
QQLUME 20, NUMBER 7 PHYSICAL REVIEW LETTERS 12 FEBRUARY 1968

the Z' axis as axis of symmetry. To measure
this induced birefringence a probing beam of
plane-polarized tungsten light is propagated
along the laboratory Y axis, with a polariza-
tion vector inclined approximately 45' with

3respect to the Z axis. A 4-m Czerny-Turner
spectrometer behind the analyzer is used to
select the wavelength of interest and also serves
to determine the population of the triplet state
by a measurement of triplet-triplet
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absorption. 2 For the measurement at 6328 A

a He-Ne laser was substituted for the tungsten
light. The interaction of the probing light with
the sample is determined by the polarizabil-
ity tensor of the sample. The polarizer and

analyzer are crossed when the system is corn-
pletely in the ground state. Upon the orienta-
tionally selective excitation of the triplet state,
the polarizability tensor is modified and the
change in the polarization of the light leaving
the sample is obtained. This measurement,
coupled with a knowledge of the triplet-state
population, allows a determination of A.3 For
the extinction coefficient of the triplet-triplet
absorption we used the value of 3.2x 104 obtained
by Brinen. 4

After appropriate corrections were made
for the environment of the deuterated naphtha-
lene, the values for b, at the wavelengths of
4500, 4600, and 6328 A were found to be A4~,
= -2.60x 10-24 em3, ~4600= -2.01x 10-24 cm3

and 66», = -0.604 x 10 ' cm . Using the known

ground-state polarizabilities for naphthalene'

(n =9.6&&10 ' cm n =24.4&&10 ' cms

n '= 18.2&& 10 "cm') we find for the excited
state that 2nz —a -e~ is equal to -p.2px10-24
cm', 0.39x1,p ' cm', 1..8X10 "cm' for 4500,
4600, and 6328 A, respectively. These values
are consistent with the fact that the strongest
triplet-triplet transition in the visible and ul-
traviolet regions is at 4148 A and has a tran-
sition moment along the molecular y axis.
Thus, n increases more rapidly than nz and

o~ as the wavelength decreases, and the quan-

tity 2nz-e —e„becomes smaller.
The technique used here is of course appli-

cable to other systems and should be able to
provide valuable direct information on the po-
larizabilities of excited electronic states. The
authors wish to thank J. Duran for his assis-
tance.
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Two independent mechanisms which result
in the generation of anti-Stokes Brillouin com-
ponents in the presence of Stokes scattering
have been identified experimentally.

Strong anti-Stokes Brillouin components were

recently observed by Wick, Rank, and jiggins'
and by Wiggins et al. ,

' at 0 to the incident la-
ser beam in a variety of liquids. By focusing
light from a 70-1VIW Q-switched ruby laser in-
to a cell containing CS„they recorded 42 Stokes
and 20 anti-Stokes lines in the forward direc-
tion. They attribute the intense anti-Stokes

scattering to optical mixing. Both the Stokes
and anti-Stokes lines were of comparable in-
tensity with the transmitted laser line. The
high intensities of the lines and their dependence
on the laser power suggest very strongly that
they were indeed derived from parametric am-

plificationn.

In this Letter we suggest a number of other
mechanisms for the generation of intense an-
ti-Stokes Brillouin components, and cite exper-
imental evidence which confirms the existance
of one of these. We found that under the usu-
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al experimental conditions, the four-photon
parametric process (optical mixing) proposed
by Wiggins was the dominant source of anti-
Stokes Brillouin components, but that under
certain conditions a photon-phonon process
dominated. The forward-traveling Stokes com-
ponents arise from the amplification and reflec-
tion of the backscattered Stokes radiation by
the laser. When the nth Stokes component re-
turns to the sample, it produces the (n+1)th
backscattered Stokes component. The process
can occur many times since a large percent-
age of incident radiation is converted into Stokes
radiation at each step. The high scattering
efficiency is the result of parametric amplifi-
cation of both the Stokes-photon and thermal-
phonon fields. This in turn comes about because
each Stokes scattering involves the addition
of a phonon to the scattering field already pres-
ent.

The experimental data ori intense anti-Stokes
scattering are more difficult to interpret unam-
biguously. Since the creation of an anti-Stokes
photon requires the annihilation of a phonon,
it is clear that such a scattering event provides
no gain for the associated phonon field as was
the case for Stokes scattering. On the other
hand, intense photon field at the laser frequen-
cy plus the intense phonon field associated with
stimulated Stokes scattering provide a poten-

tial source of intense anti-Stokes scattering
even in the absence of a direct gain mechanism.

The investigations of Wick, Rank, and Wiggins
and Wiggins et al. , leave open to question the

possible role of photon-phonon interactions
of this type in the generation of anti-Stokes
Brillouin radiation. It was the purpose of the

present investigation to answer this question.
Figure 1 lists various possible sequences

for producing the phonon and photon fields in

the directions appropriate to produce anti-Stokes
light in the forward spectrum. The frequency
of each component appears above its momen-
tum vector. In sequence I, incident laser ra-
diation (e,) produces 180' stimulated Stokes
radiation (~,). The next interaction involves
the production of a 180' phonon field to produce
180' anti-Stokes radiation (&+,). Finally, the
laser reflectors or a mirror placed between
the laser and the sample serve to reflect co+,
into the forward direction. The other sequenc-
es are interpreted similarly.

There are basically two types of interactions,
shown in Fig. 1. Sequences I through IV involve
the interaction of a laser photon and a phonon

traveling in opposite directions. They combine
to generate an anti-Stokes photon traveling in

the direction of the phonon [interaction (Ic), (IId),
(IIIb), or (IVb)]. The other type of interaction
is a parametric four-photon scattering process
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FIG. 1. Possible mechanisms for production on intense anti-Stokes Brillouin components. coo=~o+~uf is the

frequency of the nth Stokes (n & 0) or anti-Stokes (n &0) line. &u0 and uf are laser and phonon frequencies, respec-
tively Since &f —- .2k for 180' scattering, arrows which represent momenta are to scale. Sequences are denoted

by Roman numerals and interactions proceed downward- a, 5, c, etc.
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such as (Vc). In this instance, the laser light
and various Stokes components (which have
been reflected into the forward direction by
the laser mirrors) combine in the scattering
medium and anti-Stokes radiation is generat-
ed. For example, two laser photons can com-
bine to produce anti-Stokes and Stokes photons.
[In interaction (Vc), m =l =O, n =1.] Similar-
ly, a laser photon can combine with a first-
order Stokes photon to produce a second-order
Stokes and an anti-Stokes photon (m =1, 1=0,
n =1), and so on. This is exactly analogous
to the production of anti-Stokes components
in the stimulated Raman effect. In the Brill-
ouin case, however, since the frequencies of
the various components are so closely spaced
(-0.2 cm '), momentum matching occurs in
the forward direction instead of in cones around
the forward direction as in the Raman exper-
iment. It is stressed that photon-phonon inter-
actions involving generation of anti-Stokes ra-
diation do not involve gain. However, they are
assumed to result in a detectable (interferomet-
rically) anti-Stokes signal, since in each case
the participating phonon field is strong, being
produced by a stimulated Stokes scattering.

The experimental arrangement used to dif-
ferentiate between mechanisms I-7 is illustrat-
ed in Fig. 2. Using a 25-cm lens (I.), with an
8-mm aperture, linearly polarized light from
a single-frequency ruby laser, operating with

an output of 25 MW/cm' was focused near the

center of a 50-cm scattering cell. Toluene,
carbon disulfide, and hexane were used as scat-
tering media. Forward and backscattered light
and light returned to the interaction region was
examined spectroscopically using beamsplit-
ters &, mirror M, and Fabry-Perot interfer-
ometers. Since the Stokes and laser compo-
nents were quite strong, care was taken to de-
fine the observation angles closely so as to
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FIG. 2, Experimental configuration. Beamsplitters
Q and mirror M sampled 20% of incident, backscat-
tered, and forward-scattered radiation for spectral
analysis. Focusing lenses L were typically 25-cm fo-
cal length. Mirrors M~ and M2 and Fresnel rhomb
were employed in various combinations. So as not to
change the incident flux, mirrors were misaligned
rather than removed when feedback was not desired.

collect scattering from cell wall and windows.
Mirrors M, (R, =55%) and M, (R, =40-99%)
provided feedback for backward- and forward-
scattered radiation, respectively. These mir-
rors were aligned or misaligned depending on
whether feedback in a particular direction was
desired. An optical isolator consisting of a
4-wave retarder and polarizer served to con-
trol feedback of 180' radiation by the laser.
Several experimental variations were investi-
gated employing different combinations of feed-
back and isolation.

In the first experiment, the isolator was not

employed, and M, and M~ were misaligned.
This corresponds to experimental configura-
tion of Wick, Rmk, and jiggins and Wiggins
et al. We observed as many as two anti-Stokes
and seven Stokes order in the forward direc-
tion. It was determined that the anti-Stokes
radiation originated in the sample, traveled
in the forward direction, and was not initial-
ly backscattered and then reflected by the la-
ser mirrors. Thus, the appearance of anti-
Stokes radiation in this case did not involve
sequence I since interaction (Ic) generates a
180' anti-Stokes photon field which was not ob-
served.

If sequence III were playing a role, the an-
ti-Stokes radiation should be observable with-
out any external feedback. Therefore, the next
experiment employed the optical isolator to
eliminate laser feedback and both My and M~
were misaligned. In this case there was no

observable anti-Stokes radiation in either the
forward or backward direction. Thus sequence
III was not contributing. Interaction (Ilb) or
(Ib) should also occur independent of external
feedback. The signature of this interaction,
namely second-order Stokes radiation in the
forward direction in the absence of external
feedback, was not observed, and only a first-
order Stokes line appeared traveling backwards. '
Thus the 180' phonon field required for inter-
action (Ic) or (IIc) was not being generated,
and sequence I and II could not be contributing
anti-Stokes radiation. Sequence IV certainly
was not contributing in the first experiment,
since interaction (IVb) requires external feed-
back of transmitted laser light. This must be
supplied by M, which was misaligned. This
leads us to our conclusion that the appearance
of anti-Stokes radiation in the forward direc-
tion in the presence of laser feedback is due
to sequence 7 which does not involve phonons
explicitly. External feedback serves to reflect
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180' Stokes components into the forward direc-
tion, as is required in process (Vc).

To make certain that the anti-Stokes radia-
tion was not the result of some anomalous ef-
fect due to cavity resonances, gain of laser,
or polarization of incident light, the optical
isolator was placed in front of the laser. Mir-
ror M, was then aligned so as to return 180'
scattered radiation to the interaction region.
Anti-Stokes radiation was again observed in
the forward direction, despite the fact that the
laser was isolated from backscattered radia-
tion. Thus we conclude that when the laser
participates in the production of anti-Stokes
radiation, it serves only to reflect backscat-
tered radiation into the forward direction, as
assumed.

Although we failed to observe anti-Stokes
generation by sequences I, II, or III, it was
possible to generate an easily detectable anti-
Stokes line via sequence IV. A laser photon
is externally reflected by mirror Ma into the
backward direction. It then interacts with the
strong phonon field produced by primary Stokes
scattering. This results in an intense anti-
Stokes component in the forward direction,
even without gain. To observe this effect, mir-
ror M~ was aligned to return the transmitted
laser light to the interaction region. The la-
ser was isolated from backscattered radiation,
and mirror M, was misaligned in order to elim-
inate anti-Stokes radiation from sequence V.
An easily detectable anti-Stokes line was vis-
ible in the forward direction. The transmit-
ted laser line and a Stokes line which result-
ed from stimulated Stokes scattering of the
reflected laser light were also observed in
the forward direction. Since this intense for-
ward-traveling Stokes light is the result of para-
metric amplification of scattering from a weak
thermal-phonon field, it depends exponential-
ly on the reflected laser intensity. In contrast,
the intensity of the anti-Stokes light observed
in this case is the result of scattering from
the existing strong phonon field generated by
primary Stokes scattering and thus depends
linearly on reflected laser intensity. ' By vary-
ing the ref lectivity of M~, we were able to ob-
serve these dependences qualitatively and thus
further substantiate our conclusion in this case.
A variation in R, of approximately 40% caused
large variations in the relative intensities of
forward-traveling Stokes and anti-Stokes lines.
A value for R~ could be found for a given inci-
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dent intensity below which the Stokes line was
too weak to be detected while the anti-Stokes
line was still clearly visible. The interfero-
grams in Fig. 3 illustrate this effect. They
display the forward spectrum in toluene. In
Fig. 3(a) both anti-Stokes and Stokes lines are
visible, while in Fig. 3(b) feedback was insuf-
ficient to produce detectable stimulated Stokes
radiation from the reflected laser light yet
the anti-Stokes line is still visible. Incident
laser intensity was only 1 MW over an aper-
ture of 4 mm, focused in the sample with a
25-cm focal length lens.

We conclude that when intense laser light
is focused in a liquid, forward-traveling anti-
Stokes components are the result of a four-
photon parametric interaction in agreement
with the conclusion of Refs. 1 and 2. We have
shown that the participating fields are the la-
ser and various orders of stimulated Stokes
radiation, reflected into the forward direction
by the laser. Phonon annihilation does not con-
tribute detectable anti-Stokes radiation in the
above instance, although we have generated
a strong anti-Stokes component by reflecting
the transmitted portion of the laser light back-
wards into the interaction area.
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Experiment and theory are presented to show that pulse excitation of a cylindrical plas-
ma produces decaying ringing at the electron-cyclotron frequency and at any upper hy-
brid frequency for which the electron-concentration gradient vanishes. In the absence of
a dc magnetic field, the ringing occurs at the maximum plasma frequency.

Interest has arisen lately in the transient
emission from a plasma stimulated by exter-
nally applied pulses. ' ' In particular, exper-
iments have been described' in which emission
following excitation by a microwave pulse gave
rise to a decaying ringing signal at what was
identified as the upper hybrid resonance fre-
quency ~uh. The work reported in this Letter
has some features in common with that of Ref.
3, but offers more extensive experimental evi-
dence to support the following theoretical pre-
diction (derived below): For cylindrical plas-
mas with equilibrium gradients only in the ra-
dial direction, the time-asymptotic oscillations
following pulse excitation will occur at discrete
frequencies which equal the electron-cyclotron
frequency ~~ and any upper hybrid frequency
(huh(h) = [roc + u&2(h)]' 2 for which Cuuh/Ch = 0.
In addition to the presentation of data on plas-
mas in a dc magnetic field, we also present
results on a magnetic-field-free plasma to sup-
port an extension of the theory to this case.
These latter data are, to our knowledge, the
first reported on pulse-stimulated oscillations
of magnetic-field-free plasma. The results
we report suggest a simple and relatively pre-
cise method for measuring, by external means,
the maximum electron concentration in plas-
mas in either the presence or absence of dc
magnetic fields.

The experiments have been conducted in the
afterglows of pulsed discharges produced by

capacitively coupling 90-MHz rf power exter-
nally to gas-filled 11-mm i.d. quartz tubes.
Argon, neon, and helium have been used with
pressures in the range of a few mTorr. For
the experiments using the dc magnetic field
B, the discharge tube is placed in a section
of RG 48/U S-band waveguide, oriented axial-
ly in a solenoid magnet and so that E f is per-
pendicular to B. The 8 field is homogeneous
to +1 part in 10~ over the plasma volume. Mi-
crowave pulses at 3.2 GHz are created by grid-
modulating a traveling-wave-tube amplifier,
and typical pulses have Erf = 10 p/cm with a
half-power width of 5 nsec. Plasma emission
is received by a wide-band microwave ampli-
fier with a 4-dB noise figure. The emission
can be analyzed in time by homodyne detection,
phase-locked to the phase of the input pulses,
or can be analyzed in frequency using a spec-
trum analyzer. Figure 1(a) shows the frequen-
cy spectrum following a pulse at a fixed time
in the afterglow. (The decay of the stimulat-
ed emission takes place on a time scale of about
50 nsec, so that the afterglow can be consid-
ered stationary on the time scale of a given
pulse and the subsequent emission. ) Both emis-
sion lines have been observed to be displaced
linearly in frequency with variation in the dc
magnetic field, and the line separation measured
is proportional to electron density, as deter-
mined by independent cavity measurements.
This latter dependence is expected when ~~'




