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Spectral Narrowing in Coherent Rayleigh-Brillouin Scattering
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Coherent Rayleigh-Brillouin scattering is a four-wave mixing technique that provides information on

various physical properties of the scattering medium in the spectral domain. Being based on density

gratings generated by dipole forces, the method requires two pump beams of sufficient spectral width to
span the full response bandwidth of the scattering medium. We provide experimental data on the scattered
spectrum as a function of the coherence between the two pump beams and derive the corresponding pump
beam spectrum. We argue that all experiments on coherent Rayleigh-Brillouin scattering to date, have, in

fact, been performed in the incoherent regime and show that orders of magnitude in scattering efficiency
are to be expected when the experiments are performed with bandwidth-limited picosecond laser pulses.
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In coherent Rayleigh-Brillouin scattering (CRBS), di-
pole forces induce density gratings in a gas in the inter-
section region of two nearly counterpropagating, pulsed
pump laser beams (see Fig. 1). The dynamics of this
process is probed via the spectrum of a narrow-band probe
laser beam that is Bragg-scattered off the induced density
gratings. This spectrum provides information on various
properties of the scattering medium, like heat conductivity,
bulk viscosity, and shear viscosity, if its temperature and
density are known, and vice versa. Since the length and
time scales of the induced gratings are short, corresponding
to sound at optical wavelengths, the properties of the gas
are probed in unusual kinetic regimes [1].

In order to record a faithful scattering spectrum, the
spectral width of the forcing should encompass the full
width of the response of the medium, which is on the order
of the Doppler linewidth. For this reason, all experiments to
date have been performed using essentially independent
pump beams derived from broad-band Nd:YAG lasers with
a nanosecond pulse duration [1-4]. In this Letter, we show
how the coherence properties of the interfering pump beams
affect the dipolar forcing. We present data on the scattered
spectrum as a function of the coherence between the two
pump beams and show why previous CRBS experiments
have necessarily operated in the incoherent regime. Finally,
we predict an efficiency gain of 2 orders of magnitude if
transform-limited picosecond pulses are used for forcing.

Under conditions of weak excitation, the scattered spec-
trum is a product of the forcing spectrum and the response of
the medium (the Rayleigh-Brillouin effect) [2,4,5]. Here, we
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only deal with the former, the forcing spectrum, which
depends on the coherence properties of the pump beams.
In CRBS, density perturbations are induced by dipole
forces, A « V(E|E3). The perturbation of the position-
velocity distribution function is described by the linearized
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FIG. 1. Schematic diagram of the experimental setup used for
CRBS (not to scale). The counterpropagating pump beams with
wave vectors k; and k, are indicated in gray; the probe laser
beam with wave vector k,, and the scattered light beam with k
are black. The scattered light is collected in a single-mode optical
fiber and transported to the Fizeau spectrometer. A thin film
polarizer is indicated by TFP, beam splitters by BS. The polar-
ization directions are indicated by | and ®. The arrangement of the
wave vectors corresponding to the phase-matching condition is
indicated. k = k, — Kk is the scattering wave vector. The glass
plates control the time delay between the two pump beams.
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Boltzmann equation, and the density perturbation, and thus
the refractive index perturbation An, depends linearly on
A. The scattered light intensity, I,(k, ) = |An(k, w)|?,
then involves a fourth-order moment of the electric fields.
The induced gratings are probed on a nanosecond time
scale, that is, the scattering signal is integrated over many
coherence times of the (broad-band) pump laser. We will
approximate this time average by an ensemble average,
(--+). The forcing spectrum of the density gratings can
then be written as (|A(w)|?) « (|E; (@) E;(w)|?). In the time
domain, we write the fields as E(f) = a(f)u(t), in which
a(r) is the (real, deterministic) field envelope and u(r)
contains the (complex, stochastic) time dependence.
Assuming that one field is the time-delayed version of
the other (delay time 7,, adjustable in the experiment by
inserting glass plates; see Fig. 1), we then have

(JA(@)) [ ddt' e~ a(Du(Dalt —7,)
Xu*(t—1)a()u*(a(t — 7 )ult —7,)). (1)

The integral contains the fourth-order correlation function of
the electric fields. The treatment thereof has been considered
earlier in the framework of time domain experiments on
laser-induced electrostrictive gratings [6,7]. Assuming the
pump field u(z) to be a Gaussian random variable, the
fourth-order correlation function factorizes [8],

(utyu*(t = Tu™()ult’ — 74))
= u(u*(t = 7)Xut' = 7)u*(t))
+ u@u () u*(t = Tult’ — 74))
=T(r )l (=7, + Tt — T — 1), 2)

in which we assumed stationarity, so that (u(r)u*(¢')) =
I'(t — #/). [A third term in Eq. (2) vanishes because it
involves an average over optical frequencies.] Assuming
Gaussian statistics, the second-order correlation functions
are given by I'(r) = exp(—1wqt) exp(—1%/72) [9], with w,
the carrier frequency and 7, the field correlation time of the
pump laser. Finally, for the pulse envelope, we also assume a
Gaussian shape, with pulse duration 7, that is, a’*(t) =
P2exp(—r2/73) with P> =1,/7,\/m, so that a*(1) is
normalized to the pulse energy of the pump laser, /,,. The
integrations in the forcing spectrum can then be worked out
analytically, yielding

14(@)) = B exp(~ 7) x [exp( - )

w = I;exp| — exp| ——

P 273 72
[ 1 5 o2

X exp —Ew T, | T yexp —Eyw o))

3)

in which y? = (1 + 273 /72)~!. The overall strength of the
spectral forcing is determined by the temporal overlap of the
two Gaussian pump pulses. Its spectral structure consists of

two components, a coherent and an incoherent one. The
frequency bandwidth of the coherent component, Avy,, is
determined by the pulse duration, and its amplitude vanishes
if the delay between the pulses considerably exceeds the
coherence time (7, > 7.). The incoherent component is
broader by a factor of y*‘ > 1, which involves the pulse
coherence times and which persists, irrespective of the delay
time between the two pulses.

In the case of zero time delay, this pump spectrum takes
on a particularly simple form. Since, in the case of a broad-
band Nd:YAG laser, the pump pulse duration far exceeds
its coherence time, 7, 3> 7, the incoherent component is
both much broader, with a frequency bandwidth Aw;,.
determined by 7., and much weaker, by a factor of
7./ \/ETP < 1, than the coherent component. Using repre-
sentative values for broad-band Nd:YAG lasers of 7, =
5ns and 7, = 25 ps, we find (widths expressed as full
width at half maximum, FWHM) Aw., = 75 MHz,
Av,. = 30 GHz, and 7./ \/57'1, = 0.0035. Evidently, in
the case of CRBS experiments using broad-band Nd:
YAG lasers for pumping [1,3,4], only the incoherent com-
ponent has sufficient bandwidth to drive the full Rayleigh-
Brillouin spectrum of the scattering medium, but, under
conditions of perfectly matched pump beam path lengths—
that is, zero time delay—this component becomes
swamped by the much stronger, but narrow-band coherent
contribution. The latter, however, can be suppressed by
introducing a delay time between the two pump pulses
that is long relative to the coherence time but short relative
to the pulse duration. Thus, we conclude that, in spite of its
name, all experiments to date on coherent RBS have, in
fact, been conducted in the incoherent regime.

Our experimental setup (Fig. 1 [1]) follows the two-
dimensional backward scattering configuration of Pan
et al. [4] and that of Grinstead and Barker [2]. Two
broad-band pump laser beams with nominal wave vectors
k, and k, are focused with 500 mm focal-length lenses and
cross at their foci under an angle of 178°. The counter-
propagating beams induce a periodic dipole force field
with wave vector k = k, — k; perpendicular to the
fringes. This force field gives rise to density gratings.
Because of the broad-band nature of the pump beams,
the frequency range of the induced gratings spans the
whole bandwidth of the pump beams.

The density waves are probed by the Bragg diffraction of
a narrow-band laser with wave vector k, off the induced
density gratings. Phase matching requires that the signal
beam k propagates in the opposite direction to the pump
beam Kk, and k, — k; = k = k; — k. The signal beam
maintains the probe beam’s characteristics, such as its
polarization, but it will be spectrally broadened due to
the interaction with the broad superposition of acoustical
waves with frequency w; — @, = 0 = 0| — w,.

We scatter off ambient air. The pump laser is a
Q-switched, frequency-doubled, broad-band, Nd: YAG laser
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(manufactured by Quantel). The narrow-band probe laser is
an injection-seeded, frequency-doubled, pulsed Nd:YAG
laser with a FWHM of 150 MHz and an 8 ns pulse duration
(specified by the manufacturer, SpectraPhysics). Typical
pulse energies are 8 mJ and 2 mJ for the pump and probe
beams, respectively. As the peak power densities remain
much smaller than 10> Wm™2, our experiment is in the
perturbative regime [10].

The probe beam is polarized perpendicularly with re-
spect to the polarization of the pump beams, and the signal
beam is separated from the pump beam path using a thin
film polarizer. This arrangement avoids interferences be-
tween pump and probe beams.

A customized fiber-coupled Fizeau spectrometer
(Angstrom Co Ltd, HighFinesse GmbH) is used to measure
the scattered frequency distribution. The Fizeau spec-
trometer is based on the same fundamental principles of
multiple beam interference as a Fabry-Perot etalon [11].
The spectral resolution of our experiments was measured
with the probe laser, and the resulting response o
exp(—f?/0?) has a Gaussian width o, = 140 MHz
(FWHM = 233 MHz), which is a combination of the
probe laser linewidth and the resolving power of the
Fizeau spectrometer.

In order to induce an adjustable time delay 7, between the
two excitation pulses, a series of plan-parallel glass blocks
can be inserted into the path of one of the pump laser beams
(k5 in Fig. 1). The total thickness of the blocks was varied in
small steps such as to span a delay of 130 ps. The signal
intensity is corrected for attenuation of the pump beam by
the glass delay line (mainly reflection losses). Reported
spectra are averages over 1000 laser shots.

The result of the experiment is shown in Fig. 2.
Figure 2(a) displays the recorded spectra as a function of
delay time between the arrival of the two laser pulses in
their common focus; for clarity, these spectra have been
normalized (constant area). These spectra correspond to
the product of the forcing spectrum and the Rayleigh-
Brillouin response of the scattering medium [4]. Under
the conditions of the present experiment, air under ambient
conditions, the Rayleigh-Brillouin response is close to
Gaussian, as seen in the frontmost spectrum of Fig. 2(a).
For large delay times |7,|, the induced gratings span a
broad spectrum and the true spectrum is registered.
Around 7, = 0, however, the forcing spectrum is domi-
nated by the sharp coherent peak, and so is the registered
spectrum. In order to extract the coherent contribution to
the pump spectrum, we subtract an average of the spectra
recorded at large delay times from all spectra in Fig. 2(a).
The result, I(f), is then fitted to a Gaussian curve, I(f) =
a + bexp(—f?/0?), as illustrated for one of the spectra
close to 7, = 0in Fig. 2(b) (dashed line). We find that o =
180 MHz (FWHM = 300 MHz), essentially independent
of 7,. Finally, the height of the central peak (that is, the
coherent and incoherent contributions), /,,, is plotted as a
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FIG. 2. (a) Coherent Rayleigh-Brillouin spectra /(f) measured

as a function of time delay 7,. For clarity, the spectra have been
intensity normalized, [I(f)df = 1; this highlights the spectra at
large |74]. (b) The solid line indicates the spectrum at 7, = 0;
the dashed line is the Gaussian fit, I(f) = b + aexp(—f?/d?),
with o = 182 MHz. (c) The dots are peak heights /,, = a + b,
with a and b from fits such as shown in (b), as a function
of delay time 7,. The solid line is the Gaussian fit I,,(7;) =
a, + Bnexp(—73/7%), with 7. = 12 ps and B,,/a,, = 73.

function of delay time 7, and again fitted to a Gaussian
function, 1,, = @, + B, exp(—73/72). The result is
shown in Fig. 2(c); we find 7, = 12 ps and B,,/«,, =
v~ =73. We take the location of the maximum of this
fit to be the factual 7, = 0; the time axis of Fig. 2(a) has
been adjusted accordingly.

We can compare these results to the Gaussian prediction
of the grating spectrum, Eq. (3). First, we realize that, in
our experiment, 7, > (74, 7,.), so that we can approximate

y = Tc/\/sz. Two limiting cases of Eq. (3) then become
Tc —w?r2/4
—=—e TN (4)
V27
TC

V2r,

P

(A(@lry = 0)|2) =« e~@'7/2 +
14

(A(rglw = 0)|?) = e~/ +

(&)

The spectrum at zero delay is dominated by the first
(coherent) term in Eq. (4), a narrow spike with frequency
bandwidth Ay = 7!, and contains only a small incoherent
broad-band  contribution  (7./+/27,) exp(— w>72/4).
Figure 2(b) shows this spectrum, multiplied by the rela-

tively broad Rayleigh-Brillouin response. Our result of
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300 MHz for the central peak must be considered an upper
limit of the actual width, because it is comparable to the
estimated bandwidth of the probe laser. It corresponds to a
(lower limit of the) pulse duration 7, = 1.2 ns.

At the central frequency, w = 0, the intensity of the
grating spectrum should be described by Eq. (5). Our
experimental result is shown in Fig. 2(c), from which we
compute (from a Gaussian fit) 7. = 12 ps, corresponding
to a bandwidth of 31 GHz (FWHM) of the pump laser. This
fit also provides an estimate for the ratio of the Gaussian
peak height over the background, gB,,/a,, = 73.
According to Eq. (5), this should correspond to the ratio
771 = \/57'1, /7. = 140, in which the numerical value is
calculated from the experimentally determined lifetimes.

There is a factor of 2 difference between the estimates of
v~ !, which seems reasonable, given the assumptions made.
In deriving Eq. (3), we have assumed a Gaussian correlation
function of the optical field and a Gaussian pulse envelope.
Also, the width of the coherent spike in the spectra of
Fig. 2(a) is determined to a significant extent by the fre-
quency resolution of our experiment (probe laser and Fizeau
spectrometer), but this will affect both our estimate of 7,
(width) and that of S, (area) in about the same way. We
conclude that our description of the forcing spectrum Eq. (3)
is adequate and allows us to predict how the coherent
component of the forcing spectrum can be exploited.

Figure 3 shows the forcing spectrum for zero time delay,
74 =0, as a function of pump laser pulse duration, as
predicted by Eq. (3). The figure plots (|A(w)|*)/I% in a
linear gray scale against the (real) frequency and the loga-
rithm of the pump pulse length in units of the pump pulse
coherence time, fixed at the value found above, 7. =
12 ps. As discussed earlier, in the case of long pulse
duration (7, — 1007,), the spectrum is dominated by the
narrow coherent component. If the pulse duration de-
creases, this coherent component broadens, and simulta-
neously the incoherent component becomes stronger.
These two effects combine to result in a significant spectral
broadening.

For the special case of Fourier-limited pulses, we must
have temporal overlap within the coherence time, 7, < 7.
Setting 7, = 0 and 7. = 7, the forcing spectrum Eq. (3)
now is the sum of two broad-band contributions

14(@)P) = B[ exo( -3 0272) + e exo g oi72) |
©

As compared to the equally broad, but incoherent forcing
using nanosecond pump pulses [second term in Eq. (5)],
the use of Fourier-limited picosecond pulses provides
more than a factor of 200 increase in signal strength [factor
(1+ 3_1/2)\/57',,/76 at w = 0].

Thus, we predict that coherent Rayleigh-Brillouin scat-
tering performed with bandwidth-limited picosecond
pump laser pulses will benefit from about 2 orders of
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FIG. 3. Normalized amplitude of the forcing spectrum for zero
delay as a function of pump laser pulse duration. The amplitude
is plotted in a linear gray scale; pump pulse duration in units of
the coherence time, 7. = 12 ps, is logarithmic.

magnitude gain in signal strength, as compared to the
case of regular nanosecond pulses of the same energy.
This should allow spectra to be recorded on the basis of
single laser pulses. If we estimate the size of the induced
perturbation of the molecular velocity distribution as the
momentum gain in half a period of the sound wave or
within the pump pulse length, whichever is shorter, these
short pulses should still be considered as perturbative.
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