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p. (C)dC=45. 70. (C15)

The quantities of interest are the amplitudes of the

The density of states was finally approximated by

p, (C)= 10.20—4.16C+0.765C' —0.5 (C(3
= —1 80—28 16C+0 765C' —1&C&—0 5
=52.80—24C, —1.5&C&—1.

(C14)

Equation (C14) is a good approximation to the two-
dimensional density of states for an hexagonal tight-
binding system. It has been arbitrarily normalized
such that

Fourier components of this two-dimensional density of

states, i.e.,

1
p (q) = p (x) expt —inx/5]dx

1(hr

5~

p, (C)—cosPnx/5]dx.
5~ p

(C16)

In particular, for the free electron mass, mp= 1, e= 216.
The numerical calculations involved in the deter-

mination of the energy eigenvalues (C1) to (C11) as

well as the integrations (C16) for the Fourier com-

ponents p„were carried out in the IBM 7094—7044

complex of the University of Chicago Computation
Center.
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Silver foils several thousand angstroms in thickness were bombarded by electrons at grazing incidence.
A peak was observed at approximately 3550 A in the optical emission spectrum. For an angle of incidence
of 89' from the foil normal, the peak intensity was approximately ten times as great as that of previously
observed intensities of transition radiation at 3300k from silver foils bombarded with normally incident
electrons. The intensity was found to be directly proportional to the electron energy from 40 to 80 keV, and
showed a marked dependence on the quality of the foil surface. The results are in agreement with the 6ndings
of Boersch et al.

INTRODUCTION'
' 'T was shown by Ritchie that in addition to collec-
t ~ tive oscillations by the bulk electrons in a conductor,
there should exist plasma oscillations on the conductor
surface. I'errell' predicted that bulk plasma oscilla-
tions induced by charged particle excitation should
decay by the emission of monochromatic photons at
the plasma frequency. Since Ferrell's prediction, many
investigators' have searched for plasma radiation. Most
of these investigators have bombarded metal foils with
normally incident electrons and have interpreted the
emission spectra in terms of the decay of volume
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plasmons. Recently Boersch et al.4 bombarded silver
foils with 30-keV electrons at grazing incidence and
found an intense peak at 3500 4, which was thought
to be due to the decay of surface plasma oscillations.
However, Ferrell's model of a conductor bounded by a
plane surface forbids emission by the decay of surface
plasma oscillations.

This paper presents the results of a further attempt
to determine whether or not surface plasma oscilla-
tions decay by emission of electromagnetic radiation.
Thick silver foils were bombarded by grazing-incidence
electrons. The emission spectrum was studied as a
function of the angle of incidence of the electron beam,
the electron energy, and the quality of the foil surface.

EXPEMMENTAL

The techniques used in measuring the optical emission
from electron-bombarded foils have been described

4 H. Boersch, P. Dobberstein, D, Fritzsche, and G. Sauerbrey,
Z. Physik 187, 97 (1965).
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RESULTS AND DISCUSSION
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FIG. 4. Wavelength of peak intensity versus angle of electron
beam incidence for 80-keV electrons.

An intense peak vras observed at approximately
3550 A for angles of incidence near 90', as measured
from the normal to the foil surface. At 89' the peak
intensity vras approximately ten times as great as that
of previously observed intensities of transition radiation
at 3300 A from silver foils bombarded by normally-
incident electrons. ' The peak intensity decreased rapidly
as the angle of incidence vras decreased to 85'. Helot
85' the peak intensity decreased more slowly, and no
peak at all vras observed for angles of incidence belovr
approximately 30'.

The observed peak intensities in the parallel and
perpendicular planes plotted as a function of the angle
of beam incidence for electron energies of 80 keV are
shovrn in Fig. 2. Transition radiation from thin silver
foils bombarded by electrons at normal incidence has
been observed to be polarized parallel to the plane
formed by the electron beam and the emitted light. '
The polarization at the peak vravelength of the radiation
studied in this investigation vras observed to be less than
one-third that of transition radiation produced by
silver foils bombarded at normal incidence. As in the
case of transition radiation, however, the peak in-
tensity vras found to be directly proportional to the
electron energy. Figure 3 shows the peak intensity as a
function of electron beam-energy from 40 to 80 keV.
This indicates that the observed radiation is not the
long-vravelength component of bremsstrahlung, which
varies in intensity inversely vrith electron energy. In
addition, the peak intensity from bremsstrahlung would
occur at the transparency in Ag, which is at 3250 A.
The vravelength at which the peak intensity was ob-
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FIG. 5. Comparison of the peak intensity with angle of incidence
for a fresh and a contaminated foil surface.

served (3550 A) was not noticeably shifted. by a
change in the angle of electron incidence (Fig. 4).

If the observed radiation is due to a surface phe-
nomenon, the quality of the foil surface would be ex-
pected to have a marked eBect on the intensity of the
radiation peak. To determine if this was the case, foils
were evaporated and exposed to air before bombard-
ment, vrhile others vrere evaporated inside the spectrom-
eter and bombarded immediately. A comparison of the
results of the tvro procedures is shown in Fig. 5. For
angles of incidence close to 90', radiation from foils
evaporated in the spectrometer under a vacuum of
10—' Torr was approximately twice as intense as
that from foils vrhich vrere exposed to air before
bombardment.

The vravelength of the peak intensity and the de-
pendence of the peak intensity on incident angle,
electron energy, and quality of the foil surface observed
in this investigation are in agreement with the results
of Boersch et al. However, these results are not con-
clusive evidence that the observed radiation results
from the decay of surface plasmons. More recent work
on thin Ag foils casts some doubt upon this interpreta-
tion. In brief, Ag foils of thickness 700 A bombarded by
an electron beam at grazing incidence did not shovr the
intense emission at 3550 A. These results will be pre-
sented in a subsequent publication.
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