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ABSTRACT

COHERENT BACKSCATTERING UNDER CONDITIONS OF
ELECTROMAGNETICALLY INDUCED TRANSPARENCY IN ULTRACOLD
RUBIDIUM

Joshua D. Carter
Old Dominion University, 2024
Director: Dr. Charles Sukenik

This dissertation presents experimental results of coherent backscattering of light in an
ultracold ensemble of rubidium atoms confined in a magneto optical trap under conditions of
electromagnetically induced transparency (EIT) in a cascade-type system. Electromagnet-
ically induced transparency was investigated experimentally in both a counterpropagating
and orthogonal laser geometry and compared to theory. The experimental results were
largely in good agreement with theory. Coherent backscattering was then measured with
and without an EIT control field present to investigate the modification, if any, that EIT
has on the enhancement of the coherent backscattering cone. The results indicated that
the electromagnetically induced transparency reduced incoherent and coherent scattering

differently, with a greater reduction in the coherent scattering processes.
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CHAPTER 1

INTRODUCTION

In recent years, the study of light-matter interactions has led to a vast number of fields
(and many more sub-fields) of research topics with the desire to further probe the nature
of such interactions, and more importantly to control and alter interactions, especially at
the quantum level. The manipulation of light interacting with a medium, whether that be a
cold atomic gas, trapped ions, crystalline materials, or molecules, allows for a step closer to
exotic concepts such as quantum computing and other quantum information sciences.

In this dissertation, we study light scattering in the cold atom regime with an emphasis
on the quantum optical response of the system. More specifically, we look to use the quantum
nature of the atoms in a cold atomic rubidium cloud to manipulate the amount of incoherent
and coherent scattering processes that ultimately occur. To investigate this topic, we measure

coherent backscattering under conditions of electromagnetically induced transparency.
1.1 ELECTROMAGNETICALLY INDUCED TRANSPARENCY

Electromagnetically induced transparency (EIT) is a method that modifies the transport
of an electromagnetic wave through a medium by the mechanism of quantum interference.
This technique utilizes a strong dressing field, commonly denoted as the control field, which
alters absorption of a weak probe field within a medium. With its quantum nature and
ability to manipulate light scattering in gases, EIT has been extensively studied [1-23] and
continues to be studied and utilized for further applications such as slowed and stopped
light, quantum memories, lasing without inversion, stabilization of atomic clocks, and a
vast number of additional applications [24-35]. The conceptual basis of EIT can even be
applied in nuclear systems [36]. The simplest implementation of EIT involves systems of
three quantum states, first observed in the A-type scheme [37], but can be constructed in a
V and = (ladder) systems as well. Figure 1 shows each of the EIT schemes for three level
systems.

Specifically focusing on EIT in rubidium, Olson et al. [38] studied ladder-type trans-
parency in a room temperature rubidium gas cell and achieved 34% reduction in absorption

with a low power coupling beam. Thaicharoen et al. [39] investigated the ladder system



in a rubidium vapor cell extending up to a Rydberg state beyond the 5D5/,, studying EIT
and electromagnetically induced absorption (EIA) as a potential device for calibration of
microwave frequency stabilization. Li et al. [40] demonstrated EIT in a three level A system
with an absorption reduction of more than 85% in a vapor cell of 8Rb on the D1 line. Nath
et al. [41] investigated EIT and Autler-Townes splitting (ATS) in a rubidium vapor by uti-
lizing a ladder-type scheme, experimentally discerning the two effects while also observing
420 nm fluorescence from the 6P/, state. In their description, they associate EIT with a
strong coupling field between the 55,5 and 5D5 /9, whereas AT'S occurs with strong coupling
between the ground and first excited state 55/ — 5P3/5.

Following more closely to the constraints of the experiment at hand, Yan et al. [42]
demonstrated EIT in cold 8"Rb atoms in a A-type and ladder-type system on the D1 line.
Their study showed complete transparency in the A-type system, while the ladder-type sys-
tem does not achieve complete transparency due to strong field AC Stark effect, also known as
Autler-Townes splitting. Their claim was also that destructive quantum interference occurs
for the A-type system with constructive interference for the ladder-type system. The work
done by Wang et al. [43] was performed in a ®Rb MOT, studying EIT in a ladder configura-
tion, measuring transparency from the 5P/ F' = 3 — 5D5/oF' = 4,3, 2 hyperfine transitions.
In our EIT experiment, we expand upon the work done by Wang et al., measuring probe
absorption in a ladder type configuration instead on the 5P3 0 F' = 4 — 5D5 5 F = 5,4, 3 tran-
sitions, while simultaneously measuring fluorescence emitted at 420 nm from the 65/ state.
We measure the control intensity dependence, polarization dependence of probe and control,
probe intensity dependence, and control detuning dependence in terms of probe absorption.
In this study, we use a ladder-type EIT (Fig. 1(b)) configuration due to the constraints
of the overarching goal of the research, that being the inclusion of coherent backscattering,

described in the next section.
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FIG. 1: (a) Three level representation of a A-type EIT configuration. (b) Three level repre-
sentation of a ladder-type EIT configuration. (c) Three level representation of a V-type EIT

configuration.

Among research topics in this area, there is ambiguity between EIT and ATS [44]. In
the most general sense, EIT is a narrow window of transparency, due purely to destructive
quantum interference competing between states. Autler-Townes splitting is attributed to
the AC Stark effect, which is level splitting due to the presence of an electric field, resulting
in a window of reduced absorption that increases in width with increasing electric field. The
lack of absorption on “resonance” due to ATS gives rise to an effect similar to that of EIT,
which is where much of the ambiguity arises. This is also the interpretation of Anisimov et
al. [45, 46] and Finkelstein et al. [47] in their description of EIT and ATS. There has been
a number of studies dedicated to characterizing the overlap and quantitatively discerning
the behaviors of both effects, which rely on the particular state configuration [44-46, 48-57].
Furthermore, the ladder-type system (Fig. 1(b)) as used in this dissertation, can be broken
into two regimes, depending on if the stronger coupling field is applied to the lower or upper
transition, where our experimental configuration is the latter. The ladder-type system with
strong coupling on the bottom transition and the V-scheme are predominantly or exclusively
ATS, whereas the A-type and strong upper cascade-type system, as used in this experiment,
are predominantly EIT [48], provided the control field is not too strong. Separating EIT
from ATS is outside the scope of this investigation however, therefore when referring to EIT,

we are attributing the transparency that is observed due to the combination of both effects.
1.2 COHERENT BACKSCATTERING

Similar to EIT, coherent backscattering (CBS) is also a well studied subject matter, es-
pecially considering at its core, coherent backscattering is a classical wave phenomena. It is

predicted in physical media where wave propagation can occur, usually regarding light and



electron propagation, but also demonstrated with acoustic waves [58]. Coherent backscat-
tering is attributed to time-reversed scattering paths constructively interfering, which will
be explained in detail in Chapter 2. An example of an individual scattering path that a
wave could take is shown in Fig. 2, where k; represents incident wave direction and k. is the

emitted light direction.
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FIG. 2: One of many multiply scattered paths possible for a wave incident on a scattering

medium with k;, k. representing the incoming and emitted wave directions.

Multiply scattered paths such as these are the fundamental mechanism of coherent effects
such as CBS. Here the term “multiply scattered” refers to the incident wave scattering with
more than one scatterer, for example an atom, before leaving the medium.

Due to the somewhat analogous behavior of coherent backscattering to Anderson local-
ization and its potential application to control of quantum systems, interest has increased
within the field of cold atom light scattering. Anderson localization refers to the strong local-
ization of a field within a medium, i.e. a standing wave in a small localized zone, trapped due
to strong disorder within the medium [59], or as Anderson states in his seminal paper: the

absence of diffusion [60]. For light scattering, this would be radiation trapping of the highest



degree, which has not been achieved yet in three dimensions. However, coherent backscat-
tering is referred to as the weak localization of light, which is a step closer to the elusive
strong localization of light in three dimensions. Other applications of coherent backscatter-
ing include using it as a tool on biological tissue to avoid more destructive measurement
processes [61], a measurement device of entangled photon pairs [62], and numerous other
theoretical and experimental studies since its discovery [63—72]. The first observation of
coherent backscattering in a cold rubidium gas was performed by Labeyrie et al. [73], along
with further analysis in their work in Ref. [74], where they discuss the influence of sample
and probe geometry on the CBS signals obtained and give some explanation to the small
CBS signals obtained in cold atoms, as opposed to what is classically observed. Following
on the work of Labeyrie et al., Sigwarth et al. [75] determined a method of enhancing CBS
signals by use of magnetic field, where strong fields can give rise to large enough Zeeman
splitting to reduce degeneracy, creating an effective two-level system in the scattering atoms.
Furthermore, the work by Wilkowski et al. [76] demonstrated that the CBS enhancement
obtained in cold atoms depends on the atomic transition the probe is interacting with, along
with further internal structure of the atom being studied.

Studies from our group began soon after the first observation of CBS in cold atoms
[77-82]. Fundamental theoretical work associated with our group [83] has shown an ex-
pected reduction of coherent enhancement for CBS under the effect of EIT, which we look
to investigate experimentally.

In this dissertation, the effect of ladder-type EIT on the coherent backscattering of cold
rubidium 85 will be discussed primarily on the H; channel. In reference to CBS, most texts
refer to the observable polarization channels of CBS as H, H, HyH, L, L, and L L, but we
will not use that redundancy in this dissertation and simplify notation to H,, Hy, L, and
Ly. In this context, H refers to polarization of light with helicity, namely circular polarization
(04, 0_), and L refers to linearly polarized light. Combining two expansive topics such as
EIT and CBS allows for a nearly unlimited phase space of parameters to explore. With
that being said, the focus of this research was reporting dependence of control field intensity,
probe and control field detunings, and control and probe field polarizations and the effect of
such parameters on coherently backscattered signals. Quantitatively, the effect of CBS will
be described using the value of enhancement, which is the ratio of of total light scattered to

incoherent background light scattered, which will be expanded upon in Chapter 2.



CHAPTER 2

THEORY AND BACKGROUND

2.1 TWO LEVEL ATOM

The following section follows closely to the quantum mechanical formulation of atoms
interacting with classical radiation fields in [84-86]. Starting with the Schrodinger equation,

we have

HU(r,t) = ihW¥(r,t) (1)

where A is the full quantum mechanical Hamiltonian and U(r,t) is the wavefunction. The

solution of the Schrodinger equation without the presence of external fields is the following:
W, (1, 1) = i, (r)e Ent/h (2)

Furthermore, substituting the solution into Eq. (1) results in the energy eigenvalue equation:
Hon(r) = Eyiba(r) | (3)

where H = H, in this case due to no external fields being present. Simplifying now to two

atomic energy levels, we have
Uy (r, 1) = ¢a(r)e” PN and Wo(r,t) = y(r)e” 0 (4)
where we define the energy separation
hwy = By — By . (5)

Now, introducing a light field, the Hamiltonian gains a time dependent interaction term

H 1, which modifies the full Hamiltonian into the form

With the newly added time dependence, solutions of the form in Eq. (4), require modifica-
tion. If we assume the frequency of the light to be near the transitional frequency wy, the

wavefunction can be written as a superposition

T(r,t) = ()T, () + o) Ta(r, 1) | (7)



where ¢;(t) and c(t) are time dependent probability amplitudes that the atom is in the

ground and excited state respectively, with the typical normalization condition of
1w 0E e = @ + el =1 ®)

Substituting Eq. (7) into Eq. (1), dropping the explicit time dependence of ¢;(t), and
changing to bra-ket representation for convenience where W,;(r,t) — |i), we obtain equations

in the form

de

(1[H|1)er + e (1| Hy|2)cy = iﬁd—tl : (9)
and
zw t dC2
0 <2‘H[‘1>Cl -+ <2’H]’2>CQ = ZhE . (10)

If we treat the interaction to be a polarized traveling electric field wave, i.e. like that of a

laser, the interaction Hamiltonian takes the form
H; = ed - Eycos(wt) | (11)

where e is the charge of the electron, d is the total electric dipole moment of the atom, Ej
is the amplitude of the electric field, and w is the frequency of the light. For electric dipole

transitions such as discussed here

(11H;1) = (2|H|2) =0, (12)
and
<1|ﬁ1|2> = (2’ﬁ1|1>* . (13)

For Ej in the x-direction, we can represent the product
(1|1H;|2) = eEyX1ac0s(wt) | (14)

with X, representing the spatial wavefunction integral in terms of the unit vector of the

electric field € and the transition dipole moment d;»

X12 = /1/11 X’Lpg ’l" = /% ( )d3’f' =€- d12 . (15)
Then introducing the Rabi frequency, 25, as
0, = S22 (16)
h
we can simplify Eqgs. (9) and (10) to the form:
, d
Quacos(wt)e™0ley = i L | (17)

dt



and

Qpacos(wt)e“ ey = i— . (18)

These are exact equations, but to solve, approximations must be made. If we make the
assumption that the driving field is weak, which is the approximation that ¢;(t) = 1 and

lea(t)] < 1, the integration of Eq. (18) results in

O [1— etwotw)t 1 — eilwo—w)t

co(t) (19)

2 wo +w Wy —w
Applying a further approximation, namely the rotating wave approximation (RWA) [87],
eliminating the first highly oscillatory term, the time dependent amplitude of the probability
that the atom is excited becomes

[%(wo — w)t}
(wo — w)?

-2
sin
le2(t)* = O (20)

While this is a nice result, in reality atoms have the property of spontaneous emission, which
is not included in the above derivation. To include spontaneous emission, Eq. (18) must

include an additional term with the spontaneous decay rate 7 in the following way:
, d
Qpacos(wt)e™c; —iyey = 2% ) (21)

As expected, if the applied electric field is removed, the excited state amplitude decays as
co(t) = co(0)e . (22)

If we expand this formulation to that of a gas with N two level atoms, the number of atoms
in each state is represented by the probability of the atoms in each state, times the total
number of atoms.

Ni(t) = Nlci(t)|* and No(t) = Nleo(t)]* . (23)

Then, the number of atoms in the excited state can be represented by
Ny(t) = No(0)e > . (24)

The radiative decay I' then can be given by relation of the Einstein coefficient As; in the

following way for a two level non-degenerate system:

1 ewid?
F = 2 = A = — = 0712
K S 3meghcd

(25)

with €y being the free space permittivity, ¢ the speed of light, and d;5 is referred to as the

transition dipole moment as mentioned before in Eq. (15). For transitions with degenerate



states d2, — (g1/g2)d3,, where g;, g» is the degeneracy of the ground and excited state
respectively.

Reformulating some from here, we can present the radiative decay in a more typical
atomic physics representation [86]. First, we must obtain a proper description of the angular

momentum of the atom. The total electron angular momentum is
J=L+ S8, (26)

where L is the orbital angular momentum of the outer electron in a single electron system and
S is the spin angular momentum of the electron that follow the typical quantum mechanics
convention

IL-S|<J<L+S5. (27)

Furthermore, the total angular momentum of the atom is represented by
F=J+1, (28)

where I is the total angular momentum of the atomic nucleus. Similar to Eq. (27), the
values of F' are between
|J—I|<F<J+1. (29)

In the particular case of this work, ®Rb is used, which has a nonzero nuclear angular
momentum (I = 5/2), therefore we must start with the coupling of hyperfine F' levels and
magnetic sublevels mg in our description of the dipole matrix elements. For any hyperfine
level F', there are 2F 4 1 magnetic sublevels that are degenerate in the absence of an external
magnetic field and range from —F to F. The mp levels determine angular distribution of
the electronic wave function. While not discussed here, there are magnetic sublevels for the
other previously mentioned quantum numbers as well.

We start with the dipole matrix element
(E'mplery| F'mi) (30)

where ¢ is a spherical basis index related ultimately to the polarization of the excitation
field. Here and in further description, primed quantum numbers denote excited states and
unprimed numbers are the ground state. By use of Wigner-Eckart theorem, these matrix
elements can be broken into a reduced matrix element (represented with double absolute

value bars) and a Clebsch-Gordon coefficient, which will be broken down further in terms of
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Wigner 3-j and 6-j symbols. The dipole matrix element in Eq. (30) in terms of the reduced

matrix element and Wigner 3-j symbol becomes

, F' 1 F
(Fmpler | F'mp) = (F|ler||F)(—1)F ~tmry/2F + 1 < ) . (31)

!
mrp ¢ —Mp

The reduced matrix element can then be broken down further in terms of a Wigner 6-]

symbol in the following way:

, J J 1
(Fller|[F') = (J]ler|| ) (=1) /(20 +1)(2 + 1) - (32

F' F I
With the substitution of the reduced matrix element in terms of F' in Eq. (32) into Eq. (31),
the dipole matrix element can be calculated based on the experimentally measured radiative

lifetime, as portrayed in Eq. (25), but now in the following way

1 wi  2J+1
- J J 2 33
- = gregang el (33)

where the transition dipole moment from before is replaced with the reduced dipole matrix
element in terms of the quantum number J and J’ and degeneracy ratio factor. If necessary,
the matrix element can be broken down again in terms of the orbital angular momentum L,

but is not necessary for the system in discussion here.

2.2 ELECTROMAGNETICALLY INDUCED TRANSPARENCY

2.2.1 OPTICAL BLOCH EQUATIONS

For describing EIT, generally the approach of the optical Bloch equations are used which
is a density matrix formulation. In the physical system in this experiment, simulating the
effect with qualitative accuracy requires a 9 level system, which then implies 81 equations
of motion. Here in this fundamental discussion, we will use avoid using a complicated
situation such as that and turn a much simpler system to express the general behavior of an
atom subject to multiple electric fields. To better describe the quantum three level system
dynamics, we must move to a density matrix approach for the system. Under the assumption

that the system is comprised of a pure ensemble, we have the density matrix operator

p= )Y, (34)
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with the quantum states represented by:
T) =) cilebn) - (35)
k

In a three level system, which will be discussed briefly here, the density matrix takes the

following form:

P11 P12 P13
P= P21 P22 pP23| » (36)
P31 P32 P33
with matrix elements
pij = (ilply) = cicj (37)

In a pure system, the diagonal elements p;; represent the population of the state [¢;) and

Zpu‘ = Z Gl =1 (38)

%

meet the condition:

Off diagonal terms in the density matrix are referred to as coherence terms and are an
expression of interference between states. More explicitly, ¢;c; expresses the interference
between the states |¢;) and [¢;) and p;; is called the coherence between the aforementioned
states. With the formalities of the density matrix taken care of, we now can move to
the calculation of the optical Bloch equations (OBEs), also known as the Maxwell-Bloch
equations. We start with the Louiville equation, which describes the time evolution of the
density matrix:

XA (39)

where H is the full Hamiltonian which can be written as the following;:
H=Hy+ H; (40)

with H, representing the pure atomic Hamiltonian with no radiation present, and H, repre-
senting the interaction Hamiltonian that describes the interaction of the (classically treated)
radiation field with the atom by means of electric dipole transition.

To obtain the optical Bloch equations, we must simplify the Louville equation in terms

of the individual matrix elements of ghe density matrix. For reduction of clutter in the
P _
ot

7

g = il = o)) (a1)

calculation, generalize |¢) = |k) and p. The Liouville equation then becomes
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Using the relation p =3 pmn|m)(n[, eq. (41) becomes

o= 1 | S i 805 = 3 )| ()

Changing the dummy index to [ and reducing further leads to

b= 1 | Sttt - St | ()

Evaluation of the atomic Hamiltonian and substituting £y = hwy leads to

i R
= 1P Hl]ij . (44)

Pij = 1pij (Wj — w;) + h[

Before evaluating the interaction Hamiltonian, we define
pij = pige Tt (45)
in order to simplify calculations. Thus, we have
pig = pige” " iy — wi) gy (46)

Now substituting eq. (44) into eq. (46) yields

< i 7 —i(wj—w; i T | T —i(wj—w;
Pij = ﬁ[pv Hylij e @it = 7 [Z palllHr|j) — ZPZJ‘<@|H1|Z>] e i)t (47)
I I

Using the definition from eq. (45) leads to

by = h}¢WWWmm zmlMWLmﬂ- (48)

We treat the interaction Hamiltonian as the electric dipole interaction between the atom’s
electron and an oscillating monochromatic electric field with frequency w,, where « is repre-
sentative of the laser field for the specific transition (o = 1 is the probe, @ = 2 is the control

in the case to be discussed). The interaction Hamiltonian is the following:

N E . .
H;y=—d-E = —er - Ey(r) cos (wat) = —%7‘ L€ [efel et (49)

To further reduce clutter in calculations, we represent the radial matrix elements as a factor

of the Rabi frequency €27 in the following way

1 ., - eE s . Qg
ALY = = Sl - ) [elnt + emient] = -4

twat —iwat
oF (1] [t + e ] (50)
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Now, continuing from eq. (50), and utilizing R = Q) /2 and w, = w; —w; + Ay along with

the rotating wave approximation to further simplify the expression, we reach the form of

pij = ZZ [ Re™it — py Riye''] (51)
!

Until this point, we have assumed that the system is closed, but now we must also consider
non-interacting decay terms based on the radiative lifetime of the atomic states. Simply,
we must add terms that incorporate the atomic decay to lower energy states. This can be
represented by the Linblad master equation, which is an alteration of the Liouville equation
with the addition of a term [39], as shown in the following:
dp 1 ~
— = =|p,H| + L(p) . 52
L o, )+ L(p) (52
In the case of eq. (48), with the Linblad term added, we have diagonal terms in the form of
=i Z puRGe ™t — pyRie ™ + Aypy] — Tipii | (53)

where

Tw=Y Ay fork<n. (54)
k

In eq. (54), T, refers to the total rate of decay of the state |n) and A, represents the rate

of decay from the states |n) — |k). As for the off diagonal terms, we have

< ; ~  pai o i Ii+T5
pij =1y [ RGeSt — paRize 0] — 5 Ly (55)
l

In general, the sum over the lasers, a;, must be accounted for all states in the Bloch equations,
but for the specific case we are describing, the probe field only couples states |1) to |2) and
the control field only couples states |2) to |3). Therefore we can drop the a superscripts
on the Rabi frequency and detuning. To simplify the Rabi frequency terms further, we can
make use of the fact R;; = Rj;. Now, using egs. (53) and (55), the set of optical Bloch
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equations is:

pui=1i [ﬁzﬂfmut — ﬁm@mmt} Ryp — T'a1p22

pr2 =1 [(Pa2 — p11) Rize™ 2" — piz Rype'®211] — %/312

P13 =i [fog Ri2e'™12! — praRogei®12t] — %ﬁm

,521 = ﬁlg

poo = i [( Pr2€™0t — Py €120 ) Rig+( fya€’®2 — faset®2t ) Rog] + D'aopiss — Daipon (56)
Paz =i [,513R216m21t + (p33 — pa2) Rz3em23t} — @ﬁ%

:531 = ﬁf:;

P32 = oy

ps3 = iRo3 [Po3e’™2! — P3pe'®2'] — Dypfiss .

To further simply calculations, we introduce the form
Oij = ﬁij(m”t 3 (57)
which leads to
5= Goe Wit AL p e T 58
Oij = Pij€ LRijpij€ . (58)
Also, it must be noted that A,; must be treated carefully in systems with more complicated

structure than that of the three level system like in this case. For cases in which there are

multiple pathways from state i to j, only the shortest path is considered.
011 =1 |02 — 012 Rig + 1092

012 =1 [(022 - 011) Ry — 013R32] - % + iAlz 012

. . r .
013 = 1 [093R19 — 012 Ra3] — {% + 1 (Ap + Ao3) | 013

091 = 013

Go2 = i [(012 — 021 ) Ria+( 032 — 023 ) Ro] + 32033 — ['2109: (59)
93 = i [013R91 + (033 — 022) Ras] — [w +iAg3 | 023

G31 =013

33 = 093

033 = 1 Ro3 [093 — 032] — I'50033 .

At this point, the equations in (59) can be solved numerically, with the solutions for the real

and imaginary of o5 shown in Fig. 3. Solutions for o5 with a control detuning of Ayz = I'j5
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is shown in Fig. 4. Alternatively to solving numerically, some assumptions for specific cases
can be made to solve the system analytically. For example, under the assumption that the
probe laser and control laser are on resonance, with the probe field being much weaker than

the control field, and also the system is in steady state, the interference between state |1)

and [2) is
S
IR Y

The notable result is that Im(oy3) is proportional to the probe absorption in the system,

(60)

012 = —
['ay +

therefore with a weak probe and strong coupling field (212 < €2a3), the absorption of the

probe strongly decreases.

1.0} (a) r ==0»3=0 == =0
: — .Q23= 0.5F12
0.8 _
i — O3=2Ip,
o 06F
=) [
— 04 r
021
0'0 s T L L T L L L L L
-20 -10 0 10 20 =20 -10 0 10 20
Detuning (MHz) Detuning (MHz)

FIG. 3: Three level EIT in weak probe regime (€215 = 0.01T';5) with control detuning Ay =
0. (a) Im[oy2] corresponding to probe absorption. (b) Re[oys] corresponding to index of

refraction.
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FIG. 4: Three level EIT in weak probe regime (£212 = 0.01I';5) with control detuning Ay3 =
['15. (a) Im[oys] corresponding to probe absorption. (b) Re[oja] corresponding to index of

refraction.

Furthermore, while not directly related to what was studied here, one can relate the real
part of the coherence terms to the susceptibility of the gas, thus the index of refraction which

can give an expression for slowed light. The susceptibility is given by

2w Nyloq
= — "D, 61
wg@lg P21 ( )

where Ny is the density of the gas and c is the speed of light. The group velocity of light in

X(w)

a dielectric is represented by
c

Vg = ——— . 62
7 o+ wg—z (62)
With the index of refraction n being proportional to Re(x) one can surmise the effect on

group velocity by solving the optical Bloch equations.
2.3 COHERENT BACKSCATTERING OVERVIEW

As previously mentioned in Chapter 1, coherent backscattering is a well studied physical
phenomena that can occur in presumably any system where waves interact with a disordered
medium or object, where the constructive interference of time-reversed paths lead to an
enhancement in the backwards direction. The discussion in this section will describe this
effect in more rigorous mathematical detail following closely to the excellent description
of CBS (and many other effects) in Akkermans’ and Montambaux’s Mesoscopic Physics of
FElectrons and Photons [88].
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2.3.1 SPECKLE AND WAVE SCATTERING CONTRIBUTIONS

Speckle patterns occur when a coherent, monochromatic light source encounters an ob-
stacle that scatters the incoming wave, creating a unique diffraction pattern based on the
the physical properties of the obstacle, whether it be a solid object or a medium. A classic
example of a speckle pattern can be observed by shining a laser pointer on a wall, which
shows bright and dark areas due to constructive and destructive interference.

However, if the ensemble of scatterers is “averaged over”, the speckle phenomena disap-
pears. For solid objects, the averaging consists of physically moving or rotating the object
under consideration. For turbid, optically thick media, such as a suspension of particles in
liquid or a cold atomic gas, the averaging occurs naturally with the motion of the scatterers
within the medium. With a random medium and an incident wave undergoing multiple
scattering in the medium, it would classically be expected that no coherence effects would
remain, but that is not the case. However, it must be added here that this is only the case
when a system is such that it is smaller than the phase coherence length, Ls. A sample
that is smaller than L, is said to be a mesoscopic system, i.e., small enough to retain co-
herence effects, where a significantly larger system will eventually lose the coherent effects.
The description here also assumes coherent multiple scattering in the limit A = 2?” is small
compared to the elastic mean free path [,, which is referred to as the limit of weak disorder.
In this text, elastic mean free path [, represents the average distance a wave packet travels
between two scattering events with no energy change.

For a generalized mathematical description, consider an optically thick medium of N
randomly distributed point scatterers. Then consider a plane wave from a coherent source
located outside the medium, that propagates in the medium and elastically scatters off of
the particles in the medium. For the purposes of this study, we want to analyze the complex
amplitude of the re-emitted wave A(k, k’), where k is the incident plane wave direction and

k’ is the direction of the re-emitted wave. The scattered wave amplitude is thus defined as

Ak, k') =3 (i, my)eltmkir) (63)

71,72

where f(71,73) is the complex amplitude corresponding to propagation between two scat-

tering events located at r; and 75. Breaking this down further, this amplitude can be

Doy = lagle’™ (64)
j j

with a; being the amplitude of the j-th path and ¢§; the associated phase with that same

represented in the form
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path, where each path is a sequence of scattering events between points r; and ro (Fig.
5). Amplitudes such as these are vital in the description of light characteristics within a
disordered medium. Much of the following consists of the probability of diffusion as the

average of a product of such complex amplitudes as

P(r,r") ~ Za;‘(r,r’)aj(r,'r’) : (65)

2

where the subscript defines the trajectory as before from r to r’. With the trajectories
playing an important role in coherence effects, the probability can be rewritten for identical

trajectories and for those that are different

Z|a]rr’ |2+Z|a (r,r)a;(r,r") . (66)

i#]

The first term with identical trajectories will be referred to as the Diffuson in later sections
and its probability will be denoted as Pp, where the second term will give rise to coherent

effects.

FIG. 5: Contributions to the total complex amplitude f(71,75) over three paths. Diagram

inspiration from [88].

With the wave amplitude established, the associated intensity of the wave therefore is:
| Ak, K')[* Z Z F(r1,72) f* (15, 1y ) eiRmi—kim2) pmillers =k ra) (67)
71,72 73,74
where the product of the complex amplitudes are defined by

flry,re) fr(rs,14) = Z@j(rl,rz)@}k’/(ﬁﬂ) = Z’%H% €' =0) (68)

53’ 33
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To achieve a physically measurable quantity for such a system, the average intensity must
be calculated. In order to calculate the value averaged over the position of the scatterers,
it is useful to note that most of the terms in Eq. (68) and thus, Eq. (67), vanish on

average provided that the phase d; — d;

i/, which measures the difference in the lengths of

the trajectories, is random. This leaves only the terms in which the phase difference is zero
that contribute to the average of the intensity |A(k,k’)|?, that is when pairs of identical
trajectories occur, whether that be in the same direction or opposite directions as portrayed

in Fig. 6.

FIG. 6: (a) Representation of scattering paths of classical average intensity. (b) Represen-
tation of the source of the scattering paths that occur during coherent backscattering, i.e.,

time-reversed scattering paths. Diagram inspiration from [88].

With identical trajectories, eq. (67) simplifies with r; = 73 and ry = 74, when the paths
are in the same direction, while 7 = r4, and ro = r3 for paths of the opposite direction.
Presuming that the system is invariant under time reversal, which in reality is not always
true, these two processes contribute identically to the average intensity. Expressing the

average intensity more specifically after these simplifications leads to
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(AR ROP = 3| f(ry,m3) 2 [ + itk tramr)] (69)

.
where the first term, unity, is a result of the co-propagating process in Fig. 6(a), while the
second term accounts for the opposite directional paths as in Fig. 6(b). More explicitly,
the first term of unity consists of the averaged, what will be referred to as incoherent back-
ground light, and the second term will be the source of the coherent effects, specifically,
coherent backscattering. Lastly in this basic description, we can represent the intensity as
the following:

I(k, k') ~ / drdr' Pp(r, ') |1 + ei<’“+’“’>'<“’“'>] : (70)

where the complex squared amplitude from Eq. (69) is represented by the Diffuson proba-

bility, and r and =’ are close to the interface separating the diffusive medium and vacuum.
2.3.2 COHERENT BACKSCATTERING OF LIGHT

Now we aim to use the description in the previous section to give a rigorous mathematical
representation specifically in the terms of light scattering. For the sake of simplicity, we
treat the field as a scalar wave in this description and will elaborate further on the effect of
polarization afterwards.

The mathematical description follows that of the description in chapter 8 of Akkermans
et al. The physical description goes as follows: an incident monochromatic plane wave is
directed towards in interface in the direction represented by the unit vector $;. The interface
is separated by vacuum, the source of the monochromatic plane wave, and a diffusive medium.
The diffusive medium is in the semi-infinite space of z > 0, with the vacuum in the space
z < 0. The assumption of the semi infinite medium allows for an analytic solution that
also matches closely to the observed effect in reality with objects of finite size. The resulting
scattered wave from the medium re-emerges and is detected far from the interface as intensity
along the s, direction at a distance R. We look to calculate the angular dependence of
reflection coefficient, referred to as the albedo, where albedo is defined as the unitless quantity

9 .
o(8.) = %](};—:e) , (71)
with S corresponding to the surface area in which scattering occurs. With this definition, the
intensity I(RS.) must be calculated. Complications arise due to accounting for the inten-
sity emanating from the last scatterer within the medium and propagating to the detector.

However, the approach of radiative transfer can be used to describe this process. Treating
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the scattered wave as a spherical wave emitted from a point, the solution of the Helmholtz
equation corresponds to a Green’s function, which portrays the intensity in the following
way:

1) = ()P = G (o, m)GA(r, 7o) (72)

Here, the R and A refer to the retarded and advanced Green’s functions, with the field

emanating from a point source at ro. Also the Drude-Boltzmann approximation given by

GE(rg, r)GA(r, o) = ER('I"O,'I’)EA(T,TQ) , (73)

is used in the the average intensity calculation involving Green’s functions. The intensity
and thus albedo for the incoherent light, i.e. Diffuson, and for that of the coherent light, the
Cooperon, must be calculated independently. The total albedo therefore will be represented

as the contribution from both terms added together as
a(f) = ap(l) + ac(0) . (74)

2.3.2.1 Diffuson Contribution

Starting with the Diffuson, the corresponding intensity is

[D(Rée) = 4%/dTldTglgi(Tl)PF(rl,7"2)’@]%(7'27R)|2 ) (75)

where r; and 7, is the point of the first and last scatterer respectively. The term [1;(r;)]?
can be thought of as the average intensity of the wave to travel up to the point r; with no
collision, I'(ry,ry) is referred to as the structure or vertex function and takes into account
all scattering processes between ry and 75, and the product of the Green’s functions can be
thought of as the intensity of the light traveling from the final scatterer r, to the location
of the detector R, without further collision. The squared terms arise due to the Diffuson

describing identical wave scattering paths throughout the process, as shown in Fig. 7.
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FIG. 7: Scattering path of the Diffuson, inspired by diagrams from [88]. Distances z;, zo are

the distances of the first and last scatterers at rq, o from the scattering interface.

For the geometry described here and shown in Fig. 7, the plane wave takes the form

— I -
Bilm) = e e (70
™

in which the decaying exponential term is analogous to Beer’s law accounting for attenuation
when the wave passes through the interface and is inside the medium. The definition of the

average Green’s function in the describe medium is given by
e’ik‘|R—'r’2|

~R —|ri—7r
G(ry, R)=c ‘/216—4W|R—r2\ :

(77)

where we can use the Fraunhoffer approximation to simplify the Green’s function further
into the form of A
~R |1 —r|/21 ik8e-1r2 €sz 78
G (ro, R) = M7/ SepmthSe 2
(r2, R) o (78)

As is done in the experiment, we take the incoming wave unit vector §; to be normal to the
interface, and then define the projection of the emitted wave unit vector s, onto the z-axis

S - 2 = cost) = n such that for the particle at r; and ry respectively, we have

Py — 7| =2 and |ry — 7| = 2 (79)
n
The Diffuson intensity, therefore the Diffuson albedo ap can be expressed as
R2 ]D(Rge) 1 —z1/le ,—2z2/nl
=g L (4m)2S /d"'ldﬁe flee22/MeT (1), 1y) (80)

As for determining the structure factor I'(ry,rs), which is normally an iterative integral

equation, chapter 4 of Akkermans et al. gives a thorough explanation of how in the diffusion
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approximation, with small spatial variations, the structure factor can be related to the

probability of diffusion in the following way:
12
Pp(ry,ra) = 4—;01“(1"1,7'2) : (81)
The probability of diffusion here is a solution to the diffusion equation, which can be conve-
niently calculated in this case using the method of images formulation, where the Dirichlet
condition that the probability vanishes is at the point —z, outside the scattering medium.

Using this technique, the probability of diffusion is expressed as

1
Pp(z1,29) = 5D (21 4+ 22 4+ 220) — |21 — 22]] (82)

where D is referred to as the diffusion constant which is proportional to the elastic mean
free path and group velocity. Finally, Eq. (80) can be solved and results in
3 20 n
_ 2|2 o 83
with the plot of the Diffuson albedo in Fig. 8, plotted in the range of 6 = (-7, 7).
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FIG. 8: The Diffuson albedo ap as a function of angle.

While there is an angular dependence to the Diffuson albedo, it is not very prounounced,
especially at small angles as how it is generally measured. The Diffuson albedo ap can
generally be considered constant at small angles, which will be elaborated on when comparing

the Cooperon.
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2.3.2.2 Cooperon Contribution

Now turning to the Cooperon, that is, the intensity contribution due to coherent effects
as shown in the trajectory diagram in Fig. 9, we have
. 4 — —x —R —A
Ic(Rs.) = - dridra;(r1)Y; (r2)I'(r1, 72) G (12, R)G (R, 71) | (84)
where now the differences from the Diffuson intensity in Eq. (75) are due to the waves

following in time-reversed trajectories.

FIG. 9: Scattering paths of the Cooperon contribution to the total albedo. The values of 2,
29 are the dashed lines connecting from the plane at z = 0 to the points ry, rs respectively.

Inspired by diagrams from [88]

With the same assumptions as before with the incoming plane wave, the Fraunhoffer ap-
proximation for the Green’s function, and projecting the first and last scatterers coordinates
on the interface, we have the average Cooperon albedo

n+1 z1+29

1 e
ac = (4728 /drldrge_ 2 de D(1y, ry)elkBitse) (m-r) (85)

At this point, it is straightforward to see that if you take the direction of incoming and
outgoing light to be equal and opposite, i.e., s, + §; = 0 and therefore n = 0, the integral of
the Cooperon and Diffusion are exactly equivalent. This is what gives rise to the peak of the
coherent backscattering cone being twice that of the background light in theory. Displayed

in terms of the total averaged albedo:

a(@ =0) =ap(0) + ac(0) =2ap . (86)
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Now to continue solving for the Cooperon albedo: projecting the wave vectors onto the z-y
plane as k, =[k; + k.]. = k[8; + 8|1, and replacing the structure factor with the diffusive
probability as before, we have the form of the Cooperon albedo as

)
C n+1 z1+22

=B dzidzge” 21 e PD(zl,ZQ)eiki'p , (87)
e Jo

where p here is the projection of the vector r; — r5 onto the z-y plane. Following the same

2%}

logic as that in solving the Diffuson and integrating, the albedo of the Cooperon becomes
3 1 {1 — e~ k10 N 2n
T Qs 2

8T [klle‘f'%—t?l] kil n+1

(676 (88)

In Fig. 10, the Cooperon albedo is shown, added to the nearly constant background Diffuson
albedo, with the Diffuson contribution being the dashed line. In the specific case of Fig. 10,
the parameters consist of those in a typical magneto optical trap (MOT) with a peak density
of 5-10" atoms/cm? and the atomic cross section of ¥Rb on the 55} 2F =3 — 5P F' = 4/

transition.

Normalized Albedo

Angle (mrad)

FIG. 10: The Cooperon albedo added to Diffuson albedo as a function of angle.

Where the disagreements occur in an experimental measurement compared to this theo-
retical calculation are due to the MOT gas cloud being spherical distribution of atoms and
not a semi-infinite plane interface with classical scatterers as in the previous mathematical
consideration. There are also the effects of depolarization reducing the total backscatter-

ing, non-elastic Raman scattering, dephasing of reciprocal paths due to the movement of
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the scatterers, and due to the Zeeman sublevels of the atom not allowing for time reversed

symmetry for initial and reciprocal paths of a given polarization of light [74, 77, 88].

2.3.2.3 Polarization Effects

To briefly discuss the effect that polarization takes upon the backscattered light, we must
first take into account the time dependent albedo of classical scatterers for both the coherent
and diffusive terms. Here we assume that the angular dependence is very small, which leaves
the value of n = 1 and k, = ksinf ~ k|f|. From Eqs. (80) and (87), the time dependent

albedo contributions can be represented as

ap(t) = # 0 dzdz'e /e Pp(2,2',1) | (89)
and
ac(t) = Fcl? dzdy e /e /e Pp (k1 2,2',1) (90)
e JO

where the respective now time dependent probabilities are represented by

2 e /Dt "2 /4Dt 14920)2 /ADt
/ —(2—2 —(Z2TZz Zi
PD(z,z,t):/dPW[e( )?/4Dt _ —(242"+220)%/ }, (91)
and
6_Dkit N2 4D ’ 2 2 4D
Pplky,z, 2 t) = EEFW%Wt—fW”W/ﬂ. (92)

In the long time limit, the time dependent albedo contributions can be approximated and

expressed as

1
~ 2
OéD(t) ~ C(ZO + l(i) (47TDt)3/2 9 (93)
and
ac(6,t) = ap(t)e PFt (94)

Furthermore, there is an additional factor included in the temporal integral to determine
the angular distribution of the coherent albedo to force the integral vanish at small times,
leaving the purely angular dependence in the form of

* Ligerys 1 i
%@Nlezwm%mﬁ—ﬂqﬁ, (95)

where 7 is the average time between single scattering events. The form of this integral will
be used when including polarization effects.
Now to include the effects of polarization, we introduce the depolarization coefficients in

terms of the polarization channels that CBS is observed, with || representing channels that are
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analyzed with the same polarization as the incoming light, i.e., the H| and L; channels and
L representing the perpendicularly analyzed CBS channels H, and L, channels, where H
corresponds to polarizations with helicity such as o, o_, and L refers to linear polarization.

The depolarization coefficients are given as

TP (@) D(

TP (t)
dy(t) = P - 170 and d,(t) = FOESeIOR (96)

To determine the structure factor contributions in the parallel and perpendicular channels,
we must turn to the tensor equation representation of the structure factor. We will not go

into the derivation of this tensor equation, but state that its form is

1 1 1
Loaprs = §(F1 +1'9)d0y0p5 + §(F2 —1'1)6as63y + g(FO —1'9)8a80s - (97)
In the case of analyzing the light in the diffusive regime of the same polarization as the

incident light, corresponding to the parallel channels, we have
1
Foaaa =T = g(ro +2T,) . (98)
For perpendicular channels in the diffusive case
p 1
Taaps =TT = 5(To—T2). (99)

As for the coherent contributions, the structure factor in the parallel case matches that of

the diffusive contribution, and the perpendicular polarization structure factor is

1
Lagpa =T1 = 5Tz =T (100)
In general, the structure factor modes I'y and I'y; decay rapidly compared to I'y, which will
be used in the calculation of depolarization effects that occur at large times. Now with the
specific channels in this representation, the depolarization coefficients can be determined and

thus are
FO + 2F2 F0 - F?

dy(t) = ——= =
10 = 3r 5, 2Ty + I,
At long times, with 'y, I'; rapidly decaying, it is clear that the depolarization coefficients

and  d, (1) (101)

approach % Now with the depolarization coefficients and their behavior established, we
define the factors

)1

c

Q(t)——( and QL () =

¢@)
= ) : (102)

(t)

r

i)
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which describe the attenuation of coherence effects over time. The effect of these factors
can be shown more explicitly with the definitions of the channel specific structure factors

inserted, giving the following relations:

Ty + 2T,
Ty + 2T,

5(0y —T1)

Qt) = m :

and Q(t) = (103)

Clearly, for the parallel channel this factor is one and for the perpendicular channel goes to

zero at large times. We can finally write the albedo of the Cooperon for the parallel channel
al(9) = /0 h ap(t)dy(t)e PR [1 — e V] dt (104)
and for the perpendicular channel
0t0) = [ (0@ (e P 1= (105)
0
where the factor Q) = 1 in the parallel integral. The diffusive contributions are simply
ol — / T an@)dy(f)dt and b — / T an(t)d. (t)dt | (106)
0 0

At large times (¢ > 1), the ratio of coherent contributions to incoherent contributions in

the exact backwards direction can be written

Jo_ap(B)dy(t)dt
107
= fo ap(t dH (t)dt (107)
in the parallel case. For the perpendicular, we have
Fap(t)d (t)Q.(t)dt
- fo ap(t)d. (1)Q1(1) (108)

T T ap(t)d, (tdt
This ultimately expresses that due to polarization, for classical scatterers the perpendicularly
analyzed channels, L, and H,, have a reduction in the CBS cone height compared to
the parallel channels, based on the total time accrued over scattering paths. As for the
light scattering of atoms, somewhat unexpectedly, the opposite is true, as will be shown in
experiment. Atoms, due to their internal structure show sensitivity to the polarization of
the excitation field, which thus suggests that the quantum mechanical nature of the light-
atom interaction must be considered. Atoms also interact with linearly polarized light and
circularly polarized light differently, therefore in the consideration of the contributions to the
Cooperon and Diffuson albedos, the parallel and perpendicularly analyzed channels must be

calculated separately for linearly and circularly polarized light.
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The structure factor for the atomic case, analogous to Eq. (97), is given as

(TP +T2) |e- e + E (T9 —TP)|e- €]+ E (ry —ry) , (109)

I'P(e, &) = 5 2

N | —

for the Diffuson contribution, and for the Cooperon contribution we have

e &)= (T{+T5) e & + % (T§ —TS)|e-€)*+ % (TS — 1Y) | (110)

DN | —

where € is the unit vector in spherical basis coordinates of the incoming light polarization
and € is the outgoing polarization unit vector. From the previous discussion on classical
scatterers, we determined that the factor Q(t) was the determining factor of the loss of
coherence at long times, therefore with the calculation with atoms, we have four different
factors. For the two linearly polarized channels we have

I§ + 219
ry+2ry

3 I§-T¢

and Qi:§w

o = (111)
The assumptions previously for the classical scatterers do not necessarily apply here since
the modes of the Cooperon and Diffuson are not directly comparable and are determined by
propagators based on polarization relaxation times [89], but under the approximation that
they behave similarly, that is I'y dominating at long times, it would appear that Q% < Qﬁ ,
which experimentally is observed to be true for atoms and also is similar to the polarization
effects of classical scatterers.

As for the circularly polarized light channels, the factors are

= an =
I orP 4+ 3rP + TP +

2§ — 3T¢ + ¢
2y —3rP + 19

(112)

Making similar assumptions as before implies now that Qﬁl < QY which does not align
with the classical expectation. This result is experimentally observed to be true as well,
namely with the H | channel displaying the best CBS signals in cold ¥Rb. However, it must
be stated that the enhancement observed in each channel of polarization depends on the
atomic states that the probe is interacting with and internal structure of the element that

backscattering is occurring from, as shown in Ref. [76].
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CHAPTER 3

EXPERIMENTAL OVERVIEW

This experiment utilizes a standard 3D rubidium 85 magneto optical trap (MOT) as
the light scattering medium. The laser and optical setup, experimental timing, and other

relevant information for this dissertation will be discussed in this chapter.
3.1 LASER ARRANGEMENT

Before describing the finer details of the laser setup, we must establish the necessary
atomic transitions required for the experiment. The full atomic energy levels of **Rb relevant
to the laser transitions of this experiment are shown in Fig. 11, with the energy levels of
8TRb shown for comparison. The atomic transition used for the MOT beam is the 55, o =
3 — 5Py F' =4, with the beam 12 MHz (~2I") negatively detuned for laser cooling of the
85Rb atoms within the vacuum chamber. A magnetic field generated by anti-Helmholtz coils
exploits the Zeeman splitting of the atoms in combination with circularly polarized light,
to spatially confine the atoms. The probe is tuned near the 5S1/o F' = 3 — 5P3y F' = 4.
The control beam in this experiment is tuned near the 5P/ ' = 4 — 5D5), I = 5. In
this text the shorthand may be used where F' (without a prime) represents hyperfine levels
in the 551/, state, F’ references those in the 5Py excited state, and F” refers to hyperfine
levels in the 5D5/, excited state.

When discussing the probe and control fields in the later analysis sections, subscripts
will be used to differentiate the two beams, for example €2, €. are the Rabi frequencies of
the probe and control respectively. Also, while not a property of the probe beam itself, the
natural linewidth of the 5P/, state will be referred to as I', due to that excited state being
associated with the transition of the probe laser.

Simplifying the system from Fig. 11 to the atomic states corresponding to lasers used in
this experiment, we have the states shown in Fig. 12, where w,, w. are the frequencies of the
probe and control respectively. The decay rate I'sp corresponds to decay from the 5D5/5 to
the 6P/ and I'gp represents the decay rate of the 6FP3/5 to the ground state, spontaneously
emitting 420 nm light. Table 1 gives the values of the transition rates (I'), radiative lifetimes

(1), and vacuum wavelength (\) of the states involved in the experiment.
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FIG. 11: Rubidium 85 and 87 hyperfine energy splittings for the 55,2, 5P5/2, and 5D5/o

states.
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FIG. 12: Energy levels associated with this experiment, omitting hyperfine levels that are
not directly accessed. The angular frequencies of the probe and control are w, and w..

Corresponding decay rates in Table 1.

TABLE 1: Atomic transition properties.

Atomic Transition I' (MHz) 7 (ns) A (nm)
5Py — 551 27 - 6.07° 26.23° 780.24°
5Ds/2 — 5Py 27 - 0.66° 254 775.98¢
5D5/5 — 6P /2 2m - 0.225° 707.5°¢ 5233°¢
6P3/5 — 5512 2m - 0.318° 500.8¢ 420.3°

2Reference [86].
bReference [39).
“Reference [90].

Four laser beam sources are used in this experiment, two operating at 780 nm in a
master-slave configuration, and two operating at 776 nm in a master-slave configuration.
The master 780 nm laser is a home built external cavity diode laser (ECDL) that is

frequency stabilized via Doppler-free saturated absorption spectroscopy. The master 780 nm
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laser is frequency stabilized to the F” = 2/4 crossover from the 55),,F" = 3 ground state,
corresponding to about -92 MHz from the 5P3/,F" = 4 level. The beam is split initially to
feed into the injection locked laser diode, and then with the remainder of the light splitting
again to the saturated absorption spectroscopy and probe optics.

The portion of the beam going to the probe optics passes through a 80 MHz acousto-optic
modulator (AOM) in a double pass optical arrangement and then a single pass through a
second 80 MHz AOM to act as a light switching mechanism, and to shift the frequency of
the laser near the 551 /9F = 3 — 5P/ F = 4’ atomic transition to act as the experimental
probe. A representative diagram of the 780 nm laser optics is shown in Fig. 13. A legend
for all optical diagrams is in Appendix B Fig. 95.

The injection locked laser passes through a 80 MHz AOM for switching and frequency
adjustment and is then fiber launched to the vacuum chamber to be split into the 6 individual
MOT beams. Acting as a repumper, 3 GHz sidebands are applied to the injection locked
MOT laser to keep atoms in the cycling transition. A small amount of the beam is picked
off before the AOM to send to the 776 nm laser optics.

The 776 nm laser system starts with a master ECDL that splits to a rubidium cell for
frequency reference with the remainder of the beam going into the injection locked 776 nm
laser. The frequency reference uses the previously mentioned picked off portion of the 780
nm laser overlapped with the 776 nm laser to excite atoms in the rubidium cell to the 5D5/,
energy state. Once excited to that state, the atoms can decay to the 6P/, state which then
can decay at 420 nm to the ground state and is detected by a PMT with a 420 nm coated
filter as shown in Fig. 14.

The 776 nm injection locked laser passes through an 80 MHz AOM for switching and fine

frequency adjustment before being fiber launched to act as the experimental control beam.
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To 776 nm control laser optics

t
/) |
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Master
780 nm
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: : I ——
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Sl E

MOT beam

Injection locked

780 nm laser
Probe

FIG. 13: Representative diagram of the optical setup of the 780 nm laser system. Beam

pickoffs for spectrum analyzer not shown.
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FIG. 14: Representative diagram of the optical setup of the 776 nm laser system. Beam

pickoffs for spectrum analyzer not shown.

An optical diagram of the experimental optics is shown in Fig 15. The MOT beam is
represented in green, probe in red, and control in blue. Dashed lines show alternative paths
when the flip mirror is engaged and also the path of the CBS signal. When the flip mirror is
engaged, the control is reflected into the chamber, counterpropagating with the probe beam,
which is what will be referred to as counterpropagating EIT in later sections. In this setup,
EIT can be measured but CBS cannot be recorded due to the control beam being directed
into the path of CBS detection. When the flip mirror is disengaged, the control beam passes
by and is directed into the side window of the chamber, orthogonal to the probe beam. When
the control beam is orthogonal to the probe, EIT can be recorded simultaneously with CBS

signals, which is the primary experimental focus of this study.
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To absorption
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FIG. 15: Representative diagram of experimental table optical system. Each beam repre-
sented by a different color with the third dimension (up/down) of the MOT beam not shown

for simplicity. Dashed line towards the LN CCD represents the path of CBS detection. Beam

dumps not shown.
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3.2 ELECTROMAGNETIC INDUCED TRANSPARENCY DATA
ACQUISITION

To measure the effect of EIT in this particular case, a photomultiplier tube was imple-
mented to detect the small amounts of probe transmission through the cold atomic sample.
The PMT signal for each probe pulse was recorded and then averaged over 128 acquisitions
for each of the three measurements needed to determine and analyze EIT effects.

The first consists of the probe beam without the cold atoms and without control beam
present as a baseline pulse, corresponding to the signals in black in Fig. 16. The second is
with the cold atoms present and no control beam for directly measuring probe transmission
signals through the atomic cloud. Subtracting the second standard transmission signal from
the first baseline measurement results in a mapping of the absorption which corresponds to
the signals in 16(a). The third measurement is with the cold atoms and control beam present
to detect the probe transmission under EIT conditions. Subtracting the third transmission
signal under EIT conditions again from the probe with no atoms present results in mapping
of the absorption as well, but due to the presence of the control, is modified from that of
the standard absorption. An example EIT signal and the corresponding subtraction from
the probe is shown in Fig. 16(b). These signals were then integrated over the pulse time to

give a value for each detuning, corresponding to a single data point in the results presented

later.
20
[ (a) — Subtracted — Subtracted
ol — Probe — Probe
— = Probe w/MOT] = Probe w/MOT
and Control

I

22 2.4 2.6 2.8 3.0 32 22 2.4 2.6 2.8 3.0 32

Voltage (mV)
S

|
N
S
T

-60

Time (ms) Time (ms)

FIG. 16: Sample signals observed during the EIT experiment averaged 128 times with (a)

showing signals for determining probe absorption and (b) showing signals for EIT.
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It must be stated that when measuring EIT on these respective transitions over the 450
pus pulse time, there is a time dependence, with the effect mitigating over time. This is
likely due to an optical pumping mechanism of atoms excited to the 5D5/,F' = 4,3 states
decaying to the 6P/, state, then decaying to the 55),,F = 2, resulting in less available
atoms in the F' = 3 ground state to be scattered. There will also be loss corresponding to
quadrupole transitions to the F' = 2 ground state, due to the lack of a repumper during the
EIT measurements. This time dependence is the reasoning for the integration of the signals
as mentioned.

A second PMT was used to collect 420 nm fluorescence orthogonal to the probe beam
during the pulses with the control beam present. To collect 420 nm fluorescence from the
6.P5/, state, a dichroic shortpass mirror (Thorlabs DMSP490) was used to allow light collec-
tion by a PMT placed behind the mirror, while reflecting the control beam at 776 nm, as
shown in Fig. 15.

3.3 COHERENT BACKSCATTERING DATA ACQUISITION

To properly detect coherently backscattered signals, great care must be taken to reduce
any light that is not due to backscattering, i.e. reflections of the probe beam, reflections
of light from within the chamber from other lasers, to even small light sources within the
room, such as LEDs on lab equipment. For the path of the probe beam, the beam first
passes through an initial polarizer and then a wedged 70:30 (Reflection:Transmission) anti-
reflection coated beam splitter (Thorlabs BST17). The wedge of the beam splitter allows
for separation of reflections from the surface of the splitter from that of the back surface of
the splitter. The beam passes through the splitter with 30% transmission and through a
removable quarter wave plate and into the chamber to interact with the MOT. Coherently
backscattered light off of the MOT returns to the splitter, with 70% reflected to the optical
detection system. The windows on both sides of the chamber that the probe passes through
are wedged, to minimize reflections from the front and back side of the windows going directly
backwards, and are anti-reflection coated (AR) for further reflection minimization. The AR
coated windows are also on bellows to fine adjust the angle in case of excess light scattering in
the backwards direction. Carefully placed beam dumps are located on the side reflecting the
probe opposite to the CBS detection optics, and on the far side of the chamber past the flip
mirror in Fig. 15, to further ensure that no probe light other than that of the backscattered
light of the MOT is detected. It cannot be overstated how arduous of a process minimizing

unwanted reflections and light was for proper signal detection. An experiment of this type
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cannot be performed with the slightest of external light contaminating any of the optical

setup.
3.3.1 OPTICAL DETECTION SYSTEM

A charged coupled device (CCD) was used to obtain coherent backscattering signals.
To achieve the levels of signal to noise necessary, a liquid nitrogen cooled CCD was used
(Princeton Instruments). Without the liquid nitrogen cooling, the inherent dark count noise
overtakes the coherently backscattered light. A photo of the CCD is included in its enclosure
in Fig. 17. The CCD array is 512x512 pixels, with each pixel being a square 24x24 pum in
size. The pixel size is the limiting value in determining the angular resolution of the optical

system, once lenses are accounted for.

FIG. 17: Photograph of the LN CCD during liquid nitrogen filling.
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A representative diagram of the optics is shown in Fig. 18. For the coherent backscatter-
ing collection optics, the first lens of the system acts as a collection lens, with a focal length
of 450 mm, referred to as L1 in Fig. 18. With this focal length, the approximate angular res-

olution is 0.053 mrad. This resolution is determined by the inverse sine of the ratio of height

24.10~3 mm)

of a pixel to the focal length of the collection lens. More specifically § ~ sin™* ( 50

Yl Analyzing

L1 Polarizer L2 L3
I LN
I CCD

Incident
Polarizer

Optical
chopper

Recollimating
Lens

Probe
beam

FIG. 18: Representative diagram of the CBS optical layout. L1 is 450 mm collection lens, L2
is 90 mm collimating lens, L3 is 90 mm refocusing lens. Dashed line towards the LN CCD

represents the path of CBS detection. Optical iris in front of chopper omitted in diagram.
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At the focal point of the 450 mm lens, an optical chopper is placed for experimental
timing purposes and to prevent unwanted fluorescence from the MOT during probe pulses,
to be discussed later. Also near the focal point of the collection lens is an optical iris (not
shown in diagram), to eliminate stray off axis rays for better signal to noise. Positioned 90
mm further from the focus of the collection lens is a collimation lens with a focal length of
90 mm (L2), followed by a second 90 mm focal length lens (L3). The CCD is then placed
at the focal point (90 mm) of the last lens to image the angular displacement. An example
of the lens system ray diagram is shown in Fig. 19 from a Mathematica program used to
visualize the mapping of the angular resolution of the lens system. However, if the second
and third lenses are positioned properly, the angular resolution is only determined by the

collection lens focal length and pixel size as previously mentioned.

Ay/mRad = —0.45 mm/mRad

FIG. 19: A sample image from a ray diagram Mathematica program used to determine

angular resolution. In units of mm.
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3.3.2 CBS POLARIZATION CHANNELS

There are four observable polarization channels of CBS: H,, Hy, Ly, and L. These
channels correspond to the incident vs analyzing polarizer degree angles as shown in Table
2. The H, and H| channels begin as vertically polarized light, then pass through a quarter
waveplate (QWP) to induce the light into circular polarized light. The retro-reflection refers
to the amount of light transmitted through the analyzing polarizer if the incident light were
to be retro-reflected towards the analyzer with a mirror. For example, with the QWP in,
the vertical linear polarized light becomes circular, then when retro-reflected, the circular
polarization becomes reversed. The reversed circularly polarized light goes back through the
QWP which makes the polarization perpendicular to the initial polarization, hence why H
results in maximum transmission and H results in minimal transmission. This is used as a

device of understanding the role of the incident and analyzing polarizer in this experiment.

TABLE 2: Experimental polarization channel description.

Channel QWP Analyzer wrt. Incident Retro-reflection
H, helicity non-preserving — max
H helicity preserving T min
L none — min
L none T max

While it is useful to understand, an atomic gas does not scatter light in the same manner
as a retro-reflecting mirror. Next, we look to determine the angular dependence of scattered
light intensity from a gas [91]. The intensity detected is dependent on incident polarization
of the excitation field, the physical location of the detector, and the angle of the analyzing
polarizer. The detector is assumed to be along the transmission axis of the analyzer. This
process is also under the assumption of fluorescence due to single scattering events and not
multiple scattering. The geometry of light detection in general is shown in Fig 20, with

rotations corresponding to Euler angles.
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s

FIG. 20: General geometry of light detection with Euler angles ¢, 6, and x. [92]

In this experiment we take the Euler angle ¢ = 0. The scattered light intensity, based on
the detection angle 6, the analyzing polarizer angle y, and light polarization [ is determined

by the following equation:

1(0,x,8) = 5I[1 - Ah P (F' F) (2 P3(cosh) — 3sin*fcos2ycos2)3)

+ 3hV(F', F)Oycosbsin2f3] | (113)

where h(¥)(F'| F) are referred to as geometric factors and Ay and Oy are parameters based
on the alignment and orientation respectively. The form of the geometric factors h¥)(F', F)

is given by the following:

F'+1
KO (F' F) __ 7 (114)
VF'(F'+1)
F'+1
@(F F)=— . 11

In the case of this experiment, F' = 4, F = 3, which gives h)(4,3) = 5/4/20 and h(?(4,3) =
—5/7. The value Ay is referred to as an alignment parameter and is given to be

2F" +3
S

Ag = —(=1)"(1 = 34°) (116)
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The value Oy is denoted as the orientation vector, which is the average value of the angular
momentum pseudovector F' in a case such as this when treated with cylindrical symmetry
and is represented by
0y — 21D (117)
VP D)
where ¢ is the spherical basis representation of the light polarization [91].

For the linear case, the Euler angles rotating the frame must correspond to the quantiza-
tion axis which is the axis of light polarization. In the case of circularly polarized light, the
Euler angles correspond to the propagation axis of the light [93]. Therefore in the situation
of detecting linearly polarized light, ¢ = 0 and the detection angle is # = 7 in the backwards

direction which gives

I 11
Iuin(x, B) = go [1 + E(l + 3C082XC0825):| ) (118)

For the circular case, the backwards direction corresponds to # = m and ¢ = 41 which results
in

3 |12 Esm (119)

It is interesting to note that the result for circularly polarized light does not show a depen-

e =B [ B

dence on the analyzing polarizer angle xy. The angles for each channel are shown in Table
3.

TABLE 3: Corresponding values and intensity for each detection channel.

Channel 0 X B 1(0,x, B)
H o z = 0.051,
H  r 0 0.051,
L.z oz 0 0.271,
Ly 5 0 0 0.461,

It is worth noting again that these are the predicted values for single scatters, whereas
coherent backscattering is a multiple scattering effect. Therefore, channels with less scattered

intensity theoretically should produce better backscattered signals vs noise. The channels
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with helicity also show a minimum in the backwards direction, which can be seen in Fig.
21(b).

(@) 90 (b) 90

135 45 135 45

180 0 180 0

225 315 225 315

270 270

FIG. 21: Graphical representation of Eq. (113) as a function of 6. Black arrows indicate
direction of probe with detection being in the opposite direction, i.e., backwards. (a) Linear
polarized light with dashed purple representing the L channel (x = 0) and orange repre-
senting the L, channel (x = §). (b) Circularly polarized o, light, representing the A, and

H) detection channels.

3.3.3 EXPERIMENTAL TIMING

The timing of this experiment is constrained to that of obtaining coherent backscattering
signals therefore, the observed EIT must be within this timing window as well. A repre-
sentative timing diagram is shown in Fig. 22. The experiment utilizes the optical chopper
timing window to maximize signal to noise for CBS signals. Timing for the MOT, probe, and
control are all dictated by the aforementioned AOMs being used as a switching mechanism.
The MOT beam and magnetic field of the MOT are shut off well before the optical chopper
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window opens, to prevent fluorescence from the MOT leaking into CCD images, roughly
1.75 ms and 2 ms respectively before the optical chopper allows light through. The optical
chopper window is open for roughly 2.2 ms, with the probe and control pulsing for 450 us in
the center of the chopper opening window. The pulses were controlled by a Quantum Com-
posers model 9614, with the optical chopper providing an output signal to act as a trigger.
The signal from the MOT channel was used as a timing trigger sent to an oscilloscope for the
EIT measurements. The chopper was set at 41 Hz, therefore a timing sequence as in Fig. 22
occurred 41 times per second. With the CCD collecting light for 10 minutes for all images
and data points presented, which corresponds to roughly 11 seconds of CBS light collection.

A 10 minute background image is subtracted from the CBS signal to optimize the signal,
under the same conditions, except with the magnetic trapping field off. The MOT beams
remain pulsing at their usual time in case they are exciting atoms in the non trapped and
cooled atomic vapor within the vacuum chamber. With the magnetic field off, the MOT
does not form, therefore the background image should subtract off all scattering that does

not occur from the MOT on average.

0 2 4 6 8

T T T T T
B-Field -
MOT -
Probe -
Control -
Chopper [-

L L L | L L L | L L L | L L L |

0 2 4 6 8

t (ms)

FIG. 22: Experimental timing diagram with up representing on and down representing off

for each signal.
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CHAPTER 4

ELECTROMAGNETICALLY INDUCED TRANSPARENCY

As a reminder from the discussion in Chapter 1, the observed effects due to the presence
of a strong control field result in quantum destructive interference, along with Autler-Townes
splitting, which occur simultaneously and are not clearly discernible. Thus, the window of
transparency in the discussed data will be referred to as EIT, but will be encompassing
both the effects of EIT and ATS. In this chapter, the experimental EIT and theoretical EIT

results will be presented and compared.
4.1 EXPERIMENTAL EIT RESULTS

Here, the results from the experimental EIT in the counterpropagating regime will be
displayed, to be compared to the orthogonal geometry that is implemented during CBS data
collection, to ensure consistency, and to determine if there are any geometrical effects on
EIT beam geometry. Each data point in the following experimental results section is from
the average of 128 pulses. All corresponding EIT data is in terms of probe detuning. The

standard probe Rabi frequency unless otherwise stated is €2, = 0.18T",, for all measurements.

4.1.1 COUNTERPROPAGATING EIT GEOMETRY

Recall that the collected data for EIT is limited to the timing window of the CBS ex-
periment, due to having to fit the physical constraints to collect CBS signals. While CBS
signals are not obtainable during the counterpropagating EIT experimental arrangement, we
still maintain the proper timing to compare the physical effects to those of the orthogonal

EIT arrangement.

4.1.1.1 Control Intensity Dependence

The dependence of the control intensity was one of the primary focus points of studying
the effects of EIT, with the Rabi frequencies of the respective fields predicted to show a large
dependence in the overall effect. Due to this intensities will be represented in the form of
Rabi frequency, in terms of I',. The results of EIT in the counterpropagating scheme are

shown in Fig. 23, with ascending control field Rabi frequency from (a) to (f). Each plot
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FIG. 23: All data represented as a function of probe detuning with o_ probe polarization
and horizontal 7 control polarization in the counterpropagating EIT geometry with probe
Rabi frequency €2, = 0.18', and control detuning A. = 0. Black: probe absorption with no
control field present. Orange: Probe with control field present. Purple: Fluorescence of the

6.P5/, state. (a)-(f) display various control Rabi frequencies specified in the legends.

shows the probe absorption with no control field present (black dashed), probe absorption

with the control field present (orange), and the resulting 420 nm fluorescence from the 6.P;,
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state (purple) recorded during EIT measurements, all as functions of detuning.

1.0

0.8

0.6

0.4
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0.0 f
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FIG. 24: Counterpropagating EIT with control detuning A. = 0 and probe Rabi frequency
2, = 0.18,. (a) Probe absorption as a function of probe detuning at various control Rabi
frequencies. (b) Fluorescence of the 6P;/, energy level as a function of probe detuning at

various control Rabi frequencies.
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It is clear to see that as the control field Rabi frequency increases, the more pronounced
the window of probe transmission becomes. The frequency band in which transmission
occurs broadens as control power increases, while also allowing for more transmission close
to resonance. This effect is shown more clearly in Fig. 24, with the depth and width of the
EIT profile increasing with control power.

The detected fluorescence at 420 nm also broadens as a function of probe detuning as
control Rabi frequency increases. The total fluorescence decreases near resonance at higher

control power, while the total fluorescence further from resonance increases.

4.1.1.2 Polarization Dependence

The effect of using various polarizations of the control and probe beam were also studied
to investigate the variation in which it would display on the results of EIT, to extend to the
CBS experiment. Figure 25 shows various combinations of probe and control beam polar-
izations, displaying probe absorption as a function of probe detuning. For each polarization,
the control Rabi frequency was ). = 2.22I', and probe Rabi frequency €2, = 0.18I',. For
reference, the typical polarizations used when involving CBS for the H, channel are o_ for
the probe, and linear () for the control field.

The results of the probe absorption are superimposed for each combination of probe
and control polarizations in Fig. 26(a), with the fluorescence of the 6Ps/, state in (b)
at each combination of polarizations, with the legend representing the probe and control
polarizations respectively (p:c).

From Fig. 26, there does not seem to be a significant effect due to various combinations
of probe and control polarization. Each probe absorption curve is roughly similar, with only

the fluorescence from the o, probe and linear control varying slightly from the rest.
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FIG. 25: All data as a function of probe detuning in the counterpropagating EIT geometry
with probe Rabi frequency €2, = 0.18T", and control Rabi frequency 2, = 2.22I',, with control
detuning A. = 0. (a)-(e) display various combinations of probe and control polarizations
specified in the legends with o_, 0., and 7 corresponding to left handed circular, right
handed circular, and linear polarization respectively. In the legend left is probe polarization

and right is control (probe : control).
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FIG. 26: In the legend, the left side consists of the probe polarization while the right
side is the control polarization (probe polarization : control polarization), with o_, o,
and 7 corresponding to left handed circular, right handed circular, and linear polarization
respectively. Data corresponding to counterpropagating EIT geometry. Control detuning
A, = 0 and probe and control Rabi frequency 2, = 0.18', and Q. = 2.22T", respectively.
(a) Probe absorption as a function of probe detuning. (b) Fluorescence of the 6P5, state as

a function of probe detuning.
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4.1.1.3 Control Detuning Dependence

Figure 27 displays the probe absorption (orange triangles) and the 6 P;/, state fluorescence
(light purple squares) at 9.5 MHz control detuning and 18.5 MHz control detuning, which
roughly correspond to the I = 4 and I = 3 hyperfine levels respectively within the 5D5,

manifold. Plots in Fig. 27 are as a function of probe detuning.
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FIG. 27: Counterpropagating EIT geometry with a o_ probe and horizontal 7 control po-
larization with probe Rabi frequency (2, = 0.18T',. Black: probe absorption as a function
of probe detuning with no control field present. Orange: Probe absorption as a function
of probe detuning with control field present. Purple: Fluorescence of the 6F5/, state as a
function of probe detuning. (a) A. = 9.5 MHz, Q. = 0.91T", (1 mW). (b) A. = 18.5 MHz,
Q. =091T,. (c) A, =9.5 MHz, Q. =182, (4 mW). (d) A. = 18.5.5 MHz, Q. = 1.82[,.

As expected, with the control detuned, the probe is detuned negatively to meet the
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cascade excitation condition and the probe appears to show some signature of transmission,

while there is fluorescence from the 6P/, state at the corresponding detunings. In Fig. 28,

the plots for each control detuning are compared directly.
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FIG. 28: Counterpropagating EIT geometry with probe rabi frequency of €, = 0.18L,. (a)

Fluorescence of the 6P/, state as a function of probe detuning at various control detunings

with control Rabi frequency €. = 0.91T,.

(b) Probe absorption as a function of probe

detuning at various control detunings with Q. = 0.91T,. (c) Fluorescence of the 6P/, state

as a function of probe detuning at various control detunings with control Rabi frequency
Q. =
detunings with Q, = 1.82I",,.

1.82T,.

(d) Probe absorption as a function of probe detuning at various control
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4.1.1.4 Probe Power Dependence

The dependence of the intensity of the probe was also investigated as a function of probe
detuning at three probe intensities. These results are shown in Fig. 29.

We must note that this range of probe Rabi frequencies was used due to experimental
constraints. The minimum probe intensity in terms of the Rabi frequency 2, = 0.10I',
corresponds to 5 uW, which was the lowest power that could be consistently achieved, while
the highest probe intensity of Rabi frequency 2, = 0.22I", was limited by the recollection of
the MOT. Any probe intensity with higher Rabi frequency than €2, = 0.22', would force the
atomic cloud out of the recollection region, within the duty cycle of the experiment, limited
by the constraints of the CBS data collection cycle. The probe intensity corresponding
to a Rabi frequency of ©, = 0.18T', (~ 17 puW) is the standard probe power for other
measurements within the parameter space. The absorption data and 6P/, fluorescence are

overlaid in Fig. 30.
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FIG. 29: Probe absorption without EIT (black), probe absorption with EIT conditions
(orange), and 6.P;/, fluorescence (purple) at various probe Rabi frequencies as a function of
probe detuning at . = 2.22I', with control detuning A. = 0. (a) €, = 0.10I', (5 £W). (b)
Q, = 0.18T, (17 uW). (c) 2, = 0.22T", (25 pW). Data collected in counterpropagating EIT

geometry.
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FIG. 30: Counterpropagating EIT probe intensity dependence in terms of probe Rabi fre-
quency with control detuning A. = 0. (a) Probe absorption vs probe detuning at various
probe Rabi frequencies, with a control Rabi frequency of Q. = 2.22I',. (b) Fluorescence of
the 6P3/5 state as a function of probe detuning at various probe intensities with ., = 2.22I",,.

Data collected in counterpropagating EIT geometry.
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4.1.2 ORTHOGONAL EIT GEOMETRY

Here the EIT in the orthogonal geometry is presented to be compared with that of the
counterpropagating geometry, but also to provide insight on the effects taking place during

CBS while the control beam is present.

4.1.2.1 Control Intensity Dependence

The results of EIT in the orthogonal scheme are shown in Fig. 31, with ascending control
field intensity in terms of Rabi frequency from (a) to (e). As before, each plot shows the
probe absorption with no control field present (black dashed), probe absorption with the
control field present (orange), and the resulting 420 nm fluorescence from the 6Ps/, state
(purple) recorded during EIT measurements, as functions of probe detuning. There was a
slight reduction in optical power in the orthogonal arrangement compared to that of the
counterpropagating geometry, hence the reasoning of the highest Rabi frequency from the
counterpropagating data not being included here. Furthermore, it will be shown that at such
intensities, CBS signals are mostly nonexistent, so it is not an extremely vital measurement
as those at higher intensities.

The dependence on control intensity seems to have roughly the same scaling as before in

the counterpropagating regime, indicating that geometry in this case may not have an effect.
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FIG. 31: All data represented as a function of probe detuning with o_ probe polarization and
horizontal 7 control polarization in the orthogonal EIT geometry with probe Rabi frequency
2, = 0.18I', and control detuning A, = 0. Black: probe absorption with no control field
present. Orange: Probe absorption with control field present. Purple: Fluorescence of the
6.P5/, state. (a)-(e) display various control intensities specified in terms of Rabi frequency in

the legends.
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FIG. 32: Orthogonal EIT with control detuning A, = 0 and probe Rabi frequency
, = 0.18T",. (a) Probe absorption as a function of probe detuning at various control
Rabi frequencies. (b) Fluorescence of the 65/, energy level as a function of probe detuning

at various control Rabi frequencies.
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4.1.2.2 Polarization Dependence

As for the orthogonal geometry polarization dependence, Fig. 33 shows various combi-
nations of probe and control beam polarizations, displaying probe absorption as a function
of probe detuning. The Rabi frequency of the probe and control are €2, = 0.18T', and
Q. = 2.22T", respectively for each given polarization, with a control detuning of A, = 0.

Similar to the counterpropagating geometry, the polarizations in the legend correspond
to probe on the left and control on the right (p:c), where o, o_ are right handed and left
handed circular polarization respectively and 7 is linear polarization.

Again as with the counterpropagating geometry, there does not seem to be a significant

dependence on the polarization of the probe or control beams.
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FIG. 33: All data as a function of probe detuning in the orthogonal EIT geometry with a
probe and control Rabi frequency of €2, = 0.18', and 2. = 2.22T", respectively, with control
detuning A. = 0. (a)-(e) display various combinations of probe and control polarizations

specified in the legends with o_, 0., and 7 corresponding to left handed circular, right

handed circular, and linear polarization respectively.
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FIG. 34: In the legend, the left side consists of the probe polarization while the right
side is the control polarization (probe polarization : control polarization), with o_, o,
and 7 corresponding to left handed circular, right handed circular, and linear polarization
respectively. Data corresponding to orthogonal EIT geometry. Control detuning A. = 0
and probe and control Rabi frequency Q, = 0.18I', Q. = 2.22I", respectively. (a) Probe
absorption as a function of probe detuning. (b) Fluorescence of the 6P/, state as a function

of probe detuning.
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4.1.2.3 Control Detuning Dependence

Figure 35 displays the probe absorption (orange triangles) and the 6P;/, state fluores-
cence (light purple squares) at 9.5 MHz control detuning and 18.5 MHz control detuning as

functions of probe detuning.
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FIG. 35: Orthogonal EIT geometry with a o_ probe and horizontal 7 control polarization
with probe Rabi frequency €2, = 0.18',. Black: probe absorption as a function of probe
detuning with no control field present. Orange: Probe absorption as a function of probe
detuning with control field present. Purple: Fluorescence of the 6P/, state as a function of
probe detuning. (a) A. = 9.5 MHz, Q. = 0.91I', (1 mW). (b) A, = 18.5 MHz, Q. = 0.91T',,.
(c) A. = 9.5 MHz, Q, = 1.82I', (4 mW). (d) A, = 18.5.5 MHz, Q. = 1.82I',. Orthogonal

EIT geometry with a o_ probe and horizontal 7 control polarization.
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FIG. 36: Orthogonal EIT geometry with probe Rabi frequency of €2, = 0.18[",. (a) Fluores-

cence of the 63/, state at various control detunings with control Rabi frequency €. = 0.91T"),.

(b) Probe absorption as a function of probe detuning at various control detunings with

Q. = 0.91T,. (c) Fluorescence of the 6Ps/, state at various control detunings with control

Rabi frequency 2. = 1.82I',.(d) Probe absorption as a function of probe detuning at various

control detunings with €2, = 1.82I',. Data collected in orthogonal EIT geometry.

The effect on EIT at various control detunings seems to align with what was observed

in the counterpropagating geometry, eluding to no noticeable difference depending on beam

geometry.
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4.1.2.4 Probe Intensity Dependence

The dependence of probe intensity as a function of probe detuning is shown in Fig. 37

at the three probe Rabi frequencies, as before in the counterpropagating regime.
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FIG. 37: Probe absorption without EIT (black), probe absorption with EIT conditions
(orange), and 6P;, fluorescence (purple) at various probe Rabi frequencies as a function
of probe detuning at €2, = 2.22I', with control detuning A, = 0. (a) €, = 0.10',. (b)
Q, = 0.18T,. (c¢) 2, = 0.22I",. Data collected in orthogonal EIT Geometry.

As previously observed, the effect of EIT increases with probe power. This can be more
directly compared in Fig. 38. Higher probe intensities show higher absorption, except for

within the EIT window. Higher intensities also give rise to more fluorescence of the 6,

state.
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FIG. 38: Orthogonal EIT probe intensity dependence in terms of probe Rabi frequency with
control detuning A. = 0. (a) Probe absorption vs probe detuning at various probe Rabi
frequencies, with a control Rabi frequency of €2, = 2.22I',. (b) Fluorescence of the 6P;/,
state as a function of probe detuning at various probe Rabi frequencies with €, = 2.22I",,.

Data collected in orthogonal EIT geometry.
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4.1.3 AN ASIDE ON ALIGNMENT

It should be stated that for EIT experiments of this type, the alignment of the probe
and control beam overlap is crucial. In Fig. 39, the data in (a) presents a set of data with
a slightly misaligned control beam, which occurred naturally over time due likely due to
mechanical variations in the optical setup. The data in (b) is under the same conditions
of that of (a), but with optimal alignment of the control and probe beam overlap. Nearly
imperceptible variations in either beam path can result in significant alterations of EIT
signals. A slight change in alignment can cause a significant change in the effective Rabi

frequency that the atoms are subject to, due to laser intensity being Gaussian in nature.
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FIG. 39: Data taken at same parameters with the only difference being alignment. (a)
Unoptimized probe and control beam alignment. (b) Optimally aligned probe and control

beam overlap.

Clearly, the effect of an optimized alignment as in Fig. 39(b) drastically increases the
EIT effect. Alignment procedure corresponded to maximizing 420 nm fluorescence at —6

MHz where it is maximized at high control intensities.
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4.2 NUMERICAL EIT RESULTS

For the numerical EIT plots, a 9-level optical Bloch equation system was used with the
levels corresponding to the levels in Fig. 40. In the calculation of the transition strengths of
the 5Ds5 /5 hyperfine levels, the square root of the relative strength factors, normalized to the
largest strength factor value were used for the relevant Rabi frequencies. More specifically,

the weighting values

[Was, Wag, Wi} = { /52, /3, [ ] = (1,045,015} (120)

where the relative strength factors are defined as

J J 1
Spp = (2F +1)(2J + 1 . 121
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FIG. 40: (a) Level labeling used in the numerical calculation of the optical Bloch equations.
(b) The rubidium 85 energy levels corresponding to those used in the numerical calculation

of the optical Bloch equations.
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A few of the relevant equations of motion from the simulation are:

) 1. c c c
O42 = 51{2]%}274(022 - 044) + 2( — Ri3043 + Ri5050 + Rigoe + R47U72> (122)
+ 049 (2A12)4 + ZFN) }
(5'44 = ZRg4 (0'24 - 0'42) + ZRZ5 (0'54 — 0'45) -+ ZRzﬁ (0'64 — 0’46)
— 1Ry, (047 — 074) + U's4055 + Leaoe6 + Trao77 — Invoua (123)
. ]- . ¥4 C C C
T4 = 519 — 2R5,059 + 2Rj5 (044 — 055) — 2 (Rig056 + Ri7057)
-+ 054 [2AZ5 —+ i(F54 -+ Fg + FN)] } 5 (124)
055 = —(I'sa + Dg)oss + iRG5 (045 — 054) (125)
Go9 = L'g (055 + 066 + 077 + 088) — L'ga099 (126)

where the scripts correspond to the diagram in Fig. 40(a). The Rabi frequencies are in terms
of the weighting factor W;; that is determined by the square root of the transition strength

factors to give proper weighting to hyperfine transitions, i.e.,

0.
R = %Wij . (127)
We only display these equations due to the fact that there are 81 equations of motion in a
9-level system such as this and that these are equations corresponding to probe absorption

(Im[os4]) and the populations of the 5Ps /0 F" = 4 (044), 5D5/2F" =5 (0355), and 6Ps5 (099).
4.2.1 CONTROL INTENSITY DEPENDENCE

In the following subsection, the solutions for the 9-level OBEs are shown at the end of
the probe pulse in (a) and the integrated solutions over the time of the pulse are shown in
(b). The integrated solutions physically follow closer to that of the data collected in the
experimental EIT data section as shown in Fig. 16, where there was some signal change over
the pulse length and are shown here for comparison to the OBEs solved in the traditional

manner.
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FIG. 41: Numerical solutions of the OBE simulated probe absorption channel (Im[o4,]) with
A. = 0 MHz and Q, = 0.18I', at various control field Rabi frequencies. (a) Numerical

solution at end of light pulse. (b) Integration of numerical solutions over entire pulse.
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FIG. 42: Numerical solutions of the OBE simulated 6P, state fluorescence (Re[ogy]) with
A. = 0 MHz and Q, = 0.18I', at various control field Rabi frequencies. (a) Numerical

solution at end of light pulse. (b) Integration of numerical solutions over entire pulse.
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FIG. 43: Numerical solutions of the OBE simulated probe channel (Im[oyo]) with A, = 9.5
MHz and €, = 0.18', at various control field Rabi frequencies. (a) Numerical solution at

end of light pulse. (b) Integration of numerical solutions over entire pulse.
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FIG. 44: Numerical solutions of the OBE simulated 6P, state fluorescence (Re[ogy]) with
A. = 9.5 MHz and Q, = 0.18I', at various control field Rabi frequencies. (a) Numerical

solution at end of light pulse. (b) Integration of numerical solutions over entire pulse.
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FIG. 45: Numerical solutions of the OBE simulated probe channel (Im[oys]) with A, = 18.5

MHz and €, = 0.18', at various control field Rabi frequencies. (a) Numerical solution at

end of light pulse. (b) Integration of numerical solutions over entire pulse.
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FIG. 46: Numerical solutions of the OBE simulated 6P, state fluorescence (Re[ogy]) with
A, = 18.5 MHz and €, = 0.18I', at various control field Rabi frequencies. (a) Numerical

solution at end of light pulse. (b) Integration of numerical solutions over entire pulse.
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From the comparison between the numerical solutions at the end of the pulse to the
integrated solutions, there are only slight differences, with most differences occurring away
from resonance. As for the comparison to experimental data, qualitatively they agree, but

simulated results show a steeper, thinner EIT window.
4.2.2 PROBE INTENSITY DEPENDENCE

Here the EIT dependence of the probe intensity was investigated, with intensities ap-
proximately equal to the experimental values with (a) displaying the solution at the end of
the light pulse and (b) the integrated solution over the duration of the pulse. Figure 47 is
the solution portraying probe beam absorption and Fig. 48 is the solution of the population
of the 6P5/9 state, which is directly proportional to the fluorescence emitted.

The comparison of the solution at the end of the pulse shows little to no difference to
that of the integrated solutions. The difference in probe power in experiment showed a much
more noticeable difference in that of the numerical solutions, but still trended similarly in
the order of total amplitudes on and off resonance. The fluorescence solutions also trend
similarly, but show a deep, wide window near resonance, where experiment displayed little

to no evidence of this effect.
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FIG. 47: Numerical solutions of the OBE simulated probe absorption channel (Im[oys]) at
various probe Rabi frequencies and control Rabi frequency 2, = 2.22I", with control detuning

A, = 0. (a) Numerical solution at end of light pulse. (b) Integration of numerical solutions

over entire pulse.
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FIG. 48: Numerical solutions of the OBE simulated 6P, state fluorescence (Re[ogg]) control

Rabi frequency . = 2.22I", with control detuning A, = 0. (a) Numerical solution at end of

light pulse. (b) Integration of numerical solutions over entire pulse.
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Here we compare the solutions of the OBEs at the end of the pulse in a similar represen-

tation of that of Figs. 28 and 36.
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FIG. 49: Numerical solutions of the OBE simulated 6P;/, state fluorescence (Re[ogg]) as a

function of probe detuning at various control detunings with probe Rabi frequency €2, =

0.18I", overlaid for comparison with (a) 2. = 0.91T", and (c) Q. = 1.82T",. Simulated probe

absorption as a function of probe detuning at various control detunings with (b) Q. = 0.91[,

and (d) . = 1.82T",,.
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4.3 EXPERIMENTAL AND NUMERICAL RESULTS
COMPARISON

Normalization conventions for the EIT absorption data are based on the peak value of
the corresponding absorption, without the control beam present, as portrayed in all other
plots showing absorption. This normalization is calculated separately for both experimental
and theoretical data for every given parameter (£2., A.), unless otherwise stated.

For data of the 420 nm fluorescence decaying from the 6P;/, state, we've chosen to rescale
the data to fit the fluorescence corresponding to a Control Rabi frequency of 2. = 0.91I",,.
For the fluorescence data, there is no way to have a standardized normalization as there is

with absorption, so this value was chosen due to amplitudes showing some agreement.
4.3.1 ORTHOGONAL EIT

Here we present experimental data from the orthogonal EIT geometry overlaid with
theoretical calculations. In Fig. 50, the experimental data corresponding to probe absorption
as a function of probe detuning is shown with comparison to theory, at various control Rabi
frequencies.

Figure 51 shows the 65/, fluorescence as a function of probe detuning at various control

Rabi frequencies as shown in the legend.



82

F (a) ® 0.=0.64r,|[® ®0.=091T,

0.8 r

0.6F

04t

Normalized Signal

02f

00T,

Detuning (MHz)

FIG. 50: Comparison of orthogonal EIT probe absorption as a function of probe detuning to
theory with A, = 0 and €2, = 0.18I', at various control Rabi frequencies. Points correspond

to data. Experimental data and theoretical data are normalized to the peak value of probe

absorption without EIT, respectively, as described in the text.
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FIG. 51: Comparison of orthogonal EIT 65/, fluorescence as a function of probe detuning to
theory with A, = 0 and €2, = 0.18I', at various control Rabi frequencies. Points correspond

to data. Experimental data is scaled to the Rabi frequency €2, = 0.91I', as described in text.

In Fig. 52, the experimental data corresponding to probe absorption as a function of

probe detuning is shown with comparison to theory, at multiple control detunings and Rabi

frequencies, as shown in the legend.
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FIG. 52: Comparison of orthogonal EIT probe absorption to theory as a function of probe
detuning at multiple control detunings and control Rabi frequencies as displayed in legend.
Probe Rabi frequency €2, = 0.18I',. Points correspond to data. Experimental data and theo-

retical data are normalized to the peak value of probe absorption without EIT, respectively,

as described in the text.

Figure 53 displays the experimental data corresponding to fluorescence from the 6P/,

state as a function of probe detuning with comparison to theory at multiple control detunings

and Rabi frequencies, as shown in the legend.
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FIG. 53: Comparison of orthogonal EIT 6P3/, fluorescence to theory as a function of probe
detuning at multiple control detunings and control Rabi frequencies as displayed in legend.

Probe Rabi frequency €2, = 0.18I',. Points correspond to data. Experimental data is scaled

to the Rabi frequency €. = 0.91I', as described in text.

In Fig. 54, the experimental data corresponding to probe absorption as a function of

probe detuning is shown with comparison to theory, at multiple probe Rabi frequencies, as

shown in the legend.
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FIG. 54: Comparison of orthogonal EIT probe absorption to theory as a function of probe
detuning at multiple probe intensities displayed in terms of the Rabi frequency in legends.
Control Rabi frequency Q. = 2.22I', and detuning A, = 0. Points correspond to data.

Experimental data and theoretical data are normalized to the peak value of probe absorption

without EIT, respectively, as described in the text.

Figure 55 displays the experimental data corresponding to fluorescence from the 6P/,
state as a function of probe detuning with comparison to theory at multiple probe Rabi

frequencies, as shown in the legend. The fluorescence signals were normalized to the data

corresponding to the probe Rabi frequency of €2, = 0.22T',,.
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FIG. 55: Comparison of orthogonal EIT 6P3/, fluorescence to theory as a function of probe
detuning at multiple probe intensities displayed in terms of the Rabi frequency in legends.
Control Rabi frequency Q. = 2.22I', and detuning A, = 0. Points correspond to data.

Fluorescence was normalized to probe Rabi frequency 2, = 0.22I', data.

4.3.2 COUNTERPROPAGATING EIT

Here we present experimental data from the counterpropagating EIT geometry with
theoretical calculations overlaid. In Fig. 56, the experimental data corresponding to probe

absorption as a function of probe detuning is shown with comparison to theory, at various

control Rabi frequencies.
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FIG. 56: Comparison of counterpropagating EIT probe absorption as a function of probe
detuning to theory with A. = 0 and 2, = 0.18', at various control Rabi frequencies. Points
correspond to data. Experimental data and theoretical data are normalized to the peak

value of probe absorption without EIT, respectively, as described in the text.

Figure 57 shows the 63/, fluorescence as a function of probe detuning at various control

Rabi frequencies as shown in the legend. Data is normalized to the fluorescence of control

Rabi frequency Q. = 0.91I",.
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FIG. 57: Comparison of counterpropagating EIT 65/, fluorescence as a function of probe
detuning to theory with A, = 0 and €, = 0.18I', at various control Rabi frequencies.
Points correspond to experimental data. Experimental data is scaled to the Rabi frequency

2, = 0.91I', as described in text.

In Fig. 58, the experimental data corresponding to probe absorption as a function of
probe detuning is shown with comparison to theory, at multiple control detunings and Rabi

frequencies, as shown in the legend.
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FIG. 58: Comparison of counterpropagating EIT probe absorption to theory as a function
of probe detuning at multiple control detunings and control Rabi frequencies as displayed
in legend. Probe Rabi frequency €2, = 0.18',. Points correspond to experimental data.
Experimental data and theoretical data are normalized to the peak value of probe absorption

without EIT, respectively, as described in the text.

Figure 59 displays the experimental data corresponding to fluorescence from the 6P/,
state as a function of probe detuning with comparison to theory at multiple control detunings

and Rabi frequencies, as shown in the legend.
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FIG. 59: Comparison of orthogonal EIT 6PF3/, fluorescence to theory as a function of probe

detuning at multiple control detunings and control Rabi frequencies as displayed in legend.

Probe Rabi frequency €2, = 0.18I',. Points correspond to data. Experimental data is scaled

to the Rabi frequency €. = 0.91I', as described in text.

In Fig. 60, the experimental data corresponding to probe absorption as a function of

probe detuning is shown with comparison to theory, at multiple probe Rabi frequencies, as

shown in the legend.
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FIG. 60: Comparison of orthogonal EIT probe absorption to theory as a function of probe
detuning at multiple probe intensities displayed in terms of the Rabi frequency in legends.
Control Rabi frequency Q. = 2.22I', and detuning A, = 0. Points correspond to data.

Experimental data and theoretical data are normalized to the peak value of probe absorption

without EIT, respectively, as described in the text.

Figure 61 displays the experimental data corresponding to fluorescence from the 6P/,
state as a function of probe detuning with comparison to theory at multiple probe Rabi

frequencies, as shown in the legend. The fluorescence signals were normalized to the data

corresponding to the probe Rabi frequency of €2, = 0.22T',,.
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FIG. 61: Comparison of orthogonal EIT 6P3/, fluorescence to theory as a function of probe
detuning at multiple probe intensities displayed in terms of the Rabi frequency in legends.
Control Rabi frequency Q. = 2.22I', and detuning A, = 0. Points correspond to data.

Fluorescence was normalized to probe Rabi frequency 2, = 0.22I', data.

Qualitatively there is some agreement with experiment, but the numerical results show
sharper, thinner bands in frequency. The largest discrepancy however is in the predicted
6.3/, fluorescence curves compared to experimental results. The experimental results do not
show the explicit “dip” that the theoretical results suggest. In some of the experimental
data at control Rabi frequencies €2. > 2, there is some slight signature of a dip there, but
not nearly on the scale of the theory. This leads us to believe that there is some significant
broadening mechanism occurring within the experimental domain. Broadening can occur
from a variety of reasons including, but not limited to laser linewidth, collision broadening,
laser frequency locking instability, and residual magnetic fields lifting the degeneracy of

Zeeman substates. The aforementioned broadening mechanisms were not included in the
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theory calculations presented here.

To summarize the comparison of the numerical results to experimental, in general numer-
ical solutions showed much more pronounced effects than what was shown in experiment,
with EIT windows being much thinner and more steep. There was some variance in off
resonant fluorescence amplitudes, but displayed qualitative agreement. These inaccuracies
between the numerical simulation and experiment could be attributed to a vast variety of
reasons, one being the non-zero linewidth of lasers in the experimental setting, sensitivity
to beam alignment, and also due to OBEs describing the effect of a single atom subject
to electric fields treated as a “population” as opposed to a Gaussian distributed sample of

atoms as in a MOT.
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CHAPTER 5

COHERENT BACKSCATTERING EXPERIMENTAL

RESULTS

As previously mentioned, CBS can occur from a variety of different objects. For compar-
ison, the CCD images of CBS from a macroscopic object (Styrofoam ball) is compared with
the CBS from a cold atomic sample in Fig. 62. As expected, the macroscopic object shows
a much more pronounced CBS profile than the cold atomic sample. This is partly due to the
atomic gas being more dilute than typical solid objects that CBS is usually observed from,
allowing for less multiple scattering, along with the motion of the cold atoms (~10 cm/s)
which in turn causes dephasing of time reversed wave trajectories, along with depolarization
and other effects mentioned in Chapter 2. For images and therefore data points within this
section, light was collected for 10 minutes, corresponding to ~ 11 seconds of CBS light col-
lection, as eluded in the experimental timing description. The primary measurement of CBS
will be the enhancement value, which as discussed in Chapter 2 is ratio the total reflected
light (coherent and incoherent) to the incoherent background contribution. Specifically in
terms of the albedo,

o ac+ap

enhancement = — = ——— . (128)
ap ap

The various parameters of CBS data to be covered in this chapter are:

e Probe detuning dependence of CBS without EIT.

Control intensity dependence of CBS during EIT.

Probe detuning dependence of CBS with EIT at various control intensities in terms of

Rabi frequency.

Probe detuning dependence of CBS with EIT at various control polarizations.

Control detuning dependence of CBS with EIT.
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FIG. 62: Left: Collection period of 10 minutes of coherent backscattering on the H, channel
of a cold rubidium sample. Right: Collection period of 60 s of coherent backscattering off of

a spinning Styrofoam ball.

5.1 ATOMIC CBS WITHOUT EIT

First, we present CBS data to give a baseline of the effect without a control beam present.
Images of CBS for the four studied channels, H,, Hy, L, and L, are shown in Fig. 63.
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FIG. 63: Top left: H, channel. Top right: H| channel. Bottom left: L, channel. Bottom

right: L channel. All channels collected for a 10 minute period.

Upon examining the four channels of CBS, it is clear to see that the H, channel has
the most distinguishable signal to noise, as was eluded to previously. For that reason, most
of the experiments involving CBS under electromagnetically induced transparent conditions
were performed primarily on the H, channel, with some further analysis of the L, and
Ly channels as well. Over the course of data acquisition, the H| showed little to no CBS
signals as displayed in Figs. 63, 64, so this channel was eliminated from this study. A more
quantitative method for analyzing CBS is by using the counts vs pixel of a single strip of
pixels through the peak of the CBS profile, as shown in Fig. 64. From this, the angular
width of the CBS cone and enhancement factor can be determined. Pure CCD counts are

displayed as orange points in the following plots and the smoothed counts are displayed in
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purple, which give an averaged value of counts. Also, there is an alternative method of
determining the cone, based on angular integration of the CCD. The angular integration
is performed by taking concentric “rings” of pixels, starting from the center pixel iterating
each ring being just outside the last, larger than the last. Each ring of pixels is normalized
to the number of pixels contained within the ring. The angular integration method is shown
in black in each of the counts vs pixel plots and as one can see, follows the averaged counts

over a single pixel slice quite closely.
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FIG. 64: CCD counts with respect to pixel. (a) H, channel. (b) Hj channel. (c) L, channel.
(d) Ly channel. These profiles correspond to the CCD images in Fig. 63
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5.1.1 CBS DETUNING DEPENDENCE

To further survey the effect of coherent backscattering, the frequency detuning of the
probe beam was measured as a baseline to compare with that of coherent backscattering
under electromagnetic induced transparency.

The probe field detuning dependence of the H, channel is shown in Fig. 65. A total
of 11 detunings were measured for each of the probe detuning data sets, with sample CCD

profiles shown in Fig. 65 and further analysis in Fig. 66.
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FIG. 65: Top: CCD images from the H, channel probe detuning dependence. Bottom:
Detuning dependence of CBS profiles with angular integration overlayed. Detunings from
left to right for top and bottom are: -6 MHz, -3 MHz, 0 MHz, 3 MHz, 6 MHz.

With no control beam present, CBS is more observable near resonance, and tapers off
as probe detuning diverges from zero. This is quantitatively shown in Fig. 66. In (a), the
background and peak counts are shown on the same scale, with (b) showing the ratio of

those values to determine the enhancement factor.
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FIG. 66: Data corresponding to the H, channel with no control beam present. (a) CBS
background level and cone height as a function of probe detuning. (b) CBS enhancement as

a function of probe detuning. (¢) CBS cone width as a function of probe detuning.

From Fig. 66(b), the enhancement factor near resonance is around 1.15, with the value
converging to one as the probe is detuned. Figure 66(c) displays the width of the CBS
cone at each detuning in pixels. The cone width appears to be roughly 30 pixels across the
detuning range, which corresponds to roughly 1.6 mrad.

The same probe detuning dependent measurements were repeated for the L) channel,
with CCD images and CBS profiles shown in Fig. 67.



101

400
300 £ cadinee
200 £ ———
100 Aamnad

FIG. 67: Top: CCD images from the L; channel probe detuning dependence with no control
beam present. Bottom: Detuning dependence of CBS profiles with angular integration
overlayed. Detunings from left to right for top and bottom are: -6 MHz, -3 MHz, 0 MHz, 3
MHz, 6 MHz.

The images of the L channel trend similarly to those of the H, channel, but with less
counts at all detunings. From the CBS profile in the bottom of Fig. 67, the counts are
roughly a third or less in all cases as compared to the H, channel. Further analysis of the
Ly channel is shown in Fig. 68. The probe detuning dependence of CBS in the L; channel
has an asymmetry, that could be due to laser frequency lock point, but more than likely due
to the lower fidelity of the CBS profiles, as compared to when CBS signals are much stronger.
At lower count levels, the CBS “cone” and incoherent background levels are much closer to
that of the natural random counts accumulated by the CCD over the 10 minute span of data
acquisition. From Fig. 68(b), the enhancement factor near resonance is around 1.1, with the
value decreasing towards negative detuning and increasing for positive detuning up until 6
MHz which is the aforementioned asymmetry. Figure 68(c) displays the width of the CBS
cone at each detuning in pixels. The cone width appears to be roughly between 30 and 40
pixels across the detuning range, which corresponds to roughly 1.6-2.1 mrad.

The L, and H| channels were were not studied futher in terms of detuning dependence

due to poor quality of signal to noise.
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FIG. 68: Data corresponding to the Lj channel with no control beam present. The top left

shows the CBS background level and cone height as a function of probe detuning. The top

right shows the CBS enhancement as a function of probe detuning. The bottom shows the

CBS cone width as a function of probe detuning.

5.2 CBS WITH EIT

With coherent backscattering under normal conditions covered briefly, we now move to

the primary topic of this dissertation, coherent backscattering under electromagnetically

induced transparent conditions. Here, unless otherwise stated, the control field detuning is

A, =0 and the probe Rabi frequency is €, = 0.18T,,.
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5.2.1 CBS WITH EIT CONTROL INTENSITY DEPENDENCE

To express the full variation of CBS during EIT conditions, Fig. 69 displays the CCD

images of CBS at each measured control Rabi frequency, up to 1.82I,.

FIG. 69: Control beam intensity dependence of the H, channel with control beam intensities
in ascending order with A. = 0 and probe Rabi frequency €2, = 0.18',. The intensities in
terms of Rabi frequencies are: Q. = 0, 0.11T",, 0.16T",, 0.22T",, 0.32T",, 0.45T",, 0.641",, 0.91T",,
1.28T,, 1.82T,.

The corresponding CBS profiles from Fig. 69 are shown in Fig. 69, with 10 images and
CBS profiles to fully represent the effect of control laser Rabi frequency on CBS. The number
of images and CBS profiles will be reduced from here. Unless otherwise stated, the control
field detuning is A. = 0. Also, control Rabi frequencies beyond 2, = 1.82I", were not used
due to the reduction in signal to noise past that value.

Further analysis of the H, channel as a function of control field power is shown in Fig.
71, displaying the background and CBS cone height, CBS enhancement value, and full width

at half maximum (FWHM) as functions of control beam power.
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FIG. 71: Control power dependence of the H, channel with control detuning A. = 0 and
probe Rabi frequency €2, = 0.18T',. (a) the CBS background level and cone height. (b) the
CBS enhancement. (c¢) CBS cone width.



105

From Fig. 71(a), it is clear that the control beam being present reduces the amount of
total scattering, incoherent background and coherent backscattering, as the power of the
control beam increases. While not immediately intuitive from total scattering reduction, the
enhancement factor also is reduced as control power increases. However, the width of the
CBS profile appears to be consistent across the range of powers, within the 30-40 pixel range
(1.6-2.1 mrad).

Next, the same measurements were taken, but with a vertically polarized control field.

These results are shown in Fig. 72 and further analyzed in Fig. 73.
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FIG. 72: Top: CCD images of vertically polarized control field intensity dependence of H |
channel with control detuning A, = 0 and probe Rabi frequency €, = 0.18[',. Bottom: CBS
profiles as a function of control intensity. Corresponding control intensity in terms of Rabi
frequency from left to right: Q. =0, 0.22I',, 0.45I",, 0.91I",,,1.28T",,.

The vertically polarized control beam seems to increase the amount of CCD counts, as
opposed to the horizontally polarized beam. However, it must be noted that slight variations
in probe beam power, MOT beam power, current in the getter circuit and more can all
attribute to count differences from day to day in the laboratory environment. A higher

getter current can easily increase the number of atoms in the MOT, which increases counts,



and in turn increases the amount of coherent backscattering as well.
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FIG. 73: Control power dependence of the H, channel with a vertically polarized control field
with control detuning A. = 0 and probe Rabi frequency 2, = 0.18I',. (a) CBS background

level and cone height as a function of control field power. (b) CBS enhancement as a function

of control field power. (c) CBS cone width as a function of control field power.

The trend of the vertically polarized control beam in Fig. 73, follows similarly to that

of the horizontally polarized control field, with counts and enhancement decreasing as a

function of control power. The backscattering profile width also follows closely, being in the
30-40 pixel range (1.6-2.1 mrad).

Lastly, of the control field polarization comparisons, is a circularly polarized control.

Sample images and CBS profiles are shown in Fig. 74.
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FIG. 74: Top: CCD images of circularly polarized control field intensity dependence of H |
channel with control detuning A. = 0 and probe Rabi frequency €2, = 0.18I',. Bottom:
CBS profiles as a function of control field Rabi frequency. Corresponding control intensity
in terms of Rabi frequency from left to right: €. = 0, 0.22I",, 0.45I',, 0.91I",,,1.28T",,.

Further analysis of the circularly polarized control field is shown in Fig. 75. As with
the vertically polarized control beam, there was an increase in counts from the horizontally
polarized beam. The counts for the Rabi frequency of 2. = 0.22I', were greater than the
counts with no control present, which could be due to fluctuations in laser power, or lack

thereof during the measurement.
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FIG. 75: Control power dependence of the H, channel with a circularly polarized control field
with control detuning A. = 0 and probe Rabi frequency €, = 0.18I',. (a) CBS background

level and cone height as a function of control field power. (b) CBS enhancement as a function

of control field power. (c¢) CBS cone width as a function of control field power.
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FIG. 76: Top: CCD images of horizontally polarized control field intensity dependence of L
channel with control detuning A, = 0 and probe Rabi frequency €, = 0.18[',. Bottom: CBS
profiles as a function of control field Rabi frequency. Corresponding control field intensity
from left to right in terms of Rabi frequency: €. = 0, 0.22I",, 0.45I',, 0.911",, 1.28I",,.

The circularly polarized control beam has similar count levels to that of the vertically
polarized beam, and shows similar trends to the aforementioned polarizations in CBS profile
enhancement and widths, with enhancement being around 1.15 at its peak, and the width
being within the 30 to 40 pixel range (1.6-2.1 mrad).

The control power dependence of the Lj channel is shown in Fig. 76. From this, it is
immediately evident that the quality of the CBS cone is diminished from that of the H

channel. Further analysis of the L channel is shown in Fig. 77.
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FIG. 77: Control power dependence of the L channel with a horizontally polarized control
field with control detuning A, = 0 and probe Rabi frequency 2, = 0.18T',. (a) CBS back-
ground level and cone height as a function of control field power. (b) CBS enhancement as

a function of control field power. (¢) CBS cone width as a function of control field power.

In Fig. 78, the control power dependence of CBS of the L channel is shown. Clearly,
CBS in general is not strong enough in this channel to studied much further from this. The
total counts in the L detection channel trend similarly to that of the A, channel, but with
significantly lower counts. However, the trend of the CBS profile enhancement is slightly
less at all points, peaking around the 1.1 mark, with more irregularity as control power
increases. The CBS profile width of the L) detection channel is within the 30-40 pixel range
as the other channels are until the higher control power completely eliminates any remnant
of coherent backscattering. From Fig: 76, it is easy to see that the CBS profile, or lack

thereof, makes measurements at higher control power less suitable for in depth study with
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the current apparatus.
The L, channel shows minimal resemblance of a CBS cone, as shown in Fig. 78, with
further detail given in Fig. 79. Control beam powers greater than 1 mW were omitted in

this data collection channel due to lack of signal vs noise.
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FIG. 78: Top: CCD images of horizontally polarized control field power dependence of L
channel with control detuning A. = 0 and probe Rabi frequency €2, = 0.18I',. Bottom:
CBS profiles as a function of control field Rabi frequency. Corresponding control field Rabi
frequency from left to right: Q. =0, 0.22I',, 0.45I",, 0.91I",,,1.28T",,.

Figure 79 shows the L, channel counts, enhancement, and cone widths as a function
of control power. It is interesting to note that the cone widths seem larger than previous
measurements, but that is likely due to the poor fidelity of CBS cones that this channel

allows for.
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FIG. 79: Control power dependence of the L, channel with a horizontally polarized control
field with control detuning A, = 0 and probe Rabi frequency 2, = 0.18T',. (a) CBS back-
ground level and cone height as a function of control field power. (b) CBS enhancement as

a function of control field power. (¢) CBS cone width as a function of control field power.

As shown in Fig. 78 the CBS profile is poorly defined due to much lower signal to noise
than the | and Lj channels. Like the L channel, the L is less suitable for in-depth study.
It is clear from the results in this subsection, that the intensity of the control directly
affects the amount of coherent backscattering, with higher intensities corresponding to less

total scattering and enhancement.
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5.2.2 CBS WITH EIT PROBE DETUNING DEPENDENCE AT VARIOUS
CONTROL INTENSITIES

Here we investigated coherent backscattering over a range of probe detuning at various
control intensities. Here the data is presented as it was in the previous section, but now with
horizontal polarization of the control beam. Each set of images and data will be presented
in ascending control field intensity in terms of the Rabi frequency.

The first set of images in Fig. 80 corresponds to a control Rabi frequency of €2, = 0.64I",
(0.5 mW).

FIG. 80: Top: CCD images from the H,; channel probe detuning dependence with
Q. = 0.64I', (0.5 mW) control beam present with control detuning A, = 0 and probe
Rabi frequency €2, = 0.18T",. Bottom: Detuning dependence of CBS profiles with angular
integration overlayed. Detunings from left to right for top and bottom are: -6 MHz, -3 MHz,
0 MHz, 3 MHz, 6 MHz.

As with the previously displayed polarization data, there appears to be a decrease in
CBS near resonance and further from resonance in both directions. Further analysis of the
H, channel at 2, = 0.64I", is shown in Fig. 81.
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FIG. 81: H, CBS channel with a Q. = 0.64L", (0.5 mW) control beam with control detuning
A. = 0 and probe Rabi frequency 2, = 0.18I',. (a) CBS background level and cone height
as a function of detuning. (b) CBS enhancement as a function of detuning. (c¢) CBS cone

width as a function of detuning.

From Fig. 81(a), there is a decrease in counts for the background and CBS cone near
resonance. In (b), the enhancement is about 1.07 at resonance and shows asymmetry with
detuning, but increases up to roughly 1.13 at -4 MHz. From (c), the cone width is roughly
around 30 pixels, corresponding to 1.6 mrad, showing consistency with previously observed
cone widths. On resonance, there is a reduction of about 7% in enhancement, eluding to a
reduction in coherent scattering with the control beam present.

In Fig. 82, the results are shown for a control beam of Rabi frequency 2. = 0.91I", (1
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FIG. 82: Top: CCD images from the H, CBS channel probe detuning dependence with (). =
0.91I", (1 mW) control beam with control detuning A. = 0 and probe Rabi frequency 2, =
0.18I',. Bottom: Detuning dependence of CBS profiles with angular integration overlayed.
Detunings from left to right for top and bottom are: -6 MHz, -3 MHz, 0 MHz, 3 MHz, 6
MHz.

There is a decrease in the CBS effect near resonance. The effects of EIT on the H |

channel at 2. = 0.91T", are more quantitatively displayed in Fig. 83.
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FIG. 83: H, CBS channel with a 2. = 0.91I', (1 mW) control beam with control detuning
A. = 0 and probe Rabi frequency 2, = 0.18I',. (a) CBS background level and cone height
as a function of detuning. (b) CBS enhancement as a function of detuning. (c¢) CBS cone

width as a function of detuning.

From Fig. 83(a), there is a decrease in counts for the background and CBS cone near
resonance. In (b), the enhancement is just under 1.04 at resonance and shows asymmetry
with detuning, but increases up to roughly 1.13 at -4 MHz. From (c), the cone width is
roughly around 30 pixels as before, corresponding to 1.6 mrad. Widths near resonance do
not reflect the actual value due to low signal to noise and lack of a CBS cone. On resonance,
there is a reduction of about 9.5% in enhancement, further giving rise to a reduction in
coherent scattering with the control beam present.

In Fig. 84, images and CBS profiles are displayed for a control beam with Rabi frequency
Q. =1.28T, (2 mW).
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FIG. 84: Top: CCD images from the H, channel probe detuning dependence with €2, =
1.28I', (2 mW) control beam with control detuning A, = 0 and probe Rabi frequency Q, =
0.18I',. Bottom: Detuning dependence of CBS profiles with angular integration overlayed.
Detunings from left to right for top and bottom are: -6 MHz, -3 MHz, 0 MHz, 3 MHz, 6
MHz.

At higher intensity, less signature of the CBS cone exists near resonance. Figure 85

displays further analysis of the /| channel under the effect of a control beam of €2, = 1.28T",.
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FIG. 85: H, CBS channel with a 2. = 1.28I', (2 mW) control beam with control detuning
A. = 0 and probe Rabi frequency 2, = 0.18I',. (a) CBS background level and cone height
as a function of detuning. (b) CBS enhancement as a function of detuning. (c¢) CBS cone

width as a function of detuning.

As shown at lower intensities, Fig. 85(a) displays a significant decrease in background
and cone height counts. In (b), the enhancement on resonance is just under 1.04, with
the enhancement rising to 1.12 on the negative detuning side. The cone width FWHM in
(C) is around 30 pixels (1.6 mrad). On resonance, there is a reduction of about 10% in
enhancement with an on resonance enhancement factor of 1.035 at €2, = 1.28T",, displaying
reduction in coherent scattering with EIT occurring.

The CBS signals with the largest control Rabi frequency of Q. = 1.82I", (4 mW) is shown
in Fig. 86, showing a significant decrease in collected light on resonance. Further analysis

of the H, channel under the effect of a ), = 1.82I", control beam is shown in Fig. 87.
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FIG. 86: Top: CCD images from the H, channel probe detuning dependence with €2, =
1.82I', (4 mW) control beam with control detuning A, = 0 and probe Rabi frequency Q, =
0.18I',. Bottom: Detuning dependence of CBS profiles with angular integration overlayed.
Detunings from left to right for top and bottom are: -6 MHz, -3 MHz, 0 MHz, 3 MHz, 6
MHz.
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FIG. 87: H, CBS channel with a 2. = 1.82I', (4 mW) control beam with control detuning
A. = 0 and probe Rabi frequency 2, = 0.18I',. (a) CBS background level and cone height
as a function of detuning. (b) CBS enhancement as a function of detuning. (c¢) CBS cone

width as a function of detuning.

Figure 87(a) shows similar behavior to the previous measurements at lower Rabi fre-
quencies (Figs. 85, 83, and 81), but seems to show a more broadened window in frequency,
which could be expected due to the effects of EIT at higher control intensities. In (b), the
enhancement is around 1.04 at resonance and increases up to 1.09 as detuned negatively
from resonance. From (c), the FWHM of the CBS cone is roughly 30 pixels, or 1.6 mrad, as
previously observed at lower control intensities. Again, the change in enhancement is 9.5%
due to the effect of the control field, suggesting EIT reduces coherent scattering.

As control intensity increased, there seemed to be a signature of less enhancement for the

entire frequency range measured. The changes in counts and enhancement were subtle, until
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the highest intensity, where a more noticeable change occurred, especially in terms of the
EIT window width. The FWHM of the CBS cone remained consistently around 30 pixels,
or 1.6 mrad, at all control intensities. Furthermore, at all control intensities, the presence
of a control field seemed to reduce the coherent scattering processes more than that of the

classical diffusive scattering, as shown by the reduction in enhancement near resonance.

5.2.3 CBS WITH EIT PROBE DETUNING DEPENDENCE AT VARIOUS
POLARIZATIONS

Here the experimental results of the detuning dependence of CBS under the effect of
EIT are shown for a control with vertical and circular polarization with a Rabi frequency
of 2. = 0.91I',. For the images and CBS profiles, detunings of -6 MHz, -3 MHz, 0 MHz, 3
MHz, and 6 MHz will be shown as before.

Figure 88 shows CCD images of CBS with EIT due to a vertically polarized control beam.
The counts of the background and CBS cone height are shown as a function of detuning in
Fig. 89(a).
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FIG. 88: Top: CCD images from the H, channel probe detuning dependence with
2. = 0.91I', vertically polarized control beam with control detuning A. = 0 and probe
Rabi frequency 2, = 0.181',. Bottom: Detuning dependence of CBS profiles with angular
integration overlayed. Detunings from left to right for top and bottom are: -6 MHz, -3 MHz,
0 MHz, 3 MHz, 6 MHz.
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There is a clear reduction in coherent scattering near resonance for the vertically polarized

control beam of €2, = 0.91I',, as observed with horizontal polarization.
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FIG. 89: H, CBS channel with a €2, = 0.91I", vertically polarized beam present with control
detuning A, = 0 and probe Rabi frequency €2, = 0.18T',. (a) CBS background level and
cone height as a function of detuning. (b) CBS enhancement as a function of detuning. (c)

CBS cone width as a function of detuning.

From the results in Fig. 89(a), there is a decrease in CCD counts near resonance for
both the CBS cone and background signals. In (b), the total enhancement is shown. A
non obvious result is that there is less enhancement near resonance where the EIT condition
occurs. Less enhancement suggests that the height of the cone is reduced more than the the

background is reduced. On resonance, the enhancement is roughly 1.05, while the enhance
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reaches around 1.12 off resonance. The FWHM of the cone in (c) appears to roughly be 30
pixels, corresponding to 1.6 mrad.

Images with the associated CBS profiles are shown of the detuning dependence results
for the H, with a circularly polarized control beam Rabi frequency of 2, = 0.91T', in Fig.
90.
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FIG. 90: Top: CCD images from the H,; channel probe detuning dependence with
Q. = 0.91T', circularly polarized control beam with control detuning A, = 0 and probe
Rabi frequency €2, = 0.18T",. Bottom: Detuning dependence of CBS profiles with angular
integration overlayed. Detunings from left to right for top and bottom are: -6 MHz, -3 MHz,
0 MHz, 3 MHz, 6 MHz.

As with the vertically polarized light, it is evident from Fig. 90 that CBS is decreased on
resonance due to EIT with circularly polarized light as well. Further quantitative analysis

of CBS under the effect of a 2. = 0.91I',, circularly polarized control is displayed in Fig. 91.
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FIG. 91: H, CBS channel with a €. = 0.91I',, circularly polarized beam present with control
detuning A. = 0 and probe Rabi frequency €2, = 0.18I',. (a) CBS background level and
cone height as a function of detuning. (b) CBS enhancement as a function of detuning. (c)

CBS cone width as a function of detuning.

In Fig. 91(a), there is a decrease in CCD counts near resonance for both the CBS cone
and background signals. Qualitatively, it shows similar behavior to a linearly polarized
control beam, whether vertical or horizontally polarized. In 91(b), the total enhancement
is shown. As with the vertically polarized control beam, there is less enhancement near
resonance where the EIT condition occurs. Near resonance the enhancement is about 1.08
and up to roughly 1.14 further from resonance which shows more enhancement than that of
the horizontal and vertical polarizations at 2, = 0.91I',. Table 4 shows each enhancement

at measured control polarizations with Rabi frequencies of 2. = 0.91T,,.
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TABLE 4: Enhancement and CBS cone FWHM for the three measured control polarizations
at Q. = 0.91T",,.

Control Polarization Enhancement CBS cone FWHM (mrad)
— 1.04 1.6
o, 1.09 1.6
4 1.05 1.6

The width of the cone is consistent here with that of the circularly polarized beam at
roughly 30 pixels (1.6 mrad). Measurements with a vertically polarized beam and circularly
polarized beam were consistent with the measurements with a horizontally polarized control,

showing a consistent dip in coherent enhancement around resonance.
5.2.4 CBS WITH EIT CONTROL DETUNING DEPENDENCE

Here we present the absorption as a function of control detuning, as opposed to the
previous measurements with probe detuning at a control Rabi frequency of 2. = 1.82I", (4
mW). Generally probe detuning is used for measuring the effects of EIT, but we present
preliminary data on CBS under the effect of EIT as a function of control detuning in Fig.
92.

Figure 92(a) displays probe absorption as a function of control detuning. There is a
significant drop in counts where EIT normally occurs on resonance, corresponding to the
5D;5,oF" = 5, another at 9.5 MHz, consisting of where the 5D;,,F" = 4 hyperfine level
is, and then a very slight signature of a dip around 18 MHz, likely corresponding to the
5Ds5,2F" = 3 hyperfine level. Reduction of the effect at those values is likely due to the line
strength factors, as mentioned in Eq. (120). Figure 92(b) corresponds to the enhancement
as a function of control detuning. There appears to be a reduction in enhancement near
resonance and around 9 MHz, and a slight indication of an alteration of enhancement around
18 MHz, corresponding with the observed effect in (a). Lastly, (c) shows the FWHM of the
CBS cone as a function of control detuning. While previous measurements of probe detuning
displayed a FWHM of 30 pixels, here only near resonance was around 30 pixels, while the
remainder of data points had a width of roughly 50 pixels according to the fits of the CBS

cones. With signals of CBS decreasing significantly at detunings further from resonance, the
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fitting error of the weak CBS cones could have played a role in these large values.
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FIG. 92: Control beam detuning dependence of the H, channel with a Q. = 1.82I", (4
mW) horizontally polarized control beam with probe Rabi frequency €, = 0.18I',. (a) CBS

background level and cone height as a function of control detuning. (b) CBS enhancement

as a function of control detuning. (c¢) CBS cone width as a function of control detuning.

5.2.5 SUMMARY OF RESULTS

First, we presented results of CBS without a control beam present to establish baseline

measurements. Here we reported enhancement of 1.15 with cone widths of 1.6 mrad for the

H, channel. The L channel had an enhancement of 1.11 and a cone width in the range
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of 1.6-2.1 mrad. The channels of L, and H| were not studied here due to poor fidelity of
signals.

We then moved to data with a control beam introduced, starting with the dependence
of control intensity, and the effect of the control beam on CBS signals observed. The effect
of control intensity with a vertical and circularly polarized beam aligned with the results of
a horizontally polarized control. Here we saw the enhancement decrease as control power
increased for each parameter explored. The results in the L, channel seemed to decrease in
a similar way as control beam power increased, but with less signal to noise, more data and
experimental work could be necessary.

Then we reported the probe detuning dependence of CBS with EIT at various control
intensities in terms of the control Rabi frequency. Here we displayed the enhancement being
decreased near resonance due to the presence of the control beam, which is consistent with
the effects of EIT. Interestingly though, the amount of coherent scattering seemed to be re-
duced more than that of incoherent background scattering, based on the dip in enhancement
approaching one, near resonance. At the lowest control intensity, corresponding to a Rabi
frequency of 2. = 0.64I',, we observed an enhancement of about 1.07, equivalent a differ-
ence of about 7% from enhancement without EIT. At the highest intensity, corresponding
to Q. = 1.82I',, the enhancement was around 1.04, which is about a 9.5% decrease from the
results without EIT.

We measured the probe detuning of CBS under the effect of EIT with circular and
vertically polarized control beams, which did not show any significant difference from a
horizontally polarized beam in overall behavior, but the circularly polarized beam appeared
to show more enhancement on resonance than that of the other control polarizations as
shown in Table 4.

Lastly, we presented preliminary data for probe absorption as a function of control detun-
ing, over a larger range of detuning to observe effects over multiple hyperfine levels. There
appeared to be a decrease in light scattering near hyperfine resonances. The enhancement

showed a slight decrease near resonances, but more data is needed for further analysis.
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CHAPTER 6

CONCLUSIONS

Measurements of coherent backscattering under the conditions of electromagnetically in-
duced transparency in a ladder configuration were presented in this dissertation. Coherent
backscattering, probe absorption, and fluorescence at 420 nm were measured with respect
to detuning, intensity, and polarization of both probe and control, to determine the overar-
ching effect. This allowed for exploration of a nearly boundless parameter space, so here we
concentrated on fundamental measurements typically involving detuning the probe, while
looking at various other parameters. To obtain understanding of the physical processes, we
measured EIT in a ¥Rb MOT, in a counterpropagating beam geometry of probe and control,
and then in an orthogonal geometry as was the setup when simultaneously observing CBS.
The counterpropagating EIT measurements were used to provide a check of consistency and
to determine if there was any geometrical dependence of probe and control in cold rubid-
ium. From our measurements, the geometry did not show a significant difference. In these
measurements, there was not a significant effect on EIT due to the various combinations of
polarization of both probe and control fields for either geometry. Probe detuning measure-
ments of EIT were taken at set control detunings, corresponding to the hyperfine splittings
of the 5D5/, state, which displayed relatively consistent EIT windows and fluorescence of
the 6P/, state for both counterpropagating and orthogonal beam geometries. The depen-
dence on probe intensity was also observed, which behaved consistently in both geometries,
showing a larger EIT effect at higher probe intensities and more fluorescence from the 6P/,
state. We compared a theoretical model of a 9 level simulated system with that of the EIT
process in the experiment and it agreed qualitatively with experimental results. With con-
sistent experimental and theoretical results in EIT, we then presented measurements of CBS
without a control beam present as a baseline for comparison. The results from CBS under
the effect of EIT showed consistent results with the reduction of light scattering processes
near resonances where EIT occurs. This effect reduced the total amount of scattering in both
the incoherent and coherent contributions to the backscattered signals, which was directly
measured. The values of the enhancement decreasing near resonance also suggests that the
effect of EIT influences the coherent contribution more than the incoherent contribution to

the measured albedo. The decrease of coherent scattering processes on resonance was in
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the range of 7-10%. This is an important result in agreement with early theoretical work
that our group was previously involved with [83], which predicted the dip in enhancement
as shown in Chapter 5.

There were a number of experimental hurdles involved in bringing this research together.
The apparatus was developed completely from the ground up. Significant effort was required
pertaining to optical, electrical, and mechanical systems in order to design and construct
the laser configuration and data collection processes used in this experiment. Several lasers
at different wavelengths had to work harmoniously to facilitate such an experiment, within
very specific timing windows, all while maintaining a consistent atomic sample.

Future prospects continuing upon this work could consist of exploring the parameter
space further, especially with measurements in the control detuning domain. A cascade-
type EIT system could also be implemented with a strong field on the lower transition
instead, to investigate differences in systems that are EIT dominant versus ATS dominant
[48]. Another possibility would be to alter the current pulse dynamics in such a way as to
study CBS under the effects of slowed and stopped light. Theoretical work could be done
to include polarization effects in the optical Bloch equations and developing a simulation of
the coherent backscattering process with polarization effects included. Further experimental
work could be continued, using the method of a strong magnetic field as in [75] to increase
the coherent backscattering signals in order to study all polarization channels equally. Also,
a full theoretical treatment from theory colleagues or a theoretical dissertation could explore
the effects of EIT under conditions of CBS further, under the specific case that was studied

here.
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APPENDIX A

OTHER OPTICAL BLOCH NUMERICAL SOLUTIONS
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FIG. 93: Re[oy] as a function of probe detuning at various control Rabi frequencies with

A, = 0. Probe Rabi frequency €, = 0.18T,,.
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FIG. 94: (a) Numerical solution of Im[o4,] as a function of probe detuning at various probe
intensities with A, = 0 and €2, = 2.22I',. Simulated fluorescence of the 6P/, state (Re[ogy))

as a function of probe detuning at various probe intensities with A. = 0 and Q. = 2.22T',.
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OPTICAL DIAGRAM LEGEND
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