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Editor’s Foreword

The problem of communicating in a coherent fashion recent developments
in the most exciting and active fields of physics continues to be with us.
The enormous growth in the number of physicists has tended to make
the familiar channels of communication considerably less effective. It has
become increasingly difficult for experts in a given field to keep up with
the current literature; the novice can only be confused. What is needed
is both a consistent account of a field and the presentation of a definite
“point of view” concerning it. Formal monographs cannot meet such a
need in a rapidly developing field, while the review article seems to have
fallen into disfavor. Indeed, it would seem that the people most actively
engaged in developing a given field are the people least likely to write at
length about it.

FRONTIERS IN PHYSICS was conceived in 1961 in an effort to im-
prove the situation in several ways. Leading physicists frequently give a
series of lectures, a graduate seminar, or a graduate course in their spe-
cial fields of interest. Such lectures serve to summarize the present status
of a rapidly developing field and may well constitute the only coherent



account available at the time. Often, notes on lectures exist (prepared
by the lecturer himself, by graduate students, or by postdoctoral fellows)
and are distributed in mimeographed form on a limited basis. One of the
principal purposes of the FRONTIERS IN PHYSICS Series is to make
such notes available to a wider audience of physicists.

It should be emphasized that lecture notes are necessarily rough and
informal, both in style and content; and those in the Series will prove no
exception. This is as it should be. One point of the Series is to offer new,
rapid, more informal, and, it is hoped, more effective ways for physicists
to teach one another. The point is lost if only elegant notes qualify.

The above words, written some twenty-five years ago, continue to be
applicable. During this period the field of laser plasma interactions has
emerged as a major sub-field of applied plasma physics. William Kruer has
been a leading contributor to our understanding of laser plasma physics.
He is thus especially well qualified to provide an introductory overview
of this important and active field. His book contains a clear, physically
motivated, description of the major physical processes which determine
the interaction of intense lightwaves with plasmas. It should thus prove
useful not only as a text for an introductory graduate course in plasma
physics, but as a reference book for all scientists interested in plasma
phenomena.

David Pines
Urbana, Illinois
August 1987



Preface

The subject of this book is the physics of laser plasma interactions. This
exciting field of applied plasma physics has received great stimulation
from nearly two decades of research in laser fusion. The field has been a
fruitful test bed for exploring a wide range of basic plasma phenomena,
including the excitation of plasma waves, generation and saturation of
plasma instabilities, and transport of intense heat fluxes. Numerous non-
linear effects have been characterized and observed in experiments, and
regimes of optimum coupling have been identified and tested. Hence this
book is of interest not only to those active in the use of high power lasers,
but also to scientists in many other fields where plasma phenomena are
involved.

My aim has been to give a clear, physically-motivated treatment of the
major processes. Since the subject is of interest to scientists with many dif-
ferent specialties, very little prior knowledge of plasma physics is assumed.
In Chapter 1, basic plasma concepts are introduced and a theoretical de-
scription of plasmas is developed. In Chapter 2, a complementary and very
useful numerical model of plasmas is presented. These two complementary



levels of description are then used to describe laser plasma interactions.
Chapters 3, 4, and 5 treat the linear theory of light wave propagation
in plasmas, including linear mode conversion into plasma waves and col-
lisional damping. The excitation of a variety of plasma instabilities by
intense light waves is then treated in Chapters 6, 7, and 8. In Chapters
9, 10, and 11, important nonlinear consequences of the various processes
are discussed using both simple theoretical models and computer simula-
tions. The physics of electron heat transport in laser-produced plasma is
discussed in Chapter 12. Finally, some experimental observations of the
various laser plasma processes are discussed in Chapter 13.

This manuscript is based on lectures given in a graduate course in the
Department of Applied Science of the University of California, Davis. A
detailed review of laser plasma interactions is beyond the scope of this
book. However, a broad cross-section of references to the literature is
given, particularly in those areas of very active research. Lastly, I do not
consider either implosion physics or the very rich topic of electromagnetic
waves in magnetized plasmas.

I am grateful to numerous colleagues with whom I have worked, and
especially to present and former members of the plasma physics group in
the laser fusion program at the Lawrence Livermore National Laboratory:
J. Albritton, J. Denavit, K. Estabrook, R. Faehl, D. Hewett, A. B. Lang-
don, B. Lasinski, W. Mead, C. Max, C. Randall, J. Thomson, E. Valeo and
E. Williams. I also thank many others for helpful comments on portions
of the manuscript, including J. M. Dawson, E. M. Campbell, H. Baldis,
R. P. Drake, T. L. Crystal, C. S. Liu, R. Turner, D. Phillion, M. Rosen,
J. DeGroot, J. Delettrez, L. Goldman, T. Tajima, and R. Lehmberg. I
acknowledge the encouragement of J. Nuckolls and J. Lindl. S. Auguadro
typed the original lecture notes. T. L. Crystal very ably produced the final
manuscript. He and A. Wylde provided just the right amount of support
and pressure to finish. I am grateful to the Lawrence Livermore National
Laboratory, and particularly to B. Quick and P. Brown for a variety of
assistance. Finally, I warmly thank my family for generously allowing me
to devote many evenings and weekends to this manuscript.
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CHAPTER 1

Basic Concepts and
Two-Fluid Description
of Plasmas

The study of the interaction of intense laser light with plasmas serves
as an excellent introduction to the field of plasma physics. Both the lin-
ear and nonlinear theory of plasma waves, instabilities and wave-particle
interactions are important for understanding the laser plasma coupling.
Indeed, the field is a veritable testing ground for many fundamental pro-
cesses. Numerous plasma effects have now been observed in laser plasma
experiments, and many challenging problems remain to be understood.

Since laser plasma interactions are of interest to scientists from many
different fields of expertise, little prior background in plasma physics will
be assumed. Even for those with plasma experience, it can be very in-
structive and refreshing to begin from the basics and examine a field of
applications. Two levels of description will be used — a theoretical one
based on the two-fluid theory of plasmas and a numerical one based on
particle simulation codes. These two descriptions both reinforce and com-
plement one another. For example, the particle simulations allow one to
both test the theory and develop some understanding of the nonlinear
effects.



2 1 Basic Concepts

1.1 BASIC PLASMA CONCEPTS

Let’s begin. A plasma is basically just a system of N charges which are cou-
pled to one another via their self-consistent electric and magnetic fields.
Consider then following the evolution of these N charges. Even neglecting
magnetic fields and electromagnetic waves, we must in principle solve 6N
coupled equations:

mit; = ¢ E(ry)

E(r) =) % (ri — 1;).

Here m;, ¢; and r; are the mass, charge and position of the i*! particle,
and E is the electrostatic field. This is clearly an unpromising approach
if a nontrivial number of charges is considered.

Fortunately a very great simplification is possible if we focus our at-
tention on collisionless plasma behavior. We can decompose the electric
field into two fields (E; and E;) which have distinct spatial scales. The
field E; has spatial variations on a scale length much less than the so-
called electron Debye length, which is the length over which the field of
an individual charge is shielded out by the response of the surrounding
charges. E; represents the rapidly fluctuating microfield due to multiple
and random encounters (collisions) among the discrete charges. In con-
trast, E; represents the field due to deviations from charge neutrality over
space scales greater than or comparable to the Debye length. This field
gives rise to “collective” or coherent motion of the charges.

We thus have a natural separation into collisional and collective be-
havior. Not surprisingly, the collisional behavior becomes negligible when
the number of electrons in a sphere with a radius equal to the electron
Debye length becomes very large. To motivate this, let us carry out a sim-
ple calculation of electron scattering by ions. As illustrated in Fig. 1.1,
we consider an electron with velocity v, mass m and charge e streaming
past an ion with charge Ze. The distance of closest approach is b. The
electron undergoes a change in velocity Av which is approximately

=25 (%),

which is just the maximum electrostatic force times the interaction time
(~ 2b/v). If we assume many randomly spaced ions, (Av) = 0, where
the brackets denote an average. However, there is a change in the mean
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square velocity. This average rate of change is given by (Av)? times the
rate of encounters, which is n; o v. Here n; is the ion density and o is the
cross-section of impact. Summing over all encounters gives

%((Av)z) = /27rbdbn,~v(Av)2.

If we substitute for Av and integrate over impact parameters, we obtain

L 72,4
((Av)z) _ 8mn; Z%e lnAt’

m2v

where A is the ratio of the maximum and minimum impact parame-
ters (bmax and bmip). The maximum impact parameter is approxi-
mately the electron Debye length, since other electrons in the plasma
shield out the Coulomb potential over this distance. The minimum im-
pact parameter is the larger of either the classical distance of closest
approach (b, ~ Ze?/mv?) or the DeBroglie wavelength of the electron
(bmin = h/mv), where h is Planck’s constant. Using the first, the distance
of closest approach, we have A ~ 9Np/Z, where Np is the number of
electrons in a Debye sphere. In particular Np = §1r ne)\%e, where n, is
the electron density and Ape is the electron Debye length. This important
length will be derived later in this chapter.

It is convenient to define a ninety-degree deflection time (tggo) by the
condition that the root-mean-square change in velocity becomes as large
as the velocity. Hence

fors — m2v3
%° = 8rn; 2%¢* InA
Averaging over a Maxwellian distribution of velocities then provides us

with a convenient measure of the mean rate (rgoc = 1/tggo) at which
electron-ion collisions scatter electrons through a large angle:

87 n; Z%¢* InA
Vgge = m—— . (1.1)

Here ve = 4/0./m is the electron thermal velocity and . is the electron
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b

lZe

Figure 1.1  An electron is deflected as it streams past an ion.

temperature. We note that

VgQe —~ ZInA L
wpe 10 Np’

where wpe is the electron plasma frequency, which we will see is a fre-
quency characteristic of collective electron motion.

The important point we wish to make is now apparent. The fine scale,
collisional interactions can be neglected to zeroth order in the parameter
1/Np. If we express the electron density in cm™2 and the electron tem-
perature in eV, then Np = 1.7 x 10° (Gg/ne)l/z. Np can be very large
even in a rather dense plasma, provided the electron temperature is high.
For example, if n, = 102! cm™3 and 6, = 1 keV, Np =~ 1700. In the
collisionless limit (Np — co), the fine scale fluctuating microfields associ-
ated with discrete charges are completely negligible. The plasma behavior
can then be investigated by solving for the motion of the charges in the
smoothed or coarse-grained fields which arise from the collective motion
of large numbers of charges.

We will develop two parallel levels of description for the collective be-
havior. One level is analytical. Starting from the Vlasov equation, we will
derive moment (fluid-like) equations for the electrons and ions by averag-
ing over the velocities of the charges. This so-called two-fluid description
will then be used extensively to describe a wide variety of laser plasma
interactions. The second level of description is numerical: the use of par-
ticle simulations. These simulations are a powerful tool for investigating
nonlinear effects and kinetic effects (effects which depend on the details
of the velocity distribution of the particles).
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1.2 THE VLASOV EQUATION

The natural starting point for describing the evolution of a collisionless
plasma. is the Vlasov equation. We first introduce the phase space distri-
bution function f;(x, v,t). This is simply the function which characterizes
the location of the particles of species j in phase space (x, v) as a function
of time. Knowing the laws of motion, we can readily derive an equation for
fi(x,v,t). Since particles are assumed to be neither created nor destroyed
as they move from one location in phase space to another (no ionization
or recombination), f;(x, v,t) must obey the continuity equation:

% 2 xf)+ 4 (555) = 0. (1.2

From the laws of motions, we have

X =V
\?=ﬂ(E+VXB), (1.3)
m; c

where g; and m; are the charge and mass of the j* species and E and
B are the coarse-grained fields associated with the collective behavior.
Noting that x and v are independent variables and substituting Eq. (1.3)
into Eq. (1.2), we arrive at the Vlasov equation:

of; Of; 4 vxB ofi _
Ve T (B se = 0. (19

This equation simply says that f;(x(t),v(t),t) is a constant; i.e., the
phase space density is conserved following a dynamical trajectory. Such
an equation applies to each charge species in the plasma.

The Vlasov equation, augmented with Maxwell’s equations, is a com-
plete description of collisionless plasma behavior. In practice, we need a
more tractable description which can be obtained by averaging over the
velocities of the individual particles. By taking different velocity moments
of the Vlasov equation, we can derive equations for the evolution in space
and time of the density, mean velocity, and pressure of each species. As
we will see, each moment brings in the next higher moment, generating an
infinite set of moment equations. However, we can fortunately truncate
the series of equations by introducing assumptions about the heat flow.
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1.3 THE MOMENT EQUATIONS

Let us now derive the moment equations and motivate their truncation.
First, we note that the density (n;), mean velocity (u;), and pressure
tensor (gj) are determined by averaging the various moments of the phase
space distribution function over velocities:

nj = / fi(x,v,t) dv (1.5)
nju; = /vfj(x,v,t) dv (1.6)
E,=my /(V—ua')(v—“j) filx,v,t) dv . (1.7)

In deriving the moment equations, we will suppress the subscript 7,
since it is clear that these equations will apply to each charge species.
Averaging the Vlasov equation over velocity gives

B
/dv[%+v-%+—:;(E+vi )-g]=0. (1.8)

The first two terms in Eq. (1.8) give

of On

/“a—a
of of
/dvv-& = /dvzi:v,'a—mi

The third term in Eq. (1.8) vanishes, as can be seen by integrating by

parts and noting that f — 0 as |[v|] — oo. Hence the first moment of the

Vlasov equation gives the continuity equation for the particle density:
?—;+%-(nu) =0. (1.9)

The next moment of the Vlasov equation is

of af q vxBy Of | _
/dvv[§+v-&+;(E+ : )-——]_0. (1.10)
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The first term in Eq. (1.10) is straightforward:

of 1)
/dvvﬁ = anu.

The second term gives

/dvvv-g

Flo ¥

/dvvvf
(E + ).

This result is readily obtained by rewriting the integral as

/dv(v—u+u)(v—u+u)f = -7% + nuu,
since [ (v —u) f dv = 0. Evaluation of the last term in Eq. (1.10) yields

Jarvie e 2R) 5 e 2R).

ov

where we have integrated by parts. Collecting the above terms, we obtain
the equation of motion for the charged fluid:

_— —_—

B o P
—) x m’

—a—(nu) + —?—-(nuu) = %n—q(E +

o . (1.11)

It is convenient to rewrite the first two terms of Eq. (1.11) using the
continuity equation and to assume that the pressure is isotropic, i.e.,
E = Lp where [ is the unit dyad. Then

Su du ng

uxB 1 dp
)_E&‘ (1.12)

(&

Observe that each moment brings in the next higher one. The continu-
ity equation for the density involves the mean velocity; the force equation
for the velocity brings in the pressure. The next moment will give us an
equation for the pressure (energy density) which involves the heat flow.
Continuing, we would end up with an infinite set of coupled equations,
hardly a practical description.
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Fortunately, we can truncate the moment equations by making various
assumptions about the heat flow, which gives us a so-called equation of
state. The simplest assumption is that the heat flow is so rapid that the
temperature of the charged fluid is a constant. In this case, we have the
isothermal equation of state: p = n#, where the temperature 8 is a
constant. This equation of state, plus the continuity and force equations
for the fluid, and Maxwell’s equations form a closed description.

The isothermal equation of state is appropriate when w/k < wy,
where w and k are the frequency and wave number characteristic of the
physical process being considered and v; is the thermal velocity of the
particles. In the opposite limit (w/k > v;) we can simply neglect the
heat flow. This assumption leads to an adiabatic equation of state, which
we will now derive.

To obtain an equation for the pressure, we multiply the Vlasov equa-
tion by the kinetic energy and average over velocity:

muv? af of
3 dv [—— + v-ax

VXB)-%] = 0. (1.13)

(E +
At this point, let us specialize to one-dimension to simplify the algebra.
The first term can be written as

mgt-/‘f(v—u+u)2d'v=

%(p + nmu?).

N =

The next term in Eq. (1.13) gives

Q 39 md,
2ax/f voutu)ldv = Gn 4 g o up) + 350000,

where Q = (m/2) (v — u)® f dv. The final term in Eq. (1.13) is simply

9 25% g, =
2/anvdv— nquk .

Collecting terms, we obtain

39 19 3 . 0Q
= — = E. (1.14
59 —(u p)+2&c(nmu)+ qnu (1.14)

2
(p+nmu )+2 P
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A great deal of simplification results from the use of the lower moment
equations. In particular,

i} (nmuz) _ mu? 9n + nmu®

ot \ 2 T2 ot ot

Using Egs. (1.9) and (1.12), substituting into Eq. (1.14), and cancelling
terms gives

dp Op 0Q
% T a+36—+25—'0' (1.15)

To obtain the adiabatic equation of state, we neglect the heat flow.
This assumes that 8Q/8z is much less than the other terms in Eq. (1.15).
For example, demanding that dQ/9z < dp/dt gives wp > k Q, where w
and k are a frequency and wavenumber characteristic of the process being
considered. Clearly @ < Qmax ~ n6v;, where v; is the thermal velocity.
Hence, to neglect heat flow it is sufficient to assume that w/k > v,.

With this assumption, Eq. (1.15) reduces to

dp ap du _
% Tup T35 =0 (1.16)

The continuity equation allows us to express du/Jz as

% (%+u5az-)]nn. (1.17)

Substituting Eq. (1.17) into Eq. (1.16) gives

Gy - (o) mr -,

or
o I\ p

This equation shows that, following the plasma flow, p/n® = constant,

which is the adiabatic equation of state for motion with one degree of

freedom. This equation of state is readily generalized to p/n” = constant,

where v = (2+ N)/N and N is the number of degrees of freedom.
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1.4 THE TWO-FLUID DESCRIPTION OF PLASMA

Finally let us summarize the fluid equations, which we have derived by
taking moments with respect to velocity of the Vlasov equation. The first
two equations are the continuity and force equations for the density and
mean velocity of particles with charge ¢; and mass m;.

on; 53]
ou; ou; n;q; u; xB 1 38p;
(G tw ) = B2 (B4 5 ) - e 20)

The pressure of each charged fluid is related to its density by an equation
of state, which depends on the characteristic frequency (w) and wavenum-
ber (k) of the process being considered. When w/k < vj, the isothermal
equation of state is valid:

P = n;0; (1.21)

where 6; is the constant value of the temperature and v; = /0;/m;.
When w/k > vj, the adiabatic equation of state obtains:

”—Z, = constant , (1.22)
"
where v = (2 + N)/N and N is the number of degrees of freedom.
When w/k ~ vj, the details of the velocity distribution of the charges are
important. The fluid description is then inadequate, and we must return
to the Vlasov equation.

For a plasma composed of electrons and one species of ions, Egs. (1.19-
1.22) constitute the well-known two-fluid model. This description is com-
pleted by Maxwell’s equations, which relate the electric and magnetic
fields to the charge and current densities of the plasma. In cgs units,
Maxwell’s equations are

V.E = 4np (1.23)
V.B =0 (1.24)
1B
- _108 1.25
Vx E c ot ( )
vxB = 2Ty 4 LB (1.26)
c ot

where p = 3. njgj, J = >; nj v , and c is the velocity of light.



1.5 Plasma Waves 11

1.5 PLASMA WAVES

Using the two fluid model (the electrons as one fluid, the ions as the
other), we can investigate a wide range of plasma behavior. A character-
istic feature of a plasma is its ability to support waves or collective modes
of interaction. In the simplest case, these waves correspond to charge den-
sity fluctuations at a characteristic frequency determined by the electrons
and/or the ions. In a plasma with no large imposed magnetic fields, there
are two such plasma waves: a high frequency one called an electron plasma
wave and a low frequency one called an ion acoustic wave.

Let us first investigate the high frequency charge density fluctuations
associated with the motion of the electrons. Because this is a high fre-
quency oscillation, we can treat the massive ions as an immobile, uniform,
neutralizing background with density ng;. Since the wave is electrostatic
and the relevant electron motion is along the wave vector (taken to be in
the z-direction), a one-dimensional treatment suffices. The equations for
an electron fluid with density n., mean velocity u., and pressure p. then

are 5 s
Ne _
'—at— + %(neue) =0 (1'27)
a 9 2y _  neek 1 Jp.
at(neue) + % (neus) = T e 9e (1.28)
Z—E = constant . (1.29)

We are using the adiabatic equation of state under the assumption that
the wave has a phase velocity w/k >> ve, the electron thermal velocity.
It is straightforward to develop an equation for the fluctuations in
electron density. First we take a time derivative of Eq. (1.27), a spatial
derivative of Eq. (1.28), and eliminate the term 8% nou./8tdz to obtain

n, 8 2y €0 1 &p.

e et (heve) — (e -

We then use Poisson’s equation to relate the electric field to the density:

OF
oz
where Z is the charge state of the ions.

We next consider small amplitude perturbations in density, velocity
and electric field and linearize the equations, i.e., ignore products of the

e =0 (130)

= —4me (ne - an') , (1.31)
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perturbations. If we let n, = ng+#n, ue = @, pe = ngh + p , and
E = FE, Egs. (1.29-1.31) give

P =3mvin (1.32)
OE _ 47 e 1.33
9 wen (1.33)

__:__*_—zo. (1.34)

Substitution of Eqgs. (1.32-1.33) into Eq. (1.34) then gives a wave equation
describing the small amplitude fluctuations in electron density:

3* 3*
(W—3v§w+w§e)ﬁ=0, (1.35)

where wpe = /4T e2ng/m, is the electron plasma frequency for a plasma

with electron density ng = Z ng;. If the density is expressed in units of

cm™3, then Wpe = 5.64 x 104 n;/z.

Looking for a wave-like solution (7 ~ e'**~¢“%) we readily obtain
from Eq. (1.35) the dispersion relation for electron plasma oscillations:

Ww? = wge + 3k%2. (1.36)

Note that the frequency of these waves is essentially wpe, the electron
plasma frequency, with a small thermal correction dependent on wavenum-
ber. If kinetic effects are allowed, there will also be a small damping or
growth depending on the details of the electron distribution function for
velocities near the phase velocity of the wave. This damping will be dis-
cussed in Chapter 9.

A plasma will also support charge density oscillations at a much lower
frequency determined by the ion inertia. To investigate these oscillations,
we need to consider the motion of both the electron and the ion fluids.
Since the frequency of these oscillations is much less than the character-
istic frequency with which electrons respond (wpe), We can neglect the
inertia of the electrons; i.e., neglect the electron mass. If we again con-
sider motion only along the direction of propagation (taken to be the x
direction), the force equation for the electron fluid reduces to

neeE = — Ope . (1.37)
oz
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Since w/k < ve, the electrons are described by the isothermal equation of
state: pe = nef.. Substituting pe into Eq. (1.37) and letting n, = ng + e
and E = E, we obtain the linearized equation:

~ on
noeB = — 0, 2o (1.38)
oz
where ng is the uniform unperturbed density of the electrons.

The equations for the ion fluid with density n;, mean velocity u;, and

pressure p; are

on; o
haid —(nw;) = 1.39
o+ go(mw) = 0 (1.39)
gt—(n,u,) + a—x(n,uz ﬁn, E -M— o (1.40)
p_; = constant ,
n;

where Z is the charge state and M the mass of the ions. We use the
adiabatic equation of state for the ions under the assumption that w/k >
v;, the ion thermal velocity. To derive an equation for the evolution of the
ion density, we proceed as before. Take a time derivative of Eq. (1.39), a
spatial derivative of Eq. (1.40), and eliminate 8%n;u;/8t0z to obtain

n; 3, , Ze 8 1 3%p;
o~ o)+ 37 5 (M E) ~ 37 B

—0. (1.41)

We now take n; = (no/Z) + fi;, u; = @;, p; = pio+Dbi,and E = E, where
the superscript denotes small perturbation; further, p; = 36;7;, where 6;
is the ion temperature. Substituting these expressions into Eq. (1.41) and
neglecting products of the perturbed quantities, we obtain

n; Zeng OE 30; 9%,
e T M e Mo (1.42)

A wave equation for the fluctuations in ion density is now readily obtained

by substituting from Eq. (1.38) into Eq. (1.42) and noting that i, ~ Z 7;,

since the electrons closely follow the slow motion of the massive ions:
%n;  Z0.+ 36; O*n;

o o 55 = 0. (1.43)
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If we search for wave-like solutions (7i; ~ €' ¥*~t“t) Eq. (1.43) readily
gives the dispersion relation for ion acoustic waves:

w = *+kus, (1.44)

where vs = /(26 + 36;)/M is called the ion-sound velocity. These low
frequency waves are the analogue of sound waves in an ordinary gas.
The ions provide the inertia, and fluctuations in the pressure provide the
restoring force. The electron pressure fluctuations are transmitted to the
ions by the electric field. If kinetic effects are allowed, there is a damping
due to both the electrons and the ions as will be discussed later in Chapter
9. This damping is small provided that w/k > v;, which requires that
Z0. > 6;. The assumption of quasi-neutrality requires that kAp. < 1.

1.6 DEBYE SHIELDING

Finally, it is instructive to show how a plasma modifies or shields the elec-
tric field of a discrete charge. We place a charge ¢ at rest in a plasma with
an initially uniform electron density ng and treat the ions as a fixed, neu-
tralizing background. The electrical potential (E = — V¢) is determined
by Poisson’s equation:

Vg = —4nqb(x) + 4me(ne — ng), (1.45)

where the charge is located at r = 0 for convenience. In the static limit,
the force equation for the electron fluid reduces to

neekE = —6. Vn,,

where an isothermal equation of state has been used i.e., p. = ne fe,
where 0, is the electron temperature. Since E = — V¢, the electron
density then is
eg
Ne = Mg exp(—) . (1.46)
O

Noting that e¢/6. < 1, we expand the exponential in Eq. (1.46) and
substitute n. into Eq. (1.45) to obtain

Vi — A% — _4rqéx), (1.47)
De
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where Ape = 1/0./4 7 ng €2 defines the electron Debye length. If 6, is ex-
pressed in units of ev and np in units of cm™3, Ape = 743 (6e/no)'/2.
Equation (1.47) is easily solved by Fourier-transforming and then invert-
ing, which gives

¢ = (;1 exp(— r) . (1.48)

/\De
The solution is readily verified by direct substitution. This result demon-
strates an important feature of a plasma alluded to earlier in this Chapter.
The plasma electrons shield out the field of a discrete charge in a charac-
teristic distance which is Ape. In general, the ions also contribute to the
shielding.
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CHAPTER 2

Computer Simulation
of Plasmas
Using Particle Codes

Having considered a theoretical description in which the plasma is treated
as two charged fluids, let us introduce a complementary numerical descrip-
tion of plasma behavior using particle codes [1-12]. Computer simulation
of plasma using particle codes is a very direct and powerful approach, par-
ticularly for investigating kinetic and/or nonlinear effects. The approach
is extremely simple: numerically follow the motion of a large collection
of charges in their self-consistent electric and magnetic fields. The basic
cycle is illustrated in Fig. 2.1. From the positions and velocities at any
given time, compute the charge and current densities on a spatial grid
sufficiently fine to resolve the collective behavior. Using these charge and
current densities, next compute the self-consistent electric and magnetic
fields via Maxwell’s equations. Then use these fields in the equations of
motion to advance the positions and velocities of the charges. Finally, con-
tinue around this basic cycle with a time step sufficiently small to resolve
the highest frequency in the problem (which is often the electron plasma
frequency).

17
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{g.e} {>g}

~__ ~

Figure 2.1 The basic cycle of a particle simulation code.

{x.x}

Again, what makes this approach viable is that we are investigating
the collective behavior which occurs on a space scale greater than or com-
parable to the electron Debye length rather than the fine scale fluctuating
microfield associated with discrete particle collisions. As we have discussed
in Chapter 1, these microfields can be systematically ignored in a collision-
less plasma (i.e., when the number of particles in a Debye sphere is much
greater than one). This is fortunate since it would be extremely difficult
in practice to use a spatial grid fine enough to resolve these microfields,
which occur on space scales even less than the interparticle spacing,.

Alternatively, we can view our approach as using “finite-size” charges
(of size a). It is physically obvious that the behavior of a collection of such
charges is the same (with minor modifications) as the behavior of point
charges for scale lengths ! > q, but fluctuations with scale lengths | < a
are suppressed. By choosing a ~ Ape (the electron Debye length), we
thus achieve with a “trick” what nature does with the use of an enormous
number of particles i.e., smooth out the fine scale length microfields.

From a computational viewpoint, a particle code is remarkably sim-
ple. The reader can easily write his/her own code. We will first discuss
the basic ingredients. Then a very simple code will be presented. This
code, and modifications easily made, will be very useful to test theoret-
ical calculations and to investigate various nonlinear effects not readily
amenable to analytic treatment.
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2.1 BASIC INGREDIENTS OF A PARTICLE CODE

Discussion of a very simple but useful particle code will suffice to illustrate
the basic ingredients of all such codes. We treat the ions as a fixed, neu-
tralizing background, assume no imposed magnetic fields, and consider
only electrostatic fields. In this electrostatic limit, the magnetic field gen-
erated by plasma currents is negligible, and Maxwell’s equations reduce
to Poisson’s equation, V - E = 47 p. Here E is the electric field, p is the
charge density, and cgs units are used. Variations are allowed in only one
direction, and periodic boundary conditions are adopted.

Our first task is to compute the charge density. Our system extends
from 0 to L, as shown in Fig. 2.2. We divide this system into NC cells and
for convenience take the cell size (§) to be unity (i.e., L = NC). The grid
points are identified as the integer values of the position, augmented by
1 so that the counting begins with 1. Note that the NC + 1% grid point
is then identical with the first, due to the assumed periodic boundary
conditions. Given the position of the charge, many schemes can be used
to assign it to the spatial grid. For example, we could just assign the
charge to its nearest grid point location. A better scheme is to share the
charge between its two nearest grid points. For a charge located a distance
Az to the right of the it" grid point, we then have

Ap(i) = q(1 - Ag)
Ap(i+1) = qAz,

where Ap is the increment to the charge density.

Having assigned the charges and determined the charge density on
the spatial grid, we next determine the self-consistent electric field using
Poisson’s equation:

OF
% =47l'p.

The simplest approach is to finite-difference Poisson’s equation,

E(i+1) = EG) + 4w5[w].

An alternative approach is to Fourier transform the charge density, use
Poisson’s equation to find E;, (i¢k E;, = 4w p;), and invert the transform
to determine the electric field on the spatial grid.
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celln celin+|

Figure 2.2 The charge sharing scheme for finite-size particles.

The last step in the basic cycle is to use the electric field to move the
particles. The electrical force is assigned from the grid to the individual
particles using the same scheme chosen to assign the charges to the grid.
For example, considering a particle a distance Az to the right of the it
grid point and using linear interpolation, we obtain for the force F on the
particle

F = qE(i)[1 — Az] + gE(i+1)Az.

The velocity (v) and position (z) of each particle are then advanced At
in time using a “leap frog” algorithm, i.e.,

,Un+1/2 - vn—1/2 + Fn At
wn+l = 2" 4+ vn+l/2 At .

The superscripts denote time step. By defining x and v one-half time step
apart, we achieve second-order accuracy in the time step. In the initial
conditions, z and v are defined at the same time (¢ = 0), but it is straight-
forward to then displace the velocities backward in time using the force
att=0.

The plasma evolution is computed by simply continuing around the
basic cycle using a time step small enough to resolve the characteristic
oscillations of the plasma. As discussed in Chapter 1, in this electrostatic
limit, the highest frequency oscillation has a frequency near wp,, the elec-
tron plasma frequency. Hence a time step of about 0.2 w;el is commonly
used. Of course, it is also necessary to resolve the scale lengths character-
istic of the collective behavior. Hence a grid size of about Ap, is commonly
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used. It is interesting to note that a numerical instability would be intro-
duced if Ap. were chosen to be a small fraction of the grid size [13]. This
instability is due to aliasing, which arises from the fact that on the grid a
disturbance with wave number k& cannot be distinguished from spurious
ones with wavenumbers k + 27 n/é, where § is the grid spacing and n is
an integer.

2.2 A 1-D ELECTROSTATIC PARTICLE CODE

As is now apparent, a particle code is quite straightforward from a compu-
tational viewpoint. Of course, particle codes become more complex when
the full set of Maxwell’s equations is allowed and magnetic fields act on
the particles. But the basic concepts are the same: use of a spatial grid,
the spacing of which is chosen to resolve the collective behavior, and the
mapping between the discrete grid and the particles. To further illustrate
the ideas, a specific 1-D electrostatic particle code will be presented. For
tutorial purposes, the code has intentionally been kept in a form which is
easily deciphered. Before presenting this code, it is helpful to briefly dis-
cuss two topics: the dimensionless units chosen and the finite-difference
solution of Poisson’s equation.
The basic equations under consideration are:

dv __eE
dt m
dz _

a Y
OF

= —4me(n — nay),

where n,, is the density of the fixed ion background and n is the den-
sity of the simulation electrons with charge e and mass m. We choose
dimensionless variables in the following way:

t' = wpet
’ r
T = —
é
‘Ul = Y
Wpe 6
E

4mengd’
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where § = L (system size)/NC (the number of cells), n,y = NP (the
number of simulation particles)/L, and wpe = (47 nay €2/m)1/2. In these
variables, the equations become

dv’ ,

@ - F

dz’ ,

@ =

dE’ 1

& T TNy T Nl

Here N = né is the number of particles initially assigned to each cell
and Nav = naé = NP/NC. In terms of these variables, the total
energy (TE) of the system is

NP m NC E2
— 2
=1 =1
mw? 62 NP NC
TE = —F— Sl + Ny > B

The finite-difference solution to Poisson’s equation is also straightfor-
ward. Defining a normalized charge density RH, we have

o

ox'

After the charges are assigned to the grid, we know RH(Z), (i = 1,NC).
Dropping the prime notation and taking 6 = 1 then gives

= RH.

E(i+1) = E() + 3 [RHG+1) + RHG) .

Considering only periodic boundary conditions imposes the constraint
that E(NC +1) = E(1).

Our procedure is to first solve for E(1), using the condition that the
spatially-averaged electric field is zero i.e.,

NC
> EG) =0.
i=1
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For j > 1,

7—1
E(j) = EQ1) + Y_ % [RH(i) + RH(i+1)] .

=1

Substituting, we obtain

"E(1) + Z{ ) + 2—: % [RH(i) + RH(i+1)]} =0.

j=2 =1
Hence
NC j-1 1
NC x EQ) = - > Y 5 [RH()) + RH(i+1)] .
=2 i=1

Since j is simply a counting variable, we let ;' = j — 1 to obtain

NC j—1 NCc-1 j§

22 =2 2

i=2 i=1 =1 =1

Note that we can add the ;7 = NC term since by charge neutrality the
spatially-averaged charge density vanishes ( f;‘f RH (i) = 0). Hence

NC x EQ1) = E Z [RH(:) + RH(i+1)] .
=1 i=1

With E(1) determined, each of the E(3) is readily found.

A Fortran implementation of the code is presented in Fig. 2.3. The
coding is self-explanatory; many comment cards are included. Arrays z
and v have dimensions corresponding to the number of particles NP and
arrays RH and E have dimensions corresponding to the number of cells
NC. For clarity of presentation, various optimization techniques, such
as time normalization in units of At, have not been exploited. The cells
to which a given particle is assigned are determined by truncation of its
position using fixed-point arithmetic conversion. Prior to entering the ba-
sic cycle, the particles are initialized to represent the initial state of the
plasma for the problem under consideration. The most common diagnos-
tics are the temporal evolution of the electrostatic and kinetic energies,
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PROGAAM RAIN(INPUT, HSP)
CALL KEEPBB(1

ONE DIMENSIONAL PAATICLE SIMULATION

PEAIODIC BOUNDAAY CONDITIONS

FI1XED 10NS

NC IS THE NUMBER OF CELLS

NP 1S THE NUMBER OF ELECTAONS

THESE ARRRAYS ARE OF SI2E NP
DIMENSION X(10608) VIt10008)

THESE ARRAYS ARE OF SIZE NC (PLUS 1)

DIMENSION AH(39#) E(388)

THESE ARRAYS ARE OF SIZE MEND
DIMENSION EE(1388), E%("ﬂ') TEL19

ARRAY OF SIZE MEND OR
DIMENSION PL(IIIII

GIVE INPUT DATA

WAITE (59,21

21 FORMAT(" GXVE NC, NP, MP IN 15")
READ(59, 22} NC,NP,MP

22 FORMAT (315)
WRITE(69,23) NC,NP, MP

23 FORMAT(" NC = " 1§/" NP =
116/° MP = “ 15)
WRITE (59,24)

24 FORMAT(" GIVE VTE, DT TEND IN F8.5")
READ|5‘.261 VTE DT ND

25 FORMAT {3F

6o 0 6 6 600000

D
26 FORMATI“ VIE = 945/" DT = “,F9.5/
1" TEND = FO 5
CALL SEYCH(' LA, 1,8,0.90
E(180,23) NC, NF MP
26) VTE, DT TEND

CALL FRAME
ANC=NC
NC1=NC+ 1
ANP=NP
ANORM'ANC/ANP

Kl"
Li=§
Mi1=g
NDT=1./DT
ND1=NDT-1
MEND=TEND+8.1
C SET PLOTTING ARRAY
MPLOT=MEND
IF (NC.GT.MPLOT}) MPLOYINC
DO 3"! 121, MPLO

kS LA PLII)'A!
AK126.2832/ANC
INITIALIZE THE PARTICLES
MAKE SUAE PARTICLES IN SYSTEM
0 1 l'| NP
Al=]-.
Xill’A|'ANDRM
IF (X(I).LT.B.) X(I}=X(T)+ANC
IF {X11}.GE.ANC) X{1)EX(1)-ANC
1 CONTINUE
VB=g.
DO 2 i=1 NP
VB=-~-VB
CALL RANODUM{IVV)
VII)=VTES VV+ VR
lNlTlALLV ASSIGN THE CHARGE TO THE GRID
T=1,NCH
3 RH(I)=9.
DA

oo

o

3

DX=X (1) -AN

COUNTING FROM 1 TO NC
NENs 1

MEN+ 1

AHIN)=AH(N) -1.%(1.-DX)

RH (M) =AH (M) -DX

CONTINUE

CONTINUE

RH(1)=RH{ 1) +RH(NC+ 1)

C ADD IN CHARGE OF UNIFORMLY SPACED IONS
00 6 1=1,NC
RH(I}=RH{T)+ANP/ANC

6 AH{1)=RH(1)* ANORM

SOLVE POISSONS EQUATIO

FIND E(1) --AVERAGE FIELD IS ZERO
ERUN2sg .

o

oo

IF (K.GT.NC) K=1
31 ERUNt=ERUN1+8 . 5" (RH(T)+RH(K}}
32 ERUN2=ERUN2+ERUN1
E{1)=-ERUN2/ANC
NCMaNC-1
DO 7 I=1,NCM
7 E{1+1)=E(11+8.5% (RH{I¢t1)+RH{1))
E{NC+1)=E( 1}
ZERO THE CHAﬁGE DENSITV ARRAY
oo 8 Ill
8 RH(1)
COMPUTE KINETIC AND FIELD ENERGIES
1F (KT.LT.ND1} GO TO 41
EEA=@ .
DO 42 i=1,NC
42 EEAIEEAOF(I)'E(I)

o

o

EEA'EEA/ANORM

DO 03 I=1,NP
43 EK|'EK|0V(I)‘V(|)
41 CONTINUE
C AT T=@., USE ONLY HALF OF E
c 10 STAGGER THE VELOCITIES
IF{T.NE. 8.} GO TO 51
DO 548 I=1,NCH
56 E(1)s0.§°E(l)
51 CONTINUE
PARTICLE LOOP
MOVE THE ELECTRONS
DO 9 I=1 NP
N=X{1}
AN=N
OXEX(1)-AN
N=Ne
M=EN+
FORCE=-E(N)* (1.-DX)-E{M)*DX
ViIl)=v{1)+FORCE* DT
X(I1=X{I)+V(I)*DT
C MAKE SURE PARTICLE 1S WITHIN THE SYSTEM
IF (X(I).LT @.} X{I)=X(1}+ANC
1F (X({1).GE.ANC) X(I)=X(1)-ANC

oo

C ASSIGN CHARGE TO THE GRID--AREA WEIGHTING
N=X(])
AN=N
DX=X{(I1}~AN
NEN+ 1
MzN+ )
RH(N)=RH(N)-(%.-DX}
RH{M] =AH (M) -DX
9 CONTINUE
T=T+0T
Ki=K1+ 1
IF (K1.LT.NDT) GO TO §
Kiz@
LizLi+
C COMPUTE THE KINETIC ENERGY
EX2=8.
DO 44 1=1 NP
44 EX2=EK2+V(I)*V(])
C SAVE THE ENERGIES FOR LATER PLOTTING
EKIL1)=@.5% (EK1+EK2)
EE(L1)1=EEA
TE(LI)=EX(LI}+EELLL)
Mi=Mi+
C PLOT SNAPSHOTS OF THE SYSTEM EVERY WPE® T=mP
€ SUBSTITUTE YOUR LOCAL PLOTTING AOUTINES
IF (M1.LT MP) GO TO 1§
Mi=@
CALL CARTMM(NC, YMIN, YMAX ,E, 1)
CALL MAPG(R®.,6 ANC,YMIN, YMAX)
CALL SETCHiR®.,2..8.9,1,8,8)
WRITE(198,6%) T
61 FOAMAT(" E FIELD VS POSITION “/
1" TIME = °,F18.5}
CALL TRACEI(PL.E,NC, 1
CALL FRAME
VMIN=-12 *VTE
VMAX=12 .0 ¥TE
CALL MAPS(P. ANC, VMIN,K VMAX}
CALL SETCH(S..2..8.98,1,8,8)
WRITE(109.62) T
82 FOAMAT{(" PHASE SPACE "/
1" TIME = " F1B.5)
CALL POIN'S(X V. NP 1L 1)
CALL FRAME
€ PLOT TIME HISTORIES AND OTHER FINAL PLOTS
< SUSSTITUYE YOUR LOCAL PLOTTING ROUTINES
1F LT.TEND) GO TO §
CALL CARTMM(MEND YMIN, YMAX, EE, t)
CALL MAPG(@ ., TEND, YMIN, YMAX)
CALL SETCH(®..2..9.9,1.4.0}
WRITE(100,63) T
63 FORMAT(" E FlELD ENERGY VS TIME "/
1" TIME Fi8.
CALL TRACE(FL EE MEND, 1. 1)
CALL FRAME
CALL CARTMMIMENO, VMIN YMAX, EK, 1)
CALL MAPG(S ., TEND, YMIN, YMAX)
CALL SETCN(I..Z.‘H",I,I.G)
WRITE(188,64)
84  FOAMAT (" KINEYIC ENERGY VS TIME "/
t" TIME = " F
CALL TNACE(PL (K MEND, ¥, 1)
CALL FRAME
CALL CARTMM(MEND, YMIN, YMAX TE, 1}
CALL MAPG(E ., TEND, YMIN, YMAX)
CALL SETCHM(®..2..8.8.1.90.0
WRITE(108,65) T
65 FORMAT(" TOTAL ENERGV vS TIME "/
1" TIME = * F18.5)
CALL TRACE(PL TE,MEND. 1, 1)
CALL FAAME
CALL EXIT
C COMPUTE RANDOM NUMBER
C WITH A GAUSSIAN DISTHIBUTION
SUBROUTINE RANDUM(X 1}
.
Do |5 151,12
15 XIsX1+RNFLIOD)-. 6
AETURN
END
*DATA

Figure 2.3 Listing of a one-dimensional particle code.
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snapshots of the electric field as a function of position, and plots of the
x — v phase space of the particles at various times. Finally, we note that
energy conservation is an important test of the code performance.

Even with this simplest particle code, many instructive problems can
be investigated. For example, we can excite electron plasma waves and
examine their behavior in both the linear and nonlinear regimes. The code
can be easily extended to include ion motion, and the reader is encour-
aged to do this as a learning experience. After becoming familiar with
the basic techniques, one can easily graduate to the use of more flexi-
ble and optimized particle codes, such as ES1 which is available through
NMFECC, the national computer center for magnetic fusion energy. Al-
though less accessible, large 2 and 2-% dimensional (two-dimensions in
space and three in velocity) electromagnetic, relativistic particle codes
now exist. Such codes solve the full set of Maxwell’s equations and use
relativistic particle dynamics. So-called implicit particle codes have also
been constructed [14]. These codes allow time steps greater than wy.' and
are used to more economically study low frequency kinetic phenomena.
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CHAPTER 3

Electromagnetic Wave
Propagation in Plasmas

3.1 WAVE EQUATION FOR LIGHT
WAVES IN A PLASMA

Having examined the characteristic charge density oscillations which are
supported by a plasma, let us now consider how a plasma modifies the
propagation of electromagnetic waves. Motivated by laser fusion applica-
tions, we will continue to assume that there are no large imposed (or self-
generated) magnetic fields. We begin by examining the linearized plasma
response to a high frequency field of the form [1]

E = E(x) exp(—iwt) . (3.1)
Since the frequency w is assumed to be 2 wpe, the ions are treated as a

stationary, neutralizing background with density ng;(x). If we neglect the
terms involving u. - Vu. and u. x B as products of small quantities

27



28 3 E-M Wave Propagation in Plasmas

(i-e., ~ |E|?), the linearized force equation for the velocity of the electron
fluid reduces to

ou, e .
% = " m E(x) exp(—iwt) .
Since the current density is J = —ng(x) eu,,
oJ . Su, _ wge(x)
o = e = o B

where wge = 47 e’ng/m and no = Znyg; is the electron density. Hence

. 2
Jzz_wl‘iEzaE
47 w ’

where the high frequency conductivity of the plasma is ¢ = iwge /AT w.
To develop wave equations for the oscillating electric and magnetic
fields, we first consider Faraday’s law and Ampere’s law, which become

VxE:’—c“iB, (3.3)

VxB = -2 oE - 2B, (3.4)
(o c

Substituting for o into Eq. (3.4) gives
VxB=—z—:-eE, (3.5)

where ¢ = 1 — wlz)e/w2 defines the dielectric function of the plasma.
Taking the curl of Eq. (3.3), substituting from Eq. (3.5), and using a
standard vector identity gives
w?
V2E—V(V—E)+—c—2—eE=0. (3.6)

The wave equation for B is developed in a similar fashion. The curl
of Eq. (3.5) gives

V x(VxB) = —%}—VX(GE).
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Since Vx ¢E = ¢V xE 4 Ve x E, we obtain
w? 1
V2B+c—25B+;Vex(VxB)=O. (3.7)

As our first application of these results, let us derive the dispersion
relation for electromagnetic waves in a plasma with a uniform density.
Since Ve = 0 and V-E = 0, the wave equations for E and B become
identical. Assuming a spatial dependence of exp(ik-x) then gives the
dispersion relation for electromagnetic waves in a plasma:

2
%e=k2

or
w? = wge + k2. (3.8)

Note that wpe is the minimum frequency for propagation of a light wave in
a plasma i.e., k becomes imaginary for w < wpe. Since the characteristic
response time for electrons is w;el, the electrons shield out the field of
a light wave when w < wpe. Hence the condition wpe = w defines
the maximum plasma density to which a light wave can penetrate. This
so-called critical density is ne = 1.1 x 102!/ /\,,2 cm™3, where ), is the
free-space wavelength of the light in units of microns (1ym = 10~ cm).

To investigate some of the basic features of the propagation of light
waves in an inhomogeneous plasma, let’s consider plane waves normally
incident onto a plasma slab. Assuming variations only in the z direction,
we then have

ny = no(z)
€ = €(w,2)
E(x) = E(z) exp(—iwt). (3.9

In Cartesian coordinates, the wave equation for E (Eq. 3.6) becomes

4?2 w?

@Ez,y + —CEGE;c,y = 0,

¢eE, = 0. (3.10)
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Likewise, the wave equation for B (Eq. 3.7) reduces to

d2 w? 1de dB,,
R R T VA P
dB,
=0.
dz

We will first develop a WKB solution for the fields. Although limited
to weak density gradients, this solution provides an excellent illustration
of how gradients in the density affect the wave propagation. Then we will
complement this analysis with an exact solution for the fields, assuming
a linear variation in the plasma density.

3.2 WKB SOLUTION FOR WAVE PROPAGATION
IN AN INHOMOGENEOUS PLASMA

A very useful approximate solution for the wave propagation can be ob-
tained in the limit that the fields vary slowly in space. It’s most convenient
to solve for the electric field. If we take the electric vector to be in the z
direction and let E, = E, Eq. (3.10) becomes

d’F w?

We assume a slow variation in the dielectric function of the plasma (i.e.,
a weak gradient in density) and look for a solution of the form

E(z) = Ey(z) exp [% /z T(Z) dz'] , (3.12)

where the amplitude Ey(z) and the phase ¥(z) are slowly varying func-
tions. Differentiating E(z) and substituting into Eq. (3.11) yields

. 2 . 2
E' + 29E - YW E + YVE + 5 B =0,
C C (44 C

where the prime denotes a derivative with respect to z. To lowest order,
we neglect all derivatives, obtaining

¥ =/ ew,2). (3.13)
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To next order in the gradients,

. . 7
2iY 9 By + _-_“"‘Ic' B _ o, (3.14)
C

with the solution
constant

V¥
Substituting Egs. (3.13) and (3.15) into (3.12) then gives

E(z) = % exp [’—C“i / ’ mdz'] : (3.16)

where EFg is the value of the electric field in free space.

It is apparent from Eq. (3.16) that the amplitude of the electric field
increases as the light wave propagates toward higher density. This be-
havior is readily explained physically by noting that the energy flux is
conserved, i.e.,

Eo(z) = (3.15)

vlE(z)? _ cEs
e = §r (3.17)
where v, is the group velocity of the light wave in the plasma. Using the
dispersion relation (Eq. 3.8) to relate the local value of the group velocity
to the local value of the dielectric function gives vy/c = y/€(w, z). Hence,

Eq. (3.17) becomes

Ers
[Eo(2)| = oi/a

in agreement with the WKB result. Since the energy flux can also be
expressed as ¢ E X B/4 7, we can easily see that the amplitude By of the
magnetic field of a light wave is decreased in a plasma, i.e.,

| Bo(z)| = Bps €'/*,

where Bpg is the value of the magnetic field in vacuum.
The validity condition for the WKB solution can be readily estimated.
For example, in deriving Eq. (3.14), we required that

E' < “¥E,YvE.
€ c
Noting from Eq. (3.16) that k(z) = w¥/c, it suffices to require that

OF,
0 < kE,.
0z
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Substituting for Ey from Eq. (3.16), we then obtain the condition

Ag—:— < 87e, (3.18)
where A\(z) = 2m/k(z). In other words, the variation in the plasma den-
sity must be sufficiently slow that the fractional change in the dielectric
function in a local wavelength is very small. Note that the WKB solution
breaks down near the critical density where ¢ — 0 and A — oo.

3.3 ANALYTIC SOLUTION FOR PLASMA WITH
A CONSTANT DENSITY GRADIENT

The WKB solution is especially valuable because it provides us with a very
intuitive way to describe the wave propagation. The wave is assigned a
wavenumber and group velocity which are defined via the local disper-
sion relation. The amplitude and the phase of the wave are related to
these locally-defined characteristics in a physically obvious way. However,
strictly speaking, this approximation is valid only for very gentle density
gradients and in particular breaks down near the cutoff density where the
wave reflects. Hence it’s important to complement the WKB solution with
a more complete solution of the wave propagation. Fortunately, an exact
solution can readily be obtained for a plasma with a linear variation in
density [2].

We again consider a plane electromagnetic wave normally incident
onto an inhomogeneous plasma slab and allow variations only in the 2
direction. The wave equation for the electric field E(z) is

d’E w?

-&z—z + ge(w,z)E’ =0.
Assuming that the plasma density is a linear function of position (n =
N z/L, where ne = mw?/4me? is the critical density), we obtain

d’E w? z
- hadil - = =0. 3.19
zrra(l-g)E=0 (619)
A change of variables to n = (w?/c2L)Y/3(z — L) gives

d’E

37 "B =0 (3.20)



3.3 Analytic Solution with Constant Density Gradient 33

10

Ai(x)

ol

Figure 3.1 A plot of the Airy function A;(x).

This differential equation defines the well-documented Airy functions, A;
and B; [3]. The general solution of Eq. (3.20) is

E(n) = aAi(n) + BBi(n),

where a and 8 are constants which are determined by matching to the
boundary conditions.

On physical grounds, we expect E to represent a standing wave for
1 < 0 and to decay as n — oo. Since B;(n) — oo as n — oo, we choose
B = 0. A plot of A;(n) is shown in Fig. 3.1. Note that the wavelength
and the amplitude of the field increases as the reflection point (n = 0) is
approached, as expected from the WKB solution. Beyond the reflection
point, the field is attenuated.

The constant « is chosen by matching the electric field with the field
of the incident light wave at the interface between the vacuum and the
plasma at z = 0 i.e., at n = — (wL/c)*/3. If we assume that wL/c > 1
and use the asymptotic representation,

1 2 43 2w
Ai(-n) = WA Cos(gﬂ/ - Z) )
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we obtain

o3 2wL = 2wl «w

Fz=0)2 —— o —— —_ - — .
(=0 = L/ [exl”(3 c 4)+e"p z(3 c 4)]

Note that we can express E(z = 0) as the sum of an incident wave with

amplitude Epgs and a reflected wave with the same amplitude but shifted
in phase i.e.,

E(z=0) = Eps [1 + exp —i (éﬁ —E)] ,

provided

Here Eps is the free-space value of the electric field of the incident light
wave and ¢ is just a phase factor which does not affect |E|. Hence

wL\ /6 .
B) = 2v7 () Besc* Ao (3.21)

As can be seen from Fig. 3.1, the amplitude of the electric field
reaches a maximum value at 7 = 1, which corresponds to (z — L) =
— (¢® L/w?)'/3. This maximum amplitude (Egayx) is

2 1/3
~ 36 (“’TL) : (3.22)

’ Ema.x
Eps

We would expect a factor of four increase in E? because a standing wave is
set up. The additional swelling is due to the decrease in the group velocity
of the light wave as the dielectric function becomes small.

A similar swelling of the peak electric field amplitude can be ob-
tained by heuristic arguments based on WKB theory. Here we use k =
Ve (w/c) and |E| = Eps/€!/*. As € becomes smaller, the wavelength be-
comes longer. Intuitively we expect the wave to average over the plasma
properties within at least half of its local wavelength. Hence we expect
a minimum value of ¢, which is roughly the value of ¢ averaged over

half a local wavelength near the reflection point. For a linear density

profile, €min ~ 7/(2kminL). Since kpin = e;/‘i w/e, we then obtain

€min & (7c/2wL)?/3. Including the factor of 2 in amplitude which is due



3.3 References 35

to the standing wave, we then estimate |Emax/Ers|? = 3.5(wL/c)'/3, a
value in reasonable agreement with the exact solution. It’s also interesting
that the phase shift between the incident and reflected waves is given by
the WKB solution if we simply subtract 7/2 to account for reflection at
the critical density surface. In other words,

4wl

L
w ™ ™
‘I’—2z/0 Vedz — 5 =3~ 3>

The magnetic field of the light wave is readily calculated from the
solution for E. Noting that the electric vector is in the z direction and
that the wave is propagating in the z direction, we take the y-component
of Faraday’s law to obtain

ic OF
B =-_"——,
w Oz

Changing variables from z to 7 and using Eq. (3.21) gives

B(n) = —i2ynm (u—fz)l/ ® Brs ¢ Ali(n), (3.23)

where the prime denotes a derivative with respect to 7. At the reflection
point, |[B(n = 0)| ~ 0.92(c/wL)/® Eps. Note that B decreases as E
swells, as qualitatively shown by the WKB solution.
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CHAPTER 4

Propagation of Obliquely
Incident Light Waves in
Inhomogeneous Plasmas

To complete our introduction to the propagation of light waves in inho-
mogeneous plasmas, let us now consider a light wave whose propagation
vector is at an angle to the density gradient. We again consider a plane
electromagnetic wave incident onto a plasma slab with electron density
ne(2). The vacuum-plasma interface is taken to be at z = 0, where the
angle of incidence 8 is defined as the angle between the propagation vector
k and the direction of the density gradient (2). Without loss of generality,
we take the plane of incidence (defined by the vectors Vn and k) to be the
y — z plane, as shown in Fig. 4.1. With this choice, there are no variations
in the z-direction (i.e., k; = 0 and 3‘% = 0). At the vacuum-plasma
interface, we note that ky, = (w/c) sin@ and k, = (w/c) cos6. As we will
show, the wave propagation now depends on whether the electric vector
E of the incident light wave lies in or out of the plane of incidence.

37
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----— e=0
- e= sin®¢

X

Figure 4.1 A sketch illustrating a light ray obliquely incident onto an inho-
mogeneous plasma slab.

4.1 OBLIQUELY INCIDENT S-POLARIZED
LIGHT WAVES

If the electric vector points out of the plane of incidence, the light wave
is termed s-polarized. If we then take E = E,, the wave equation for
E (Eq. 3.6) becomes

OE, + O?E,
oy? 022

w2
+ =z e(z) E; = 0. (4.1)

Since the dielectric function (€) of the plasma is a function of z alone, k,
must be conserved. Hence k, = (w/c)siné and

iwy sinf
E; = E(z) exp (-yT) , (4.2)

where 9 is the angle of incidence. Substituting Eq. (4.2) into Eq. (4.1)
then gives

d?E(z) w? .2 _
=+ 5 (e(z) — sin a) E(z) = 0. (4.3)
It is apparent that reflection of the light wave now occurs when
e(z) = sin’9. (4.4)

Since € = 1 — wl.(2)/w?, reflection takes place where the electron plasma
frequency wpe = w cosf. An obliquely incident light wave reflects at a
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density lower than the critical density i.e., where n, = n¢ cos? 6. Here
the critical density is defined as ne = mw?/4me?.

Our previous analyses can be carried out with the straightforward
substitution €(z) — €(z) — sin? 8. For example, in a plasma with a linear
density profile, n, = nz/L, the wave reflects at z = Lcos? 8, and the
Airy function pattern occurs relative to this point rather than at z = L.

4.2 OBLIQUELY INCIDENT P-POLARIZED
LIGHT WAVES — RESONANCE ABSORPTION

If the electric vector of the light wave lies in the plane of incidence, the
light wave is termed p-polarized. In this case, there’s a component of the
electric vector which oscillates electrons along the direction of the density
gradient i.e., E-Vn, # 0. Since this oscillation generates fluctuations in
charge density which can be resonantly enhanced by the plasma, the wave
is no longer purely electromagnetic. Part of the energy of the incident light
wave is transferred to an electrostatic oscillation (electron plasma wave),
a phenomenon termed resonance absorption [1,2].

We again consider a plane electromagnetic wave incident with an angle
0 onto an inhomogeneous plasma slab with density n.(z), as shown in
Fig. 4.1. Now the electric vector is taken to be in the plane of incidence i.e.,
E =E,y + E, 2. It is readily seen that the field acquires an electrostatic
component. Poisson’s equation gives

V-(¢E) = 0,

where €(z) = 1 — wl.(z)/w? is the dielectric function of the plasma. Since

V.(¢E) = ¢ V-E + Ve¢-E, we obtain

1 0

V-E = —- .
B € 8z 7

Note the resonant response when € = 0, i.e., where wpe = w.

The physical interpretation is straightforward. Oscillation of electrons
between regions of differing density directly creates a charge density fluc-
tuation, én, which is

on = ne(X + Xos) — ne(x)
~ xos°vne)
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where X, is the amplitude of oscillation of an electron in the electric field
of the light wave (xos = €E/mw?). Where w = wpe, this imposed charge
density fluctuation is at just the frequency at which the plasma resonantly
responds. Hence an electron plasma wave is excited where ¢ = 0; that is,
at the critical density.

Even though an obliquely incident light wave reflects at a density less
than the critical density, its fields still tunnel into the critical density
region and excite the resonance. To determine the energy transfer to the
excited plasma wave, we need to determine the size of the electric field
along the density gradient near the critical density. In order to evaluate
E,, it is most convenient to work in terms of the magnetic field of the
p-polarized wave. Noting that B = B, and using the conservation of
ky = (w/c)sin@, we express
twy sind )

B = i B(z) exp(—iwt + (4.5)

c

The electric field is related to the magnetic field by substituting Eq. (4.5)
into Ampere’s law:

VxB:-%“’eE. (4.6)
The z component of Eq. (4.6) then gives
sin6 B(z)

e(z)

E, = (4.7)

Since E, is strongly peaked at the critical density, we approximate the
resonantly driven field as Eq/€(z), where E; is evaluated at the resonance
point. Physically, E; is simply the component of the electric field of the
light wave which oscillates electrons along the density gradient at the
critical density i.e., the field driving the resonance.

To evaluate E,, we need to calculate the magnetic field at the critical
density. For our purposes, it suffices to simply estimate the value of the
magnetic field using the insight obtained from our previous calculations of
wave propagation in inhomogeneous plasmas. Assuming a linear density
profile (n, = ne z/L), we represent B(z=L) as its value at the turning
point B(z = L cos? §) multiplied by an exponential decay from the turn-
ing point to the critical density. The value of B at the turning point is
estimated using the Airy function solution for an s-polarized wave, which
gives B(z=Lcos’6) ~ 0.9 Eps (c/wL)'/®. Here EFs is the value of the
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electric field of the light wave in free space. The decay of the field as it
penetrates beyond the turning point is estimated by e #, where

L
B = / = y/wie — w?cos?f dz.
Leos?29 €

For a linear density profile, 8 = (2wL/3c) sin® 6. Hence, we obtain

¢ \1/6
B(z=L) ~ 09FEfFs (E) exp(
The important physical features of resonance absorption can be de-
duced from our approximate treatment for E; [3]. Using Eq. (4.8) and
defining a new variable 7 = (wL/c)'/3sin 8, we obtain

—2wL sin® 0) .

- (4.8)

Ey = —ﬂs—cﬂr), (4.9)

V2m wL/

where ¢(7) =~ 2.37 exp(—273/3). The driver field vanishes as 7 — 0, since
the component of the electric vector of the incident light wave along the
density gradient varies as sinf. Likewise, the driver field becomes very
small for large 7, since the incident wave then has to tunnel through too
large a distance to reach the critical density surface. Between these two
limits, there is an optimium angle of incidence given approximately by
(wL/c)3sinf ~ 0.8.

In Fig. 4.2 we compare our simple estimate for ¢(7) with the result
obtained by Denisov [2] by numerically solving the wave equation. Note
that our heuristic estimate is in reasonable agreement with the detailed
calculation. As expected, our heuristic solution is quite accurate for 7 < 1,
since our estimate for B(z =L) becomes exact as 7 — 0. Our expression
for ¢(7) is qualitatively correct even for 7 >> 1, since the dominant phys-
ical effect is then the attenuation of the incident field as it tunnels from
the cut-off density to the critical density.

Having related the electrostatic field near the critical density to the
electric field and the angle of incidence of the light wave, we can now
calculate the energy absorption. As shown in Eq. (4.7), the resonantly-
driven field is E, = E;/e(z). If we include a small damping of the wave
with frequency v, €(z) = 1 — wl(z)/w(w + i), as we will show in
the next chapter. Hence, E, has a resonance behavior near z = L , i.e.,
the maximum value of E, is proportional to v~! and the width of the
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Figure 4.2 A plot of the function @(7), which characterises the efficiency of
resonance absorption. The solid line is from Ginzberg (1964).

resonant region is proportional to v. This feature of E, will enable us
to compute the energy absorbed via excitation of the electrostatic wave
without specifying the detailed value of v (assuming v/w < 1). Hence,
v can represent dissipation by electron-ion collisions, linear or nonlinear
wave-particle interactions, or even propagation of the wave out of the
resonant region.

The absorbed energy flux (I,ps) is

00 2 © q EZ
Ia.bs = / v SE—Z dz Y —z—d@ . (4.10)
0

T - 5_7; 0 |€|2

For a linear density profile (ne = ne z/L), we have
2 _Zz ? v 2 2_2 4.11
e =(-2)+ @) & (411

Substituting Eq. (4.11) into Eq. (4.10) and approximating E; as constant
over the narrow width of the resonance function gives

N VEg(Z L) dz
Laps / =20 + W) (4.12)
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The integral is easily evaluated to give 7 w/v. Hence

wLEg
8

1

Lubs . (4.13)

By conservation of energy, I.h,s = fac E;‘;s /8, where fa is the frac-
tional absorption of the incident light wave due to the excitation of an
electrostatic wave at the critical density. Substituting for E4(z=L) from
Eq. (4.9), we then obtain f4 ~ ¢*(7)/2, where ¢(7) is the characteristic
resonance function describing the strength of the excitation as a function
of the angle of incidence and the scale length of the density gradient.

Our simple model emphasizes the physics of resonance absorption
and captures its basic features. For a linear density profile, the fractional
absorption peaks at Opay ~ sin~![0.8(c/wL)'/?] and is sizeable for a range
of angles of incidence A ~ 6pax. The peak absorption is somewhat over-
estimated. Detailed numerical calculations for a linear density profile show
a peak resonance absorption of about 0.5 [4-6).
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CHAPTER 5

Collisional Absorption of
Electromagnetic Waves
in Plasmas

So far we have focused on collisionless plasma behavior. As discussed in
Chapter 1, collisional effects due to discrete particle encounters can be
systematically neglected as the number of particles in a Debye sphere
(Np) becomes very large. Even when Np is large, there are, of course,
some collisions, which can be iteratively included by going to first order
in the expansion parameter 1/Np. A collision term is then added to the
Vlasov equation, which becomes

% af] q; vxB 3f] _ afjlc
o " Vox tm BT T W‘Zk: a )’

where (8 f;x/0t), represents the rate of change of f; due to collisions with
the k*® charge species.

The contribution of collisions to the moment equations is straightfor-
ward. If we neglect ionization and recombination, collisions do not change
the number of charges of each species. Hence [ dv >, (9f;x/3t)c =0,

45
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and the continuity equation is unchanged. Noting that collisions between
charges of the same species lead to no net change of momentum, we have

[ev (). - 5 (@),

k#j
where (On;ju;/8t), denotes the rate of change in the momentum of the j*®
species due to collisions with charge species k. Hence the force equation
becomes

ik
ot

5.1 COLLISIONAL DAMPING OF LIGHT WAVES

To investigate collisional damping, we again consider the linearized plasma.
response to a high-frequency field of the form E(x) e~**. Treating the
ions with charge state Z as a fixed, neutralizing background with density
ne(x)/Z, we need only treat the dynamics of the electron fluid. For an
electron fluid with density n. and velocity u. interacting with a stationary
ion fluid, it is convenient to express

(gt- neue)‘ = Vei Nelle (5.2)

t

where v,; is a collision frequency which describes electron scattering by
the ions.

This collision frequency v,; depends on an average over the velocity
distribution of the electrons. Indeed, the form of the average depends on
the physical process under consideration, and so a more detailed treat-
ment is needed in order to derive the numerical value of v,;. Fortuitously,
for a Maxwellian distribution of electron velocities, the electron-ion colli-
sion frequency which describes the damping of a high-frequency wave is
essentially the same as the characteristic electron-ion collision frequency
which we estimated in Eq. (1.2). A derivation of this result will be pre-
sented in Section 5.4.

.
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The analysis is straightforward. If we use Egs. (5.1) and (5.2), the
linearized force equation for the electron fluid becomes

Ju e
e _ — Vel . 5.3
= E Ve 1 (5.3)

Since the field varies harmonically with time,

w — —ieE
T mw + ive)

The plasma current density is then

.2
iw
J = — = _— P B
Me€le ar(w + ive)
where wp, is the electron plasma frequency. Note that the plasma con-
ductivity ¢ (J = oE) is now complex: 0 = iwl, /[47m(w + ivei)].

Faraday’s and Ampere’s laws become

VXE=’—C“—’B (5.4)
VxB=oE-“g-_Y.g, (5.5)
[+ c c

where the dielectric function of the plasma is now

1 e (5.6)
e=1- — .
w(w + tvei)

The wave equation for E is obtained by taking the curl of Eq. (5.4) and
substituting for V x B from Eq. (5.5):

2
VIE - V(V-E) + “c’—zeE =0. (5.7)

Let us first derive the dispersion relation for light waves in a spatially
uniform plasma. Taking E(z) ~ e’** and substituting for € into Eq. (5.7)
gives

1Ve;
w? = K2 + wge (1 - Tm) s (5.8)
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where we have assumed that ve;/w < 1. The light waves are now damped.

Expressing w = w, — iv/2, where v is the energy damping rate, we
obtain
1/2
Wy = (wf,e + k2 cz) /
o2 (5.9)
vV = — 3 Vei
w

r
The collisional damping has a simple physical interpretation. The rate
of energy loss from the light wave ( ¥ E?/87 ) must balance the rate at
which the oscillatory energy of the electrons is randomized by the electron-
ion scattering with a frequency ve; ( ve; no mv2,/2 ). Since vos = e E/muwy,
this power balance gives v = v; wge Jw?.
It is instructive to also consider a spatial problem i.e., let w be real
and k be complex. Then, substituting k = k, + ik;/2 into Eq. (5.8) and
assuming that k; < k,, we obtain

1
= 2 _ 2
k, = S VY Whe
2
Wpe Vei
ki = 3 .
w? vy

where k; is rate at which the energy decays in space and v, is the group
velocity of the light wave. Note that the energy damping length (k;!) is
simply vg/v, where v is given in Eq. (5.9).

5.2 COLLISIONAL DAMPING OF A LIGHT WAVE
IN AN INHOMOGENEOUS PLASMA

Let us now investigate collisional damping of a light wave propagating into
an inhomogeneous plasma. First, we will neglect the density dependence of
the collision frequency and compute the absorption of a normally incident
wave both from an analytic solution for a plasma with a linear density
profile and from a WKB treatment. Then we will use the WKB treatment
to allow for the density dependence of the collision frequency and for
oblique incidence.

We start by again considering a plane wave propagating in the 2
direction into a plasma slab with electron density n.(z). Since there is
only variation in the z direction, Eq. (5.7) becomes

d’E

2
y + % e(z)E = 0, (5.10)
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where we have taken E = E #. If we assume a linear density profile
(ne = nerz/L) and neglect the dependence of ve; on the plasma density,

z

LA+t w) (5.11)

e =1

where v,; is approximated by its value (;) at the critical density. This is
a reasonable first approximation, since most of the collisional absorption
occurs near the critical density where the electron-ion collision frequency
maximizes and the group velocity of the light wave minimizes. Note that
we are also assuming that the plasma with a density less than or equal to
the critical density is isothermal. Substituting Eq. (5.11) into Eq. (5.10)
gives

d2E w? z

— — - — | E=0.
&t L(1+2) "
By changing variables, we again obtain Airy’s equation
d’E

where 77 is now a complex variable:

1/3

2 ]
n = w—“,. [z - L (1+“/“)] . (5.13)
CzL (1+—-:'L) w

As discussed in Chapter 3, the solution which satisfies physically rea-
sonable boundary conditions is

E(m) = aAi(n), (5.14)

where A;(n) is a well-documented Airy function. The constant « is chosen
by matching to the incident light wave at the vacuum-plasma interface at
z = 0. For |n| > 1, we can evaluate E(n) using the asymptotic represen-
tation for A;(n) i.e.,

1 2 T
Ai(—-n) = Jr il COS(§n3/2 - Z) .
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Hence at z = 0, E can be represented as an incident plus a reflected wave
whose amplitude is multiplied by the quantity e‘¢, where

4 3/2 7
¢ = g [—’7(2—0)] - 9"
Since 7 is now complex, there is both a phase shift and a damping of the
reflected wave. At z =0, n= — [(wL/c)(1 + iV;/w)]z/s. For v};/w <« 1,

the phase shift (the real part of @) is the same as in the collisionless
calculation i.e., ¢rest = (4wL/3c) — /2. The imaginary part of ¢ is

v;;L/3c, which means that the reflected wave is decreased in amplitude
by exp(—4v};L/3c), or in energy by exp(— 8v%;L/3c). Hence the fractional
absorption f4 due to collisional damping is

sus L
—Ve'—) . (5.15)

fA=1—exP(— 3¢

Let’s now calculate the collisional absorption in a plasma with a linear
density profile using WKB theory. Here

E ~exp [z / “k() dz'] ,

R PE

The energy of the wave decreases by the factor e~2%, where

5§ = u /L i‘sm(el/z) daz .
0

where

-~

The symbol Sm denotes the imaginary part, and the factor of two enters
since the wave is absorbed as it propagates both into and out of the
plasma. Substituting for ¢ from Eq. (5.11) gives

1/2
’
%m/ z a7 .
1+ —n)

For v}/w <1, 6 = 4} L/3c Hence the energy of the light wave
decays by the factor exp(— 8y *. L/3c), the same result as that given by
the analytic solution.
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5.3 COLLISIONAL ABSORPTION INCLUDING
OBLIQUE INCIDENCE AND A DENSITY
DEPENDENT COLLISION FREQUENCY

Using WKB theory, let’s now extend our calculations of collisional absorp-
tion to include obliquely-incident light waves and to allow for the depen-
dence of the collision frequency on density. For definiteness, we consider
s-polarized plane waves incident onto a plasma slab with electron density
ne(z). As discussed in Chapter 4, the local dispersion relation then is

K2 &

= e(z) — sin’6, (5.16)

where 6 is the angle of incidence. Substituting Eq. (5.11) into Eq. (5.16)
gives

2 1/2
w 2 wpe
= — - —_— . 5.17
k. - [cos 0 o+ iVei)] (5.17)

The density dependence of v; is easily included. Referring to Eq. (1.2)
of Chapter 1, we neglect any weak dependence on density introduced by
In A and note that the collision frequency is then simply proportional to
the plasma density. Hence we will approximate ve; = UJ; ne/ner, where
v;; is again the collision frequency evaluated at the critical density.

In the WKB approximation, the wave energy decays by e~2%, where

Ly
5§ = 2%m/ k.(2') 42,
0

and L, is the turning point. If we assume a linear density profile and use
Eq. (5.17), we obtain

2w L cos? 9 o vt o 1/2
= —S 29 _ 2 _ Wi = '
. m/0 [cos 0 I (1 ” L)] dz',

where we have assumed that 1};/w <« 1. This standard integral gives

6 = (16v%L/15¢c) cos® 6. Hence the fractional absorption is

325 L
15¢

fa=1— exp (-— cos® 0) . (5.18)

For normal incidence (6 = 0), the density-dependence of v,; has re-
duced the coefficient in the exponent of Eq. (5.15) from 8/3 to 32/15
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i.e., by about 20%. Note also that the absorption is a sensitive function
of the angle of incidence. Since an obliquely incident wave reflects at a
lower density, less collisional plasma is traversed. Finally, we note that the
collisional absorption will depend in detail on the density profile of the
plasma. For example, for an exponential profile (n. = n¢ exp(—z/L)),

8v;L

fA=1—eXP(— -

cos® 0) .

5.4 DERIVATION OF THE DAMPING COEFFICIENT

As a final topic, let us give a derivation of the collisional damping rate
of a light wave. To determine the electron-ion collision frequency heuris-
tically introduced in Eq. (5.2), we need to start with a representation
for (0fei/0t )c. The simplest description starts with the Fokker-Planck
equation

(8;:1')0 _ _%-(fe(Av)) + %ava—zav:(fe(AvAv)),

where (Av) describes the slowing down of electrons due to electron-ion
encounters and (AvAv) their diffusion in velocity space. These coeffi-
cients can be derived by computing the changes in velocity of electrons
streaming past ions and summing over encounters i.e., by a more detailed
treatment of the approach used in Chapter 1 to estimate the 90° collision
frequency. With this motivation, we will simply give the standard result,

(%) =A2.[iu.3fe}. (5.19)
C

ot ov v3 ov

Here A = (27 neZe*/m?)In A where n. is the electron density, Z is
the ion charge state and A is the ratio of the maximum and minimum
impact parameters as discussed in Chapter 1. A detailed discussion of the
derivation of Eq. (5.19) is given in Chapter 7 of Shkarofsky et al., 1966.
To calculate the high-frequency resistivity, we consider a plasma with
a uniform electron density n. and a fixed, neutralizing background of ions.
The electric field of the light wave is treated in the dipole approximation
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A

Figure 5.1 A sketch of the coordinate system.

i.e., E = By coswt. If we substitute Eq. (5.19) into Eq. (5.1), the kinetic
equation for the electrons becomes

dfe ofe 9 [vzg -vv af.

e
5 EE.BV = AE. = Bv] + Ceel(fe), (5.20)

where f. is the electron distribution function and Ce.(f) denotes a similar
but more complex operator describing electron-electron collisions. These
electron-electron collisions are important for determining the form of the
zero-order distribution function but can be neglected otherwise.

For low-intensity light, we decompose the distribution function into
a zero-order part which depends only on the absolute value of v plus a
perturbation driven by the field i.e., f(v) = fo(v) + fi(v) cos 8, where 6
is the angle between v and E as shown in Fig. 5.1. The linearized kinetic
equation then becomes

of1 eEdfo 24

ot m v Ffl

Here we have used the fact that the collision operator vanishes for any
function of |v| = v and

(5.21)

2T _
A 2_ M . i fi(v) cos@ = — 21)—;4 fi(v) cos@.
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Since E = Eg e~**“*, the driven solution of Eq. (5.21) is

ieEy dfo i2A]7"
filv) = —= == [w + — ] (5.22)
The perturbed current density is J; = —e f fi(v) cos6 vdv, and
the average rate of the absorption of energy by the plasma is
Re 2
(J,-E) = - —eEy [ filv)v cos®fdv | . (5.23)

The symbol Re denotes the real part. Substituting for f; (v) from Eq. (5.22)
and integrating over angles gives

(J1-E) = — 4?” An.m / dv g(v). (5.24)

Here fo = nefo, vos = (€ Eo/mw), and g(v) = [1 + (2 A/v3w)? ]~!. Note
that (2 A/v3w) ~ vei(v)/w, where vg;(v) is a characteristic collision fre-
quency for electrons with velocity v. Since vi(v)/w < 1 for all but a
small class of electrons, we approximate g(v) =~ 1 in the integral, giving

Finally, we invoke energy balance to equate (J;-E) with the rate of energy
loss from the field, which is v E?/8n. If we use Eq. (5.24), the rate v at
which energy is damped by electron-ion collisions becomes

wpe 871'

v = 22 =L 450, (5.25)

where wp, is the electron plasma frequency.

The damping rate depends on the zero-order distribution function.
The form of this distribution function in turn depends on whether electron-
electron collisions (with frequency v.) can equilibrate the distribution
faster than electron-ion collisions cause it to heat. If v, vg > Ve vgs
(ie., if (Z v%/v?) < 1), the distribution function remains Maxwellian.
Evaluation of Eq. (5.25) for a Maxwellian distribution then gives the re-
sult usually quoted in the literature

w? 1 Z wi

- “pe — 2 mA, 5.26
v w? 3(2m)3/2 nv3 ( )
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where v, is the electron thermal velocity. A modification of the usual
expression for In A should be noted. The maximum impact parameter is
now v /w rather than the electron Debye length. Since v = vg; wf,e /wz,
Eq. (5.26) determines the electron-ion collision frequency which describes
the damping of a high frequency wave in a plasma. If the density is ex-
pressed in cm™3 and the electron temperature in ev,

Ne Z

32
ev

Vi ~ 3x107¢ InA (5.27)

However, if Z(v,s/ve)? > 1, electron-electron collisions cannot equi-
librate the distribution function sufficiently rapidly. The form of the dis-
tribution function becomes determined by the collisional heating [4,5]. In
this limit, we return to Eq. (5.20) and balance dfy/dt with the heating

term,

O _ (<& 28

a  \m v/’
where the brackets denote an average over angles. Noting that f; =
f1(v) cos @ and averaging over angles gives

af eE 1 0

%= s (U AW) (5.28)
Substituting for f;(v) from Eq. (5.22), approximating g(v) ~ 1, and look-
ing for a self-similar solution, we find

fo~ g el-5(0)] 529

where

w = 5Av% ¢ 175
= 3 .
Hence the self-consistent distribution function is super-Gaussian in this
limit. Since this distribution has fewer particles than a Maxwellian near
v = (, the collisional damping rate is reduced by a factor of about 2.
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CHAPTER 6

Parametric Excitation of
Electron and Ion Waves

As we have seen in our consideration of resonance absorption, the oscil-
lation of electrons in the direction of a spatial variation in the plasma
density drives charge density fluctuations. When the frequency of the os-
cillation is near the electron plasma frequency, an electron plasma wave is
resonantly excited. In the case of resonance absorption, the spatial varia-
tion was due to the density gradient produced by plasma expansion into
a vacuum. However, the spatial variation in the density can also be due
to ion density fluctuations associated with ion waves.

We will first discuss this coupling of a light wave into an electron
plasma wave by an ion density fluctuation. Then we will show that this
coupling can lead to unstable growth of both electron and ion waves, when
account is taken of the generation of ion density fluctuations via the so-
called ponderomotive force. A physical picture of the instability will be
given, followed by a derivation from the two-fluid model.

87
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6.1 COUPLING VIA ION DENSITY FLUCTUATIONS

To investigate the coupling of a light wave into an electron plasma wave by
an ion density fluctuation, a simple, one-dimensional model is sufficient.
First, we model the light wave as a spatially homogeneous oscillating
electric field: By = #E¢ exp(—iwt). In other words, the wave number of
the light wave is neglected on the assumption that it is much less than k,
the wave number of the fluctuation in ion density. Since the frequency of
an ion wave is much less than the frequency of a light wave, we describe the
ion density fluctuation as a static modulation in the plasma density, n =
ng + Ancos kx, where ng is the average density and An is the amplitude
of the density fluctuation. Finally, we treat the ions as fixed on this time
scale and describe the electrons as a fluid with density n., mean velocity
Ue, and pressure pe.

To derive an equation for the high frequency electron density fluc-
tuations, we take a time derivative of the continuity equation, a spatial
derivative of the force equation, and combine to obtain

9?n, B Pnou? e On.E 1 3?pe Oneue

a2 52 m oz moz e -0 (61

where we have included collisions with frequency ve;. We next linearize
this equation, i.e., let n, = ng+Ancoskz+n, EF = E¢+F and u. = up+1i,
where the tilde denotes a small perturbation and ug is the oscillation
velocity of electrons in the field Ey. If we treat 7 < An < ng, Eq. (6.1)
becomes

3n e OE , 0% o eEo
—-— — —Nng—— — — ; = An ksinkz . (6.2
ot? m' oz € dx2 (62)
We have used an adiabatic equation of state, assuming w/k > ve, the
electron thermal velocity. Then by substituting the Poisson equation

(BE/dz = — 4m efi) into Eq. (6.2), we obtain

d | 8*E . &PE OE 4me? :
a[w+w§eE—3§62+Ve,at] Eo Ank sinkz
where w = 47 nge? /m. Integration gives

o2 0 2 7\ & o An
(Btz + veigy + wpe — 3v65—§ E = —wpen—OEo coskz . (6.3)
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Equation (6.3) describes the excitation of an electron plasma wave by
interaction of the pump field (light wave) with an ion density fluctuation.
The driven solution to Eq. (6.3) is straightforward. Noting that the

pump field varies as exp(—iwt), we obtain

wge An Eg coskzx

W ng e(k,w) (64)

FE =

where

w2, + 3k%v? i Vei
ekyw) =1 — — <+ we‘ .
Since energy is coupled into the driven wave, the pump field is damped.
The energy damping rate, v*, is determined by balancing the rate of
energy lost (v*E2/8m) with the rate of energy absorption via the driven
wave i.e.,
VEE k(7% velE]?

8w _2_7ro 8w

By substituting for E from Eq. (6.4) and noting that Sme = ve;/w, we
then obtain [1,2]
v 1 (An 2 Gme
w 2 ) le(k,w) >
Here n, is the critical density determined by the condition wge = w?.
We note that the electric field becomes very large when e(k,w) ~ 0
i.e., when the pump field resonantly couples to an electron plasma wave.
Of course, our linearized analysis fails if €(k,w) becomes too small, and
nonlinear effects must then be considered. One such nonlinear effect is
repeated mode coupling. When |An/ng| > |€e(k,w)]|, the driven wave
becomes as large as the pump. It in turn acts like a pump to drive a
wave at 2k, which in turn can beat with the ion density fluctuation to
drive a plasma wave at 3k, and so on. A spectrum of driven waves is
obtained; the maximum wave number can be estimated by the condition
|e(Nk,w)| ~ An/ng. Note that even a modest density fluctuation can
efficiently couple a long wavelength plasma wave into shorter wavelength
ones.

Ner
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6.2 THE PONDEROMOTIVE FORCE

The coupling of a light wave into electron plasma waves by density fluctu-
ations is a very basic phenomenon, which emphasizes that electromagnetic
and electrostatic waves are inherently coupled in a turbulent plasma. If
sizeable levels of ion fluctuations exist in the plasma, this coupling can
clearly be very significant. In fact, sizeable ion density fluctuations can
be self-consistently produced in the light-plasma interaction, since an ex-
cited plasma wave beats with the light wave to generate variations in
electric field pressure. This gradient in field pressure gives rise to a force
(the so-called ponderomotive force), which acts to generate ion density
fluctuations.

To introduce the ponderomotive force, we consider the response of a
homogeneous plasma to a high frequency field whose amplitude is spatially
dependent ie., E = E(x)sinwt, where w 2 wpe > wpi. We treat the
electrons as a fluid and compute their response to order E2. If we neglect
the electron pressure, the force equation is

aue _ € .
- + u.-Vu = — EE(X) sinwt . (6.6)

To lowest order in |E|, u, = u”* where

h
ou* = — iE(x) sin wt ,
ot Em (6.7)
u = €= cos wt .
mw

The electrons are simply oscillating in the local electric field. By av-
eraging the force equation over these rapid oscillations, we obtain

m a;: = —eE* — m(u*-Vu®),, (6.8)

where ( ); denotes an average over high frequency osci]lation. and v’ =
(ue)t, E® = (E);. Substituting for u? from Eq. (6.7), we obtain

ou’ . _eE° — e?

1 2 6.9
5 YR VE*(x) . (6.9)

m
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-

Observe that the electrons experience a force which pushes them away
from regions of high field pressure. This ponderomotive force (Fp) is pro-
portional to the gradient of the electric field pressure i.e.,

&2

Fp=-,— VE}(x) .

In a uniform plasma with density n, the ponderomotive force density
f, can be expressed as f, = —V(nm(ul)/2). In other words, the time-
averaged energy density of motion in the electric field plays the same role
as the ordinary pressure, which represents the random or thermal energy
density.

6.3 INSTABILITIES — A PHYSICAL PICTURE

We can now easily see that a light wave can excite an instability in which
both ion waves and electron plasma waves grow. An ion density fluctu-
ation couples the light wave into an electron plasma wave. In turn, the
electron plasma wave beats with the light wave to generate a spatial vari-
ation in the electric field intensity, which can enhance the ion density
fluctuation via the ponderomotive force. Hence, there’s a feed-back loop,
and instability can result.

A physical picture of the instability can be given [3]. Consider first
a static ion density fluctuation in an otherwise homogeneous plasma i.e.,
n = ng + Ancos kz. The electric field of the light wave is again approxi-
mated as a spatially homogeneous field of the form E; = Epsinwt. The
electrostatic field E associated with the excited plasma wave is then given
by Eq. (6.4). Explicitly including the time dependence and neglecting col-
lisions, we then have
wze An .
E = —2—p—2- — Fy coskz sinwt

w? —wl no

where w2, = w2, + 3k?v2. Since E has a spatial dependence, the time-
averaged electric field intensity has a gradient. To lowest order in the
small amplitude An of the (thermal) ion density fluctuation, we obtain

2
V((E+E) = - —2 A" g2 ginke.

2 _
wé —wg ne
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Figure 6.1 When wg < wey, the ponderomotive force acts to enhance the
density fluctuation, i.e., to push more plasma into regions of higher density.

The ponderomotive force F), is then

2 52 2

e“ Ej Wpe Ank Ck
7 3 5~ — k sinkz .

2mw? w —wo Mo

F, =

As shown in Fig. 6.1, the ponderomotive force acts to reduce the
density fluctuation when w > wer. However, when w < we, the pon-
deromotive force acts to enhance the density fluctuation. Hence a purely
growing (zero frequency) ion density fluctuation will spontaneously grow
from the noise. As it grows in amplitude, so also does the associated
electron plasma wave. This instability is called the oscillating two stream.

We next consider the ion density fluctuation associated with an ion
acoustic wave. The fluctuation is no longer static, but has a frequency
equal to kv,, where v, is the ion sound velocity. In this case, the instability
is most easily thought of as the resonant decay of the light wave into
an electron plasma wave plus an ion acoustic wave. The instability is
strongest when all three waves are matched in frequency i.e., when w =
wek + kvs. Hence this instability is often called the ion acoustic decay.

6.4 INSTABILITY ANALYSIS

We can derive these instabilities [4-9] from the two-fluid plasma descrip-
tion. For simplicity, we consider a spatially uniform plasma driven by a
pump field of the form Eg4 = Eq coswyt, where wy is near wpe, the electron
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plasma frequency. We further consider only electrostatic perturbations
and restrict the analysis to one-dimensional perturbations along the di-
rection of the pump field.

The fluid equations for the electrons are

on, on.u
_€ €€ — 90 6.11
ot oz ( )
Ou, Ou, e 1 Jdpe
e - __F — — Vele 6.12
ot T Ue oz mE mn. Or Vet ( )
B‘;— = constant , (6.13)
Ne

where v = 3 for high frequency perturbations and « = 1 for low frequency
ones. Note that we have included collisions with frequency v, to model
either collisional or Landau damping of the electron waves. To proceed, we
divide the electron fluctuations into low and high frequency components

ne=no+n‘é+nf:l 6.14
B ¢ .k (6.14)
Ue = Vs + U + U, ,

where the superscripts £ and h denote low and high frequency, respectively,
ng is the uniform background density, and v, is the oscillation velocity
of electrons in the pump field. To analyze for instability, we linearize by
assuming that nf or n? < ng and u¢ or u? « v,, and neglecting products
of the perturbed quantities.

For spatially dependent electrostatic fluctuations, we can write

OF

5t +4nJ =0, (6.15)
where J is the longitudinal part of the current density. Equation (6.15) is
readily obtained from Poisson’s equation and the equation for continuity
of charge. Linearizing and taking the high frequency component gives

OE"
o = 4T e (no ui’ + nf vos) . (6.16)

In turn, the high frequency component of the linearized force equation
becomes

oul ot e _» 3v? onh

(4 (4

% %9 T T m o Oz

— veul | (6.17)
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where we have used p! = 3mv2n!. Taking a time derivative of Eq. 6.17
and substituting from Eq. (6.16) gives

*ub ub 7] oul 3v? 3%nh
5 + Ve + = | Yos—— — =
5 .
—wgeuz _ dme 1 Vos .
m

The third term in Eq. (6.18) can be neglected relative to the other
terms. First note that

3 (0 . e
at \ > oz ot Oz’

since the low frequency is assumed to be <« wg ~ wpe. We next use the
low frequency component of the continuity equation to give

8 9z Ot no

+ Vos——

Ovos Bul  Buos 1 (anf; B'ni‘)
ot oz )

Direct comparison shows that these terms are neglegible compared with
the other terms of Eq. (6.18), provided that k*vZ, < w2,

Lastly, we use the high frequency component of the continuity equa-
tion to simplify the thermal correction term in Eq. (6.18). In particular,

ol ol on’
e -9
En + no oz + Vos 3z )
which gives
302 9*nk o 32 Ful 32 ?nt

ne Otz N

The second term on the right hand side can be neglected compared to
(4me? /m)nfues, provided k2)\3,, < 1. Hence we finally obtain

5 9 o? 47e?
(Et—f + Ve, + wge — 3v§5:—c—5) ub = — — 1 Vog -« (6.19)

To obtain an equation for the low frequency fluctuations, we must
consider both the electron and ion responses. If we neglect electron inertia
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(Zm <« M) and use an isothermal equation of state, the low frequency
component of the force equation becomes

v2 Ant

L (6.20)

m i ng Or

In other words, the low frequency electric field transmits the ponderomo-
tive force and the electron pressure to the ions.
The fluid equations for the ions with mass M and charge Ze are

on; o

2 (np;) = 0 6.21
at + Bx(nlu) ( )
Ou; Ou; Ze 1 Jdp;
i AT R A D 22
ot T ox M M ny; Oz vt (6.22)
p_; = constant , (6.23)
n?

1 .
where we have included collisions with frequency 1; to model either colli-
sional or Landau damping of the ion fluctuations. Neglecting the response
of the massive ions to the high frequency fields, we linearize these equa-
tions by assuming

[
n; = ng; + n;
P (6.24)
U; = U; .
The linearized continuity and force equations become
ont ot
i =0 .
En + ng; o (6.25)
ot Ze , 3v}ont ¢
= ——F"* — 2 _* _ ot 2
ot M ne; Ox Vit (6.26)

We next take 0/8t of Eq. (6.25), 8/0z of Eq. (6.26), and eliminate the
common term 8%uf/8z8t to obtain

nt ont Zeng; OE* ?nf
S Vit + %% ~ 3v2 a;‘ =0. (6.27)
Substituting for E from Eq. (6.20) and noting that Z nf ~ n’ then gives
*nt oné » 0t g m o*ul
o T Ve T igmateae (6B

where v} = (Z6, + 36;)/M and wf; = 4nne’Z/M.
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6.5 DISPERSION RELATION

The coupled equations for u? and n¢ describe the feedback which leads

to instability. To derive the dispersion relation, we assume that «? and

nt vary as exp(ikz — iwt) and represent vys(t) as

vos(t) = von [exp(iwot) +2 exp(—iwot)]’

where v,s = eEg/mwy. The Fourier transforms in space and time of
Eqgs. (6.19) and (6.28) give

(w2 + lwre — gk) uly(w) = (6.29)
4re? v
T2 [ nly(w — wo) + néy(w+wn) |
(w2 + dwy; — kzvz) nfe(w) = (6.30)
wplm k2vos

dne? 2 [ ek(w — wo) + ugk(w+w0)] )

where w?, = wge + 3k?v? . Choosing w as low frequency, we use
Eq. (6.29) to eliminate u” (w :l: wg) from Eq. (6.30). Notmg that |w +
2w0| ~ 2wp, we neglect as very off-resonant the terms nf, (w + 2wp) and

nf, (w — 2wp). Hence we obtain the dispersion relation

2 12,2
wz. kv 1
. 0s
w4 iwy; — kP2 = B [(

4 €(k,w — wo) e(k w+w)] > (6:31)

where é(k,w) = w? + ivew — Wi
This dispersion relation can be simplified considerably. First, note
that

é(k,wtwy) = (w:tw0+wek)(w:l:wo—wek) + i(wtwo) e -

Defining § = wp — wek, approximating wo + wek ~ 2wo, and assuming that
w < wp gives

e(k,wtwy) = F2wp(wx8) £ ivewo - (6.32)
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Substituting Eq. (6.32) into (6.31) and rearranging, we obtain

: 2 k2 2 S
(uﬂ +oiwy; — k%ﬁ) [(w-l— '—';ﬁ) - 52] T :°Sw— =0. (6.33)
0

Both the oscillating two stream and ion-acoustic decay instability
are readily determined from this dispersion relation. Let us first look
for a purely growing instability, which corresponds to the oscillating two
stream. For w = iv, Eq.(6.33) becomes

2 w2 k20?2
(72 + k%‘;’) [(7 + %‘3) + 62] + —"'4—"5“% -0, (634
where v; has been taken to be zero as is appropriate for ion Landau damp-
ing of a wave with zero phase velocity. Clearly + > 0 requires that § < 0
ie., wp < we as expected from the physical picture of this instability
which we discussed in Section 6.3.
Expressions for the maximum growth rate are readily obtained in both
the weak and strong growth limits. In the weak growth limit, v < kv,
and Eq. (6.34) becomes

ALENPINE ¥ LS

(v+%) + +4(ve) wod = 0. (6.35)
We find the mismatch é (and hence wavenumber k) which corresponds to
maximum growth by taking the derivative 8/96 of Eq. (6.35) and setting
0v/86 = 0. Hence § = —(vos/ve)?wo/8. Substituting & into Eq. (6.35)
then gives the maximum growth rate, which is

1 /vos ) 2 Ve
= —-(—= - —. 6.36
Y ( Ve “o 2 ( )
Due to the damping of the plasma wave, the amplitude of the pump
field must exceed a certain threshold value for net growth to occur. This
threshold value is simply given by the condition v = 0:

2
(=) =42, (6.37)
Ve / TH wWo

Let us next consider the regime of very strong growth. For growth
rate v > (kvs, ve), Eq. (6.34) becomes
wgikzvgs é

72(72 + 52) + = 0. (6.38)
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We again take /06 of Eq. (6.38) and set 8v/96 = 0 to estimate the
6 which corresponds to the maximum growth rate. After straightforward

algebra, we obtain
Zm k*v2, 3
¥ = (W —80‘—(4)0) s (6.39)

for a mismatch 6 = —~.

The mentioned ion-acoustic-decay instability is also readily obtained
from Eq. (6.33). We first examine the weak growth regime, assuming that
v < kvs. Maximum growth clearly occurs when both the ion acoustic
wave and the electron plasma wave are nearly resonant. Hence we take
w = kvs 447y and choose § = wg — wer, = kv,. Substitution into Eq. (6.33)
then gives a quadratic equation for the growth rate +:

1 2
492 4+ 2y(vi+ve) + vive — ‘—1(%) kvewg = 0, (6.40)
€
where we have used y < kv,. Growth again requires that the pump field
exceed a threshold value, which is obtained by the condition that y = 0:

(@)2 =4 n (6.41)
Ve /TH wo kv,

For a growth rate much greater than either collision frequency but still
much less than the ion acoustic frequency,

y o= 1V v (6.42)
4 v,

For large amplitude pump fields, the frequency of the ion wave can be
determined by the pump field intensity. In this limit, the ion wave is called
a quasi-mode since it is not a mode of the undriven plasma. Assuming
that |w| > kv, and ignoring the damping terms, we return to Eq.(6.33)
to obtain Y

2 2 2 2 o8
Wi (w® = 6%) + wy 1 o
To solve Eq. (6.43), we take w = |w| exp(i¢) and and § = a|w|, where o
is a parameter to be varied to maximize the growth. The imaginary part
of Eq. (6.43) then gives sin ¢ = '%\/2 — a?. The real part of this equation

gives /
1/3
2 12,2
| = wp; k° V5
4wy

~0. (6.43)
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The growth rate, v = |w| sin ¢, maximizes when a = 1/ V2. Hence we
obtain the real part of the frequency (w,) and the growth rate:

1/3

2 wo 16 ( )
6.44
1/3
V3 (ke )"
T3 L 16 '

6.6 INSTABILITY THRESHOLD DUE TO
SPATIAL INHOMOGENEITY

The threshold for instability is often determined not by collisions but
by spatial inhomogeneties. In a plasma with a gradient in density, the
oscillating-two-steam and ion acoustic decay instabilities are excited only
over a region of limited size i.e., where wp ~ wpe. There is then a loss
mechanism, since the unstable waves can propagate out of the region in
which they are excited. Let us conclude our discussion of these instabilities
by estimating the effect of a density gradient on the threshold [10].

We start by considering a plasma wave driven unstable by the electric
vector of a light wave which is normally incident onto an inhomogeneous
plasma. For simplicity, we consider only the oscillating two stream insta-
bility and assume that the plasma density varies linearly near the critical
density with scale length L. Where the excitation is strongest, the plasma
wave has a wavenumber k) aligned with the electric vector of the light
wave. However, at a lower density, the wave vector must develop a compo-
nent (k;) down the density gradient so that the increase in the frequency
due to the thermal correction balances the decrease due to lower density.
Hence

K0 = o 2,
where z = 0 corresponds to the place where k = k). As k. increases, the
efficiency of the coupling between the light wave and the plasma wave
decreases, since the plasma wave begins to propagate more and more
in a direction orthogonal to the electric vector of the pump field. If we
estimate the size (¢1y7) of the interaction region by the condition k, ~ Ky

(6.45)
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NT ~ (302 kﬁ L/w?.). The time that it takes for wave energy to propagate

out of this region is

2INT
T = / —, (6.46)

0 Vg
where vy, is the component of the group velocity of the plasma wave down
the density gradient. Noting that vy, = 3k,v2/wye and using Eq. (6.45) for
k-, we readily obtain 7 = 2k L /wpe. The effective damping rate (v = 1/7)
becomes v/wpe = 1/2k) L. Substituting this damping into Eq. (6.37) for

the threshold gives
2
Vos 2
— ~ —, 6.47
( Ve )TH kyL ( )

6.7 EFFECT OF INCOHERENCE IN
THE PUMP WAVE

Finally let’s note that either temporal or spatial incoherence in the pump
wave will reduce the instability growth rate. As a simple example, consider
the ion-acoustic decay instability driven by a spatially homogeneous pump
field with a frequency near wpe and with a random modulation in its
amplitude [11]. In particular, we let

E = Ej aft) coswt ,
where E is the electric field, w is the frequency, and a(t) is a stochastic
variable with a zero mean and a variance of unity. When the growth rate

is much less than the ion acoustic frequency, the amplitude (}') of an
unstable wave can be represented by terms of the form

f=8 exp['yo /0 t a(t')dt] . (6.48)

Here 7 is the growth rate in the absence of amplitude modulation, damp-
ing has been neglected, and 3 is a constant determined by the initial
conditions. If we assume that o(t) is Gaussian,

(i) =pew|B [at [ar (arawn)]|.
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where the brackets denote an average. The effective bandwidth Aw is
defined via the autocorrelation function:

1 o .
A = | 4 (atate+m).

If Aw > 79, Eq. (6.49) gives

B = pexp(220) (6.50)
= P Aw . .
Hence the growth rate is reduced by the ratio vo/Aw.

This reduction in the growth rate is readily understood. The intensity
of the pump wave is distributed over a bandwidth Aw, and the resonance
width of the instability is the growth rate. Hence when Aw > 7, only
some fraction of the pump wave resonantly couples to any two given
unstable waves. A random modulation in the phase of the pump waves
leads to the same reduction in the growth rate [12,13]. In general, a spread
in the wave vectors of the pump field or even random turbulence in the
plasma [14] can also limit the coherence and contribute to the effective
bandwidth.
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CHAPTER :

Stimulated
Raman
Scattering

An important class of instabilities involves the coupling of a large ampli-
tude light wave into a scattered light wave plus either an electron plasma
wave (the Raman instability) or an ion acoustic wave (the Brillouin in-
stability). In this Chapter, we will consider the Raman instability and a
related instability in which a light wave couples into two electron plasma
waves. In the next chapter, we will discuss the Brillouin instability and
a related instability which can lead a beam of light to break up into fila-
ments.

The Raman instability can be most simply characterized as the reso-
nant decay of an incident photon into a scattered photon plus an electron
plasma wave (or plasmon). The frequency and wave number matching
conditions then are

Wo = Ws + Wek

k0=k3+k,

where wg (ws) and ko (ks) are the frequency and wave number of the
incident (scattered) light wave, and wej (k) is the frequency (wavenumber)
of the electron plasma wave. Since the minimum frequency of a light wave

(7.1)

73
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in a plasma is wpe, the electron plasma frequency, it is clear that this
instability requires that wp 2 2wpe i.€., n < ne/4, where n is the plasma
density and n, is the critical density.

In this process, part of the incident energy is scattered, and part is
deposited into the electron plasma wave. If we simply multiply the fre-
quency matching condition by A (Planck’s constant) and note that hw is
the energy of a photon or plasmon, it is clear that for each photon un-
dergoing this process, the fraction of its energy transferred to the plasma
wave is (wek/wo). This portion of the energy will heat the plasma as the
electron plasma wave damps. As we will see, this electron plasma wave
can have a very high phase velocity (of order the velocity of light) and so
can produce very energetic electrons when it damps. Since such electrons
can preheat the fuel in laser fusion applications, the Raman instability is
a particularly significant concern.

The physics of the Raman instability is straight forward. Consider a
light wave with electric field amplitude E, propagating through a plasma
whose density is rippled along the direction of propagation by the density
fluctuation én associated with an electron plasma wave. Since the elec-
trons are oscillating in the light wave with the velocity vi = eEr/muwy,
a transverse current 8J = —evyp én is generated. If the wave numbers
and frequencies are properly matched, this transverse current generates a
scattered light wave with an amplitude §E. In turn, this scattered light
wave interferes with the incident light to produce a variation in the wave
pressure: V(E?/8r) = V(EL - 6E)/4n. Variations in wave pressure act
just like variations in the ordinary kinetic pressure i.e., plasma is pushed
from regions of high pressure to regions of low pressure and vice versa,
and a density fluctuation is generated. Due to this feed-back loop, an
instability is possible. A small density fluctuation leads to a transverse
current which generates a small scattered light wave, which can in turn
reinforce the density fluctuation via a variation in the wave pressure.

7.1 INSTABILITY ANALYSIS

The coupled equations describing the Raman instability can be read-
ily derived [1-3]. For clarity, let us consider a light wave propagating
through a plasma with a uniform density and temperature. It is conve-
nient to express the electric and magnetic fields in terms of the vector
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potential A and the electrostatic potential ¢, where B = V x A and
E = —c"10A /8t — V. We begin with Ampere’s law

19E
Gl

= - 7.2
V x B - (7.2)
Substituting for B and E and choosing V - A = 0, we obtain
1 9 2 47 19
—_Z = —J - = . 7.3
( c2 ot? v ) A c J cot vé (7-3)

We next separate the current density J into a transverse part J; (associ-
ated with the light waves) and a longitudinal part J, (associated with the
electrostatic plasma wave). The longitudinal part of J can be related to
V¢ via Poisson’s equation and the equation for conservation of charge:

Vig = —damp (7.4)
dp
—6—t+V-J—0, (7.5)

where p is the charge density. In particular, taking 9/8t of Eq. (7.4) and
substituting for dp/8t from Eq. (7.5) gives

V. (gt—V¢—47rJ) =0. (7.6)
Since V - J; = 0, we then obtain
gt-Vd) =47 J,. (7.7)
Hence Eq. 7.3 becomes
(Elfgt—i —V2)A= %Jt. (7.8)

If we restrict ourselves to the condition A - Vn, = 0, the transverse
current can be simply expressed as J; = — n. eu;. Here u, is the oscillation
velocity of an electron in the electric field of the light wave and n,. is the
electron density. For |u;| < ¢, us = eA/me since

%':_iEt: e 0A

at m e ot (7.9)
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Hence, we obtain an equation for the propagation of a light wave in a

plasma;
& 4m &2
(— - c2V2) A=— :f ne A . (7.10)

The scattering of a large amplitude light wave (A ) by a small amplitude
density fluctuation (7.) is easily determined by substituting into Eq. 7.10
for A = Ay + A and for n = ng + 71, where ng is the uniform background
plasma density. We then obtain

o? . 4me?
(52- - AV? 4 wge) A=- ;e e AL . (7.11)

The right hand side is simply the transverse current (ox 7.vy) which
produces the scattered light wave (A).

To derive an equation for the density fluctuation associated with the
electron plasma wave, we treat the massive ions as a fixed, neutralizing
background and describe the electrons as a warm fluid. The continuity
and force equations then are

one

g + V- (neue) =0 (7.12)
Ou, -
e {u-Vu, = ——e(E+ “eXB) _ VP (743
ot m c Nem

where n., u. and p. are the density, velocity and pressure of the electron
fluid. (As we have shown in Chapter 1, these equations are readily derived
as the first two moments of the Vlasov equation.) Separating the veloc-
ity into longitudinal and transverse components (u. = ur + eA/mc),
substituting into Eq. (7.13), and using a standard vector identity gives

2
Vpe
dup _ e eA) ~ P (7.14)

1
B o m T 5"(“”% -
The second term on the right hand side is the ponderomotive force and is
proportional to the gradient of the intensity of both the longitudinal and
transverse components of the electric field.
We now use the adiabatic equation of state (pe/n? = constant) and
linearize Eqs. (7.12) and (7.14.) In particular, we take uy = 1, n. =
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no+7e, A =AL+A and ¢ = ¢ where the tilde denotes an infinitesimal
quantity. Then

one

ot + nV-u =0 (7.15)
oa e~ e? ~ 3v? _ .
E = ’n—lv(ﬁ - m262V(AL ’ A) - n—() Nne , (7'16)

where v, is the electron thermal velocity. Taking a time derivative of
Eq. (7.15), then a divergence of Eq. (7.16), and finally eliminating the
term A(V -1y )/0t gives

o7 i 2 i
(ﬁ + Wl — 3v§V2) fie = ZZ2V2(AL-A) . (7.17)

Here we have also made use of Poisson’s equation (V2¢ = 4mefc) to
eliminate ¢. This equation describes the generation of a fluctuation in
the electron density by variations in the intensity of the electromagnetic
waves.

7.2 DISPERSION RELATION

Equations (7.11) and (7.17) describe the coupling of the electrostatic and
electromagnetic waves discussed in the introduction to this chapter. To
derive the dispersion relation for the Raman instability, we here take
A; = Aycos(kg - x — wot) and Fourier-analyze these equations:

(w2 — K2 - wge) Alk,w) = (7.18)
4me? - .
T A [ne(k — kg‘,w—wo) + fe(k + ko, w +w0)]
(w2 - wgk) fie(k,w) = (7.19)
k2 e2 ng

i Ao [Ak = ho,w—wo) + A(k + ko, +wn)],
1/2
where wej, = (wf,e + 3/{:21)3) is the Bohm-Gross frequency and wy and

ko are the frequency and wave number of the large amplitude light wave.
We next use Eq. (7.18) to eliminate A from Eq. (7.19). Taking w ~ wpe
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and neglecting the terms 7i.(k — 2ko,w — 2wp) and 7.(k + 2ko, w + 2wp) as
very nonresonant, we obtain the dispersion relation:

2 1.2, 2
W — WY = ek Vos [ ! i 1 ] . (7.20)
4 D(w—wp, k—ko) D(w+ wp, k+ko)

Here D(w, k) = w? — k?c? — w2, and v, is the oscillatory velocity of an
electron in the large amplitude light wave.

The instability growth rates are readily found from Eq. (7.20). For
back or sidescatter, we can neglect the upshifted light wave as nonreso-
nant, giving

2 2,2

kv
% (7.21)

(@ = o) [(@—wo)? — (e—ko)2e® — W] = B2

We take w = wep, + éw, where dw < wek, and note that maximum growth
occurs when the scattered light wave is also resonant i.e., when

2 2
(wek - wo) - (k - ko) 3 - wge =0. (7.22)
Then, éw = 1+, where
1/2
k vos wf,e
= . 7.23
v 4 I:wek (WO e wek) ( )

The wave number k is determined by Eq. (7.22). For example, for
direct backscatter where the growth rate maximizes,

_ Wo (1 _ wpel/?
k_k0+c(l wo) . (7.24)

The wave number starts from k = 2kg for n < n/4, and goes to k = ko
for n ~ n /4, as is apparent from the matching condition.

The wave number and growth rate are less for any 90° sidescatter
(k ~ v/2ko for n < nc/4). For the more general case of sidescatter in
which A - Vn # 0, the growth rate is further reduced since the electric
vectors of the incident and scattered light waves are no longer aligned. For
example, it is apparent from Eq. (7.17) that the growth rate will vanish
when A - Ag = 0. Hence sidescatter occurs preferentially out of the plane
of polarization, the case we have treated.
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For forward scatter at very low density, k < wp/c. Both upshifted and
downshifted light waves can now be nearly resonant i.e.,

D(w £ wo, k ko) ~ 2(wpe + wp)bw ,

where we have chosen k = wpe/c and let w = wpe + 6w, Where dw <K wpe.
Substituting into Eq. (7.20), we readily find the maximum growth rate
(bw =1i7): \
~ pe  Vos
v o~ W I (7.25)
Lastly, let us note that there is also a kinetic instability which rep-
resents stimulated Compton scattering by the electrons [4,5]. Now the
electrostatic fluctuation is no longer a resonant mode of the plasma but
rather a beat mode which interacts with the electrons. This instability can
be readily derived from Eq. (7.20) if we replace w? — w2, by w?e(k,w)
where €(k,w) is the fully kinetic dielectric function. For a Maxwellian
velocity distribution, the growth rate peaks when wy ~ ws; 4+ kv.. Not
surprisingly, the maximum growth rate is much less than that for the
Raman instability, unless the plasma wave is heavily damped. The two
processes then merge.

7.3 INSTABILITY THRESHOLDS

Damping of the unstable waves introduces a threshold intensity for in-
stability generation. The simplest way to include the effect of damping is
to add terms v, (0A/3t) and v, (871/8t) to Eqgs. (7.11) and (7.17), where
v, (ve) is the energy damping rate for the scattered light wave (the elec-
tron plasma wave). The dispersion relation remains the same as Eq. (7.20)
with the substitutions

2 2

W - Wi = wwtirve) — Wi,

D(w,k) = w(w+ivs) — k:? — wie .

The instability analysis proceeds as before. For example, for back
or sidescatter, we again retain only the down-shifted light wave, take
W = Wek + 1, and choose k according to Eq. (7.22) to obtain maximum
growth. Then we obtain

(Y + 7)) +7) = 4%,
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where 7. and v, are the amplitude damping rates (half of the energy
damping rates) and o is the growth rate in the absence of damping. The
threshold condition due to damping then is

Y 2 VYeTs - (7.27)

As an example, we consider backscatter for wpe/wo < 1/2 and assume
only collisional damping. Substituting Eq. (7.23) into Eq. (7.27) then gives

vos \* _ ((wpe)” VA
OHOES -
c wo wo Wpe
where v,; is the collision frequency discussed in Chapter 5. This threshold
mtensity can be quite low. In general, Landau damping of the plasma
wave needs to be included, as will be discussed in Chapter 9.

In practice, the threshold intensity is usually determined by gradients
in the plasma density rather than by damping. Let us conclude our dis-
cussion of the linear theory of the Raman instability with a heuristic cal-
culation of the threshold in a plasma with a linear density profile. Plasma
inhomogeneity limits the region over which three waves can resonantly
interact, and propagation of wave energy out of this region introduces an
effective dissipation which must be overcome. Noting that the wave num-
bers are now a function of position, let us define k = k;(z) — k2(z) — k3(z).
At some point k = 0 (i.e., the waves are resonantly coupled), but away
from this point a mismatch develops. The resonant coupling is spoiled
when a significant phase shift develops. Hence we can estimate the size
¢inT of the interaction region by the condition foe INT kdz ~ 1/2. Tay-
lor expanding about the matching point (x = x(0) + £’ z) then gives
iyt ~ 1/ N2 Propagation of wave energy out of this interaction region
introduces an effective damping rate of approximately vg;/¢;nT, Where vg;
is the component of the group velocity of the i*® wave along the gradient.
Inserting these damping rates into Eq. (7.27) then gives the Rosenbluth
criterion for exp(2w) amplification in a plasma with linear variation in x:

2
— T >1, (7.29)
|5 vg1 vg2 |
where 1 and 2 refer to the growing waves.

As an example, we consider Raman backscatter at n < ne/4. Since

the wave number of the electron plasma wave depends more sensitively on
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density than do the wave numbers of the transverse waves, ' ~ — 9k/0x
and |vgpk!| &~ Owpe/dx. Neglecting temperature gradients and assuming
a locally linear variation in density with a scale length L = n/(dn/0x),
Owpe /0 ~ wpe/2L. Noting that vy ~ c and substituting into Eq. (7.29),
we obtain the threshold condition:

(=) > koiL . (7.30)

In general, a more detailed treatment of the instability generation in
inhomogeneous plasma is required. As the region of n/4 is approached,
the group velocity of the scattered light wave decreases towards zero, and
the WKB approximation fails. There the threshold becomes lower by a
factor of ~ (ko L)!/3, which is roughly the maximum factor by which the
group velocity of a light wave decreases in an inhomogeneous plasma.
The threshold for Raman sidescatter is also lower than that given in
Eq. (7.30) by a similar factor, since the sidescattered light wave is more
weakly affected by the gradient in density. The threshold intensity is also
substantially reduced at density maxima (where ' = 0). In all these
cases the instability can become absolute. The unstable waves do not
then limit by convection but grow in time until nonlinear effects onset.
An extensive discussion of the thresholds due to plasma inhomogeneity
and the convective or absolute nature of the instability is given in the
literature [6-11].

74 THE 2w, INSTABILITY

Finally, let us briefly consider a related instability in which the laser
light decays into two electron plasma waves [12-17]. The frequency and
wavenumber matching conditions for this so-called 2wp, instability are

Wo = Wekl + Wek2

7.31
kO = kl + k27 ( )

where wg (ko) is the laser light frequency (wave number) and wer; (k)
and werz (k2) are the frequencies (wave numbers) of the electron plasma
waves. Since wer; and weks are approximately wpe, this instability clearly
takes place at a density n ~ nc/4. The 2wy instability is a preheat
concern, since electron plasma waves are generated.
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To derive this instability, we can simply treat the ions as a fixed,
neutralizing background and describe the electrons as a warm fluid. If we
again express U, = U +Vos Where vos = eAg/mc and linearize Egs. (7.12)
and (7.14), we obtain

8;;‘* + noV-lp + Vos Vite = 0 (7.32)
ou e - 3v: _ -
WL = V6 = E Viie = V(Vesriir ), (7.33)

where i1y, 7. and &3 are treated as infinitesimal quantities. We next take
a time derivative of Eq. (7.32), a divergence of Eq. (7.33), use Poisson’s
equation, and combine to eliminate the term 9(V - 1;)/0t. This gives

8%n,

I(Vos - Viie)
+ -
ot?

ot

+ (Wl — 302V?)i, —ngVE(Ves-iiz) = 0. (7.34)

Representing vos = vos[exp(iky - x — iwot) + exp(—iko - x + iwpt)]/2
and Fourier-analyzing Eq. (7.34) gives
(- w? + “’gk) fie(k,w)
+ % K- Vos [ﬁe(k — ko, — wp) + fie(k + ko, w + wo)] (7.35)

ng k2
4o

Vos * [ﬁL(k—ko,w—wg) + ﬁL(k+ko,w+wo)] = 0.

An equation for 7e(k—ko,w—wp) can be directly obtained from Eq. (7.35)
by simply replacing k,w with k — ko,w — wp. If we choose w ~ wpe and
neglect as off-resonant any responses at w + wp or w — 2wp, we easily
obtain coupled equations for 7i.(k,w) and fie(k — ko,w — wo):

(- w? + wgk) fie(k,w)

+ % : [w k 7ie(k — ko, w — wo) (7.36)
+ nok?ap(k — ko,w — wo)] -0
[— (w — wo)? + wﬁk_ko] fre(k — ko, w — wo) (7.37)

Vos

+ Y2 - wn) kiie(k,0) + mo(k — ko)? B (k)] = 0.
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Here we have noted that ko-v,s = 0. These equations describe the coupling
of electron plasma waves with wave numbers k and k — ko by the laser
light.

The Fourier-analyzed continuity equation is next used to approximate
1y in the coupling terms as

- k fi(k,w)
~— g —— 7.38
U.L(k,UJ) = 52 w no ’ ( )
where we are neglecting the additional term involving v,s which would

simply give a correction of order v2,. We then substitute Eq. (7.37) into
Eq. (7.36) to obtain the dispersion relation

; woe|(k — ko)? — k2 2
A e A R T el INCED)

The coupling term has been simplified by approximating w ~ wpe and
W — Wp = —Wpe.

The growth rate is readily found by substituting w = wey, + ¢y and
invoking frequency matching. Then

(7.40)

y o~ K Vo ' (k —ko)? — K2

4 k [k — ko

For k > ko, the growth rate maximizes at v ~ kovos/4 for plasma waves
propagating at 45° to both ko and v,.

Either dissipation or plasma inhomogeneity introduce a threshold in-
tensity for the instability. The collisional threshold is simply given by the
condition that vy = v./2, where v, is the energy damping rate due to
either electron-ion collisions or Landau damping. The threshold due to

inhomogeneity is
() ~
Ve - koL ’
where L is the density scale length at ns /4. The inhomogeneous threshold

for the 2wy instability is lower than that for the Raman instability at
Ner/4 unless the plasma is quite hot.
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CHAPTER 8

Stimulated
Brillouin
Scattering

In this chapter we will consider the Brillouin instability, which involves the
coupling of a large amplitude light wave into a scattered light wave plus
an ion acoustic wave. The physics of this instability is analogous to that
of the Raman instability, except that now the density fluctuation which
provides the coupling to the scattered light wave is the density fluctuation
associated with a low frequency ion acoustic wave. Qur analysis will be
sufficiently general to show another instability, which is also associated
with the variations of plasma density induced by variations of light wave
pressure. This latter instability is called the filamentation instability, since
it can lead to the break-up of a light wave into filaments.

The Brillouin instability can be most simply characterized as the res-
onant decay of an incident photon with frequency wo and wavenumber
ko into a scattered photon with frequency w, and wavenumber k; plus
an ion acoustic phonon. The frequency and wave number matching con-
ditions then are

W = wg + w

k0=ks+ky

87
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where now w and k are the frequency and wave number of the ion acoustic
wave. Since the frequency of an ion acoustic wave is much less than wy, it
is clear that this instability can occur throughout the underdense plasma.
Furthermore, nearly all the energy can be transferred to the scattered
light wave. Hence this instability is a significant concern for laser fusion
applications, since the process can either degrade the absorption or change
its location.

8.1 INSTABILITY ANALYSIS

To obtain the coupled equations [1,2] describing the Brillouin instability,
we again consider the response of an initially uniform plasma driven by
a large amplitude light wave. We have already derived in the previous
chapter an equation for the generation of a scattered light wave with
vector potential A by the coupling of a large amplitude light wave with
vector potential Ay with an electron density fluctuation 7i:

2 2
(% - 2V2 + UJge) A= - 47:,16 ﬁe AL ) (8'1)
where wy, is the electron plasma frequency. Only the fluctuation in elec-
tron density appears in Eq. (8.1), since the ion resonse to the high fre-
quency field of the light wave is less than the electron response by Zm/M,
where Z is the charge state, m the electron mass, and M the ion mass.
For the Brillouin instability, the density fluctuation 7. is the low fre-
quency fluctuation associated with an ion acoustic wave. To derive an
equation for this low frequency fluctuation, the ion motion must also be
included. We again describe the electrons as a warm fluid and separate
the fluid velocity u. into longitudinal (uz) and transverse components
(eA/mc). Then, as shown in Eq. (7.14),

2
dup _ 3V¢,_1V(uL + fﬁ) _ Vpe (8.2)
ot m 2

mc Nem

where ¢ is the electrostatic potential, p, the electron pressure, and n. the
electron density. Since we are now considering a low frequency fluctuation,
we neglect the electron inertia (dur/0t — 0) and use the isothermal
equation of state (p. = nefe, where 6. is the electron temperature). We
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then linearize Eq. (8.2) by letting ne = ng + fte, A = A + A and = <2>,

which gives
2

2
€ ~ € ~ Ve -
EV(ﬁ - m V(AL . A.) + n—o Vne ) (8.3)

where v, is the electron thermal velocity. The electrical potential transmits
the ponderomotive force to the ions.

To treat the ion response, we describe the ions as a charged fluid with
density n; and velocity u;. The continuity and force equations are

6.
S+ V() =0
(8.4)
Ou; + w-Vu = —QVd)
ot i u; = M s

where we have neglected the ion pressure for simplicity. We next linearize
these equations by taking n; = ng; + 73;, w; = @; and ¢ = ¢. Then

on; -

37: ¥ ngV-id; = 0 (8.5)
oun; Ze _~

= - 22V, (8.6)

Taking a time derivative of Eq. (8.5), a divergence of Eq. (8.6) and com-
bining to eliminate the term 9V - &; /8t gives

25 . .
9°n; ng;Ze V2 = 0. (8.7)

ot? M

If we substitute for ¢ using Eq. (8.3), note that Zng; = ng and approx-
imate Z; ~ f., we finally obtain an equation for the low frequency
density fluctuation:

*he

ot

Z nge?

2
Cs Ve mM c?

V(AL -A). (8.8)

Here ¢, = (Z6./M)'/? is the ion acoustic velocity. Equation (8.8) describes
the excitation of an ion acoustic wave by the interaction between the
incident and scattered light waves.
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8.2 DISPERSION RELATION

To derive the dispersion relation from the coupled equations for A and
e, we take Aj, = A cos(ko - x — wot) and Fourier-analyze Egs. (8.1) and
(8.8) to obtain

- dme? A
D(k,w) A(k,w) = ’7’: _2_L[~e(k_k0,w-w0)+ﬁe(k+ko,w+wo)] (8.9)
(w? — K2c2) fg(k,w) = (8.10)
Znge? kAL

—F [A(k — ko,w —wp) + A(k + ko, w + u::o)] ,

where D(k,w) = w? — k?c? — wZ.. We next use Eq. (8.9) to eliminate
A(k — kg,w — wp) and A (k + ko, w + wo) from Eq. (8.10). If we choose w
to be low frequency (w < wp) and neglect as‘nonresonant the terms with
ne(k £ 2ko, w £ 2wp), we obtain the dispersion relation:

Ko 2 . + L (8.11)
g e D(w —wo,k—ko) D(w+wo,k+ko)]

Here vos = eAL/me, and wp; is the ion plasma frequency which is given
by wpi = wpe\/Zm/M.

Instability growth rates are readily found from Eq. (8.11). For Bril-
louin back or sideward scatter, k is of order ko and so only the down-
shifted light wave need be retained. Then

W — kR =

kzvgs 2
As an example, we consider backscatter which has the largest growth
rate. If we consider first the weak field limit in which w = kcs + iy, where

v < kes, Eq. (8.12) becomes

(w2 - k2c§) (w2 — 2wwp + 2ko - ke? — kzcz)

k2v2
2ikcsy (—2iw0'y — 2wpkes + 2kkoc® — kzcz) = 4°sw§is. (8.13)

Maximum growth clearly occurs for k such that the scattered light wave
is also a resonant mode. Then

k= 2ky — — = (8.14)

1 ko Vos Wpi

— = [0 s P 8.15
7 2V2 Vwo ko cs ( )
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In the strong field limit, |w| > kc;, and Eq. (8.11) then becomes a
cubic equation for w. Again choosing k as given by Eq. (8.14) for maximum
growth, we now obtain

1/3
kg'v2w12,i 1 \/g
~ [ FoYos “pi = yer. 8.16
“"( 2 wo 3 Tt (8.16)

Note that in this strong field limit, the frequency of the electrostatic
wave is determined by the amplitude of the light wave. In this limit,
the electrostatic wave is sometimes called a quasi-mode, since it is not a
normal mode of an undriven plasma.

The wave number k corresponding to sidescatter is less than that for
backscatter, since the ion wave has to take up less momentum. For exam-
ple, for 90° sidescatter, k = v/2 ko. As is then apparent from Eq. (8.11),
the growth rate is also less for sidescatter. We again note that sidescatter
occurs preferentially into light waves propagating out of the plane defined
by the electric and propagation vectors of the large amplitude light wave.
In this case, the electric vectors of the light waves can be aligned, maxi-
mizing the ponderomotive force. This is the case we have focused on with
our simplifying assumption that A - Vn, = 0.

There is also a kinetic version of the Brillouin instability, which rep-
resents stimulated scattering from the ions. In this instability, the two
electromagnetic waves beat together to produce an electrostatic fluctua-
tion which resonates with the bulk of the ions i.e., wg — w,; ~ kv;, where
v; is the ion thermal velocity. Since the electrostatic disturbance is not a
normal mode of the plasma, the growth rate is much less than that for
the Brillouin instability unless the ion waves are heavily damped. This in-
stability can be included in the dispersion relation by replacing our fluid
description of the ions with a kinetic treatment.

8.3 INSTABILITY THRESHOLDS

Damping of the unstable waves introduces a threshold intensity for in-
stability generation. As we have discussed in the previous chapter, net
growth of the unstable pair of waves requires that

Y > VYiTYs» (8.17)

where - is the growth rate in the absence of damping, v, is the amplitude
damping rate of the scattered light wave, and +; is the amplitude damping
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rate of the ion acoustic wave. As an example, let us consider backscat-
ter and assume collisional damping of the light wave (v, ~ Veiwge/ 2w,
where v,; is the electron-ion collision frequency defined in Chapter 5).
Substituting Eq. (8.15) into Eq. (8.17) then gives

2
(”L) > g Ve Y% (8.18)

Ve wy ko c,

The damping of the ion wave is usually determined by Landau damp-
ing, which will be discussed in a later chapter. We need only note here
thaty; < koc,, and so the threshold due to damping is usually quite low
i.e., (Vos/ve)? < 1.

In practice, the threshold intensity is usually determined by gradients
in the plasma density and expansion velocity rather than by damping. As
indicated in the previous chapter, instability growth in an inhomogeneous
plasma is a very rich topic. To illustrate the effects of inhomogeneity, let’s
again simply consider the Rosenbluth criterion for exp(27) convective
growth in a plasma with a linear variation in the wavenumber matching:

,72

I o1 o] > 1. (8.19)
Here «’ is the gradient of the wave number mismatch and vg; and vgy are
the components of the group velocities of the unstable waves along this
gradient. As an example, we consider Brillouin backscatter in a plasma
with a density gradient with scale length L = n/(8n/dz). Then £’ =
A(ko — ks — k)/8z ~ 2(Bko/Bz) ~ wie/wocL, for wpe < wp. Substituting

into Eq (8.19) gives \
Vos 8
(v—e) = WL (8.20)
A gradient in expansion velocity can be even more effective in lim-
iting the region over which the coupling is resonant. In an expanding
plasma, w = k(c, + Vexp). Then &’ = —8k/0z =~ kcs L7 /(cs +Vexp), Where
Ly = ¢,/ (Bvexp/dz) is the velocity gradient scale length. Substituting «’
into Eq. (8.19), we then obtain the result shown in Eq. (8.20) with the
replacement of L by L, wZ./2w3.
The threshold intensity due to inhomogeneity is lower for sidescatter,
since a sidescattered light wave spends a longer time in the region of
interaction. If we refer to the discussion in Chapter 3, the group velocity
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along the density gradient of a light wave propagating principally in the
direction orthogonal to the gradient is ~ ¢/(koL)'/3. As is apparent from
Eq. (8.19), the threshold intensity is then reduced by a factor of order
(koL)'/3.

8.4 THE FILAMENTATION INSTABILITY

The dispersion relation shown in Eq. (8.11) also describes the filamenta-
tion instability [3—6], which corresponds to the growth of zero-frequency
density perturbations (and the corresponding modulations in intensity)
in the plane orthogonal to the propagation vector of the light wave. If we
assume that w = iy < wp and k-ko = 0, we find that D(w +wo, k+ko) ~
+2iwpy — k2. Substituting into Eq. (8.11), we obtain

2
k4c4) _ kvl & whi (8.21)

() <
For illustration, let us here derive the maximum growth rate in the limit
v & kecs. The wave number for maximum growth is found by differen-
tiating Eq. (8.21) with respect to k and requiring that dv/0k = 0. The
growth rate is then evaluated for this value of k. In the limit v <« k¢, and
neglecting the ion temperature, we obtain

1 0552 wge
’y — — —
8 Ve wWo
“pe Uos
2¢ ve

We note that the density fluctuations are purely growing. They simply
correspond to the variations in plasma density driven via the ponderomo-
tive force by intensity modulations in the light beamn. Whole beam self-
focusing results from the same physical process and can be considered a
special case of the filamentation process. Since resonance with an ion wave
is not involved, the filamentation instability is not extremely sensitive to
plasma inhomogeneity. The instability is often characterized by its spatial
gain coefficient x, which is the growth rate divided by the group velocity
of the light wave. For v < kcs, & = (1/8)(vos/Ve)? (whe/w})(wo/c).

Filamentation and self-focusing can also be driven by either thermal
forces [7-10] or relativistic effects [11]. In the first case, a localized increase
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in the intensity of a light wave raises the plasma temperature via the en-
hanced heating. Refraction of the light wave into the resulting density
depression enhances the perturbation in intensity, completing the feed-
back loop. These thermal effects can be particularly important in dense,
cold plasmas where collisional absorption is efficient. The relativistic ef-
fect can be significant for a very intense light wave. Since wge = 4mne? /m,
the relativistic increase in the mass of an electron oscillating in the light
wave has the same effect as a decrease in the plasma density. The light
wave is focused, enhancing its intensity.
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CHAPTER 9

Heating by
Plasma Waves

The Wave-Particle Interaction

We have examined a number of different processes whereby intense laser
light couples either into electrostatic waves (resonance absorption and the
oscillating-two-stream, ion acoustic decay and 2wp. instabilities) or into
both electrostatic and scattered light waves (the Raman and Brillouin in-
stabilities). In order to understand the evolution and the consequences
of these processes, it is necessary to consider how electrostatic waves
are damped by the plasma particles. Since electrostatic waves are sim-
ply charge density fluctuations and their associated electric fields, these
waves do not readily escape from the plasma. Their energy is ultimately
transferred to the particles via either linear or nonlinear damping mech-
anisms. We will first discuss the damping of a small amplitude electron
plasma wave, which is already sufficient to illustrate important features of
the heating via plasma waves. We will then briefly consider the damping
of a large amplitude electron plasma wave. Finally we conclude with a
discussion of electron heating by parametric instabilities near the critical
density, including a brief discussion of plasma wave collapse.

25



26 9 Heating by Plasma Waves

9.1 COLLISIONAL DAMPING

Electron-ion collisions provide the simplest mechanism for the damping
of an electron plasma wave. Our discussion of this collisional damping
is quite analogous to that previously given for an electromagnetic wave.
The coherent motion of oscillation of electrons in the electric field of the
wave is converted to random (or thermal) motion at the rate at which
electron-ion collisions occur. To balance the energy dissipated, the energy
of the wave then damps at the rate v i.e.,

2 2
vE®  nmuy

W = Vei 2 3 (9.1)

where vy, = eE/mw, E is the amplitude and w is the frequency of the
electric field, n is the plasma density, and v,; is the electron-ion collision
frequency. Hence v = wf,eue,- Jw?, where wpe is the electron plasma, fre-
quency. The value of v,; is the same as that derived in Chapter 5 for the
collisional damping of a light wave. For an electron plasma wave, w ~ wpe
and so v ™~ v,;.

As discussed in previous chapters, collisional damping can determine
the threshold intensity for instabilities, an effect which can be quite sig-
nificant for dense, low temperature, high Z plasmas. However, the colli-
sional thresholds are often greatly exceeded, particularly in laser-fusion
applications with very intense and/or long wavelength laser light. Other
mechanisms for the wave damping must then be considered.

9.2 LANDAU DAMPING

An electrostatic wave can be damped even in the absence of collisions.
This so-called collisionless or Landau damping can be qualitatively un-
derstood rather simply. Consider an electrostatic wave with electric field
E sin(kz — wt). Most particles are non-resonant i.e., have a velocity v
much different than w/k, the phase velocity of the wave. These particles
simply oscillate in the field and experience no secular gain or loss in en-
ergy. In contrast, resonant particles with v ~ w/k experience a nearly
constant field and so can be efficiently accelerated or decelerated. These
particles do exchange energy with the wave.

A very straight forward and physical treatment of Landau damping
can be given [1]. We will first calculate the changes in the energy of par-
ticles moving in a given field. Then we will average these energy changes
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over a distribution of particles. Finally we will invoke energy balance to
determine the rate at which the field damps or grows due to its interaction
with the particles.

Since we consider an electrostatic wave and neglect any magnetic
fields, a one dimensional treatment is sufficient. The particle dynamics
are determined by

% = LE sin(kz — wt) (9.2)
m

where g and m are the charge and mass and E is the amplitude of the
electric field. We compute the dynamics by expanding about the free-
streaming motion of a particle with initial position ¢ and initial velocity
vo. In particular, we assume that

=20 + vot + 1 + Z2 (9.3)
v=1vp+ v + va. (9-4)

The subscript 1 denotes a first-order correction which is proportional to F;
the subscript 2 denotes a second-order correction proportional to E2. As
will become apparent, our expansion parameter is kéx, where 6z is the
change between the free-streaming position of a particle and its actual
position.

To compute the energy changes to order E2, we must simply compute
the motion to second order. If we substitute Eqgs. (9.3) and (9.4) into
Eq. (9.2) and expand, we obtain

. E .

o = % sin(kxzo — Q) (9.5)
E

Uy = % kz, cos(kxo — Q) , (9.6)

where 0 = w — kvg. Several trivial integrations of Eq. (9.5) give

qF
v = —Q[cos(kxo — Qt) — cos ka:o] 9.7)
qF [, .

Substitution of Eq. (9.8) into Eq. (9.6) gives

qu E2

by =~
m2)2

cos(kxo — §t) [sin(k:co — Qt) — sinkzg + QU cos k:co] . (9.9)
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We next compute the rate of change of the energy (68 ) of a set of
particles with random initial positions. First, note that (6&;) = (mupi) =
0, where ( ) denotes the average over initial positions. To second order,
we obtain (8€,) = mug(9;) + m(vyi,). Substituting from Eqgs. (9.7) and
(9.9) gives

. 2E2 [sin Qt kv,
(6&2) = 9——[ o T on

— (sinq2t - thosﬂt)]. (9.10)

Considerable simplification results if we now take the long-time limit
and express the results in terms of a delta function. A useful representation

of a delta function is .
sin ¢t

5Q) = tlinolo — (9.11)
Hence Eq. (9.10) can be expressed as
(8t = T i [6@) - kvo —5(9)] (9.12)
Since §(w — kvp) = |k|™! 6(vo — w/k), we then obtain
2 2
7rq E* 0 w
(663) = ] Bug [0 600 E)] . (9.13)

Lastly, we average the rate of the energy change over a distribution
of initial velocities, f(vo). Then

(68) = / dvo f(vo) (683) , (9.14)

where the bar denotes the average over velocities. Substituting Eq. (9.13)
into Eq. (9.14) and integrating gives the rate at which the particles gain
or lose energy:
S w
- 9.15
&) = = SmH & 31)( ) (9.15)
Equation (9.15) illustrates some very important features of the wave-
particle interaction in the collisionless limit. The energy exchange is de-
termined by the resonant particles (those with vp ~ w/k) and depends on
the slope of the velocity distribution at the phase velocity of the wave.
In particular, particles with velocity slightly less than w/k gain energy;
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particles with velocity slightly greater than w/k lose energy. If the veloc-
ity distribution decreases with velocity, the particles gain energy from the
wave. If the slope of the distribution function is inverted, the particles
lose energy to the wave.

By energy conservation, the rate of change in the energy of the parti-
cles must be balanced by a growth or damping of the wave. Specializing
to an electron plasma wave, we have

E2
2’7 —_— + (682) (9.16)

where 7 is the rate at which the electric field grows or damps. Substituting
from Eq. (9.15) gives

D-rE ), 6

where f = nf and wp. is the electron plasma frequency with density n.
Note that v depends on the slope of the distribution function evaluated
at the phase velocity of the wave. This Landau damping (or growth) rate
can also be readily derived directly from the Vlasov equation.

If we consider as an example a Maxwellian distribution with thermal

velocity v,
2 2
4 m wpew ( w )
- = exp . (9.18)
w V8 R[? 2k202

Note that the Landau damping of an electron plasma wave is a strong
function of its phase velocity. The damping becomes sizeable whenever
w/k < 3ve i.e., when kApe 2 0.4 where Ap. is the electron Debye length
and w = (wf,e + 3k2vg)l/2.

Let us conclude our discussion of linear Landau damping with a sim-
ple mechanical analogy. Consider a group of boxes translating along at a
velocity equal to w/k. Inside the boxes are uniformly-distributed parti-
cles, some moving slightly slower than w/k, some moving slightly faster.
As illustrated in Fig. 9.1, those particles moving slower than w/k are over-
taken by the wall to their left and gain energy as they are bounced off.
Likewise, those particles moving faster than w/k overtake the right wall
and lose energy as they are reflected. For a time less than the transit time
of a particle through the box, the net energy change simply depends on
whether more particles are initially moving faster or slower than w/k.
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Figure 9.1 A mechanical analogue for Landau damping.

9.3 LINEAR THEORY LIMITATIONS — TRAPPING

Let us now note some important restrictions on the linear theory of the
wave-particle interaction. Our expansion about the free-streaming orbit
requires that kéx < 1, a condition that fails after a finite time which
depends on the wave amplitude. This limitation on the linear theory can
easily be seen by examining (k?z?). Using Eq. (9.8), we obtain

k2e2E2
2m2Q4

The condition (k?z?) < 1 is most stringent for a resonant particle (Q = 0):
(k2e2E?/8m?) t* < 1. Defining a frequency wyp, = (eEk/m)'/2, we then
have wpt < 81/4,

Physically, wy, is a characteristic frequency with which trapped elec-
trons oscillate in the potential troughs of the wave. Consider the motion
of a resonant electron in the field E sin(kx —wt). If we use the transforma-
tion £ = z — (w/k)t to change to a frame moving with the phase velocity,
Eq. (9.2) becomes

(K*z?) = [(1 — cos )% + (Q —sin Qt)z] .

§ = - = Esinke¢. (9.19)
m

For electrons near the bottom of the potential troughs (i.e., well trapped
electrons), sin k€ ~ k€. Hence,

ALY (9.20)

m

describing harmonic motion with a bounce frequency wy, = (eEk/ m)l/2,
The linear theory only describes the early phase of this motion i.e., for



9.4 Wavebreaking of Electron Plasma Waves 101

wpt < 1. Alternatively, the linear theory requires that v > wy, i.e., that
the wave damp before electrons can oscillate in the troughs.

In the opposite limit (y < wp), we encounter trapping of electrons
in the potential troughs of the electrostatic wave. Since the motion of
the resonant particles (both trapped and untrapped) becomes periodic,
we then expect the amplitude of the wave to oscillate, as it first gives
and then recovers energy from the particles. In other words, first there
are more electrons moving slightly slower than the phase velocity of the
wave. The wave damps as the slower electrons gain energy. This leads to a
situation in which there are now more electrons moving slightly faster than
w/k, and the wave regains energy from the particles. Such an oscillation in
the energy exchange is also present in the mechanical analogy discussed in
the previous section. Electrons bouncing off one wall and gaining energy
clearly lose this energy after they transit the box and bounce off the other
wall.

Of course, electrons in a sinusoidal potential trough actually have
bounce frequencies which depend on their initial positions. Hence the pe-
riodic interchange of energy between the wave and the particles gradually
phase mixes away, as the slope of the distribution function flattens in
the neighborhood of the phase velocity [2]. It should also be noted that
the trapped electrons can also generate the so-called sideband instability,
which leads to an exponentiation of nearby waves [3).

9.4 WAVEBREAKING OF ELECTRON
PLASMA WAVES

Let us now discuss a useful picture which illustrates some important qual-
itative features of the nonlinear wave-particle interaction. As linear theory
has shown, a small amplitude wave is damped only by those particles with
a velocity quite near its phase velocity. However, in a large amplitude elec-
tron plasma wave, the oscillation velocity of an electron in the field can
be large enough to bring even an initially cold, main body particle into
resonance with the field. That is, when (eE/mw) ~ w/k, numerous
particles can “resonantly interact” with the wave. A strong, nonlinear
damping results as electrons are efficiently accelerated by the wave. The
wave amplitude is often referred to as the amplitude at which breaking
occurs in a cold plasma [4].

At the wave breaking amplitude, large numbers of formerly nonreso-
nant particles become strongly “trapped.” The wave energy is suddenly
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damped as these slow particles are accelerated by falling into the potential
troughs of the wave. At this wavebreaking, wj, = (eEk/m)Y/? = w. Since
wy ! is the characteristic time for resonant particles to move in the field
and hence take energy from it, the energy exchange to the particles takes
place very rapidly.

The amplitude of the field at which particles are nonlinearly brought
into resonance with a wave (i.e., are strongly trapped) is significantly
reduced [5] in a warm plasma for several reasons. Faster electrons are more
easily brought into resonance, and the sizeable pressure force associated
with the density fluctuation of the wave gives an additional acceleration.

We can crudely model the effect of plasma temperature on wavebreak-
ing by considering a water bag model, which corresponds to replacing a
Maxwellian distribution with a velocity distribution which is constant be-
tween ++v/3ve. Such an idealized distribution is convenient since it has
the same pressure as does a Maxwellian distribution with thermal ve-
locity v, yet there is a well-defined maximum initial velocity of v/3v..
Although there are particles with an arbitrarily high velocity present in
a Maxwellian distribution, the number of particles is not sizeable until
v < 2v.. Hence the water bag distribution can be expected to roughly
model the condition that significant numbers of particles are nonlinearly
brought into resonance.

In this model which assumes fixed ions, the average density (n) and
velocity (u) satisfy the same equations as those for a warm electron fluid,
as is apparent from taking moments of the Vlasov equation. Hence the
continuity and force equations are

on a

- —_ = 9.21
=+ am(nu) 0, (9.21)
ou ou e 1 dp

—_— —_— = e ——— .22
o T Yoz mE ~ mnoz (9-22)

Since we are considering a high frequency electron plasma wave, the
pressure p is determined by the adiabatic equation of state. Introduc-
ing E = —8¢/dr and transforming to the wave frame with velocity —vp
gives

nu = no’vp (9.23)
2

2_ 200 L g2 _ g 4 32 (9.24)
m n,
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Here v, is the electron thermal velocity and ng is the density of the uni-
form, unperturbed plasma. Substituting Eq. (9.23) into Eq. (9.24), we
obtain

2 2 v2
___eqi=u_2_1_,3+ﬁ (9.25)
mvp ’Up

where 3 = 3vZ/vl. By differentiating Eq. (9.25) with respect to u, it
is easy to see that ¢ has an extremum (¢.) when u/v, = BY4. The
corresponding potential is

_2¢da _ (1- \/B)z. (9.26)

2
m'vp

This simply corresponds to the condition that the net energy of the fastest
electron be zero in the wave frame.

To determine the critical value of the electric field, we consider Pois-
son’s equation: 82¢/8z%> = 4me (n — np). Multiplying by 8¢/8z and
using Eqs. (9.23) and (9.24) gives (in the wave frame)

-2 3
n
% +4n ['n,o e¢ — nmu? — ngmo? ;%] = (9.27)

—27 ng mu? [(1 - \/5)2 4 §ﬂ1/4].

The constant has been evaluated by noting that é = 0 when ¢ = ¢ The

maximum electric field (Epax = — $max) obtains when ¢ = 0:
e E2 1 ﬂ
/4 _F
m2wge =1+ 24/ - ﬁ 3" (9.28)

The maximum field amplitude is plotted in Fig. 9.2 as a function of
V3 ve /vp. For ve = 0, the cold plasma result is recovered. Note the size-
able decrease of the maximum field as the plasma temperature increases.
For example, for v, = 5ve, (eEmax/m wpe vp) ~ 0.3.
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Figure 9.2 The wavebreaking amplitude as a function of thermal velocity.

9.5 ELECTRON HEATING BY THE
OSCILLATING-TWO-STREAM AND
ION ACOUSTIC DECAY INSTABILITIES

We will continue our consideration of electron heating via plasma waves
with a discussion of some particle simulations of a simple but instructive
model problem. A plasma with a uniform density is driven by an imposed
spatially-independent pump field (Ey sinwgt) with a frequency (wo) near
the electron plasma frequency. Such a pump field models the electric field
of a light wave near its critical density under the assumption that the wave
number of the light wave is negligible compared with the wave numbers
of the plasma waves which are excited. Since the unstable plasma waves
preferentially grow along the electric vector of the pump field, a great
deal can be learned by using a one-dimensional electrostatic particle code
[6-8].
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Figure 9.3 Computed evolution of (a) the electron plasma wave energy and
(b) the total energy of a plasma driven by an electric field oscillating near the
electron plasma frequency (from Kruer et al., 1970).
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A few sample results from a simulation illustrate important features
of the collective heating|[7]. In this example wp = 1.04wpe, eEg/mwpe =
0.5v,, and the ion-electron mass ratio is 100 which is sufficient to clearly
separate the electron and ion time scales. Fig. 9.3(a) shows the evolution
of the energy in plasma waves, and Fig. 9.3(b) shows the evolution of
the total energy of the simulated plasma. At first there is essentially no
plasma heating, reflecting the fact that the plasma is nearly collisionless.
Meanwhile the plasma waves are exponentiating in amplitude. Finally
these waves saturate, concomitant with the onset of a rapid plasma heat-
ing due to the acceleration of plasma particles by the large amplitude
plasma waves. An effective collision frequency corresponding to the col-
lective heating is very large; v* =~ 0.06w, where v* describes the rate at
which the plasma energy increases with time in the nonlinear state.

The computer simulations emphasize another very important feature
of the anomalous heating. Figure 9.4 shows a typical heated electron veloc-
ity distribution calculated with the particle code. The heating has been
principally a production of very high velocity tails on the distribution
function [9]. This generation of very high velocity electrons takes place
since large amplitude electron plasma waves readily accelerate particles
out to their phase velocity.

The physics of the nonlinear saturation can be very rich. There are a
number of different regimes depending on the pump field intensity. When
the plasma is strongly driven (eEp/mwpeve 2 1), the dominant process
is simply strong electron trapping in the most unstable plasma wave.
Strong trapping occurs when many electrons are nonlinearly brought into
resonance with the wave. A large energy transfer then occurs, as the
electrons are efficiently accelerated by the wave.

We can use the calculations of the wave breaking amplitude to es-
timate the saturation in the simulations, considering an example in the
trapping regime: eEg/mwpve = 1.0 and wp = 1.04wpe. Linear theory ap-
plied to this case predicts that the most unstable plasma wave has a
wave number = 0.25wpe/ve for the electron-ion mass ratio of 0.01 used in
this simulation. Equation (9.28) then predicts that strong trapping on-
sets when eE/mwpeve ~ 0.8, which compares reasonably well with the
computed value of eE/mwpeve ~ 0.6 at saturation.

A simple estimate of the anomalous heating rate can also be given.
We estimate the energy transfer from the external driver to the electron
plasma oscillations as 2y (E%,) /4w, where v is the linear growth rate and
(E%)/4m is the energy density of the plasma oscillations. The transfer of
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Figure 9.4 A typical heated -electron velocity distribution from a particle
simulation of a plasma driven by an electric field oscillating near wpe.
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energy to the particles is given by our definition of the anomalous heating
rate as v*EZ/8r. When the plasma waves saturate, these energy flows
balance. Hence, we estimate v* as

(Ey)
E§

*

vVt = 4y (9.29)

where (EZ,) is the mean square amplitude of the electric field at satura-
tion. For the example discussed above, Eq. (9.29) predicts * ~ 0.04wp.,
again comparing reasonably with the computed value of v* = 0.06wpe.

There are other nonlinear regimes. A particularly important one ob-
tains when the amplitude of the pump field is weaker. Then the excited
plasma waves obtain an amplitude E ~ Ey without trapping. Hence they
in turn act like efficient “pumps” to drive even shorter wavelength plasma
waves, and so on. The net result is a cascade (collapse) of energy from
long wavelength waves to short wavelength ones which Landau damp.
Again the saturated state is characterized by a steady transfer of energy
from the pump field to plasma waves to a heated tail of electrons. This
nonlinear transfer of energy to shorter wavelength waves is also important
in the evolution of beam-driven instabilities [10-12].

A reduced description was shown to reproduce these moderately-
pumped simulations quite well [13]. In this description, the two fluid
equations were used to describe the coupled evolution of the electron
plasma waves and the ion fluctuations. Simultaneously the electron dis-
tribution function (and hence the Landau damping) was evolved by solv-
ing a diffusion equation with the diffusion coefficient made a function of
the electric field amplitudes. And even though the field structures locally
became quite spiky [14], test particle calculations showed that diffusion
was a reasonable approximation for the coarse-grained evolution of the
distribution function [15}.

9.6 PLASMA WAVE COLLAPSE

The tendency of intense plasma waves to cascade to higher wave numbers
or to collapse to shorter scale lengths is a very important property of this
turbulence. Weak turbulence theory only includes processes such as the
ion acoustic decay instability and stimulated scattering on the particles,
which down-shift the wave frequency and so transfer energy to longer
wavelength (higher phase velocity) waves [16]. In the absence of sufficient
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collisional damping, wave energy in a driven plasma would indefinitely
accumulate at long wavelengths. However, when E2/4mn8, > k2)%_,
nonlinear contributions to the wave dispersion relation begin to exceed
thermal corrections. Here E is the electric field and k a typical wavenum-
ber of the plasma oscillation, 8, is the electron temperature, and Ape is
the electron Debye length. Weak turbulence theory then no longer applies
and wave energy can indeed be coupled into shorter wavelength oscilla-
tions, where Landau damping provides an energy sink. The oscillating
two stream instability discussed in Chapter 6 is an excellent example of
this generation of higher wavenumber plasma waves.

It’s very instructive to consider the nonlinear processes in space rather
than in a Fourier representation. A local region of intense field expels
plasma via the ponderomotive force, forming a density cavity which fur-
ther localizes and intensifies high frequency oscillations. In two or three
dimensions (or in strongly-driven one-dimensional plasmas), the resulting
cavity plus its self-consistent high frequency oscillation continues to col-
lapse until efficient damping of the high frequency oscillation onsets. This
Landau (or transit-time) damping onsets when the cavity size is of order
10-20Ape.

The basic theory of electron plasma wave collapse was developed by
Zakharov [17]. The analysis is based on a generalization of the coupled
equations for the plasma waves and the ion waves discussed in Chapter
6. First we explicitly remove the high frequency time dependence at wp.
ie., let

Uep, = Re Heh(:c,t) e_iw‘”t R

where u,y, is the oscillation velocity of the electron fluid in the high fre-
quency electrostatic field. Equation (6.19) is then readily generalized:

‘a 3 vg 2 — wpend—
(’Lat+§w—pev )Ueh—_z‘_ueh' (9-30)

Note that the driving term on the right hand side of this equation simply
represents the coupling of the plasma wave with n, the low frequency
fluctuation in the electron density. Likewise, Eq. (6.28) becomes

8% 8% Zm 8 _
(W - ”fw)"d = 0 "o (9-31)

where v, is the ion sound velocity. Equations (9.30) and (9.31) are called
the Zakharov equations. The physics of the coupling is clear from our
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discussion in Chapter 6, where a linearized version of these equations was
used to derive the oscillating two stream and ion acoustic decay instabil-
ities.

If ion inertia is neglected, Eq. (9.31) shows that ne/n = —u?, /4v2.
Substitution for ne into Eq. (9.30) then gives a nonlinear Schrodinger
equation [18]. However, neglect of ion inertia is an extremely restrictive
assumption which is quickly violated in the collapse process. The rate (v.)
at which the high frequency field localizes is proportional to its intensity,
which in turn is proportional to the depth of the cavity in this limit. In
particular, v./wp ~ UZ, /4v? ~ ng/n. Localization of the fields to the
cavity requires that the decrease of the plasma wave frequency due to
the depression in density be compensated by the increase due to thermal
dispersion i.e., kA3, ~ ne/n. The condition for ignoring ion inertia is
vYe K kvs. If we substitute the above estimates for 7. and k, this condition
becomes n./n < Zm/M, where m/M is the electron-ion mass ratio and
Z is the ion charge state.

The Zakharov equations admit of solitary wave solutions in one di-
mension [19-21]. The width of the soliton is related to its amplitude since
the nonlinearity is balanced by thermal dispersion. However, such solitons
are unstable to two-dimensional perturbations [22,23]. Numerical studies
show a collapse to smaller scale lengths, followed by so-called burn-out
due to damping by the particles. After burn-out of the high frequency
field, the unsupported cavity breaks up into ion acoustic waves which
serve as a seed for additional coupling in a driven plasma. A variety of
self-similar solutions have been derived to describe the collapse stage, and
simulations to isolate the collapse have been carried out [24].

Localized regions of intense high frequency fields within cavities have
been observed in a number of experiments in low density laboratory plas-
mas [25-30]. In some of these experiments [30], the three-dimensional col-
lapse of beam-driven plasma waves has been measured. Although much
remains to be understood, the general picture of plasma wave turbulence
as a set of randomly occurring collapsing cavities is clearly a very fruitful
one. Several reviews of the ongoing work on plasma wave collapse and
strong plasma wave turbulence are now available {31-35].



9.6 References 111

References

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

Stix, T. H., The Theory of Plasma Waves. McGraw-Hill, New York, 1962.

O’Neil, T. M., Collisionless damping of nonlinear plasma oscillations, Phys.
Fluids 8, 2255 (1965).

. Kruer, W. L. and J. M. Dawson, Sideband instability, Phys. Fluids 13,
2747 (1970).

. Dawson, J. M., Nonlinear electron oscillations in a cold plasma, Phys. Rev.
113, 383 (1959).

. Coffey, T. P., Breaking of large amplitude plasma oscillations, Phys. Fluids
14, 1402 (1971).

. Kruer, W. L., P. K. Kaw, J. M. Dawson and C. Oberman, Anomalous high-
frequency resistivity and heating of a plasma, Phys. Rev. Letters 24, 987
(1970).

. Kruer, W. L. and J. M. Dawson, Anomalous high-frequency resistivity of a
plasma, Phys. Fluids 15, 446 (1972).

. DeGroot, J. S. and J. I. Katz, Anomalous plasma heating induced by a very
strong high-frequency electric field, Phys. Fluids 16, 401 (1973).

. Dreicer, H., R. Ellis and J. Ingraham, Hot electron production and anomalous
microwave absorption near the plasma frequency, Phys. Rev. Letters 31,
426 (1973).

Thode, L. E. and R. N. Sudan, Two-stream instability heating of plasmas by
relativistic electron beams, Phys. Rev. Letters 30, 732 (1973).

Kainer, S., J. M. Dawson, and T. Coffey, Alternating current instability
produced by the two-stream instability, Phys. Fluids 15, 2419 (1972).
Papadopoulous, K., Nonlinear stabilization of beam plasma interactions by
parametric effects, Phys. Fluids 18, 1769 (1975).

Thomson, J. J., R. J. Faehl and W. L. Kruer, Mode-coupling saturation of
the parametric instability and electron heating, Phys. Rev. Letters 31,
918 (1973).

Valeo, E. J. and W. L. Kruer, Solitons and resonant absorption, Phys. Rev.
Letters 33, 750 (1974).

Katz, J. 1., J. Weinstock, W. L. Kruer, J. S. DeGroot, and R. J. Faehl,
Turbulently heated distribution functions and perturbed orbit theory, Phys.
Fluids 16, 1519 (1973).

Tsytovich, V. N., Nonlinear Effects in Plasma. Plenum Press, New York
1970.

Zakharov, V. E., Collapse of Langmuir waves, Sov. Phys. JETP 35, 908
(1972).



112

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

31.

32.

9 Heating by Plasma Waves

Morales, G. S., Y. C. Lee and R. B. White, Nonlinear Schrodinger equation
model of the oscillating two stream instability, Phys. Rev. Letters 32, 457
(1974).

Rudakov, L. I., Deceleration of electrons with a high level of Langmuir tur-
bulence, Sov. Phys Dokl. 17, 1166 (1973).

Kingsep, A. S., L. I. Rudakov and R. N. Sudan, Spectra of strong Langmuir
turbulence, Phys. Rev. Letters 31, 1482 (1973).

Nishikawa, K., H. Hojo and K. Mima, Coupled nonlinear electron-plasma
and ion-acoustic waves, Phys. Rev. Letters 33, 148 (1974).

Denavit, J., N. R. Pereira and R. N. Sudan, Two-dimensional stability of
Langmuir solitons, Phys. Rev. Letters 33, 1435 (1974).

Degtyarev, L. M., V. G. Nakhankov and L. I. Rudakov, Dynamics of the
formation and interaction of Langmuir solitons and strong turbulence, Sov.
Phys. JETP 40, 264 (1975).

Anisimov, S. I., M. A. Berezovskii, M. F. Ivanov, 1. V. Petrov, A. M.
Rubenchik and V. E. Zakharov, Computer simulation of Langmuir collapse,
Phys. Letters 92A, 32 (1982).

Kim, H. C., R. L. Stenzel and A. Y. Wong, Development of cavitons and
trapping of RF fields, Phys. Rev. Letters 33, 886 (1974).

Antipov, S. V., M. V. Nezlin, E. N. Snezhkin and A. S. Trubnikov, Excitation
of Langmuir solitons by monoenergetic electron beams, Sov. Phys. JETP
49, 797 (1979). ‘

Eggleston, D., A. Y. Wong and C. B. Darrow, Development of two-
dimensional structure in cavitons, Phys. Fluids 25, 257 (1982).

Cheung, P. Y., A. Y. Wong, C. B. Darrow and S. J. Qian, Simultaneous
observation of caviton formation, spiky turbulence, and electromagnetic
radiation, Phys. Rev. Letters 48, 1348 (1982).

Leung, P., M. Q. Tran and A. Y. Wong, Plasma wave collapse generated by
the interaction of two oppositely propagating electron beams with a plasma,
Plasma Phys. 24, 567 (1982).

. Wong, A. Y. and P. Y. Cheung, Three dimensional self-collapse of Langmuir

waves, Phys. Rev. Letters 52, 1222 (1984).

Goldman, M. V., Strong turbulence of plasma waves, Rev. Mod. Phys. 56,
709 (1984).

Rubenchik, A. M., R. Z. Sagdeev and V. E. Zakharov, Collapse versus cavi-
tons, Comm. Plasma Phys. Cont. Fusion 9, 183 (1985).

. Zakharov, V. E., Collapse and self-focusing of Langmuir waves; in Handbook

of Plasma Physics, Vol. II (A. Galeev and R. N. Sudan, eds.), p-81-122.
North Holland, Amsterdam 1984.



9.6 References 113

34. Shapiro, V. D. and V. 1. Shevchenko, Strong turbulence of plasma oscillations,
1bid, p.123-182.

35. Russell, D., D. F. DuBois, and H. A. Rose, Collapsing caviton turbulence in
one dimension, Phys. Rev. Letters 56, 838 (1986).



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

CHAPTER 1 O

Density
Profile

Modification

Studies of light-plasma interactions in a plasma with a uniform density
are very valuable for understanding many aspects of the physics and have
some direct applications to heating of low density, magnetically-confined
plasmas. However, laser-produced plasmas are typically rather inhomoge-
neous. The light-plasma interactions take place in an expanding corona
blowing off from an irradiated target. The plasma inhomogeneity affects
the mix of the interaction processes. In turn, the interactions can signifi-
cantly modify the plasma inhomogenity and temperature.

Steepening of the density profile by intense laser light near its critical
density is an important example of the interplay between the plasma and
the light. As normally incident light reflects at the critical density, twice
its pressure is transmitted to the plasma via the ponderomotive force.
The plasma expansion is perturbed, leading to a local steepening of the
density profile. The profile modification can be enhanced for obliquely-
incident, p-polarized light by the ponderomotive force of the resonantly-
generated electrostatic waves. As we will see, the profile modification can
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be substantial and can play an important role in determining both the
mix and the scaling of interaction processes near the critical density.

To gain insight into the profile modification, we will first consider a
freely expanding plasma and then develop a simple model for profile steep-
ening by normally incident light reflecting at its critical density. Lastly we
will briefly examine some simulations of resonance absorption including
density profile modification.

10.1 FREELY EXPANDING PLASMA

We begin by deriving a self-similar solution to describe one-dimensional
expansion of a planar, isothermal plasma. We again use the two-fluid
equations to describe the electrons and ions. With the neglect of electron
inertia, the electron momentum equation simply determines the electric
field:

neeE = —Vp,, (10.1)

where n, is the electron density and p. the electron pressure. This electric
field transmits the electron pressure to the ions.
The continuity and force equations for the ion fluid give

on o

i _- = 10.2
5 + e (nu') 0 (10.2)
ou du ZeE Vp;

10.3

& " T M T aM’ (103)
where n and u are the ion density and flow velocity, Z the ion charge
state, M the ion mass and p; the ion pressure. We next substitute from
Eq. (10.1) into Eq. (10.3), neglect the ion pressure relative to the electron
pressure, and take ne ~ Zn, which is an excellent approximation for length
scales much greater than the electron Debye length. With an isothermal
equation of state for the electrons, Eq. (10.3) becomes

du du _ &2 10n

__+u_=

- 104
ot Oz *ndz’ (10.4)

where ¢, = (ZT./M )1/ 2 is the well-known ion sound velocity and T is
the electron temperature.
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A self-similar solution describing the plasma expansion can be readily
found from Egs. (10.2) and (10.4) by letting n = f(z/t) and u = g(z/t),
where f and g are functions to be determined. These equations then give

f’(g - %) +fd =0 (10.5)
g'(g—%) +c§f7/ =0, (10.6)

where the prime denotes the derivative with respect to z/t.
Straightforward manipulations yield g = (x/t) + ¢, and f'/f = —c;!.
Hence the self-similar solution is

u=c + % (10.7)
z

n = ng exp(—c—z) , (10.8)
8

where ng is the density at £ = 0. Note that the density gradient length
increases with time i.e., L = n/(9n/dz) = c,t. Note also that, in a frame
moving with a point of constant density, u = c,;. In other words, the
plasma flows through a point of constant density at the sound speed.

10.2 STEEPENING OF THE DENSITY PROFILE

If this expanding plasma is pushed on at a preferred location (for example,
at n = n¢), the density profile will be locally steepened. The simplest
example of this local steepening is that due to the momentum deposition
of normally incident light reflecting at its critical density. The basic idea
is that twice the pressure of the light wave is taken up by the plasma
near the reflection point, and this local momentum deposition steepens
the density profile near the critical density [1].

It is instructive to develop a simple model of this profile steepening. In
particular, we consider a normally incident light wave reflecting from the
critical surface of an isothermal, freely-expanding, collisionless plasma.
Again adopting a two-fluid description and assuming planar geometry,
we easily obtain equations for the density (n) and flow velocity (u) of the
plasma [2—4]. The analysis parallels that discussed in the previous section,
with the inclusion of the ponderomotive force exerted by the light wave
on the plasma.
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If we include the ponderomotive force, Eq. (10.1) becomes

nem Vol

neell = —Vp, — 4 ,

(10.9)
where v, is the velocity of oscillation of an electron in the electric field of
the light wave. Eq. (10.4) now becomes

du du Zdon  Zm 8 o2

% TV T wmoe  AMa" (10-10)
where ¢, is the ion sound velocity, Z the ion charge state, and M the ion
mass.

Anticipating that the profile will be steepened from a density n; <

Ne to a density ny > ng, we use Egs. (10.2) and (10.10) to express
the variation in density and flow velocity in the frame moving with the
steepened surface. In this frame, we have

%(nu) =0 (10.11)
 (u? s 0 _Zm 9 ol

If we normalize the flow velocity to the sound speed and substitute from
Eq. (10.11) into Eq. (10.12), we obtain

_zylon 8 (vl _
(1—u')on + o 7 =0, (10.13)

where v, is the electron thermal velocity. Since the density gradient re-
mains finite, it is clear that the sonic point (u = 1) must be at the
maximum of the field of the standing light wave i.e., where dv,,/0x =0.
Integrating Eqgs. (10.11) and (10.13), we then readily obtain

n; n v _ Vo

2 + 2ln(n,) + 207 = 1+ 202 ° (10.14)
Here n, is the density at the sonic point and vpax is the value of v,, at the
maximum of the standing wave. There are two solutions of Eq. (10.14):
ny < n, (u; > 1) which corresponds to a lower density plateau and ny >
ns (uz < 1), which corresponds to the upper density shelf. A schematic
of the steepened density profile is shown in Fig. 10.1.
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Figure 10.1 A schematic of the ponderomotively-steepened density profile.

To make further progress, we must now relate the density at the sonic
point to the critical density (n¢) by considering the solution for the stand-
ing electromagnetic wave. A crude treatment will allow us to obtain ana-
lytic estimates. We approximate the density profile as locally linear from
ns to ne with a density scale length of L and express the electric field E
by the well-known Airy function solution discussed in Chapter 3:

E = aA; [(;—2) v (L - a:)] , (10.15)

where a is a constant determined by fitting to the incoming light wave.
This locally linear assumption would be a reasonable approximation when-
ever Uos/ve < 1, where v, is the oscillation velocity of an electron in the
free space value of the electric field of the light. The assumption fails
when (vos/ve)? > 1, since the jump in density becomes too large. Match-
ing the peak of the Airy function solution to the field at the sonic point,
we then obtain v2(n = ng) ~ 0.44v2,,. In addition, we note that the
sonic point and the critical point are separated by Az ~ (2L/w?)/3,
Equation (10.14) then becomes

2 . 2
S 21n('2) =1 + 0.8 max (10.16)
nZ, v

Ng e

1/3 1/3
where vZ,, ~ 3.7v2% (wL/c) / and ng/L = (neg — ns) (wz/c2 L) / .



120

10 Density Profile Modification

The solutions for n;, ng, and ny are now straightforward. (For n; and
N2, vy = 0.) For weak fields (ves/ve < 0.1) analytic results can be given:

Ts v 1-077 (’L”)o'8

Ner Ve
Z—‘l’ ~ 1+ 0.97 (%"f)o's
iy o los (10.17)
Ben1-097 (—)
(7] Ve
—1.2
-“icé ~ 15 (%‘f) :

Note that the jump in the density scales as a fractional power of the in-
tensity. For more intense fields, numerical solutions of the transcendental
equations are required. Results for the steepened scale length as a function
of ve are shown in Fig. 10.2. In one interesting regime that is typical of
many current applications (0.1 < (vos/ve) < 1.), (wL/c) ~ 2(vos/ve)™}.
Numerical solutions for n; and ny including the detailed structure of the

Figure 10.2

Model predictions for the steepened density scale length as a

function of Vos/Ve. See Estabrook and Kruer, (1983).
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field are given in Ref. [2].

Since a freely expanding, planar plasma flows through a point of con-
stant density at the sound speed, the momentum deposition at the critical
density resonantly perturbs the flow. Hence the profile is steepened over
a significant range of densities even for relatively low intensity light. As
we will see in the next section, such a profile modification can have a
significant effect on the coupling processes near the critical density.

10.3 RESONANCE ABSORPTION WITH
DENSITY PROFILE MODIFICATION

Let us conclude our discussion of density profile modification with a more

complicated example, which illustrates the nonlinear interplay between
resonance absorption of an obliquely incident, p-polarized light wave and
profile modification. In this case, the steepening of the density profile is
generated both by the pressure of the reflecting, obliquely incident light
wave and by the pressure of an intense, resonantly-generated electrostatic
field near the critical density [5-10]. We can see the essential features
of the nonlinear evolution by examining some computer simulations of
resonance absorption.

These simulations [5] are carried out with a two-dimensional code
which solves the complete set of Maxwell’s equations and includes rela-
tivistic particle dynamics. Plane light waves are propagated from vacuum
into an inhomogeneous slab of plasma. Variations are followed both along
the propagation vector of the light and along its electric vector, which
allows for resonance absorption and for the generation of parametric in-
stabilities. Reflected light waves are allowed to freely pass out of the sys-
tem. Particle boundary conditions are chosen to model a freely expanding
plasma adjacent to a reservoir of constant temperature plasma. The ini-
tial density varies with x (the direction normal to the slab) from zero to
a supercritical value. A region of vacuum is included adjacent to the low
density boundary to allow for free expansion of the plasma. Particles im-
pinging on the high density boundary are replaced with equal incoming
flux distributed according to v, fm(v), where v, is the component of the
velocity normal to the boundary and f,,(v) is the initial Maxwellian ve-
locity distribution. The plasma evolution is followed until a quasi-steady
state has been established.

A typical simulation will again illustrate the principal effects. In this
example, p-polarized light is incident at an angle of 24° onto an initial
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density profile which rises linearly from 0 to 1.7 n. in a distance of 3)\g
(where Ag is the free space wavelengths). The free space amplitude of the
electric field of the light is eE/mwoc = 0.09, which corresponds to an
intensity of IA3 ~ 10'® W-u2/cm?. The initial electron temperature is 4
keV, and the ion-electron mass ratio is 100.

After the light wave penetrates to its turning point, an electrostatic
field is resonantly excited at the critical density. The magnitude of this
field initially grows linearly in time, becoming more and more localized to
the critical density surface, as expected from the discussion of resonance
absorption in Chapter 4. Finally the resonantly-driven field becomes suf-
ficiently intense and localized that electrons can be accelerated through it
in one oscillation period, a process called wavebreaking. Physically, wave-
breaking corresponds to the onset of strong electron “trapping” in the
localized oscillating field. At wavebreaking, electrons which enter the os-
cillating field with the proper phase are efficiently heated, taking energy
from the driven field and saturating its growth.

The feedback of these intense fields (and the concomitant localized
heating) on the plasma density profile is a crucial feature of the long-time
evolution of the coupling. The pronounced profile modification is demon-
strated in Fig. 10.3, which shows three snapshots of the density profile
as it evolves from its initial linear profile to a quasi-steady, very steepened
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Figure 10.3 The ion density profile at three different times from a simulation
of resonance absorption: (a) the initial profile, (b) the profile after the resonantly-
driven field has grown, and (c) the asymptotic profile which shows a characteristic
step-plateau feature. See Estabrook et al., (1975).
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profile. The ponderomotive force due to the intense, localized electrostatic
field ejects plasma, digging a hole in the plasma density at the critical
surface. The plasma ejected towards the vacuum expands away, leaving
a locally steepened density profile which is supported by the pressure of
both the localized electrostatic wave and the reflecting light wave.

This profile steepening has important consequences for the mix of
absorption processes. In particular, resonance absorption becomes impor-
tant for a wide range of angles of incidence. This effect is demonstrated
in Fig. 10.4, which is a plot of the fractional absorption of p-polarized
light (after the profile steepening) versus angle of incidence as computed
in a series of simulations with the same initial plasma conditions as the
sample simulation. Note that the absorption peaks at about 50% for a
sizable angle of incidence (fmax ~ 24°) and is quite large over a broad
range of angles (A8 ~ Opax). This is qualitatively as expected from our
simple theoretical discussion of resonance absorption. In addition, para-
metric instabilities near the critical density (discussed in the previous
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Figure 10.4 The fractional laser light absorption after profile steepening ver-
sus angle of incidence as computed in a series of simulations. See Estabrook et
al., (1975).
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chapter) are strongly limited, since there’s a very small region of plasma
in which these instabilities can operate. Note that the absorption is only
about 15% for normally incident light.

Finally, the profile steepening strongly reduces the heated electron
energies due to the resonantly-generated wave. As the wave becomes large
enough to nonlinearly interact with the electrons, a small fraction of the
electrons (those entering the wave with the proper phases) are strongly
heated to an effective temperature of order mv2, where v,, is the oscillation
velocity of an electron in the resonantly-driven wave (v,, = eE/mwp). As
is apparent from our discussion of nonlinear wave-particle interactions,
the resonantly-driven field decreases in amplitude as the profile steepens.
Physically, the wave then has a smaller spatial extent which corresponds
to a lower effective phase velocity. Hence it “traps” electrons at a lower
amplitude and heats them to a lower energy.

As expected, the heating via the localized electron plasma oscilla-
tion produces a population of suprathermal electrons. Figure 10.5 shows
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Figure 10.5 The heated electron distribution function from a simulation of
resonance absorption.
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the electron distribution computed in the steepened, nonlinear state in a
sample simulation. The distribution is composed of a relatively cold main
body plus a quasi-Maxwellian heated tail.

Self-consistent steepening of the density profile can play an important
role in many other laser plasma processes. For example, the two-plasmon-
decay instability occurs for a narrow range of densities near one-fourth the
critical density. As will be discussed in the next chapter, a local steepen-
ing of the profile can help limit this instability. Calculations of collisional
absorption must also take profile steepening into account. Even neglect-
ing ponderomotive forces, the density profile is modified by temperature
changes driven by the localized heating which occurs on a length scale
comparable to the collisional absorption length. This ablative steepening
depends on the details of the electron transport.
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CHAPTER 1 1

Nonlinear Features of
Underdense Plasma
Instabilities

In Chapter 10, we discussed some nonlinear phenomena in the neighbor-
hood of the critical density. Let us now examine some nonlinear features
of of the light-driven instabilities which can take place in a plasma whose
density is significantly below the critical density. In particular, we consider
the Brillouin, Raman, two-plasmon decay, and filamentation instabilities.
These processes can become significant when large regions of underdense
plasma are produced, as is expected for reactor targets in laser fusion. As
we will see, both the absorption and the preheat can be strongly affected.

11.1 NONLINEAR FEATURES OF BRILLOUIN
SCATTERING

Let us first consider Brillouin scattering. This scattering can most simply
be described as the resonant decay of an incident photon into a scattered
photon plus an ion sound wave. Hence

wp = ws + w;, (11.1)
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where wo(ws) is the frequency of the incident (reflected) light wave and
w; is the frequency of the ion sound wave. As is apparent from the fre-
quency matching conditions, this process occurs throughout the under-
dense plasma. In addition, since wy > w;, nearly all the energy of an
incident photon undergoing this process is transferred to the scattered
photon. Hence Brillouin scattering can significantly impact the absorp-
tion.

As shown by linear theory, gradients in either expansion velocity or
density inhibit the onset of Brillouin scattering. Intensity thresholds due
to gradients have been discussed in Chapter 8. These thresholds are very
useful for identifying regimes for which Brillouin scatter is not a concern.
However, these threshold intensities are often far exceeded, particularly
when large regions of underdense plasma are irradiated. The nonlinear
behavior [1-9] of this instability then becomes an important issue.

To illustrate nonlinear aspects of the Brillouin instability, let us con-
sider a very simple model problem: the backscattering of a light wave
propagating through a slab of underdense plasma with a uniform density.
If we postulate that the density fluctuation associated with the ion wave
is nonlinearly saturated at some value én, we can readily calculate the
reflectivity [2]. The wave equation which describes the propagation of a
light wave with amplitude E through a plasma with density n. is

2 2
[% - c2% + wge(z)] E =0, (11.2)

where wge = 4mnee’/m. We decompose E into an incident and reflected
part with slowing varying amplitudes E;(z) and E,(z), respectively, and
let ne = ng + énsin(k;x — w;t). If we substitute n. into Eq. (11.2) and

assume frequency and wave number matching, we obtain

OF, wge én

= — — F; 11.3
Oz 4kgc? nyg (11.3)
OF; Wge én

= — — 11.4
oz 4koc2 N9 ( )

Since w; < wp, we have approximated k; = 2ko, where ko is the wave
number of the incident light wave.
A conservation law is apparent (9E2/dz = E? /dx), which then gives

E! - E! = E}(0)(1-1), (11.5)
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where the reflectivity » = E2(0)/E?(0). Defining y = E,(x)/E;(0) and
substituting from Eq. (11.5) into Eq. (11.3), we obtain

2
Oy _ _ e N ey (11.6)

dx —  4koc® mo

The solution to this standard differential equation is

—w?, én
P (z— 11.7
4k062 'I’lo (x .'1:0) ? ( )

y=+Vli—-r sinh[

where ¢ is a constant of integration which is determined by noting that
at ¢ = 0, y = /r. We finally obtain the reflectivity by assuming that
y~0atz=Lie., E.(L) > E;(O). Then

2 T
r= ta.nhz( “pe 6—”) : (11.8)

4koc? ng

In order to illustrate the magnitude of the reflectivity, let’s estimate
the level to which the density fluctuation can be nonlinearly driven. Strong
ion trapping (or wave breaking) is one effect commonly invoked to limit
the ion wave amplitude. The basic idea has already been discussed in
Chapter 9 for electron plasma waves. As the amplitude of the ion wave
increases, its potential becomes large enough to nonlinearly bring ions
into resonance with the waves. Since such ions are efficiently accelerated
by the wave, a strong damping results, which serves to restrict the ion
wave amplitude from further increase. If the ions are cold, the trapping
condition is simply Ze¢p = M v;‘: /2, where ¢ is the potential, M the ion
mass, and v, the phase velocity of the wave. Neglecting Debye length
corrections, the trapping condition corresponds to én/ng ~ e¢/6. ~ 1/2,
which is a large amplitude.

It is important to realize that even a small ion temperature signifi-
cantly reduces the trapping amplitude. This temperature effect is readily
estimated if one assumes a so-called waterbag velocity distribution for the
ions. In one-dimension, such a distribution is constant with velocity be-
tween ++/3v; (v; is the ion thermal velocity) and zero elsewhere. Since the
majority of the ions in a Maxwellian distribution have velocities < 2uv;,
the waterbag distribution gives a reasonable first approximation for the
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onset of strong trapping. Trapping now occurs when the fastest ion is
nonlinearly brought into resonance with the wave i.e.,

Zep = J—Wz—(vp - \/§vi)2

2
O Y (VA N (1)
no - 2 Z0e Z0e )

Here 6;(6.) is the ion (electron) temperature, Z is the ion charge, and
the Debye length correction to the phase velocity has been neglected. For
0:;/Z6. = 0.2, Eq. (11.9) predicts a fluctuation amplitude of én/ny ~ 0.12.
Clearly the ion temperature serves to significantly reduce the amplitude,
but note that the trapping amplitude is still of order 10%, unless the ions
are quite hot (i.e., 6;/Z6, ~ O(1)). Strong trapping does not, in general,
limit the fluctuation amplitude to a small value.

Using the ion trapping estimate for 6n, we can now calculate a reflec-
tivity. As an example, consider a 30\ slab of plasma with a uniform den-
sity of ng = 0.33n., and an ion-electron temperature ratio of 6./Z6; = 0.2.
Here Ag is the free-space wavelength of the light. Substituting from Eq.
(11.9) into Eq. (11.8), we obtain r ~ 94%. Even a modest fluctuation
amplitude can lead to a sizable reflectivity in a large underdense plasma.

Wavebreaking (or strong trapping) arguments only give an estimate of
the amplitude at which a strong damping onsets due to wave-particle in-
teractions. When a significant number of ions are accelerated and sizeable
tails develop on the ion distribution function, a more complex description
of the nonlinear wave particle interaction is needed. To gain insight into
these effects, let’s now consider some computer simulations of Brillouin
scattering.

Figure 11.1 shows the temporal evolution of the Brillouin back reflec-
tion and the energy in the ions computed with a one-dimensional code [3]
which treated the ions as particles and the electrons as a fluid. In this ex-
ample, light with an intensity of I\3 = 3x 10> W-u?/ cm? is incident onto
a 30)\¢ slab of plasma with an initially uniform density of ngo = 0.33nr,
an electron temperature of 3 keV, and an ion-electron temperature ratio
of 0.2. In the simulation, ions reaching the right plasma boundary were
re-emitted with the initial thermal temperature, modeling transport of
heated ions to a higher density plasma. As shown in Fig. 11.1(a), the re-
flectivity rapidly proceeds to a large level of about 65%, as the unstable

¢
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Figure 11.1  Evolution of the reflectivity (time-averaged over many cycles)
and the mean ion energy from a computer simulation of Brillouin backscatter.

ion wave grows to a large amplitude and traps ions. However, concomitant
with this large reflectivity is a substantial heating of the ions, as shown in
Fig. 11.1(b). In detail, this heating consists of the formation of a sizable
tail of energetic ions as expected from our discussion of collisionless wave
particle heating in Chapter 9. This strong self-consistent distortion of the
ion velocity distribution in turn enhances the damping of the ion wave
and lowers its amplitude. Finally a quasi-steady state is reached in which
the heating of ions by the wave is balanced by their transport out of
the underdense plasma. The reflectivity drops to a more modest value of
about 25%.

This ion heating or energetic tail formation is an intrinsic feature
of the Brillouin scattering. In the scattering process a fraction w;/wg of
the reflected light energy is deposited into the ion wave and then into
the heated ions when the wave damps. We first estimate an effective
temperature of the heated ions as Mv2/2 which is the energy of an ion
moving with the phase velocity (v;) of the wave. The density n;, of the
ion tail is then estimated by balancing the energy flux into the ion wave
with that carried away by the heated ion tail; i.e.,

ny Mvg wyg
— S =] —. 11.10
2 " wo ( )
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Here the flux carried by the heated ions has been described in a free-
streaming limit. For the example discussed above, Eq. (11.10) predicts
(nn/ne) =~ 0.4 in the nonlinear state, which compares well with the sim-
ulation.

The ion heating is a clear manifestation of the damping of the ion
wave in the nonlinear state. If we represent the scattering as a reflection
from a heavily damped wave, the reflectivity can be readily calculated
in terms of this damping. A heuristic estimate for the damping in the
nonlinear state is Landau damping on the self-consistent ion tail (or on
the heated main body when the heating is very strong). Estimates of the
reflectivity obtained in this way [2,4] compare favorably with simulation
results, as well as illustrate some of the qualitative trends. For example,
for a given size of underdense plasma, the reflectivity tends to saturate
with intensity. The increase in light intensity is balanced by an increase
in the self-consistent damping associated with the greater ion heating.

Finally there are other nonlinear mechanisms for limiting the Brillouin
instability. Harmonic generation [4-6], quasi-resonant decay of ion waves
[7], nonlinear frequency shifts [8,9], and profile steepening can play a sig-
nificant role in some regimes. Quantitative calculations [10,11] of Brillouin
scattering also require consideration of the noise sources as well as of the
detailed profile of the density and expansion velocity of the plasma. A
significant complication is that partial reflection of the light wave from
the critical surface can serve as a noise source in an expanding plasma
[12,13]. The angular distribution of the scattering and the competition
with other underdense plasma processes such as inverse bremsstrahlung
and filamentation are other important issues.

11.2 NONLINEAR FEATURES OF RAMAN
SCATTERING

To complement this brief discussion of Brillouin scattering, let us now
consider some nonlinear aspects [1,14-20] of the Raman instability. The
Raman instability can be most simply characterized as the resonant decay
of an incident photon into a scattered photon plus an electron plasma
wave. The frequency and wave number matching conditions then are

wo = Ws + Wpe, ko = ks + kyp, (11.11)
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where wp (ws) and ko (k,) are the frequency and wave number of the
incident (scattered) light wave, and wpe (k;) is the frequency (wave num-
ber) of the electron plasma wave. Since the minimum frequency of a light
wave in a plasma is wpe, the electron plasma frequency, it is clear that
this process requires that wp 2 2wpe i.€., n < N /4, where n is the plasma
density and n,, is the critical density. In this process, part of the incident
energy is scattered, and part is deposited in the electron plasma wave.
This latter portion of the energy in turn will heat the plasma as the elec-
tron plasma wave damps. Since the plasma frequency is much greater
than the ion acoustic frequency, the Raman instability is clearly not as
efficient in scattering the incident laser light as is the Brillouin instability.
However, the electron plasma wave which is generated can have a high
phase velocity (of order ¢) and so can produce very energetic electrons
when it damps. Since such electrons can preheat the fuel in laser fusion
applications, the Raman instability is a particularly significant concern.

As discussed in Chapter 7, the intensity threshold due to a density
gradient is rather high but can clearly be exceeded in a large underdense
plasma irradiated with intense light. Again, we will use simulations to
give us some estimates of what to expect in the nonlinear regime. To most
simply explore the nonlinear effects, consider a 1-% dimensional particle
simulation [14] in which laser light with intensity I A3 = 2.5 x 10> W-
u?/cm? is propagated through a 127)¢ region of plasma with a uniform
density of 0.1n.,, an electron temperature of 1 keV, and an electron-ion
temperature ratio of three. In this simulation, the back reflection due to
the Raman instability builds up to about 15%, accompanied by strong
tail heating of the electrons by the electron plasma wave associated with
the scatter. (There is also a modest back reflection of ~ 20% due to
the Brillouin instability in this example.) The resulting heated electron
distribution is shown in Fig. 11.2. Note the heated tail, which is roughly
Maxwellian in shape with a characteristic temperature g ~ 13 keV. Such
energetic tail formation is characteristic of heating via a large amplitude
electron plasma wave. A useful rule of thumb estimate for the heated
temperature found in these strongly-driven simulations is 8y =~ mvg /2,
which is simply the energy of an electron accelerated to the phase velocity
vp of the plasma wave. As can be seen from the frequency and wave
number matching conditions, such a temperature depends on both the
density and background electron temperature and can easily be of order
50-100 keV, even for backscatter.
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Figure 11.2 The heated electron distribution from a computer simulation of
Raman backscatter. See Estabrook et al., (1980).

This self-consistent electron heating is a significant feature of the non-
linear evolution and can play a role in restricting the scatter. It is instruc-
tive to estimate the size of the heated tail in the nonlinear state by bal-
ancing the energy flux deposited in the electron plasma wave (and hence
into heated electrons when the wave damps) with the energy flux carried
away by the heated tail. Neglecting background thermal effects and using
a free-streaming estimate of the hot electron transport gives

9
rI—22_ x 06n 05—, (11.12)
Wo — Wpe m

where r is the reflectivity and nj is the tail density. If we consider
backscatter, assume wpe/wp > 1/2, and use our estimate of 8y, we obtain

2 2
Bh o o19r (”ﬂ> ("—“—) , (11.13)
n c n
where 1 is the plasma density, vos is the oscillation velocity of the electrons
in the light wave, and c is the velocity of light. Clearly even a modest
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reflectivity is sufficient to drive the instability into a regime in which a
significant fraction of the electrons are resonant with the plasma wave.

A ball-park estimate of the Raman back reflection in the sample sim-
ulation can be obtained by estimating the damping of the plasma wave
associated with the hot electron generation. If the damping is crudely
modeled as Landau damping on the heated tail, the reflectivity due to
this damped plasma wave is readily calculated, giving r ~ 10% for the
above example. This back-of-the-envelope model illustrates some impor-
tant features of the nonlinear evolution: the self-consistent generation of
hot electrons and their feedback on the instability.

Ion fluctuations can also play an important role [16-21] in Raman
scattering. The ion fluctuations are produced either by the Brillouin in-
stability or by collapse of the Raman-generated plasma wave. As discussed
in Chapters 6 and 9, an ion fluctuation efficiently couples plasma waves
provided én/n > Aw/wpe, where én is the amplitude of the density fluc-
tuation and Aw is the frequency mismatch between the plasma waves.
This energy transfer from the Raman-driven plasma wave into shorter
wavelength plasma waves both reduces the level of the primary wave
and produces less energetic heated tails. Frequency shifts in the primary
plasma wave due to the ion waves may also be significant.

Even when the Raman instability is not operative, an incident light
wave can still undergo stimulated scattering on the electrons [22,23].
There also are important multi-dimensional effects, including Raman side-
scattering and filamentation of the incident light wave. Two-dimensional
simulations [24] using a very intense beam of light emphasize the im-
portance of Raman sidescattering and even show filamentation due to
relativistic effects. The latter is accentuated by self-generated magnetic
fields driven by the Weibel instability of the heated electrons.

11.3 NONLINEAR FEATURES OF THE
TWO-PLASMON DECAY AND
FILAMENTATION INSTABILITIES

Let’s now consider another instability involving electron plasma waves:
the two-plasmon decay or 2wp instability. As discussed in Chapter 7, this
instability represents the resonant decay of a light wave into two electron
plasma waves. The frequency matching condition clearly requires that
wp =~ 2wpe i.€., n =~ ne /4. The feedback mechanism leading to instability
is similar to that already discussed for the Raman instability, except now
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both growing waves are electron plasma waves. The maximum growth
rate in a uniform plasma is the same as that for the Raman instability at
ner/4, but now a broad spectrum of plasma waves is unstable.

Because the 2wy, instability is confined to a narrow range of densities
near n¢/4, a local nonlinear steepening of the density profile can play
an especially important role in the nonlinear evolution. A density profile
from an illustrative simulation [25,26] of the 2w, instability is shown in
Fig. 11.3. In the two-dimensional simulation, laser light with an intensity
of I} = 10'® W-u?/cm? is incident onto an initially inhomogeneous
plasma slab. The initial electron temperature is 1 keV, and the electron-
ion mass ratio is 0.01. Note the pronounced steepening which takes place
near n¢r /4 due to the instability-generated plasma waves.

In the simulation, the instability occurs in bursts, as the density profile
steepens and relaxes. The averaged absorption in the steepened profile is
modest (of order 10%). During periods of instability generation, hot elec-
tron tails are formed with an effective temperature of about 100 keV for
this strongly-driven example. Ion fluctuations driven by beating of the
unstable plasma waves are observed to play an important role in the non-
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Figure 11.3 A density profile from simulation of the 2wp. instability. Langdon
et al. (1979).
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linear evolution. The importance of ion density fluctuations is also em-
phasized by the nonlinear theory [27-29].

Finally we conclude with a brief discussion of the filamentation insta-
bility, which can have an important effect on the mix of coupling processes.
As discussed in Chapter 6, this instability represents the development of
filamentary structure in the intensity profile of a light wave. The insta-
bility occurs throughout the underdense plasma and is related to whole-
beam sel-focusing. Both filamentation and whole-beam self-focusing can
be driven by ponderomotive, thermal, or even relativistic effects [30]. The
processes can be accentuated by resonantly-enhanced fields {31]. For sim-
plicity, we will here concentrate on ponderomotive filamentation.

To illustrate the rich possibilities introduced by filamentation, con-
sider a two-dimensional simulation [32] in which the temporal evolution
of an intense light wave is followed in a doubly-periodic plasma. The
background plasma density is 0.31n, the electron temperature is 4 keV,
and the intensity of the light wave is I A3 ~ 2.3 x 10'® W-u2/cm?. The
electron-ion mass ratio is 0.01, and the ion temperature is large in order
to suppress the competing effects of the Brillouin instability. A small si-
nusoidal density modulation perpendicular to the direction of the wave
propagation and along the direction of the electric field of the light wave
serves as an initial perturbation for the growth. This density perturbation
and the corresponding modulation in the intensity of the light wave grows
in time. When the density in the channel has been depressed to about 0.25
er, the laser light decays into intense electrostatic fields, which in turn
heat the electrons. A contour plot of the electrostatic potential in the
simulation at this time is shown in Fig. 11.4. Note that the electrostatic
fields are concentrated in the channel. In other simulations, another type
of decay analogous to stimulated Raman scattering was observed.

The competition of filamentation with other processes is a very rich
topic. In some two-dimensional simulations [33], it has been found that
intense Brillouin sidescattering can suppress filamentation. In other calcu-
lations [34], self-focusing of a light wave was arrested by intense Brillouin
backscattering which onset as the intensity of the light wave increased. In
addition, calculations have shown that filaments can be unstable [35] to
bending along the direction of their propagation. A general picture of the
role of filaments in laser plasma interactions has not yet emerged.

In summary, in this chapter we have illustrated some important ef-
fects produced by intense laser light in a plasma with a density below the



138 11 Nonlinear Features of Underdense Plasma Instabilities

15 |- — ]

10\_//_—/\
—————— ———

\_//,_\
5 |—" —— -

n —
1 —
T —— | . L e —— gt 1 1
0 1 2 3 4

Ope ¥
c
Figure 11.4  Contour plot of the electrostatic potential in the simulation when

channel density has been depressed to about ¢ /4. From Langdon and Lasinski
(1975).

critical density. Our discussion emphasizes that crucial features of the cou-
pling can depend on the size of the underdense plasma in a laser-irradiated
target. The possible consequences of sizable regions of underdense plasma
include significant degradation of the absorption and/or the generation
of very energetic electrons, which can complicate fusion target design.
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CHAPTER 1 2

Electron
Energy
Transport

In the previous chapters, we have discussed a number of different processes
by which laser light heats the plasma surrounding a laser-irradiated tar-
get. As we have seen, the energy is deposited primarily into electrons. The
rate at which the electrons in turn transport this energy to the higher den-
sity colder plasma determines both the efficiency of the implosion and the
plasma conditions in the region of deposition. Not surprisingly, the trans-
port of large fluxes of energy in inhomogeneous plasmas is itself a rich
and complex topic. We will begin with the classical diffusive calculation
of electron heat conduction and then discuss its extension to multigroup,
flux-limited diffusion. Lastly, we will indicate some of the additional com-
plications due to self-generated magnetic fields or ion acoustic turbulence
and conclude with a brief summary of what experiments have indicated.
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12.1 ELECTRON THERMAL CONDUCTIVITY

It’s instructive to begin with the classical Spitzer-Harm calculation [1,2]
of electron thermal conductivity in a plasma with no magnetic fields.
Neglecting hydrodynamic motion and density gradients, we start with
the kinetic equation introduced in Chapter 5:
of of eE of a [vVL-vv af
&+V'$—Eg—A5—‘; Tgv‘ +Cee(f) (121)

In this expression, f is the electron velocity distribution function, A =
(2nnZe*/m?)In A, and Cee(f) denotes a similar but more complex opera-
tor giving electron-electron collisions. Further, n is the plasma density, Z
the ion charge-state, and In A is the Coulomb logarithm. In order to carry
heat, the distribution function must be warped in the direction of the
heat flow. Adopting spherical coordinates, we represent the distribution
function as the first two terms of an expansion in Legendre polynomials:

f = fo(v) + fi(v)cosé, (12.2)

where v = |v| and 6 is the angle between v and the direction of the heat
flow (also the direction of E). Substituting for f(v) into Eq. (12.1) and
collecting the terms proportional to cos 8, we obtain an equation for f;(v):

a i) 0 24
—£+ fo e f0=——3—f1-

12.
a "oz m ov (123)

Here we have assumed for simplicity a high Z plasma and neglected the
effect on f;(v) of electron-electron collisions relative to electron-ion ones.
The steady-state solution is

v [8fs eE 8fo
_ _Yv [%f _eEdjo) 12.4
h 24 (Bz mv Ov ( )

The electric field is determined by the condition that charge neutrality be
preserved i.e., J, = —e [ ufi pvdv = 0, where u = cos6. This condition

gives
/w dv v (ﬁ—aﬁ’ - ——af") =0. (12.5)
0 mv v 0z
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We next assume that electron-electron collisions maintain the zero-order
distribution fo(v) as a Maxwellian with a local temperature .(2):

folv) = o) exp[— 2_0ezz_)] ; (12.6)

where v2(z) = 6.(z)/m. Equation (12.5) is now readily integrated to give

5 00.(2)
= —= . 12.7
eE 2 o2 (12.7)
Hence f; becomes
vt 8 v? 80,
= — - . 12.8
h f04mA [vg(z) v3(2) ] 9z (12:8)
The heat flow @ is obtained by using f(v) to evaluate
2
Q = / 221)— po pfy div . (12.9)
After straight-forward integration, we obtain,
96,
46%?
© = ZeAmi A (12:11)

Note that the thermal conductivity  is independent of density and is

proportional to 02/ 2| A convenient representation is k ~ 14 nvg [Vei, where
Ve; is the collision frequency which describes collisional damping of a light
wave as discussed in Chapter 5.

For small to moderate values of Z, it becomes important to directly
include electron-electron collisions which, of course, reduce the conduc-
tivity. A simple approximation to the numerical results of Spitzer-Harm
is given by multiplying « given in Eq. (12.11) by ¢(Z) ~ (1 +3.3/2)71.
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12.2 MULTIGROUP FLUX-LIMITED DIFFUSION

Although an instructive point of departure, this classical calculation of
diffusive heat flow needs to be extended in several important ways. First,
since the mean free-path is energy-dependent, a conductivity which av-
erages over a distribution of disparate velocities is clearly inadequate to
properly treat the transport of energy into a target. Hence the heat trans-
port is usually modeled as multigroup diffusion [3]. In this description, the
electrons are divided into energy groups, with the lowest energy group de-
scribed as a thermal one, with a Maxwellian velocity distribution. Each
group is assigned a diffusion coefficient, and the groups are coupled to
one another by self-consistent electric fields imposed by charge neutral-
ity. Such a description is especially important when high energy tails are
produced by collective absorption processes.

In general, a second extension is also needed, since the diffusive calcu-
lation of the heat flow fails for strong temperature gradients. For example,
when (ve/vei) 2 0.1Ly (L7! = 8In6,/dz), Eq. (12.10) gives Q X nfeve.
This result is clearly unphysical, since electrons cannot carry an energy
flux greater than their energy density times some typical velocity. In fact,
the Spitzer-Harm calculation is expected to fail [4,5] for even smaller heat
fluxes (i.e., for longer Lt). We first note from Eqgs. (12.8) and (12.9) that
electrons with velocities up to about 4-5 v, contribute significantly to the
heat flow. Substituting Eq. (12.10) into Eq. (12.8) gives

h= fgma () ) -]

Demanding that |fi| < fo for v ~ 4v. then requires that Q < nQeve/5.
From a physical standpoint, the breakdown of Eq. (12.10) for strong
temperature gradients represents the transition to collisionless behavior in
which electrons simply free-stream rather than diffuse. Heuristic attempts
to match onto this collisionless regime have been made by simply limiting
the heat flow to a maximum flux. To illustrate, we again return to the
simple example in which electrons are characterized by a temperature 6.
Then Q = min[k80./8z, fnbeve], where f is the so-called flux limit.
Initially f was chosen to be about 0.6, since the maximum energy flux
(neglecting fields) carried by electrons with a Maxwellian distribution of
velocities is about 0.6 nf.v.. However, clearly the flux limit is just a crude
but efficient attempt to describe the heat flow as the classical theory fails.
To properly describe the heat flux in this limit, both numerical calcu-
lations of the full kinetic equation (including electron-electron collisions)
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and Monte-Carlo calculations have been carried out [6-15]. In comparison
to the Spitzer-Harm treatment, more angular structure and/or modifica-
tions to the zero-order distribution functions have been included. Indeed,
the modification of fo(v) is obviously essential to include in many appli-
cations, since classical absorption can generate super-Gaussian velocity
distributions as discussed in Chapter 5. Furthermore, the transport itself
can strongly modify the zero-order distribution function. These calcula-
tions have indicated that the heat flux tends to saturate at a value of
order 0.1n6.v. but also emphasize that a single flux limit is in general
too simple a parameterization. A significant challenge is to now incorpo-
rate these insights into improved transport models which are sufficiently
economical for routine use in design codes.

12.3 OTHER INFLUENCES ON ELECTRON
HEAT TRANSPORT

Thus far we have considered the electron heat transport as determined
by Coulomb collisions in a plasma with no magnetic fields. The heat
transport becomes an even more complex calculation when one includes
self-generated magnetic fields. There are many source terms [16-18] for
such fields; the best known is that which arises when the density and tem-
perature gradients are not parallel. This effect can be simply illustrated.
If we treat the electrons as a fluid and neglect their inertia, the force
equation gives the electric field necessary to preserve charge neutrality:

v
E - _Yp _uxB (12.12)
ne c

Here u is the plasma flow velocity, p. the electron pressure, and B the
magnetic field. Substitution of E into Faraday’s law then gives
16B (uxB+Vpe).

= v
c Ot % c ne

(12.13)

Equation (12.13) shows that a magnetic field is generated whenever the
condition V x (Vp, /n) # 0 holds i.e., when Vn x V@, # 0.

To show that a sizable inhibition is possible via these fields, con-
sider here a crude order-of-magnitude estimate. Setting dB/8t = 0 and
denoting all gradient lengths by some L, we find with Eq. (12.13) that
|B| = (c/u)(fe/eL). The energy flux carried by electrons across the field
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can be estimated as I. = nf. D/L, where D is the diffusion coefficient.
Since the B fields can be quite inhomogeneous, we conservatively take
Bohm-like diffusion (D = wcer?,, where wee is the electron cyclotron fre-
quency and 7. the gyroradius). Combining these estimates then gives
I, = nb.u, that is, the characteristic energy flow speed is the plasma flow
velocity which is typically of the order of the ion sound velocity.

For quantitative results, it is essential to address many important
questions — the size and extent of the self-generated fields, how electrons
diffuse across them and other mechanisms for their generation. The B
fields can also be generated by other mechanisms such as instabilities
produced by the anisotropic heated electron distribution or by velocity
anisotropies associated with the heat flow. The resulting B fields can be
quite inhomogeneous, and so their influence [19] on the electrons is itself
a very rich topic.

Lastly the transport coefficient can also be modified by ion turbulence
in the plasma. The most commonly invoked mechanism for producing
this turbulence is the ion-acoustic drift instability driven by the heat flow
[20-22]. The basic idea is very simple. The electron distribution function
carrying a heat flux @ is skewed, as shown by Eq. (12.8). In particular,
the low-energy electrons have a drift V; ~ Q/nf. relative to the ions.
Physically this drift is produced by the self-consistent electric field nec-
essary to draw a return current to compensate for the flow of the hotter
electrons which carry the heat flow. When this drift exceeds the threshold
for the ion-acoustic drift instability, ion-acoustic waves are driven unsta-
ble. It has been hypothesized that the ion turbulence then so effectively
scatters the electrons that the heat flow is locked into a value near the
instability threshold. In other words, Qmax = n6.vs, when Z6, > 6;. Here
v, is the ion sound velocity and 6; is the ion temperature. There has been
considerable controversy over whether the ion-acoustic turbulence can be
this effective, particularly for electrons of very high energy. Computer
simulations [23] have suggested that the ion turbulence does not strongly
limit the heat fiux.
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12.4 HEAT TRANSPORT IN LASER-IRRADIATED
TARGETS

Theoretical description of large electron heat fluxes in laser-irradiated
targets is clearly a challenging problem. Let’s conclude this chapter with
a very brief synopsis of the experimental feedback. In laser-irradiated
targets, the heat transport has been inferred from a variety of different
measurements, including x-ray images of the heated plasma, the ratio
of the energy in fast and slow ion expansion, the implosion and mass
ablation efficiencies, the density profile in the underdense plasma, and
the burn-through rate of thin films and layered targets.

As an example, let’s consider experiments [24] in which Al disks coated
with a layer of CH were irradiated with a 100 ps pulse of 1.06y laser
light with a peak intensity of 10'W/cm?. The thickness of the CH layer
was varied, and the x-ray emission at energies between 1 and 3 keV was
measured as a monitor of the energy transported to the Al substrate. As
shown in Fig. 12.1, a rather thin layer of CH led to an abrupt decrease
in the x-ray emission, indicating poor electron transport. Calculations of
electron energy transport model this data by using a flux limit of f ~ 0.01.

A similar inhibition of the heat transport (f ~ 0.01-0.04) has been
inferred from many other experiments [25-29] on disk targets. The trans-
port inhibition appears to decrease as the intensity and/or the wave-
length of the light is reduced. Furthermore, in at least some experiments
[30-36] in which spherical targets are rather uniformly irradiated, the
electron energy transport appears to saturate at a value close to that ex-
pected from numerical calculations of the Fokker-Planck equation (i.e.,
Q ~ 0.1n8.v.). This suggests that B field generation and/or lateral en-
ergy transport may be playing a significant role in the disk experiments.
Many of the recent transport experiments and calculations are reviewed
in Ref. 15.

Although much remains to be understood, there has clearly been sig-
nificant progress in both characterizing and understanding electron en-
ergy transport in laser irradiated targets. More experiments are needed
to clarify the dependence of the heat transport on such critical features
as target geometry, uniformity of irradiation, and laser light wavelength
and intensity. Improved measurements of the underdense plasma condi-
tions are also needed. These conditions are an important indicator of the
transport and directly influence the coupling processes, which serve as
source terms driving the energy transport.
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Figure 12.1 The fraction of incident laser energy converted in Al line radi-
ation (A) and into 1-3Kev x-rays (0) as a function of the thickness of the CH
overlayer. See Young et al., (1977).
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CHAPTER ]. 3

Laser
Plasma
Experiments

In previous chapters, we have discussed a variety of mechanisms for laser
plasma coupling, ranging from collisional absorption to excitation of many
different instabilities. Figure 13.1 illustrates the rich variety of coupling
processes as a function of the plasma density. Near the critical density
(ner), we have resonance absorption and instabilities leading to the exci-
tation of electron and ion waves. Near n¢; /4, we have the 2wp, instability.
The Raman instability operates for densities < n¢r/4. The Brillouin and
filamentation instabilities take place throughout the underdense plasma,
as does inverse bremsstrahlung absorption. Throughout the underdense
plasma there can be self-generated magnetic fields or elevated levels of
ion turbulence driven by a variety of processes associated with the plasma
heating and expansion.

The mix of coupling processes depends on the intensity, wavelength,
and beam quality of the laser light and upon the gradient lengths, plasma
composition, and other plasma conditions. In turn, these depend on the
mix of coupling processes. An understanding of this coupled nonlinear
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Figure 13.1 A schematic of the density profile in the underdense plasma
illustrating the many processes which affect laser plasma coupling.

problem requires close collaboration between theory, computer simula-
tion and experiments. Although the understanding is far from complete,
calculations have at least qualitatively predicted many important plasma
effects observed in experiments. These include steepening of the density
profile, hot electron generation, resonance absorption, stimulated Raman
and Brillouin scattering, and favorable wavelength scaling. In this final
chapter, let us briefly consider some of the experimental evidence for var-
ious laser plasma processes.

The characteristic size (L) of the underdense plasma is a very use-
ful parameter to consider when discussing experiments. If L is small
(L/Xo < O(10), where )Xo is the free space wavelength of the laser light),
then many of the coupling processes are either before threshold or weakly
occurring, and we are primarily concerned with how light is absorbed near
the critical density surface. On the other hand, if there is an extensive
region of underdense plasma [L/)¢ 2 O(100)}, theory indicates that pro-
cesses such as Brillouin and Raman scattering, filamentation and inverse
bremsstrahlung can begin to play a significant role.

We can estimate the size of the underdense plasma in laser-irradiated
targets as the minimum of ¢*7/2 or R where ¢* is a typical plasma ex-
pansion velocity, T is the pulse length of the laser light, and R is the focal
spot radius. To give some feeling for the numbers, let us take an expansion
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velocity of 3 x 107 cm/sec, which is approximately the ion sound speed in
a hydrogen plasma with an electron temperature of 1 keV. Then

L min [1.5 x 102 7(ns), R(u)]

d Ao(1t) ’

where ‘min’ denotes minimum, 7 is expressed in nanoseconds, and R
and )\ are expressed in micrometers. Hence experiments with 1.06um
light and pulse lengths of < 30ps have rather small underdense plas-
mas, whereas experiments with pulse lengths > 1ns and large focal spot
have large underdense plasmas. Note also the scaling as 7/Xg. With this
distinction in mind, we will first examine some short-pulse-length exper-
iments (with small underdense plasmas) and then consider some longer
pulse-length ones.

13.1 DENSITY PROFILE STEEPENING

As we discussed in Chapter 10, calculations show a pronounced steepening
of the density profile near the critical density. This steepening is impor-
tant because the scale length near the critical density affects the mix of
absorption processes and the heated electron temperatures. This profile
steepening has been confirmed by interferometric measurements [1-3] of
the density of a laser-heated plasma. In one experiment [1] a 41um diam-
eter glass microballoon was irradiated with a 30ps, 1.06um laser pulse at
an intensity of 3 x 10"W/cm?. An interferogram was taken with a 15ps,
0.26pm probe beam and Abel-inverted to determine the axial electron
density profile plotted in Fig. 13.2. In both experiment and simulations
the profile is steepened to an upper density n, that is roughly determined

by pressure balance:
v\ 2
n, ™ ncr[l + (;os) ]9
Ve

where v, is the oscillation velocity of an electron in the laser light field, v,
is the electron thermal velocity and ne, is the critical density. The profile
is steepened down to a lower density that is determined by how the light
pressure and localized heating dams the plasma flow. This lower density
typically appears to be somewhat less in experiments than in the particle
simulations, perhaps because of energy-transport inhibition.
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Figure 13.2 A plasma density profile in a laser-irradiated target measured
by interferometry using a 0.26um light pulse. See Attwood et al. (1978).

Calculations with a focused light beam [4] show an additional, re-
lated effect: cratering of the critical density surface. Physically, the den-
sity surface is preferentially pushed in where the light intensity is greatest.
This effect has also been observed in experiments. Figure 13.3 shows an
Abel inverted transverse density contour measured in an experiment [1]
in which a disk target was irradiated with 1.06m light with an intensity
of ~ 3 x 10 W/cm?. The density cavity has a transverse scale length
approximately equal to that of the incident light beam. A smaller scale
rippling of the critical density surface has also been inferred in experi-
ments using higher intensity light. These ripples are probably due to hot
spots in the incident light beam and/or to a critical surface instability
found in computer simulations [5-7).

13.2 ABSORPTION OF INTENSE, SHORT
PULSE-LENGTH LIGHT

Many important features of the absorption measured in experiments with
short pulse length, high intensity laser light can be understood in terms
of resonance absorption in a steepened density profile. In such experi-
ments, the underdense plasma has both a high temperature and a small

spatial extent. Because collisional absorption varies as 6. 3/2 (8 is the
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Figure 18.3 A transverse density profile measured by interferometry. See
Attwood et al., (1978).

electron temperature) and as the scale length of the plasma, it is rela-
tively weak in these experiments. However, as discussed in Chapter 4,
computer simulations showed that there would still be a sizeable absorp-
tion due principally to resonance absorption with some additional absorp-
tion due to nonlinearly-generated ion fluctuations. These early simulation
results assumed plane waves incident onto a plasma slab. In practice, a
focussed light beam (say, with hot spots) both craters and ripples the
critical density surface as discussed in the previous section. These sur-
face ripples average the absorption over angle as well as change part of
the p-polarized light into s-polarized light and vice versa [8-10]. A sim-
ple theory (8] was used to extend the ideal simulation results to crudely
include this additional critical surface rippling. The result for the absorp-
tion as a function of polarization and angle of incidence is shown by the
black line in Fig. 13.4.

The absorption has been measured in detail in numerous experi-
ments [11-17]. In some of these experiments [11], plastic disks were irra-
diated with about 30ps pulses of 1.06um light with an intensity of 101° -
10'W /cm?. The measured absorption, denoted by the circles in Fig. 13.4,
was both polarization-dependent and broad in angle. The absorption of
p-polarized light peaked at approximately the predicted angle, and the
absorption of s-polarized light monotonically decreased with the angle of
incidence. The magnitude of the absorption was also in reasonable agree-
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Figure 13.4 Laser light absorption as a function of angle of incidence, shown
here for (a) p-polarization and (b) s-polarization. Circles denote the absorption
measured in a series of experiments in which plastic disks were irradiated with
30ps pulses of 1.06um light. See Manes et al., (1977).

ment. The principal discrepancy is an additional 10-15% absorption,
rather independent of angle of incidence and polarization. This addi-
tional absorption may be due to a number of effects such as inverse
bremsstrahlung, critical surface rippling, or self-generated magnetic fields.
At very high intensities (IA3 2 101"W-u2/cm?), the measured fractional
absorption increases significantly [16]. This effect has been attributed to
the development of a highly turbulent critical surface.

13.3 HEATED ELECTRON TEMPERATURES

The heated velocity distribution is a very important feature of the ab-
sorption process. The light primarily heats electrons, since their motion
in the oscillating fields is much larger than that of the massive ions. As
discussed in the Chapter 9, absorption via plasma waves in general leads
to high energy tails on the electron distribution function. Physically this is
because plasma waves tend to preferentially heat the faster (more nearly
resonant) electrons. The simulations of resonance absorption discussed in
Chapter 10 predict that a roughly two-temperature distribution will re-
sult [18,19]. The lower temperature is that typical of electrons streaming
into the absorption region and is determined by how the heat transports
to higher density. The hot temperature is that characteristic of the elec-
trons heated by resonance absorption, which in the simulations are found
to have a quasi-Maxwellian velocity distribution.
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The generation of an electron distribution with at least two character-
istic temperatures is supported by measurements of the x-ray spectrum n
many different experiments using short-pulse-length laser light. As an ex-
ample, Fig. 13.5 shows the x-ray spectrum observed in an experiment [20]
in which a plastic disk was irradiated with a 80ps pulse of 1.06um light
at a peak intensity of ~ 2 x 10'W/cm?. The low energy x-rays indicate
an electron temperature of >~ 700eV, and the high energy x-rays a tem-
perature of ~ 8 keV. A third, higher temperature component has been
observed in experiments with small underdense plasmas for sufficiently
intense irradiation [16,17).

Figure 13.6 shows the heated electron temperature inferred from the
high energy x-rays in short pulse experiments over a wide intensity regime.
The various symbols with error bars represent data from a series of exper-
iments [21] in which disks or microballoons were irradiated with 1.06pum
light with pulse lengths in the range of about 50-200ps. The open x’s are
values of the resonantly-heated electron temperature calculated in a se-
ries of two-dimensional simulations [18] of resonance absorption. Both the
magnitude and intensity scaling of the heated electron temperatures are
in reasonable agreement, especially in view of the fact that the simulations
are quite ideal and do not include the space-and time-averaging inherent
in the experiments. Experiments using laser light with other wavelengths
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Figure 13.5 The x-ray spectrum measured in an experiment in which a plastic
disk was irradiated by a 80ps pulse of 1.06sm light with an intensity of about
2 x 10'® W/cm?. See Haas et al., (1977).
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Figure 13.6 The heated electron temperature as a function of incident laser
light intensity. The symbols with error bars are values inferred from the high
energy x-rays in experiments in which disks or microballoons were irradiated with
1.06pum light. The open X’s are values calculated in a series of two-dimensional
simulations. See Manes et al., (1977).

have given quite similiar results. One simply has to scale the intensity as
I)} (where ) is the free-space wavelength of the light), as theoretically
expected.

13.4 BRILLOUIN SCATTERING

We have been discussing short-pulse-length experiments which are char-
acterized by a small region of plasma with density less than ncr. These
experiments have been typical of the exploding-pusher target experiments
carried out in the early days of the laser fusion program. Laser plasma
coupling is more complex in long-pulse-length experiments with larger
regions of underdense plasma. Such experiments are more characteristic
of the ablative compressions needed to compress fuel to a high density to
achieve high gain [22]. In the longer scale length plasmas, effects such as
collisional absorption, Brillouin and Raman scattering, and filamentation
can all play a much more important role. Let’s now discuss experiments
on some of these processes.



13.4 Brillouin Scattering 161

Experiments [23-37] with longer scale length plasmas and 1.06um
light show that significant Brillouin scattering is possible. In these exper-
iments, sizeable underdense plasmas (L/)\o > 30) were formed in various
ways: by using a prepulse, a long pulse length in the sense of 7/X¢, or a
preformed plasma. Let’s consider a specific example in which a larger un-
derdense plasma was created by use of a prepulse. As shown in Fig. 13.7,
the addition of a prepulse about 2ns prior to a 75ps main pulse was found
to increase the backscatter of the main pulse which was normally incident
onto a CH slab [23]. As the prepulse energy was increased, the fraction of
the main pulse which was back-reflected increased from ~ 15% to ~ 40%
and the net absorption decreased from ~ 50% to ~ 20%. For a fixed ratio
of prepulse energy to main pulse energy, the backscattered light increased
with the intensity of the main pulse and was rather insensitive to the angle
at which the targets were tilted. In addition, it was shown that the light
rays retraced their path. All these features are as expected if the light
reflection is due to the Brillouin instability in the underdense plasma.

Experiments have also shown evidence for Brillouin sidescatter. This
instability preferentially scatters light out of the plane of polarization. As
shown in Fig. 13.8, the sideward scattering out of the plane of polarization
has been observed to greatly exceed that into the plane of polarization
in experiments with large focal spots [27]. Typically, the polarization-
dependent, sideward scattering observed to date has been < 30% of the
incident laser energy.
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Figure 13.7  The fraction of the main pulse energy which was backscattered
into an f/1.9 lens versus the fraction of the energy into a prepulse. See Ripin et

al., (1977).
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Figure 18.8 The angular distribution of the light scattered from a Au disk
irradiated with 1.06pm light focussed to an intensity of about 3 x 10'* W /cm?2.
The focal spot diameters are 150pum and 450m. See Rosen et al., (1979).

Quite detailed studies of the nonlinear aspects of Brillouin scattering
have been carried out in microwave experiments with low density plasmas
[38,39]. In some of these experiments, the amplitudes of both the driven
ion wave and its harmonic were measured via Thomson scattering of mil-
limeter waves. In addition, a heated ion tail was observed and its density
measured. These experiments emphasize that ion tail formation is a very
potent saturation mechanism.

The behavior of Brillouin scattering in laser experiments needs further
study. Identification of the scattering by its frequency spectrum is often
uncertain due to Doppler shifts in the expanding plasma. Often the ob-
served scattered light with frequency near wp does not appear to exhibit
any well-defined growth or saturation [32]. In experiments to date with
overdense targets and short wavelength light, the backscattering is quite
modest (< 10%).

13.5 RAMAN SCATTERING

There are numerous experiments [40-53] on Raman scattering in laser-
irradiated plasmas. This process is relatively simple to identify since the
scattered light is down-shifted by an electron plasma frequency. In exper-
iments with a large region of underdense plasma, the energy in Raman-
scattered light has been measured to be as large as 10-20% of the inci-
dent laser energy. In addition, the expected correlation with hot electron
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generation has been observed. Let us briefly mention several of these ex-
periments.

In early experiments which showed a significant level of Raman scat-
tering [47], a large region of underdense plasma was formed by irradiating
a thin CH foil (70004 thick) with a 900ps, 3kJ pulse of 1.064um light.
Computer calculations predicted this foil to go underdense and expand
through a density of a few tenths of the critical density somewhat before
the peak of the laser pulse. When this happens, the laser light is propa-
gating through a relatively flat region of underdense plasma. If we simply
use the radius of the focal spot as a measure of the distance over which
the plasma density is reasonably flat, the characteristic plasma size is of
order 200um, which is sufficient to produce sizeable Raman scatter. In-
deed, about 10% of the light was observed to be Raman scattered. Figure
13.9 shows the measured angular distribution of the spectrally integrated
Raman scattered light. Most of the scattering was into the rear hemi-
sphere, but even a small fraction of the incident light was scattered into
the forward hemisphere.

200

Raman light energy
angular distribution

J/sr

100 |~

0°  30° 60° 90° 120° 150° 180°
Angle
Figure 13.9 The angular distribution of the spectrally-integrated Raman
scattered light measured in experiments in which thin foils were irradiated

with 1.06um light. The different symbols denote two separate experiments. See
Phillion et al., (1982).
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Subsequent experiments [49] with thin foils irradiated with 0.53u and
0.26u light have shown comparable levels ofRaman scattering. As ex-
pected on the basis of collisional damping, the scattering was found to
decrease dramatically for Au foils irradiated with 0.26u light. In other
thin foil experiments using 0.53u light, both the up- and down-shifted
components expected from Raman forward scattering were observed [50].

In experiments [51] at the University of Alberta, Raman backscatter
was observed when a rather uniform low density plasma in a solenoid was
irradiated with CO, laser light. The plasma density was about 1/40 of
the critical density, the background electron temperature about 80 eV,
and the interaction length about 3mm, as estimated from the depth of
focus of the laser light. As shown in Fig. 13.10, back reflection due to
the Raman instability was observed to onset at an intensity of ~ 4 x
10'® W/cm?, which was calculated to be the expected threshold intensity.
When the intensity was further increased, the reflectivity from this rather
low density plasma saturated at a value of about 0.7%.
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Figure 13.10  The back reflection due to the Raman instability measured in
experiments in which a low density plasma in a solenoid was irradiated with

10.6um light. See Offenberger et al., (1982).
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Raman reflected light has also been observed in experiments with
rather inhomogeneous plasma blowing off from an overdense target. The
spectra measured in such experiments [45,46] have indicated Raman scat-
tering from the region near n. /4 as well as from the plasma at lower
densities down to about 0.05-0.1n. The level of the scattered light in
these experiments is often quite low: in the range of 10-6-10* of the
incident light. However, this level has been found to increase rapidly as
the focal spot size and pulse length is increased, leading to more gentle
gradients. For example, in experiments [47,52] in which thick disk targets
were irradiated with 1.06u or 0.53u light, up to several percent of the
incident laser light was observed to be Raman scattered.

Finally a correlation of Raman scattering with hot electron genera-
tion has been observed in experiments [52] in which Au disks were irra-
diated with 1ns pulses of 0.53um light. In these experiments, the laser
energy varied from 0.5-4.0kJ and the nominal intensity from about 10'4-
2x10'W/cm?. The slope of the high energy x-rays indicates hot electrons
with a temperature of about 30keV. Figure 13.12 shows the fraction of
the laser energy deposited into hot electrons as inferred from the level
of the hard x-rays versus the measured fraction of the laser energy in
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Figure 13.11 Hard x-ray spectrum from Au disk irradiated with a 3.6kJ, 1ns
pulse of 0.53pum light focussed onto 740um spot. See Drake et al., (1984).
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Figure 13.12 The fraction of the laser energy absorbed into hot electrons
versus the fraction in Raman-scattered light in Au disks irradiated by 1ns pulses
of 0.53pm light. See Drake et al., (1984).

Raman-scattered light. Note the impressive correlation. The solid line
represents the expected correlation using the Manley-Rowe relations with
the measured mean value of the frequency of the scattered light. Because
of the error bars, it is quite possible that other processes such as the 2wy
instability are also contributing to hot electron generation.

Although many trends in the observations agree with expectations,
there are also challenging puzzles [54]. There is usually a gap in the fre-
quency spectrum, showing that Raman scattering is much weaker than
expected for a narrow range of densities near n./4. In addition, a low
level of Raman backscattering is often observed below the nominal inten-
sity threshold. Both these puzzles may indicate that Raman scattering
is being seeded by an enhanced level of plasma waves excited by other
processes. For example Simon and Skort [55,56) postulate that bursts of
hot electrons due to the 2wpe instability preferentially excite the plasma
waves in the lower density region. Below the Raman instability threshold,
we would then have ordinary Thomson scattering from enhanced fluctu-
ations. Above threshold, the instability grows from the enhanced levels.
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13.6 OTHER PLASMA PROCESSES

There is also experimental evidence for many other plasma processes in
laser-produced plasmas. Electron plasma waves due to the 2wy instability
have been directly observed by Thomson scattering in experiments with
10.6um light. The growth rate, the local density profile steepening, and
the generation of ion waves in the nonlinear state have been measured
in some detail [57-59]. A useful signature of this instability is emission
near 3wp/2, which arises from the coupling of the incident and reflected
light wave with a plasma wave near n /4. Unfortunately the level of the
instability is difficult to estimate from this signal, since the emission only
indirectly indicates the level of part of the spectrum of driven plasma
waves.

The 3wp/2 emission is frequently diagnosed in laser plasma exper-
iments [60-62]. For example, in some experiments at the University of
Rochester [62], CH spheres were irradiated with a 600-700ps pulse of
0.35um light. The 3wy/2 emission was observed to onset at an intensity
of about 2 x 10*W/cm?, the estimated threshold intensity of the 2wpe
instability. The level of the emission increased with the intensity of irra-
diation but then saturated at rather a low level when the intensity was
about 3 x 10 W/cm?. Hard x-rays indicating suprathermal electrons
with a temperature of about 35keV were observed to be correlated with
the 3wop/2 emission. The inferred fraction of the laser energy in these
suprathermal electrons saturated at a low value of about 10~ of the in-
cident energy in these experiments with L/)\¢ < 150.

Filamentation of laser light is perhaps the least characterized of the
plasma processes we have discussed. Much of the evidence is rather in-
direct: inferrences from structure [63—65] in x-ray pictures of the heated
plasma or in images of the back-reflected light. Filamentation has also
been inferred from the angular distribution [45] of the half-harmonic light
or from frequency shifts [66] in the reflected light. Filamentary structures
have been directly observed by using optical shadowgraphy [67], by imag-
ing the second harmonic emission [68], and by Thomson scattering from
electron plasma waves generated in the walls of the filament [69].

Parametric instabilities near the critical density have been inferred
from frequency shifts in the second harmonic emission [70-72] as well
as from Thomson scattering measurements [73] of ion acoustic waves in-
duced by a 10.6um laser. The unstable waves and the plasma heating
have been measured in some detail in microwave experiments with low
density plasmas [74-77]. Excitation of waves near the critical density has



168 13 Laser Plasma Experiments

also been studied extensively in ionospheric heating experiments [78,79].
In addition, self-generated magnetic fields with values up to 10° Gauss
have been measured in laser experiments using Faraday rotation of a
probe beam [80,81]. Since we’ve already considered a number of different
plasma processes, we will now proceed to the important topic of wave-

length scaling.

13.7 WAVELENGTH SCALING OF LASER
PLASMA COUPLING

As both calculations and experiments have amply demonstrated, laser
plasma coupling can be influenced by a rich variety of collective plasma
effects. Many of these collective processes either decrease the absorption
or give absorption into a tail of very energetic electrons. The advantages
of enhancing collisional absorption and reducing collective effects have
placed a premium on the use of short wavelength laser light [82,83].

When the laser wavelength (A¢) is decreased, the light wave penetrates
to higher density plasma since the critical density increases as Ay 2. For
a given absorbed intensity, the heated plasma is both denser and lower
in temperature and hence much more collisional. In addition to being
reduced by this greater collisionality, the collective processes are more
weakly driven by short wavelength light. For a given intensity, the oscil-
lation velocity of an electron in the light wave is proportional to the laser
wavelength.

Many experiments [84-88] with 0.53um, 0.35um and 0.26um light
have demonstrated that important features of the coupling improve as
the wavelength decreases. Figure 13.13 shows a compendium [89] of the
absorption as a function of intensity measured in a variety of experiments
using laser light with wavelengths ranging from 1.05um to 0.26ym. In
these experiments on CH targets, the pulse lengths varied from 100ps to
1ns, but the focal spot size was typically rather small. Note the dramatic
increase in absorption as the wavelength decreases, as expected since in-
verse bremsstrahlung depends strongly on wavelength. A very strong de-
crease in hot electron generation has also been shown in such experiments.
Figure 13.14 shows x-ray spectra measured in experiments [90] in which a
600ps pulse of light was focused to an intensity of about 3 x 10 W/cm?
onto an Al disk. The level of the high energy x-rays decreased by sev-
eral orders of magnitude as the wavelength of the light was changed from
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Figure 13.13 The absorption versus intensity measured using laser light with
wavelengths ranging from 1.054m to 0.26um. See Ripin and Kruer, (1986).
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1.06pm to 0.355pm, illustrating a significant reduction in collective plasma
interactions.

Not surprisingly, there has been a strong trend to the use of short-
wavelength lasers. Most large laser fusion facilities now operate or plan
to operate at wavelengths < 0.5u. These wavelength scaling experiments
are being extended to include long-scale-length plasmas, which are more
characteristic of reactor targets. Such experiments will be able to quantify
the regimes of intensity and wavelength for optimum coupling.

Finally, increased attention is being focussed on techniques to smooth
the intensity profile of a laser beam [91-94]. Smoother beams will allow
more uniform illumination of fusion targets and clarify the role of beam
structure in experiments. Induced spatial incoherence (ISI) is one tech-
nique for beam smoothing [91]. In the usual embodiment of ISI, a pair of
reflecting, echelon-like mirrors is used to divide a broad bandwidth laser
beam into many independent beamlets. The echelons introduce time de-
lays between the beamlets which are longer than the laser coherence time.
The beamlets are overlapped onto a target, producing a very smooth in-
tensity profile when averaged over time scales long compared to the coher-
ence time. Experiments [94] with induced spatial incoherence are showing
that the use of a smoother beam further improves the coupling of short
wavelength laser light with targets.

In summary, laser plasma coupling is a rich and challenging area of
applied physics. Many different processes can compete to determine the
coupling, ranging from collisional absorption to a variety of plasma insta-
bilities. As lasers have become more energetic and targets larger, more of
these plasma processes have been shown to indeed play a role in experi-
ments. Much has been learned through the fruitful and close interaction
between theory and experiment, and many challenging problems remain
to be understood. There are many important theoretical issues, includ-
ing the multidimensional and nonlinear behavior of the instabilities, the
competition of the various coupling processes, and the heat transport in
strongly driven plasmas. There are likewise many important experiments
yet to be done to better diagnose the plasma and irradiation conditions
and to extend the data base to the larger plasmas which are more char-
acteristic of reactor targets. Laser plasma coupling continues to be an
exciting and important area of research for laser fusion applications.
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