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ABSTRACT

COHERENT BACKSCATTERING OF LIGHT FROM AN
ULTRA COLD GAS OF ¥RB ATOMS

Pasad B. Kulatunga
Old Dominion University, 2003
Director: Dr. Mark D. Havey

This thesis reports on the experimental study of coherent radiative transport in
an ultracold gas of 8°Rb atoms confined in a magneto-optic trap. Measurements
are made of the polarization dependence of the spatial and spectral profile of light
backscattered from the sample. The results shows an interferometric enhancement
sensitive to coherent multiple scattering in the atomic gas, and strong variations
with the polarization of the incident and detected light. Effects due to coherent
enhancement of weak non-resonant transitions are also observed. Comparison of the
measurements with realistic quantum Monte Carlo simulations of Kupriyanov, et al

[1] yield very good agreement.
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CHAPTER 1

INTRODUCTION

1.1 HISTORY

This thesis deals with the transport of radiation in a strongly scattering resonant
medium. It is specifically concerned with those effects that are intrinsic to coherent
transport of waves in such media, as opposed to the intensity transport customarily
dealt with in classical study of radiation trapping . Radiation trapping in dilute
vapors has been studied extensively, but most studies of radiation trapping do not
take into consideration effects due to coherent multiple scattering of this radiation.
Wave propagation in non-resonant, dielectric objects through multiple elastic scat-
tering shows strong effects due to coherence in the multiply scattered wave fronts.
Such effects are often not considered in the classical treatment of wave propagation
in dilute gases. In the classical approach to scattering from a dense distribution
of elastic scatterers, it is generally assumed that the phases of the scattered wave
fronts are uncorrelated. This assumption leads to an intensity transport equation of
the Boltzman type in length scales larger than an elastic mean free path. In length
scales much larger than the elastic mean free path [, and in correspondingly large
time scales 7 = [/c, this equation reduces to a diffusion equation with a diffusion
constant D = Ic/3 [2]. However it was soon discovered that the diffusive nature of the
wave intensity transport after multiple scattering is grossly insufficient to completely
describe certain observed characteristics of scattering in random media. This was
realized by the condensed matter community in working with electron scattering in
impure metals and in optics with respect to electromagnetic wave propagation in a
turbulent atmosphere [3, 4]. Recent independent observations of coherent backscat-
tering (CBS) of light from dielectric microspheres, Ti0,, GaAs powder, and specially
designed photonic crystals, for example has clearly demonstrated that interference

plays a vital role in radiation transport in matter and needs to be accounted for to
properly explain these observations [5, 6, 7].

This dissertation follows the style of The Physical Review
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1.2 SPECKLE AND COHERENT BACKSCATTERING (CBS)

With the advent of the laser, manifestations of coherent optical effects were easily
observed. When a strongly scattering medium is illuminated by a coherent laser and
the total transmitted or the reflected light intensity is measured, the measured value
and its dependence on sample properties should be well described by solutions to the
diffusion equation with appropriate boundary conditions. What is observed instead
is a seemingly random distribution of intensity with interlaced dark and bright spots,
and not the smooth variation predicted by the diffusion approach to intensity trans-
port of the incident radiation. These intensity variations are called speckle and arise
from interference between phase correlated wave fronts in the absence of inelastic
scattering. It should be noted that the diffusive character and the interference effect
are not mutually exclusive in the absence of inelastic scattering. The effect of the
speckle pattern at a point of observation is reflected in configuration averaging as
an increase in the intensity fluctuation as compared to classical diffusion [8, 9]. A
related phenomenon is the enhanced backscattering of light from random scatterers,
an effect that arises from constructive interference of backscattered light with corre-
sponding time reversed paths through the scattering medium. The intensity in the
exact backscattering direction can be as much as a factor of two greater than the
incoherent background predicted by the intensity diffusion equation. This coherent
backscattering (CBS) effect is also known and referred to as the weak localization ef-
fect of light [10]. Although no real localization of radiation is taking place, enhanced
backscattered intensity is indicative of coherent transport of radiation in the scatter-
ing medium. A similar effect in electrons had been widely studied in the condensed

matter community well before the discovery of coherent backscattering of light.

1.3 LOCALIZATION OF LIGHT

Electrical conductivity in a crystalline solid is a manifestation of interference between
various scattering trajectories of electrons in the solid. It is the wave nature of the
electrons that gives rise to allowed energy bands and forbidden gaps in its motion in
a crystalline solid. It was discovered by Phillip W. Anderson in 1958 that by intro-
ducing a certain critical degree of disorder in the crystal and for some energies, the
electronic wave functions could be localized. This important phenomena is referred

to as Anderson Localization [11]. It is firmly established that interference of the
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electronic waves is critical to this process. A related effect due to wave interference
is Universal Conductance Fluctuations (UCF), a precursor to Anderson Localization
in disordered conductors cooled to low temperatures [12]. The fluctuations of the
conductance are independent of sample, parameters such as the mean free path of the
electrons, size of the sample and the conductance itself and hence the term Universal
Conductance Fluctuations. This precursor effect to strong localization is called weak
localization of electrons. This too is an interference effect in multiple scattering but
not as pronounced as Anderson Localization. The direct optical analog of this effect
is coherent backscattering, or enhanced backscattering of photons from disordered
random scatterers. The discovery of coherent backscattering by Ad Lagendijk [6] and
independently by George Maret [7, 10] in 1985 clearly indicated the close analogy
between electron interference and photon interference in random medium. These dis-
coveries, and theoretical work on strong localization of light in random media have led
many researchers to search for Anderson Localization of photons [11, 13, 14]. There
have been recent reports of photon localization in random media [16, 15]. Though
Anderson Localization of photons in atomic gas has remained elusive to date, these
studies have led to significant discoveries in light propagation in disordered materials
and interference. It must be noted that the analogy between electron localization
and photon localization spoken here is strictly with respect to the diffusion point of
view, or wave transport in scattering medium. One should keep in mind that there
are fundamental differences between electrons in impure conductors and photons in

dielectrics.

1.4 ULTRACOLD ATOMS

Most of the investigations in localization of light have been restricted to photons in
macroscopic samples such as suspensions of colloids, semiconductor powders, polymer
spheres (dielectric spheres) confined in a slab or cylindrical geometry. However the
developments in recent years of laser cooling and trapping techniques applied to
atomic gases have made accessible an entirely new system for the study of CBS- a
high density mono-disperse sample of resonant point-dipole scatterers with large and
widely alterable scattering cross section [17, 18, 19, 20, 21]. It has been recently
suggested that such collection of scatterers may indeed hold the promise of achieving
strong localization [22]. Coherent backscattering from an ultra cold sample of ®*Rb in
a magneto-optical trap (MOT) was first observed in 1999 by G. Labeyrie et al [23, 24],
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and subsequently by our group in 2001 under different experimental conditions [25].
Subsequent studies have explored the finer details of coherent backscattering from
ultracold atoms including the effects of an external static magnetic field, and the effect
on the spatial profile of the CBS signal due to the trap geometry [1, 26]. In this thesis
prior results are confirmed and new results obtained by exploring the effects of the
laser field, such as detuning, laser polarization, and the internal quantum mechanical

structure of the scatterers on coherent backscattering.

1.5 OUTLINE OF THIS THESIS

In Chapter 2 an introduction to the diffusion model of wave transport in a scattering
medium is given. Distinction between the classical treatment of radiation trapping
and coherent radiation transport will be discussed. The shape of the backscattered
intensity profile and the maximum possible enhancement will be derived with ap-
propriate boundary conditions in the diffusion model. Characteristics of the spatial
profile of the backscattered intensity and its dependence on scattering order, and the
scattering length will be considered. The conceptual ideas associated with polariza-
tion effects, and backscattered intensity dependence on quantum reciprocity loss will
also be discussed. The basic ideas pertaining to light scattering from atoms with
internal quantum structure, as opposed to scattering from point-like dipole scatters,
will be analyzed. In Chapter 3 various aspects of the experiment such as the pre-
cision polarimeter, the optical detection system, the magneto-optical trap, and the
experimental procedure are described in detail. The results and the analysis of the
data will be presented in Chapter 4. Final discussion and conclusions are given in
Chapter 5.
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CHAPTER 2

THEORY

The propagation of light in a strongly scattering, non-absorbing media is a difficult
problem to treat even in the simplest scalar form. In the limit that the scattering is
weak, the propagation of photons can be viewed as a random walk in the medium
with a mean free path [* [8]. The mean free path, {* depends on the density of the
scatterers and the scattering cross section and typically is many times the wavelength.
The transport velocity is dependent on the index of refraction and is typically close
or equal to the speed of propagation of light in the medium when the scattering is
non resonant [27]. This leads to an intensity transport equation of the Boltzman
type which reduces to a diffusion equation with the diffusion constant D at length
scales larger than [*, the length scale over which the direction of incident light is
well randomized through scattering. The diffusion constant D is given by D =
I*v/3 where v is the transport velocity. The intensity scattered from a bounded,
weakly scattering medium can be well described by the intensity diffusion model
but it fails to account for either the intensity fluctuations due to speckle, or the
observed enhancement of intensity in the backscattering direction [2]. Enhanced
backscattering is due to interference of phase correlated multiply scattered partial
waves that the diffusion model above discounts.

Consider a wave characterized by the wave vector k incident on a disordered
scattering medium. It will be scattered by the constituent scatterers into many
different partial waves. All these partial waves are able to interfere with each other
if the scattering is completely elastic. In the limit in which kI* >> 1, the average
distance between scatterers is much larger than the wavelength and the waves are
able to propagate freely. The mean free path [* is determined by the number density
n and the scattering cross section o of the scatterers as I* = 1/no. The multiply
scattered wave amplitude at a space-time point (7, t) can be constructed by a coherent
superposition E = }_, A, of the partial wave amplitudes A,, where p represents a
path connecting the scattering center [28]. Therefore, a particular configuration
of the scatterers will determine the intensity at a point of observation outside the
sample boundary, either in transmission or reflection. In fact it is the interference
between these scattered partial wave fronts that gives rise to the speckle patterns

observed in laser transmission through, and reflection from, disordered media. It
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is valid to assume that such an interference pattern will average to some smooth
background if an average over different configurations of the scatterers is carried
out. Experimentally the speckle can be easily averaged out to such a configuration
mean. However in a small angular region centered in the backscattering direction a
distinct intensity peak above the background survives. This is due to interference
between correlated fields as a a result of multiple scattering. By contrast the well
studied Bragg scattering arises due to the spatial correlation of the scatterers itself
as opposed to correlations of the field due to multiple scattering.

In the following section a simplified model explaining the coherent backscattering

is given. More rigorous scalar wave models can be found in [2],[29], [30], and [31].

2.1 INTERFERENCE IN BACKSCATTERING DIRECTION

The enhancement observed in the backscattering direction is due to constructive
interference between rays that have propagated in exact, but momentum-reversed or
time-reversed paths. Paths A and B shown in Figure 1 are two such partial waves
where By is the conjugate of the partial wave Ay.

The degree of interference of these momentum reversed paths will depend on the
relative phase or the path length difference between the two scattered wave fronts.

This phase difference is given by

Ag = (ds — dy) &

where ) is the wavelength and d, — d; is the path length difference. The distance d;
is the projection of the vector r, — ry on to —Ri, the unit vector in the direction of
the incident wave vector. Likewise the distance ds is the projection of vector r, — ry

on t0 Kout. Therefore the path lengths d; and dy can be written as,
dy = _Rin : (I‘n - 1‘1)
d2 = lA{out: . (rn - rl) (2)

allowing the phase difference to be written as,

A¢ = "’/'\*(kout + lzin) : (rn - rl)- (3)

This clearly shows that for a scattering path and for its exact time reversed path,

i.e. for Rin + Rout = 0 the phase difference is zero. These two paths will completely,
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Bout kout

FIG. 1. Scattering paths of two interfering rays Ayy: and Byy. Path B(A) is the exact
reverse path of A(B) and both rays have the same incident and exit wave vectors
kin and k... Ray A;, follows the path r = ry, ro...7, = r and B, follows the exact
reverse path of, ¥ = rp,79...11 = r. The angle between the incident and exit wave
vectors is . The interface is at an angle « to the vertical.
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and constructively interfere. This somewhat heuristic argument shows the origin of
the interference in the backscattering geometry in multiple scattering. The intensity
diffusion model can be modified to incorporate the interference effect by assuming

amplitude transport as opposed to intensity transport.

2.1.1 Pairwise Averaging

Shown in Figure 1 is a single scattering path, one out of many such paths. The path
shown in Figure 1 corresponds to the position vectors ry =r,r, =1, and the two
wave vectors kin, kous. The outgoing complex amplitude is E4 and Ep are given by
the sum of all the many different scattering paths. The complex amplitude F 49 at
some observation point ro due to the single scattering path A (see Figure 1) is related

to the incident wave A;, as (8],

EAO = A,’nGA exp[ikin . (I‘l — Ro) + Z'k1,2 . (I‘2 - I']_) + ...
+7:kn—1,n ) (rn - rn—-l) + ikout : (I'() - rn)]~ (4)

Here k,_;, is the wave vector of ray propagation between scatterers n-1 and n, and
G 4 is the amplitude propagator between the two scatterers, assumed to be the same
for identical scatterers. Similarly Ego can be related to B;, by reversing the wave

vector with the wave vector to account for counter propagation along the path B.
The electric field Epyg is,

EBO = BinGB exp[ikin . (I‘n — Ro) —+ ikn,n—l . (rn—-l — I‘n) + ...
+’L'k2,1 . (I'l — 1'2) -+ ikout . (I’o - I'n)]. (5)

For identical scatterers Ga4=Gp. And by definition A;, = B;,. The intermediate
wave vectors, k,—1, = —Kknn-1. Lherefore in equations (4) and (5) the sum of the
phases are the same except the phase difference due to extra path length for B,,; at
incidence and for A,,; at exit. In the exact backscattering direction this path length
difference is identically zero and there is no net phase difference. It can be shown by
evaluating the ratio E49/Epo that this phase difference is identical to that obtained
in (3). The field detected at the observation point at 7o is the coherent sum of the
scattered electric field amplitudes, where A,,; and B, are just two. Therefore the

intensity at ro due to the rays A and B is given by,

|Eao+ Epol> = |Eal®+ |Epol” + ExoE} + EpoFElp
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= |Baol* + |1 + exp[—i(kin + Kout) - (r — r')]|” (6)
= 2{1 + cos|[(kin + kout) - (r — 1')]}.

There are two different types of terms in (6), those arising from incoherent scattering,
|Exol” + |Epol” and that of those due to coherent scattering and contributing to the
interference term, Ex0Eg5,+ EpoE% [8]- In the exact backscattering direction where
Kin = —Kous, the enhancement is exactly a factor of two.

If the respective positions of the scatterers are fixed, the field amplitude observed
at 7y, corresponding to some 6 will be the coherent sum of many partially scattered
waves. Therefore the intensity will be a rapidly varying function of 6 and this is
the familiar speckle pattern that one observes from a sample with a fixed random
distribution of scatterers. An intensity cross section of a speckle pattern is shown in
Figure 2a. The squared sum in equation (6) is the intensity due to a subset of partially
scattered waves, namely from the points r and r’; and a subset that allows the field
amplitude to be correlated in the exact backscattering direction. This correlation is
not due to a correlation of the position of the scatterers, which is the origin of Bragg
scattering in crystals, but is due to the existence of exact reverse paths as shown
before.

It is possible to expand the sum in equation (6) to incorporate scattering from

three points, r, r’, and r”, such that the intensity is now given by [8, 24],

|Es+ Ep + Ec + Ep + Eg + Ep|* = |E4 + Eg|* + |[Ec + Ep|* + |Eg + Ep|
+(Ea+ Eg)(Ec+ Ep)* + (Ea+ E)" (Ec + Ep)
+(Es+ EB)" (Eg + Ep) + (Es+ EB) (Eg + Ep)”

+(Ec + Ep)” (Eg + Er) + (Ec + Ep) (Eg + Er)", (7)

where the 3 paired fields (Ea, Eg), (Ec, Ep), and (Eg, Er) correspond to scattering
from (r — 7’ and 7" — r), (r — 7" and r” — r), etc. The terms consist of squares
of paired amplitudes each resulting in an expressions similar to (6). Also there are
terms that are specific to the configuration, these are the interference terms between
paired amplitudes such as (E4 + Eg). It is these terms that give rise to speckle
and are specific to the particular configuration. The phase between any two paired
amplitudes will vary rapidly from one configuration to the other as there is no a
priori reason that the scattering paths of the pairs be correlated. In averaging over
configurations, the speckle reduces to some mean intensity because a maximum in-

tensity at some 6 due to a particular configuration is more likely to be smaller for
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FIG. 2. Horizontal cross section through an intensity profile observed from 780 nm,
collimated laser beam incident on a sample of fine grain sand. (a) the rapidly varying
speckle pattern (b) the same cross section but with configuration averaging
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all others. As opposed to interference between two paired amplitudes (at any ) two
reverse or conjugate paths always contribute to a maximum in the exact backscatter-
ing direction, that is at § = 0. This survives the averaging process, due to multiple
scattering giving rise to an enhancement above the configuration averaged mean in
the exact backscattering direction. Figure 2a shows the speckle pattern obtained
without the configuration average, and the cone in the backscattering direction is
shown in Figure 2b. It is possible to carry out the sum in (7) to incorporate more
than three points but the result will still consist of sum of paired amplitudes squared
and higher order interference terms specific to configurations. These may include a
path that is the reverse of it own and recurrently scattered paths. In general the
backscattered intensity I can be expressed as the sum of squares of three terms. The
single scattering term Ig(#)- the squared sum of the single scattering amplitudes;
the ladder terms I7(6)- the squared sum of the multiple-scattering amplitudes with
interference neglected; and the crossed terms I (6)- the coherent terms representing
the interference between direct and reverse paths. Therefore the total backscattered

intensity [28],

1(0) = Is(6) + I(0) + Ic(0) (8)
and the enhancement is the ratio of I(0) to the average background intensity Is + I,
at large 6,
1c(0)
=1+ —=—. 9
“ Is+ 1y, (©)

The maximum of 2 is achieved when I¢(0) = I (0) with Is = 0. Single scattering
contributions can be nulled in certain polarization channels and the maximal contrast
is when all paths and their reverse paths have the same amplitude, that is when the
direct and the reverse paths are reciprocal. The equality of two CBS amplitudes,

and complete constructive interference is assured if and only if,

K = -k
£ = ¢ (10)

where k' k' are the incident and backscattered wave vectors; and €, & are the field
polarization vectors of the two waves respectively. In which case the conditions in
equation (10) are satisfied, the enhancement is exactly a factor of two above the

mean background.
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2.1.2 Profile of the Backscattering Cone

When the backscattered intensity is observed from a sample uniformly illuminated
by a coherent collimated beam the angular profile shown in Figure 2b is seen upon
configuration averaging. Experimentally the configuration averaged result is realized
by modifying the position of the scatterers. A solid sample of Teflon or white paint
can be rotated around some fixed axis so that different configurations are observed.
The configuration average of samples consisting of a colloidal suspensions occurs by
virtue of the motion of the constituent particles due to thermal and Brownian motion.
The process of configuration averaging replaces the sum of the amplitudes squared
by the sum of the paired amplitudes squared. Each sum with an enhancement factor
related to the phase difference of the two as given by the equation (6).

Since the coherent enhancement depends on the displacement between the first
and the last scatterer r — r/, the sum of the intensities needs to account for the
fraction of the source intensity P(r,r’) of a ray starting at r and exiting at r’. The
fraction P(r,r’) can be approximated by the solution to the diffusion equation [32],

Qp—(%ﬁt—) — DV?p = f(Ro,1). (11)
The solution p(r;, ¢, t) of equation (11) is the probability of finding a photon that has
traversed a path length s from r; to 7, in time ¢. However P(r,r’) is not concerned
with a particular path length but represents the sum of all the paths originating at
r and ending at /. Therefore P(r,r’) is the time independent, static solution to the
diffusion equation. Since path length is given by s = vt where v is the wave velocity
P(r,r’) can be found by replacing ¢ in equation (11) by s/v where v is the photon
velocity in the medium and integrating over all possible s. The static solution for a

point source in an infinite scattering medium is given by [8],

[ expl—(r — )20 /4Ds]
P@r) = /0 (4w Ds /vt )3/? ds
= m. (12)

Here D = vl*/3 diffusion constant where [* is the transport mean free path. P(r,r’)
is the Green’s function solution to the three dimensional Laplace equation with a
point source [8, 36]. In order to find P(r,r’) for a random distribution of scatterers
in the infinite half plane with the interface at z = 0, the boundary conditions are

modified to account for the behavior and optical properties of light at the interface
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[8, 37]. For the diffusion approximation to be valid the photons need to be diffusive-
a coherent beam of photons incident at an interface can be considered diffusive when
the photon paths are randomized. It is estimated that the photons are sufficiently
randomized after travelling a distance of a mean free path given by [*. Therefore it
is necessary to locate the "source” term at some effective z = zg = [* in the sample
[8, 32]. It is also assumed that all photons incident at the interface are scattered and
that attenuation and dispersion are neglected in this model. It can be shown then

that the appropriate boundary condition for z = 0 is [32],

oP
P—-C—=0 13
az ? ( )
where
_zlil—I—R
T 31-R’

where R is the reflection coefficient at the interface. An approximate solution to the
above problem can be found by linearizing the boundary condition given in equation
(13). Expanding the linearized boundary condition around z = 0 shows P to vanish
at z = —C. It is now possible to guarantee that P(r,r') = 0 for z = —C by
placing an image source at r = (z,y, —2C — 2p). Therefore the linearized boundary
condition allows the method of images to find a solution for P(r,r’) for a slab of

random scatterers in the half plane. The solution is given by,
3 1
Arl* { [(z— 22+ (y — ¢)2 + (20 — 2)2)]V/2
1 b
[(z =22+ (y — ')+ (2 + 20 + 2C)2)|1/2

The position of the last scatterer can be assumed to be close to the interface, so that

P(r,r') =

2z’ = z9. Then

i S ! (15)

arle |y [rﬁ+4(z0+0)]1/2 7

P(r,r’)

where rj = (\/ (x —2')2+ (y —y')%. The total intensity in the direction 6, along
k¢ is given by the sum of the paired intensities having paths originating at r and
terminating at r’ with each pair of paths having an interference factor given by

{1 + cos[(k; + k¢) - (r — r')]}. Therefore the total intensity can be written as,

Iak) 3 |1 1
Io (4m)20r / "7 2 +4(0+0)]"
x {1+ cos[(k; + ke) - (r — )]}, (16)
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where the extra factor of 1/4m accounts for the fraction of intensity scattered into the
direction k¢ at 7/. The integration in equation (16) can be carried out analytically
to obtain the following expression for the angular profile of the enhancement in

backscattering;

e ] )
where a = 2(z + C), (= 4I* when R =~ 0) and ¢ = |k¢ + ki| & 2% when 0 is small.
In the exact backscattering direction 6 is identically zero and the enhancement is a
factor of two of the configuration averaged mean background. Also the width of the
angular profile, the cone width and its dependence on the scattering mean free path
can be estimated from equation (17). If the width of the cone is taken at 1/e~* above
the background, its width is defined by the condition

aq =1, (18)

giving an approximate width, \
Al = . 19
4rl (19)

In light scattering from classical samples the measured average width of the backscat-
tering peak, 06 is only a fraction of a degree. The above derivation is strictly for
scattering of scalar waves and ignores the polarization of such waves. Also ignored as
mentioned previously is dispersion and attenuation. Experimentally it is seen that
the enhanced backscattering of light is strongly dependent on the polarization. Maxi-
mum enhancement is observed for circularly polarized incident light with detection of
the same polarization. In this particular channel the single scattering contribution is
removed by the cross polarized analyzer. The complete vector treatment of multiple
scattering from classical particles or atoms is beyond the scope of this experimental
study [33, 34, 35]. In this thesis only the qualitative and experimental results of

polarization and spectral effects will be discussed.

2.2 WAVE SCATTERING IN DILUTE ATOMIC GASES

References to light scattering date back to the literary work of da Vinci and the first
quantitative treatment of scattering was that Lord Rayleigh’s explanation of the blue
sky [36]. The first to study multiple scattering of resonant radiation in atomic va-
pors was Compton in 1922 [38]. Compton assumed a mean free path in which the

resonant photons will be quickly reabsorbed and re-emitted resulting in the photons
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performing a random walk, satisfying a diffusion equation similar to particle diffusion
[38]. Such a photon will exit the medium with a time dependence given by (assum-
ing a pulsed excitation at time ¢ = 0) exp(—Aqg; - t/go), where Ay is the Einstein
coefficient for spontaneous emission and the trapping factor gy is proportional to the
average number of absorption and re-emission processes. Due to the extra time delay
resulting from gg the process is better known as ”radiation trapping”. This picture
of photon diffusion holds if the photons can maintain the same frequency after each
absorption and reemission process. Due to various line broadening mechanisms the
photon can change frequency at each absorption/emission process, an effect known
as ‘frequency redistribution,” making it impossible to define an average mean free
path [39]. The average mean free path can be shown to diverge in the presence of of
line broadening mechanisms and the radiation trapping problem cannot be described
by a diffusion equation. The particle like diffusion model was extended to accom-
modate frequency redistribution by Holstein in 1947 [38, 39]. Holstein derived an
integro-differential equation to describe intensity transport in vapors in the presence
of frequency redistribution, but it too ignores phase correlations that can be present
in multiple scattering and does not account for interference effects.

Since Holstein, multiple light scattering has been studied extensively by the
atomic physics, astrophysics, and biological physics communities. Most studies of
multiple scattering of radiation in vapors until recently have exclusively dealt with
incoherent transport of intensities, ignoring the possibility of interference. The phase
correlations that could arise in multiple scattering were not expected to survive in the
presence of rapid dephasing due to the thermal motion of the atoms in a hot vapor.
Therefore the effects due to multiple scattering in atomic gases were not investigated
until recently. With the developments in laser cooling techniques for atoms, however
a completely new regime of ultra low temperature samples has been made available
for scattering studies. It is important to recognize that it might still be possible
to observe coherent scattering from even hot vapors, and such studies have being
proposed by this group and are currently underway.

Near-resonance multiple scattering from atoms is fundamentally different from
scattering from point like dipole scatterers. For weak fields these differences are al-
most exclusively due to the internal quantum mechanical structure of the atom. In

the absence of line broadening mechanisms the scattering cross section of the atoms
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is highly resonant with a @ of approximately 10® and the principal resonance fre-
quency is the same for all the atoms [24]. Unlike classical scatterers, the scattering
cross section of atoms can be easily manipulated by changing the frequency only a
fraction of a line width from resonance. For coherent backscattering to be observed,
the configuration of the scatterers should be maintained during the direct and reverse
scattering events. In non-resonant scattering the time scale of interest is the propa-
gation time between two scatterers which is extremely short and the motion of the
scatterers is small enough to maintain the phase correlation between the direct and
the reverse paths. The time scale of interest for resonant atoms is the considerably
longer on-resonant time delay which is dependent on the width of the transition I' as
Tres = 2/T [24, 33]. For dephasing to be negligible the displacement of the scatterers

during this time scale must be less than or equal to the wavelength of the light,
Az = UTres > )\7 (20)

and the corresponding critical velocity veris = Az/T,es to observe coherent backscat-

tering is,
A AT

)
7-7"68 2

(21)

Verit ™

and the line broadening due to this velocity is kv,,.;; =~ I'. For observation of coherent
backscattering from a collection of ¥ Rb which has a natural width of I' = 5.98 MHz,
the atoms need to be cooled to a temperature T,.;; = 0.25 K, for light at resonance
frequency. This is a temperature that is easily achieved by laser cooling techniques.
This condition is more severe for multiple scattering and the temperature needs to
be even lower, but this too is easily achieved by a combination of laser cooling and

magnetic trapping.

2.2.1 Single Scattering from a Two Level Atom

In order to develop a qualitative picture of multiple scattering it is necessary to
derive the single scattering cross section for atoms in a dilute vapor. It is this
that determines the conditions necessary for multiple scattering to take place in a
vapor and determines what fraction of the incident beam interacts with the atoms
of interest. The result for the single scattering cross section will be derived in the
weak field regime for a two level atom in the absence of velocity or collisional induced

line broadening effects. The atomic Hamiltonian in the presence of a monochromatic
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light field (perturbation) can be written as,
H(t) = Ho+ H'(t) (22)

where the eigen functions ¢,(7) of the zero order Hamiltonian Hy are known. The
corresponding eigen values are E,, = hw,. The time dependent Schrodinger equation
describing the atom and the field interaction is,

L O(Tt)
=1h %

The eigen functions ¢,(f) form a complete set. Then the solution (T, t) of the

Hy(r,t) (23)

equation (23) can be expanded in terms of the eigen functions ¢,(T) as,
’Qb(I—",t) = Z Ck(t)(bk(F)e_iwkt, (24)
k

where the coefficient Cy(t) are time dependent [40, 41]. The probabilities |Cy(t)|
are the transition probabilities to an excited state k and equivalently the rate of loss
of energy from the field [41]. If the initial values of the probability amplitudes are

known the time evolution of the amplitudes can be found from (23). Substitution of
(24) into (23) gives,

ih Z(Ck — iwka)e“i‘”ktqﬁk = Z(hwk + H,)C_iwkt(bkck. (25)
k k

Multiplying both sides of (25) by the ¢}(t) and integrating over the spatial coordinate

r gives the time derivative of the probability amplitudes as,

Ch = —% S CLHY e onei), (26)
k

where the orthogonality condition [ d3r¢(T)¢;*(F) = ;1 has been used. Here the

matrix elements of the perturbing Hamiltonian are given by

Hjy = (65 \H'|60) = [ d*roy* H (®)on(), (27)

where,

H = —¢E(R,t)T. (28)

For an atom in the field of a plane wave travelling in the positive z direction the

electric field operator is,

—

E(7,t) = Eoécos(kz — wt),
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where Fj is the electric field amplitude and € is the unit vector in the direction of
the field polarization. Using the electric-dipole approximation, in which the wave
length of the incident electric field is assumed much longer than the extent of the
atom (field does not depend on the atomic coordinates), the matrix elements of the

interaction Hamiltonian H'(t) can be written as [41, 42,
ik = —€eEo (jIr| k). (29)
Substituting into (25) gives,

Cy, = _2_Q[ez(w12—u)t + ez(w12+u)t]cl
1

Cr = Qe im0y, (30)
where €} is the Rabi frequency defined by
=202,

and
W2 = Wy — Wy
is the resonance frequency. The coupled differential equations (30) can be decoupled

in the weak field regime where the Rabi frequency is small. For the initial conditions
C1(0) =1 and C5(0) = 0 the equations of motion (30) reduces to,

Cl ~0
. 1 . ‘
C, = Z‘iﬂ[ez(wlz—u)t +ez(w12+u)t] (31)

This gives for the coefficients

at) =~ =10 =0
(1) ]. {6i(W12—V)t _ 1 ei(wm-{—u)t _ 1}

Cy ' (t) =i=Q G =) + o £ 0)

Ca(2) 5

(32)

Q

where the superscript (n) indicates the number of times the perturbing field has
acted (n =0 or n = 1) [41]. Using the rotating wave approximation (RWA) to drop
terms of the order (w +v) as (w+v > 1) and (w — v & 0) the equations (30) reduce

to [41, 40],
. 1 ei(w12~u)t -1
= - OQf—
© 9 [ (w12 — v) ] “
. 1 e—’i(w12—l/)t -1
= -9l —"
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The solution to the excited state probability amplitude to first order is given by,

_ zl sinf(wiz — v)t/2) s
Co(t) = 59 Y

The finite life time of the excited levels due to spontaneous emission can be included

(34)

by adding a phenomenological exponential decay with a decay constant ~;,72 = 1,2
to the equations of (30) [41]. The probability per unit time that the atom decays
from level 2 is given by ’)’2'02'2. Then +, for spontaneous emission is given by the

time integral of this distribution,
%z%A|QWt (35)

Therefore the spectral response of the atom is given by the following Lorentzian

QZ
wig — V)2 + 72’

1
Tp = 5( (36)

with its full width half maximum, 9 defined by the natural width of the transition.
This expression for the scattering rate is only an approximate solution for the two
level atom in a weak field. The exact solution is found by the full quantum mechanical
treatment of the atom and the field (see for example, Weissbluth [42], Loudon [43]).

The exact solution for the scattering rate for in a weak field is,

_ 80’7/2
T T 2079

where sy is the saturation parameter defined as the ratio of incident laser power

(37)

density I;,. to the saturation power density I, = whc/3X37. The equation (37) is
valid in the limit so <« 1. The scattering rate is still a Lorentzian with its width being
the natural width of the transition. The amount of scattered power per unit volume
is given by Fiwy,n, where n is the density of the interacting atoms. The attenuation
of a laser beam in transmission through some distance = through an infinite slab of
an atomic vapor sample is given by
dI(z)
dx
I(z) = Iexp|—0ey(w)nz]. (38)

= —alz(w)nI

The equation (38) defines the optical depth, b = o.,(w)nz, or the opacity of the
sample. The above equation is generally referred to as the Lambert-Beer’s law.

The probability for multiple scattering which is required for observation of enhanced
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backscattering depends on the optical depth. At low opacity a smaller number of
photons are singly scattered out of the beam, and fewer single contributions translate
to correspondingly fewer double and higher order events. Analogous to a classical
sample where the number of single scattering events are proportional to the number
of scatterers N, and the probability of double scattering is proportional to N(N —1)
[1, 31]. In case of a spherically symmetric sample of vapor with a Gaussian density
distribution, as considered here in this study, the above equation (38) needs to be

modified. If the density distribution is expressed as
n(r) = noexp(—r*/2r3), (39)

where ng is the cloud density at the center of the sample and r¢ is the rms radius.

Then the total transmitted intensity is given by
I(z) = Iye™ o) (40)

The optical depth, b = — [n(r)o(w)dz of this sample can be shown to be b =
V2mognore, where og is the on-resonance scattering cross section. The number of

atoms in the cloud is given by

N = /n(r)dr = (g>3/2 nors. (41)

The optical depth b determines the probability of subsequent scattering, with large
optical depths translating to a high multiple scattering probability. In general for
multiple scattering to take place, and for observation of coherent backscattering the
optical depth of the sample is required to be larger than 1. The enhancement in
coherent backscattering is relative to the incoherent background as described previ-

ously.

2.2.2 Single scattering intensity and its angular dependence on polariza-

tion

The intensity distribution of light from an atom that decays from levels of angular
momenta F' — F depends on the detection geometry, the detected polarization and
on the coupling of angular momentum of the atom to that of the excitation photon.
The geometry of the collision and detection is shown in Figure 3. The two coordinate

frames are related using the rotation matrices whose arguments (¢, 8, x) are the Euler
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Detector

/
« Y

FIG. 3. The excitation frame with the quantization axis defined by z and the detection
frame with the 2’ axis along the direction of detection.

angles required to rotate the (z,y, z) collision frame to the primed (z/, 3/, 2’) detection

frame [45]. The detected intensity in the primed coordinate system is given by,

100,x,8) = %[1 + %h(l)(F, F') cos fsin 23 (Og) — %h(Q)(F, F'Y (Ag) Py(cos 6)
+ gh@) (F, F’) (Ao) sin® § cos 2 cos 2] (42)

where the polar angle 6, and the orientation of the linear polarization analyzer in
front of detector Y, is as defined in Figure 3. The polarization of the detected light is
defined by the angle 8, 8 = 0,7/2, and 8 = £7 /4 respectively defines the two linear
polarizations and the two helicity channels. In the geometry of this experiment,
$p=0and x =0,7/2.

The terms h2(F, F') are solely dependent on the final and initial angular momen-

tum states of the excited atoms [45]. The terms (Oo), and (Ap) are the orientation
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and the alignment, the expectation values of certain combination of angular mo-
mentum operators in the collision frame. Explicitly the orientation or the vector

polarization is given by,

ja(M)]* M’
<Op>=) ——m—; (43)
M A/ F'(F'+1)
and the alignment is given by
la(M")|? (3M" — F'(F' + 1))
Ag >= 44
<A>=Y PO (44)

The transition of interest in this study is the F = 3 — F’ = 4 cycling transition of

8Rb. For linearly polarized detection, 8 = 0, the equation (42) reduces to,

_ i” [1+ 55%)(3,4) {4o) Pa(cos) = %h(2)(3,4) (A)sin26].  (45)

™

I(0,x,0)

Likewise the single scattering intensities in circular channels are given by,

3

10, x, £7/4) = i—;[l + 5h<1>(3, 4) (Op) cos § — %h<2>(3,4) (Ao) Py(cosB)],  (46)

where h(V(3,4) = 5/4/20 and h®(3,4) = —5/7. Figures (4) and (5) show the
calculated angular intensity distributions for linear and circular polarization channels
for the transition F' = 3 — F’ = 4. These single scattering amplitudes determine the
probability of subsequent multiple scattering and the relative size of the incoherent
background in each polarization channel. The theoretical dependence in multiple
scattering on polarization is an area of current research activity. It is emphasized
that the results of single scattering analysis show that polarization effects are quite

important, and it is a goal of this study to quantify these effects.

2.3 MULTIPLE SCATTERING AND POLARIZATION

The two level atom in the light field is described by a single Rabi frequency. For
scattering from an atom with many levels that can be coupled by the light field, the
polarization of the field needs to be accounted for. Previously multiple scattering
and interference were considered assuming scalar waves neglecting polarization. The
polarization vectors of the incident and the scattered fields, € and &', each respec-
tively define two orthogonal polarization channels. Therefore the CBS signal can

be observed in four independent polarizations channels. Coherent backscattering
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FIG. 4. Angular distribution of linearly polarized light due to single scattering.
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FIG. 5. Angular distribution of circularly polarized light, intensity in the backwards
direction is minimum in the helicity preserving channel.
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from classical scatterers and cold atoms show a distinct dependence on the inci-
dent and the observed polarization channel [6, 24]. For linear incident polarization
the scattered light may be analyzed parallel or perpendicular to the incident po-
larization. In the linear case the parallel channel will be denoted by ||l and the
perpendicular channel will be denoted by [.Ll. For circularly polarized incident light
the two orthogonal channels are those of same and opposite helicity. In the helicity
preserving (non-preserving) channel the detected light is of the same(opposite) helic-
ity as the incident light. The helicity preserving channel will be denoted h|h and
the helicity non-preserving channel will be denoted h_Lh. It should be noted that the
single scattering contribution Is (see (9)) is absent in the backscattering direction
for scatters of spherical symmetry in the channels [ 1l and hllh [46]. And in the
absence of any Faraday effects Ic(0) = Ir,. Then the enhancement in the hl||h can
be expected to be a factor of 2 for classical scatterers [28, 47, 48]. Therefore, in the
case of scattering from classical particles, reciprocity can be assured by careful selec-
tion of experimental parameters, such that the reciprocity conditions (10) are met.
This is not the case for scattering from an atom with more than two levels that can
be coupled by the light field. The only atomic transitions that preserve reciprocity
relations are the dipole transitions of the type F' =0 — F, = 1 in the ||l channel.
In general the atom is not a two level system and the multiple levels of the atom
can be coupled by the light field. Figure 6 shows the possible Rayleigh and Raman
transitions for the degenerate atomic dipole transition between the levels Fy = 1
and F, = 2. In the absence of an external magnetic field the levels are 2F + 1- fold
degenerate and all transitions are nearly elastic, neglecting recoil. The atom has
a high probability to make a spontaneous Raman transition to degenerate Zeeman
levels, where the final state will differ from the initial state. This scenario implies
that the polarization of the scattered light will be different from that of the incident
polarization [24]. Therefore it is not always possible to reject the singles scattering
contribution, /g, even in the helicity preserving channel. Also it is not always possible
to satisfy the maximal enhancement condition I¢(0) = I, due to the statistical nature
of the Zeeman transitions in a multiple scattering chain. To illustrate this, Figure
7 shows a direct and reverse path through double Rayleigh transition in the hllh
channel that can give a zero interference contribution [24]. In this example an atom
makes a transition between Zeeman sublevels corresponding to m — m’ = m + 1,

with Am = —1 by absorbing a ¢t photon. In the helicity preserving channel o~
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FIG. 6. A degenerate atomic dipole transition which allows Rayleigh and elastic
(degenerate) Raman transitions. The Rayleigh and elastic Raman transitions are
indicated by the solid lines; the dashed line indicates a Raman transition.
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FIG. 7. Violation of maximal contrast criterion due to the atom’s internal structure.
The two atoms are located in the plane of the paper and the light is incident into the
paper. The atoms are in two different Zeeman sublevels. The incident polarization is
o*t. In the h||h channel, the o~ polarization will be detected. The direct scattering
path, and the reverse path are shown in the left and the right sequence respectively
[24].

polarization is detected. The excited atom radiates linearly polarized light towards
another atom as shown in Figure 7. The second atom sees the Rayleigh scattered,
linearly polarized photon as a superposition of the o+, o~ polarizations. This allows
it to scatter a o~ photon through a transition satisfying the selection rule Am = 1.
Reciprocity is lost if this atom is not able to again scatter a ¢ photon as is the case
for a two fold degenerate atom shown in this example. Here the reverse path for
interfering is not available leading to reduced enhancement in the interfering signal
due to the internal quantum mechanical structure of the scatterers [24].

It is possible to think that Raman transitions would not contribute to interfer-
ence in the backscattering direction and that this incoherence contributes to loss
of contrast in backscattering [28]. The elastic Rayleigh and the degenerate Raman
transitions both can interfere and contribute to the backscattering interference signal.
The direct and the reciprocal paths that can interfere for Raman-type backscattering
for the specific situation of two atoms located linearly along the propagation direc-
tion of the incident light is shown in Figure 8 {1]. The interference between Raman
channels can be understood from the transition diagrams shown in Figure 9 in the

basis,

o) = %nuw — 1, -1)]
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The solid and dashed-dotted arrows in Figure 9 indicate the transitions open for
direct and reverse paths leading to the polarization transformation shown in Figure
8.

The first observations of coherent backscattering of light in ultra cold gases,
specifically ®*Rb was observed by Labeyrie et al [24]. The discrepancies between
scattering from classical dipole-like objects and the gas was soon attributed to the
internal structure of the atom. This experimental work looks further, specifically at
the polarization and spectral dependence of coherent backscattering, from the gas at

conditions not studied previously.
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FIG. 8. Diagrams showing direct and reciprocal paths for (a) Rayleigh-type, and for
(b) Raman-type coherent backscattering for two atoms located along the propagation
direction of the incident light [1].
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FIG. 9. Diagrams showing the transitions open for Rayleigh-type and Raman-type,
(a) and (b) respectively for coherent backscattering in the geometry of Figure 8. The
solid circles show the state-designation of atoms and the solid and dashed-dotted
arrows indicate the transitions open for direct and for reciprocal scattering paths

respectively [1].
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CHAPTER 3

EXPERIMENT

As described in the previous chapter, the observation of an enhanced backscattering
signal is indicative of coherent transport of incident radiation in the sample. In
this experiment the spatial, spectral, and polarization dependence of the CBS signal
from a well characterized sample of ultracold % Rb is measured. In this chapter the

experimental setup and the basic scheme of the experiment is discussed in detail.

3.1 EXPERIMENT OVERVIEW

An energy level diagram of the hyperfine levels of the ®®Rb atom relevant to the
experiment is shown in Figure 10. The probe laser is tuned close to the 5525, /2
F=3 — 5p®P;/; F' = 4 transition. Here F(F") denotes the ground(excited) hyperfine
levels. The intrinsic nuclear spin of ®Rb is 1=5/2. The total angular momentum
F is given by F = I + J, where J = 3/2. The excited state hyperfine manifold
consists of (2J4+1)= 4 (for J < I) levels as shown in Figure 10. The probe laser is
actively stabilized [49], and locked to a saturated absorption crossover resonance of
the excited hyperfine manifold [50, 51]. The locked laser can be offset in frequency
to be at resonance or close to resonance with any one of the excited levels of the
hyperfine manifold by an acousto-optic modulator. In this experiment the probe
laser is tuned a few line-widths to either side of the FF = 3 — F’' = 4 transition.
The laser line-width by itself is a few hundred KHz, which is much smaller than the
5.98 MHz natural width of the F = 3 — F’ = 4 transition. The frequency stabilized
probe laser is spatially filtered, expanded, and transmitted through a beam splitter
to the sample. The backscattered photons are reflected by the beam splitter to the
detection polarimeter consisting of the polarization analyzer and the detection optics
as shown in Figure 11.

The probe beam incident on the beam splitter is polarized vertically. The reflected
portion of the beam is directed into a beam dump far from the sample to eliminate
scattering back into the detection system. The backscattered light is observed in each
of the four polarization channels listed in Table I. The vertically polarized probe is
circularized by the 1/4 wave retarder plate (QWP) inserted between the sample and

the beam splitter for the measurements in the helicity channels as shown in Figure
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FIG. 10. The level diagram of the 3Rb hyperfine manifold.
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FIG. 11. Schematic of the experimental setup
11.

The detector itself is a liquid nitrogen cooled low noise charge couple device
(CCD) camera, with a high dynamic range. The camera is able to detect extremely
small signals and is able to accumulate signals for an extended period of time with
negligible addition of electronic noise. The instrument consisting of the probe, the
polarimeter and the beam dumps is able to measure the backscattering signal from
almost any sample with configuration averaging. A sample of fine grain TiOy powder
suspended in water at various concentrations is used to determine the instrument
resolution. The detected signals are stored in a computer for analysis.

During data acquisition, extreme care is needed in suppressing background and
light scattered from various elements along the detection path. Generally the signal to
noise ratio is superior in the two channels in which the single scattering contribution
can be nulled. These are the [ L], and the helicity preserving h||h channels. Much
of the noise is due to scattering from various optics even though the optics used are

anti-reflection coated specifically for the wavelength and the angle of incidence. The
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TABLE I. The detection polarization channels defined relative to the incident polar-
ization.

Channel Incident Detected Detection Channel

1|\ ) 7 linear parallel

[ 1 — linear perpendicular
h||h o+ o helicity preserving
hLlh o o helicity non-preserving

data are saved as collected without any preprocessing, the background corrections are
carried out at the time of analysis. At the start of each data run the beam alignment
and position is checked by looking at the robust, and reproducible degenerate four-

wave mixing signal resulting from the two of the trapping beams and the probe.

3.2 DESCRIPTION OF THE EXPERIMENTAL SETUP

The experimental setup consists of three main components; the probe laser, the
polarimeter, and the sample. The experimental setup is shown in Figure 11. The
sample is illuminated by a well characterized probe laser. The backscattered light
from the sample is polarization analyzed and detected by the polarimeter which
consists of the analyzing polarizer, the transport optics and the CCD. In the following

sections each stage will be discussed in detail.

3.2.1 Probe Laser

The probe laser is an external cavity diode laser (ECDL) in the Littman-Metcalf
configuration [52]. A schematic of the ECDL is shown in Figure 12. The source laser
is an index guided GaAlAs high power (maximum power 50 mW) laser diode man-
ufactured by Hitachi (Model DL7851G) The laser diode is mounted in an actively
temperature stabilized aluminum casing with an antireflection coated molded glass
aspheric lens of focal length 8 mm (Thor Labs, Inc. Model C240TM-B) to collimate
the elliptical output of the laser. The collimated beam is incident on a gold coated
blazed, ruled grating with 1200 lines/mm (Edmund Scientific, Model L.43-848)) that
diffracts the first order to the feedback mirror. Approximately 15% of the output

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

Diode in
temperature stabilized
block Diffraction grating

Piezo stack —, gl

Feedback mirror

FIG. 12. Schematic of the external cavity diode laser

power is used for active feedback of the laser. The external cavity length is approxi-
mately 6 cm. The laser is tuned initially by adjusting its injection current and further
tuned by temperature. The Hitachi DL7851G lases at approximately 785 nm at room
temperature when injected at 70mA. The diode is cooled ~5 degrees Celsius below
room temperature using a Peltier thermoelectric heater/cooler. The diode tempera-
ture is maintained to within 1 part in 10° by a feedback loop. The diode temperature,
the injection current and the feed back mirror allow for coarse tuning of the laser.
The emission wavelength of the laser diode changes with temperature typically by
0.3 nm/K. The change of injection current also changes the emission wavelength of
the laser by virtue of change in carrier density [53]. The free running frequency can
change as much as 3 MHz/uA and with the external feedback is reduced to ~0.3
MHz/uA [54] The laser is brought close to the wavelength of the required atomic
transition by temperature and current tuning. The Piezo-electric transducer (PZT)
stack (NEC AE0203D04) attached to the back of the feedback mirror is used to fine
tune the laser frequency by adjusting the cavity length. A cavity length (optical path
length) variation of AL yields a relative frequency change inversely proportional to
the cavity length, Av/v = —AL/L. For a typical drive range of 0-100 V of the PZT,

the laser scans ~2 GHz. Mode-hop free scans as long as few hundred MHz are easily
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FIG. 13. The oscilloscope scan of the saturated absorption spectrum of the hyperfine
components of the 5s25;/5 — 5p? P/ transition of ®*Rb, used to lock the trapping
laser and for offsetting the probe

achieved.

The free running diode is characterized by a linewidth of several MHz. The fast
frequency noise spectrum due to fundamental spontaneous emission events is reduced
dramatically by the external feedback. With feedback the noise spectrum is reduced
to low frequency noise due to mechanical fluctuations of the external cavity [49]. The
linewidth of the laser with the external cavity is estimated to be in the 100 to 1000
KHz range, much smaller than the line width of the atomic transition. The ECDL
also offers improved tuning characteristics, in the range of hundreds of MHz free of
mode-hops [55]. Longer mode-hop free scanning is possible by appropriate choice of
pivot point of the grating or the feedback mirror.

The probe laser frequency is stabilized by locking the ECDL to one of the well
defined cross over peaks of the Doppler free saturated absorption spectrum of the
®Rb 55%S1/9 — bp*Py), transition [50, 55]. A scan over the saturated absorption
lines of interest is shown in Figure 13. The frequency dependent discrimination
signal needed to drive the locking servo loop is derived from a lock-in technique. The
laser drive current is modulated at 10 KHz to encode the resonance information to
the high frequency region where the noise amplitude that affects the laser stability
is less severe. Demodulation provides a derivative-like signal at resonance that is
integrated and amplified to drive the PZT. A block diagram showing the stabilization

scheme is shown in Figure 14. The stabilized laser output is sent to an acousto-optic
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FIG. 14. Block diagram showing the laser stabilization scheme used to lock the probe
and trapping lasers

modulator (AOM) (NEC, Model C28217A) to offset the frequency as required. The
laser is usually locked to the F =3 — F' =2, F = 3 — F' = 4 crossover resonance
peak at 92.05 MHz below the F' = 3 — F’ = 4 cycling transition. The AOM can be
driven between 75 MHz and 100 MHz, allowing the laser to be tuned several natural
widths to the high or low frequency side of resonance as required.

The amount of power available for the experiment is approximately 5 mW and is
distributed in several spatial modes. The probe laser is launched into a single mode,
polarization preserving fiber. At the expense of loosing approximately 25% of the
power due to mode mismatch, the fiber provides the flexibility in beam transport
and a single, clean Gaussian mode at the output. The fiber output is collimated
with a high quality, multi-element, diffraction limited lens of focal length 8.18 mm
having a numerical aperture of 0.55 (Newport Model F-L20B). The collimated beam
is expanded to 1/¢? diameter of about 8 mm by a Spindler-Hoyer 4X laser beam
expander. The collimation of the beam is tested using shear-plate interferometry [56].
The divergence of the expanded beam is close to the diffraction limit of 0.02 mrad.
The wave front uniformity estimated from the shear-plate interferometer is less than
A/4. The collimated, expanded beam is directed to the sample through a 12.5 mm
thick, 50 mm diameter wedged beam-splitter from CVI Laser, Inc. The 1°, wedged
beam-splitter is used to eliminate interference between any residual reflections from
the surfaces. The beam splitter is anti-reflection coated to minimize reflection at the

diode laser wavelength. The residual reflection is less than 0.5%. The beam splitter
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TABLE II. The analyzing power of the polarimeter is defined by the extinction ratio,
I/, measured by retro-reflecting the probe from a mirror at sample position

Channel Incident QW plate Analyzer  retro-reflected
1|1 1 None T I,
[l 1 None — I, =166X107°
h|lh ) helicity preserving ) I
hlh 1 helicity non-preserving — I_, = I,3000

reflects 35% of the horizontally polarized and 65% of the vertically light incident on its
surface. In data analysis this is accounted for in comparison of different polarization

channels.

3.2.2 Polarization

The polarization of the incident beam is carefully adjusted and measured. The
polarimeter is tested in all four polarization channels to determine the fidelity of the
polarization measurements. The incident probe beam is initially vertically polarized
immediately before the beam splitter by a high quality linear polarizer (Newport
Corp, Polarcor™). The combination of the polarization maintaining fiber and the
Polarcor™ linear polarizer gives an extinction ratio of well over 17,000 for the probe
beam before the beamsplitter.

The analyzing power of the polarimeter is measured by retro-reflecting the probe
beam by a mirror placed at approximately the position of the sample (just outside
the vacuum). The reflected power is measured after the analyzer in the detection
arm of the apparatus. The extinction ratio, the ratio of the measured power in the
linear and circular channels. The Table II shows the four measurements and the rel-
ative intensities in each channel. The retro-reflection is minimum in the two crossed
polarization configurations, and maximum in the two parallel configurations. The po-
larimeter gives an extinction ratio of 15,000 in the linear channel and approximately

3000 in the circular channels.
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3.2.3 Signal Detection

The angular distribution of the backscattered light reflected by the beamsplitter is
recorded on the charge couple device (CCD) camera placed at the focal plane of
the field lens (analysis lens) as shown in Figure 11. The CCD camera is a Princeton
Instruments (Roper Scientific) LN/CCD, with a Tektronix 512x512 pixel array. Each
pixel is square, 24x24 micron in size. The detector can be cooled below -100° Celsius
to achieve very low thermal noise, enabling long integration times. Under normal
data runs the detector is cooled to a temperature of -9040.05° Celsius. The CCD
camera is able to accumulate the signal from periods ranging from a few milli-seconds
to hundreds of seconds depending on the time scale of motion of the scatterers,
and the signal size. The angular response of the detection system is ultimately
restricted by the pixel size of the detector, and the focal length of the analysis
lens. The focal length of the analysis lens is 450 mm. Thus the diffraction limited
minimum instrument resolution is 0.06 mrad ignoring any other effects such as the
beam divergence and aberrations due to optics in the collection arm. The lens is
placed directly in front of the beam splitter with an aperture stop to remove secondary
reflections of the specular beams incident on the beamsplitter. The lens is a high
quality 50 mm diameter, corrected, V-coated achromatic doublet. It is possible to
place the CCD directly in the focal plane of the analysis lens to record the CBS
cone from self averaging samples such as suspensions in liquids or from solids with
an appropriate mechanism to achieve configuration averaging.

The collection optics and the experimental protocols are somewhat more com-
plicated in case of atomic samples as the sample in this case is a few million atoms
contained (trapped) in a magneto-optical-trap (MOT). The MOT consists of 6 laser
beams intersecting at the center of an evacuated chamber where the magnetic field
is zero, with a field gradient in the radial direction produced by two coils in anti-
Helmholtz configuration. The atoms in the trap laser field absorb and re-emit the
trap laser light- the process through which they are Doppler and Syphisus cooled to
be trapped in the center. This fluorescence is much brighter than the fluorescence
due to the very weak probe, and can easily saturate the CCD in a very short time.
The CCD and the trapping lasers need to be synchronized to separate the fluores-
cence of the atoms excited by trap lasers and those excited by the probe. Therefore
the trap lasers are switched off when the atoms are probed for CBS to be observed.

The added advantage in doing so is that the probed atoms are not perturbed by
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the trapping beams during the CBS cycle. The period of time that the atoms can
be released from the trap is limited by the initial trap temperature, the number of
probe photons scattered by the atoms and the amount of time that will be required
to reconstitute the trap. For a 5 ms trap off time the MOT is allowed to reconsti-
tute over a 20 ms period. For the atoms to move out of resonance or to acquire a
Doppler width, comparable to the natural width the atom needs to scatter roughly
1000 photons. At a saturation parameter of 0.08 the on-resonance scattering rate
is approximately 1.6x10% s71. Thus an atom is forced out of resonance in approxi-
mately 1 ms. Therefore the atoms are exposed to the probe for a shorter duration of
time, during which the trap lasers are turned off. However the CCD is not capable
of being triggered at these time scales and a technique initially used by G. Labeyrie
et. al. [24] is used with some modifications to synchronize the timing of the data
acquisition process. The probe light scattered from the trap is brought to focus at
the focal plane of the analysis lens where an optical chopper is placed as shown in
Figure 15. With the chopper in place the CCD can be exposed for few minutes at a
time with it collecting fluorescence from the atoms during the trap OFF /probe ON
phase and blocking the trap fluorescence during the trap ON/probe OFF phase of
the cycle. The trap on time is approximately 20 ms and it is off for 5 ms, trap duty
cycle is 80%. During the off time the probe is turned on for 0.25 ms, giving a data
collection duty cycle of 1%. The timing diagram is shown as shown in Figure 16.
The phase of the chopper can be adjusted to eliminate any trap light that might leak
through to the detector at the beginning and the end of the exposure period. The
Transistor-Transistor-Level (TTL) signals are generated by an analog pulse genera-
tor (QuantumComposers, Model 9014) triggered by the phase locked synchronization
output, the trigger signal shown in Figure 16, of the chopper controller (New Focus
Model 3501). The Trap and the probe control pulses can be delayed relative to the
rising edge of the trigger signal as required. Two 50% duty cycle blades are used
together to obtain the ~10% duty cycle for the exposure. With this timing scheme
many hundreds of exposures can be made during the time that the CCD mechanical
shutter is open for the CCD while it is cooled and temperature stabilized to mini-
mize the readout noise. In a typical data collection run the CCD is kept open for

300 seconds allowing for a full 3 seconds of signal acquisition.
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FIG. 15. Block diagram showing the synchronization of the detection phase with the
on, off cycle of the trapping, hyperfine re-pumper (HFRP) lasers, and the coherent
backscattering probe laser. When the chopper blade is closed the trap laser is ON,
probe OFF, and when the blades are open the trap laser is turned OFF, the coherent
backscattering laser is turned ON in the middle of the exposure.
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FIG. 16. The timing diagram showing the trap, probe and exposure (CCD

open/closed). The trigger signal is derived from the phased locked synchronization
signal generated by the chopper.
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3.2.4 Background Noise

The data collection protocol consists of alternating between a signal acquisition run
and a background run. Both these exposures are of equal duration acquired under
identical conditions with the exception that the magnetic field of the MOT is turned
off for the background acquisition. Unlike for solid samples or suspensions, the back-
ground measurement is critical for the observation of CBS from an atomic samples.
The background contribution even when the MOT B-field is turned off can arise from
the collection of cold atoms due to the increase in density of atoms in velocity space
due to the presence of the optical molasses formed by the red detuned trapping beams
[40, 24]. Given that timing sequence is identical during the signal and background
acquisition, it is assumed that the cold atoms have dispersed between the trap off and
probe on time. Thus the true background is assumed to arise from the hot atomic
vapor present in the probed volume. The probe beam is highly attenuated by the
trap during the signal cycle. This implies that the hot vapor directly behind the
cloud is not excited and will not contribute to the background even though this fluo-
rescence is acquired and subtracted during as the background. The error due to this
over estimation of the background can be significant, and if not properly accounted
for contributes to the systematic error in the experiment. In order to account for
over estimating the background the absorption of the entire probe beam is measured
during the trap off cycle as a function of the probe detuning, with the probe linearly
and circularly polarized. With this absorption curve the background acquired as de-
scribed earlier, is corrected by accounting for the attenuation of the probe intensity
due to the trap. In Figure 17 the total probe attenuation is shown as a function of
detuning in each channel.

The unwanted background in the signal is mostly due to stray light scattered from
various optical elements and the speckle noise that arises from coherent backscatter-
ing from the same. The scattered stray reflections are eliminated by directing the
specular reflections away from the collection field lens when possible. The residual
speckle depends on the particular polarization channel in which data is acquired.
The residual scattering is minimized in the linear perpendicular, [l and the helicity
preserving, h||h channels as the light reflected (singly scattered light) from various
components are nulled by the analyzing linear polarizer in these two detection chan-

nels. However in the h||/h channel the 1/4 wave plate (QWP) used to circularized the
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FIG. 17. The attenuation of the probe beam as a function of detuning. The filled
circles shows attenuation of linearly polarized light and the open circles the circularly
polarized light. The measurement is taken sufficiently far from the trap to avoid
collecting trap fluorescence.

linearly polarized probe itself scatters some light and this is not nulled by the ana-
lyzer. The analyzer is set to transmit light of the same polarization as the incident
light. Therefore the minimum background in other polarization channels is higher
than that is obtainable for the {1l channel. Table III shows the relative orienta-
tion of the linear polarizers in each channel and the intensity of light retro-reflected
by a mirror at the sample position as measured at the detector position. The rel-
ative speckle contribution in each polarization channel is also maximum where the
retro-reflection is maximum.

It is critical in this experiment to eliminate any stray reflections, to minimize
residual beam scattering, and to isolate the detection system from room light in or-
der to detect the very small signals expected from the ultracold ®Rb atoms. The
counting rate for the signal is typically in the region of 100 photons/sec/pixel to 300
photons/sec/pixel depending on the polarization channel and the probe intensity
used. A significant background contribution arises from the probe beam reflected
from the beam-splitter and the residual of the probe transmitted through the sam-

ple, when these are not properly terminated. These beams are terminated at beam
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TABLE III. The intensity of speckle formed by light scattered from optical elements
in the four polarization channels, shown with the relative orientations of the analyzer
with respect to the incident polarization direction.

Channel Incident QW plate Analyzer wrt Incident Speckle
i 1 None 7 max
{1l T None — min
hilh ) helicity preserving 7 min
hlh T helicity non-preserving — max

dumps shown in the Figure 11. The beam dumps are 50x50 mm, RG1000, dielec-
tric attenuators (manufactured by Schott Glass), with an attenuation constant of
107 at 780 nm inserted at Brewster’'s angle to the beam. In doing so the reflec-
tion of the vertically polarized components of the beam (transmitted and reflected
at beam-splitter) are minimized (the transmitted beam is circularly polarized when
required). Residual reflection from the attenuator is directed to an absorptive mate-
rial. The fraction of the beam transmitted through the attenuator is directed in to
a beam dump made of a 0.5” diameter copper tube with its interior surface painted
in flat-black. With this set up, the backscattering of the residual beams is virtually
eliminated even at high probe intensities that are not used in this experiment. The
entire detection path and associated optics are enclosed in an aluminum casing run-
ning from the sample chamber window to the CCD detector. The path between the
beam splitter to the CCD with the collection optics is covered by 40 mm diameter
aluminum tubing to further isolate the detector from background light. With the
detection apparatus isolated the room-light contribution to the noise from the de-
tection solid angle amounts to approximately 10 counts/sec/pixel which is smoothly
distributed and consistent and is easily subtracted from the signal. This background
is consistent in all four channels showing little or no dependence on the polarization.

A further consideration to background contribution is the interference effects due
to internal reflections within various optical components. Most critical in this regard
are the sample windows, the beam-splitter, and the vacuum window of the CCD. The
point like source from which the backscattered light originates forms uniform narrow
fringes at the focal plane-the CCD when it was imaged through the standard uncoated

vacuum window of the sample chamber. The fringe contrast in this case was in the
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region of 10%, approximately equal to the CBS enhancement of 10-15%. Therefore
it was necessary to replace the vacuum chamber window used for CBS imaging with
a V-coated wedged window. The 38 mm diameter, 10 mm thick, entrance window
with a 1° wedge angle, and the 25.4 mm diameter, 10 mm thick exit window with
a 0.5° wedge angle were custom coated for 780 nm at zero incidence (CVI Laser
Corporation). The entrance windows were adhered on to and vacuum sealed with
an ultra-high vacuum epoxy (Torr Seal, Varian Vacuum Products) on to a 70 mm
vacuum flange mounted on a 10 cm bellows. The bellows enables the window to be
moved slightly to direct the specular reflection from the front and the back surface
away from the backscattering direction. Even with the coating the 0.5% reflection
of the probe at the window is large enough to saturate the detector in a short time,
and needs to be directed away from the CCD.

3.2.5 Instrument Resolution

The absolute resolution limit of the instrument in principle is determined by the focal
length of the analysis lens and the pixel size of the CCD detector. Hence the 450 mm
focal length of the analysis lens in conjunction with the 24x24 pm pixel dimension
gives an angular resolution of 0.06 mrad. However the actual experimentally real-
izable resolution is limited by such factors as the beam divergence, the abberations
induced by the optics, and the effects due to the the image transport system used.
The 1/e? beam waist, wy of the beam is approximately 8 mm. and it is collimated
to or near its diffraction limit. The far field angular diameter of a Gaussian, TEMgg
beam is given by A/mwg, where the the wavelength A = 780.2 nm. The probe beam
waist wy = 8 mm gives a full diffraction limited divergence of approximately 0.03
mrad which is smaller than the 0.06 mrad resolution of the instrument. The beam
collimation is tested by shear plate interferometry to verify that the beam divergence
is not in excess of the diffraction limit for a beam of this size as noted in the previous
section.

The instrument resolution is also measured by direct observation of the coherent
backscattering cone of a sample of TiOy suspended in water at increasingly dilute
concentrations. As the volume fraction of the TiO, goes down, the width of the
CBS profile is expected to decrease as the width is inversely proportional to the
scattering mean free path as given by equation (19). At the limit at which the

cone due to a given volume fraction becomes close to or narrower than the angular
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response function of the instrument, the measured enhancement will become strongly
attenuated (due to the convolution with the instrument response function). At this
point the observed cone width can be assumed the smallest possible measurable
angular profile or the instrument transfer function. The typical signal obtained from
two different concentrations of TiO, is shown in Figure 18. The width of the TiO,
cones are plotted as a function of the concentration as shown in Figure 19, and the
instrument resolution is obtained by extrapolating this curve to zero volume fraction.
The curve is non-linear due to the reduction procedure used. The concentration
of TiO, was done by removing a constant volume of the suspension and replacing
this volume by water. The measured value for the instrument resolution is 4=+1
pixels corresponding to an angular resolution of ~0.2 mrad. The actual instrument
resolution is a factor of 3 less than what is expected ideally but is sufficiently small

to observe a profile as large as 3 to 4 times the demonstrated resolution limit.

3.3 SAMPLES

The purpose of this work is primarily concerned with observing coherent backscatter-
ing from a dilute gas of atoms. It is however necessary to look at coherent backscat-
tering from classical samples, samples that behave like ideal dipole scatterers to
determine the fidelity of the instrument and to ascertain its response prior to in-
vestigating either cold or hot atomic gasses. The suspensions and the solid samples
are categorized as classical samples, and the atomic samples as non-classical due
to the observable effects of the internal structure of these samples on the coherent

backscattering signal. In this section the sample preparation is described in detail.

3.3.1 Suspensions and Solids

Coherent backscattering signals are observed from solid samples and suspensions in
liquid in all four polarization channels. In the case of suspensions the configuration
averaging occurs automatically by virtue of the motion of the scattering particles in
the liquid. The time scale of motion of the particles is much longer than the dwell
time of the probe photons in the sample which allows the speckle to be completely
homogenized into an average diffusive background. The typical exposure time for

observation of CBS from a suspension is from 2 s to 10 s depending on the probe
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FIG. 18. The horizontal cross section through the center of the coherent backscatter-
ing signal signal from a sample of rutile TiOs consisting of particles on the average of
~1.2-1.5 pm suspended in water. (a) Volume fraction-High. (b)Volume fraction-Low.
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FIG. 19. Plot of full width half maximum (FWHM) of coherent backscattering signal
cone profile of rutile TiOs suspended in water as a function of volume fraction. For
clarity the curve is expanded to show the behavior at low concentrations in the inset.
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power. The maximum enhancement is achieved in the helicity preserving, h||h chan-
nel. A typical coherent backscattering signal from a suspension of 1.0 pm diameter
polymer spheres is shown in Figure 20. The full angular width accessible with the
detection system is approximately 27 mrad. The typical cone width at full width half-
maximum (FWHM) is in the region of 0.5 mrad to a few milli-radians. The FWHM
of the coherent backscattering profile in Figure 20 is approximately 0.5 mrad. The
expected enhancement in the hl|h channel is a factor of 2 above the incoherent back-
ground. The measured enhancement in this channel is approximately 1.75 times the
incoherent background. This discrepancy can be attributed to loss of reciprocity due
to the inability to collect all the light scattered from the sample. The suspension
is contained in a 15x50x7 mm spectroscopic grade quartz cuvette. The probe beam
illuminates a 8 mm diameter region of the cuvette. Due to refraction inside the
medium some of the light escapes from outside the region of illumination. In this
case it is not possible to satisfy the condition Ic = Iy, given in equation (9) that
is required to obtain an enhancement of 2 above the incoherent background. Also
it should be noted that the intensity of the beam is not uniform over the region of
illumination - it is Gaussian. To realize a factor of two enhancement it is necessary
have a beam of uniform intensity relative to the mean free path in the material. An
addition requirement is that the multiply scattered photons should be confined to
the illuminated region. Those photons that escape from the region outside of the
beam waist suspended on the sample, merely contribute to diminish the coherent
signal by increasing the incoherent background. The largest enhancement observed
was of a small, = 2 mm diameter, styrofoam ball. The sample was a fixed to a rotor
of a small motor by a fine pin to average the speckle. The motor was rotated at
approximately 10 revolutions per minute during which the coherent backscattering
signal was recorded. An enhancement by a factor of 1.85 above the background was
measured. The horizontal cross section of the profile is shown in Figure 21. The
measured cone width for styrofoam is about 1 mrad, and is in agrement with previ-
ous measurements made in similar material at this wavelength [24]. As the expected
width of the coherent backscattering cone of rubidium is in the region of 1 mrad this
measurement gives a clear indication of the resolution of the coherent backscattering
apparatus. Also measured were coherent backscattering profile of Teflon, milk, sand,
white paper, and several samples of TiO, suspended in water at various concentra-

tions and particles sizes to characterize the response of the instrument. The results

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Intensity (Arb. Units)

10000

9000

8000

7000

6000

o1

h||h °
[ ]
| [
[ ]
[ ]
[ ]
[ J
o
[}
] c °
P et
B g npnternget??
3 2 -1 0 1 2 3
Angular Width (mrad)

FIG. 20. coherent backscattering signal image of 1.0 um diameter polymer spheres
suspended in water and the horizontal line scan through the intenisity maxima,
corresponding to 8 = 0. The full width half maximum of this cone is approximately

0.5 mrad.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



02

45000 1
@ | .
£ 40000 :
g %
S 35000 &
$ 5 ° [ ]
2 30000 - ‘ l“
Z F .
2 25000
H i

20000 -

-t 5 > > )
Angular Width

FIG. 21. The horizontal cross section through the center of the coherent backscat-
tering profile of ~ 2 mm diameter styrofoam ball. The cone width is 1.3+ 0.2 mrad.
The speckle was averaged by slowly rotating the sample in the probe beam.

of these measurements are summarized in Table IV.

3.3.2 Ultracold ®Rb

The sample of ultracold ¥Rb is formed in a standard room temperature vapor loaded
magneto-optic trap. The technique of cooling and trapping of neutral atoms is a
relatively new area that has seen dramatic developments since the first MOT was
demonstrated at AT&T Bell Labs in 1987. For details of practical and theoretical
aspects of laser cooling and trapping the reader is referred to the work by S. Chu
[17, 18, 19], Cohen-Tannoudji [20], W. Phillips [21}, C. Wieman [57], and H. J. Metcalf
[40]. The practical and experimental aspects that are important to this work will
be discussed here in detail. Critical to the experiment is the temperature of the
atoms that are probed and the density of the sample. The condition of reciprocity
required for CBS to be observed is dependent on the motion of the scatterers. If the
motion of the atoms is fast compared to the time that the wave takes to traverse the
sample, the reciprocity will be destroyed. As derived in equation (21) the required
temperature for coherent backscattering of resonant light is approximately 0.25 K.

Also the sample has to be dense enough, with an optical depth greater than 1, so
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TABLE IV. The full width at half maximum (FWHM) and the enhancement values
measured for some solids and suspensions.

Sample Enhancement FWHM (mrad)
TiOg, 10% solution ~ 1.49 4 0.02 6.24 £0.3
styrofoam 1.85 +0.03 1.02+0.3
fine grain Sand 1.69 + 0.02 1.00 £ 0.08
white paper card 1.59 £ 0.02 7.8 +£0.10

that the probe is multiply scattered.

A schematic of the trap set up is shown in Figure 22. The trap lasers are arranged
in the standard configuration of three, retro-reflected beams such that they intersect
at the center of a vacuum chamber. A 11 1/s ion pump maintains the pressure in
the chamber at or below 107 Torr. The chamber is equipped with a Ti sublimation
pump that is used at times to maintain the low pressure required for a robust trap.
The rubidium is contained in a closed nipple attached to an extension "T' on one of
the entrance ports of the chamber. The nipple is isolated from the chamber with a
Nupro valve. The rubidium is heated by a heating coil wrapped around the nipple.
The temperature of this oven is adjusted by varying the current to the coil. The trap
lasers enter the chamber along the x, y, z direction as shown in the Figure 22. The
magnetic field lies along the z axis.

Unlike the probe laser, the trapping lasers need to be of high power in order to
load as many atoms in the trap as possible. To obtain the high power needed for
the trap the diode lasers are used in a master-slave configuration as the power from
the master itself is insufficient to achieve the high number density of atoms. The
stabilization and locking of the master is similar to that of the probe. The master
diode laser is an index guided GaAlAs, Hitachi DL7851G, which is frequency stabi-
lized by locking to a crossover peak of the 85Rb saturated absorption spectrum as
described previously. The locked laser output is sent to a polarizing beam-splitter
(PBS) through a half wave plate allowing good control of the reflected and transmit-
ted power. The reflected master beam is sent to the slave diode through a Faraday
rotator and a half wave plate as shown in Figure 23. The slave diode is a high power
Sanyo DL7140-201 rated at 70 mW (at room temperature, and an operating current

of 140 mA). The slave itself does not employ an external cavity, it is injection locked
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FIG. 22. Schematic of the magneto-optical-trap. Six laser beams intersect at the
center of the chamber where the sum of the magnetic fields produced by the two
electromagnetic coils is zero.
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FIG. 23. Schematic of the master-slave configuration used for the trap laser

to the frequency stabilized master laser [58]. This allows the entire power of the slave
to be diverted to trapping. If only the master output is used only a small fraction of
its power is available for trapping, and some other amplification scheme is needed to
obtain a trap with relatively high number density (such as a semiconductor tapered
amplifier [59]). The slave is typically run at 65 mA, yielding an output power of 29
mW, with almost all of it being available for trapping. The slave itself is tempera-
ture and current stabilized and well collimated. It is well isolated from the outside
environment in an aluminium box. The slave is cooled to approximately -5 to -7°
Celsius, a lower temperature than the master allowing it to free run close to the
required wavelength at a drive current of ~65 mA. The slave box is not hermitically
sealed, but it is isolated from the surrounding with the beam exit closed with a coated
window. To avoid vapor condensation on the diode the box contains desiccant that is
regularly refreshed. The atoms excited by the trapping laser has a finite probability
of decaying to the lower, F = 2 hyperfine state, about 1 in every 700 excited to the
upper F = 4 and become unavailable for trapping. It is necessary to force these
atoms back on to the cycling transition, F = 3 — F/ = 4. This can be achieved by

either a separate laser tuned to F = 2 — F/ =3 resonance or by imposing side bands
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on the trapping laser, the carrier itself at the energy separation between the two
ground hyperfine levels [60]. This is achieved by modulating the drive current of the
slave laser at a frequency of 3.04 GHz. These sidebands were obtain by modulating
the slave current, leaving the master undisturbed [61]. The microwave modulation of
the current was coupled to the diode via a Bias ”T” manufactured by Mini-Circuits
(Model ZFBT-50). A voltage controlled oscillator (Agilent Model VTO-8240) is used
to produce the modulation frequency which is tuned by observing the trap fluores-
cence. The sideband power realized with this modulation scheme was approximately
2-3% of the carrier power, with out any amplification of the microwave. Best modu-
lation depth is realized with careful matching of impedance and taking care of lead
lengths, and connectors.

The half wave plate in conjunction with the Faraday rotator and the PBS allows
most of the slave power to be utilized for the experiment. This also minimizes the
slave feedback to the master. The master is isolated from the slave and any other
spurious feedback by an optical isolator having an extinction of approximately 38-40
dB. This allows the master to run smoothly, free of unwanted feedback that may
disturb its long term stability.

The slave output frequency strictly follows the master which in turn is locked to
the F = 3 — F/ = 2,4 crossover peak in the saturated absorption spectrum. The
slave follows the master oscillating at 92.05 MHz to the red of the cycling transition.
This laser is sent through an AOM that is used to shift the wavelength to, or close to
resonance as required. Using the AOM the trap was optimized at a detuning of -2.7~,
where v = 5.88 M Hz is the natural width of the cycling transition. About 75% of the
power of the slave is coupled to the first order of the AOM which is used for trapping.
The AOM also allows for efficient switching of the trap laser by controlling the radio
frequency (RF) signal to the AOM. The amplified output (RF amplifier-Motorola
Model CA2832C) of a voltage controlled oscillator (Mini-Circuits Model ZOS-100)
(VCO) is used to drive the AOM. The AOM operating range spans about 80 MHz+20
MHz. The first order of the AOM output is coupled into a polarization maintaining
fiber (Newport, Model F-SPF) with a coupling efficiency of approximately 66%. The
total power available for actual trapping is 114+0.5 mW. The trap laser is switched
by controlling the RF to the AOM via and RF switch between the VCO and the
amplifier. The switch accepts the TTL pulses generated by the pulse generator

synchronized to the experiment through the chopper as described before.
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FIG. 24. Absorption profile with the probe scanned over the hyperfine manifold

The trap parameters are optimized by monitoring the trap fluorescence and by
measuring the absorption of a weak probe beam transmitted through the center. The
absorption measurement is critical to the experiment as it allows us to calculate the
true optical depth of the cold atomic cloud. A typical absorption profile is shown
in Figure 24 for the probe frequency scanned over the hyperfine manifold. The true
absorption is determined at the duty cycle used in the experiment with the probe
laser fixed at resonance. However it is difficult to get a true measure of the absorption
by measuring at one frequency. Therefor it is measured at several frequencies around
resonance and fitted to a Lorentzian (assuming that the laser line width is much
smaller than the natural width) to obtain a more realistic number for the optical
depth. A time of flight method is used to obtain the temperature of the trapped
atoms. The absorption of a weak probe beam is measured at time ¢ty = 0 where
the trap lasers are turned off. As the absorption is dependent on the propagation
length, it is possible to obtain an approximate volume increase of the trap size at
to + At. The trap temperature calculated from these measurement is 30 uK with an
uncertainty of 10% due to the noise in the absorption measurements.

The shape and size of the trap is measured by imaging the trap on to the CCD.
The known magnification of the imaging system permits calculation of the vertical

and horizontal size of the trap. The trap size was measured at several different
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magnetic field values as the magnetic field is a convenient means of changing the
trap size and density. The size and shape parameters are important in investigating
the dependence of CBS on these values.

In order to avoid systematic errors in the experiment there are several things that
need to be considered. These systematics arise from the nature of the sample and how
the probe interacts with it. First of all the probe beam needs to be nearly centered
on the sample. Any variations in the wave front amplitude across the sample can
adversely effect the backscattering enhancement [24]. For this purpose two shim coils
are used to move the relatively small sample to the center of the beam. The beam
itself is not moved once it is centered on the chamber windows and its angle of attack
is optimized to reduce the background due to scattering from various components in
its path. When the probe is centered and optimized it is more or less centered on the
sample, the cloud of atoms need not be moved more than its diameter to be exactly
centered on the beam. The trap can be moved in the vertical z direction by slightly
unbalancing the current in the trapping coils, and horizontally, perpendicular to the
probe by a shim coil with its field lying in the xy plane at 45 degrees to the trapping
beams. The centering is easily accomplished by looking at the shadow of the cloud in
the probe and moving the shadow by adjusting the field currents. It is critical that
the coherent backscattering laser does not disturb the cloud of atoms significantly
during the data acquisition cycle. The coherent backscattering line shape for small
samples depend on the optical depth [24], the size of the sample [1], and on the
motion of the atom in the sample [24]. The probe laser if allowed can induce a large
acceleration on the trapped atoms. The high saturation acceleration of ~10%m/s?,
imposes constraints on the power of the probe, and the length of time that it can
be allowed to interact with the sample. During a typical data cycle the probe is
switched on for 0.25 ms, at a saturation parameter of 0.08 limiting the maximum

displacement and velocity of the atoms while maintaining reasonable counting rate.
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CHAPTER 4

RESULTS AND ANALYSIS

4.1 COHERENT BACKSCATTERING ENHANCEMENT

Images of the spatial distribution of backscattered light in the four standard po-
larization channels and for resonant excitation on the F' = 3 — F' = 4 hyperfine
transition are shown in Figure 25. With reference to the figure, and as discussed
earlier, these channels are customarily labelled as (a) I}, (b) ILl, (c) h|h, and (d)
h L h. The images are color coded to indicate by the lightest colors the regions of peak
intensity, which are evident in the figure. The region of peak intensity is customarily
called the cone, even though line scans through the angular distribution are more
nearly Lorentzian than conical, and do not show the cusp-shaped peak characteris-
tic of coherent backscattering from a semi-infinite medium. This is not due to the
finite spatial resolution of the instrumentation, but instead due to very long multiple
scattering paths necessary to generate the sharp conical spatial feature [33]. Each
of the CBS images in Figure 25 corresponds to an average intensity of several thou-
sand counts per pixel accumulated as described previously. The false color intensity
scale in Figure 25 has been enhanced to bring out features associated with the cone
region. However this also brings out residual speckle noise present in three of the
four polarization channels due to stray light scattered from instrumental elements,
including the quarter wave plate used in the helicity channels. Slight variations in
the configuration of the experimental apparatus during the course of data taking and
background subtraction leads to residual speckle that is not completely eliminated
by background subtraction. The speckle is almost entirely absent in the [l channel
due to suppression of speckle through cross polarization (see Table III), and due to
the absence of the 1/4 X\ wave plate in the detection path. In spite of the noise, the
spatial asymmetries present in the linear polarization channels are clearly evident
in the images in Figure 25. These include the greater cone width in the vertical
direction for the !||// channel, and the lines of symmetry along the bisectors of the
incident and detected linear polarization directions in the [ 1] channel. Each of these
is discussed further below.

To illustrate the cone profile, we present in Figure 26 line scans of the spatial

intensity distribution through the center of the cone for the ||/, and ! Ll channels.
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FIG. 25. The charge couple device (CCD) camera images of the coherent backscat-
tering cone in all four channels. Images are color enhanced for clarity
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TABLE V. The measured full width at half maximum and the enhancement on
resonance in the four polarization channels

Channel Enhancement FWHM (mrad)
I 115008 0.6 +0.18
[l 1.10 £0.02 1.42 4+ 0.06
hllh 1.084£0.02  1.1840.08
hlh 1.11 £ 0.02 1.86 £0.10

The on resonance coherent backscattering profiles in the helicity channels are shown
in Figure 27. In the final quantitative data analysis the enhancements and the
cone widths are extracted by angular integration of the intensity profile about the
incident wave vector, of the corresponding data in Figure 25. The integrated profile
is scanned and fitted to a linear sum of Lorentzians to extract the enhancement
and the full width half maximum (FWHM) of the profiles. This angular integration
significantly improves the signal to noise ratio for the wings of the cone, but does little
to improve the determination of the peak intensity at the center of the cone. The
integrated profiles of the on-resonance cones are shown in Figure 28 . For excitation
and detection of light of definite helicity, the intensity is not expected to depend on
the angular displacement around the direction of the incident wave vector. For the
line scans shown in Figures 27, the data was not integrated; as seen from the line
scans the cones have an angular width of about 1 mrad, and enhancements that are
typically less than 15%. The estimated cone width and the enhancement at resonance
is summarized in Table V.

The data shows good agreement with the quantum Monte-Carlo simulations; in
Figure 29(a) and 29(b), the experimental results are shown with the results of the
simulation of the helicity channels [1]. Figure 30(a), 30(b) shows the same for the
linear channels. The simulations are done for conditions closely resembling those
in the experiments. In particular, an asymmetric Gaussian atom distribution with
Gaussian dispersions of 0.55 mm and 0.69 mm and with a maximum optical depth
of 5 are selected for the simulation. The multiple scattering simulations are done
for weak incident fields, where saturation and correlation are negligible. Scattering
orders of more than 10 are necessary to obtain convergence of the width and the

enhancement. Figure 31 shows the convergence of the enhancement as a function
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FIG. 26. The coherent backscattering profile at resonance in the [||I, and [ L] channels,
the solid line is a Lorentzian fit to the data.
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FIG. 27. The coherent backscattering profile at resonance in the h|h, and hLlh
channels, the solid line is a Lorentzian fit.
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FIG. 28. The on resonance, angular integrated coherent back scattering profile of the
h||h channel, and the ||l channel.
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FIG. 29. The experimental coherent backscattering profiles in the helicity channels
shown with the quantum Monte-Carlo simulation results. Graph (a) is the horizontal
scan of the h||h profile, and graph (b) is the horizontal scan of the h_Lh profile [1].
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FIG. 30. The experimental coherent backscattering profiles in the linear channels
shown with the quantum Monte-Carlo simulation results. Graph (a) is the horizontal
scan of the l||l profile, and graph (b) is the horizontal scan of the I 1l profile [1].
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of scattering order [1]. In comparing the experimental results with the simulations,
there are two general elements to consider. The first of these is the enhancement,
which is quite sensitive to the polarization channel, and increases weakly with density
at fixed sample dimensions. The width of the cone, on the other hand, is strongly
dependent on the size of the sample, with the width increasing nearly linearly with
the inverse size of the sample as shown in Figure 32 [1]. Qualitatively, this is because
the cone width is sensitive to the average location of the first and last scatterers
associated with reciprocal paths, in the same way that the fringe frequency in a dou-
ble slit is sensitive to the slit separation. To obtain the very good agreement with
the theory as seen in Figure 33, and in comparisons to follow, it was necessary to
have careful measurements of the MOT size and approximate measures of its shape.
The MOT size measurements were made as described in the experimental section by
imaging the MOT with a well characterized optical system. The quantitative agree-
ment between the experiment and the simulations shows that such measurements
can lead to inference of the average sample size from the coherent backscattering
measurements.

Presented in Figure 34 are scans in both the vertical and horizontal directions
for the two linear polarization channels. For the ||l polarization channel, the cone
spatial line shape does not generally possess axial symmetry about the direction of
the incident wave vector. Shown in the figure are both the horizontal and the vertical
scans across the cone, where a horizontal scan corresponds to a direction perpendic-
ular to both the incident wave vector and the direction of the incident electric field
vector. In spite of the speckle noise in the data, the spatial asymmetry is clearly
seen in the I||l channel, with the cone width is approximately two times wider for
a vertical scan than for a horizontal scan. A physical reason for this is that the
scattering of linearly polarized light on the F = 3 — F’ = 4 transition is strongly
directed perpendicular to the direction of the incident polarization (see Figure 4),
as expected for electric dipole radiation from an aligned system. Multiple scattering
magnifies this propensity, and makes the multiple scattering strongly localized in a
horizontal plane. Thus the first and last scatterers in a multiple scattering sequence
lie to a good approximation along lines perpendicular to the incident polarization di-
rection, and the phase associated with the detected light will vary relatively rapidly
in that direction. However, the phase will vary much more slowly in the vertical di-

rection, in direct analogy to the interference fringes formed from a horizontal double
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FIG. 31. Dependence of the coherent backscattering enhancement on the scattering
order calculated for the F = 3 — F’ = 4 hyperfine transition in ®Rb for a Gaussian
type atomic cloud of ro = 1 mm for tow densities, (a) no = 8- 10%m ™3, and (b)
ng = 16 - 10°%cm 3. Individual curves represent different polarizations channels [1].
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FIG. 32. Dependence of the coherent backscattering enhancement on the sample size
- theoretical prediction [1]
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FIG. 33. Dependence of the full width half maximum of the cone profile on the sample
size. The optical depth for these calculations were fixed at 5 [1].
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FIG. 34. The experimental coherent backscattering profiles in the linear channels
shown with the quantum Monte-Carlo simulation results. Graph (a) is the vertical
scan of the I||l profile, graph (b) is the horizontal scan of the same linear profile,
and (c) is the horizontal scan of the [ L[ profile, and (d) is the vertical scan of the
same. The solid line is the theoretically predicted value, the open circles represent
the experimental values [1].
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slit. Therefore the resulting cone will be significantly wider in the vertical direc-
tion. As shown by the solid lines in Figure 34, this behavior is again in very good
agreement with theoretical simulations. For the [ Ll polarization channel, there is a
related symmetry, but one that does not arise directly from the angular distribution
in single scattering of light linearly polarized perpendicular to the incident light, as
this distribution is necessarily isotropic. Instead it comes from the component of
light perpendicular to the incident polarization generated by solely multiple scatter-
ing. As may be readily seen for linearly polarized light exciting an array of classical
oscillators, this contribution to the scattering has a maximum contribution in di-
rections bisecting the horizontal and vertical directions, as recently demonstrated in
coherent backscattering experiments in ultracold strontium atoms [62]. The data
shows an interferometric enhancement on the order of 1.15 (15%), relative to the
incoherent background, for all four polarization channels. This enhancement should
be compared with what is expected, and seen for coherent backscattering from clas-
sical scatterers, including light scattered from ultracold Sr atoms on the 1Sy — P,
resonance transition. In the helicity preserving hl||h channel, where single scattering
is absent, direct comparison with the above two cases imply an enhancement of 2
above the incoherent background. It was first discovered by Labeyrie, et al. [23] that
the enhancement in ultracold Rb is significantly less than this. Generally, the phys-
ical origin in the present case lies in the internal atomic hyperfine structure, which
permits elastic Raman transitions as well as Rayleigh scattering of monochromatic
light from the atoms. As discussed by Miiller, et al, it is atomic transitions to a
distribution of magnetic sublevels along a multiple scattering path that leads to an
imbalance in the direct and reversed scattering amplitudes, and thus to a reduction

in the overall enhancement [63].

4.2 SPECTRAL DEPENDENCE OF THE ENHANCEMENT

A goal of this research was also to investigate the spectral dependence of the coherent
backscattering cone in the four polarization channels. The spectral dependence of
the total backscattering cross section centered around § = 0 was measured in each
one of the polarization channels as a large fraction of this signal corresponds to the
incoherent background. Naively one would expect the total backscattered intensity
spectra to be approximately equal to the natural width of the transition, considering

that the scattering medium to have no temperature dependent (ultra cold sample),
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or pressure dependent (low pressure vapor), broadening mechanism. The spectral
variation of the relative total intensity of light backscattered into a 20 mrad x 20 mrad
cross-section centered on the cone region around 6 = 0 was measured. This quantity
depends very weakly on interference effects in radiative transport, for the majority of
the signal corresponds to the incoherent (speckle averaged) background. The data,
corresponding to the two helicity polarization channels, is shown in Figure 35. There
it is seen that the spectral width is several times the natural width associated with
single scattering. It is assumed that this is a result of the considerably large optical
thickness of the vapor; even when the coherent backscattering laser is spectrally
detuned by an amount larger than the natural width, the light penetrates further
into the sample but is still scattered and can contribute to the intensity emitted
from the sample. It is only when the detuning is so large that the optical depth
becomes significantly less than unity, that the scattering line shape will reduce to
that of single scattering. This broadening may alternately be related to the increase
of the width of the absorption profile in forward scattered light, and may be similarly
modelled to obtain the qualitative effect. Also shown in Figure 35 is the result of
simulations of the spectral behavior in backscattering from sample of optical depth
at 5 and 10 [1, 25]. The overall agreement between experiment and theory is seen to
be very good, but suggestive that the true optical depth in the experiments may be
somewhat larger than 6 as measured by absorption.

In Figures 36(a), (b), and Figure 37(a), (b) the experimentally obtained enhance-
ment at probe detunings in the range -y to +v is shown for the two linear and
circular channels respectively. The enhancement is calculated from the Lorentizian
fit parameters to the raw data. The error depends on the number of counts and the
fit statistics. As the detuning is increased the laser power is increased to compensate
for reduced scattering cross section. This increase in probe intensity contributes to
larger error bars at high detuning due to the increased background from scattering
at windows, and other optical elements along the path of the probe. The error is
generally larger in the channels where the speckle is not suppressed, such as in the
[l and the hLlh channel.

In Figure 36(a), it can be clearly seen that the enhancement is suppressed at
and around resonance. This behavior is only observed in the h|h channel and as
seen experimentally (Figure 36(a)) and in simulations. This behavior is attributed

to a possible interference with the off-resonant levels in the hyperfine manifold. In
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FIG. 36. The spectral dependence of the coherent backscattering profile relative to
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non-preserving, h_L h channel.
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this case the off-resonant level of interest is the F = 3 — F’ = 3 transition at 120.7
MHz from the on-resonance cycling transition. The results of the quantum Monte-
Carlo calculations too clearly show this behavior in the hl|h channel as shown in
Figure 38. The simulations in the absence of the off-resonant levels failed to suppress
the enhancement but is clearly present when these were accounted for. At larger
atomic density the suppression is further enhanced as shown in Figure 38(b). It is
not known as yet why this effect is observed in this particular channel. As shown
in Figures 39(a) and (b), the linear channels do not seem to show this effect and as
can be verified experimentally with this data as presented in Figure 37(a), 37(b) any
obvious suppression of enhancement is not observed.

The interference effect can be explained somewhat heuristically by considering

the following expression for the single atom scattering amplitude,

Ch N Cy
(W—W34—i’)//2) (w—wggr— ’L’)//Z)
Here w is the laser frequency, and wsy, w33 are the F' = 3 — F/ = 3, 4 transition

A= (48)

frequencies. For single scattering the intensity is proportional to |A|?, giving the
intensity a direct term and an interference term. For double scattering the scattering
amplitude is given by the square of the quantity A*A. It can be seen that the the
first order correction term is larger in comparison, and the mixing is even stronger
for higher order scattering. Therefore the contribution to single scattering intensity
from the off-resonant level and the correction terms due to multiple scattering give
rise to detuning dependance observed. It should be noted that that there are higher
order contribution on-resonance also, but these have a smaller cross term. At small

detunnings the contributions from higher orders diminish, but has larger cross terms.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

1.14
1124 @
1.10 -
1.08 -
1.06 -
1.04
1.02
1.00 A I ' ] — ¥ - T T T

—a- h//h
—~ h_Lh

Enhancement

1.16
1.14 4 (©) —+ hi/h
1.12 i —~-h.Llh
1.10 A
1.08 1
1.06 -
1.04 ~
1.02 -
1.00 I T I v I T I T T

-2 -1 0 1

Detuning (2A/Y)

Enhancement

[\

FIG. 38. The calculated spectral dependence of the enhancement factor in the circular
channels for the F = 3 — F’ = 4 hyperfine transition, in ®*Rb. Gaussian type atomic
cloud, (a) radius ro = 1 mm, density np = 8- 10° em™ and (b) radius ro = 1 mm,
density no = 16 - 10° em ™2 [1].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79

1.14
112 4 (
1.10
1.08
1.06
1.04
1.02 -
.00 "

o
~~

—o— |\\1

VRN RIS RTN PRI R

Enhancement

S
—
o
—
WS

1.16 -
114 4 (b) —e 1\
1.12 + = 111
1.10
1.08
1.06
1.04 -
1.02 -
1.00 T T I T I T T T !

-2 -1 0 1
Detuning (2A/y)

I

Enhancement
1 l K l

[\

FIG. 39. The calculated spectral dependence of the enhancement factor in the linear
channels for the F = 3 — F’ = 4 hyperfine transition, in ¥Rb. Gaussian type atomic
cloud, (a) radius 79 = 1 mm, density ng = 8- 10° em™2 and (b) radius ro = 1 mm,
density no = 16 - 10° cm™2 [1].
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CHAPTER 5

CONCLUSIONS

The measurement of polarization and spectral dependance of the coherent backscat-
tering signal were made for ultracold 85Rb. These measurements were compared with
theoretically calculated values and was found to be in good agreement. It is clearly
seen that the internal structure of the atom- its quantum mechanical properties con-
tribute to the observables, and significantly modify the coherent backscattering signal
expected from a pure classical stand point.

The experimental data on the enhancement and the width of the backscattering
profile of ultra cold ®Rb is in good qualitative agreement with theoretical results.
In addition it was found that while the enhancement does not depend on the sample
size, for a given optical depth the width of the profile to be inversely proportional to
the sample size. Finally conclusive evidence of a strong sub-natural width spectral
dependance is observed in the coherent backscattering signal, for light tuned around
the F = 3 — F’ = 4 transition in the h||h polarization channel. This effect although
clearly evident in the Raman-type helicity preserving channel is also expected to be
present in other polarization channels. The effect is attributed to interference with
far off-resonant hyperfine transitions. In this case the off-resonant level is the F = 3
— F' = 3 transition at 120.7 MHz to the red of the cycling transition F =3 — F/ =
4.

Future work in this area will necessarily have to concentrate on improving the
signal/noise in the experiment, to quantify the effect in other polarization channels,
and in the above mentioned probe frequencies. This would necessarily involve con-
structing ultra stable lasers, both in frequency and intensity, and better MOT loading
techniques to reduce background fluorescence. The coherent backscattering of light
at from other hyperfine levels needs to be investigated. Observation of coherent
backscattering of a probe tuned to other available levels in the ®Rb D2 line possibly
show a larger interference effect due to the proximity of these levels. The separation
of F =2 — F =1, 2, 3 is approximatley 90 MHz as compared to the the splitting
between the cycling transition and the F = 3 — F' = 4, 3, 2 splitting of 180 MHz.
A natural extension of this work is to investigate the coherent backscattering signal
from an ultracold sample of 8 Rb. The existing set up can easily be adopted for this

experiment with only minor modifications of the lasers. It remains to be examined if
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the larger hyperfine separation in the ground level, 6.8 GHz as compared 3.02 GHz
in ®Rb would contribute to a enhancement factors different from that observed for
8Rb.

The measurements made of the coherent backscattering signal from ultra cold
85Rb atoms show that the width of the backscattered signal profile is dependent
on the size of the sample. The ability to observe a coherent backscattering signal
from a small but dense collection of atoms can lead to better understanding of light
“localization,” as in this limit the mean free path of the photon converges to its
wavelength. It should be noted that in this work the densities were far from this
region. At higher densities atom-atom interactions too will become an important
factor in determining the nature of the coherent backscattering signal. It is, though,
not too difficult to modify this apparatus to achieve higher atomic densities in a
smaller trap volume. This can be achieved by means of a spatial or a temporal dark
trap, both having higher densities and the former a far smaller volume. Although
these techniques will not reach the critical density necessary to reduce the mean free
path to a photon wavelength, the trend in cone width to sample size relation can
be further explored. It should be noted that atom-atom interactions will become
important as the density of the scatterers are increased.

Apart from improving on the above two measurements there are several novel
areas to be explored. First the dependence of the coherent backscattering cone on
the input laser power. At the moment this experiment is being carried out with the
addition of a slave laser on the probe. At saturation it is not obvious how reciprocity
will be effected. Also at high power the effects of light intensity, such as changes in
elastic, inelastic scattering cross section, Mollow triplets and superposition of atom-
field states will become a factor in determining the backscattered profile. Again this
will require a bigger, more robust trap.

The backscattering signal by itself can be used as a probe of the collective struc-
ture and dynamics of a magneto-optic trap. Here it was shown conclusively that the
size parameter of the trap can be easily obtained from the width of the backscatter-
ing profile. It is also possible to probe magnetic effects due to external or optical
pumping of the trapped atoms by analysis of the CBS profile and its spectral depen-
dance. Changes of in coherent backscattering profile due to induced static magnetic
fields has been observed (in experiments by R. Kaiser et al) [64]. Theoretical work

is already in progress looking at these effects.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



82

The major effort at realizing localization today is concentrated in photonic band-
gap materials, where the scattering is not entirely random. It is however now possible
to arrange highly resonant scatterers, namely atoms in either one, two or three di-
mensional optical lattices in free space. From such lattices Bragg like scattering has
been recently observed. While the dynamics of atoms in magneto-optical traps are
complex, these lattices might provide a more controlled collection of scatterers to
observe coherent backscattering.

The extension of theoretical work in this field along with further advances in these
experiments inevitably will lead to better understanding of multiple light scattering
in the limits so far not considered, and possibly lead to observation of localization of

photons.
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APPENDIX A

THE ANGULAR INTEGRATION OF THE ARRAY

The angular integration program is implemented and coded in C. This code consist
of three sections, tntegration.c,array.c and readsile.c. The readsile.c expects the
data format x,y,z where (x, y) is the pixel and z is the intensity at (x,y) an integer
from -64556 to 464556 [65]. The code as it was implemented is included below for

reference.

A.1 INTEGRATION.C

#define NDEBUG

#include <stdlib.h> #include <stdio.h> #include <math.h>

#include "array.h" #include "read_file.h"

#define Pi 3.1415926535897932385

#ifndef NDEBUG #define dfprintf(s) fprintf s #else #define
dfprintf(s) #endif

void integrate(struct array *array_p,double x0,double yO,double
r_max,int np,int ni){
double f;
double r,th,x,y;
int 1,j;
for (i=0;i<np;i++){
r=-r_max+2*r_max*i/(np-1);
f=0;
for (j=0;j<ni;j++){
th=2%Pi*xj/ni;

x=x0+r*cos(th);
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y=yO+r*sin(th) ;
f+=array_val(array_p,Xx,y);

}
f*=2%Pi/ni;
printf("%f %f\n",r,f);

#define N_PLOT_POINTS 100 #define N_INTEGRATION_POINTS 360
int main(int argc,char **argv){

struct array *array_p;

double x0,y0;

double x,y;

double r¥max,rYmax,rmax;

/* check argument sanity */

if(arget=4){
fprintf(stderr,"usage %s filename x0 yO\n",argv[0]);
exit (EXIT_FAILURE);

/* read the data file */

array_p=read_file(argv([1i]);

if (array_p==NULL){

fprintf(stderr,"couldn’t read file\n");
exit (EXIT_FAILURE);

/* get center from command line */
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x0=strtod(argv[2] ,NULL);
yO=strtod(argv[3],NULL) ;

/* Print data arround the center */

fprintf(stderr,"Values arround %f %f\n",x0,y0);
for (x=x0-array_p->x_bin_size;x<x0+1.5*array_p->x_bin_size;
x+=array_p->x_bin_size){
for(y=yO-array_p->y_bin_size;y<yO+1.5*array_p->y_bin_size;
y+=array_p->y_bin_size){
fprintf (stderr,"/f " array_val(array_p,x,y));
}
fprintf (stderr,"\n");

/* calculate the maximum radius so as not to exceedx/

/* the bounds of the array */

rXmax=(array_p->x_max-x0 < xO-array_p->x_min) 7
array_p->x_max-x0 : xO-array_p->xX_min;
rYmax=(array_p->y_max-y0 < yO-array_p->y_min) 7
array_p->y_max-y0 : yO-array_p->X_min;
rmax=(rXmax < rYmax) ?

rXmax-array_p->x_bin_size : rYmax-array_p->y_bin_size;

/* make integration */

integrate(array_p,x0,y0,rmax,N_PLOT_POINTS,N_INTEGRATION_POINTS);

return O;

A.2 ARRAY.C
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#include <stdlib.h> #include <stdio.h> #include <math.h>

#include "array.h"

double rint(double);

struct array *array_create(
double x_min,
double x_max,
double y_min,
double y_max,
int n_rows,
int n_cols
){

struct array *array_p,

int row;

/* allocate memory to hold the information on the array */

if ((array_p=malloc(sizeof *array_p))==NULL){
/* an error occured trying to malloc */
return NULL;

/* allocate an array of rows */

if ((array_p->data=malloc(n_rows*sizeof *array_p->data))==NULL){
/* an error occured trying to malloc */

free(array_p);

return NULL;

/* allocate the rows */
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for(row=0;row<n_rows;row++){

if ((array_p->datalrow]

=malloc(n_cols*sizeof *array_p->datalrow]))==NULL){
/* an error occured trying to malloc */
while((--row) !=-1){

free(array_p->datalrow]);

}
free(array_p->data);
free(array_p);

return NULL;

/* store the initial array parameters */

array_p->n_rows=n_rows;

array_p->n_cols=n_cols;

array_p->x_min=x_min;
array_p->X_max=x_max;
array_p->y_min=y_min;

array_p->y_max=y_max;

array_p->x_bin_size=(x_max-x_min)/(n_cols-1);

array_p->y_bin_size=(y_max-y_min)/(n_rows-1);
return array_p,

void array_destroy(struct array *array_p){
int row;

for (row=0;row<array_p->n_rows;row++){

free(array_p->datalrow]);
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}
free(array_p->data);

free(array_p);

double array_val(struct array *array_p,double x,double y){

int row,col;
double a,b,c;
double d,e,f;
double g,h,i;
double C,Cx,Cy,Cxx,Cyy,Cxy,Cxxy,Cxyy,Cxxyy;

/* Calculate which row,column this point falls into */

col=rint ((x-array_p->x_min) /array_p->x_bin_size);

row=rint ((y-array_p->y_min)/array_p->y_bin_size);

/* Make sure the point isn’t out of the range */

if (row<l || row>array_p->n_rows-2 || col<l ||
col>array_p->n_cols-2){
fprintf(stderr,"Out of range %f,%f\n",x,y);
exit (0);

/* Get the cells arround arround row, col */

a=array_p->datalrow-1] [col-1]; b=array_p->datalrow-1] [col];
c=array_p—>data[row-1] [col+1];

d=array_p->datalrow 1][col-1]; e=array_p->datalrow ] [coll;

f=array_p->datalrow ] [col+1];

g=array_p->datalrow+1] [col-1]; h=array_p->datal[row+1] [col];

i=array_p->datalrow+1] [col+1];
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/* Shift the coordinates so that 0,*/

/*0 is the center of the row,column */

X-=array_p->x_min+col*array_p->x_bin_size;

y-=array_p->y_mintrowkarray_p->y_bin_size;

/* Calculate the interpolation coefficients using
code gotten from mathematica using the following input
Flx_,y_]1=C + Cx*x + Cy*y + Cxx*x*x + Cyy*xyxy + CXy*x*y
+ CXXY*X*x*y + CXYY*X*ky*y + CXXYY*XAXky*y
s=Solve[{
a==F[-xs,-ys],b==F[ 0,-ys],c==F[+xs,-ys],
==F[-xs, 0],e==F[ 0, 0],f==F[+xs, 0],
g==F[-xs,+ys] ,h==F[ 0,+ys],i==F[+xs,+ys]
},{c,cx,Cy,Cxx,Cyy,Cxy,Cxxy,Cxyy,Cxxyy}]
*/

C=e;

Cx=(f-d)/(2*array_p->x_bin_size);

Cy=(h-b) /(2*¥array_p->y_bin_size);
Cxx=(d+f-2*e)/(2*array_p->x_bin_size*array_p->x_bin_size);
Cyy=(b+h-2*e) /(2*array_p->y_bin_size*array_p->y_bin_size);
Cxy=(at+i-c-g)/(4*array_p->x_bin_size*array_p->y_bin_size);
Cxxy=(2xb-a-c-2xh+g+i) /(4*array_p->x_bin_size*array_p->
x_bin_sizexarray_p->y_bin_size);

Cxyy=(2xd-a-g-2*f+c+i) /(4*array_p->x_bin_size*array_p->
y_bin_size*array_p->y_bin_size);
Cxxyy=(a+tc+g+i-2%b-2xd-2xf-2xh+4x*e) /(4*array_p->x_bin_size*array_p->

x_bin_size*array_p->y_bin_size*array_p—>y_bin_size);
/* 0-> do interpolate, 1->do NOT interpolate */

#if O
Cx=Cy=Cxx=Cyy=Cxy=Cxxy=Cxyy=Cxxyy=0;
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#tendif

return C + Cxxx + Cy*xy + Cxx*x*x + Cyy*y*y + Cxy*x*y +

Cxxy*x¥x*y + CXyy*x*y*y + CXXYy*X*X*y*y;

void array_init(struct array *array_p,double (*f)(double x,double
y)A{
int row,col;
for (row=0;row<array_p->n_rows;row++){
for(col=0;col<array_p->n_cols;col++){
array_p->datalrow] [col]=f (array_p->x_min+array_p->

x_bin_size*col,array_p->y_min+array_p->y_bin_size*row);

A.3 READFILE.C

#include <stdio.h> #include <stdlib.h> #include <limits.h>

#include "array.h"

/*
* Reads one of pasads data

*/

struct array *read_file(char *file_name){

FILE *file;

char 1ine[1000];
int x,y;

double n;

int xmin,xmax,ymin,ymax;
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struct array *array_p,

/* Open the file */

file=fopen(file_name,"r");

if (file==NULL){
fprintf(stderr,"Couldn’t open file\n");
exit (EXIT_FAILURE);

/* Read the file to find out the dimension of the array */

xmin=INT_MAX,;
xmax=INT_MIN;
ymin=INT_MAX;
ymax=INT_MIN;
while(fgets(line,sizeof line,file)!=NULL){
if (sscanf (line,"%d%*[ ,\t1%d%*[ ,\t1%1f",&x,&y,&n) !=3){
fprintf (stderr,"couldn’t parse line A: %s\n",line);
exit (EXIT_FAILURE);
}
xmin=(xmin < x) ? xmin : Xx;
xmax=(xmax > X) ? xmax : X;
ymin=(ymin < y) 7 ymin : y;

ymax=(ymax > y) 7 ymax : y;

/* Allocate the array */

array_p=array_create(xmin,xmax,ymin,ymax,xmax-xmin+1,ymax-ymin+1) ;

/* Reread the file and init the array */

rewind(file);
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while(fgets(line,sizeof line,file)!=NULL){
if (sscanf (1ine,"%d%*[ ,\t1%d%*[ ,\t]1%lf", &x,&y,&n) !=3>{
fprintf (stderr,"couldn’t parse line B: Y%s\n",line);
exit (EXIT_FAILURE);
Yelsed{

array_p->data[y-ymin] [x-xmin]=n;

return array_p;
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