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A theory has been developed for thermal fluctuations of electromagnetic surface waves propa-
gating normal to a dc magnetic field along a plasma-plasma boundary. It is shown that for relative-
ly weak magnetic fields the energy of these fluctuations can be emitted from the plasma. This emis-
sion is investigated in conditions which are typical for laser-produced plasmas when a spontaneously
generated magnetic field exists. The spectral distribution obtained reveals both an amplitude and
angular asymmetry which can be used for diagnostic purposes.

I. INTRODUCTION

The radiation emitted from a plasma in the presence of
thermal fluctuations has been intensively studied for
many years.! Most of the theoretical work concerning
this problem deals with an infinite and/or homogeneous
plasma. However, in the real experimental conditions the
size of the plasma is always finite and, therefore, the ef-
fects of the boundaries have to be taken into account.
One of the most important characteristics of the plasma
boundaries with steep density gradients is the presence of
surface waves as the eigenmodes of the system.? The
theory of surface-wave fluctuations has been developed
for both sharp® and diffused* plasma boundaries. As is
well known, the phase velocity of a surface wave propaga-
ting along a plasma-vacuum or plasma-dielectric boun-
dary is less than the speed of light. Consequently, their
energy cannot escape from the boundary. However, a
plasma-plasma boundary allows the phase velocity to
exceed the speed of light for a certain range of the wave-
lengths. In that case, if the region of plasma which has
the lower density has a finite density scale length, the en-
ergy of the surface waves can escape from the boundary
region and be emitted in a form of an electromagnetic
wave propagating in the low-density transparent plasma.
Favorable conditions for the excitation of such radiating
surface waves arise, for example, in a laser-produced
plasma-density profile is steepened in the critical region.’
Emission from such a plasma was studied in Ref. 6.
However, in Ref. 6 the presence of a spontaneous dc mag-
netic field, which can be generated in a laser-produced
plasma, has not been taken into account, although, at high
intensities this magnetic field can reach several MG.’
There are a few mechanisms for the generation of these
fields. However, the geometry of our problem favors reso-
nance absorption as the source.® Also, since a damping
mechanism determines the correlation function of the
fluctuating electromagnetic field and resonance absorption
(i.e., linear conversion of the surface waves into the upper
hybrid modes) dominates, the plasma is considered col-
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lisionless throughout this paper. In the initial stage of the
laser-plasma interaction, the spontaneously generated field
can be localized in the critical region, but subsequently it
spreads well beyond this region due to both field diffusion
and plasma flow. Furthermore, a similar problem can
arise in the presence of an external magnetic field and be
encountered, therefore, in other types of laboratory and
space plasmas. For example, spontaneous magnetic fields
have been measured in microwave plasma experiments.’
Consequently, it is of considerable importance to develop
a theory for the fluctuations of the surface waves in the
presence of a dc-magnetic field.

In laser-produced plasma, in particular, direct measure-
ment of the parameters of the critical region can be rather
difficult. As a result, investigation of the plasma emission
induced by these fluctuations can be used for diagnostic
purposes. In this paper we present a theory of thermal
fluctuations of the electromagnetic surface waves which
propagate normal to a dc magnetic field. The spectral
distribution of the radiation emitted from an inhomoge-
neous plasma is found for conditions typical of a laser-
produced plasma.

In Sec. II we give a complete formulation of the prob-
lem. Then, in Sec. III, we calculate a correlation function
for the fluctuating electromagnetic field in terms of the
anisotropic electron temperature, the profile characteris-
tics, and the dc magnetic field. In Sec. IV the spectrum
of the plasma emission associated with thermal fluctua-
tions of the surface waves is then found in the cases when
the dc magnetic field is either localized within the critical
region or extends over the whole space.

II. FORMULATION OF THE PROBLEM

Let us consider a collisionless plasma with a steep den-
sity gradient across the critical region (see Fig. 1). The
plasma is assumed to be homogeneous for x >z and
weakly inhomogeneous in a region x <0. Thus, we intro-

606 ©1985 The American Physical Society



32 SURFACE-WAVE FLUCTUATIONS AND EMISSION FROM AN . .. 607

FIG. 1. Schematic representation of a plasma density profile.

duce two characteristic scale lengths of the plasma inho-
mogeneity L =n |dn/dx |7 o>>1=n|dn/dx |5’ ..
Such a density profile allows for existence of the surface
eigenmodes which propagate along the boundary layer
0 <x <a. An external dc magnetic field By=(0,0,B,(x))
is assumed to occupy either only a transition layer
0 <x < a or, alternatively, the whole space. We will inves-
tigate the surface waves which propagate perpendicularly
to the magnetic field. In that case the electromagnetic
field of the waves has the following components:
E=(E,,E,,0) and B=(0,0,B). Notice that the comple-
mentary electromagnetic wave E=(0,0,E), B=(B,,B,,0)
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Here € and g are the components of the plasma permitivi-
ty tensor
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cog =4me’ny/m, Q=eB /mc, the electron plasma and cy-
clotron frequency, respectively, and m,e,n, are, respec-
tively, the electron mass, charge, and density, and c is the
speed of light. Finally, v,(z =0) and v,(t =0) are the ini-
tial values of x and y components of the electron velocity.

Our aim is to calculate the spectral distribution of the
plasma emission associated with the thermal fluctuations.

does not permit a solution in the form of a surface mode.
In order to study the fluctuations of these waves we start
from the Fourier-Laplace transform of the electromagnet-
ic quantities:

E(x,ko+if)= [ "dt [* dyE(xp,0)
Xexp{i[(w+iA)t—kyl},

B(x,k,o+iA)= [ “dt [ dy B(x,y,1)
Xexp{i[(w+iA)—kyl} .

Then, Maxwell’s equations lead to the following set of
equations:
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The set of the starting equations (1)—(3) is solved to ob-
tain the fluctuating field E, B in terms of v(z =0). The
field correlation function then defines the relevant energy
flux density

_ ¢ [dodk .
S= Py (277_)2 (E(w,k,x)XB (w,k,x)|x=‘w+c.c.> ,

(6)
where { ) denote an ensemble average.

III. THERMAL FLUCTUATIONS
OF THE SURFACE WAVES

At the beginning of this section we will briefly summa-
rize a general formulation of a theory of hydrodynamic



608 S. VUKOVIC, R. DRAGILA, AND N. ALEKSIC 32

fluctuations in an inhomogeneous plasma. According to
Ref. 1, the steady space-time correlations of the electric
field components are

(E,~(r,t)E,-(r,t)):f%—:;lexp[—iw(t—t’)]G,-j(r,r’,co) s

(7)
where

Gij(r,r’,a))=A1ir51 20(E;(r,0+iAE](r',0+iA)) . (8)

Y4

The fluctuating field E is related (via the equation of

motion) to the fluctuating current density
j(r,t)=enyv(r,t)=e fdvaNe(r,v,t) , 9)

which, in turn, arises from thermal fluctuations of the
electron phase micro density 8N,(r,v,t). As shown by
Klimontovich,!

(8N, (1,v,t)8N,(r',v',1)) =8(r—1')8(v—v')f.(r,v)
+8ee (1,1, v,V 1), (10)
where f,(r,v) and g, (r,r',v,v’,t) are the electron distribu-
tion and pair correlation functions. Then, (9) and (10)

lead to the following correlation at one instant between
the velocity components

TY(r)
mn,(r)

(v (r,);(r',1) ) =8;8(r —r’)

V;Vj 8o (1,1, V,V',1)
no(r)ng(r')

+ fdvdv’

in terms of the anisotropic electron temperature
; 1 )
T(r)=—— [ dvmvif.(r,v) .
no(r) f i/ (T

It was supposed here that in the ground state
fdvvfe(r,v)=0 ,
fdvvivjfe(r,v)=0 y I£] .

In what follows we will calculate the Poynting vector S
[Eq. (6)] by means of Maxwell’s equation (1)—(3) and by
relating the correlation of the fluctuating field (8) to the
electron temperature via (11).

Equations (1)—(3) are now solved in three different re-
gions: (1) —o0 <x <0, (2) 0<x <a, and (3) 2 <Xx < .
The assumption of a weakly inhomogeneous plasma
(kL >>1) in the region 1 allows the WKB approximation
to be used:

a[K(x)—kBx)] |
Blx <xn) =Bl =00\ = e —kBy)
X exp —i%—ifx’:K(x)dx b, (12)

where

b=exp {—fxolc(x)dx] ,
:c(x)=%[nz—az(x)]'/2 ,

K(x):%[a(x)—nz]l/z,

and a;=a(x =0), Biz[)’(x =0), k;=k(x =0). The solu-
tion corresponding to region 3 is trivial and reads

B(x > a)=B(x =a)exp[ —k)(x —a)], (13)

where k,=k(x >a). In transition region 2, Egs. (1)—(3)
are solved by using an iterative procedure with kz <<1 as
a small parameter. Up to the first order in ke« the solu-
tion thus obtained has the following form:

B(0<x <a)=B(x=0) |1+k [ Bdx

.
—_
c

+Z—11foxadx foxmdx .

(14)

The solutions (12)—(14) as well as the derivatives dB /dx
are now matched at x =0 and x =«. It should be em-
phasized that the derivative dB/dx corresponding to re-
gion 2 must also be calculated up to the first order with
respect to the small parameter k«, thus giving rise to
some extra terms which would not appear if (14) were dif-
ferentiated directly. Also, the terms which do not contri-
bute to the correlation function (8) were omitted in
(12)—(14). Following such a procedure one obtains

4me o no
Ey(x =0)=—-2% [ o k+

7 —0%)¢

Ky+kf,
a; &

X [—iv,,(t :0)+%uy(z:0) dx ,
(15)
where
a@==@0+l>@l+lgr
is the surface wave dispersion function and
k
D=1+ aky+kpBy) ’
az(Kl——-kﬁl) ,
2 a(ky+kfB,)
@Iz_g_ __,_l_._2___B2_ , (16)
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y=———Im [
k1—kfy mfo ka, dx
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where pB,=B(x=a), a;=alx=a). Here ;=0
represents a dispersion relation for the surface waves
propagating along a sharp boundary between two homo-
geneous magnetoactive plasmas. The term &, represents
dissipative losses due to linear conversion of the surface
waves into the upper hybrid modes arising in the vicinity
of the resonant point €=0. &, corresponds to damping
of the surface wave caused by energy leaking through the
quasiclassical reflection point xi [k(xg)=0]. The disper-
sion equation 2 =0 has been investigated by Kaufman!®
for the case of a homogeneous dc magnetic field. In the
limit of the potential surface waves the equation & ;=0
has been analyzed in detail in Ref. 11. For the case of two
homogeneous plasmas adjacent to an inhomogeneous tran-
sition layer, the analysis has been presented in Ref. 12.

Using (8), (11), and (15) one obtains a correlation func-
tion of the fluctuating electric field in terms of the elec-
tron temperature as follows:

2
dmk? pa|.  K2tkB
Gole,k)= |@|2f0 kay ©
QZ
X |T®+ =TV |8(e)dx ,
@

(17)

where Go(w,k)=G,y,(w,k,x =x'=0). In the limit By=0
this correlation function reduces to the result obtained in
Ref. 6. Although both temperatures 7' and T corre-
spond to directions perpendicular to the dc magnetic field
B, they can, in general, substantially differ due to a reso-
nance at €=0 where E, significantly exceeds E,. Since
the imaginary part &, originates from linear conversion

of the surface waves into the upper hybrid modes it arises '

only if the point of resonance exists within the transition
layer, i.e., for sufficiently weak dc magnetic field when

QD <wpr—wp1, 0p=0,x=a), 0, =,(x=0). (18

As seen from (17), in the opposite case G vanishes.

IV. PLASMA EMISSION

The energy of the surface waves which propagate with
a phase velocity exceeding the speed of light can be emit-
ted from the transition region beyond the quasiclassical
reflection point x =xp where k(xz)=0. Obviously, for
Xg <0 the condition | Q| <w,; must be satisfied. This is
a more restrictive condition on the strength of the mag-
netic field than that formulated by Uberoi and Rao!® to
provide | n | <1. The latter condition coincides with (18).
Finally, we conclude that emission of the surface waves
can take place only when the magnetic field is sufficiently
weak Q? <<}

This condition allows analytical analysis of the disper-
sion relationship & ,=0. In particular, such a condition
is of interest in the context of laser produced plasmas.
There, even for high intensity Nd:glass laser radiation

where megagauss spontaneous dc magnetic fields can be
generated, the ratio Qz/wzl is still well below unity. In
fact, in a laser-produced plasma a spontaneous dc magnet-
ic field is initially localized at the critical region and then
subsequently diffuses in both directions along the density
gradient. As a result an antisymmetric [By(x <0)
= —By(x >a)] spatial distribution of the dc magnetic
field is formed,®® with respect to the critical surface.
However, for sake of generality, we will also keep in our
analysis the case with a homogeneous magnetic field.

The refractive index n can now be approximated as

2
n=n+n' Q@ +n? Q@ 4+, (19)
where
e 172
0 [1%12
n'=n(By=0)=+% | ———— 20
° €1 t€ 20

and € ,=¢€,2(B=0). The equation Z,=0 is then
solved within the first-order approximation with respect
to the small parameter {)/w, which leads to the following
relationships for the perturbations n!®) and n!® corre-
sponding, respectively, to a homogeneous and antisym-
metric dc magnetic field:

1—(n°)?
[—(eu+ep]?

nls) — @21

e _ St eip—€pepleptepn) 22
(6ﬁ1+€‘2|2)[ —‘(6”1 +€||2)]1/2

As can be seen, the perturbation n!® changes its sign at

(n%)?=1, while n!® jg always positive. However, since
we are interested in plasma emission associated with the
fluctuating surface waves, n must be less than unity and
consequently, in this strongly nonpotential case, n!®*)> 0.
In the limit |€;| >>€;; both (21) and (22) converge to
the same value

p 18) — py 1as) _ 1—¢)

=n ——W . (23)

It is worth emphasizing that when expanding » into the
series (19) one has to ensure that the surface wave attenua-
tion factors «; and k, are positive. This leads to the fol-
lowing restriction on the amplitude of the magnetic field
corresponding to the homogeneous

2 3
Q €)1

® | €2 | [1—(n°)?]
and antisymmetric

2 2
€1 t€jp2

2 2
€1+ €j2—€n€)2(€)1+€)2)

2
Q €)1

w |€||2|
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cases. Since |€);| >¢€;, we estimate that both restric-
tions are well satisfied if | Q/w | <€).

Now, once the condition for emission and the correla-
tion function (17) are determined, one can represent the
energy flux density (6) as

Cl)a]bz
=——F—Gplw,k), 24)
Sx(@,k) 47r(ic;—kBy) ol@,k) (
where the factor a;b2/(k;—kp;) arises from transition
from Golw,k) to Gy (w,k,x =x'=— oo ). A spectral dis-

tribution I, can then be readily obtained from (17) and
reads

®
I,I,=W5x(w,k) s
i.e.,
2 Q2 D (0,0)b?
I,0)=—2%— |TW4+=T1V | —I—— " (25
© gmc? w* eeo | Z(0,0)]|*

where 0 is the angle between the observation direction and
the x axis [k =(w/c)sinf]. Since I,(0) must be real and
positive, three conditions

n2_a1>0 ’ n2_a2>0 ’ Kl—'kﬁl>0
have to be satisfied. The condition which is the most res-
trictive then defines the threshold angles 6.*’>0 and
05') <0. Notice that, in general, the threshold angle 9‘,“
corresponding to waves propagating in a positive y direc-
tion (k >0) may differ from that 6.~ corresponding to
the counter-propagating waves (k <0). Therefore, there is
no radiation emitted in the cone defined by these two an-
gles.

The expression (25) is now analyzed in three different
regimes.

(a) dc magnetic field is localized within the transition
layer. This corresponds to the initial stage of generation
of the spontaneous dc magnetic fields in a laser-produced
plasma.

(b) Antisymmetric dc magnetic field across the transi-
tion layer [ Bo(x <0)= —By(x > «)]. This corresponds to
the late stage of diffusion of the spontaneous magnetic
field and convection of the magnetic lines frozen into the
plasma expanding from the transition layer.

(c) A homogeneous dc magnetic field occupying the
whole space.

For convenience, we have introduced a set of dimension-
less variables as follows:

2 2

0] @p2 alp
X:-—Z-—' ’ a=—§' ’ =-———p— ’
wpl mpl 4
- L(l)pl QLB Q
= s V= , ¢= |€=0)
4 c Cl)Pl

0 _ 0
¢1_60p1 !x=07 ¢2 wpl ‘x=a:

where Lz =Q(dQ/dx )e":lo. In all calculations presented
here the parameters a, 4,8,Lp were fixed as

a=4, A=3, 8=30, Lz=a/2.

In Fig. 2(a) corresponding to case (a) (¢;=¢,=0), we
present the spectral intensity I, as a function of 6 and ¢
with X as a parameter. As can be seen the spectrum
which is symmetric in absence of the magnetic field
(¢=0) becomes asymmetric with increasing value of the
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FIG. 2. A spectral intensity as a function of emission angle 0
and normalized magnetic field ¢. The central pair of the peaks
corresponds to normalized frequency X =1.02 and the outer to
X =1.2. (a) Magnetic field localized within the density step. (b)
A homogeneous magnetic field extends over the whole space. (c)
Antisymmetric magnetic field.
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field. Notice that the dispersion relation &,=0 is the
same as that for an isotropic plasma.® Thus the anisotro-
py of the spectrum originates from the magnetic field
dependent damping factor &,. There are two types of
asymmetry which appear in both the amplitude and the
angular distributions. Initially, for a weak magnetic field,
the amplitude asymmetry arises. Then, an increase in the
magnetic field results in a double-peak structure for 6 >0
if ¢ >0 (for 8 <0 if ¢ <0). For large values of X a larger
field is necessary for this effect to occur. Finally, a fur-
ther increase in ¢ causes the left peak of the doublet to
disappear which is followed by a simultaneous increase in
the right peak.

Cases (b) and (c) are represented by Figs. 2(b) and 2(c),
respectively. Since we consider only weak magnetic fields
one expects a small difference between these two cases [see
(21) and (22)]. In fact, for large density steps | €, | >>€y,
expressions (21) and (22) coincide, both tending to (23).
For relatively large values of X Figs. 2(b) and 2(c) show
practically no difference between the two cases.

Finally, it is worth emphasizing that the observed am-
plitude and angular asymmetry of the investigated emis-
sion can be used to diagnose the magnitude and spatial
distribution of a dc magnetic field in a plasma where the
conditions for excitation of the surface modes are met.
Obviously, the characteristic parameters of the plasma
density step can also be diagnosed as previously described
in Ref. 6. Our estimates show that the peak value of I,
for the parameters typical of a Nd:glass laser produced
plasma (T =1 keV) is I,=1 MW/cm? Although the in-
tensity of this radiation is low when compared to that of
the backscattered radiation, it can be filtered out because
of its frequency shift.

Throughout this paper we have neglected collisions. It
can be shown that this is acceptable if X —1>>1073,

which is easily fulfilled for the parameters corresponding
to Fig. 2.

V. CONCLUSION

We have developed a theory of the fluctuations of the
electromagnetic surface waves in a magnetoactive inho-
mogeneous plasma. The correlation function of these
fluctuations is determined by both the dispersion charac-
teristics and the damping mechanisms. In our collision-
less model, linear conversion of the surface waves into the
upper hybrid modes is the main dissipative process. It
was demonstrated that the presence of a dc magnetic field
introduces an asymmetry not only in the dispersion
characteristics but also in the damping rates of the surface
waves which are counter-propagating in a direction nor-
mal to a dc magnetic field. Further, the energy of these
waves can be emitted from an inhomogeneous plasma
only for a relatively weak magnetic field. Such emission
has been investigated in detail for three cases with dif-
ferent geometry of the dc magnetic field. Although the
magnetic field was assumed weak it still considerably af-
fects the spectral distribution of the emitted radiation
which results in both amplitude and angular asymmetry.
Such a situation arises in a laser-produced plasmas where
Qz/a)f,l << 1. Measuring the emission characteristics thus
allows the diagnosis of both the amplitude and spatial dis-
tribution of the magnetic field.
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