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Excitation of surface waves by a short laser pulse in a conductor

S.A. Uryupin, A.A. Frolov

Abstract. We have studied the possibility of exciting surface waves
in a conductor, which is irradiated by a focused femtosecond laser
pulse incident along the normal to the surface. The time-dependent
ponderomotive force is shown to lead to the excitation of surface
waves in the terahertz frequency range. It is also shown that the
total energy and the pulse amplitude of the surface waves increases
with increasing effective electron collision frequency.

Keywords: surface wave, femtosecond laser pulse, terahertz fre-
quency range, frequency of collisions.

1. Introduction

Interest in the study of surface waves is caused not only by
their unusual physical properties, but also by the possibility
of using these waves in solving such important applications as
diagnosis of the surface [1], generation of electron beams [2],
and generation of terahertz radiation [3]. Linear theory of
surface waves in conductors is extensively studied in the lit-
erature (see, e.g., books [1, 4] and references therein). Linear
theory describes in great detail the laws of dispersion of the
waves and the methods for their excitation. Nonlinear excita-
tion methods have been studied to a much lesser extent.
However, in experiments on the interaction of femtosecond
laser pulses with conductors, when surface waves are excited
along with the generation of harmonics [5] and terahertz radi-
ation [6], there is a need to go beyond linear theory. The need
to develop nonlinear theory of excitation of surface waves is,
in particular, indicated in experiments [7, 8]. Nonlinear mech-
anisms of excitation of surface waves have been previously
discussed, such as stimulated Compton scattering [9], instan-
taneous spatial modulation of the refractive index in the
region of action of ultrashort laser pulses [10, 11], and para-
metric decay of the pump wave into two surface waves [12].
The author of [13] has developed the theory of nonlinear exci-
tation of surface waves during the passage of the laser pulse
through the plasma—vacuum interface.

In this paper, in contrast to [9]—[13], we consider another
way of surface wave excitation in a conductor, which is
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realised under the ponderomotive action of focused pulsed
laser radiation. The ponderomotive force generated by the
laser pulse leads to the directed motion of electrons. In the
skin layer of the conductor there appears a vortex current
changing during the pulse action. This slowly varying current
is the source of a low-frequency electromagnetic field, which
is emitted from metal into the surrounding space. In Section 2
we present the necessary information about the shape and
form of the incident pulse and the form of the ponderomotive
potential in the conductor. The low-frequency field arising in
the conductor due to the inhomogeneity and nonstationarity
of the ponderomotive potential is studied in Section 3. The
low-frequency field corresponding to a surface wave in vac-
uum is described in Section 4. In the same Section we have
found the components of the Fourier transforms of the low-
frequency field in vacuum and conductor. The energy distri-
bution over the frequencies, the total energy and the magnetic
field structure of the surface wave in the wave zone are
described in Section 5 for the Gaussian pulse action on the
conductor. It is shown that the energy distribution over the
frequencies is bell-shaped, with a maximum near the fre-
quency ~1/r,, where 7, =tV 1 + R*/L?, the time 7 determines
the Gaussian pulse duration 7, = 2rvVIn2, R is the size of the
focal spot, L = ct is the pulse length, and c¢ is the speed of
light. The position of this maximum is almost independent of
the collision frequency of electrons in the low-frequency field
v. If vir, << 1, the value of the maximum does not depend on
v, and within the frequent collisions of electrons, when v,
>> 1, it increases proportionally to v/ vz, . Consequently, the
total energy of the surface wave also increases proportionally
to v/vs7.. We have found that the surface wave propagates in
the form of an electromagnetic field pulse with a duration of
the order of 7,.

2. High-frequency field and ponderomotive
potential

Consider the irradiation of the conductor occupying the half-
space z > 0 by the laser pulse propagating along the z axis. We
assume that the carrier frequency w, of the pulse is much
larger than 1/r and radiation is weakly focused into the region
whose characteristic size R is much greater than c/w,. Without
significant loss of generality, we assume that the pulse has a
Gaussian intensity distribution in the xy plane. Under these
assumptions, the electric field of the incident pulse has the
form

o1 —%)—p—1]+c.c. 1)

El(r,1) = %EL(t ~ Z)exp 2




Excitation of surface waves by a short laser pulse in a conductor

1133

where Ej () is the electric field strength varying weakly during
the time ~t on the z axis; and p =y x~ + yz; r=(p,z). We
confine ourselves to consideration of the action of the field (1)
under conditions when the carrier frequency w, of radiation
and the electron collision frequency in the high-frequency
field vy, satisfy the inequality

|wo + ivy| > |kL(wo)|v, 2
where v is the characteristic velocity of the electrons and the

wavenumber x (wo) determines the scale of variation of the
field along the z axis in the conductor & ~ 1/|kp(wo)|:

[ \/ w;

0 p

Kkp(wg) = 204/ — P
L(@o) ¢V wo(wy + ivy)

&o(@o) . (©)

In formula (3), w, is the plasma frequency, and &y(wo) =
e'g(wg) + 1" y(wy) is the contribution to the dielectric constant
of the conductor of the bound electrons and lattice. Under
these conditions, the field (1) produces in the conductor a
nonuniform field

2

: P
E 1) = FEL(t — - —_—
L(r,0) = EL(?) EXp|—1wo IR2

—_— Kk (wo)z —
a)0+1ucL(w) (o)

+c.c, z>0. 4)

This field has a ponderomotive effect on the electrons. In the
case when the carrier frequency w significantly exceeds the
frequency of collisions between the electrons vy, correspond-
ing to the field (4), the ponderomotive potential has the form

0]

o(r)=——"""
m|w0 + ICICL((U())l

2
—2Reky (wo)z — % , (5)

where e is the charge, and m is the effective mass of the elec-
tron.

3. Low-frequency field in the conductor

The ponderomotive action of the pulse with a slowly time-
varying amplitude of the field leads to the appearance of a
low-frequency current and low-frequency field in the conduc-
tor. To determine the density of the low-frequency current,
we will use the equation

6t Jrt) + v j(r,t) = E(r 1) — V(D(r IR (6)

where E(r,?) is low-frequency electric field in the conductor
and v, is the electron collision frequency in the low-frequency
field, which differs from the frequency v, due to the depen-
dence of the frequency of electron—electron collisions on the
field frequency [14]. To describe the low-frequency electro-
magnetic field, equation (6) must be supplemented by
Maxwell’s equations for the electric field E(r, ) and magnetic
field B(r,1):

rotE(r,f) = — f—B(r 1), (7

rotB(r,1) = ——D(r f) + % =0, (8)

where D(r, 1) is the electric induction. When constructing the
solution to equations (6)—(8), we use the Fourier transform
with respect to time ¢ and coordinate p = (x, y):

Flky,z,0) = f dedpexp(iot — ik, p) F(r,1),

)
Fir,t) = (992981 exp(—ior + ik, p) (k. z,0),
(2m)°
where k, = (k,,k,) is the wave vector in the xy plane, and

F(r,?) is one of the functions j(r,?), E(r,?), B(r,t) or D(r,?). In
virtue of the axial symmetry of the ponderomotive potential
(5) the current density, the fields and the induction vector
have the form

Jr0) = (Jp(r,0,0,j:(r,0), E(r,1) = (Ep(r,),0, E-(r,1)),
B(r,1) = (0,B,(r,1),0), D(r,1) = (D,(r,1),0,D.(r,1)).

After the Fourier transform we obtain from equations (7) and
(8) a system of equations for the Fourier transforms of the
components of the electric and magnetic fields:

— ik E. (ki z,0) =

L, k2 0) 19 B, (ki,z,0),

= sLBy(kiz,0) = = 2e0(0) By (keiz0) + 4, (ki 2,0),(10)

ikisz(kia Z’w) = _l?wEO(w)Ez(kaaw) + 4Tnj2(kbzaw)> z> 0
When transforming equation (8) we used the relationship of
the Fourier transform of the induction vector and the electric
field D(r,w) = eo(w)E(r,w). Equations (6) and (10) are valid in
the region z > 0. Taking into account the explicit form of the
ponderomotive potential (5), we extend these equations and
the unknown functions in the region z < 0:

B(p(kLs —Z,(U)

= _Bw(kiyzaw)v Ep(kLs —Z,(U) = EP(kLsZaw)a

E:(kJJ_Zaw) = _EZ(kL,Z,(I)), ¢(kls_zaw) = ¢(klyzaw)5 (11)

jZ(kJ_a _Zaa)) = _j:' (kl_e Zaw)7 jp(kla _Zaw) = jp(klszaw)'
Taking into account relations (11), from equation (6) after the
Fourier transform with respect to time and coordinates we
find the Fourier transform of the current density

Jk,w) = (12)

E(k.0) - i (k)

4n(a)+1v)

Below, using expressions (11), (12) and the Fourier transform
in the coordinate z [see (9)], from equations (10) we obtain the
relations

k.E,(k,0) — k, E.(k,0) = %Bw(k,w),

—ik.B,(k,w) + AB,(k,w)

(13)
. 2
=) E, (ko) + 1 o Y S)?q?(k o),
2
ik, B, (ko) =2 e(w) E.(kw) + Cﬁ D (k,),
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where

AB,(k,w) = B,(k,z =4+0,w) — B,(k.,z =—0,0)

=2B,(k.,z =+0,0)

is the jump of the function B,(k,,z,w) on the plane z = 0
because of the odd continuation to the region z < 0;

2
Dp

(o + vy) 14

e(w) = g(w) —

is the dielectric constant of the conductor provided that |w +
ivg| >> kv. The solution of the system of equations (13) for the
components of the Fourier transforms of the electromagnetic
field has the form

2ik.c?
B‘/,(k,a)) = WB¢(kl,Z = +0,(U), (15)
Ey(h.0) = ZECB (k1.2 = +0.0)
k2 K2 ikiw} D (w,k)
2 22 2 - ; . (16)
we(w)—k’c w’e(w)]| o(w+1ivy) ee(w)

E.(k,w) =—B,(k,,z =40,0)

2i k.k c? k.ol  ®(w.k) a7

we(0) we(w) — k> oo +1v) ee(w)

Using the inverse Fourier transform in the coordinate z [see
9)], from (15)—(17) we find an expression for the functions
By(k,,z,w), E,(k,,z,w) and E.(k,,z,w) in the conductor:

B,(ki,z,w) = B,(k,z =+0,w)exp(—«z), (18)
_ ek _
E,(kiz,0) = a)s(a))B‘/’(ka =+40,w)exp(—kz)
3 1kla)12) q)(kJ_,Z,(U) (19)
o(w +1vy)  eg(w)
Ckl
E.(kyz,0) =~ By(ky,z =+0,w)exp(—Kz)
we(w)
2
Wp 0 P(k,z,0) , (20)

T oo +iv) 0z ee(w)

where

Kk =Vki—-ow’e(w)c?® =Kk —iky e(w) = €(w) + i’ (w);

Ky =

e {V ki’ -0 @] +]o’e (@)
c

12
— (D[22 = wze’(w)]} ,s=1,2. (1)

The quantity 1/k; determines the size of the localisation region
of the low-frequency field in the conductor near its surface.

4. Low-frequency field in vacuum. Surface wave

The low-frequency electromagnetic field in vacuum, when z < 0,
is described by the system of equations (10), if we put
Jjlk |, z,0) =0, eo(w) = 1. In what follows we consider only that
portion of the electromagnetic field in vacuum, which corre-
sponds to a surface wave whose field is localised near the
boundary of the conductor. Thus, we seek a solution of the
modified system of equations (10) provided that

kic>|w|. (22)
For such k£, and w we have the solution:

B(p(klazaw) = B(p(klaz = —O,w)exp(IC()Z), (23)

Ey(ki,z,0) = —iT0B, (k1,2 =—=0,0)exp(kpz), (24

Ekizo) == B (k. =—00)exp(os),  (29)
where ko= VkI —w*lc®> and By(k,z =—0,0w) 1is the

unknown function. To determine the functions B, (k,,z = +0,w)
and B,(k,,z =—0,w) we use the conditions of continuity of
the tangential components of the electromagnetic field at the
boundary of the conductor. Equating the components
B,(ki,z,w) and E,(k,,z,w) in the plane z = 0, from formulas
(18), (19), (23), (24), we find

B,(ki,z =—0,w) = B,(k,z =40,m)

_ kio; D(ki,z =0,0) 26)
" (0 + vy [k + koe(w)] e '

Relations (23)—(26) completely determine the Fourier trans-
forms of the components of the low-frequency field localised
at the conductor surface in vacuum. These Fourier trans-
forms and the transforms described by formulas (18)—(20)
are proportional to the Fourier transform of the ponderomo-
tive potential on the conductor surface @(k;,z =0,w). For
the ponderomotive potential (5) the Fourier transform has
the form

nR>
|wo + iCKL(CUo)|2

kaRz] [ jdrEﬁ(z)exp(iwz). 27

6‘2
¢(kl,Z,(,U) = E

x exp|—2Rex (wg)z —

Expressions (18)—(27) allow us to find the electromag-
netic field of the surface wave in vacuum and conductor.
Equations (23)—(25) are suitable for describing only the part
of the field localised at the surface of the conductor. This part
of the field is determined by the Fourier transforms of the
fields with sufficiently large wave vectors in a plane that is
coplanar to the surface of the conductor: k ¢ > |o| (22).
Therefore, the dependence of the field on coordinate p recov-
ered by using the inverse Fourier transform in p (9) is bounded
below by the region of integration in &k, by the quantity |w|/c.
Then, from (18), (22), (26) and (27) for the frequency-depen-
dent azimuthal component of the Fourier transform of the
magnetic field localised at the surface of the conductor, we
obtain
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2 2 o 7,2
B‘p()',(,()) — .wp R e TCR. f kldkL J()(klp)
|wo + ick (wo))? MC @ + VsJye 21 Kk + Koe(w)
kiR?
x exp| === Jln(—2)exp(koz) +77(z) exp(—k2)]

+o00
X.[ dtE{ (t)exp(io?), o > 0, (28)

where 7(z) is the unit Heaviside step function and Jy(k p) is
the zero order Bessel function. In the denominator of formula
(28) we have the function k + kye(w), which, taking into
account the explicit expressions for ky and «, can be written in
the form

=) [42 o &) (29)

K+ Keog(w) = Kk —koe(@)| T 2e(w)+ 1

Equation (29) is equal to zero if

ki: 1

T @) (39)

where &”(w) = wiv/[o(0? +vI)] + &'(w) > 0, and we take
into account that for the frequently realised conditions a)2 >>
(0* +v3) ef(w)] and |e'(0)|= —&'(w) = w3 /(w® +v3) — eo(w)
> 0. Note that at low frequencies the absolute value of the
real part of the dielectric constant is usually much greater
than unity, |¢(w)| >> 1, and in the denominator of (30) we can
neglect the unity:

1 1

2|e'(w)l—

ky ~ 1 + 5 @)

(3D

Expressions (30) and (31) detemine the dispersion law for the
waves propagating along the surface of the conductor (see,
for example, [4]). Thus, the expression under the integral in
(28) has a simple pole in the plane of the complex variable k.
Consider the low-frequency field at large distances from the
focal spot region when the inequalities p >> R, c/w are ful-
filled. In this case, in calculating the integral over the variable
k, we can use the asymptotic representation of the Bessel
function:

Jo(k1p) =1/ Ttkzp cos(klp 4) kip>1.

To calculate the integral in &k, we choose in (28) the path of
integration in the plane k,, as shown in Fig. 1. The point in
Fig. 1 denotes the pole corresponding to the surface wave
(30), (31). The integral along the arc of an infinitely large
radius is zero. The integral along the ray originating from
point w/c at an angle n/4 to the real axis is exponentially small
at p > R. Therefore, the main contribution to the desired
integral (28) comes from the residue at the pole. Taking into
account the contribution from the pole (31) and formula (32),
we find from (28) the expression for the Fourier transform of
the azimuthal component of the magnetic field on the surface
of the conductor:

o}
0.0) = wR >
) mc(a) + lvs)\/7|a)0 + chL(wo)| ( )

(32

B,(p,z

Ika

wlc Rek |

Figure 1. Contour of integration in formula (28).

sz

[ le"(w)] - 18”(60)] HEOE 18”(w)]}

+oo
« L dtER (Hexp(io), o > 0. (33)

Completely analogous to (23)—(25) we find the Fourier trans-
forms of the components of the electromagnetic field in vac-
uum:

EZ(V,CU) = _B(p(raw)’

Ej(ro) =————— B (r), (34)

' Ve (@) —ie"(@) "
B,(r,w)~B,(p,z=0,w)exp w2 z<0,w >0,

Ve (@)-ie" () |

and from (18)—(20) with (26) and (27) taken into account, we
find same values in the conductor:

1

E0) = o e ) e

_ i
E,(r.0) = O] B,(r.o), (35)
B,(r.w) = B,(p.z = 0.0)exp|~ 22| () — it ()|

z>0, w>0.

Expressions (33)—(35) describe the surface wave diverging
from the focal spot. The amplitude of this wave decreases
with distance proportionally to 1/y/p . According to (33), the
presence of dissipation, caused by collisions of electrons and
by the field absorption by the lattice and bound electrons,
leads to a decay of the surface wave at large distances, when

2 ele@P 4 (w)

¢"(w)

P = Pm (36)

Therefore, we will consider the characteristics of the surface
wave in the region p < p,,, when a change in the wave ampli-
tude due to dissipation can be neglected. This region exists if
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Pm > R, clow. Note that the region of localisation of the sur-
face wave field in vacuum

8y = —S{[eH(w) + ()] +]e (@)}

37
e (37)
is much greater than the penetration depth into the con-
ductor:

O =~ 0, [e (@) + " ()] < 6, (38)

5. Physical characteristics of the surface wave

To calculate the energy W, transported by the surface
wave, we consider a cylindrical surface of radius p and
length dz. The symmetry axis of this surface coincides with
the propagation direction of the laser pulse and passes
through the origin of the coordinates. During all the time,
through this surface along the normal, the energy passes
that is equal to the product of the time-integrated energy
flux density

P(r) = £ A B B (39)
and the element of sites 2mpdz:
dW:andzfmdwé{[E(r, )B'(r, )] +c.c.}. (40)
0 s

By integrating expression (40) in the z coordinate from —co
to +oo and using relations (34) and (35), we find the energy
of surface waves per unit frequency interval dw:

dw ey
@ _ ﬁ[ £ xdz|B«,(r,w)|2

|e"(w)]

+00
—_— dz |B,(r,0)*|.
e’z(a)) + e”z(w) fo 2 1By (r.0)

(41)
From formula (41) and relations (34) and (35) it follows that
the energy of the surface wave in vacuum is much higher than
the energy in the conductor. By calculating in formula (41)

the integral over the area of vacuum, we obtain the spectral
energy distribution of surface waves

aw _ wp V2e’R*
do  |wg+ick(wo)* 8m?c?

o? +00 R
X e [£ dtEL (1) exp(lwt)]

eV @ ) el
¢/ ()

o*R?|
1 2 2
e (w) +¢&"(w)

2¢? [

Xexp{— } >0, (42)

According to (42), the spectral energy distribution depends
not only on the physical characteristics of the conductor, but
also on the shape of the incident laser pulse. Let us investigate
in more detail the spectral composition of the generated field

for the frequently discussed case when the pulse shape is
described by a Gaussian distribution:

EL(t) = Efexp(—t3/7?). (43)
Consider distribution (42) under conditions typical of many
experiments, when the inequalities

2 2
2 )], 2
+ Vg W+ Vg
2
a)p ,
wo > vy, — > |gj(wo)l
o

Vv
= (),
(44)

are met.
For a pulse (43) under conditions (44), expression (42)
takes the form

dw _ 8V2er WP 1
=== 1(Q), 45
dQ = 21 Rr? mzc4wlsﬂ*5 €2 (45)
where Q2 = wrt, is the dimensionless frequency;, W =
VR EZR?L/8 is the laser pulse energy; and the dimensionless
function

Q) = 8
Vo V@ +y?

Here, the parameter y, accounts for the effect of electron col-
lisions on the distribution of energy over the frequencies.
Function (46) describing the spectral energy distribution of
the surface wave is shown in Fig. 2 for different values of the
dimensionless collision frequency y,. It is seen that the emis-
sion spectrum has a broad maximum, the position of which
depends weakly on the parameter y,. However, with an
increase in the collision frequency, the maximum amplitude is
increased. To explain this behaviour, consider function (46) in
more detail. When y, < 1, which corresponds to the limit of
rare collisions, from formula (46) we obtain the expression

1(Q) ~ %exp(— %2)

2
exp< % ), Vs = VgT,. (46)

(47)

0 1 2 3 4 Q

Figure 2. Dependences of the normalised spectral energy density /(£2)
(46) for surface waves on the dimensionless frequency Q aty, = (/) 8,
(2)4,(3)1and (4)0.25.
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In this case, the spectral distribution has a maximum at €, ..
~ v/5, which corresponds to the frequency

_ V5
S T R )

If during the laser pulse action there are many collisions
between the electrons (y,> 1), from formula (46) we have the
relation

L(Q) ~ /7, Q" exp(—%z>. (49)

Function (49) has a maximum at Q,,,x = 3/ V2 , which corre-
sponds to the frequency

3
V21 + RYLY

Frequencies (48) and (50) differ slightly, which corresponds
to the data shown in Fig. 2. In the case of tightly focused
laser radiation R << L, and the position of the maximum of
the spectral distribution is determined by the inverse dura-
tion of the laser pulse: @« ~ 1/r. With an increase in the
size of the focal spot, the maximum is shifted to lower fre-
quencies @, ~ ¢/R. Also, in accordance with Fig. 2, from
formula (49) we see that in the limit of frequent electron col-
lisions the maximum of the function 7(€) increases propor-
tionally to v/ys.

By integrating expression (45) over the frequencies, we
find the total energy of the surface waves

(50)

Wmax =

8v2e> Wi w
W = s 51
L m?c* w3r’(1 + R’L?)? D

where

oo ) 9/2 2 2
w:f dQIQ) =f 40 2V Hys
o b a2y

From formula (51) we see that at a fixed energy and dura-
tion of the laser pulse, the energy of the surface wave is maxi-
mum upon tight focusing when the condition R<L is ful-
filled. The dependence of the normalised energy of surface
waves (52) on the the electron collision frequency is presented
in Fig. 3. For large values of y, the energy increases propor-
tionally to v/y,. Using approximate formulas (47) and (49),
we obtain explicit expressions for w at small and large values
of y,. In the limit of rare collisions of the electrons, when y, <K 1,
by integrating (47) in , we find the relation

w—j dQ\/fexp< Qz)

In the limit of frequent collisions, when y, >> 1, and for the
normalised energy of surface waves, from (52) we have the
expression

exp<— %) . (52)

~5.7.

T = (53)

© 2
W= \/ﬁj(; dQlezexp<—%>

=7 21F(3>m ~ 5447 (54)

16 \4

50

40

30

20

10

0 10 20 30 40 50 s

Figure 3. Dependence of the normalised energy of surface waves w (52)
on the parameter y;.

Let us analyse the spatiotemporal structure of the surface
wave on the conductor surface, where z = 0. By using an
inverse Fourier transform with respect to time, from formulas
(33) and (43) we find the distribution of the magnetic field of
the surface wave

EiR’t H(&)
B,(p.z=0,1)=— == : 55
o(po2 ) 2V 2 me(er) (w,1.)° VP (53)
) 2
H(E) = 2Ref dzz* 'z + iy, exp(i% +izE — %) (56)
0
where &= (p/c— )i, and use is made of the identity B,(p,z =

0,—w)= B;(p,z =0,w). Dependence (56) is shown in Fig. 4 for
two values of the dimensionless frequency of electron colli-
sions, y,. Curve (2) corresponds to the limit when the colli-
sion frequency is less than 1/z,. An increase in the frequency
of collisions leads to an increase in the amplitude of the gener-
ated magnetic field, the spatiotemporal profile of the surface
wave being also modified [curve (/) in Fig. 4]. In the limit of
frequent collisions, when y, >> 1, from (56) we find the expres-
sion

H(E) = —2\/TtTfsd§36Xp( —£)

= —8y/yE(3 — 28%) exp(—&Y). (57)

(e
(==
T

1
-4 2 0 2 4 ¢

Figure 4. Spatiotemporal structure of the magnetic field of the surface
wave (56) aty,= (/) 8 and (2) 0.25.
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It follows from Fig. 4 and formulas (56) and (57) that the sur-
face wave propagates along the surface of the conductor in
the form of an electromagnetic pulse with a duration of the
order of 7.. Upon tight focusing of laser radiation R < L,
and the pulse duration of the surface wave is comparable to
the duration of the laser pulse. The surface wave pulse dura-
tion increases with increasing size of the focal spot, and
when R >> L, becomes equal to R/c.

6. Conclusions

Consider the energy of the surface waves for typical parame-
ters of laser irradiation of the conductor. To do this, we
rewrite formula (51) with regard to the expression W =
I n¥?R%t:

R*L’
W,
(R*+ L)

W= gvan 0| L )2 (58)

¢ \may

where I} = cE3/(8n) is the flux density of laser radiation.
Energy (58) under the condition R? = 2L? has a maximum
value

2 2
e‘wy( T
Winax = 52 p(—%) w. (59)

¢\ mwyp

Let us estimate the energy and frequency of the generated sur-
face waves. As a target we use a semiconductor with the
plasma frequency w, ~ 2x10' s7! and the electron collision
frequency v, &~ 1013 s7!. We assume that the flux density is /.
~ 10"2W cm2, the pulse duration is 7 &~ 400 fs, and the carrier
frequency is wy ~ 2x10'*s7!. Strictly speaking, when w, ~ w,,
formula (59) requires clarification. However, from the com-
parison of expression (59) with the results obtained in [13] at
wq > @y, we can conclude that the optimal conditions for gen-
eration are achieved at wy & w,,, and formula (59) is suitable
for the estimates even at such frequencies. For the parameters
used, the pulse length is L ~ 120 um and R ~ 170 um. The
parameter characterising the influence of the collisions is y, =
7, and in accordance with Fig. 3, w = 30. Under these condi-
tions, according to formula (50), the maximum emission
occurs at a frequency of 0.5 THz, and the total radiation
energy (59) is 0.5x 10712 J. Since the total energy in the pulse is
equal to 6x10~* J, the conversion efficiency is very small, i.e.,
about 107°. At the same time, as is seen from relation (59), in
conductors with a lower plasma frequency and at a higher
intensity of radiation, the generation efficiency can be signifi-
cantly enhanced. However, one should not choose too high
intensity due to the efficient heating of electrons and, subse-
quently, of the lattice. Note also that in metals, where the
plasma frequency is high, the generation efficiency of surface
waves at the ponderomotive impact of the focused laser pulse
radiation incident along the normal to the sample surface is
less than in semiconductors.
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