
Optics Communications 239 (2004) 205–211

www.elsevier.com/locate/optcom
Coherent Rayleigh scattering in the high intensity regime
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Abstract

Coherent Rayleigh scattering (CRS) is studied in the high intensity regime, where the optical lattice potential ap-

proaches the thermal energy of the gas particles. We describe this optical-kinetic process using a 1-D Boltzmann equa-

tion with an arbitrary strong optical force and show that in this regime a line shape narrowing phenomenon is predicted

and that the signal intensity saturates when complete trapping of particles is reached. We discuss the impact of these

processes on the application of coherent Rayleigh scattering as gas phase diagnostic tool.
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Coherent Rayleigh scattering (CRS) [1] and co-

herent Rayleigh–Brillouin scattering (CRBS) [2]

are recently developed non-resonant, non-linear,

gas phase diagnostic tools which have been used

to provide useful gas kinetic information over a

wide range of temperatures and densities. In
CRBS, two pump laser beams are used to form a

periodic potential, often called an optical lattice.

Optical lattices have been widely used to trap,
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transport, and even cool ultra cold gases [3,4]).

In CRS and CRBS an optical lattice is used to gen-

erate a gas density perturbation in �hot� gases via

the electrostrictive force. The signal is formed by

scattering a probe beam from the induced density

wave and the resultant line shape of the scattered
light is given by the power spectrum of the gas

density perturbation waves, which in turn are de-

termined by optical excitation and the concomi-

tant collisional relaxation. Both of these

techniques are attractive because they are charac-

terized by a straightforward line shape analysis

which can be used to extract gas temperature, den-

sity and viscosity. Coherent Rayleigh scattering is
ed.
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a limiting case of CRBS, and describes an ideal

collisionless system which is valid when the mean

free path lc�kl, where

lc ¼
1ffiffiffi

2
p

pd2N
¼ kbTffiffiffi

2
p

pd2p
;

d is the diameter of the molecule, N is the density

of the molecules and p is the pressure, kl is the pe-
riod of the optical lattice used to create the pertur-

bation. To date, the development of CRBS and

CRS has focused on the so called low intensity re-

gime, where the applied optical potential is much

smaller than the mean kinetic energy of the gas.

In this regime the electrostrictive force induced
by the interaction between the optical potential

and the polarizability of the particle induces a

weak periodic density perturbation in the velocity

distribution function. At low densities, when the

collisionless approach is valid, representative of

pressures p � kbT=kl
ffiffiffi
2

p
pd2, it is often desirable

to increase the density modulation by increasing

the amplitude of the periodic potential. However,
when much larger optical potentials are applied,

the velocity distribution is significantly modified

by the optical potential and the simplified pertur-

bative analysis which has been used to date cannot

be applied.

Coherent Rayleigh scattering, and its applica-

tion as a diagnostic tool, has been previously stud-

ied [1,5]. In these works the optical lattice well
depths were negligibly small in comparison with

the thermal energy of the gas, and the line shape

of the CRS signal did not depend on the laser in-

tensity. In this paper, we describe coherent Ray-

leigh scattering in a different regime, where the

velocity distribution function of the gas is more

strongly perturbed using deeper optical potentials

produced by higher intensity pump fields. This re-
gime is characterized by optical potentials that are

greater than �0.1kbT . In this regime we describe a

new saturation and line shape narrowing phenom-

ena, and study this as a function of pump intensity.

Finally, we describe how this behaviour impacts on

the application of CRS as a gas phase diagnostic.

In previous studies, perturbative methods have

been used to predict the power spectrum of the
gas density waves induced by periodic optical po-

tentials, often called lattices. This type of analysis
can be used when the pump intensity is weak, as

the gas particles� energy distribution function is

only slightly perturbed by the optical potential.

In this regime, a linearized forcing term within

the 1-D Boltzmann equation can be employed to
model the evolution of velocity distribution func-

tion in space and time. It has been successfully

used to model measured line shapes in CRS and

CRBS experiments in atomic and molecular gases

[1,2]. The criterion for linearizing the force term

can be examined by considering an optical lattice

generated by two single mode laser beams of equal

intensity with electric field amplitude, E0. The an-
gular frequency difference between each beam is x.
The periodic potential energy well associated with

this optical lattice has a maximum depth of

U 0 ¼
1

2
aE2

0; ð1Þ

where a is the polarizability of the gas particle of

interest.
When the potential well depth is much less than

the characteristic temperature (U0�kbT), the per-

turbation induced by the lattice is negligible as

shown previously [1,2]. For the case, where

U0�0.1kbT, many atomic and molecular species

can be trapped by the lattice potential and the ve-

locity distribution function is no longer a 1-D

Maxwell–Boltzmann distribution along the lattice
direction. In this regime the linearization of the

force term is no longer appropriate. For a gas at

room temperature, kbT�4.1·10�21 J, and for ar-

gon with static polariziblity of a=1.805·10�40

Cm2/V an intensity of 6·1016 W/m2 is required

to produce a comparable optical potential.

Gas particles that move at, or near, the phase

velocity of the optical lattice are trapped by the po-
tential and form the periodic perturbation from

which the probe beam scatters. If the frequency

difference of the two pump beams is varied, the

amplitude of the gas density perturbation changes

and this variation is observed in the measured line

shape in a CRS experiment. In such an experi-

ment, a single mode probe beam of fixed frequency

is scattered from the periodic density modulation
created by two single frequency pump beams,

one of which is fixed in frequency while the other

is scanned. The theoretical model presented in [1]
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assumed that the coherent Rayleigh scattered line

shape is given by the intensity of the scattered light

as a function of the frequency difference between

two single mode pump beams.

Following [1], we use a one dimensional kinetic
equation to study the gas density perturbation gen-

erated by the optical lattice.

of
ot

þ v
of
oz

þ a
of
ov

¼ df
dt

� �
collision

; ð2Þ

where f= f(z,v,t) is the energy distribution function

as a function of space z, velocity v, and time t, and

a(z,t)=F(z,t)/M is the acceleration of a gas particle

of mass M due to the optical dipole force F(z,t).

We separate the distribution function into two
parts so that

f ðz; v; tÞ ¼ f 0ðvÞ þ f 1ðz; v; tÞ; ð3Þ
where the equilibrium distribution function is given

by

f 0ðvÞ ¼
1ffiffiffi
p

p
v0

exp � v2

v20

� �
; ð4Þ

and f1(z, v, t) is the deviation from the equilibrium

distribution caused by the optical dipole force

field. Here v0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kbT=M

p
, and T is the gas tem-

perature and M the mass of the particles.

Ideally, there are no collisions between the gas

particles in coherent Rayleigh scattering, there-

fore, the collision term can be neglected and

½dfdt �collision ¼ 0. A numerical solution for f(z, v, t)

is sought for dilute gases using a simple collision

model ½dfdt �collision ¼ �mcðf � f 0Þ ¼ �mcf 1, where mc
is the collision frequency. As discussed in [6], this
collision model only conserves mass, and is not ap-

propriate for modeling highly collisional gases.

When collisions are rare, however, this approxima-

tion is acceptable even if the distribution function

deviation, f1, is significant.

We rewrite Eq. (2) for f1 as

of 1

ot
þ v

of 1

oz
þ a

o

ov
ðf 0 þ f 1Þ ¼ �mcf 1: ð5Þ

The distribution function deviation f1(z, v, t) may

be solved numerically from Eq. (5). This is a typi-

cal hyperbolic equation, and we solve it by a finite

difference method of second order accuracy. Two
algorithms, the Lax–Wendroff [7] and the Mac-
Cormack methods [8] were used and yield identical

results.

The acceleration induced by the optical lattice is

given by

aðz; tÞ ¼ 1

2

ak
M

E2
0 cosðkz� xtÞ½1� expð�t=sF Þ�;

where the exponential factor indicates the rise time

sF of the lattice fields. In the following calcula-

tions, we set sF=1 ns with initial condition f1(z,

v, t=0)=0. The boundary conditions are given

by f1(z, v=�1, t)=0, f1(z, v=+1, t)=0, and

f1(z0+kl, v, t)= f1(z0, v, t), where kl is the wave-
length of the optical lattice. We consider pump

beams of two counter propagating optical fields

that could be, for example, produced by the fre-

quency doubled output from two frequency dou-

bled Nd:YAG lasers creating kl=532/2=266 nm.

We consider 532 nm light because the second har-

monic of the laser is usually available, and addi-

tionally in an experiment the visible 532 nm
radiation simplifies alignment. Any wavelength

can in principle be used for CRS, but the scattering

cross-section decreases with increasing wavelength

to the fourth power. To solve Eq. (5), both the

space and velocity grids need to satisfy the Cou-

rant condition and in addition, the velocity grid

needs to be small enough so that the potential well

over one period is sufficiently resolved.
The square of the gas density perturbation, as

measured by a coherent Rayleigh scattering exper-

iment is

hdn2xi ¼
n20
kl

Z kl

0

Z þ1

�1
f 1ðv; z; tÞdv

� �2

dz;

but alternative definitions may be given by averag-

ing over time for one oscillation period and identi-

cal results would be obtained. The numerical

calculation shown in Fig. 1 is time accurate and
shows the evolution of the perturbation. This cal-

culation was performed for argon at pressure p=5

kPa, a temperature of T=273 K, and the pump

beams crossed at an angle 178�.
Fig. 1 shows the development of the density

perturbation with time when the pump beam am-

plitude is (E0=5.0·107 V/m, U0=16 mK). The fre-

quency difference between the two pump beams of

0.5 GHz corresponds to a optical lattice phase
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Fig. 1. Density perturbation generated by a pulsed optical

lattice with frequency difference between the two pump beams

of 0.5 GHz. The electric field amplitude of the each beam is

5.0·107 V/m.
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velocity of 133 m/s. In the figure the density per-

turbation rises to a steady state value of

hdn2i=n20 ¼ 1:4� 10�9 after 5 ns. The solution

yields the same results as the linear model [1].

Next, we consider the case for pump beams

with an electric field E0=5.0·108 V/m (intensity

of 3.3·1014 W/m2) corresponding to an optical
potential of 1.6 K. This intensity is lower than

the breakdown threshold for the argon gas at

the given conditions [9]. The density perturbation

is much stronger as shown in Fig. 2 for Dx/
2p=0.5 GHz with a density perturbation of

hðdnÞ2i=n20 ¼ 1:19� 10�5. In the low intensity re-

gime the signal scales as Æ(dn)2æ therefore the

CRS signal for this intensity would be four orders
0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

1.2

1.4x 10–5

Time (ns)

<
δn

2
>

/n
2 0

Fig. 2. Density perturbation generated by an optical lattice

with frequency difference between the two pump beams of 0.5

GHz. The electric field amplitude of the each beam is 5.0·108

V/m.
of magnitude larger than for the E0=5.0·107

V/m case.

The calculated line shape of the coherent Ray-

leigh scattered light, as a function of the frequency

difference between the fields, is shown in Fig. 3. To
calculate these values, the steady state value of the

density perturbation was used. The low intensity

pumps yields the same line shape predicted by

the linearized model as expected. This can be seen

from Fig. 4 by comparing the coherent Rayleigh

scattering profiles for E0=4.8·108 V/m and

E0=5.0·108 V/m curves calculated using the nu-

merical scheme that includes the non-linear term
as discussed above. As E0 increases by 4%, the

density perturbation increases more significantly

at line center.

One may suppress the non-linear term in the

calculation to obtain a linearized numerical solu-

tion of the density perturbation which can be seen

in Fig. 4 for the same high intensity field

E0=5.0·108 V/m, the linearized perturbation
would be stronger than the non-linear case but

there is no narrowing.

At a given gas temperature, the spontaneous

Rayleigh scattering spectral profile reflects the

Doppler shift imparted to the scattered light by

the 1-D Maxwell–Boltzmann velocity distribution

function of a gas in thermal equilibrium. For
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Fig. 3. The coherent Rayleigh scattering line shape for different

pump beam intensity. The circles are numerical results of the

non-linear model. The curves are normalized to unity at zero

frequency difference. Also indicated is the spontaneous Ray-

leigh scattering line shape.
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Fig. 4. Numerical results of coherent Rayleigh scattering line

shapes for different pump beam intensities. The narrowing of

CRS profile at higher intensities is shown as well as the wider

line shape obtained from the linearized model.
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CRS, in the linearized regime, one would intuitively

expect that the scattered line shape to be narrower
than the spontaneous case because it is a non-

linear scattering process which scales as the square

of the density perturbation. However, the CRS

line shape is broader in this regime because un-

trapped species that are not travelling at the lattice

velocity, but whose velocity is still modified by it,

contribute strongly to the total perturbation and

therefore to the spectral profile of the CRS signal.
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Fig. 5. Graphs of the induced perturbation for a lattice velocity of 381

and (b) 1.59 K (E=5.8·108 V/m) corresponding to the two CRS profi

each graph is a smaller fraction of the perturbed velocity distribution

field and indicates why the line shape in Fig. 3 is wider for the highe
Hence, the wings of the CRS line shape are wider

because there is a significant contribution from the

untrapped species at the center of the initial distri-

bution function that those that are trapped by the

lattice velocity in the wings of the original distribu-
tion [1].

As we have shown for intense pumping

(E0=5.0·108 V/m), the CRS line shape becomes

significantly narrower than both the low intensity

coherent case and also to the spontaneous Rayleigh

scattering. Narrowing in this regime occurs be-

cause at these intensities more of total perturbation

is due to species trapped by the lattice than due to
the untrapped fraction whose velocity is modified

but not trapped by the lattice potential. A compar-

ison between the perturbation to the original Boltz-

mann distribution function in the two regimes in

Fig. 3 illustrates this process. Each graph shows

the perturbation for a lattice velocity of 381 m/s

produced by a potential of 0.0159 K

(E0=5.0·107 V/m; Fig. 5(a)) and 1.59 K
(E0=5.0·108 V/m; Fig. 5(b)), respectively. The ve-

locity spread of 2Dv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8U 0=M

p
of particles

trapped by the potential is also shown by the dotted

square indicating the relative fraction of the pertur-

bation due to the trapped and untrapped compo-

nents. The smaller trapped fraction and the

correspondingly wider velocity spread of the low

intensity case, when compared to the high intensity
perturbations, indicates why the CRS signal which
(b)
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les in Fig. 3. The trapped fraction enclosed by the dotted lines in

function. However, the trapped fraction is larger for the smaller

r field case.
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scales as the square of the density perturbation

given by dq ¼ 1
N

R1
�1 dfdv, is wider for the low in-

tensity case. In contrast, for the higher intensity

case most of the perturbed distribution is due to

trapped species because a larger fraction of the per-
turbation is localized around velocity spread 2Dv
determined by the well depth.

Of importance for the application of CRS for

gas phase diagnostics is how the signal intensity

scales with pump intensity. Since the line shape

changes in the high intensity regime it is natural

to expect that the CRS would change from an I2

dependence as a function of pump intensity ex-
pected in the low intensity regime. To study this

we have plotted signal intensity, which is propor-

tional hðdnÞ2i=n20; as a function of pump beam in-

tensity up to 1·1017 W/m2. We have not

considered intensities fields higher than this be-

cause either tunneling or multiphoton ionization

will become important above these intensities

[10]. The graph of CRS signal intensity as a func-
tion of pump intensity is shown in Fig. 6 on a log-

arithmic plot. Also plotted is the expected I2 pump

intensity dependence at low intensities. At intensi-

ties below 1013 W/m2, the CRS signal has an I2

dependence with pump intensity. Above this inten-
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Fig. 6. Dependence on coherent Rayleigh scattering with pump

intensity. At low intensities the CRS signal scales as the square

of the pump beam intensity while in high intensity regime it is

less and begins to saturate due to the finite reservoir of particles

available to take part in the scattering process.
sity the CRS intensity dependence flattens as the

more of the species are trapped within the lattice.

If higher intensities could be used to produce well

depths comparable to the gas temperature (i.e.,

297 K), and that no ionization or dissociation oc-
curred, the dependence with pump power should

limit to I0 dependence since essentially all species

would be trapped. This saturating behaviour will

be more obvious at lower gas temperatures as

the momentum spread of the gas is narrowed.

Therefore, for diagnostic applications at lower

temperatures, we cannot assume a I2 dependence

even below the 1013 W/m2 value obtained for the
273 K case shown in Fig. 6. From the results pre-

sented, we can expect narrowing of the CRS signal

when the optical potential depth becomes of order

of 1% of the gas molecules thermal energy and,

therefore, at gas temperature �5 K we can expect

observable narrowing at I=1013 W/m2.

In this paper, we have studied the effect of opti-

cal lattice well depth on coherent Rayleigh scatter-
ing signals when the potential well depth

approaches the gas temperature. We have found

that the power spectrum of the density perturba-

tion, and therefore the line shape of the CRS sig-

nal, changes significantly with the pump beam

intensity in this high intensity regime. For an ar-

gon gas at 273 K an I2 dependence with pump in-

tensity is expected up to 109 W/cm2 but increases
at a lower rate at higher intensities. The process

is attributed to the finite extent to which modula-

tion of the gas density by the lattice beams can oc-

cur due to the finite reservoir of gas particles. The

line narrowing feature observed in the CRS spec-

tra is not predicted by the linearized model, and

additionally, is even narrower than the spontane-

ous Rayleigh scattering line shape. We note that
this is a new line narrowing phenomena that only

occurs in CRS. We note that it is not a type of

Dicke narrowing [11,12], although we would ex-

pect Dicke narrowing of spontaneously scattered

light from particles trapped in the lattice at these

pump powers. The scattered light that forms the

CRS line shape results from scanning the lattice

velocity across the velocity distribution profile.
Therefore, at any one lattice velocity, the signal

is due to the integrated scattered light from all of

the trapped particles and therefore we do not see
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Dicke narrowing. Importantly, we emphasise that

when using coherent Rayleigh scattering line shape

as a laser diagnostic technique for temperature,

one needs to consider the effect of line narrowing

at high intensities, and that the simple near Gauss-
ian analysis for the line shape cannot be used in

this regime. In addition, the integrated signal,

which at low intensities is proportional to the

square of the density, cannot be used to determine

density at high intensities I.
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