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Excitation of Surface Waves by an Electromagnetic Wave Packet
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It is demonstrated that, independent of its polarization, an electromagnetic wave packet propagating
along a plasma-vacuum boundary excites surface waves associated with the boundary. The correspond-
ing rate of loss is evaluated and it is shown that the rate is a maximum when the wavelength of surface
wave is comparable with the width of the packet in the direction of propagation of the surface wave.

PACS numbers: 52.35.Bj

It is well established, both theoretically (see Refs.
1-9) and experimentally (see, e.g. , Ref. 10), that when a
fast electron enters and passes through a plasma (metal)
slab it experiences characteristic energy losses. Besides
standard bremsstrahlung, " these losses have been attri-
buted to Cherenkov radiation (see also Ref. 8 for rela-
tivistic electrons) in the gas of conduction electrons, in-

terband transitions, and transition radiation' (see
also Ref. 8 for relativistic electrons). Ritchie suggested
that part of these losses can also be due to the excitation
of surface modes. Since the rate of loss corresponding to
the volume effects is, obviously, proportional to the
thickness of the slab, the surface effects become dom-
inant for thin films. The idea that losses arise via the ex-
citation of surface modes was further developed in Refs.
5 and 6. With the exception of the ultrarelativistic limit,
fast electrons can only excite electrostatic surface modes
with a frequency co=co~/v 2, where co& is the electron
plasma frequency characterizing the plasma or the gas of
conduction electrons. Therefore, the surface emission
(see, e.g. , Ref. 12) associated with these so-called low-

lying (co & co~) energy losses has a specific frequency
making the fast electron-induced excitation of surface
waves a useful diagnostic tool (see, e.g. , Refs. 10 and
12).

Askar'yan ' ' demonstrated that there is a direct
analogy between fast electrons and an electromagnetic
wave packet' or a modulated beam'4 in terms of
Cherenkov and transition radiation. The presence of a
wave packet in an electron gas gives rise to an average
(with respect to the carrier frequency) potential force
which polarizes the medium. This local polarization
effect moves with the group velocity v~ of the wave pack-
et and results in Cherenkov radiation of waves with
phase velocity v~ & vg. The effect was experimentally ob-
served' when femtosecond laser pulses were launched
into a nonlinear electro-optically active medium. The
same polarization effect gives rise to transition radiation
when a wave packet passes through a boundary between
two media.

The same mechanism is responsible for the excitation
of plasma waves by an electromagnetic wave packet

propagating in a plasma. ' Since, in this case, the phase
velocity of the plasma waves vz is simply vz =vg, this
mechanism allows for the excitation of very fast plasma
waves suitable for electron acceleration. '

In the present paper, we investigate the excitation of
surface waves by an electromagnetic wave packet. It is
well known that only the p component of a mono-
chromatic plane wave can excite a surface wave propaga-
ting along a boundary between two media characterized
by different values of the dielectric pertnittivity e. More-
over, since such an electromagnetic wave cannot directly
couple to a surface wave, one has to use various coupling
techniques' (e.g. , frustrated total reflection, corrugated
surface, etc.) allowing for energy exchange between the
incident and surface waves. We demonstrate that, in-

dependent of its polarization, an electromagnetic wave

packet propagating along a plasma-vacuum boundary
excites surface waves associated with the boundary. The
coupling is direct, i.e., it does not require any refractive
index matching technique' be applied. As in the case
when plasma waves are excited, ' the energy conversion
is a maximum when the wavelength of the surface wave
is of the same order of magnitude as the width of the
packet in the direction of propagation of the wave. Since
the group velocity of the packet can be very close to the
speed of light, c, the wave-packet-induced surface waves

can have a dominant electromagnetic component, i.e.,
their frequency co can be co«m~. Consequently, in con-
trast to the case of the excitation of plasma waves'
where k» co~/vs, here k» can be k»&&co~/vg and, thus,
the optimum conversion occurs for relatively long pack-
ets.

Let us assume that an electromagnetic wave packet
propagates in the y direction along a boundary x =0 be-
tween a vacuum and a rare homogeneous plasma such
that the packet carrier frequency cop» co~. The presence
of the packet induces a polarization' of the plasma
Po= —(e/2mcoct)/jV(Eo) where e, m are the electron
charge and mass, P is the plasma polarizability,

E(xo, ty) is the electric field of the packet, and the an-
gular brackets denote time averaging over the fast car-
rier period. The Fourier transforms (co, k» ) of the
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response of the plasma to this externally imposed polarization are then governed by the following equations:

d Ey ~ 2 QJ+
2

(e —n )E» = —
2 4ytcPp»(x;co, k»),

dx c c

E„= + Pp„(x;co,k»), (2)
co'(n' —e)/c' dx n' —e

where n =ck»/co, y = (1 n—/e in—exp/eco), and e =1 —co~/co . For the sake of simplicity, but without losing any phys-

ics, we assume that only a "tail" of the packet propagates within the plasma (x &0) and we assume that
Pp(x) ce exp( —xpx) for x ~ 0. Consequently, we assume that the energy losses of the packet are relatively small and,
therefore, we neglect the effect of these losses on the packet itself. In plasma (x &0), a general solution of Eq. (1),
such that it vanishes for large x, is then

4ytcPp»(x;co, k»)

C K' K'p

—ax + co 4n p ( . k ) ~(Rik — 2 4 tcP xcok A

C

(3)

(4)

where K =co (n —e)/c, while in vacuum (x & 0) E» =8exp(xlx), E„=(ik»/xi)8exp(xlx), where xi
=co (n —1)/c and C, 8 are constants yet to be determined. Requiring continuity of E» and eE„at the boundary
x =0, one obtains

N 41E' Pp»(x;co, k»)
C = —

2 k» y(x xp+ xpD)
2 2

+iaPp„(x;co, k»)
c 2 K'AD K' Kp

(5)

where a =xle/x and D =1+a. The equation D =0 rep-
resents a dispersion relation for surface waves. ' It can
be satisfied only if n & 1. Since (Ep)(y, t) =(Ep)(y
—vgt), its Fourier transform is then (Ep)(co, k») cLB(co
—k»vg). Consequently, n=c/vg&1, as required for a
surface-wave-type solution. The general solutions (3)
and (4) thus contain a contribution (all terms AD ')
due to the excitation of the surface waves.

As usual, the rate of losses (per unit length in the z
direction) of the packet is

! ~D '. There are two singularities [see (5)] at D=0
and K =Kp, however, only the first one represents a con-
tribution to the losses due to the excitation of surface
waves. Evaluation of the integral (6) is sensitive to the
specific shape of the packet and, therefore, we will re-
strict ourselves to, for example, a Gaussian wave packet,
i.e.,

y —
vgt

&Ep2)(y, t) -A exp
2L

d8'
dt

= —
vg pE»(x, y, t)dx dy, (6) Now, one can calculate p, Pp„, Pp», E», and their

Fourier transforms in explicit forms and, after lengthy
where the induced charge density p = —V Pp and we but straightforward calculations, one obtains the follow-
consider only those contributions to E» which are ing expression for the rate of losses of a wave packet due

to excitation of surface waves:

dW z 2n xp[2(1+xoL ) k»L ] dD=Are
dt 4 K'+ K'p dco

4zco f ky
2 —2k 2L2

2
—1 e

xxp(x+ xp)c' ky co/Ug, D p

where r~, =eEp/mcop and y'=1 n /e. T—he condition
D =0 specifies the frequency co = co~ [(1 —n )/(1

2n )]'t of the —excited surface waves. If, formally,
n =c/vg»1, the frequency co becomes 0 & co~/J2 —co

«co~/J2 and (as in the case of nonultrarelativistic elec-
trons) only surface waves with dominant electrostatic
component are excited. In contrast, for n —1«1 (which
corresponds to our case when cop»co~), one has co&&co~

and the excited surface wave has a dominant electromag-
netic component.

One can formally introduce a surface-wave-induced
lifetime r,~ of a wave packet by setting

t

t dW/dt t =AL/Sxxpz, tt. Since the effect considered
here is fundamentally nonlinear then r,ff is intensity
dependent and, in particular, r,ttcc. 1/A, i.e., wave pack-
ets with higher intensity are dissipated at a higher rate.
Note, however, that our assumptions restrict the validity
of (7) to t«max(r, p;Tt. ). Here TL=-copL /c co~ is the
characteristic time for the packet spread caused by linear
dispersion. In Fig. 1 we present a plot of dW/dt (nor-—
malized to Arg j3 cop) versus the width of the packet k»L
for e(cop) =0.99 and xp =0.5. As can be seen, the rate of
losses is a maximum when the wavelength A. of the sur-
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waves ' at the same plasma density. Finally, the prob-
lern can, obviously, be extended in many ways, e.g. , by
the consideration of other angles of incidence ( & 90'),
by the assumption that coo & co~, by the consideration of
other shapes of a wave packet, or by the replacement of
a wave packet by a train of pulses produced, for exam-
ple, by the beating of two electromagnetic beams with
similar frequency; however, besides some extra mathe-
matical difficulties, none of these modifications intro-
duces any new physics into the problem.

The authors wish to acknowledge useful discussions
with B. Luther-Davies.
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FIG. 1. Normalized rate of losses vs the packet width for

k»L for e(top) 0.99 and IrII =0.5.
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also has a maximum (as a function of L) which is local-
ized close to the peak of the rate of losses.

To conclude, we have demonstrated that, independent
of its polarization, an electromagnetic wave packet prop-
agating along a plasma-vacuum boundary with the group
velocity vs &c excites surface waves with frequency
to =co~ [(1 n)/(1——2n )] 'l and wave number k»
=nro/c where n c/vs. In contrast to the linear case,
this type of coupling is direct. In the limit n —1 «1, the
excited surface wave has a dominant electromagnetic
component. Since in this case k»«to~/vs the optimum
for excitation of surface waves by a wave packet occurs
for a relatively wide packet, much longer than those cor-
responding to the optimum for excitation of plasma

face wave becomes A, =-L. For large L the effect of the
wave-packet-induced polarization Pp~ 1/L is diminished
while the probability for a localized charge perturbation
to generate a wave with a nonzero electrostatic com-

ponent and with X & L is small. For the optimum dura-
tion of the packet ro the characteristic time TL becomes

TL/rp=n '(1 —eII) [(1 2n )/(—1 —n )] '

(»1 for our choice of the parameters). It is worth not-

ing that the electron energy in the field of surface waves

(normalized to the high-frequency potential mvE, /2,
where vE, =eEp/mtop)
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