (e).

Aa. =1 for (a &b &c3 &cl) & «0.1 for (c2).
1\2 =1 for (a &b & &3 & 1) & -0.1 far (c2).

" : 2

Fig.1.l A rt w;{cz versus A;BEi' for E%::EL for (L)
& Eit for (4). The case under consideration
is ponderomotive force for (b), electron-heating

with 8=C without thermal conduction for (e¢),



Fig.1,5

Fig.1.6

Figo1 «7
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electron-heating with 5=0 limited by thermal
conduction with o =1 for (d1), and electron-
heating with S=0 1limited by thermal conduction
with o= for (dv). N =1 for (L & &b & Ac)
& 1/g for (Adl) & 1/20g for (AdS). A =l

for (L & Ab & Ac) & g for (Adl & Adg).

f versus AE in the case of electron heating
with S=0 1imited hy thermal conduction. ¢ = 1
for (1 & 1g) &5 for (5 & 5g)e g =1 for (1 &35)
& 10 for (Alg AA%E) & LO for (Blg & Bsg).
trot)c? = 470 for (1) & 160 for (B).

mf?'/mj‘_—_ 0.25. P’aEf'= 0.01 for (A) & 1 for

(B). A =1 for (&) &2 for (B).

fy and E, versus PbE% as obtained by
(35) solving Eq.1.35 for f in the case of
ponderomotive force, (53) solving Eq.1.53c

for £ , and (55) using the expression 1.55¢

for £ . YroMt= 100, wifet = 0,0k,

T vervus & in lhe case of pondsromotive
force. rEe**= 100, w2fw*=0,0,
BaEg =041 for (1) & 0.3% for (2) & 1.0

for (3) & 3.4 for (4).
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d9 g 46
MAlRED P R d(epd) T R

for the case and parameters same as in Fig.1.7.

Fig.1 l8

Ay =1 for (1 &3 &W4) & 20 tor (2).
Ay =1 zfor (1) & 100 for (2) & 20 for (3)
& 10 for ().

dp 49

Fig.1.9 d Sus
gs1.9 3T dCPuER) and 3 i versus £
for the case and parameters game as in Fig.1l.7.

Az =1 for (1 &2 &3) &1/ for (W),
A‘,!:‘Ifor (1) & 5 for (2 & L) & 10 for (3).

Fig.1.10 ﬁbEi versus TfT, in the case of pondero-
motive farce. rZott= 100, @@« = 0,0k,
2 _ ' [ p2pm A _
on—1.5exp('2‘[To) . E =0 for (0) &
1 for (1) &2 far (2) & 4 for (4),

Fig.1.11 ’E»bEz versus T]’E‘,_‘o in the case of pondero-
motive forcc. _rozmlfc""—- 100, c.);"}m" = 0,04,

pr% =10 exp TR} =0 for (0) &

1 for (1) & 3 for (3) &9 for ().

Fig.1.12 £ versus QA§ in the case of {(b) pondero-
motive force and (c) electron-heating with
8=0 without thermal conduction. Ij‘wlfc.’”:: 16
for (b) and 20 for (e). G&ypfw'= 0.25.
P Es =0.,25 for (b1) & 0.3 for (b2) & 1.5
for (p3) & 3 for (bh) & 6 for (bH).
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chi = 0.15 rar (¢1) & 0.29 for (e) & 1 for
(c3) & 5 for (e&) & 10 for (e5). A =1 for

(C) & U.S for (d)c

Figs1.13 £ versus E  for the case and parameters

same as in Fig.l1.12 except that mS;‘)wLﬁ. .

0.25 exp (—E/2) .

Fig.1.14 f versus ¥§ for the case and parameters

same as in Fig.1.12 except that Cafw’ =

0.235 (1+ %/2).

Fig.1s15 f versus § for the case and parameters same
ag in Fig.1.12 except that {‘Jpl/wl =

0.25 (4 + sin (& [4) ),

2
Fig.1.16 EP versus #EO in the case of ponderomotive

force for Ig'oa"fc = 20 and L-)Pz' W= 0,501+ i ).

Fige1s17 £ and log(EifEi) versus A& in the case of
ponderomotive force with h=2. ¥iwic =900,
&?Io}': 0.1, wg%lme':0.00‘l for (1) & 0.01 for
(2) & 0.1 for (3). }QDE% = 0.01'for (1).4 1
for (2) & 10 for (3)s A =1 for (1 &2)
& 0,1 for (3).



Fig.l 18

Fig. 1 q1 9

Fig.1.20

Fig.1.21
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f versus AN 1og(E§/E2) versus Ag in the
case of ponderomotive force with b=2.
rc;l-m‘fci‘: 900, m;*jc.alzu.1. Cu;‘;"”o/ua =0,01 for
(1) & 0.1 for (2) & 1 for (3}, A =1 for

(1 &2) & 10 far (3). A =1 for (1) & 10 for
(2) & 0.1 for (3), phg,g-a-_io (,a;;‘-%/oﬁ_

f and log(Ei/E%) versus QAE in the case of
electron-heating without thermal conduction.
8=-3, LUFk*=900. epft=0.1. win/w’=0.001
gor (1) & 0.01 for (2) & 0.1 for (3).

P E: =0.1 tor (1) &1 for (2) & 10 for (3).
A =1 for (1 &2) & 0.1 far (3).

f and log(Ei/Ei) versus AE for the same

. case and parameters as in Fig.1.19 except that

s=1. A =1 for (1 &2) &4 for (3).

f and 1og(E§/E%) versus AFE for the same
case and parameters as in Fig.1.19 except

that S=2. [ =0.0001 for (1) & 0.001 for
(2) & 0,01 for (3). A =1 for (1 & 2) & 100

for (3).
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APPENDIL

ELECTRON-HEATING _LIMITED
BY_THERVAL CONDUCTION

The drift velocity ¥ and temperature T of
electrons in a collisional plasma in the presence of a

laser beam are governed by the following momentum and

2
energy_balance_equations3 35.
Y2 - -4
:p;%ig = —eE —mdy¥ —N 1&_{£{3161“) y (f\iJ

3Kg dT . —eV*E — 3muKe fr—m)

7 ar M
1 _?..,( ET_) AZ
Nr 2r rX 2/, (Az)

- where N, Mand XK are the electron concentration,
electron collision frequency and thermal conductivity of
the plasma respectively in the presence of the laser

beam. The three terms on the right hand side of Eq.AZ
correspond to the energy gained by electrons from the
laser beam, energy transferred tO heavy ions/neutrals in
collisions, and energy lost through thermal conduction
regpectively. Since the ion/neutral mass M 1is much larger

than the electron mass, T(ion/neutral) =T, ®ince the



57

characteristic lengths of axial variations of the laser
intensity and electron concentration are much larger than
the laser beamwidth, the axial variation of the electron
temperature T has been neglected in writing Eq.A2. The
convection 10553h, which is gquite apparent in a flowing
plasma, is negligible in the pfesent case. The last

term on the right hand side of Eq..ﬁ1 does not contribute
to the oécillatory component of v o+ Then in the steady
state {(i.e. when d%/dt o= 0), Eqs. A1 and 42 lead {0

(AH3)

;mmvkatr—n)_.;.l(ma_'l: — NYEYE

If the initial laser beamwidth is so large that

the condition?”k

T2 P KoM [y, mKg N, (au)

is fulfilled, the second term in Bg. A3 may be neglected.

Bquation A3 then’ gives

T/T, = 1+ 2p E¥E , (A5)
where
Po = Me*/ g mPg, T, ®" . (A 6)

If the initial laser beamwidth ls so small that

2-34
the cc?ndition3 3
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2
¥, < Xo M /2, m Kg Ny, (AF)
is fulfilled, the first term in Bq. A3 may bc neglected.

Equation A3 then gives

49 f T :_chzg’fg

The condition A7 is satisfied mostly in strongly ionized
plasmas 1n whlch collilsions other thanh:é.lectrun—ion
collisions are abSentso. Thus ) e{ N in the present

case. The temperature-dependences of X and 2 can

be most conveniently represehted in the f 01'111350’60(_’61

n—4
7{/7(0 """QT/TO) ’ (A9)
B/, =W N) (T /T,)" " (Ato)

where the subscript O refers to absence of the laser beam.

Bquation A8 then reduces to

1 > T'B‘T'"—)____ N*y T, e*FE*E
nTo ™ ar( rRa N, X, m
(A11)
In order to simplify the golution of BEg. 411, the left
hand side term may be approximated as Ao 2 M -
ol Y 2Y
This approximation is justified, because the remainder
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term

2 ? a'r“)__ 1 2 aT"')ﬂ(o-—n) 3T\

nT" " r 2T\ er or A T Sg? L 2Y
(A1)

is negligible in the paraxial region where T decreases
lineariy with rg. Moreover, the radial variation of N
appearing on the right hand side of Eq. 411 may be
neglected and N may be replaced by the axial electron
concentration Na‘ With these approximations, Eq. 411

hecomad
_ 8 2
}___?_(r 2—.—.0-) = — 86-&2—'[; PAE" EXPE‘*!‘Dj‘[f-‘EQ),
Y 2¢ \" 2% NE 2
(AA13)
where the notation
By =N, 2 e r* ] 3 X, T, mw? (8-35)
and the expression
EYE = ES exp(—r¥uie?) | Sk

have been introduced. Intograting Bq. 413 gives

?Tﬁ’ 40N T, ﬁa Eg £* [1.... exp (— r’"}r’flﬂ (A17)
2r NS

62,63

As @ boundury condition s it may ve assumed that the

plasma ig not heated at and beyond the boundary located at
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r = b, 80 that

7 (at the houndafy at » =b) =T.. (A.18)
Integrating Bq. 417 gives
e ek 2 v? rt g .
Tf___«-[-od" ____,_.Z.O'PJQTQ PdEu,E J [j_—-e)&p(*?t):’i—lﬁlx"
2
" rilei” (A19)
In the paraxial region (r&kr f),
TS o (A20)
j [L—exp (-—z_)] xldx o p2)y2F2 y |

a

and hence Bg. 419 leads to

| lje” (
T/T,=[1+ 26 N1, Ppu s (9 peoriery]T | (A2l)
where
b/ r 262
8= [1—exp=0) ] dx, (A22)
. O

For a large value of bz/x%, dg/df ~v 0 and hence g may
be considered a z independent parameter evaluated at
f=1.

Using a kinetic trea.tlnentLF for the pressure~balance
condition ’1+, Sodha et al.”_have shown that the .electron

" concentration N varies with the electron temperature T
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varies in the fom

N _ fr+°r£) siz —1 (A23)
N, 2 To 3
where

Al
S= 2 (N—o) =—3 or i or 2 (A24)

depending upon whether the eclectron collisions are with
ilons or pondliatomic molecules or dialomic molecules .
Using the expressions for T as derived above, the following

gxpresslions are obtained:

— — N .2.,""“1
N/No = (L+ pENE ¥ CAL5)
when rol > XOMI Y, m KBNo y and
. 1), yS—1
N/, =t + (L + 2o NS HE (st )] T 2 i
(A28)
when Y,* & oM [, mKgN, .
In the case of electron-ion collisions,
ST=J . (AT)

Earlier amalyses32 32 nad implictly assumed o6~ =1 since
they had not considered the variations of the thermal
conductlvity of the plasma and electron collision frequency

with the electron temperabture. ©Since the plasma-boundary
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r = b is located much farther from the axis than the laser
114

beamwidth a2t r = »r the boundary-eoffoct parametor

3> 1 . (A28)

Earlier analyses32'35 had implicitly assumed g=1 sincc

they hud not considered the appropriate boundary conditions
in solving the heat conduction equation. Woreover, unlike
in the present amalysis, Lhe garlier analysis had asgumcd

N, = NO in solving the heat conduction equation. In this

2-
way, the earliler analyses3 35 of the eglecbron-heabting

a

limited by thermal conduction were very much approximate.
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CHAPTER 2

LASER SELF FOCUSING IN A MAGNET OPLASMA

In Chapter 1, the analysis of laser self focusing
wasd carried out in plasmas in the absence of any statlc
magnetic field, Many of the plasmas are, however, immersed
in (external or self-generated) stutic magustblic fieldgh’65.
It is therefore important to understand how the presence
of a statlec magnetlc rield influences the phencmenon oI
laser self focusing. This chapter presents an analysis of
sell focusing of a laser beam propagating along the
direction of the static magnetic field in a magnetoplasma.
The 1nltlal electron concentration and temperature and the

6k

static magnetic field are allowed to be nomamiform™ ", and

the laser absorption is aitowed tO vary with the laser
36

intensity’~. In Sec.2.1, the expressions for the components

3,h,40

of the nonlinear dielectric tensor of the plasma in

the presence of left and right circularly polarized modes
have been presented. Two cases of nonlinearity have been

- 0
-considered‘?”h’l+

, viz. (1) the redistribution is caused by
the ponderomotive force and (2) the redistribution is

caused by the nonuniform heating of electrons. In Sec.2.2,
the coupled wave equations3’4’uo for the left and right
circularly polarized modes of the laser have been solved

under the.paraxial and WKB approximations and following a
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slightly modlflied version of Akhmanov et al.gjapproach.
Equations for the beamwidth and "crosswidth' parameters and
corresponding expressions for the intensities of the two
modes have been derived. Numerical calculations have been
carried out for typical sets of parameters corresponding
to the case in which the redistribution is caused by the

bonderomotive force.

It is seen that the radial ncmu_nifox'm:i.‘-:.yé)+

in the
initlal electron concentration, initial electron temperature
and static magnetic field have considerable influence on
self focusing of the two modes. The direct couplingPO
(which arises due to the magnetic-field induced anisotropy)
between the two modes leads to axial asymmetry of the
inténsity profiles offiwo modes. The indirect coupling7o
(which arises due to intensity-dependence of the dlelectric
tanscw®) between the two modes leads toc cross-focusing
of the two modes; the direct coupling has little effect on

- the cross-focusing,

2.,1: Dielectric Tensor

The effective dielectric functions for the left and
right circularly polarized modes of a laser beam (of
frequency @ ) propagating along the direction of the
static magﬁetic field in a {(nonrelativistic) magnetoplasma

" (with the collision frequency ¥ <& the laser frequency
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40
& ) are given bya’h’

€, == 1 — (fe*)(N/D,) [ (U &2 o) —
L(f% Jw3)(NY/Norb) [ (1t @) ,  (2:4)

where mP'-'-"-(lmNo :z/m)”z' y Nyand M are the plasma
freguency, electron concentration and electron collision
frequency respectively in the absence of the laser beam;

N and Y are the electron concentration and electron
collision frequency respectively in the presence of the
laser beam; €, ™ fe] By[mc Bo'z\, ¢y w and ¢ are the
cyclotron frequency, static magnetic field, light-speed
in vacuum, electron mass and electron charge respectively.
The ratios GPZIU-‘L y @i fe3 and ¢, fe Will be
considered to be time-independent but they may vary in
spaceéh. The ratios N/N0 and N L’/NOJQ depend upon the
electric field intensities 1i;t fa of the.two modes,

- % =

ds shown in Sec.2,2, the intensities E,. E,

of the two modes are expressed asg
EXB = E2 exp(—rYe2 — y¥/rri3
+ (75 Xt
—h,Xy/tZ ), (2-2)
whare the axial intensities Ei*, the boamwidth parsmoters
fx, v+ and the "cross width' parameters hi vary with the
| distance or propagation zg¢ ¥ and y are the transverse

Cartesian coordinates, and r, is a suitably chosen constant
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paraweters In an axially symmetric plasma, CQP:'/C.}"
G)F”‘DQ /w‘3 and 6% /ey are even functions of x and y.

Y& Yofyy )
62,63

In tne paraxial region ( X <€ f,f,, ,

)
€+  may be expanded as the Haclaurin series

powers of ngri, yg/r% and xy/r”‘;; the terms containing odd
powers of i-/ro and y/r0 separately are negligible., The

series~expansions upto the first powers give
3
: - 1 X
€, = (éa.r;h "E'a'ij €xrs T E'xi:h) /" —

(éyri+£éjfi )yz/r:— - C Lrk +l€' ':t)xy/r
(2-3)

= 41— TN [Umeaned L gy, (24)

Caty = [(DF B[P )NINS) [T ate)] ooy, @)

oo —_— A 2"’&-
ert [a(ﬂfr” —E 1{{'0 /(1:;:&{[ jﬂ(‘ —ymd) (2-&)
. — 2 3;} 1\{1)/1 . (—’] _ _/2,!?_'>
exfﬂ: [a(xlm%] {_ > NB (Fad )} (x=y=0) » :
Gyr_-h = €y, [2Y— j"'/rn"‘:} ' @)

\ 5.4
€ie = Excx [W/n— 111, (23
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[ {“2'5/(1—‘"- ‘“"’“’)} a?qrhafﬁ) (%o) J(Kﬁj?“’) P

(210}

Ecrr = [ ‘““E"""/(i“"'w I‘r‘")} By r.2£2) ND) ](ne-..-j-'-o) ¢

(2-11)

2,1b: Ponderomotive force

On short time scale ($+<T, ~ X.]c), the electron
temperature remains almost unaltered in the presence of the

laser beam, and the plasma-redistribution is governed by

- the ponderomotive forceh’zn'%. In the steady state,

t12 of the ponderomotive force ig unimportant.

27,112

dynamics
If the plasma-boundaries are located fdr away from

the axis (x=y=0), their effect on the plasma-redistribution
caused by the pondercmotive force may be neglected. In the
presence of the static magnetic field, the expression 1.8b

o140
ceases to be valid., It ecan be shown' ’(;ha.tl'L 4

N/N, == exp ["’P(i"' o/z“-’)z (irr"w(_/ao) ;t. E, ]
(212b)
Ny, = (N8 = exp[—bp (1—0n/2e) Z

(15@ )% ExEx 1, (2 13b)
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where
= e*[ 4 m KT, w* 9-14 b)
Pb A’ Kg s W s ( ’

Ky 18 the Boltzmann constant, T, is the plasma tomporaturc

In the absence of the laser beam, and

b= 2 or 4 (2+15)

dopending upon whether the slectron collisions are with

ions or neuti'als. Consequently .

Cpra = L (310 0P [P 13 129)
(xgfe)™ g5 (2:4¢b)

*

Carr (@01 )y SPL— bﬁob(i—%c/zw);:
1*-';»‘53«/"’) 'i] 5 (2:17})

s =|2m G2y — °~:e,) ] L) g

Ura o B ] + B5) R t—nk) T
GralS* B 8], €np (=R, (1= )
Z (xafe B ) (2:18 b)

é:«»‘:-}_ == GX'C:I:[ “\:’7‘,1 — %1%533 , Fb__.. bﬁb] , {219 L)
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Cpos = Exu[ oIz, B hL) | (e

2 e S |
Cyix = € ia L=t fx:“""Eﬁ:J , (azlp)

Cera m(@}/@") <=y=0) Pov (U~ e f2ce) 2;,‘ (i?“ﬁc.l"")ﬂz
Ea.-f h ¥ 3"‘?[._ ;3“Ci- m"“/m)?i: (EF@,,J:JZ Eﬁ] .
(2°22b)

(z-23b)

.oy = Coxs | O ORYY, p,—>bpfs ],

<l

where Bop=P,(x=y=6) and Ly ==t (X =¥=0c) .« It should
be noted that for W, » 2w , the electiron concentration in
the presence of a Gaussian laser beam increases radially

if the plasma-redistrlbution ls caused by the ponderomobive
force. In the present chapter it will be assumed that

L ®p s Y v
2.dc: Blectron-heating without thermal conduction

On longer time scalcs (‘l‘ >Te ™= M/M.@, the plasma

redistribution in the presence of a laser beam is governed

L4429-35

by the nomuniform heating of electrons. If the

initial widths of the two modes of the laser beam are large,

the thermal conduction effect329

' [T I
then be shown that?? 7"

may be neglected. It can



NN, = [1+ B (ragey™ £4.E, ] 77

t 9
(2+12¢)
b 3/2
N¥/N, %, = (N/N)°(T/T)
: g — b 5j2—b
=[1+ p T awaeT EFe ]
s zap 1%
[1+1@c7f’,' (U fa) " ESE, ] ,
(2-13¢)
where
B = M e* [ m> T, &> | (214 <)
M is the mass of an ion or a neutral, and
S== -—3 0or 4 or 2 | (2-9.4)

depending upon whether the electron collisions are with
0
ions or nondiatomic molecules or diatomic moleculesh’5 .

Consequently

o . " 5/8 =
Gﬂ.ﬁ:t = 1= (ngfm .)f.‘*ﬂ"-'-u) [i + {gocc'}“(i*moc/“) E-E:-:—t At

(2-1¢ <)
“"'1E 2 bR~
Cary =G5/ “3)(@-.-0) L4 ZEF o /a)  Fax ]

[1+24, 5 (15 efe) " Ej{]s/" , (2:17¢)
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Sxo 2= o @J « (%) 1+Zf§:-,2;,_w~= B3 ) (

a?fm‘j [pZtra ™8y ) — A Z@rap B2 67 ) Lry:..,) |

(14 B TUs el ™ BEL ] C2-18¢)
- mj—_\g L'l% ~ bSj2~b
éx { ) = { 'a(xl’l}r:') : ;3 ) M (Y‘L;LE’_)( 1—'{' Facz;;_ CUFLJ‘,J“)-" E‘&i‘ -.‘_

1428, Zlhw )™ E.ai) ( sy Lfe FUF DT B J

(= D -2 2. -z i+ (f.:_mug:j-a ’
Pe TlFa i) 2 Ers )L.%)[ FeZltTonfe) B

s2

]wa_h [44+2 B 3 UFmefe) Er], (219

e:m:h R éxr [l‘tq'frf-‘*ﬂz/rf“, f,d._""""” sz ] . (2-20 ¢)
e]t:’n == Exy [ "z/rni"""‘ 371‘:‘ R f‘,,_ﬂr_“”‘ fyt] , (2,,2_1_(_)_
2 F3
Cery = /) (=SB T Wron o) EShe
- 5};_ —l
[i ‘\'(5‘.‘7;(?1.‘?&1“[“) 2'75«2; J p (z.zza)

€ oy = [oF (F_ b—bsj> _ s )
- L) frp Tl ) (T 2fZlrada™ BY)

2 bf-y
B (o)™ BE Ry [+ b T (t5enfo] BT ]

S/a,

[1+28,. % (7 ajey? EE (223 <)
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where Poc = R, (x=j;o) . 1t is to be noted that the

expressions for £ and ¢ (as given by

X Yi%x Yrizx
Bgs. 2.18 - 2.,21) consist of three separate terms. The
first term represents the nonuniformity in the initial
electron temperature, the second term represents the non-
uniformity6l+in the initial electron temperature and static
magrnetic field, and the third term represents the nonlincarsty
in (i,e. intensity-dependence of) the dielectric tensor.

The dielectric functions & (as given by Egs.2.22 and

c i ¥
! 0
2.23) represent the direct coupling7 between the two

modes,

2ozt laser Fropagation

2.2.1: Wave equation

The electric field :"": of the laser beam is governed
1.4

by the wave equation

i

O (2-25)

-»

V' E — V(Vﬂg) +o*c2 C.E

gince the variations of the field along the z axis (l.e.
along the static magnetic field) are more rapid than the
variations in the x-y plane, the clectromagnetic waves of
the laser beam may be treated as transverse. It may then

be assumed that3’LF
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ok, PEx
(azz N — [@xx o ‘%‘é}(y-—-E-l-‘— €J ? +é:fy
(2.‘24&)
whero

€, == A — (o) (/N — i o) (N, @)

" ; E 6y, (2-28)

Gy == C oy

) (2.29)
By = EX -+ 1 By .

Mulliplying Uhe y component of Bge.2.29 by +1 and adding it
to the X component of Eg.2.25 and using Eq.2.26, 1t is seen

that the left and rignt circularly polurized electric ficlds

E, satisfy the following equations‘.E’’,+

0 E’i 4 éj_-a;( (Ql 2% Cdz'é,h E::t
+ 4 S ) Ey -
‘32' 3 (14— .. ) o NS * Tz

(1_... é"a'f) (.......*:tl ) Er . (a-20)

€py

The terms on the right hand sidc arise because of the
anisotropy generated by the static magnetic field, and
they represent the direct coupling between the left and

right circularly polarized modes. The indirect coupling



7h

between the two modes arises because of the fact that the
dielectric tensor component for one mode depends on the
intensity of the other mode as mmuch as on its own intensity.

The initial (z=0) electric fields of the two modes are
taken as

E, (z=0)==E,; exp[-»*ayg? {xi - Y”’/Axgi-gyi‘ j exp(iet),
(2+31)

vhere f,f,, and Xf are the initial beamwidths of
8

oy
the two modes along thj:a X and Y axes respectively. The
transverse electric field E__L (x=y=0) at t=z=0 may be
assumed to be along the x axis so that on:, arec real., If
the beam diverges/converges slowly, the solutlions of

Eg.2.30 in the paraxial region may be expressed as
¢ 2 2
Ex=E_, ©Xp [—-X"]’z_rﬁ{fx‘ —YY2 65—~ Ny ST J
exp|s ol [ Y 8y —i%,, YL
P[mt —4e2C Erq 4T +164 X %
-1 MR 2
Mpyzt ¥ 7t L A /ﬁé } ) (2-3'1,)
vhepethe axial electric field amplitudes H,,, bcamwldih

parameters f,w + 4 cross width parameters h;, axial

phascs Qi and offaxial phase-function eoefficients
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CP'.x,y,r_ =+,

arc z dependent functions to be determined.

Substituting for B, from Eq.2.32 into Eg4.2.30, and then

equating the real and imaginary coefficients of :xoyo,
xg/rzo, 3:2/1'%J and xy/ri on both sides of the resulting

equation (as an approximation to the Fourier-transfer

technique), sixteen second order coupled differential

equations for Eai’ fx,y‘i’ h:“..’ 8, and ‘5"; are obtained.

In the WKB approximation, the second order terms are

neglected1"L*’uo’m go that the equations reduce to the
following:
Yo dO, — € R S
Cocx T 7‘;”*“*—“ (:H M,i) (i+h)=0
1z clan,f‘ - de
€.l + (14 Grs aft
i dg ( €y )CCP" d
[V
uly s — (1r Sy (o' —pdp) + 2055 )6pes
==0Q ,
L2 dfgy
Cams 7 =+ (1 “‘"*) g — (&)
= ,

in-’: dcfyi (i+ G—G“__ )( Lf"'cf’;:/i + .?_.( )G

= .

(233)

(234)

(2.359

(23€)

(23

7)
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1{1 df‘" ay
é 4+ (i G’ﬂ ):EZI 751 _;Dr) Gﬂ"—b =0 ’ C?r&&)
4 d‘-f’
B e bn S [E 6N, + (Gt 52 2.
| t2 %l) Ere=0, (239
¢ dh

are TF + (S B2 +£2)Ra + Puat ) s

-*2(-"‘3-?;) €12=0 , (2°h0)

where
E = ze/ont, (2-41)
adrd: = @6 )0 =Y=0) J (2-42)
eaIi = éafi + (JM eét)(ﬂ:jﬂ:o) (2-43)

Cyps = Cups HED Fur[2040)] (244
Exre = ¢, ., +{L 2€, /a(x’ﬂ‘*)} Goyea) 5 (2 25°)

G?fi?vi = eyr—j_-_ -+ [d?.l— Bé&:l: /a (:"'2/’:!&)} (e=peg ), (2-4¢6)
é:’I.ﬁ: — Cyix "H:-Zm °Gs }’a(ﬁm‘l)} G V= (2-47)

Gc_Rj; == é.’c.ri + [k& 96&/‘3("0’/1;?-)] (%=1=6) Q,{;g)

GLIi == E.ra -+ E Maedtjafﬂj/ﬂ}).] (=y=e) , (‘?‘119)
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Go= Ex(B) (1~ f=)(R0iF)s | @)

The additional dielectric functions Gup. , Gri €py , .
and & o + — €.p, which are abstract forms of tﬁg right
hand side of Eg.2.30 represent the direct coupling
between the two modes.

Bquations 2.36, 2.38 and 2.40 lead to

. £ _
Ba = (B G — & izt ) [ z) 2
(a52)
7 e 4
Py ﬂ( B e “e‘”{: _Lt >/2@+ Gl
(34:51)
> i dhe
%, =B ¢, —eih P
: (i*%)@u*%t)hi ]/
[(re)GE+E8) 2 ) . e

2.2.2: Beamwidth and crosswidth parameters
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Substituting for Cpxi)qﬁand ey from Eqs.2.52-2 5Y
into Egs. 2.39, 2,37 and 2.39, the following equations for

the beamwidth and eross width parameters are obtained

azf-,,;'i 3 dﬂ\,*) 4 dﬁn@fﬁi‘+ r?c}e—,‘jn) d{;}i

Je > fx;‘: cig dE zfﬂ, 4};

[

| -6 -2
4 (@ o len) fys (A4 € fen) CRINIGT €0 py
2 ¢

crt Gar_-k

ng Ly 2
_(\x‘:ﬁ’ C") Eud 1 £ __ (I;,Z(-ﬁ{-lj d 61"\‘.{.*

—— = - O
Ty
2, Eayy ol ™ ’

(2 -'S'G; 2-' S-héj

d%h, dlnerl  (renle) (B v 8T) QECZ fay + 4 £57 [ag)
* ( s el )

dhi +[<i : e [€0) (570+83%+ 83262
2

gt & 3

+4'f&:q:r:t; ) h, e (i"'e“i é“) (é h.:I;_|' 65'121“\1

Ul

- 2 V-2 . _ _
+ j*x-.t-. écl?.t + '{'ﬁ: 63:»13: 290::.1, éc.I;i-_ chyt G’cgt)

b @) (UG e0)  @ol ge,,
i (20 R IR T
* b

ll(i-l- Y-L’QI)(&f?/éE-*— di:i}clr (waa.qgczh +qjy'd: qdiﬂ

P LY ( .f"‘i

%)
-0 . (25%)
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Using Bas. 2.52 and 2.53, Bg. 2434 gives
pA 2 [:ﬂ_ [ -2
E.x = EJ; €xp 50 (Cagy + Exrs L /2

T € fy'f/ﬂ-)dﬁ ] .

12
eari(?=Q)_ Frus £y¢

At ] _ 258,
QGZ{; frx Foyx (2-5¢)

Equations 2.55-2.57 can, in general, be solved
' 11
numerically by employing the Runge-Kutta method 5. The

boundary conditions, corresponding to initially plane

wavefronts for both the modes, arel*’l*o
:EX':t (-E "'"‘0.) T— fbxﬁ: b4 C_Q Sﬂ)
Byx (5200 = Foyx (2-60)
}iak (g=0) =™ O »
| = (db |
(dfxif"lq)({,},o) = (dfjifd-?)@m) Cd?‘j:l E)(ﬁw)
=0, (2-€1)

2,2.3: Particular cases
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In the following, the effects of axial inhomogeneity
and absorption on laser self focusing will not be consildered.

Then the terms containing  d&gpy [d% , €y, 809

¢ X461 %
laser-induced inhomogeneity is generally negligible so

in Egs. 2.55-2.58 may be neglected. (The

that for an initially homogencous plasma, d€ 204 }clﬁ’:ﬁo .)
In Eq. 2157, _the most important term besides Jihi , A_sz

I _....2 — R :
is s (8% + fw_ J €epar the other terms being
quite small shall be neglected. Consequently, Egs.2.55-
2,58 reduce to

=9 3 d £ —6
X,y { 19;(;'3:}:_) (i+ e,w*) £, oy
ag® | 2R L9 “ zen

(o ) (82 B7E €nyan
€ax+ ?

(263, 2-¢8)

d*h, __ (1 Se) (52) (5 + £557) Gonar

d'c'( €y 2.6 .+ s
(2:¢65)
EZ—E2 (&x ﬁ.yi) ‘ (2-€6)
Fup Ty
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In the absence of a static magnetic field, the left

40,70
and right circularly polarized modcs are identical s

and

éi‘_ -2 —n .
gx;:,f if;‘ A 5“2 @ ~6 i c )
dsi 2f, :f.:\: R, - K,y‘x-'_t_',
__ (2-€F)
hy = o0 . (2.68)

This case has alrcady been analysed in detail in Chapter 1.

In the presence of a static magnetic field, h, # O

and fx - are all different unless
L
ebaJ¢ — 4 Ju— J;%Jm
(1'+ oy ) %nsﬂ: )eo Xtk 8 (2-63)

where the subscript 0 here denotes I-; =0, The above
(Eq.2.69) modified condition for self trapping of both

the modes is much more stringent than the condition
2

2
Eo = Est mentioned in Chapter 1. When the condition 2.69

is not satisfied, the direct coupling betwecen the two
modes leads to axial asymmetry of the intensity-distribu-

tions of the two modes, and the indirect coupling hetween

40,70

the two modes leads to cross-focusing and aperiodic

oscillations of the two modes. Faraday rotation and

L] > » O -
elllptlclty7 can be easlly evaluated once f and h,

Xy¥E
have been evaluated.
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2.3: Results and Discussion

) .
TIaing the Rungo-Kutta method 1? Bgs.2.63 © -~ 2,67

have been solved for fx and h+ in the case of a

¥ B4

collisionless plasma in which the redistribution is caused
by the ponderomotive force. The dimensionless paramecter.
(_‘cfw’?’c‘-) has boon choscen to be 400. The results have
been presented in Figs. 2.1 - 2.7,

Figures 2.1 ~ 2.3 correspond to Q. fo) = Oudry
C.DF?}GP' = 0.2, @Q iyt = 1 and (505 Eoi- = 10“5 for
Fige2ely 0.1 for Fige2.2 und 10 for Flg.2+3. It 1s seen

that generally, but not necessarily h,2> h_. The cross-
e
Xyyt
and hence they may be neglected. However, they may be of,

width paramebers ki, are usually much smaller than f

interest in certain cases. When him 7 0, fx,yi are all
different. The differences botwecen fx,yi are most
slgnmlflcant when the beam converges. 1t is moreover seen
that |£7*— .2 } < 212 < | 5240
The presence of h, leads to axial asymmetry in the intensity
profiles of the two modes.

In Figs. 2.4 - 2,7, the dircet coupling between the
two modes has been neglected so that h, = 0,

Figure 2.l corresponds to )@ = 0,4, w 7" =0.2,

fc:f =0.75, faﬁé 1.5 for (A) and (C), 0,75 for (B)
Foxe = 0.75 for (&), 1.5 for (B) and (¢), £,° = 1.5 for

() and (B), 0.75 for (C), and ﬁoh Eoi = 0.3/ 48 . The
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curves show that the effect of any change in the initial beam-
width 18 quite appréciablc.' ¥hen one -mode is focused, the
other one can be defocused if the initial beamwidths for
the two modes are different. Similarly when a mode is
focused along the X axis, it can be defocused along the

Y axis if the initial beamwidths of the mode are diffcrent
along the X and Y axcs., Such a difference in behaviour
can influence the process of Faraday rotation70 very
appreciably.
| Figure 2.5 corresponds to ay Jo =0.k4, mfjm? =
0.2, 44 =1y and Py ES =107 for (), 0.1 for
(B), 10 for (C), PuEq- = 10 for (&), 1 for (B), 0.1

for (C), The extent of influencc of the indirect éoupling
on focusing/defocusing of the two modes is quite apparent
from the graphs. Though f,,E,> <€ pBuElfor (8), the +
mode is focused much more than the - modc. This is becausSe
of the fact that the expressions for €4 dnvolve
(1w¥&le) in their denominators.

Figures 2.6 and 2.7 correspond to &y /e = Oh +

0.5 xg/r + 0.5 ¥ /r for Fig.2.6, 0.L4+0.2 xz/r + 0.8

v /r for Fig.2.7, o%gyﬁj for (A) and (B), 1+0. Sx /r +
0.5 ¥y /ro for (7C), 1+ 0,3 xg/r + 0.7 y /r for (SC)
Gl = 0.2 for (&) and (B), 0.2 + 0.5 X /r + 0.5 ¥ /r
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for (7¢), 0.2 + 0,7 xa/ri + 0.3 yz/ri for (8),

fox,gr = v and  fos E, = 0.1 for (&), 10 for (8),

1 for (¢). It is secen that nomniformities®1®5in the
electron concentration, eloctron temperature and static
magnetic field can charge the bechaviour of the two modes -
very appreciably. Aperiodicity in the oscillations of the
bearwidth parameters is enhanced on account of the non-
uniformities. The effect of radial nonuniformities is

most apparent in the case of ﬁ,bEg; = 10 which roughly

2
stu

- trapping intensity), 8uch an effect of radial nonuniformi-

2
corresponds to B, >E (where Eitu is the upper self

tles on the plasma-parameters can be easily understood in
terms of the external foecusing which has been extensively

investigated in the context of optical fibersig’111
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Figures 2.1 - 2.7
The mechanism of nonlinearity considered is the
redistribution by the ponderomotlve force., The dimension-
less parameter (;12,310’ ¢*) has been chosen to be 40O for
all the figures, In Figs. 2.4 -~ 2.7, the direct coupling

between the two modes has been neglected,

. -2 e | _
2.1 . 8 for
Fig fx,yj'_ /gx’yi and log ]h:] versus &

. N -
Gelwo = 0Lk, GPfe =0.2, fox,yt =]

and P‘obEj; = 10_5. The dotted curve for
log || means that hy 1is negative.

Fige2e2 Same as in Fig.2.1 except that Pobﬁoi =0.1.
Pig.2.3  Seme as in Fig.2.2 except that  BoEey =10.
. - =2
2o ' S r =0,
Fige2t fx,yi/iox,yi versus F fo @ Jeo b,

: -2
(pjet = 0.2, £ =075, £ =1.5 for

-2

2
(A & €) & 0.75 for (B), £ = 0.75 for (A)
& 1e5 for (B &)y £35_ = 1.5 for (4 &B) &

0.75 for (C), B EX = 0,348 .

. -2 -2
Fig.2.5 fX,yi /fcx,y-_t
PR

14, _ ,

2
for (A) & 0,1 for (B) & 10 for (C), Bepks-=10

versus AL for Gl = 0L,

= 10'5

for (&) & 1 for (B) & 0.1 for (C). )} =1 for
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(A) & 30 for (B) & 10 for (G).

Fig.2.A f-z /f"2 versus A% for G Joy =04 +

x,y+ Tox,y
2 2 2,2 — A D
0.5 x°/r +20.5 Y /gy T/T =1 for (4 & B)
&1+ 0,5 ¥ /r% + 0.5 yg/r%3 for (C},
' 2
wler 0.2 for (A aB) & 0.2+ 0.5 /o +
2,2 -2 - a _
.0.5 y /vy for (C), fox,y;l'_ =1, pohed*:h = 0.1
for (4) & 10 for (B) & 1 for (C)y Q =1
for (A & C) & C.1 for (B).
Fig.2.7  fitys / fo0, versus 3§ for G/uw =
.., * X’y:t CX ey '

2,2 e, 2
n n
for (4 &B) &1+ 0.3 x""/rg + 0.7 ye/ro
far (), ©Ffe = 0,2 for (A & B) & 0.2 + 0.7

2 /.2 2 .2 -2 _
X/r *+ 0.3 y/rg for (€), £ oy =T,

F’abgo%: = 0,1 for (A) & 10 for (B) & 1 for
(C)e A =1for (A &B) & 0.8 for (C).



1.0

"
.{:‘

X,V -

a2

0.0 0.5 1.0 ' 1.5

Fige 2.1



0.3

0.2

Oult

2l
0.0

Figl 2.2



1.1

-13.07/ i i

Fige 248



245

2.0 1~

0.5

Fig. 2.]"'



2.5

240

0.9

Fig.

™2




0.0

Fig

[

246

0.6



1.6

Figo 2.7



87
CHAPTER 3

TEMPCRAL GROWTH OF A PARAMETRIC EXCITATION
BY A SELF FOCUSED IASER BEAM

This chapter consists of two parts.
In Part 34, a modified expression for the temporal

6=~10 b

growth rate of an arbitrary parametric excitation 3

a self focused laser pump has been derived. In Sec.3.1,
the relevant equations from the theory of self fOCuSing1-5
have been stated and then two dynamic equations for the
gipgnal and didler modes of an arbitrary perametric excita-
tion§-10 have been set up under the paraxial approximation.
Thege two cquations have been decoupled by assuming tho
near self trapping3 condifion for the pump laser beam and
a.linearly varying‘phase mismatch for the paramebric
excitation. In Sec.3.2, the single eigenvalue equation;m’79
obtalined upon deccupling has been solved under the WER
approximation. A modified analytical expression has been
oblained fur the tgrowth rate parametert® from whiich Lhe
temporal growth rate of the parametric excitation can be
easily determined. A graph has been plotted €O show the
variation of this parameter with the 'self focusing
parameter'. 1In Sec.3.3, a discussion on charscteristlcs
of this graph, threshold intensity of the parametric
exclitation, validity of the assumed firsteorder approxi-

mation and quantization nature79 of the temporal growth
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rate has been presented. 1t 1s concluded that the temporal
growth rate is a strong function of the radial intensity
inhomogeneity of the pump laser beam. 7This strong
dependence is not obtained when the pump laser beam is
| sharply defocused or sharply focused. The regults in the
case Of back scattering and forward scabtering are quite
opposite in nature.

In mrt 3B, the temporal growth rates of stimulated
Raman and Brillouin scattering7'8’?5 of a laser beam in
a plasma have been evaluated when the laser beam is self
focused on account of the carrier-redistpibutionLf caused
by the collision-dominated heating of electrons. In Sec.
3.4, the relevant equations from the theory of self focuging
have been stated. In Sec.3.95, the standard expressions
for the temporal growth rates of stimulated Raman and
Brilliouin scattering have been presented. In the local
field approximation87, the modifications in the expressions
for the temporal growth rates (as discussed in Part 3A)
may be neglecteds In Sec.3.6, typical numerical results
along with a discussion have been presented., The calcula-
tions predict a considerable spatial nonuniformity in the
temporal growth rates of stimulated Raman and Brillouin
scattering. The spatial dependence7 of these growth
rates and the propagation-distance dependence of the beam-

wildth parameter of the pump laser heam are correlated. DBut
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this correlation is not followed evenly, because on
account of the electron heating and redistribution, the
growth rates do not necessarily increase with the pump
intensity.

Results of Parts 3A and 3B taken together imply
that the temporal growth of any parametric excitation7

is altered and becomes nonuniform if the pump laser beam

is self focused.

PART_ 34: MODIFIBED EXPRESSION
3.1: Basie Eguatlons

The dlelectr:l.c constant of a nonl::.near medium

g : 1w
irradiated by a moderately :Lntense laser beam is given by

€ = €, + €, E*E |

== Co I > (3-1)
where ¢, and €'1[ depend upon the medium parameters and
the 1aser freguency Ly . The electric field of a laser
beam, with a radially Caussian intensity profile and
travelling along the z axig in the medium with the above-

1-5

mentioned dielectric constant 1s glven by

?(f.iff)*gmég exp[ T +1(¢(r2)+k)z~——- Lmﬂ
Y, .

fz) a2
Here k‘"—:“—J%: @fc is the linear wave rumber;
Cpfr.z} o~ @P(z) + kx-/5 (2 + zd’;_ ) (3-3)

is the nonlinear part of the wavermunber, where
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@ (2) =(k e EFf4 €k 2y [2) Gectenlzlzg) | G4)

and

-2 —~2 -2 2 o 2 ; 2. 3.5
2% = e zpt = ARt g Er 26,05 (3-5)

and
‘ 1/2 n
2 2.4
$(z) = (1+ 2%/2% ) ©-¢)
is the beamwlidth parameter. The beam gets defocused,

)
trapped or focused depending upon whether zi . >, = or <0,

The expression 3.2 for B (ry z, t) is valid only
in the paraxial region (r{rg) where Akhmanov at al.!s
approach is valid, The expression 3.6 for £(z) rcstricts
the validity of the pregent analysis to a lascer beam of
not very high intensity and to a small distance of

1-5

propagation. The dicloctric constant esaturstcs “as the

intensity H*E becomes very large., Consequently, an
analytiotexpression for bthe beamwidth paramcter r{(z) 1s
not available in the case of a laser beam of a very high
intensity wnd a large distance of propagatione

Now let the electric vectors associated with the
slgnal and 1dler modes ( { = 1, 2) excited by the fore-
mentioned pump laser beam, in the paraxial region (r& =z f)

pe glven by5"8’117



H

— A .. - .
Er>0,2,£) = Ky E G €8P [ 1(FO +k)z

+ (g—io)t ], (3-7)

Here the linear wavenumbers kl and frequencies 63‘ gatisfy
-8,11

the conservation rules’ 8,117
Ky T kg == kK | (3:8)
and
Wy + @, = &, | (3-3)
whoroas tho nonlincer perts qu(zj allow a mismatch
APar) = @) — (ge)+ $E)) (3:10)

Due to their coupling with the pump laser beam, the
signal and idler modes gain in energy. The gain obviously
depends upon the mature of the medium and the parametric
excitation under consideration. The gain leads to:
spatial variation of amplitudes of the signal and idler
modes, shift in the frequencies of the two modes, and
temporal growth of amplitudes of the two modes., These
three consequences are described by the relative amplitude
functions @112) , lmaginary part of the complex function
9 , and real part of § respectively. The form
exp (Re § -t ) for the temporal growth is based on the

assumptions that the temporal growths of the two modes are
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coupled so that they are the same, are exponential so that
( Re g- t ) occurs as an exponent, and are unilform so
that 'g is independent of z. These assumptions are
quite justified if the pump intensity is not very high so
that saturation?of the parametric excitation does not
come into picture.

The relative amplitude functions Cll(z) satisfy,
in the paraxial region and under the linearization approxi-

' 6=8
mation, the coupled rate equations 174 77

( d + g+ e ) Gy(2) == ‘-‘rof 5 Q@) exp (iwp(z}dz) ?
Vi £(3 (3+11@)

(& + B2) @0 = o GO CHheos),
fj'?- F (\3115]

Here li and \& are the d&mping rates and the group
velocities along the z axis, of the excited modes; and

I, is the "homogenecous' coupling coefficient which varies
linearly with Eo Fhe proportionality factor depcending
upon the parametric excltation under consideration. 1t
has been assumed here that the laser induced spatial
dependence of the parameters appearing in the expression
for [, 1is negligibléi?ompared to that of f(z). The
dinearization approximation employed above is justified

when the relative amplitude functions vary slowly in space.
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In the first-order approximatlon, the pump laser beamn

will be assumed Lo be approximately self trapped3’1+

so that
-2 :
zZgg O 0o Then £(z) is a slowly varying function of z,

and hence while dccoupling Egs. 3.11, the term

A(z) == O In t(z) (3-12)
d=z

may be neglected. Moreover, the mismatch function AFE)
;)

will be assumed’” to be independent of z and set cqual to
JANCR . This is reasonable because in most of the

cases of interest, the wavenumber mismatch 1s negligible
or slowly/lincarly varying function of z. It can now'be

shown that the transf ormation579

Gy(x) exp(i 8% z/2) = Gy(z) eXP (129,2/2)
__._.’Ly(z) exp C (‘371’1 4 30 g+ )"1." j (3-12)

A

can reduce BEgs.3.11 into a single equation

2
(L2 + W) v =0, (314)
where
e (fﬁvl 3% i.&%)»’i .
. o 482z 4 2 @-15)
WCi’) \é_\“?;_(i*f?’fzfé) _ﬁ’i ‘Z'Vz. 24 P

and ¥, = ¥, » For the more common case of backseattering
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?é is positivo;'v1 naving been assumed to be positive.

3.2t Growth Rate

Because of the assumed slow z dependence of f£(z),

W(z) is a slowly varying function of 2z, and hcnce a WEB '

soluticn50’62’118 of Bg. 3.14% is reasonablc. Thus

1
Yy = N [w(zﬂ /pr =+ 'tf W) dz] (316)

where C+

——

are the constant coefficlents determined by 4e

boundary conditions. The turning points z = % 2zy where

w(z) vanishes are

. _ 2 /2
E 8-!—1{ 3"!‘ Y, + 1 A%jp' o —1 .
dr— 2V, 2 ViVa

2
(3-17%)

According to the WKB thcoryso?118 of reflecetion inside a

potential well, the eigenvalues J satisty the condition

t

where n is a non-negative integer50’118. This gives

B (1____ W1, &% L, AR WY

zvl 2%, 2 Lz

— ()t T [ T s 1)



9%
where the notation

BE) = [ jml{(jw—— x 5in*8 )ﬁi}z-—- (1 —x s‘Lﬁl'G)ijz } C[é]%
= [ K — B )° (3-20)

has been used for comveniencc. Here ﬂ{(}c) and E(x) are the
well known complete elliptic functions of the first and
second kind1m’118.

Thus then results. the following analytimlexpression
for g, whose real part is the temporal growth rate of
the parametric excitation and imaginary part is the

frequency shift. |
- _ _ BT Y ) ) N
Gt B)=[t+B (25 ) ] @)

where

o= AG/v, *Av/G )or, . @)

P = (X {G % + % v +{Acf°&%?)/ln-’

(3.23)

f = —@nr)*Ca)* vy /o2, (324)
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and B"1 stands for the inverse functibn corresponding to
B, From-physical reasoning (by carrying out the foregoing
analysis for de = -zgg )y it is seen that B~ -Y f ) =
B 1{¥n?df)' For convenience, the quantitics (¥ Zd%

and Lgn,x,;. p) will be termed as !'self-focusing parameter!
and 'growth rate parameter' respectively., In the absence
of self-focusing, i.c. when the diffraction effcct is
balanced by the focusing-nonlinearity, ){n ZJ,;_& =0

and (3¢ +PB)=1.  The quantity

Q={100(8,0 +P~1)(1~Re B)/ [ (1~Re p)* -+ (I p)* ] |

is the percentage increase in the temporal growth rate
(Re 8ﬂ) when the effect of self-focusing is taken into
account.

InFig.3.1, the 'growth rate parameter! ano(,-f p)
has been plotted versus the !self-focusing parameter!
(Vnz5:%) + Note that the graph is separable into two
Iparts, viz. upper and lower parts corr05ponding to
(Snoc.—f B )“71 and < 1. The upper (/lower) part
corrcsponds to the case of focusing (/defocusing) and
backscattering i.c. 1727 0 or of defocuSing(/IdcuSing)

and forwardscattering i.c. T, £ 0.
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1,3: Discussion

In the region \y’n'z_;:] o~ , whore the first order

approximate theory may be quite reasonable, the Igraph

( Qoo+ B) versus {"Ynz;:‘-) has a remarkable slope. This
means that in the near sclf-trapping condition, the
temporal growth rate (Re g, ) varies very drastieally

with the !'self-focusing paramecter! ()‘,l 2;;2). For example,
in the case of focusing and backscattering {/defocusing

and forwardscattering) with (Ynz;‘ﬂz = 0,1, the graph gives
(an"('+ ﬁ ) = 1,059 which implics 5.9 porcont increasc in
its comventional value of unity caleulated for ( fnzzg')m O
or oquivalently {' 5.9 (1*5'2:..‘8}/ ¢! —-&'a)l.f(_gﬂeﬂ }pcrc cnt
incrcase in the temporal growth rate { %, gn] » ©imilarly,

4

in the cage of defocufing and backscabtering(/focusing

and forwardscattering) with (Ynz";'k-o.u the graph gives
(gn'o(—}-(} } = 0.937 which implics (.3 pervent decreuse in
1ts conventional value, or equivalently { 6:3(1—Re. f3) / [@—-
}“P)Q"' (Jmls)’j}fpurcent decreastc din the temporal growth roatce.
Both of these cases thus lead to appreciable changes in

the tempaoral growth rate. I'ne values + 0.1 for the
'self-focusing parameter' (Ynz‘ﬂl) arc realizable in a
variety of cases. Thus the effect of self focusing
(defocusing or focusing) on the temporal growth rate of

the paramcteic exeitation can be appreciable in a variety

of experimentally realisable situations.
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The threshold intensity Iy of the parametric

6-8,117 ,nder consideration is determined by

excitation
setting the complex temporal growth rate function gn
equal to zerc in Bg.3.21. This gives the transcendental

gquation

o\ Atz
(WEp) _ (U[Yﬂ za)] (5.29)
ah: th -

In the exact self~trapping case i.e. for e
6-8,117

-2

af = 0, this

gives the usual result

o= ) | LTS+ % AT, + A% |
(3-2¢)
which, as expected, is independent of the transverse
intensity profile of the laser beam. Eqguation 3.25 can be
solved for 1., by the usual graph-crossover technique.

For example, on Fig.3.1, I, . corresponds to the crossover

th
point of the already plotted graph of [1+5 (f Z, z)]”‘"

with a new graph of
ey . -2\
2035 [ + 9 |5 — 89, )2 [ @) R (28"

1t is apparent that in the near self trapping conditiocn,

L, e
the threshold intensity varies appreclably wlth} parameters

appearing in the expression for za% .



99

In Fig.3.1, it is sgeen that the krowth rate parameter!
(3 o0 {3) has upper and lower saturation values 42
and O as the !'self-focusing parameter! (Yn ZAF) approaches
+ o0 . The upper (/lower) saturation corresponds to the
case of corr;plete focusing(/defocusing) and backscattering
or complete defocusing(/focusing) and forward scattering.
Hence the first order approximate theory meant for near
self trapping region is not expected to remain valid in
these saturation regions. In order to get rid of this
limitation, the term AU(z) = (d/az) fn £(z) should bve
incorporated in the foregoing theory. With this term
included, it is seen that Egs. 3.13-3.15 need to be
replaced by

*) exp | Cua— o) = ]“-

ex];' [(—-,u(z)-i- (TSAE ]

«ylcz,u»

CXP{ (8 %—Hi) l (3.27)
( T + W (z)) Y, (z) = , (3:28)
i xd

2 “qry 94y, , 0 Y9 ia%z
W@(z)‘"" - :(Hl}z” (2\& T +6Y ot ....i_)
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The WKB. approximation is still reasonable in the inter-
mediate region where zag and (4 AM(z)/dz) are not very

large. The foregoing first order approximate treatment

18 valid, i.,e. the term _H4(z2) may be neglected, if and
only if

mE £ | ( ?1 + % + 18%) | - (339)

This condition can he satisfied when the signal and didler
modes are slowly propagating and easily attenuable in the
region not far away from the self trapping of the pump
- laser beam,

The present investigation is wvalid in the paxaxial

-5 and when (d/dz)ﬂyxfgdgg za} so that the spatial

region1
varietion of [1 mey be neglected. The prcacnt
investigation may be extended to include the nonparaxial
region and spatial variation of E:, ¢ Iut then the
analysis would become much more complicated than the
presenl one a:nd analytlodrusults would ol Le possible,
It is to be noted that the quantum number6’7h’79
n plays an important role in the expressions for Yn and
an , and that this n does not come into picture for a
transversely nomogeneousS or a self trapped transversely
inmhomogeneous laser beam. It should be recalled that
g,, 1s complex so that 'n®} temporal growth rate!

corresponds to the parametric excitation at 1pth
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irequency shift'7¥’79.

It is thua concluded that the temporal growth rate
of a parametric excitation varies significantly with the
transverse intensity inhomogeneity of the pump laser
beam, and hence the effect of self-focusing may not be
neglected. The first order approximation employed here
is valid when the signal and idler modes are slowly
propagating and easily attenuable in the region not for

away from the self trapping of thz pump laser beamn,

PART 3B: LOCAL CAICULATIONS

3t Self Focusing of the Pump

The electric field of the pump laser beam at z=0

ie teken to be of the form
—y A . 2_/ o . ‘t)
E(rz=0, +) = B B, exp(—r¥2rf—iot)  (331)

N
where B dis the unit veclor representing Lhie polarization

of 3? and r, is the initial beamwldth. The time scale of
varlatlon of the inltlal axlal intenslty E% will he
assumed to be much larger than the reciprocal of the
electron collision frequency : 1, the electron
temperature then rises3’h to such an extent that the
glectron~ion redistribution due t0 the ponderomotive

force may be neglected as compared tc that due to the
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nomuniform heating of electrons and that the redistribution

process follows a steady sbtate model3’h. By assuming the
pump frequency ¢ 10 be much larger than the electron
collision fregquency Y  and assuming the usual parametgie
approximation6-8’11? any depletion of the pump intensity
may be neglected,

Under these conditions, the nonlinear dielectric

constant of the plasma is given by3’h

€ = €, + €, , (3-32)
where

€, = 1 — p3/wr (3:33)

(': 'ﬁ Q}P:/CJQ--—*' Pl}w

& = 1 T
-_:.-:_(wpz *) (1+'BE‘EE) FE-E,
(3:34)
(3-357)

(3-3¢)

I

!
\
4
M
3\0
e

}J
el
e

o 18 the elcctron (or ion) concentration in the absence
of the pump, m is the electron mass, M is the ion mass,
KB is the Boltzmann constant and T0 is the initial e¢lectron

temperature.

i

The wave equabion for E , when solved under the
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paraxial and WKB approximations, gives the following

solution valid in the nonresonant (éb=#=o) paraxial
1

(r £ ro:t‘) region 5.

E(x,z,t) =E g, £ exp|—r¥/2r;£? +1 k(5+72) ﬂidot_],

(327%) |

where
o= 2 ol (3-38)

is the linear wavenumber and 8(r, z), which may be expressed
in Lerms of £(z), is (z/k) times the nonlinear part of

the wavenumber. On the basis of the analysis in Chapter 1,
1t can ve shown that the beamwidth parameter £(z) is

governed by the equations’h

428 4 lggler)  PEs

3 80 o 2 (3-39
PE T e T ze 0l (t+pESee®)> )
along with the boundary conditions
£ (2=0) =1 and  (dF)d2)(zaey=0 .  (540)

] ) ] LO, 41
It can be easily shown that there exist two values
of E% namely (ef. Chapter 1)
2. K4y ot
£.2 — (@[p) [ K ot fac,om—1 F (Kn!e

hereh —Rrafeen) ] )
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for which thc beam gets self trapped (lec. £=1 for all z)s

The beam experiences monotonic def ocusing, oscillatory

defocusing and escillalory focusing when E%( E% =

2 2, 9 2 , 2 2 2 2

C /pro Lipe s EL<:E0< r‘s-b- or Eo 7Est+ and
E2 <« EQ'( E° i 39k

St o gt+ Tespectively-?”,

3+5¢ Temporal Growth Rates

3+541% Stimulated Raman scattering (SRS)

7
For ¢o >2,C.JP y & pump photon can be scatzered
as another photon polarized along some direction E:i
by exciting a plasmon {quantum of electron plasma waves)

- .
of arbitrary wavenumber k. and the corresponding

frequency1 16
N2 L= 4
We==Cp (14 3 kZ Ny [/2) , (3-42)
where the Debye length
_ o | 2 1)z ~
A;} T (K'BTC /m “p ) , (3-43)
T, = T, (1+ QPE#E)’ (3-44)

B ,
G = o (1+ BEYE )T, (3:45)
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In a cold homogeneous plasma, the temporal growth

rate of SRS of a uniform pump laser beam is given by116

- { ._1.
mw]?® 4 <r;_—-r;)*/z1 ‘;““—-— (5+T))2,
(3:°4€)
where
I, = X og/aor (3:47)

is the collisional damping rate of the scattercd clectro-

magnetic waves, and

e [ A2 3 3) 1A%
l_"P-——- (7{ w0, ]2k, A7 exp(n-aﬂ, ke A }2) + V.o
(3:4%)
is the Landau plu_s collisional damping rate of electron

51

plasma waves” 4
3:5:23 Stimulated Brillouin scattering (SBS)

For (o> (p 5 @ pump photon can be Sc:attered7 as
another rhoton polarized along some direction B/}\S by
exciting a phonon (quantum of ion acoustic waves) of

- 11
arbitrary wavenumber Ky and the corresponding frequency 6

' 12 ~4
oy = ey (i) (14 1/kERE )T (eag)
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In a cold homogeneous plasma, the temporal growth

rate of SBS of a uniform pump laser beam is given by116

Y(.‘E-;BS)-*““— {(cup/m)(_m !M)Uz (1+ 1] K2 Ap )1/’— [
E«F{:; k;e [fmo(i+ kg ) j z -+
@Z“Q)i/ff 7]1“' —(L+0) 2, (3-50)

where

| 12
L= (i) epC3h—mlem) + ki (rm/a )
T Vi (3:51)

is the Landau plus collisional damping rate of don acoustic

waves, and
2
cg = (KgTe [ )M (3-52)

51

is the ion-~acoustic speed’ .
3s5.3: Local field approximation

The expressions for the temporal growth rates of
SRS and SBS in the case of a hot plasma are slightly
different116 from the expressions 3446 and 3.50s However,
in the first-order approximation, the modifications in

the cxpressicns on account of thermal effects in the
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plasma can be neglected.

As shown in the Fart 34, the expressions for the
temporal growth rates of SRS and SBS in the case of a
nomuniform pump (or inhomogencous plasma) are differenté’
from the expressions 3.46 and 3+50, However, when the
beamwidth and self-focusing length of the pump are much
larger than the wavelengths involved in the scattering,
the modifications in the expressions on account of non-
uniformity in the pump can be neglected87. Thus, in the
first order approximation, the temporal growth rates of
SRS and SBS at a particular region in the plasma are given
by using the local parameterss7 in the expressions 346 and

3450 respectively.s

3-6: Results and Discyssion

For illustration, the following parameters have been

chosen: .
N, = 1018 em™3 for SRS and 5x1018 em™3 for SBS,
M/m = 2000,
KpT, = ‘1.-38}:10"9 erg,
Vo = Yoo = Yic &L w :
0 = 184xt0™ rad/sec,
r, = 0,005 cm,
¥, =% =2 100 /oms
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These parameters yileld

Eit = 2;%84x107 ergeem™ for SRS and 4:880x106 erg.cm"3
- for SBS;
E§t+ = 1.—913}51011 erg.cm'3 for SRS and 9;7H2x1011 eJ:'g.-'cmm3

for SBS,

The initial axial intensity Ei will be allowed to take

the following five different values in each case.

2 _ 2 2 _ 2 2 _ 2 2

(D E =E, /2, QE =F_ , 3) B, = {Eg +E )2,
= g2 2

(5 B =8, (5)E =28, .

These parameters have been so chosen that the modifications
required in the expressions for the temporal growth rates,
on account of the nonuniformity in the pump lascr beam
(and induced nomuniformity in the plasma), are negligible
50 that the wse of the expressions 3.:46 and 3.50 along with
the local field parameters is justified. The values of
E% have been chosen as above with the aim to illustrate
all the manifestations of the phenomenon of self-focusing
(ef. Chapter 1), |

The beamwidth parameters f versus z for SRS and
8BS have been plotted in Figs. 3.2 and 3.3. The
temporal growth rates y; at r=0 versus z for SRS and
8BS have becn plotted in Figs. 3.4 and 3.5. The temporal
growth rates )& at r = 0,01 cm versus z for SRS and

SBS have been plotted in Figs. 3.6 and 3.7. In view of
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Lhe paraxial a.pproximation1“5 employed, the graphs of
Pigs. 3.6 and 3.7 can be claimed to be correct only
approximately.

Some of the general observations from Figs.3.2-

2

. 2 . 2 -
3«7 are as follows, For B, = E's or Est-i-’ £f(z) =1 and

fom

fz) =1() L Yy(z) = % () in such a way that

o ) 2

7 (for &, = E%t-) (‘{(for E% = E‘;t.,_). For E
=2

B st

z2=0 and certalin minimum values, whereas yﬂ oscillates

2
g LBy <

, £ and )1 oscillate between their values at

between its value at z=0 and a certain maximum value.
For Ei £ Ei gm OF Ei >E§ w+r £ and (1 oscillate between
their values at z=0 and certain maximum values, whereas
]/D oscillates between its value at z=0 and a certain
winimun value. The conclusion that )  has similar
variation with 2 a8 f whereas fo behaves oppositely
can be explained as follows. The temporal growth rate
increases with the pump intensity and the electron/ion
concentration, which in turn, decreaseSand increases
respectively with £f. In the paraxial region, the effect
of change of the pump intensity dominates and Yo decreases
with f. In the offaxial region, on the other hand, the

effect of change of the electron/ion concentration dominates

and hence '}1 increases with f.
However, the forementioned correlation is not

2 2 .
folloved evenly. In Fig.3.5, the graph for Eg=(E pu+EG)/2
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hae two peaks rather than a single peak within one
oscillatary unit of length. In the same figure, the
position of the graph for Ei = 2FL§t+ 1ls inverted as
compared to its position expected iﬁ view of the fore-
menbioned currelztlon. This Odd behaviour does not appear
3,k

in a collisionless plasma in which the electron-heating
does not take place87. 1% may theréfore be conéluded that
the increase in the electron temperature, induced by

the laser heam, has an effect to complicate the functional
dependence of the temporal growth rates, particularly

that of 7/ (SBS).

The temporal growth rates of SRS and SBS oscillate
with the propagation distance z and moreover décrease or
increase with the radial coordinate r. To have a numerical
appreciation of this spatial nonuniformity, the following
particular case may be useful., For E = (E wt Ezt+)/2
the ratios };mm/}%(zﬂ) y Ti(zno) /n&;n) ’

Yimiﬂ /Y,(z,_,a) are respectively 1.192, 0,32, 0,08 for SRS and
1.001, 0.96, 0.55 for SBS. These ratios are appreciably
different from unity and thereby indicate appreclable
nomuniformity in the temporal growth rates of SRS and SBS.

The time scale of.variation of the initial axial
intensity E% has been assumed here to be much larger than
the reciprocal of the electron collision frequency ]J""1 .

When it be not so, the electron-heating does not take place
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and the redistribution takes place due to the pondero-
motive farceu’ho rather than the nonuniform heating of
electrons. Sodha et a1.87 have analysed the temporal growths
of SRS, 8BS, two-plasmon decay and plasmon~phonon decay
in such a"collisionlésé‘ plasma. They have, however,
considered only a limited range of values of E% SO that
not all of the manifestations of the phenomenon of self-
foecusing are examined. Due to the absence of electron-
heating and restricted range of the parameters irnvolved,

87 results do not show any odd behaviour as seen in

their
the present analysis., Their results as well as results of
the present analysis show that the temporal growth rates
of SRS and SBS are enhanced if Eitgé_E% < E§t+' This
result is consistent with Cotter et al.'s ? result

that SRS is enhanced by external focusing of the pump

and Sodha et a.l.’s85 result that SRS is enhanced by self-

focusing of the pump.
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FiguI‘eS 301 - 3_07

Fig.3.1 'Growth rate parameter! ('g R o ﬁ) versus
tself focusing parameter! ‘{ ' Zr ).

In Figs. 3.2 = 3.’7,the number at the tip of a
graph denotas the initial pump intensity as follows:
2 _ 2 _ e 2 2 2
(1) B =B /2, (2) B2 =%, (3) B = (Bgp.+ Bop,)/2,

2

(4) By =B, , (5) B, = 2B.,,.

oo

Fig.3.2 Beamwlidth parameter f versus z for SRS,

Fig«3.3 Beamwidth parameter f versus z for SBS,

*

Flge3.ls Temporal growth rate Ya at r=0 versus z
for SES, |

Fig.3.5 Temporal growth rate )g at r=0 versus =z
for SBS,

Fig.3.6 Temporal growth rate Yi at r=0,01 cm

versus Z for SRS,

Fig.3.7 Temporal growth rate }/1 at r=0.01 enm

versus z for SBS,
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CHAPTER Y

ION ACOUSTIC SOLITONS IN AN EIRCTROMAGNETICALLY
TRBADIATED 1AGNET OPLASMA

This chapter presents an analysis of the influence
of an electromagnetic beam and an axial static magnetic
field on the ion acoustic gsolitons in a plasma. The
analysis is based primarily-on Zakharov and Kuznet50v'3107
investigation on the magnetically induced shape-~distartion
of an ion acoustic soliton and on Kaw and Nishikawa's108
investigation on the interaction of an ion accustie
soliton with an electromagnetic beam., In Sec.k.1, an
equation for the ion velocity has been deorived. In Sec.h.2,
the equation has been solved in the small velocity case108
Lo obtain thie solution representing a propagabting filamen-
tary electromagnetic beam., In Sec.k.3, the equation for the
ilon veloclty has bpeen reduced to a modified Kav equation
by .assuming that the ion motion is confined to some
specific direction. In Sec.4.4, the modified Kdv equatlion
has been solved in the perturbation approximation and
assuming the static magnetic field and electromagnetic field
to be weak., In Sec.4.5, a particular case has bheen
considered in which the electromagnetic beam is radially
Gaussian and undergoes self focu.s:i.nf;"5 on account of the

3l

ponderomotive force on electrons. In Sec.h.6, numerical

results along with a discussion hawe been presented.
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It i= dinferrecd from the present chapter that the
presence of a static magnetic field changesm7 the
transversc shape of the solitons. 4 hdmogeneous electbro-
magnetic beam does not destabilize the solitonsi it reduces
the amplitude, but nol the velocliby, of Lhe solibons.
However, any inhomogeneity in the electromagnetic field
inbensily does destabillize the lon acoustic sollitons;
albeit not to an appreciable extent for typical cases.

The present analysis explains the observed109’110 reguction
in the amplitude of ion acoustic solitons in the presence
of R¥ fields, but it does not explain the observed109’11o
reduction in the width and velocity of the solitcms, To
Interpret the experimental observations completely, it
would be necessary to solve the modified K&V egquation

without the perturbation approach employed in the present

" chapter.

4,1: Basic Eguations

The electric field B(¥, t) of an electromagnetic

beam propagating in a plasma obeys the wave equation3’u
2 , - —

(.L -~ — V% Ca;") E =0, (4-1)
9t

Here 4%ne sguare of the local plasma frequency is written

as
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A e . — L o e
W (T, 1) = 4T rt) e*/m = Ly N(Ft) /n,
2 2,
*:.:_(Qljo(j_..;. ST, f)/nn) = lop, + 8L (R, ¢),
_ (4-2)
where n, is the equilibrium electron concentration and
n, {F} t) is the perturbed electron concentration. The

solution of Eq. 4,1 may be expressed as

E(TH) =X EGFD) exp ({kz_ —i0t +i9(3‘3’:1‘)) ,

(4-3)
where the field emvelope &£ (T, t) and the phase 8 (T, &)
are real quantities and obey the coupled equations |

[iﬁ—c V2‘+2,ﬁ>( )+2 "k(gg) ( )1+c"(ve)'l

at

~+ SCQ,?‘ 1 €= o0, (4l
2. . [28)2.
[(22)—c'f%) —2{ok +@kH—(3)%
+C1(V6)'V}] £ =0 ; | (4.5)
the linear wavermuber is defined as
(4-¢)

The slowly varying electric field due to the beam

and ion acoustic solitonsg will be represented’ as usual

by (—‘VCP) + On neglecting the electron inertia and
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assuning the isothermal equation of state (i.e. P =nKg Te)s

the force equation in the quasi-steady state gives

eV — K Te V(lnn)—(&2me) VET =0 . (47)

. . . N
Here, the pressure of the static magnetic field Hoz
has been neglected under the assumption that G, & &,
where wc:lelﬂofmc. is the eleetron cyclotron freguency.

Bguablon 4.7 ylelds the Boltamann dis bribution1 08

N = M, exp (eso}ks'fc — g%e/aom GJ”'KB'T;). (4,3_)

(Deviation from the assumed isothermality of the electrons
10

will introduce half integral 3 powers of P in the

power series expansion of Xy, .), Foisson's equatlon then

bhecomes

S T |

(4+9)
where T (T, t) is the ion-concentration at (¥, t). The
continuity, momentum and pressurc ecquations for ions a.re1o3
S v (nV)=o0, (4.10)

X7 A — — I
T G9)T = S + Ve — T VP,
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and

° L @TFV)p + Y pUV =0 . (4r12)
ot '

Here V(r, t), M, Z.—::;l = QHO te)Me, T and p(F, %)

are the veloclty, mass, cyclotron frequency, temperature
a.nd_presswce of the ions respectively. In the prcoent
case of isothermal electrons, the free electron temperature
Tor is the same as Toe In Egeltel2, Y# P/HKE = 3 for
adiabatic ion motion.

For lung wavelength E};? Debiye length )3, =

(I(B*Té [ 4Ny, ez.) 112] and weak nonlinearity (&n, ﬁﬂu))
qu "1"9 yleldb

------ o= (A4 0y VZ)[ gmm’*x@‘e T Ny 2( ) -
(4-13)

Tne ion fiuld will be assumed to be c01d96 s0 that i?P =

0 and Bq. 4%.12 is not required. Eliminating < from
Bq.4a1T by using Eag. 4«13, the following equation is

obtained for the ion velocity.

-'3' V{a‘*‘ >‘1> L)[

+ KT e | KT (?'..._2

M me? M- e 3w\
~ —_—
-— \-{f i '-....'—_::..V)(&_)H . (11’11‘1)

: 107
Note that this equation does not have a 'divergence form! .

It thercfore implies that the ion momentum is, in general,
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not conserved. Consequently, unlike in the case of
absence of a static magnetic field, a soliton solution
can exist only if the ion motion is confined to some
particular directionw?. Also note that Eq.b.14 1s
coupled with Egs. %.10, L4 and 4.5. It is necessary to
get rid of this coupling between the equations, in

order to make the problem solvable.

Laees Emall Yelocity Case

It is instructive to consider first a particular
case lnvestigated by Kaw and Nishikawaws. Let Ho=0.
When the density perturbations are small (i.e. ng ong,)
and the field envelope & does not vary appreciably with
time, the electron density perturbations §1,(¥ 1)
follow the equation

[373 —(e T/ V* ] B0, == (KT /M) VZE?,
(4-15)

This equation describes an lon wave propagating in a

direction depending upon the ponderomotive force due to

the electromagnetic beam. Solutions corresponding to the

solitons propagating with a constant velocity T (with U&L ¢)

are obtained by introducing a new variablemB

-—

_.RT - r«——U‘t sz’lG)



M9

Equation 4,15 then gives

60 = — 82/ (1— 011/ KgTe ) C417)

and Eq.4%.5, to the first order approximation, yields
B = wR-U /@2———[)1). (4.1%)

Bubstituting the expressions 4,17 and 4%.10, Bgs Metg
glives
gvi__. GwUk——-zw‘-Uzr/& 4. s £ |
ct—u* N, (A— UM KR ) (c2-u)
11 £ =0 (4-19)

Equation 4.19 is a type of nonlinear Schrddinger .
11-15

equation Consider only the one dimensional version

of it,; and put
9L - - -
v“":'%i , U=3U_ and R= Y =3 (y— Ut),
| (4.20)
Then the solution of Eq.4.19, under the boundary condition

that the solution and its first derivative vanish at

R—> % =0, may be written as
| o
£ = [2@eUk —268U%er) (1= UM/ kT ) (Rofen )|
. 2 2.c2.142
cuch szuk 20 U/ ) Y ] (4.21)

ct- 152
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This solution represents a propagating filamentary electro-

. 108
magnetic beam .

L4.3: Modified K&V Hguation

In order to simplify Eg.h.14+, it will be assumed
that the waves described by this equation travel only
in some specific direction, say f + This arbitrary
direction 2 may be the direction of the stabic magnetic
fieldm? or the y a.x:i.s'108 depending upon whether Hi §> 89-
or Ho <€ €% . Tt will be moreover assumed that the
electric field intensity gl is already known so that
it need not be derived along with Eq.h.ik, and that
)\ivzgl & g"" + Following the arguments given by
Zakharov and Kuznetsovw?, it can be shown that

Wy 2§V L Mt Mpt s z]
°% 4 G- E‘-{;—)—[i-%——-—*z-l- Vo 1 Ve

Y >4 2 24 Zz LA
_EZ e* G Lo O (4.2.2.)
20 o>k, T, g
1 /2
where the ion speed ¢ == ( K T, /M) and
A A
Ay = L H, o [e, (4-23)

The analysis is greatly simplied by employing the

following dimensionless varia.bles% which form a coordinate
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A
system moving with velocity <51 .

1""”’3.5'&_ ?‘_""’ ?__..-f?
$ﬁ='”7gjﬁ ’ n (>:+1;)1n )

T A 2/ ~Af2 Vi

T = N LY G e i
20— £( e 7

and 2 . e2¢f ‘ C4.24)

2.
TSN
Then Eg. 4.22 can be written in the dimensionless form

W2y ruayt) =0, @)

L4,b: Perturbation Analysis

No analybicisolution of Bgq. L4.25 oxist#., However,

the Kav equation%
Yl :a‘“(w + 'az"- L) =o (.4-.24)

does have an analytiodsolution: the soliton solutionhﬂ%

W= @uz) seer* [ XM/ (4-2F)

where _2(*& (‘EI — )J,‘C) and {4 1s a parameler delermining
the amplitude, velocity and width of the soliton. It may
Pe assumed that it 1s possible to transform Eq. 4.295 into

Eg. 4%.26. This is possible if (bubt not only if) the
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following conditions are satisfied:

W= u+ v (4-29)
and

a3 .
v L 2uY 4 :Ef = YL:'U. +Y*. (4:30)

In the first order approximation, it will be assumed
‘ 2
that O ¥[eE =V ¢ U =0 , so that Eq. 4%.30 in
conjunction with Eqgs. 4,28 and 4.29, gives

W= Uty = (UF+7*)H C4-31)
' ’

50 that

Uy = (W5 y2)*2 (4.32)

The electromagnetic field intensity will be assumed to be
so small that 'yzag; [sz. Then

Yy o= Y5 aw (4-33)

In the second order approximation, Eq. 4.30 will be
written as

Yo 2, Y, =T (#-34)
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where

2.
Y,
1 2

2.___*_ b3 -
U7 = V"4 v, U —

Q,Y:?_

- Vv 2z 7 2 \H2
== ¥ v_u,; (WQ‘“‘Y ) 2

T /z,W . (ras)

Equation 4,34 yields
U, = ( wt— I—-.z.)i/’— (4.36)

Ly.5: Solf Focusing

In the presence of an inhomogeneous electromagnetic
beam, the electrons of the plasma experience a pondero-

motive f orce?‘ 428

and a beam with radially decreasing
intensity thereby gets self f.ocusedﬂl"5 as already discussed
in the previous chapters on laser self focusing. The
radial intensity profile of the beam will be considered

to be Gaussian, and only the ponderomotive force will be
considered as the nonlinear mechanism leading to the self

%928 of the dielectric

focusing. The nonlinear saturations?
constant will be neglected. It can then be shown that

Yl may be expressed in the form

Y= Y2 exp (— ¢/ fg_-) ) (4. 3F)
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where @ me (xtyy2)b? ]t, T, = mean beamwidth
at z=0, and the beamwidth parameter f(z) (for $&1 and
z L 2;) is glven by

£2 = 4 — 2z, (4-28)
2} = o (Wep) (@R — @) ae2e)

The ion acocustic waves will be assumed to be

travelling in the direction of propagation of the electro-
£

magnetic beam, ie. f = fz\. The static magnetic field
—

H, will be considered to be longitudinal, i.e.'ﬁ; = EHO,
80 that

An = cFfep = AMKyT/SHZ. (4ho)
Hence

2 2 1_1}7‘_____;(?\9‘-\-;\;) 2 o0 2 (wio 2y
v, (W) 2l ke g (WY

— A+t [2__ 2¢ gyl ]
rﬁf‘(w2- rz)ilﬂ— fe f?—(WQ_._YQ_) ,

(4 41)
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e I Y. et i —-
g% =55 Z> 4 ( }?zz 1

4,6: Results and Discussion

In the perturbation analysis, the magnetically induced
transverse inhomogeneity of the ion acoustic solitons has
been neglected in the absence of the electromagnetic field.
This type of inhomogeneity was earlier studied by
Zakharov and Kuznet30v107 and was shown not to destabilize
the ion acoustic solitons. The present treatment is
valid for the static megnetic fleld small enough to allow
the approximation ‘i_’l_%“ '(_[qﬂ)mc . Given this, it is
seen from Eq. %.32 that the presence of a homogeneous
electromagnetic field does not destablize the don acoustic
solitons; it reduces the amplitude, but not the velocity,
of the solitons. On the other hand, any inhomogenelty
in the electromagnetic field intensity destabilizes the
ion acoustic solitonsz; the ion acoustic waves are in the
strigtest sense no longer solitary waves, since they now
depend not only on 2{_&(2«—-,&'&) but also on § separately.
A positive spatial gradient in the electromagnetic field
enhances the amplitude of the ion acoustic solitons.

In order to illustrate the above analytical results,

the graphs of U, have been plotted in Figs., heotalt,3 for
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the followlng parameters:

Ny = 1017 cm-3,
e = o %,
Hy = 100 Gauss,
M/m = 2000,
A = 0.3,
52‘ = 101+ e:c'g/cm3 .
T, = 5 .chy
(D = 1013 rad/sec.
Figures Le1 -~ L3 give U2 versus X, < and § respectlvely.

These graphs, as expected, indicate that U2 falls off at
the focal point and increases with the radial distance.
For the typical parameters chosen, it is seen, however,
that in most of the regions, the solitons are not
perturbed appreciably and hence the destablization is not
significant. This implies the inherent stabllily of the

L
solitons against external perturbations93’9 .
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Figures 4.1 - 4,3

Fig.L.1

Fig.he2

Fig-)'i':3

U2 versus X = ( K —uT).
¢ =1 for (A) & O for (B & C).

z/ro = 0 for (A & B) & 2.8 for ().

U2 versus z/ro.

€ =1 for (4 &C) and 0 for (B & D & E).
X =0 for (4 &B) &1 for (C & D) &2 for
(B,

U2 versus g »
z/r0=0for (A& C &D&TF) & 2.8 for (B & B).

X =0 for (A &B) &1 for €) & 2 for (D & B)

& Y for (F).
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We have investigated how the presence of an electromagnetic beam and a static
magnetic field influences the ion-acoustic solitons in a plasma. A modified KAV
equation is derived in which the electromagnetic field plays the role of a source
term. By using the perturbation analysis technique, it is shown that a homo-
geneous electromagnetic beam does not destabilize the ion-acoustic solitons;
it reduces the amplitude, but not the velocity, of the solitons. However, any
inhomogeneity in the electromagnetic field intensity does destabilize the ion-
acoustic solitons; albeit not to an appreciable extent for typical cases.
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Abstract. The terporal growth rates of stimulated Ramon and Brillovin scuttering of a
solfufocused laser heam in a collisional plasma have been evafuated. The calcukaions
predict a considerable spatial nenuniformity in the scattering because of the temperature
and deusity gradicnts induced in the plasme on account af the nonuniformity of the
pump faser beam, :
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{Received § Beptember 1977 and in revised form 21 November 1977)

Following Akhmanov’s approach, self-focusing of a laser pulse 1) a transient
plasma has been studied. The beamwidth parameter and hence the laser in-
tensity and the frequency shift (time derivative of the phase) have been evaluated
an o function of time and the distance of propagation. It is seen that the time
dependence of the axial intensity changes appreciably as the pulse propagates.
The present investigation is restricted to a pulse whose incident intensity has
Gaussian radial dependence.
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Temporal growth of a parametric excitation by
a self-focused laser beam

LALIT A.PATEL
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The effect of self-focusing of the pump laser beam on the temporal growth of a parametric excitation
has been investinated in the paraxial region. The two equations for the sianal and idler modes have been
decoupled by assuming the near self-trapping condition and a linearly varying phase mismatch. By
employing the WKBJ approximation, it is found that the growth rate is a strong function of the radial
intensity inhomogeneity of the pump laser beam. The condition for validity of the first-order approxi-
mate theory employed here has been derived.



[Effect of nonlinear absorption on self-focusing of a laser
beam in a plasma®

M. 8. Sodha, L. A. Patel, and R. P. Sharma

Department of Physics, Indion Institute of Technology. New Delhi-110029, India
(Received 16 December 1977; accepted for publication 7 February 1978)

Coangidering bath the real and imaginary parte of the dielectric constant to he intensity dependent, we
have investigaied the self-focusing of a Gaussian laser beam in a plasma. The mechanism or nonlinearity
considered herein is the ponderomotive force or heating mainly determined by <ollisions of electrons with
heavier particles. An equation for the beamwidth parameter and an expression of the axial intensity have
been obtained in the WKB(J)} and paraxial approximations. It is seen that the effect of nonlinear
absorption on sclf-focusing is significant. Clonsideration of nonlincarity in absorption predictz focusing of o
laser beam (under certain conditions) even when the linear-absorption approximation would predict
defocusing of the beamn. The results reduce to the corresponding analytical results reported earlier, when
the intensity dependence of the dielectric constant is neglected. The technique adopted in the present
investigation for solving the wave equation in the presence of nonlinear absorption is equally applicable to
media other than a plasma, :
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Self induced transparency of a two-frequency pulse

Lalit A, Patel
Department of Physics, Indian Institute of Technology, New Delhi-110029, India

Received Ly Uctober 1977

Abstract

The 4wo modes of u two frequoncy olecotromagnotic pulsc aro parametrically
coupled in a medium, which is resonantly absorbing at these two froquencies. It is
found that the pulse can pass undistorted provided theinitial electric-field-amplitude
£y be large enough, and the effective refractive index (n; + dmha, nyf i, B0} be
the sare for both tho modes.



