
PHYSICAL REVIE% A VOLUME 34, NUMBER 1 JULY 1986

Second-harmonic generation by coalescence of two counterpropagating surface waves
in a laser-produced plasma

R. Dragila and S. Vukovic
Laser Group, Department ofEngineering Physics, Research School ofPhysical Sciences,

The Australian National University, P.o. Box 4, Canberra, Australian Capita/ Territory, Australia 2601
(Received 14 January 1986)

A mechanism is proposed in which second-harmonic emission is generated due to the coalescence

of two surface waves counterpropagating along the critical surface of a laser-produced plasma. The
waves are resonantly excited by a laser beam focused upon the inhomogeneous plasma whose density

profile is steepened in the vicinity of the critical density. The necessary condition for this mecha-

nism to operate is, however, the presence of a dc magnetic field in the critical region.

I. INTRODUCTION II. FORMULATION OF THE PROBLEM

Second-harmonic emission from a laser-produced plas-
ma is a very powerful tool for diagnosing the critical re-

gion where the electron plasma frequency equals the fre-

quency of the heating radiation. This emission results
(see, e.g., Ref. 1) from coalescence of either a transverse
(incident electromagnetic) and a longitudinal (plasma)
wave or two longitudinal waves. The plasma waves are
generated by the incident heating wave which (if some
necessary requirements are met) can decay into a plasma
wave and an ion-acoustic wave (the parametric decay in-

stability) and/or by linear conversion (resonance absorp-
tion).

Under certain circumstances, which are formulated in
this paper, a plasma density profile steepened by the pon-
deromotive force can also support so-called surface waves.
These are localized in a vicinity of the density step and

propagate along the critical surface. The presence of a
weakly inhomogeneous plasma allows an obliquely in-

cident p-polarized electromagnetic wave to excite these
surface waves. In conditions when laser radiation is
focused upon a target with the beam axis normal to the
target surface, the two specular incident "rays" excite two
counterpropagating surface waves. In the absence of a dc
magnetic field these waves drive second harmonic
currents which are exactly in opposite phase and, there-
fore, the net second harmonic current vanishes. However,
if a dc magnetic field normal to the plane of incidence is
present the two counterpropagating surface waves have
different dispersion properties and also different damping
rates due to hnear conversion into the upper hybrid
modes. As a consequence, a net second harmonic current
arises and this is accompanied by second harmonic emis-
sion. In what follows the electromagnetic quantities
characterizing the two counterpropagating surface waves
are evaluated in terms of the specularly incident pump
waves and the relevant dispersion functions. The latter
contain all the characteristics of the plasma density step.
Then, the second-harmonic response function is calculated
which represents a source of the second-harmonic emis-
sion. Finally, the intensity of this emission and the corre-
sponding coefficient of conversion are calculated.

Let us consider an inhomogeneous plasma with a steep
density gradient in a vicinity 0&x &a of the critical den-

sity (see Fig. 1). Further, let us assume the conditions
when:

(a) there are two p-polarized electromagnetic waves

(e.g., from a normally incident focused beam) that are
specularly incident (with respect to the plasma density
gradient) upon the plasma with the angle of incidence 8
such that sin

Hate&

where e& is the plasma permittivity e
at x=0;

(b) a weak dc magnetic field Ho= (O, O,Ho(x ) ) is
present in the transition regime 0&x &a (0/co «1,
Q=eH/mc, e, m are the electron charge and mass, and c
is the speed of light);

(c) the plasma density step is such that it allows for the
presence of leaky surface modes, i.e.,

6')E'20( ~1
E)+E2

where e2 ——e (x =a);
(d) the size of the transition region is such that ka «1

where k is the wave number of the surface waves

C
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FIG. 1. A schematic diagram of a plasma density profile
supporting surface waves.
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resonantly excited by the incident waves;
(e) the underdense plasma (N ~N, ) is weakly inhomo-

geneous, i.e., k0Lz k——0'(dN/dx)N'~~1 where Na is

the plasma density at the turning point ez ——sin 8,
k0 ——co/c, and co is the frequency of the incident radiation.

Emission of the second harmonic arising from coales-
cence of two counterpropagating surface waves is then
governed by the following wave equation:2

d E2y +k 2E2y R—(—x), (1)
X2

where
' 1/2

k =2k2 0 4—u —U

u =Qlco, U =N(x)/N„and

Q U . .2'R (x)= — 4' 2„i— 4mj2„
c 4—u —U C

(2)

is the source function, and the components of the second
harmonic current j2„and jz» have the following form:

8
J2x = —l

4%77l QP

i coE„+ QEy+—

2
(i coE„QE—„) +

1 —u dx 1 —u
r

i coE» QE—„ (icoE+ QEy+—)
1 —u x 1 —u

J2y

eN i 2coF„—QF»+
QP 4—Q

i coE»++ QE„+ d U

2 (icoE» QE„)—+
1 —u x 1 —u

L

eN QF„+2icoFy+2 " 2"
N 4—Q

icoE» +QE,
z (i coE,+ QE»+ )—

1 —u2 x 1 —ui

Finally, the functions F„and F» are defined as follows:

F, = — (QE„+—i coE»+ )—"
(i coE„+ —QE„+)—

rn co (1—u ) co dx dx co (1 u)—

——(QE„icoE» ) —E„+ (i coE, QE„—)—
Fy ——

2 i 2
(i coE»+ —i QEy+ ) —Ey (icoE»+ —QEy+ )—

+ (i coE QE„—) E»+—(i coE Q—E„)—

2—ko e+2 g
7l

tt d g
k dx n2 —p

The components E;,E„of the ele-ctric vectors of the
counterpropagating surface waves are solutions to the fol-
lowing set of equations:

r

d 6dEy'
dx»i —e' dx

The + waves then correspond to opposite signs of k and,
hence, n.

Our aim is to find the in-vacuum amplitude of the elec-
tric field

ik2x

Ei» . J——R(x)e ' dx
2ik,

Eg EPl

n —e (n e)k0 dx—
where n =k/ko and

2
COpg= ~ co —0

2
Q)pg=1-

Qp —02 2

(4)
associated with the second harmonic emission out of the
plasma.

III. THEORY

Since a dc magnetic field H0 present in the critical re-
gion is assumed to be weak ( u ~& 1), the second harmonic
response (2) of the plasma to the field E,H at the funda-
mental frequency can be substantially simplified to the
Orm
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+koo(u)(Ey E» +Ey E» )

with ~z —ko(n —ez}' represents the dispersion function
of a looseless surface wave propagating along a plasma
density step. The imaginary terms represent losses of sur-

faces waves and, in particular,

where 0(u) =u « l. In absence of the dc magnetic field

Ho the second harmonic currents corresponding to the
two counterpropagating waves are exactly in opposite
phase, i.e., both terms in square and round brackets van-
ish and R (x)

~ rr, o——0 (see also, e.g., Ref. 3). However, it

can be shown that these terms contain contributions of the
first order of magnitude in the small parameter u.

Consequently, the last term in (6} is neglected being of
second order of magnitude in 0(u ). Equation (3) is
solved by using the Wentzel-Kramers-Brillouin (WKB)
approximation far from the turning point x «xzi, then in
terms of the Airy functions in the intermediate region
x &0 and, finally, by an iterative procedure (with a small
parameter ka «1}in the transition region 0&x &a. The
solution thus obtained is matched to an evanescent wave
for x )a and to the incident wave at x~—00. Thus, in
the transition region 0&x &iz, where the source of the
second harmonic emission is localized,

»„(x)=E„(0) ( k n—f OLdx

+ ko f dx +Fi
Ki 0

corresponds to leakage of energy from the surface wave
into vacuum while

& yg p nx~gD„=I mk o-
koe, (n' —e)

corresponds to resonance absorption, i.e., to a linear con-
version of the surface modes into the upper hybrid modes
in the vicinity of the critical point e=O.

The terms F, and Fz in (7) and (8) are proportional to
bg; however, they do not contain the dispersion function
D. That means that our expressions for E, and E» split
in two parts. One corresponding to the directly driven
field by tunneling beyond the turning point and the other
ccD ' corresponding to resonant excitation of surface
waves. Since we are interested in the case when the
second harmonic is generated by coalescence of two coun-

terpropagating surface waves we will keep only those

parts of E„(x)and E~(x) which are ~ D
Once the amplitudes of the counterpropagating surface

waves have been evaluated one can calculate the source
function R(x) for generation of the second harmonic.
Since

E (x)=— H(x)—g

1 dX 1 d

ne
i

z
k—o

—Ey(0}P —g Iri

Z z gz
X 1+nko f +dx ——f dx +Fz,

the source term can be even further simplified to the fol-

lowing form:

R (x)=— ', (E„E,++E„+E;-}

where @i
——ko(n —ei)' and

E~(0)= — 2ibg ko —f 1 — dx —1
koei(nz —e)

The term in the brackets does not vanish due to the fact
that both the dispersion properties and the damping rates
of counterpropagating surface wave differ in the presence
of a dc magnetic field Ho. Inserting (7) and (8) into (12)
one obtains

Here
(9) R (x)=

mcz I(i, dx " ez —gz tci

Z~
b =exp f ~dx

is the factor originating from the WKB approximation,
lr =ko(n z e)'~, —

K)
cos8

ko&i

Eo is the amplitude of the incident wave and

D =D()+i(Di+D„) (10)

is the dispersion function of surface waves. The real part

6')Kz
Do ——1+

E'ZK i

zg Z~& zn —e
X 2 ——f dx —ko—f dx

e~ 0 e K& 0 e

0

One can immediately see that the source of the second
harmonic is localized within the region where the dc mag-
netic field is present (g&0). We repeat that it is the mag-
netic field that provides necessary asymmetry of the
second harmonic currents.

The quantity of physical interest is the in-vacuum in-
tensity of the emitted second harmonic radi. ation

Iz„Re(EzyHz ) . ——
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Inserting (13) into (5} one„after some manipulation, ob-
tains

1 (4n) e
lz =—— (koL )

Nl C 6)

Qo I2
(
D+D

(14)

1.e.,

E')62

&i+&2

Then,
(a) if DI»D, (D(=b ),

. . .{koL) Io.1 {4ir)'ei z Qo

Nl COP N
(15)

i.e., the intensity of the second harmonic emission in-
creases with increasing size of region of its generation
(L ~a);

(b) if D(&&D„

where we have retained only the lowest-order term. Here
L =N, (dN/dx) '~N ~ and Qp=Q (@=0) .Ip, is the

component of the Poynting vector of the incident radia-
tion along the plasma density gradient.

At optimum, i.e., when the counterpropagating surface
waves are resonantly excited,

Do=O

The fact that now I2, &x (kpL ) has the following physi-
cal background: resonance absorption increases with in-
creasing I. as long as the distance betmeen the turning
point x~ and the point x =0 where e=e& remains con-
stant {b =const).

To demonstrate the feasibility of this mechanism for
generating second harmonic emission me mill consider
some real experimental conditions. For surface waves to
exist a relatively high plasma density step across the criti-
cal is necessary. Such a step has been observed by, for ex-
ample, Fedosejevs et al. with characteristic parameters
such as e2- —8, e~-0.7, and Ip~-10' W/cm (CO2
laser}. Since, according to Ref. 6, resonance absorption is
assumed to be the dominant absorption mechanism, one
can expect that Qp/ro 0.1, (i.e., Hp-1 MG). Further,
taking L=Q/6, i.e., koL 1 and b=0.5 one obtains a
value for the conversion coefficient of

&z=I2„/Io„~7X10 ~ .

This considerably excoxls that corresponding to genera-
tion of the second harmonic by coalescence of two coun-
terpropagating surface waves in metallic films on a non-
linear substrate (see, e.g., Ref. 7).

At very high intensities the increasingly steep plasma
density gradient in the critical region results in suppres-
sion firstly of the parametric processes and then of reso-
nance absorption. On the other hand, the mechanism pro-
posed here will increase in importance because firstly
E2~Io„and, secondly, D„decreases (with increasing
plasma density gradient at critical region).

~

D+D
~

ko — n rrkoL [1+0((Qo/ro) )] .
K)

That means that the case D„»D( is equivalent to

kon —koL»b .2

K)

IV. CONCLUSION

We have described a new mechanism for the generation
of the second harmonic in a laser-produced plasma. This
mechanism is an alternative to known mechanisms which
are associated with the parametric processes and/or reso-
nance absorption. The mechanism proposed is of increas-
ing importance as the intensity of the heating radiation in-
creases and eventually can even become dominant.

4'~e2

Nl 2N2C 3

2 '2
~1+&2 0

E'iEg

b"

(koL)

(16)
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