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Abstract

Taking into account the penetrable property of
metallic gratings, the Smith-Purcell radiation problem
is solved and it is shown that when the surface plas-
mon mode is excited, maximum radiation occurs.

Summary

When an electron beam streams across the surface
of a metallic grating, emission of electromagnetic
radiation occurs., It was observed experimentally by
Smith and Purcell’ in 1953 and explained with the 1.2
dipole model formed by the electron and its image. *
The strength of the dipole oscillates as the electron
travels across the grating and thus it radiates. Al-
though this simple model can explain the observed
phenomena such as the direction of constructive inter-
ference for a specified frequency component, it does
not provide a quantitative agreement because the
strength of the image can only be obtained in a crude
approximation. The exact boundary value problem with
the vector nature of the electromagnetic waves is dif-
ficult to solve. Two extensive reviews on the emis-
sion from charges in periodic structures are given in
Refs. 3 and 4, where both qualitative and quantitative
approaches to the problems are presented for the work
before 1968. For periodic surfaces with sinusoidal
profiles, the numerical methods using the boundary
integral approach are used to solve the problem ex-
actly5,6.  For rectangular gratings, the waveguide
mode expansions ip the groove region are also used to
solve the problem’/. However, the previous methods are
applied to perfectly conducting gratings only. The
extended boundary condition method, which we have used
to solve the light diffraction from periodic struc-
tures8, is applicable in solving the problems of both
penetrable and perfectly conducting gratings. The only

difference is that in the case of the 1ight diffraction,

the incident field is a homogeneous plane wave, and in
the case of Smith-Purcell radiation, the incident field
is an inhomogeneous (evanescent) plane wave. The en-
ergy conservation relation has to be rederived for the
interaction of the evanescent wave with the boundary.

We consider the boundary value problem that a
Tine charge is moving with a constant velocity above
a layered grating. The field generated by the move-
ment of the line charge in the free space can be ob-
tained in a closed-form expression in the frequency
domain. It is evanescent away from the position of
the source because the velocity of the charge is less
than the velocity of the medium, which is assumed to
be free space. This evanescent field is considered
as the incident field to the grating, and the diffrac-
ted field can be solved using the transition matrix
approach8. The interaction of the incident field
(wnich does not radiate itself) with the gratings
gives the radiation. The radiation field for each
frequency component can be calculated. Radiation
pattern for particular order of the Floguet wave will
be plotted and compared with the results obtained from
the boundary integral method8.
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Since a metal grating at optical frequency be-
comes penetrable, it is important to take into account
the complex permittivity of the metal. It is found
that when the surface plasmon mode in the metal-air
interface is excited, maximum radiation occurs. The
excitation of the surface plasmon mode can be con-
trolled by the period of the grating and the velocity
of the electron. As long as one of the Floquet waves
is phase-matched to the surface plasmon mode, maximum
radiation will happen. As shown in Fig. 1, the radia-
tion pattern shows a sharp peak at the radiation angle
where the radiation frequency (which is dependent on
the radiation angle) satisfies the phase matching con-
dition.
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Figure 1

The radiation factor |[R ;|2 for the -1 order Flo-

quet wave5 as a function of the observation angle for
a metallic grating with a complex e;(w)
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T = 10_]4 sec, h = 0.1lum and

v = 0.8c. The sharp peak at 6.1 = 71° is where the

wt =20, P = 2um,

plasmon mode is excited strongly.
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