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In this article we use a classical description of laser cooling of atoms. In a second

part we describe the use of cold atoms for multiple scattering experiments and
discuss some effects which appear for dense atomic media.

Laser cooling of atoms is usually described using a quantized atomic sys-
tem {e.g. two-level system) and a classical description of the light. This is
the so-called semi-classical description of laser cooling. It is also possible to
quantize the light field, such as in the well known dressed states!. In this pa-
per however we want to use the opposite possibility and use the most classical
description possible to understand laser cooling of atoms?. As we will see,
it will not be possible to eliminate completely the guantum effects for laser
cooling of atoms: the atomic resonance is known to be dependant on Planck’s
constant and the recoil of an atom after absorbing or emitting one photon is
also quantized. But given these two points, it is possible to compute the basic
effects of the so-called Doppler cooling by a classical model. If one accepts the
resonance frequency as a input parameter and a phenomenological diffusion
constant for the residual heating, one could even apply this model to other
situation such as e.g. acoustic waves. However it seems difficult to use this
scheme to efficiently cool other systems than individual atoms, even if it is
worthwhile noting that solid samples of matter have now been cooled using
laser light®,

1 Classical model of Doppler cooling

Let us study the center of mass motion of atoms interacting with quasi res-
onant light. The radiative forces experienced by the atoms will depend on
. the detuning § between the laser frequency wy and the atomic resonant fre-
quency wge. If for example one wants to compute the radiation pressure one
needs to know the scatfering cross section, which, in the case of particles with
an internal resonance, can be much larger than the geometrical size of the
particle. In order to take into account these internal resonance effects, we
will model the atom as a kernel surrounded by an elastically bound electron,
with a resonance frequency wg:. The laser light drives the electron and thus

“induces a dipole d = ¢F = g (Fe - ﬁ) which, in the driven regime, cscillates

95







96 R. Kaiser

at the driving frequency wy. It will be the interaction between this driven
dipole and the electro-magnetic field of the laser which acts on the center of
mass of the atom.

We will hence proceed in two steps: first compute the dipole induced by
the laser light and second study the motion of this oscillating dipole with the
electromagnetic field.

1.1 Internal motion: elastically bound electron

In this model we will suppose that the distance #= 7, — H between the
electron and the kernel of the atom follows the equation?

2 . d = "‘._l-;x
dor T+ Dt woy 2 = Lan (1)

The total force acting on the electron is composed by the force fi due to
the electric field at the position 7, = B -+ # of the electron:

fE =4 E(Fe)t)

and by a component due to the magnetic field:
- dry
s =g —2 A B8
fB q dt ( € )
The ratio between the amplitude of these two forces is of the order of

fB dre 1 Ve
e O e e T 1
Ie dt ¢ ¢ <

and we hence can neglect the effect of the magnetic field for computing the
relative motion of the electron. Furthermore, the mass of the kernel being
much larger than that of the electron, the distance # =7, — R between the
electron and the kernel of the atom is determined by the motion of the electron.
We will use the complex notation for the electric field for a monochromatic
linear polarized light:

B, 1) = Bo(f)e exp(iws?) 2)
Using egs. (1) and (2) and only taking into account the electric field force on
gets a driven solution 7(f) = 7 exp (~iw, t) with:

L , Eq(7,
—w] Fy—iwp IFy + wey 27y = g—'(”gl?ﬁ
Me

Defining the polarizability a{wz) of the atomic dipole by:
d= g =, a(w,)E
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one thus obtains:

o) = g .
LI (e ~wl—w ) eome
We will use the real and the complex part of a{wr): @ = o + i
of = Wa.tz_w% q2
(watg—wi)z + (wLF)2 EoTe
(3)
wp I’ 2
o = L q

(wﬁt o wi)z -+ (wLI‘)2 EpMe

With real notations for the electric field and for the dipole T one thus has

T = Red = Re [ea a(wL)E]

For a wave propagating along Oz such as:

B(F 1) = E (F)edexp[—i(wrt — k2)]

one gets:

T = e, || Eo(F)ed cos [ (wrt — k2) + @a]

where o = |a|exp (ip,). The induced dipole follows the driving electric field
with some delay. This delay depend on the detuning between the laser fre-
quency and the resonance frequency of the dipole. If the electric field oscillates
very slowly compared to the dipole resonance frequency (wp << was }, we have
&' > o' and the induced dipole almost immediately follows the electric field
excitation with a static polarizability:

2
Qstat = —"g*—‘g = g
EoMeldgy
For a resonant excitation {wyp = wae ) we have of = 0, i.e. a purely
imaginary polarizability, and the dipole is in quadrature phase with the driv-
ing field. Defining the detuning § = wy, — wqe as the difference between the
laser frequency wy and the atomic resonance frequency wq; one gets for a

quasi-resonant excitation (§ << wg, wp wae) (figure 1):
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Figure 1. Atomic polarisability afaowy, [T]: real part o (dashed line) and imaginary part
o' (solid line) as a function of detuning wi, — wat[l
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Remarks i) In order to compute this polarizability we have approached the
electric field Eq(7,) at the position of the electron with the field at R of the
center of mass M of the atom. This approximation is valid if the distance
between the electron and the center of mass of the atom is small compared
to the scale on which the electric field varies, i.e. small compared to the

wavelength of the laser: |f] = ‘Fe - ﬁ| <« A, 'This approximation is called

electric dipole approximation as one can consider the atom as a point dipole on
the scale of the wavelength A. Note that even in this dipole approximation,
real atoms have a more complex internal structure (Zeeman sublevels e.g.)
and exhibit some features which cannot be described by a classical dipole
oscillation.

ii) The damping of the dipole can be explained by the radiation of the oscil-
lating dipole. This radiation depends on the frequency of the oscillation and

strictly speaking one should replace I' by T' EZ;— But we will only be interested
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in frequencies close to the resonant frequency and we will thus neglect the
change of the damping on the scale of 4. O

1.2 Radiation forces acting on the atom. “Classical approach”

The force acting on the center of mass of atom, considered now as an oscillating
dipole, has two components: one due to the electric field and one due to the
magnetic field of the incident laser field, propagating along the Oz axes. The
force -f) £ due to the electric field, which we take polarized along the Ox axes:

E(,1) = Eo(7) &k exp (—iw,t)
is directed parallel to this electric field:

?E S ZQE(F,'Z) O(?x

The magnetic force ?B on the contrary will be directed along the axes
of propagation of the laser (for a linear polarized plane wave ! The electron
driven by the electric field has a velocity along the axes Ox: = |d |
and for a magnetic field along Oy ?('T“”e, 1) = Bo(7.) ey exp(_zth) one
gets:

d 7 d#t
Fe=g e/\ﬁ el = g dte

It is thus clear that one cannot neglect the effect of the magnetic field for
computing the force acting on the center of mass of the atom! One can keep
in mind the model of the electron driven by the electric field and it is the
magnetic force which acts on this moving charged particle. Although this is
not a complete description, it allows one e.g. to understand why the radiation
pressure force is along the axes of propagation of the laser light, without using
a quantum Lrea.tment for the electric field of the laser,

Despite '}m ~ L & | one cannot neglect the magnetic force when evaluat-
ing the force actmg on the center of mass of the atom. The magnetic and the
electric field indeed yield forces which are not directed along the same axes.
For a plane wave polarized along the Ox axes propagating along Oz the mag-
netic force seems to give the radiation pressure. It is the sum of the electric
and magnetic forces that give rise to the radiation pressure force acting on
atoms®.

The electric field will yield a force on both charged parts of the atom: the
electron and the nucleus:

Bol{#,) exp(—iwpt) &




100 R. Kaiser

73 = g} B(R )~ o] B(7.,1)

The two components of the electric force have opposite signs. However
the net electric force is not zero as the electric field is not the same at the
location 7% of the electron and R of the nucleus. The electric force is hence
a differential effect.

'The magnetic force on the other hand depends on the velocities of the
charged particles. As the electron does move much faster than the nucieus,
one only needs to consider the magnetic force acting on the electron. But
one has to consider this force together with the electric force acting on both
charges,

Electric force The electric force can be evaluated by making a first order
expansion of E{#,,1):

E(Fy 1) ~ E(ﬁ,t)+{[(?‘;—~—ﬁ) m} E(i, 1) -

Taking T = q (Fgmﬁ) the electric force acting on the atom is:

75 ={[¥ - grad] .0

with components along each axes & (i = 2, y, z)

fo="R

d .
fei= Z dj Fy Ei(i,1)
i I Fszﬁ

The spatial scale of variation for E(Fe,t) is the wavelength A. The electric
force would then be zero if the electric field were unif_orm and its effect on

e =~

the atomic dipole only appears at the first order in . We now have

computed the instantaneous force _?E which needs to be averaged over the
fast optical frequency in order to describe the slow motion of the center of
mass of the atom.

Magnetic force For the magnetic force we restrict ourselves to:

— d
fB=yq

-,
- AB(Pe,t)
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and at the lowest order one has:
o = qm AB(E )
Asd = gF =g, a(wL)E one can write:
o = i (Tf A ﬁ(ﬁ,t)) ~TA %?('ﬁ,t}

Taking %?("ﬁ,t o %F} ﬁ,t} (the velocities of the charges are small
compared to ¢) and using Maxwell’s equation % — 7ot B one can express
the magnetic force as a function of the electric field:

7= o (TaBR0)+ T AT

or, for the 27 component'
foi= (?AB’(T{H)) +E( 366]E>

The time average of the first term is zero and we hence neglect this part
in the following.

Total force The total average force <?> on a atom by a light wave is:

<7’>=<T§>+<T§>:{[?{’.M§] B} o+ AT

fe="H

with components along &'

8 a ]
(fi) = {[Zd{%:' Ei(Fe:t)} +{Z (djb—;ijdj%E,-)}
o =g L ' ! =Tt

L]

{(fi) = {Z d; a—i—Es}
i I pe=T

This force seems to derive from a time average potential:

w=-(2F)=- <; djEj>
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w?here the gradient is taken only on the electric field E and not on the dipole

(7) = ~gmadw = (zw_ac’fﬁj>

Average radiation force Let us consider the following electric fleld
Ey(Fy =78, Eo(7) exp (ikz—iw 1), with Eg{i real.
Returning to real notations for the fields and the dipoles one has:

T =Red =Re (50 aFo(7) exp(—z‘th))

For a wave propagating along Oz one gets: Eo(7) =2,

=,

To calculate the average force let’s first take

E'o(f")' exp (tkz) and

Eg(?"'}‘ T ( o' cos (wyt — kz)+a sin(w, 1 — kz))

grad Re [Eo(7)(—iw 1)) = Re { grad (| Ba(7)} exp (ih2)) (~iw ) }

grad Re {Bo() (—iw )} = grad [| Eo()[] cos (wyt — kz)
+k & | Eo(F)lsin{wrt — k2)

We then obtain the instantaneous force:

T = [50 | Eo{7)| ( o' cos(w i~ kz)+a sin (wyt— kz))] *
[77ad (1B (7)) cos (w, ¢ — kz) + k&2 |Bo()isin (w st k2)|

The time average force is thus

() =eo ( goimal [1Ba) 43a ka2 1BT) (9
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1.8  Resonant radiation pressure

The second term of (6) is called the resonant radiation pressure —f},-ad. It is
aligned along the direction of propagation of the laser (27) and it is propor-

7"

tional to the laser intensity: [, = %Eoc

T o= ok )

One can thus deﬁne a st‘attermg cross section o for the atoms. By
taking: ?rad =a kE} -J;w = ¢ ;—‘M_’ one gets: gq = o k which depends
on the detuning ¢ (ﬁgure 2}

r 2

— 3 q
)= 5 e ®)

At resonance one has opf® = aok*gt. Taking for the damping; con-

gtant the radiation losses due to the oscillating electron (I' = Wq—fm—uwi o

a4 g 2 . ance:
Fma¥ 5o Wat), one finds at resonance:
2
oget = 3‘\a£ (9)
at A 7

Remarks  “Comets”: this radiation pressure is responsible for the neural
tail of comets. In these tails small particles (of diameter less than 1 mi-
cron) are pushed away from the sun. The radiation pressure which scales as
surface/distance? dominates for small particles over the gravitational atirac-
tion which scales as volume/distance?.

“Quantum approach”: 1t is possible to evalunate the radiation pressure
force of a plane monochromatic wave acting on an atom by a linear momentum
conservation argument. As a classical electric field is not a eigenstaie of the
momentum operator, we use a quantum description of the light field in terms
of photons. For a wave propagating along the Oz axes, each absorption process
give rise to a momentum transfer of AP = k@ ,. The emission of photons
will occur in a random direction such that, on average, the momentum transfer
after several fluorescence cycles will be zero for the emission processes. One
thus gets an average momentum transfer of (AP) = hk#, per fluorescence
cycle. The a.verage force ?W, depending on the number of fluorescence cycles
per second &Y (hence also on the laser intensity and detuning) is thus given
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by:
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=
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>
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Figure 2. Cross section 0/%res as a function of detuning §/1°

dN
?au — E{*ﬁk—e)z

directed along the axes of propagation of the incident laser light. This ar-
gument is based on a quantum treatment of the laser light (the electric field
being quantized in terms of photons) and is not along the main line of the
calculation followed in this article. However it clearly shows that the direction
of the force acting on the atom can be along the direction of propagation of
the laser light and hence transverse to the electric field! A similar argument
could give the force acting on a mirror when reflecting light.

It is possible to reconcile the “classical” and “quantum” description of
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the radiation pressure by rewriting the force (7) as:

D line T7/4
rad = bk - ——
Frad 2 Toas 62 + T2/4 (10)

with T = 2‘; iﬁfL - E ”ﬁcgggﬂewb. In the case of Rubidium atoms one gets
for example, ;o = 1.6mW/em?® . This expression (10) allows for a simple
physicat explanation of the radiation pressure force. During each fluorescence
cycle one has a Ak transfer of momentum from the laser field to the atom.
The time scale for one fluorescence cycle depends on the lifetime % of the ex-
cited state of the atom and on the laser intensity needed to reexcite the atoms
after the spontaneous emission. The number »‘%};’Tm of absorbed and reemitted

photons per unit time is: )
AN _ Tl I'/4
dt ~ 2 I 8%+ T2/4

which has the resonant frequency dependance. !

1.4  Duipole force

The first term of (6) is called dipole force ?dgp. A particle with an real
polarizability o' is attracted to a spatial region where its potential energy
W = iIs minimum. With d = eoa’ﬁ one has:

2
g

One thus obtains a force oriented towards regions of high electric field in
the case of o' > 0 (high field seekers, such as dielectric spheres in air) and

towards low electric field for &' < 0 {low field seekers, such as air bubbles in
champagne).

W= —¢,0/

Remark Whereas the radiation pressure force can be explained by fluores-
cence cycles of absorption followed by spontaneous emission, the dipole force
can be expressed in a quantum approach in terms of absorption followed by
stimulated emission processes. O

Let us consider the case of a standing wave obtained by two contra-

) 2 2 )
propagating plane waves "ﬁl = 4 1E01 cos?(kz).The dipole force for an atom
located at z is in this case:
I; I'?/4
7 ap = —si Rt L7/

S et gin(2k
T T sin(2kz)
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where I, is the incident intensity of each of two planes waves producing the
standing wave. Note that this force changes sign when moving along Oz,
Order of magnitude: Por an on-resonant laser (§ = 0) with an intensity of
L= 1mW/em? the radiation pressure force is Jraa = & kL ~ 10720 This
force is 10* time larger than the gravitational force : f, = Mg = 10~
Even though each momentum transfer is quite small the radiation pressure
forces are huge because after the emission of photons the atoms can quickly be
reexcited to the upper state and up to 107 cycles of fluorescence per second can
be achieved. One condition for this to happen is that, after a spontaneous
emission, the atoms falls back into the initial ground state from where it
quickly can be reexcited (so-called cloged transitions). In the elastically bound
electron model, this condition does not appear explicitly, except for the fact
that we suppose one single atomic frequency to be present. In some atoms
this condition can be fulfilled (sometimes at the expense of an additional
“repurnping” laser), but in the case of molecules, it is much more difficult to
find closed transitions useful for laser cooling.

1.5 Doppler cooling

We now apply the radiation pressure forces to study laser cooling of atoms,
Le. in order to reduce the widih of the velocity distribution of a sample of
atoms. The simplest idea for such a cooling has been proposed in 1975 by
'I'. Hansch and A. Shawlow® for neutral atoms and by D. Wineland and H.
Dehmelt® for ions. Consider the case of two laser counterpropagating along
Oz with the same frequency wy. This argument can be generalized to three
dimensions, but for simplicity we will restrict ourselves to one dimension.
An atom interacting with such a laser configuration will be submitted to the
radiation pressure forces calculated in section 1.2. A detajled analysis of this
situation has to include both effects of the resonant radiation pressure and
of the dipole force. But a basic explanation of the so-called Doppler cooling
can be given by simply adding independently the resonant radiation pressure
forces of the two propagating laser fields.

Let us consider the case of the laser frequency being detuning below the
atomic resonant frequency: § = w; — wat < O ("red detuning”). For an
atom at rest (v, = 0), the excitation by the laser light will not be efficient
as the resonance condition for neither laser will be fulfilled. If now an atom
18 moving (v, # 0) it will experience different frequencies from the two laser
fields. In the atom’s rest frame, one of the laser frequencies will be shifted
towards higher frequencies, the other one towards lower frequencies. For a
“red detuning” (§ < 0} the atom will shift into resonance (6 — k.v, = 0) with
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Figure 3. Radiation pressure force as a function of detuning §/I"

the laser propagating oppesite to the atoms velocity: § = k,v, < 0. The other
laser on the contrary be shifted further out of resonance.

The net force for an atom moving towards +0z will be directed along
-0z, ile. opposite to its velocity. In the same way, an atoms moving to-
wards 0z will experience a force along +0z. By summing the two velocity

dependent forces one gets with k; = ~ky = ke

I Lin I'2/4 Il ['?/4
?tot('vz) = ﬁk——l}w—c‘ /2 + ﬁ%;__{ff_ /2

2 Ia ((Emklla’b‘z) +F2/4 2 La (Jmkg,avz) +P2/4

r I2/4 /4
o{vs) = By - cine 1
T eon(v:) Y9 Tomt ((J—kvz)2+1‘2/4+ (6+kvz)2+F2/4) .

For small velocities one can get a linearized expression of this force

folvs) = —ymy,




108 R. Kaiser

with a friction coefficient y:
B T e T
M 2 L (6% +12/4)°
The velocities of the atoms around v, = 0 will thus decrease exponentially

v, (1) = v, (tU)GXP [~y (t — to)]

The friction coefhicient v is maximum for § = —-5{7“5. For a laser with an

intensity of J = Iy = 1.6mW/em?:
9 RE?
Tmax 4\/5 M

This 15 a very fast processes. Because of this friction this type of cooling
has been calied "optical molasses”. If one would change the frequency of the
laser to positive ("blue”) detuning, one would get a heating process for the
atoms (increasing their velocities).

The limit of such & cooling process is given by the fluctuations of the
forces, These fluctuations are of quantum nature and depend on the recoil
velocity fik. At each cycle of fluorescence a photon is emitted in a random
direction. This yields a random walk in momenfum space with a step of
stze §p = k. One thus gets an increase in the kinetic energy of the atomic
distribution:

’Y:

= 2bus

2
d(Ap) _op
di

The diffusion coeflicient D is given by the ratio of the step size dp and
the fime scale for a fluorescence cycle 7

(hk)®
P
The average time 7 between two spontaneons emissions is given by:
1 T lpn T?%/4
T §fsat 8% 1“‘2/4
This diffusion gives rise to an increase in the kinetic energy, i.e. a heating of
the atoms.
At equilibrium the heating due to the fluctuations and the cooling due to
the friction effect compensate:
d(Ap)°

dt

D=

(12)

= =2y (Ap)s, + 2D =0 (13)
éq




Cold Atoms and Multiple Scatiering 109

temperature

00 -85 -10 -5 -2.0 25 -30
detuning

Figure 4. Equilibrium temperature £8% a5 a function of detuning §/I"
g hD g

and one obtains the temperature (figure 1.5):

1 (Ap)i, (62 4 T2/4)
ZkpT = = —frAa T2 I
gt = o 5T (1)
The minimum temperature is hence:
A
kBTmin o T
which is obtained for § = —T.

Remark A precise calculation needs to take into account the fluctuations of
the number of fluorescence cycles and not only the random direction of the
spontaneous emitted photons and the three dimensional aspect of the random
walk, slightly changed the numerical value of the above result, yielding in a
one dimension configuration a so-called Doppler limit of

1p) _ Al
k5T = 5
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and in a standard three dimensional situation a Doppler temperature of
Al

2

For Rubidium atoms this Doppler temperature is

1 AT
b
Tow = 1 g

kBTanp =

= 120uK
0

These are extremely low temperatures, below what has been obtained
by other techniques before. In addition, experiments by W.D.Phillips and
coworkers in 1988 7 have resulted in even lower temperatures. In order to
explain this lower temperatures one needs to include the spatially modulated
dipole forces in the standing wave together with polarization effects and the
more complex internal structure of the atoms (optical pumping)®®. But we
will not discuss here such “Sisyphus” cooling!® or other elegant sub-recoil
cooling techniquest!:®9,

2  Interferences in multiple scattering

In the preceding section we have studied the effect of atom-laser interaction in
respect of its effect on the atomic momentwm and position distribution. This
is the main purpose of the community of laser manipulation of atoms. When
considering atoms as scatterers, one will on the other side be more interested
in the influence of the light scattered by atoms. We want to study in this
section to what extend atoms are different from standard scatterers such as
TiO3 or other Rayleigh and Mie scatterers.

2.1 Scatlering cross section of single atoms

Atoms can be considered as very strong scatterers with a cross section as

2
large as o3f® = %—t (qu) This cross section has a very sharp frequency
dependance and is maximum if the laser frequency is tuned to an atomic
resonance frequency (§ = 0). The frequency dependance for w — 0 can be

deduced from eq. (3): ¢ = o”k!?

2
. By replacing T' with T2 .one recovers
at
the known w* dependance for Rayleigh scatterers at low frequencies. As the
frequency increases one usually gets into the Mie regime with more or less
sharp resonances and a cross section with tends to twice the geometrical cross

section:
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o - 2mr?
W= 00

Remark 'The factor of 2 compared to the geometrical cross section can be
understood as being the diffracted light (fsiss ~ 2) by the sphere, which
reduces the intensity in the forward beam. This result is valid if one is in the
far field (L > 3;) limit. When looking at the cross section of an object by

measuring the intensity profile after a short distance (L < 5;?) the diffracted
light is not yet separated from the geometrical image of the sphere and one
only recovers the geometrical cross section of mr?. O

Trom the scattering cross section one defines a mean free path Iy pp as
the average distance between two successive scattering eventa:

1
lyrpp = poy

where n is the density of scatterers in the medium.

In this respect one can consider the atomic resonance frequency as a first
sharp resonance of the scattering cross section. In real atoms there are many
transitions corresponding to different resonances in the cross section. An
atomic specirum is thus equivalent to a frequency dependant cross section.
In these terms the finesse of a resonance in the case of atoms is extremely
large. For Rubidium atoms e.g. one has:

W w
§w T
With w = 2% one gets for A = 780nm and with a natural linewidth of
['= 6M Hz a finesse of
Yoon 7
i § 10

Such large values have been obtained in other types of scatterers*> but
in order to make use of this large values of the finesse in a multiple scattering
experiment one needs to be able to produce many scatterers with the same
resonance frequency (with a precision of the width of the resonance). This
seems Lo be unrealistic with scatterers such as microspheres. Atoms of the
same element however have all exactly the same resonant frequency and are
in this respect an unique way of studying high finesse cross section in multiple
scattering!®.

If one does not only want to study an extinction cross section (attenuation
of the incident beam) it is also of interest to analyze the differential scattering
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cross section and the absorption cross section. Let us only consider the far
field radiation by a dipole excited by an incident electric field of a linear
polarized laser Ey &, exp(—iwgt). Using the results of section 1.1, one obtains
a dipole d:

d=¢, (o' +ia") EyEd exp (—iw  t)
The scattered field by a dipole is given by:
1 ;
ﬁacai = Mks X

dmeg kr
{4 @) T+ (- B+ @) (20 2) =0

which in the far field limit gives:

P = o 220 (7 (2, ) 2,)

471’6()
or

?scat = LM]‘P {(?r X _C?) X ?r}
4meg kr

The scattered field will not always be in phase with the incident field,
because of the complex polarizability « of the dipole. The forward scattered
field interferes with the incident field. In this direction an imaginary polariz-
ability (on resonance o = ) will correspond to a destructive interference as
the dipole is then in quadrature phase compared to the incident field. For a
collection of scatterers this can be compared to a complex part of the index
of refraction and to an attenuation of the incident beam'?. In any other di-
rection however there will be no interference with the incident beam and only

the scattered field has to be considered, with a frequency dependant phase
shift.

2.2 Multiple scattering samples in atomic physics

Atom vapors can be used for multiple scattering experiments and both for
room temperature and laser cooled samples an optical thickness larger than
one can be obtained. One has to pay care to the various situations one can
produce in atomic vapors. As examples let us consider 3 accessible situations.

First, an oven of sodium atoms'® (actually many other elements can be
used) at a temperature of x» 200° Celsius can yield a density of 10'3atoms/cc
and an with a sample thickness of L = lem on-resonant optical thickness
of several 10%. In this case however the Doppler shifts of the atoms leads
to an inhomogeneous broadening of the cross section. For a detuning of
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LG H z however, the Doppler broadening can be neglected. The optical thick-
ness is reduced but remains still larger than unity. In this situation one
might have to consider collective effects, such as mean field and its quantum
correction' > 1829 which will modify the multiple scattering properties,

A magneto-optical trap of 10'° Rubidium atoms in a volume at a few
100pK can be obtained in a volume of a few mm® An optical thickness of
several 10 has been obtained in several experiments, in particular those who
aim at reaching Bose-Einstein condensation of cold atoms. This samples have
the advantage of negligible Doppler effect. If the cooling and trapping light
is however present, then the multiple scattering leads to a repulsion between
the atoms inducing a correlation between the position of scatterers.

A Bose-Finstein condensate of cold atoms®®?! has considerable higher
densities of atoms, of the order of a few 10'atoms/cc. In this case however
the sample does not have the same local fluctuations in the dielectric constant
as all atoms are in the same quantum state. This is an extreme case of de-
pendant scattering and transparency and recently superradiance effects have
been reported in this situation®*. Optical excitation of such condensates is
subject to many recent theoretical investigation?!.

2.3 Dwell time

Another aspect of scattering by a atom with an internal resonance is that
there will be a frequency dependant phase shift of the scattered light. This
effect can also be put in the time domain as a retardation effect. Different
formulations of such retardation times are being used in the community of
multiple scattering, such as Wigner time, delay time!®23:24.25.26 We will use
a simple delay time interpretation by defining the dwell time as:

_ Op{w)
= "8,
For a slab of glass with an index of refraction of n = 1.5 e.g. the trans-
mitted light through a thickness I is phase shifted by:

exp (i (w)) = exp (z%nL)

In this simple case the dwell time is:

(TD)glass = Sw =
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and 1s » times longer than through free space. In a simple approach this
would be the travel time for a light pulse through the sample. Applying this
idea to a delay time for light scattering by a damped dipole, we will get with

exp (fpq (W)):

o= |a
&' r
tan(pe) = 57 = =35

a dwell time of:
2 % /4
(TD)dip =% 2( P )
[424+(I'?,74)

For Rubidium atoms e.g. with I~! = 25ns one has an on resonance
(0 = 0) delay time of

(T ) es = 12; = 50ns
which would correspond to 15m travel distance in free spacel When using
the radiative transfer equation in multiple scattering, various velocities have
to be defined, such as group velocity v, and transport velocity vz which can
strongly depend on the dwell time'®27, Atormic samples with large dwell times
thus seem to be an good testing ground for studying the influence of dwell
time in multiple scatiering experiments.

2.4 Coherent backscattering of light

When discussing sample parameters for multiple scattering experiments ad-
ditional aspects have to be studied. One can for example look for a difference
between the mean free path {ypp (mean distance between two scatiering
events) and the transport mean free path [* (mean distance to loose the ini-
tial direction of propagation):

p_ _lmFp
1 — (cos )
where 0 is the angle between the incident and scattered light. Even though
the dipole radiation pattern is not isotropic, one has {cos8) = 0 and hence
¥ = lprpp.

Omne particular effect in multiple scattering has been the subject of de-
tailed studies in recent years: coherent backscattering of waves by a random
medium. Scattering of wave by a static random medium of scatterers gives rise
to a so-called speckle pattern®. Such speckle pattern are observed whether
the medium is optically thin, with single scattering being dominant, or opti-
cally thick in the multiple scattering regime. When averaging over different
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realizations of the scatterer distribution, the scattered intensity will have a
smooth angular dependance. The main argument in this explanation is that
the detected field is the coherent sum of electric fields with random phases

E =3 F; e i)

The average detected intensity will then be:
2

(1) = < ZE*J- exp (i) >

A first approach will be to suppose the interference terms to average to
zero and thus obtain

([)::<ij> (15)
J

"This argument however is neglecting the particular case of backscattering. Let
us group two by two all scattering paths giving a contribution to the detected
field, by taking for cach path its reverse path {figure 5).

Assuming that the dephasing for the forward and the reverse path are
identical®® the phase difference of the two paths will be

- —
ASO: (kz‘nc+ k aut) (_T}l - ?}N)

One can thus see that if the relative position of the scatterers is randomly
changing the phase difference is generally also a random parameter and inter-
ference terms in eq. (2.4) will be cancelled, However for the particular case
of backscattering

- -

kinc+ kout:O
the two reverse paths have exactly the same phase shift regardless of the
position of the scatterers. Always having such a constructive interference will
give rise to an enhanced backscattering peak when averaging over the sample
distribution (figure 6).

Remark Note that for a static sample one does not always have a maximum
intensity in backward direction. Indeed, even though paths interfere construc-
tively fwo by two in this direction, the relative phase shift between the various
multiple scattering paths (1 — 2~ ...~ N and I/ =2 — ... — N’ for example)
do not have a fixed phase relation. ]
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Figure 5. Various contributions to backscattering

‘This enhanced backscattering relies on the reciprocity of the reverse paths
of scattering and on the constructive interference between these two paths,
The total width at half maximum of the coherent backscattering cone is given
for a half infinite medium by the transport mean free pathd®:3:,32,33,

I
=07 —
A 07kl“‘

where % is the wavevector in the scattering medium. This results usually
holds for k* 3> 1. When kI* become of the order of unity, the so-called Joffe-
Regel criterion for strong localization will be obtained 5%, The coherent
backscattering cone is a signature of interference effects in multiple scattering.
It has been observed with many classical scatterers, but only recently in atomic
samples % (see figure 7).

Albedo Multiple scattering effects have been studied in atom physics36,37.17
and radiation trapping and superradiance have been observed. One important
aspect in multiple scattering of light by atoms is the frequency spectrum of
the scattered light. The radiation spectrum has a complex shape®®391C and
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Figure 6. Speckle pattern and averaged intensity

does not only show an elastic component at the drive frequency. In the case
of a two level atom an inelastic component appears for larger intensities as
the upper state population becomes more and more important and features
such as the Mollow triplet have been observed?! . These inelastic components
have a spectral width of the order of the natural linewidth of the atomic
transition and it seems interesting to investigate what will be the influence
of these components on multiple scattering properties such as the coherent
backscattering.
For a two level atom the total scattering rate is given by !

IV = E__S_
21+s
where T' is the width of the excited state and s the saturation parameter:
_ fine T?/4
"~ Led®a I2/4
This total rate can be separated in an elastic component I'; | having the
same frequency spectrum as the incident laser, and an inelastic component
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erthanced backscattering

0 (mrad)

Figure 7. Enhanced backscattering observed from a optically thick laser cooled sample of
Rb atoms

ineias With a broadened spectrum and a triplet structure. One can show
that!
, ' s
elas §m
Dy = Bt
inelas ™ 9 (1 + 3)2

If we suppose that only the elastically scattered light contributes to a co-
herent backscattering cone {a hypothesis which is under present investigation)
one could define an equivalent of an albedo for standard scatterers by:

i
elas 1

+ I‘f’nelas - 1 +s

a= =

clas

which decreases as the transition rate of the atom becomes saturated. Several
parameters will be of interest in such a study. Take for example an incident
light with a broad spectrum (of Av = 6M Hz e.g.). The coherence length for

such a laser is of the order of Az 2 & = 8m which will have to be compared
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to the length and time scales of the problem, Another aspect will be the time
dependance of the scattered light. In time correlation experiments??:43,44 fo,
example this spectral width has to be compared to the detection bandwidth,
which varies by orders of magnitude for standard CCD cameras or photomul-
tipliers,

2.5 Strong localization of light in atoms?

One “holy grail” in the mulliple scattering community is the observation of
strong localization of light. First results have been reported in december
1997 with semi conductor powders®®. Indeed it is expected that only a high
contrast in the index of refraction (% > 2.5) would yield strong localization.
One problem to obtain this regime can be understood with the following
arguments. Consider point scatterers. Let us take the Joffe-Regel criterion
for strong localization: Iyypp ~ % One way to realize this would be to
use large wavelength radiation. In this limit the cross section of Rayleigh
scattering is scaling as

oo w

w0

or

o

e (kR)*

With the mean free Iy pp path scaling as Iy pp ~ ;1;; x w™? one obtains
for the Joffe-Regel criterion in the low frequency limit {w -~ 0):

klM]:-p & w”B > 1

However if one uses a resonant scattering, the cross section can be of the
order of ores ~ A* and strong localization might be expected for nA® ~ 1.
In this case however collective radiation effects might become too important
to be neglected and cold yield a larger mean free path than for independent
scatterers. Today it is possible to obtain sample with nA® > 1 in Bose-Einstein
condensates cold atoms, but localization effects in such samples have not yet
been observed.

One consequence of atoms closer than one wavelength is the correlation
arising from recurrent scattering, which can also be interpreted as dipole-
dipole Van der Waals effects. For dilute sample, such that kiypp > 1 the
correlation can lead to an increased ”effective” mean free path (transport mean
free path), as the radiation pattern can be affected to give enhanced forward
scatlering (superradiance e.g.). In dense media, the polarizability is modified
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due to local field effect (Lorentz-Lorenz formula®®*"} and we have
_ na
x= 1 %na
or
eml o1,
e+2
with £ = [ 4 4my.
Using
1 (0] ) + ’u" 7] CI.’(} 1"
& = T L= F? wr =o' + o
one has
Sy §— 22y 4L
E:l+4n‘n—~W:l+4wn 3a2 Lg EFZ%EML
§ iy - FHwr (0 - §5wr) 5

which can be seen as Lorentz-Lorenz shift Awpr of
n g

Awry = —3 WL

. 2
or using 32)‘ = aph 3t or apwg =33 2I‘ one has

AwLLx—gi‘:F (16)
Using the relation
2
37r5 ﬁcs H I
one can rewrite this shift
2
ﬁAwLL = —nl}g{lm.
deg

This red-shift of the resonance is thus expected to be small for dilute samples,
whereas for BEC sarmnples e.g. one could expect shifts several times the natural
line width of the transition.
One can also write this result as:
§ = 8%awr +i5 §+Awrr +i5 o

e= 1+4dmn —wr = 1+ 4mn (]
(8- 2%pwr)’+ 5 2 @+ Awpr)’ + 5 2
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At vesonance, for § = 0, one thus has

Awry + ik
e=1+ 4wn~——mLIL2——2f,~;g~9wL
(Awpp)+ 5 2
which, for the absorptive part, is

F?
4mn = %)
— 2000

T (A 5 2

it

r2

and hence times smaller than without local field effects. This

[P W—
(AwpL)*+5
reduction factor
e 1
AAn At LA A A S T AR A ——
2 rz T ornal 2
(Awpr)” + 7 (325)" +1
is equivalent to a reduced resonant cross section:
1
naty?
(52r) +1

The “on-resonant” mean free path thus is increased:

1 i 2
o A% _ ("&%5) +1
res = 'res ‘ij “+ 1] = ?1%)—\;

(17)

Ores — Tres

and one obtains the Joffe-Regel criterion (figure 8)
A A8
i () +1 Wl(’l—wf) +1
S O

. . . 3 .
which is minimal for 1}% = 1 and is then

o
Rt
12

[T I ]

&N
—

“This model seerns to predict that strong localization of light in dense cold
atomic vapors can only be obtained for on-resonant excitation in a narrow
window of density. One has however to investigate more precisely how the
fluctuations of such a "mean field effect” will modify not only the position of
the resonance but also its width.

The bare shift of the resonance could be taken care of by taking e.g.

4+ Awrrp =90
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Figure 8. Joffe-Regel parameter ¥ as a function of density nA3 f4q?

One then has:

~ {726 aad\?
l =1, ((““IT - Zﬁ) + 1)
and hence the detuning dependant Joffe-Regel parameter {figure 9):

2
o] (#-22) +1
- 9 3

5 (%)
This should compensate for this Lorentz-Lorenz shift and it should then
be possible to keep the same cross section as without local field effects. In

that case the Joffe-Regel criterion seems to be fulfilled when

[, = 5 <

t.e. when

472
nAS >
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Figure 9. Joffe-Begel parameter «y as a function of detuning 4/

Note that in this result, only the optical wavelength is relevant (as opposed
to the threshold for Bose-Einstein condensation where one requires nA3y 2
9 613 and where the De Broglie wavelength is the important parameter)

The Lorentz-Lorenz correction has been described in more detail for opti-
cal thin media by Friedberg et al*®. The precise shift depends on geometrical
configuration and give different pumerical factors. It is interesting to notice
that even the anti-resonant terms (usually neglected in teh rotating wave ap-
proximation) contributes significantly to the shift. Furthermore collisional
shift of the resonance cannot be neglected as it also varies linearly in density
{as is well known in atomic clocks):

Aweont = fn

This effect is difficult to distinguish from the Lorentz-Lorenz correction as
both scale as the density of the atoms. However in a non linear experiment
with hot atoms it has been shown that the Lorentz-Lorenz correction has to be
taken into account for a precise evaluation of the shift of the atomic resonance
in dense media. Furthermore the Doppler effect results in an inhomogeneous
broadening of the line and the ” effective” average cross section for resonant
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detuning will be reduced.

As the temperature dependance of the atoms does not appear explicitly
in eq.(18) it is important to note that in addition to the shift of the resonance
collisional broadening of the line, which also scales as the density of the atomic
gas, cannot be neglected.

3 Conclusion

In this paper we have described the basic cooling mechanism of atoms by laser
using a (almost) complete classical description. This approach can be very
usefull to estimate the cooling (in-)efficiency in other situations (dielectric
spheres with internal resonances e.g.). In the second part we have presented a
well known feature of interference effect in multiple scattering which we have
applied to atoms as scatterer, Extended basic criteria to high density, we have
addressed the question of how the Joffe-Regel criterion is modified and where
one can expect strong localization of light in dense atomic samples. This very
interesting regime however needs more thorough investigation. We think that
multiple scattering in dense cold atomic media is a very promising topic which
is now accessible with e.g. Bose-Einstein condensates.
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