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and 3p'P„, via other possible intermediate states
are orders of magnitude weaker because of the
smaller oscillator strength and much larger val-
ues of h.

Although the Raman peaks we have observed
are small, saturation or near saturation is pos-
sible when the Rabi frequency 0 is not small
compaxed with 6; for instance, spontaneous Ra-
man processes in excited states may play a sig-
nificant role in opening up pathways for multiple-
photon absorption in molecular photolysis, de-
spite anharmonicity in the vibrational spectrum.
This may help to explain the recent success in
isotope-separation attempts using CO, lasers. '

Finally we remark that excited-state Raman
processes may pose difficulties in the selective
laser excitation of individual Rydberg states.
Consider the excitation of a high Rydberg state
(n, l), with I =0 or 2, from the 3p state of sodium.
It is easy to show that the state (n+ l, l) would

acquire, through the Raman process, a steady-
state population relative to that of (n, l) which is
proportional to n'I, where I is the laser intensity.
Qf course, the significance of this effect would
depend on laser intensity, pulse duration, and
competing processes such as photoionization.

We are happy to acknowledge the fact that the
apparatus was developed by M. Lambropoulos and
S. Moody, who also rendered a great deal of
practical assistance in this work. A Szoke was
invaluable in helping us make theoretical esti-

mates.
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We have carried out theoretical and experimental studies of the excitation of surface
electromagnetic ~aves by volume electromagnetic radiation of finite beam width. The
excited leaky surface electromagnetic waves are found to build up along the excitation re-
gion and to propagate as free damped waves beyond. Correspondingly, the spatial de-
pendence of the reflected intensity is found to exhibit a two-peak interference structure
at the leading edge of the excitation region followed by an exponential decay beyond.

An attenuated total-reflection (ATR) spectros-
copy of metal surfaces has evolved in recent
years, ' ' which makes use of the resonant exci-
tation of surface electromagnetic (SEM) waves by
linear coupling with volume electromagnetic
(VEM) waves in either an Otto configuration (i.e. ,
prism-vacuum-metal) or a Kretschmann config-

uration (i.e. , prism-metal-film-vacuum). We
note, however, that in previous theoretical for-
mulations of these phenomena, which have been
carried out thus far, ' ' the "incident" and "re-
flected" VEM waves in the prism medium have
been assumed to be plane waves. This assump-
tion is a reasonable one for ATR experiments
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carried out at frequencies in the visible range
where the propagation length I. of the "leaky"
SEM waves of the three-media configuration (of
the order of microns) is very much smaller than

the latel"Rl beRm width $U of t11e lncldeDt VEM
waves. The a,ssumption of plane waves is, how-

ever, not applicable at frequencies in the infra-
red where L (of the order of millimeters or
more)' ' is comparable to or larger than ~.

In this Letter, we present results of theoretica, l
and experimental studies of the excitation of SEM
waves when the incident VEM radiation has a fi-
nite beam width. We find that the spatia. l depen-
dence of the 'l'eflected" lntenslty exhibits R dou-
ble-peak structure which is due to the interfer-
ence between the "mirror"-reflected VEM radia-
tion and the VEM radiation that is emitted by the
driven leaky SEM waves in the region of excita-
tion, and an exponential decay beyond the region
of excitation, which is due to the "radiation" emit-
ted by free leaky SEM waves. We also find that
when the angle of incidence is varied, the reflect-
ed intensity from the central part of the excita-
tion region exhibits ATR minima, while the radi-
ated intensity beyond the excitation region exhib-
its peaks.

The theoretical formulation used is similar to
the one used by Tamir and Bertoni' to analyze

!
the so-called "lateral displacement of optical

beams" at multilayer configurations involving
leaky waves. Here we specialize to the case of
leaky SEM waves in an ATE prism configuration.
We limit our discussion to the leaky SEM waves
in an Otto prism (medium 3)-vacuum (medium 2)-
metal (medium 1) configuration. The extension to
a Kretschmann configuration and to prism config-
urations involving surface active media other
than metals is straightforward and, with respect
to the excitation of leafy SEM waves, one finds
essentially the same phenomena.

Consider an incident beam of TM-polarized
VEM radiation within the prism having a lateral
beRm width Rlong the prism-vacuum interfRce M

very much larger than either the wavelength (i.e. ,

diffraction effects can be neglected) or the thick-
ness d of the vacuum between the prism and the
metal, but comparable to or smaller than the
propagation leDgth of the leRky SEM wRves, Rnd

a, "reflected'* beam whose lateral beam width is
determined by a slit placed in front of the detec-
tol . The beam ls assumed to be essentlRlly un-
limited in the direction normal to the plane of in-
cidence. The latter is taken to be in the xz plane;
and the normal to the interfaces is taken to be
a,long z.

At the prism-vacuum (medium 3-medium 2) in-
terface, taken to be at z = 0, the components of
the electric field, parallel to and normal to the
interface, within the prism are given by

E„(8,, x,z =0) =F(x) exp(ik„'x) cos8;; '; ' ' =tan8;,E,'(8„x,z =0)
x i~x)~

where F(x) is the lateral form factor of the incident VEM beam at z =0, chosen for simplicity to be
symmetrical with respect to its center Rt x =0; 8; is the angle of incidence of the central ray of the in-
cident beam; k„'=(r e,"'/c) sin8, , and a time dependence exp(-i&et) is implied.

E„'(8,,x, s = 0) can be expressed as a Fourier integral over plane waves as follows:

E,'=E„'(8;,x,z =0) = f 4(k, ) exp(ik„x)dk, = f E,(k„)dk, ,

4(k„) =2m 'f E„(8;,x, z =0) exp( ik„x)dx-
Since E,(x, z) can be related to E„(x,z) by Maxwell equations in each medium, we need only, in what
follows, focus our attention on E„(xi').

The electric field of the EM radiation which is "reflected" back into the prism and the electr'ic field
of the EM radiation which is "transmitted" into the metal at the metal-vacuum interface are given by

E„"=E„'(8;,x,z =0) = J r(k„)E„(k„)dk„, (4)

E„'=E„'(8,,x, ~ =-d) = f"F(k„)E„(k„)dk„, (5)

where r(k„) and t(k„) are the complex reflectance and complex transmittance, respectively, of the
three-medium configuration, for an incident plane wave in the prism, which are readily shown to be
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given by

(e2k~+ up„)(»,k„—c,k„)+ (c,k~ —ep„)(e,k„+e,k ) exp(i2k„d)
(», k~+ «P~)(eP„+e,k~)+(», k„—e,k~)(z3k„—z,k~)exp(i2k„d) D '

-( )
4E'263k~gk2» exp(ikp d)

where z, is the dielectric constant of medium j (j = 1, 2, and 3) and k,, =[(v'/c')e„. —k„']'~' is the z com-
ponent of the wave vector of the EM fields in medium j, The roots of D correspond to a set of "leaky"
modes. The modes for which k„and k~ are predominantly imaginary are the "leaky" SEM modes
which are linearly coupled to and, therefore, "radiate" VEM radiation in the prism.

We can express r(k„) in terms of the roots k, =k,'+ik, " of D, corresponding to the complex propaga-
tion wave vectors of the "leaky" SEM waves, when k„ is close to 0,', as follows:

r(k„)=A+B(k„-k, ) ', t(k„) =C(k„-k, ) ', (())

where A =—(N'/D')l», B= (N/D')l», C =[4 ze,k„k„e px(ik„d)/D']l;, D' and N' are the derivatives of
D and N with respect to k„evaluated at k„=k, . On substituting these expressions into Eqs. (4) and (5)
and applying convolution theory, we obtain

E„"=m„'+sar„', E, „'=~CE, „',
E„'=exp(ik, x)J E„'(8,, „',z =0) exp(-ik, x')dx'.

(9)

(10)

The first term of E„"represents the "mirror reflection" of the incident beam, in the absence of SEM
wave excitation, which is due primarily to the reflection at the prism-vacuum interface. The second
ter m of E„"represents the field of the VEM waves "radiated" by the generated SEM waves. The con-
stant 8 is predominantly imaginary and positive. The first and second terms are therefore out of
phase with each other. Furthermore, because of the difference in the spatial distribution of the mir-
ror reflected and the radiated components, the "reflected intensity" will generally exhibit a double-
peak spatial structure. The appearance of a second peak has been attributed to the "lateral displace-
ment of the reflected beam. "' However, unlike the Goos-Hanchen effect in which there is an actual lat-
eral displacement of the reflected beam, the appearance of the second peak is due primarily to a de-
structive interference between the mirror-reflected and radiated fields, which have different spatial
distributions. The constant C is predominantly imaginary and negative. Thus, E„has essentially the
same phase as E„'.

We note that the integral of Eq. (10) is negligible for x&u~/2, where E,'(e, , x, z =0)=—0, and is equal
to a constant S for x&w/2. Thus for x&w/2, i.e. , for x beyond the excitation region, the expressions
for E„"and E„' reduce to E„'(e, , x, z =0) =iBS exp(ik, x) and E„'(e, ,x, z = -d)= iCSex—p(ik, x). These fields
represent free "leaky" SEM waves which have a, propagation length I = 1/(2k, ") and which radiate ener-
gy within the prism at an angle e„relative to the normal, given by sine, =k,'(k,"+k„")'~'.

The integral of Eg. (10) can be carried out analytically when F(x) has a Gaussian form, i.e. , F(x)
=E, exp(-4x'/zo'). In this situation we obtain the following expressions for the intensity of the "reflect-
ed radiation"' in the prism and for IE„'(8;,x,z = -d)l:

I"(e, , x, z =0) =l AF(x) exp(ik„'x)+ill exp(ik, x)l ',

!E„'{e;,x, z =d)l =l cose, CG exp(ik, x)l,
G = (gg/2) exp[- (k„' -k, )'u)'/16][1+ erf[2x/ur —i (k„' —k,)e/4]].

(11)

{12)

We note that for weakly damped SEM waves,
i.e. , 0,"«4, ', the dependence of Q and, there-
fore, of E„'(8;,x, z = —d) on 8, will exhibit sharp
peaks at k„'=k, ' (i.e. , at 8; =8,), for values of x
both within and beyond the excitation region. The
reflected intensity I"(e, ,x,z = 0), on the other
hand, will exhibit ATH, -type minima at k„'=k, '
for values of x within the excitation region where

!
the radiative term is smaller in magnitude than
the mirror reflection term, and will exhibit
peaks for values of x where the radiative term is
the dominant one. Furthermore, beyond the ex-
citation region the magnitudes of the peaks in
I"(e, , x) will decrease exponentially with increa, s-
ing g.
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Calculations of the dependence of E„'(8;,x, z
= -d) on x at 8; =8, for different values of w

shows as expected that IE„'/E, l
builds up to a

maximum near the leading edge of the incident
beam and decays exponentially beyond the excita-
tion region. As w /L increases, the height of the
maximum increases and approaches the value
which is obtained for incident plane waves.

Finite beam width experiments were carried
out with a 3-mm slit placed in the TM-polarized
output beam of a cw CO, laser (A = 10.6 pm) serv-
ing as the incident beam in a NaCl-air-Ag ATR
configuration and with a second much narrower
(0.125 mm) slit placed in front of a pyroelectric
detector which could be translated in a direction
normal to the mirror reflection axis. Measure-
ments of the profile of the incident beam indicat-
ed that the beam profile was approximately Gauss-
ian.

The experimental curve of the (normalized)
power P"(8„x,w, ) versus x for d = 38+ 2 pm at 8,.
=8, =42' [where P"(8„x,w, ) = f„"'„~1",f(8, , x')dx',
and w, is the lateral width of the detector slit] to-
gether with the corresponding theoretical curve
based on cN el=2.22 and EAg 3850+i1450 are
given in Fig. 1(a). Apart from the magnitude of
the minimum the experimental and theoretical
curves are in relatively good agreement. " The
double-peak structure is clearly evident, as is
the exponential decay of P" beyond the region of
excitation. From the latter we obtain a value of
1.6+ 0.05 mm for L, which is in reasonable agree-
ment with the computer-calculated theoretical
value of 1.66 mm for the leaky SEM wave.

Experimental curves of P" versus 0,. for differ-
ent values of x are given in Fig. 1(b). These
show, as expected, sharp minima for values of
x in the vicinity of x =0 and sharp peaks for val-
ues of x beyond the excitation region, whose mag-
nitudes decrease with increasing x."

It is the occurrence of peaks in P" versus (9,.

curves for x beyond the excitation region, signal-
ing the presence of free leaky SEM waves, that
is the most significant feature of the excitation of
SEM waves by VEM waves of finite beam width.
We note furthermore that it is the leading edge of
the incident VEM radiation that is responsible
for the occurrence of the reflected minima and
the exponential decay of the reflected intensity.
The presence of the back edge primarily deter-
mines the amplitude of the excited SEM waves. "

In conclusion, we note that the excitation of
SEM waves by finite beams in single-prism con-
figuration can be used to determine the propaga-
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tion wave vector (i.e. , k, ') and the propagation
length of SEM waves. Moreover, the method is
a versatile one, since such data can be obtained
using both the Kretschmann and the Otto prism
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FIG. 1. (a) Curves of P"(0&,x, u ) jP'(0;,x =O, se, )
versus x with so=4.05 mm and u =0.17 mm for a NaCl-
air-Ag prism configuration having d= 38 pm. The ex-
perimental data for 0&

—0~ are represented by the
dashed line and the corresponding theoretical curve by
the full line. The dash-dotted line represents the ex-
perimental data for 0; away from 0~ and the dotted line
is the corresponding calculated curve for a beam hav-
ing a Gaussian profile. (b) Experimental curves of
P"(e~,x, se ) versus 8; for various values of x in milli-
meters. The data are obtained with a 3-mm slit in the
incident beam and a 0.3-mm slit in front of the detector.

996
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The discrepancy between the theoretical and experi-

mental curves is due to roughness scattering and sur-
face-contamination effects and to the deviation of the
incident beam from a Gaussian profile.

"We have also observed a simjtlar excitation of 1eaky
modes at oi & 8critica~ corresponding to
modes within the air gap between the prism and metal
which have k2 g predominantly real.

It is a1so obvious that similar effects wQI occur with
excltatloll of SEM waves by finite-beam-width VEM
waves in grating-coupling configurations.
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Presented numericaHy is an apparently paradoxical nonlinear process that a two-
strearn instability is stabilized by inhomogenizing or "grooving" an initially homogene-
ous p1asma, not by limiting the stream which is the direct cause of the instability. For
a relatively wide and slow electron stream, the instability is shut off by reducing the
speed to the threshold value (ion sound speed), as is naturally expected. For a narrow
and fast stream, however, the instability is shown to be stabilized by the grooving ef-
fect.

From the standpoint of causality, one may say
that an instability proceeds in general so as to re-
lax its driving force. For instance„drift waves
would be stabilized by flattening the density gradi-
ent which causes the instability. Recently, how-
ever, an apparently paradoxical stabilization
mechanism has been proposed for a resistive two-
stream (Hall current) instability. ' This instabil-
ity is widely known among ionospheric plasma
physicists as the two-stream instability or "type
I" irregularities. ' The only driving force of this
instability in a uniform plasma is the electron
stream. It may therefore be natural that one con-
siders the instability to be stabilized by self-lirni-
tation of the stream. In fact, it has been shown
that an unstable wave itself can reduce the elec-
tron drift speed to the threshold (ion acoustic)
speed. ' The recent theory, ' however, indicates
that the two-stream instability can also be sta-
bilized by "inhomogenizing" a uniform plasma.
If this process, which does not take part in the
linear instability mechanism, is indeed capable
of stabilizing the two-stream instability, then one

must recognize a strange fact that the nonlinear
development of an instability is not necessarily
connected by one causal chain but may happen to
be governed by an apparently irrelevant causality.

I.et us consider a magnetized, uniform plasma
in which a Hall current (primarily carried by
Hall electrons) is concentrated in a limited layer.
I use a, coordinate system (x, y, z), the z axis be-
ing directed antiparallel to the magnetic field Bo,
the y axis being directed parallel to the electron
drift, and the x axis being directed so as to form
a right-handed system.

I assume slightly collisional electrons (v, /Q,
«I) and heavily collisional ions (v, /0, » I), v,
and v; being the collision frequencies of electrons
and ions (against neutrals), respectively, and tg,
Q,. being the gyrofrequencies of electrons and
ions, respectively. Accordingly, the motion of
electrons is dominated by the electric (Hall) drift,
while the motion of ions is almost completely
controlled by collisions (hence no appreciable ion
Hall drift is present). Furthermore, I assume a
low-frequency electrostatic mode which propa-


