Coherent Raman beats:

October 1, 1993 / Vol. 18, No. 19 / OPTICS LETTERS 1663

high-order interference effects
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Light propagating through an optically anisotropic resonant medium excites coherent Raman fields that propagate
together with the original wave; the interference between the two fields generates the well-known Raman beats.
We solve the coupled-wave equations for finite optical path lengths and show how the coherent exchange of energy
between the two fields leads to interference effects that distort the observed signal for different detection schemes.
Theoretical analysis is compared with experimental results from the Na D; transition.

Stimulated Raman scattering can be understood as
a coupling between the laser and Raman waves
and a coherent excitation of the resonant medium
oscillating at the difference between the two optical
frequencies.! Coherent Raman scattering is a modi-
fication where a coherent excitation, which is already
present in the medium, enhances the coupling
between the laser and Raman waves. Under these
conditions the laser beam excites a Raman field in
first order in the incident field, and the Raman mode
contains equal amounts of Stokes and anti-Stokes
components.? Continuous experiments of this type
usually excite this superposition state through a
radio-frequency®* or microwave field,>® whereas
transient experiments include the use of laser
pulses,” frequency switching of the laser,® and Stark
switching of the molecular resonance frequency®-*! to
prepare the medium in an anisotropic state before
the actual Raman process takes place. In many
cases of practical interest the Raman-shifted field
propagates parallel to the laser field. If the two
fields interfere on the detector, the resultant Raman
beats!®? contain information about the frequency
shift and the relative amplitude of the Raman field.
This procedure not only results in high sensitivity,
but the observed beat signal is also unaffected by
Doppler broadening, optical dephasing, and laser
frequency fluctuations. The method is therefore
ideally suited for spectroscopic applications such as
the determination of ground-state relaxation rates.!®

In the observations of coherent Raman beats re-
ported so far the amplitude of the scattered field
was always much smaller than that of the unshifted
beam, so that the theoretical deseription could safely
neglect changes in the amplitude of the laser field.
However, typical experimental conditions can easily
lead to Raman amplitudes comparable with the am-
plitude of the laser field. Although such conditions
maximize signal intensity, they can significantly com-
plicate data analysis. In this Letter we treat this
case explicitly by discussing the propagation of the
coupled laser and Raman waves. We do not discuss
the excitation of the medium but assume that a laser
pulse has created a coherent superposition of ground-
state sublevels before the actual Raman process.!*
In the atomic system that we use in our experimental
example, the ground state of atomic sodium, only
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the coherences p,, between neighboring Zeeman sub-
states (r — s = *+1) contribute to the observed signal.
The six possible sublevel transitions of this type
have transition frequencies w,;, which are roughly
proportional to the magnetic field (~7 MHz/mT) but
differ slightly owing to quadratic Zeeman and nuclear
Zeeman effects.

Because the wavelength of the sublevel transition
is much larger than the sample size, we do not have
to consider phase matching. Figure 1 summarizes
the processes that contribute to the Raman scatter-
ing. The curved arrows indicate sublevel coherences
prs, and the straight lines indicate the interaction
with the incident light that may be o or # po-
larized. Coupling of the light to the ground-state
sublevel coherences excites polarization in the optical
transitions, which are marked by the wavy lines.
Obviously, the scattering process is associated with a
change in polarization of the light: incident o light
excites 7-polarized optical coherences and vice versa.

We calculate the resulting propagation effects start-
ing from Maxwell’s wave equation dE;/dx = —27wikP;,
where E; indicates the slowly varying field amplitude
of polarization i, P; is the corresponding polarization
of the medium, % the optical wave vector, and x is
the propagation length. To first order in the inci-
dent field, we get two simple equations for the wave
propagation:
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Fig. 1. Schematic representation of the Raman-
scattering processes. For simplicity, only the two F = 2
multiplets of the Na D; transition are shown. The
curved arrows indicate two ground-state coherences, the
solid lines represent the incident light, and the wavy lines
mark the resulting optical polarization. (b) Relevant
geometry and choice of coordinate system.
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Fig. 2. Schematic representation of the detection setup
for (a) conventional heterodyne detection and (b) balanced
heterodyne detection. P, polarizer; PBS, polarizing beam
splitter; PD’s, photodiode’s; AMP, amplifier.

where the subscripts || and L refer to the polarization
components parallel and perpendicular, respectively,
to that of the incident beam. In the case of atomic
Na the coupling constant c.(¢) includes contributions
from all six sublevel coherences:

Ceot(t) = co Re[p1a(t) + pas(t) + 2pus(t)
+ 3pss(t) + Bper(t) + 2pr8(2)]. (2

Here the first two coherences are between Zeeman
sublevels of the F' = 1 multiplet, and the other four
coherences are in the F' = 2 multiplet; the constant
¢o is proportional to the transition strength and the
particle density. Equations (1) have the obvious so-
lutions

E, = E, sin(cyt x), 3)

where E, represents the amplitude of the incident
field. The Raman field therefore contains Stokes
and anti-Stokes modes with equal amplitudes and
linear in the exciting field, as is generally the case
with coherent Raman scattering.?

Before detecting the resulting signal, one has to se-
lect a polarization component, as shown in Fig. 2(a).
If this polarizer is oriented parallel to the polarization
of the incident laser field, the resulting signal is
Sy = |E,|? = Ey? cos?(cyy 1), valid for arbitrary sam-
ple length /. For small optical path lengths ¢ Z,
this can be expanded as Sy = Ep%(1 — ¢ys? 12 + ...).
Thus, the unshifted laser field dominates the 51gnal
whereas the Raman contribution enters only in sec-
ond order. If several Raman transitions are present,
we expect to find sums and differences of all sublevel
frequencies. With the polarizer in the orthogonal
orientation, we measured the complementary signal
Sso = Ey2(ci? 12 — ...). In this case the different
components of the Raman field interfere with each
other; the observed frequencies are again sums and
differences of the Raman frequencies.

In the usual heterodyne detection the analyzer is
oriented at an intermediate angle, typically */4,
and the Raman field beats against the laser field.
The signal is then S.4i5 = (1/2)|E) = E,[°.. The
difference between these two signals, Sis = S.45 —
S_45 = Ey? sin(2¢ 1), provides an even more useful
quantity; a possible experimental setup is shown
in Fig. 2(b). This signal can again be expanded as

E) = E, cos(ciot %),

S45 = 2E02[Ct°t [ - (2/3)Ctot3 B+ ..]. In the limit
of small Raman intensity this scheme corresponds
to a direct measurement of the Raman amplitude;
in the ideal case it is insensitive to fluctuations of
the laser frequency and amplitude, in close analogy
to balanced heterodyne detection.’® In terms of the
density operator elements of the Na ground state, the
first-order signal is

S = leg Relpra + pos + 2pas + 3pss + 3per + 2018).
@

The different sublevel coherences therefore con-
tribute linearly to the total signal. If they precess at
different frequencies, p.(#) = p,(0)exp(iw,t), their
contributions to the signal can be separated by
Fourier transformation. The next higher order is
proportional to the third power of the optical path
length and contains triple products of the density
operator elements. If these elements evolve at a
single frequency wy, the resulting signal contribution
contains frequency components at w, and 3w,; in
general the signal contains contributions that evolve
at frequencies (*w,, = wny £ wmy), i.e., algebraic
sums of three precession frequencies.

We compared these predictions with measurements
performed on the 8s%Sy; Na ground state. A
4-cm-long glass cell contained the atomic vapor,
together with 200 mbars of Ar buffer gas. The laser
frequency was set near the Na D, line (A = 589.6 nm)
with a detuning A = 15 GHz above the center of the
resonance line. A circularly polarized laser pulse,
derived from the same laser, excited the sublevel
coherences, and the Raman signal was observed after
the pump pulse was switched off.’* The probe laser
beam was linearly polarized and had an intensity of
~100 pW/mm?,

A first experiment was performed in a transverse
field of 15 uT, where the precession frequency of all
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Fig. 3. Experimental signals observed in the case of a
single Raman frequency. The left-hand column contains
time-domain data for the analyzer oriented parallel (top)
and perpendicular (center) to the polarization of the inci-
dent beam. The signal at the bottom was recorded with
the balanced heterodyne detection scheme of Fig. 2(b).
The Raman spectra in the right-hand column were ob-
tained by Fourier transformation of the time-domain data.
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Fig. 4. Experimental signal observed for the case of mul-
tiple sublevel frequencies: the upper trace shows the
complete Raman spectrum, and the lower traces contain

expansions of the regions close to the first and third
harmonics of the Larmor frequency.

six sublevel coherences is close to 100 kHz. Figure 3
compares the resulting signals for different orienta-
tions of the analyzer. The data were recorded at a
particle density where the optical path length ¢ {
is on the order of 1, which results in an almost
complete exchange of energy between the two orthog-
onal polarizations. The left-hand column contains
the Raman beat signal, and the right-hand column
shows the Fourier transforms of the time-domain
data. The signal in the top row was recorded with
the analyzer parallel to the polarization of the inci-
dent laser light. The Raman spectrum shows clearly
that only the even harmonics of the Larmor frequency
are present; the relative heights of the two contri-
butions depend on the optical path length, which
can be controlled experimentally through the particle
density. The signal in the center row was recorded
with the analyzer in the orthogonal orientation. It
contains the complement of the top row signal and
therefore consists of the same frequency components.
The signal in the bottom row was recorded with the
balanced heterodyne detection scheme of Fig. 2(b).
In this case the first and third harmonics of the
Larmor frequency dominate the signal.

Figure 4 shows data recorded in a transverse
magnetic field of 0.74 mT. At this field strength,
the quadratic Zeeman and the nuclear Zeeman effect
make all six precession frequencies distinguishable.
The top row shows the Raman spectrum, which
was obtained with the balanced heterodyne detection
scheme of Fig. 2(b). The spectra in the lower part
of the figure contain expansions of the regions close
to the first and third harmonics of the Larmor
frequency. Inthe region near 5.2 MHz the low-order
signal contains only the clearly identifiable signal
contributions from the six sublevel coherences, as
predicted by Eq. (4). The two lower spectra contain
the experimental and calculated spectra for higher
densities, where additional frequency components
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appear that correspond to algebraic sums of three or
more precession frequencies. If all three frequencies
appearing in these sums have the same sign, the
observed frequency is close to 15.6 MHz. If one
of the signs differs, the signal appears in the
region near 5.2 MHz. Even in third order there
are several hundred frequencies contributing to the
overall signal; therefore a full analysis of such a
high-order spectrum becomes an extremely time-
consuming task.

In conclusion, we have discussed the effect of finite
optical path lengths in coherent Raman-scattering
experiments. The coherent exchange of energy be-
tween the two waves can be observed as multiple
Raman scattering and, in the case of distinguishable
Raman transitions, as interferences between differ-
ent contributions to the total signal. Depending on
the detection geometry, it is possible to select the
even or odd harmonics of the Raman signal. We
used experimental examples from the Na ground
state to illustrate the theoretical results, which are
completely general and may be applied to other sys-
tems. Experimental conditions that cause multiple
Raman scattering, as in our example, may be useful
for generating frequency-shifted light, if only a sin-
gle Raman process contributes. If different Raman
frequencies contribute, however, the many frequency
components that contribute to higher-order signals
result in a spread of signal energy that can signifi-
cantly complicate the analysis of the observed data.
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