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Mixing in uniaxial RbClO, of visible and infrared photons emitted, respectively, by an argon-ion and

CO, laser has been examined at room temperature under conditions in which the two laser beams

propagate collinearly in the single crystal. The intensity dependence of the Stokes (down-converted) and
anti-Stokes (up-converted) mixed-phonon signals has been measured as a function of the propagation
direction of the collinear CO, and argon-ion laser beams and has been found to vary by three orders
of magnitude as 8, the angle between the wave vector of the visible (or infrared) laser beam and the
crystal c axis varies from 0' to 90'. The mixed-photon signal intensity achieves its maximum value at a
critical propagation angle 8, at which phase matching is achieved. The functional dependence of 8, on
the CO, -laser wavelength has been calculated and measured. The excellent agreement between

experiment and theory provides an additional, yet independent, check of the dielectric functions of
RbC10, which have been determined previously from Raman scattering measurements. The polarization
relationships between the mixed photons and the incident photons have been studied carefully and
analyzed through both the second-order nonlinear susceptibility tensor and the Raman tensors.
Group-theoretically-derived polarization selection rules are rigorously obeyed as evidenced by
experimental depolarization factors in excess of 1000. Consistent with wave-vector selection rules, the
mixed photons that emerge from the RbClO, crystal are highly collimated along a specified direction.
The mixing process, in addition to being viewed as a second-order nonlinear interaction, is treated as
Raman scattering from angular-tunable optically pumped hot phonons and polaritons. Nonequilibrium

steady-state pumped-polariton gains in excess of 10' corresponding to equilibrium sample temperatures
of the order of 10" 'K have beem measured and calculated. An extensive search was made for first-

and second-order Raman scattering from the hot-polariton decay and scattering products. No such

damping products were observed for reasons related principally to limitations in the minimum

achievable measurement temperature.

I. INTRODUCTION

In a, recent letter' (hereinafter designated I) we

reported briefly the mixing in RbClO3 of visible
and infrared radiation emitted by an argon-ion and

CO2 laser, respectively. Our purpose in this paper
is to present a complete analysis of the RbC1O3

mixing experiment, including hitherto unreported
aspects of the polarization properties of the output
radiation.

The mixing process can be described either in
terms of sum and difference frequency generation
via the second-order nonlinear susceptibility or as
Stokes and anti-Stokes Raman scattering from op-
tically pumped hot phonons and polaritons. While
the literature is replete with reports of nonlinear
mixing experiments, investigations reported to
date have dealt almost exclusively with the mixing
of photons to which the nonlinear medium is trans-
parent. On the other hand, Faust and Henry and

Faust et al. ' have successfully used GaP to mix
the visible 6328-A radiation of a He-Ne laser with

several of the lines of an H20 laser covering a
range from -23-50 p, m and including one line at
26. 660 p, m which is strongly absorbed in GaP.
Thus Faust and his co-workers were able to deter-
mine the frequency dispersion in the second-order

nonlinear susceptibility of GaP, particularly in a
region of high dispersion coinciding with the region
of high absorption. The CO2-laser emission lines
do not span a large enough wavelength range to al-
low us to determine definitively the frequency dis-
persion of the second-order nonlinear susceptibility
of RbC10, . We shall, however, discuss in detail
directional dispersion, an additional dispersive
property which is absent from cubic crystals such
as Gap.

It was pointed out in I that GaP is, from the point
of view of its linear and nonlinear susceptibilities
as well as its polariton properties, a very simple
crystal; it is cubic with two atoms per primitive
cell4 and thus exhibits no directional dispersion in
its phonon or polariton frequencies. In contrast
RbC103 is trigonal uniaxial with five atoms per
cell. All of the seven Raman-active phonons in
this material are polar, ' both the phonons and po-
laritons exhibit large directional dispersion.
Whereas the nonlinear susceptibility of GaP is dis-
crete, we can characterize the nonlinear suscepti-
bility of RbC103 as angular tunable, i.e. , the dis-
persion of the second-order nonlinear susceptibility
associated with a given polariton branch in RbC103
is a function of the polariton propagation direction
in the crystal. We will show in this paper that the
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directional dispersion can be usefully employed to
extract valuable information on the polariton spec-
trum of a uniaxial material and can also serve as
a check of the dielectric functions.

As a byproduct of the mixing experiment de-
scribed above, we have searched extensively for
the decay products of the hot phonons and polari-
tons, decay products which were expected to result
from the anharmonic three-phonon interaction. No

such decay products were observable, for reasons
which shall be discussed.

II. EXPERIMENTAL APPARATUS

Figure 1 shows a block diagram of the apparatus
used in the mixing experiment. The output of a
Coherent Radiation Laboratories model 52A argon-
ion laser is apertured by diaphrams D, and D~ and

deflected by a pair of Pellin Brocca constant-devia-
tion prisms. These prisms, which are manually

adjustable, were used to spatially disperse un-
wanted fluorescence emission from the laser. The
argon-laser beam, after reflecting from mirror
M„ is, upon a second reflection, merged collin-
early by dichroic mirror P, with the output of a Q-
switched CO~ laser. The mirror P, transmits over
90% of the CO, beam while simultaneously reflect-
ing over 95/o of the argon beam. The collinear
argon- and CO~-laser beams pass through aper-
tures D3 and D4, beam splitter P2 and aperture D5.
A barium fluoride flat is used for beam splitter P~
and reflects 10%%up of the incident (visible or ir)
radiation while transmitting 85/o. Upon emerging
from aperature D5, the collinear beams reflect
off of a plane mirror M2 and are focused by spheri-
cal mirror Mz (focal length =20 cm) onto the

RbC103 sample. A second barium fluoride beam
splitter P3 is used in conjunction with filter P4 and

a Coherent Radiation Laboratories model 210
thermopile detector coupled to a Kiethly model
150 B microvoltmeter to monitor the average CO, —

laser power. Filter P4 is identical in construction
to the dichroic mirror P4. Forward-Raman-scat-
tered (frequency-mixed) Stokes (down-shifted) and
anti-Stokes (up-shifted) argon-laser radiation is
collected by lenses L, and L2, dispersed by a Jar-
rel-Ash model 25-100 double monochromator
equipped with a pair of 1180 groove/mm gratings
blazed at 5000 A, and detected by a cooled ITT/FW
130 phototube. When Stokes radiation is being
examined, a Corning model CS3-69 long-pass fil-
ter, F in Fig. 1, is used to eliminate parasitic and
Rayleigh-scattered argon-laser radiation.

The electronic detection system used to process
the phototube output signal consists of a preampli-
fier, an amplifier, and two parallel channels, one
containing a Princeton Applied Research model
160 boxcar integrator and the other a photon-
counting system constructed from Ortec and Can-
berra components (single-channel analyzer, linear
ratemeter, digital ratemeter). Preamplified trigger
pulses for the boxcar integrator are derived from
a Molectron model P3 pyroelectric detector exposed
to the CO~ laser radiation which is beam split by
P, (see Fig. 1), focused with barium fluoride lens

L3 and dispersed with a Jarrel -Ash mode l 82 -410
monochromator equipped with a 50-groove/mm
grating blazed at 10 p, m. The 82-410 monochro-
mator was used to accurately identifythe wavelength
of the CO2-laser emission line. To assure proper
triggering by the pyroelectric detector, the boxcar
integrator gate and trigger signals were displayed
simultaneously on a Tektronix model 561B oscillo-
scope. A Hewlett-Packard dual-pen chart recorder
synchronized with the double -monochromator drive
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FIG. 2. The mechanically Q-switched CO2 laser used
in this experiment. A variable-speed chopper C is
placed at the common focus of spherical mirrors M& and

M2.

system was used to display simultaneously the
wavelength dependence of the boxcar and photon-
counting signals. The boxcar was gated "on" for
the duration of each CO~ radiation pulse and there-
fore responded only to those Raman (mixing) sig-
nals with intensities modulated by the Q-switched
CO&-laser radiation. On the other hand, the pho-
ton-counting channel sensed all Rarnan-scattered
radiation, whether modulated or not.

The CO, laser used in this experiment was home-
made and incorporated a unique efficient, and yet
inexpensive, Q-switching system compatible with
single-line operation at high average powers and
high repetition rates. A diagram of the optical
configuration of the CO2 laser is shown in Fig. 2.
The laser tube is 1.3 m long, water cooled, and
has a 1 cm bore. The ends are sealed with NaCl
Brewster windows, which can be rotated about the
tube axis to achieve a linearly polarized output the
plane of which is variable. Typically the laser was
operated with the tungsten anode at 7000 V and the
nickel cathodes at -1000 V. The cathode voltage
was feedback regulated to maintain a constant dis-
charge current which could be preset. A flowing
mixture of He, N„and CO~ at a total pressure of
10 torr served as the active medium. The optical
cavity consisted of three mirrors and a grating ar-
ranged in a "Z" configuration as shown in Fig. 2.
The two mirrors labeled M, and M~ were identical
and had 0. 4-m radii of curvature spherical alumi-
nized front surfaces which were overcoated with
silicon monoxide. These mirrors were obtained
as stock items from the Ealing Corporation for the
minimal cost of $6 apiece. A 10-m radius of
curvature dielectric-coated germanium mirror M„
having a ref lectivity of 85'fp, was used as the cavity
output coupler, while a Photo Technical Research,
Inc. model 1800 P grating, G„was used in the
Littrow configuration and in conjunction with the
adjustable aperature D, to obtain single-line opera-
tion. Q switching was accomplished by placing a
variable-speed chopper at the common focus of
mirrors M, and M2. A Princeton Applied Research
Corporation model 222 chopper, fitted with an 8-in.
aluminum blade containing 48 equally spaced 0. 031-
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FIG. 3. The average output power of the Q-switched
CO2 laser (single line operation) as a function of the
chopping frequency. The insert shows the trace of the
pulse shape detected by a pyroelectric detector (time
constant 50 nsec) and displayed on an oscilloscope.

in. -wide shts, was employed. The dependence of
the average Q-switched single-line power on the
pulse repetition rate is shown in Fig. 3, while the
output pulse shape is shown in the insert of that
figure. For efficient high-power cw operation,
mirror M3 was placed in the position of mirror M,
and the grating was replaced by a high reflector
(R &99%). Linearly polarized multimode all-line
cw output power in excess of 80W has been obtained
with the above-described laser.

Samples of RbC10, were grown from solution
using methods described in detail elsewhere. s The
specimens examined were thin platelets of typical
dimension 5&&3XO. 1 mm. The faces of these
platelets were quite rough, the major flaws being
parallel closely spaced striations. To eliminate
artificial depolarization and uncontrolled changes
in photon propagation direction, the samples were
immersed in an index-matching fluid. Carbon
disulfide was used for index matching because it
is highly transparent to both visible and 10.6-p.m
ir radiation. Its absorption coefficient is negligibly
small when measured with visible light and has a
value of 0.26 cm ' at 10.6 p, m. Furthermore, the
index of refraction of CS~ is 1.63 at 5893 A, ' a
value close to the two indices of RbC10~ (n, =1.484,
no = 1.572). ' The index-matching fluid was contained
in an aluminum cell fitted on opposite sides with
NaCl windows which were affixed permanently to
the cell with epoxy (Emerson-Cummings Stycast
No. 2850 FT plus catalyst 24 LV). The sample
was immersed in and attached to the sample cell
in such a way as to allow the optic axis to be accu-
rately positioned in any direction in a horizontal
plane containing the unmerged CO~- and Ar -laser
beams.
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The spectra reported in this paper are labeled
both with the standard Raman notation i(j k)l" and
with the additional notation m(n). Here i and j
(l and k) represent, respectively, the propagation
and polarization directions of the incident (scat-
tered) argon-laser radiation, while I and n cor-
respond to the propagation and polarization direc-.
tions of the CO2-laser radiation. Thus the designa-
tion i(j k)l; m(n) specifies a measurement both of
the Raman tensor component n» and the second-
order nonlinear susceptibility tensor component
d»„. While the primitive unit cell of RbC103 is
rhombohedral, it is convenient to label spectra by
the orthogonal axes defined by Nye' for the hexag-
onal unit cell, i.e. , i, j, k, l, m, n, =x, y, or z.
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FIG. 4. Typical Stokes Raman spectrum of a RbC103
crystal pumped by the 946-cm ' line of a CO2 laser and

probed by the 5145-A argon-laser lin.e. The boxcar in-
tegrator only recorded those signals with intensity mod-
ulated by the CO2-laser radiation. Note that in this fig-
ure and in Figs. 5-7, 9, and 12 the abcissa is linear in
wavelength rather than in wave number.

III. RESULTS AND DISCUSSION

A. Sample spectra

An example of a down-converted Stokes Raman
signal is shown in Fig. 4, which is a reproduction
of the dual-pen recorder tracing. The broad peak
centered at - 920 cm ' in the recorder trace of the
photon-counting channel corresponds to spontaneous
Raman scattering from a thermal polariton, the
breadth of which is attributable to the large collec-
tion aperture used to record the spectrum. The
sharp peak at 946 cm ' arises from the down-
shifted photon produced in the mixing experiment
or, equivalently, from spontaneous Stokes Raman
scattering from hot polaritons pumped by the 946
cm ' p(30) line of the COx laser. 'x As expected,
the boxcar channel senses only that part of the scat-

tered signal modulated by the CO~-laser Q-switch
pulse, while the photon-counting channel responds
to both modulated and unmodulated Raman signals.
In order to facilitate a comparison of the hot- and
thermal-polariton signals, an inefficient scattering
geometry was used to record the data of Fig. 4.
As will be seen shortly, down-converted photon
signals, two orders of magnitude more intense than
that shown in Fig. 4, have been observed.

B. Polarization properties

It is instructive to deduce the polarization prop-
erties of the Raman scattered (up- or down-con-
verted) photons from both the Raman tensors and
the second-order nonlinear susceptibility tensor
of RbC103. The five-atom rhombohedral primitive
cell of RbC103 has space-group symmetry C3„.
Crystals belonging to this symmetry class are
piezoelectric and have the interesting property that
all of their polar modes are Raman active while,
simultaneously, all of their Raman-active modes
are polar. The Raman tensors corresponding to
the A, and E species of the C3„point group referred
to the x, y, and z crystal axes, are given by'4

F00 c 0 0

Ai(z)= 0 a 0; E(y)= 0 —c d

0 0 b 0 d 0

0 —c -d
E(-x) = cO O-

—d 0 0

Letters in parentheses indicate the direction of
polarization of the phonon. The nonzero tensor
components, and therefore the symmetry species
of the Qth normal mode, are determined from

P, ((ux) =Z n;J E;((ui) . (l)

Here P;(&uz) is the ith Cartesian component of
the induced polarization at the scattered frequency,
&u~, E;(u&~) is the ith component of the applied ar-
gon-laser electric field at frequency co~, and n~j

is the component of the Raman tensor associated
with the irreducible representation (symmetry
species) of the Qth normal mode, which is, itself,
polarized in the k direction. In order to apply Eq.
(l) to the mixing process one must first determine
which normal modes are pumped by the CO& laser;
i.e. , a necessary condition for mixing to occur is
that the electric vector of the COP laser field have
a nonvanishing projection in the k direction.

The polarization selection rules can also be de-
duced from the second-order nonlinear susceptibili-
ty tensor d using the following equation';

P;((ux) =Z d;Jx(&ox = (u~ +(op)E, ((u~)Ex((u~) . (2).
jk
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Here E~ (&ur) is the 0th Cartesian component of the
CO~ laser field at the pump frequency or~ and the
other symbols retain the definitions applied to Eq.
(1). The nonlinear susceptibility tensor in its
most general form is a (3X 3X3) third-rank tensor.
However, there is no physical difference introduced
by the interchange of the j and k subscripts; thus

I

ffA iAf & (3)
and the kj subscripts can be replaced by the single
subscript E giving rise to the contracted suscepti-
bility tensor with components d„. The d„ tensor
appropriate to RbC10, is shown in Eq. (4), "prop-
erly applied to the E column tensor to yield the in-
duced-polarization components P„P„P:

P 0 Q 0 Q dis —d~~

E ((o~)E,((op)

E,(~&)E,(~~)

E (sr~)E ((ur)
P3 — daa d22 0 d» 0 0

P~ d3i d3i d33 0 0
E,(~&)E.(~&)+E,(~&)E.(~&)

E,(~~)E,(err) +E,(&ur)E, (&u~)

E„((o~)E,((u~) + E ((u~)E„(urz)

(4)

In Fig. 5 we show polarization spectra that verify
the selection rules dictated by the Raman and non-
linear susceptibility tensors. Scattering attribut-
able to the Raman tensor component n is shown
in Fig. 5(a). Raman tensors corresponding to the
A, (z) and E( y) modes have nonzero xx components.
But the CO& pump photon can create only phonons
or polaritons polarized in the z direction, i.e. ,
those of Ai symmetry. Since, by the wave-vector
selection rule, ' the hot A, polariton propagates in
the y direction and is polarized in the z direction,
it is a transverse-optical (TO} polariton. " Thus,
in the Raman terminology, the peak at 935 cm ' in
Fig. 5(a} corresponds to allowed scattering from
a hot A, (TO) polariton. The broad peak centered
at -922 cm ' represents allowed scattering from
thermal polaritons having mixed A, and E sym-
metry. Since RbC103 sustains no phonons polarized
in the z direction which are characterized by a
Raman tensor with a nonzero xz component, scat-
tering from hot phonons or polaritons is not allowed
for the polarization configuration of Fig. 5(b). In-
deed, even with a gain (sensitivity) increase of 20
compared with Fig. 5(a}, no hot polaritons are de-
tected. The peak at -940 cm ' in Fig. 5(b) results
from thermal polaritons of E symmetry. '

Referring again to the polarization configuration
specified in Fig. 5(a), we note that y(xx)y; y(z)
corresponds, according to Eq. (2), to a measure-
ment of the nonlinear susceptibility tensor compo-
nent d„„which is equal to d» in the contracted no-
tation. " Since d„c0 for RbC10, [see Eq. (4}],
mixing is allowed and the down-shifted photon is
observed at 935 cm ' in Fig. 5(a). In contrast, the
polarization configuration y(zz)y; y(z) of Fig. 5(b)
indicates a measurement of the nonlinear suscepti-
bility tensor component d = d». We note from
Eq. (4) that for RbC103, d35 = 0. No mixing is al-
lowed or observed in the polarization configuration

of Fig. 5(b).
A polarization analysis similar to that described

above can also be applied to Figs. 5(c) and 5(d)
with equally gratifying results. Whether analyzed
in terms of the Raman tensors or the second-order
nonlinear susceptibility tensor, the group-theo-
retically-determined polarization selection rules
for mixing ir and visible light in RbC103 are per-
fectly obeyed, as evidenced by experimentally ob-
served depolarization factors in excess of 1000
(see Fig. 5).

C. Propagation constraints

The mixing experiments described in this paper
were conducted with the argon-laser probe beams
and CO~-laser pump beams propagating collinearly
in the crystal. The strongly absorbed CO, photon
propagates in the crystal as a polariton with a
large spread in the magnitude of its wave vector
(I hq l

-a, where n is the absorption coefficient in
cm ~ at the frequency of the CO2 photon) but with a
well-defined energy and propagation direction.
Since conservation of wave vector applies to the
Raman process, we find

ks =k~ +q, (5)

where k~, k~ and q are, respectively, the wave
vectors (in the crystal) of the incident argon-laser
photon, the scattered argon-laser photon, and the
polariton. Equation (5) is satisfied only if both
Stokes and anti-Stokes photons, Raman scattered
from hot polaritons, propagate collinearly with the
CO2- and argon-laser beams. The propagation
constraint imposed by Eq. (5) is verified in Fig. 6.
Figure 6(a) was recorded with a collection aper-
ture of f2 (cone angle 28') centered about
the collinear CO, - and argon-laser beams. Both
the sharp hot-polariton peak at 929 cm ' and a
broad peak at -918 cm ' are visible in Fig. 6(a).
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The latter peak results from thermal polaritons
and is broad because of the large spread in polari-
ton wave vector sampled with a large collection
aperture T.he spectrum of Fig. 6(b) was recorded
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FIG. 6. Collection aperature effect on the pumped
Raman spectrum. (a) and (b) were recorded with the
same experimental conditions except that the collection
aperture was changed from f2 in (a) to f19 in (b).
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under conditions almost identical to those used in
Fig. 6(a}, the only difference being a reduction in
collection aperture to f19 (cone angle 3'). Note
that the hot-polariton (down-shifted photon) peak
exhibits the same scattering intensity in Figs. 6(a}
and 6(b), whereas the thermal polariton, as ex-
pected, shows in Fig. 6(b) a significant decrease
in intensity and a shift to lower energy with de-
creasing aperture,

FIG. 5. Polarization study of the hot-polariton spec-
trum. In (a) and (b), the sharp pumped polaritons have

symmetry A~(z), and exhibit a nonzero n» (d»g) Raman
(nonlinear susceptibility) tensor component in (a) and a
zero 0.«(d~~) component in (b). In (c) and (d) the sharp
pumped polaritons have symmetry E(y) and exhibit non-

zero n» (or d» ) tensor components in (c) and zero n»
(or d ) components in (d). The broad peaks which ap-
pear only in the photon-counting channel are due to or-
dinary thermal polaritons which in (a) and {c)have mixed
A~(z)+E{y) symmetry and have pure E{-x)symmetry
in (b) and (d).

D. Intensity considerations

x [s((u„8)j'f(~, )f(~,) . (6)

Here C is a constant, 8 is the angle between q and

the crystal c axis, n is the refractive index, and

l, is the coherence length and is given by

The intensity of the photons produced at the sum

and difference frequencies co~ = or~ +a~ is given by

I(&o 8) =C~s Id(ups„8) I [l (&u 8)]
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V~~ 8)=fl. l~k( 8)ll [l ( „8)]')".
(7)

In Eq. (7), a(or~, 8) is the absorption coefficient
(units of cm ') and Izxk(&o~ 8) I represents a phase
mismatch, which shall be defined shortly. For a
uniaxial crystal the parameters, d, l„and n are
all 8 dependent; therefore, the photon flux at ~~ is
8 dependent. However, over the frequency range
spanned in this experiment, (d~ and co~ are far
from resonance, and the second-order nonlinear
susceptibility tensor d is an implicit function of (d~
and 8 only. Therefore, we expect the Stokes (down-
shifted) photon at Ide = &el, —~p to scatter with ap-
proximately the same intensity as the anti-Stokes
photon at ~~ =(d~+co~. In Fig. 7 we show the Stokes
and anti-Stokes signals created by mixing the 940-
cm" line of the CO2 laser with the 5145-A argon-
laser line. In the experimental configuration of
Fig. 7, the hot-polariton signal is three orders of
magnitude more intense than the thermal polariton
signal; therefore, the latter is not observable on
the scale of Fig. 7 (see also Fig. 12). When the
spectrum of Fig. 7 is corrected for the dispersion
of the instrumental transfer function, ' we find that
the experimental anti-Stokes-Stokes polariton in-
tensity ratio

N„s =n*/g= 1.8x10'

For the Raman process,

(12)

steady-state nonequilibrium number density n*
produced in one absorption length of the crystal
[I/n(946 cm ', 45 ) = 2 Ixm for RbCIO, ] is given by

n* =P(&u e)(1 e-')ot(~~, 8)~, (10)

where P(&u~) is the incident COx flux in photons/
sec cm, 7 is the polariton lifetime, and e is the
base for natural logarithms. For a co~= 946 cm '
50-mW CO2 beam focused to a spot size of 1.2 mm
diam, we find, using o.(946 cm ', 45') = 5000 cm '
and v =10 sec (Ref. 21}that n* = 1.58x 10" cm x.

The n* polaritons are distributed among many
modes having an approximate mode density g given
by

g -=n[s(~„8)] 'lql'(~ lql)(») '.
Here II is the solid angle (in air) subtended by the
focused CO2-laser beam. For the experimental
conditions appropriate to Fig. 7 we have 0=2. 5
X10 sr, n(946 cm ', 45') = 1.5, IqI = 1419 cm ',
4 lq I=—100 cm '. Inserting these values into E(q.
(11)we find g= 901 cm . Therefore the estimated
polariton nonequilibrium occupation number N„E is

( = 1.43 +0. 15I(&d g
= 4)x,

—(d p, 8} (8) (
f((dg = (dz + &d~, 8) (dl + (d~ N

( )f((de = (dJ —M~, 8) e = (dl —(d~ N+ 1

(
f((de = &dx, +(d~, 8) Q)x + (dg
f(~s = ~z. —~J» 8} s &z - ~s (9)

is in excellent agreement with the theoretical ratio
calculated from Eq. (6}, In the presence of CO& pump photons N =N„E and

(N„s + I)/N„s =—1. Equation (13) reduces to Eq. (9),
as expected. The theoretical Stokes Raman signal

In terms of the Raman process, the Q-switched
CO2 photons modulate the occupation number N of
the hot polaritons which they create. But the Stokes
and anti-Stokes scattering intensities are propor-
tional, respectively, to (N+1) and N For pola. ri-
tons in thermal equilibrium, the boson occupation
number N~ obtains and is given by

(ebs&/rs r 1)-1

where K~ is Boltzmann's constant and T is the
absolute temperature of the crystal. At room
temperature, the equilibrium value of NE for a
polariton with u = 946 cm ' is 6. 78x 10

The nonequilibrium value of N, labeled N„E can
be estimated as follows. We assume for simplicity
that all incident CO2 photons are absorbed uniform-
ly by the RbC10, crystal over the absorption length
I/a(&u~ 8), i.e. , the photon-polariton conversion
efficiency is 1 and reflection losses are negligible.
Typically 50 mW of focused CO~ average pump
power was applied to the RbC103 sample. Average
powers in excess of that value caused the CS2 in
contact with the sample to boil. The hot-polariton
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FIG. 7. Comparison of hot polariton Stokes and anti-
Stokes Haman signals. Note that the Corning CS3-69 fil-
ter was not used to record the anti-Stokes spectrum.
This accounts for the presence in the anti-Stokes spec-
trum of ghosts. The observed anti-Stokes-Stokes ratio
was 2. 02. After correction for the instrumental trans-
fer function and the effect of the CS3-69 filter, the ratio
was found to be 1.43+0. 15.
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gain, G,„, attributable to the production of hot
polaritons is

G~h=(N„K +1)/(Ns+1) =N„s, (14)

polariton directional dispersion curves are given
b

so G~„=—1.8&10 for the conditions applicable to
Fig. 7. The experimental value of the signal gain,
G„„ involves the product of several factors, as
shown in Eq. (15):

co &1 jAg

28 4 (~T~O)2 8 -1
+ i LO2 2

~=| (~is)
(16)

Ge~ =(R„s/R~)(Ls/L„s)(Ss/S„s)(Aco /A~+) . (15)

Here Rmz/Rz is the ratio of nonequilibrium and
thermal Stokes polariton signals, L is the appro-
priate scattering length, S is an instrumental
throughout factor related to the effective spectral
slit width, and A is the cross-sectional area of the
laser beam in the crystal. The experimental values
(appropriate to Fig. 7) for the four product factors
in Eq. (15) are respectively 125, 50, 300, and 36,
thus G, =6.8x10'. Given the assumptions involved
in the calculation of N„E, the theoretical and experi-
mental values of G are in surprisingly good agree-
ment.

E. Tunability and intensity measurements

Rubidium chlorate was chosen for this mixing
experiment because its polariton dispersion curves
exhibit directional dispersion and, in addition, span
a frequency range in which the CO2 laser emits
many discrete lines. The dielectric functions of
RbC103 as well as the directional dispersions of all
the phonon modes have been previously determined
experimentally and have been calculated from
Raman measurements of the frequencies of the
seven pairs of TO and LO phonons. e The undamped

I ql' „' (~&&,)' —&u'
(17)

with the photon momentum-conservation curves

1k' I'/~' = e:{1—H~z/4 )' (~L/~)1 0')-; (18)

Here ~, q, and 8 are, respectively, the polariton
frequency, wave vector, and propagation angle with
respect to the crystal c axis; e'„' (e'„) is the high-
frequency dielectric constant for light polarized
parallel (perpendicular) to the optic axis, and uF,„„
a,„,~,~, and e,~ are, respectively, the frequen-
cies of the ith transverse phonon of A~ symmetry,
the ith longitudinal phonon of A, symmetry, the ith
transverse phonon of E symmetry, and ith longitu-
dinal phonon of E symmetry. The polariton direc-
tional dispersion curves spanning the region of in-
terest, 850& ~ & 1100 cm ', have been calculated
from Eq. (16) and are shown in Fig. 8. Also shown
as solid circles in Fig. 8 are the experimental
points for the 8 = 90' polariton measured in the
near forward ordinary-ordinary scattering con-
figuration. These points should and do lie on the
intersection of the 0 = 90' polariton curves defined
by
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FIG. 8. Polariton direc-
tional dispersion curves of
HbC103 for several propa-
gation angles 8. The solid
lines are calculated from
Eq. (16), while the filled
circles are experimental
points for 8 = 90 . The as-
terisks indicate C02 pump
frequencies. The long-
dashed lines with angle la-
bels were calculated from
Eq. (18) using the scatter-
ing angle 8 indicated.
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here P is the scattering angle. As can be seen
from Fig. 8, by judiciously choosing the proper
CO2 photon pump frequencies (d~, tunable hot po-
laritons with ro ~900 cm ' can be created. This
hot polariton tunability is demonstrated in Fig. 9,
which again for the purpose of comparison also
shows the thermal polaritons. The hot-polariton
signals shown in Fig. 9 are much weaker than the
maximum signals obtainable at each of the specified
pump frequencies.

The relative intensities of the hot polaritons in
RbC1O, have been measured as a function of the
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FIG. 10. Hot-polariton (mixed-photon) signal intensity
as a function of the CO2 pump frequency and the polariton
propagation angle. The lines connecting the data points
corresponding to the same CO2-laser frequency are
drawn to facilitate viewing of the data. The numbers
labeling each set of data points specify the CO2-laser
pump frequencies in cm '
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polariton propagation angle 8 for several fixed
CO~ pump frequencies. The observed hot-polariton
signals normalized for the CO2 pump power and the
argon-laser probe power are plotted as a function
of 8 in Fig. 10. The lines connecting the data
points in Fig. 10 are drawn to facilitate viewing of
the data. Note that at some pump frequencies,
e.g. , 946 cm", the hot-polariton signal varies
with propagation angle by more than two orders of
magnitude, while at other pump frequencies, e.g. ,
931 cm ', the signal exhibits a relatively weak
angular dependence. Moreover, most of the curves
in Fig. 10 have a well-defined maximum which oc-
curs at a propagation angle that depends upon the
CO2 pump frequen. cy.

In order to explain the phenomena exhibited in
Fig. 10 we refer again to Eqs. (6) and (7). The
term I 6k(or~, 8)l in Eq. (7}is the difference in
magnitude between the wave vector of a polariton
of frequency co~ propagating at an angle 8 to the
optic axis and the wave vector of an ordinary pho-
ton of frequency co~; i.e. ,

(0}— —(0}

I I I I I I I I I I I I I

960 940 920 900 960 940 920 900
Roman Shift in cm

FIG. 9. Frequency tunability of CO2-laser pumped
hot polaritons in RbC103. The broad thermal-polariton
peak remained unchanged, while the frequencies and in-
tensities of the sharp hot-polariton peaks varied as the

frequency of the CO2 laser was changed.

1 sin 8 cos 8

n'((u, 8) n'(co) ,no((u)
' (20)

I~k(~P, 8) I=
I
(e'-)"'~~ —

I q(~. 8) I I

where [q(u~, 8}I is given by Eq. (16). Now the
second-order nonlinear susceptibility d(vz, 8) is
not expected to exhibit angle dependent resonances,
but rather varies monotonically with 8 in the range
0 —8 —90 . Similarly, the absorption coefficient
n(&u~, 8) is a monotonically decreasing or increas-
ing function of 8. The term n(&u~, 8) in Eq. (6) is
almost 8 independent, since for fixed (d
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where n, and ~ are, respectively, the extraordi-
nary and ordinary indices of refraction, and

n, (u&)-no(ur} for RbC10, . On the other hand, the
function I bk(u&~, 8) I is very strongly 8 dependent
and has a zero at the critical angle 8,(~~) for which
phase matching is achieved. Thus, on the basis of
Eqs. (6} and (7), we expect the intensity of the
Stokes (down-converted) and anti-Stokes (up-con-
verted) hot polaritons (mixed photons) to exhibit a
peak at the phase-matching angle.

The phase-matching angle can be calculated by
substituting Eq. (16) into Eq. (19) and setting the
left-hand side of the latter equal to zero. Accord-
ingly

~ tt(~ )[eJ((g ) e J.] 1/2

si
[ („)(„ (21}

where the dielectric functions e'(&o) and & "(&u} are
given by

(&ax )
~=g (&~E j (22)
3 LO 2 2

~ (-}= .n (+&+1)

k=1 +JAN

The symbols in Eq. (22) retain their previous
definitions. In Fig. 11 the function 8,(e~) defined
by Eq. (21) is plotted as a solid line for 920«u~
&1020 cm '. Also shown in Fig. 11 are the cor-
responding experimental values of the critical
angle determined using several fixed CO2 pump
frequencies. The CO2 pump frequencies used to
record the data of Figs. 10 and 11 are indicated by
the asterisks in Fig. 9. Figure 11 not only pro-
vides independent proof of the validity of the di-
electric functions given in Eq. (22}, and therefore
of the previously determined TO and LO frequen-
cies of RbC103, but also clearly confirms our con-

jecture that the 8 dependence of the hot-polariton
intensity is dominated by the I dk(vr, 8) I contribu-
tion to the coherence length.

Additional striking confirmation of the

leak

I term
dominance of the angular dependence of I(ruz, 8) is
the fact that neither of the curves labeled 931 or
1047 cm in Fig. 10 exhibits a critical phase-
matching angle, i.e. , these curves display no

resonances. The absence of a resonance in these
particular signal intensity curves is not surprising
since, as can be seen from Fig. 8, there is no

propagation angle in the range 0'~ 8~ 90' at which
either of the functions I bk(931 cm, 8) I or

I rhk(1047 cm ', 8) I takes on a value of zero or has
a local minimum.

As a final point in this section, we note with

reference to Fig. 8 that if energy is conserved, a
CO2 photon with +~=972 cm ', for example, can
only pump hot polaritons propagating at 8 ~ 47'.
Nevertheless, the 972-cm ' intensity curve of Fig.
10 indicates non-negligible hot-polariton signals
for 8~47'. This apparent inconsistency arises
because we have neglected to include damping terms
in Eq. (16). When damping terms are properly in-
cluded in Eq. (16}the branches of the polariton dis-
persion curves (for fixed 8) fold back and merge;
the energy gaps between them are spanned. It has
been pointed out by Barker and Loudon ' that the
resultant gapless polariton dispersion curves are
appropriate for ir photons strongly absorbed in the
crystal, as are the CO2 pump photons in RbClO, .
Thus the +~= 972 cm ' pump photon can generate
at least some hot polaritons for any crystal orienta-
tion, as is evident from Fig. 10. Clearly, the re~
= 972 cm ' pump photon is not unique in this regard
and was merely chosen in the above discussion for
illustrative purposes.
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F. Hot-polariton decay products

It is of interest to examine the decay dynamics
of the hot polaritons generated by the CO2 pump
laser. Since the CO, pulse length is -10 sec,
while the lifetime of the polariton is -10 ' sec, a
steady-state nonequilibrium hot-polariton distribu-
tion is established for the duration of the CO2 pulse.
The hot polaritons are anharmonically coupled to
other lattice excitations. Thus, their principal
damping mechanism involves a three-phonon inter-
action which conserves energy and crystal momen-
tum and is governed by the anaarmonic Hamiltonian

~at t tff3 + ~ (C r/ ~ ~ ~ ' ~ p n r/ ~ n ~ ti ~
~ 0gtqtt jtf tt

FIG. 11. Phase-matching angle &, as function of
pumping frequency wz. The solid line is calculated from
Eq. (21). The data points are obtained from the posi-
tions of the peaks in the curves of Fig. 10.

Nj+ 4'i' 0"/" 0'i' 0"/" i/ +
~ 0

with the constraints

(dpfj Rqtf I + KgtIj

(23)

(24)
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q=q +q (25)

In Eqs. (23)-(25), q, q', and q" are, respective-
ly, the wave vectors of phonons or polaritons from
the j, j', and j"branches of the dispersion curves,
v;, is the corresponding energy in branch j at wave
vector q and similarly for v;,z, and ~;„,.„while

Cf ojC-,&. ,-„&„and D;,z, ,-„j„are the anharmonxc cou-
pling coefficients for particular damping channels.
The + and —signs in Eqs. (24) and (25) correspond,
respectively, to the first and second terms in the
parentheses of Eq. (23). The former represents
the decay of a q j excitation into a pair of excita-
tions q

'j ' and q
"j", while the latter represents

the scattering of a qj excitation and simultaneous
creation (destruction) of a q'j' (q "j") excitation.

Although hot-polariton damping products cannot
be detected by first-order Raman scattering unless
they fortuitously occur at the center of the Brillouin
zone, the anharmonic coupling coefficients can, in
principle, be measured by studying second-order
Raman scattering from various combinations of
hot damping products with thermal excitations. '4

In an effort to observe such second-order scatter-
ing we have examined under nonequilibrium condi-
tions the Stokes and anti-Stokes Raman spectra of
RbC103. The occupation numbers of the damping
products, and therefore the second-order Raman
signals to which they contribute, will be modulated
by the CO, pump beam and should be observable in
both the boxcar and photon-counting detection chan-
nels. In particular, the second-order scattering
signals from combinations involving a hot decay
product and thermal excitations as well as from
combinations of hot decay products generated in
different damping channels will be displaced in en-
ergy from the more intense first-order hot-polari-
ton signals.

In Fig. 12 we show an extended Stokes spectrum
of RbC10, pumped with the P(20} line of the CO&

laser at 944 cm . The gain in the boxcar channel
has been increased so that now nonequilibrium
scattering processes (those modulated by the COx
laser pulses} producing signals a, factor of 10000
weaker than the hot-polariton signal at 944 cm '
would be recorded with a signal-to-noise ratio of
1. The spontaneous Raman scattering of the CS3
index-matching liquid has been labeled in Fig. 12
and is of course unavoidable. ' Though the inten-
sity of the CS& Raman lines is not modulated by the
CO, laser pulses, the enhanced noise in the boxcar
integrator channel at Raman shifts corresponding
to those of CS& is a manifestation of these lines.
As is evident from Fig. 12 we were unable to de-
tect any pumped second-order scattering processes
with Raman shifts in the range 700-1000 cm '.
Similar runs have been taken over the range with
Raman shifts from —1200 to + 1200 cm ' and in the
region around +1890 cm '(=+2rd~). No signal was
observed other than the strong first-order signals
at +944 cm '.

At room temperature, the dominant mechanism
for optical polariton or optical phonon damping is
scattering off of thermal phonons. There are a
multitude of allowed scattering channels [i.e. ,
those three phonon processes obeying Eqs. (24) and
(25)] linking thermal acoustic phonons to hot polari-
tons. Thus, the increase in the occupation number
of the phonon damping products in each scattering
channel is apparently not large enough to facilitate
observation of the modulated second-order Raman
spectrum. Clearly, by cooling the RbC10, sample
to temperatures in the liquid-helium range, the
population of thermal phonons could be significantly
reduced and the modulated second-order Raman
signal correspondingly enhanced. Unfortunately,
the immersion technique for index matching is
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FIG. 12. High gain scan of boxcar channel in search of hot-polariton damping products. The dip in the peak of the
944-cm ' hot polariton recorded in the photon-counting channel is artificial and results from saturation of the counting
system engendered by the low (0. 0023) duty factor of the Q-switched CO& laser. The effective count rate (which is equal
to be observed count rate, - 4000 cps, divided by the duty factor) was 1.7&& 10 cps.
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presently limited to temperatures ~ —100 'C. It
is therefore not possible at this time to achieve at
liquid-helium temperature the necessary index-
matching condition required for proper phase
matching, and efficient photon-up or down conver-
sion.

Careful examination of the polariton directional
dispersion relation given in Eq. (16}reveals that
there is a unique propagation direction 8 =36' at
which the 3A, (LO}—4E(LO) polariton with cu = 972
cm ' can decay into a, suhharmonic pair of 3E(TO)
zone-center phonons at (d =486 cm '. Thus we
have used the P(14) 972-cm ' line of the CO, laser
to pump the 8 =36' 3A, (LO) —4E(LO) polariton and

have searched the boxcar detection channel exten-
sively for CO2-modulated first ord-er Raman
scattering at a frequency shift of 486 cm '. The
modulated first-order Raman signal from the decay
products of the optically pumped hot polaritons can
be expected to be two- to three-orders-of-magni-
tude more intense than the second-order Raman
signal. However, as can be seen from Figs. 10
and 11, the phase-mismatch at ~~= (972 cm
8 = 36') is significant enough to reduce the conver-
sion efficiency by about two orders of magnitude
below its maximum value. The net effect is to
again render the hot-polariton damping products
unobservable.

IV. CONCLUSIONS AND SUMMARY

The mixing of visible and ir photons on RbC103
has been measured and analyzed using the second-
order nonlinear susceptibility tensor and the Raman
tensors for polar phonons. The polarization prop-
erties of the mixed (Raman-scattered} photons are
predicted accurately by both tensor analyses, as
are various features of the intensity of the mixed
or scattered photons. In particular, it is found

that the intensity of photons Raman scattered from
optically pumped hot polaritons varies by three
orders of magnitude as the polariton frequency and
propagation direction are changed, and is a maxi-
mum at the critical propagation angle for which
phase matching is achieved. The dependence of
the critical propagation angle on the ir pump fre-
quency has been calculated and measured. Agree-
ment between theory and experiment is excellent.

Although steady-state nonequilibrium hot-po-
lariton occupation numbers corresponding to
equilibrium sample temperatures in excess of
10' 'K have been produced, no first- or second-
order Raman scattering from the hot-polariton
anharmonically coupled damping products has been
observed. The observation of such damping prod-
ucts is precluded by the inability to apply to RbC1O3
crystals of poor optical quality, the immersion
technique for index matching at temperatures in the
liquid-He range. Therefore, the thermal phonons
which dominate the hot-polariton damping processes
cannot be effectively quenched in RbC103. Because
high-quality single crystals of n quartz are readily
available, mixing of ir and visible light in that
material can be achieved at low temperatures with-
out the need for index matching. The room-tem-
perature hot polariton Raman signals for non-collin-
egy mixing of CO~ and argon-laser light in n quartz
are almost as intense as the peak signals obtained
from RbC10, . We plan to extend the n-quartz
measurements to 4'K in order to observe hot-
polariton decay products in that material.
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