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Abstract

Study on power and polarization dependences of ultra-narrow
electromagnetically induced absorption (EIA) spectra of **Rb

atoms in degenerate two-level system

Muhammad Mohsin Qureshi

Advisor: Prof. Jin-Tae Kim, Ph.D.
Department of Photonic Engineering
Graduate School of Chosun University

We have investigated ultra-narrow EIA spectral features with respect to
variations of polarizations and powers of pump laser beam in a degenerate

two-level system of the transition F, =3 —> F, =4of *Rb D, transition line

(581/2 —>5P3/2) . Polarizations of the probe laser beam in two separate

experiments were fixed at right circular and horizontal linear polarizations,
respectively while the polarizations of the pump lasers were varied from
initial polarizations same as the probe laser beams to orthogonal to probe
polarizations. In the circular polarization experiment, the pump polarization
was varied from right circular polarization to left circular polarization
through a linear polarization. In the linear polarization experiment, the pump
polarization were varied from vertical polarization to horizontal polarization
by rotating the vertical linear polarization. One homemade laser combined
with AOMs was used to the pump and probe laser beams instead of two
different lasers to overcome broad linewidths of the homemade lasers.

Theoretically, ultra-narrow EIA spectra were obtained from probe absorption
X
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coefficient calculated from optical Bloch equations of the degenerate two

level system prepared by a pump laser beam.

In the case of the circular polarization, EIA signal was obtained as
expected theoretically although both pump and probe beams have same
polarization. The EIA signal become smaller as power increases and
polarizations of the pump and probe beams were same. When the
polarization of the pump beam was linear polarization, maximum EIA signal
was obtained theoretically and experimentally. Experimental EIA spectral
shapes with respect to variations of the pump beam polarization shows

similar trends as the theoretical results.
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Chapter 1

1.Introduction to EIA and EIT

1.1. Background

Recently quantum coherence techniques have been used to manipulate
quantum states using coherent lasers, which enhance or decrease the
populations of a specific state. In quantum optics community,
electromagnetically induced absorption (EIA) or electromagnetically induced
transparency (EIT) have been investigated for the applications such as
quantum information processing, gravitational wave detection, high
resolution spectroscopy, tight locking of laser to optical transitions, lasing
without inversion (LWI), generate ultra-slow optical solitons, four wave
mixing process, atomic clock, atomic magnetometers, quantum teleportation
[1-4]. Sub-natural spectral linewidths of EIA and EIT have made such

applications possible.

At least three-state of atoms or molecules interacting with two coherent
optical fields should be prepared to have such quantum interference
phenomena. The three-state can be categorized as V—configuration, Ladder

configuration and A—configuration as shown in Fig. 1.
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(b)

Fig. 1.1 Different three-level atomic levels configuration schemes for EIT and
EIA. (a) V configuration (b) Ladder configuration, (c) A configuration

The EIT and EIA have also been explained using V and A type of
connections between two levels in the degenerate two-level system. The
degenerate two-level system is composed of many V and A types due to
many magnetic sublevels of the degenerate two-level system instead of
three-level system.

Polarizations of the pump and probe laser beams in the degenerate two
level system play roles in Zeeman coherences of the ground and excited
states, transfer of the coherence from the excited states, contribution to
optical coherences between the ground and excited states because the
polarizations connect magnetic sublevels of the ground state with those of
the excited states. Depending on the cases of the polarizations of the pump
and probe lasers, trapping of the sublevels of the ground state can occur or
not so that EIA or EIT can be formed.

In our group EIA with ultra-narrow EIA signals have been investigated
from such degenerate two-level system in rubidium atom. However, still

polarizations of pump and probe lasers were confined in special same and

-2-
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orthogonal cases of the pump and probe lasers. Previous other investigations
of the spectra of the EIA and EIT have also been done using restricted
parameters in a specific polarization and laser intensities because including
many parameters such as arbitrary polarizations, power, time dependences of

the atom, etc. makes it difficult to solve the solutions of the system.

In this work we extend polarization dependences of EIA signal to more

general cases, where the maximum ellipticity between the probe and pump

beam i.e., (O'+ -0 ) for circular and(fz 1 7[) for linear polarization case have

been applied by keeping the probe beam ellipticity fixed and changing pump

beam's ellipticity by €=15 until both beams achieve same polarization

(0'+ -0 ) for circular and (7[”7[) linear polarization case.

1.1.1. Recapitulation of previous work

In the EIA experiment there are pump and probe lasers beams. One probe
beam probes the system while the second pump beam prepares state of
system. There are two ways to probe the atomic system to investigate EIA
spectral profiles. (i) Two independent pump and probe laser sources can be
used. (i1) And to use a single laser source combined with AOMs is more
fantastic way to probe ultra-narrow EIA signals below sub-natural line
profiles because phase noises between two independent lasers can be
removed and scanning resolution of the spectral line profile is dependent on
resolution of AOM scanning independent of relative phase shift and
linewidth differently from case of two independent laser cases. The second

case has been implemented nicely in our lab.
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In optical pumping of atoms the coherent population trapping (CPT)
which can be produced in three-level atomic system interacting with two
coherent laser fields is one of the most interesting coherent effects. CPT was
first observed by Alzetta et al. [6]. Generally in CPT two ground hyperfine
levels of alkali atoms are coupled to a common excited level i.e., A
configuration as shown in Fig. 1.1. When the difference between frequencies
of probe and pump beams is equal to the difference of frequencies of two
ground levels, and then atoms are prepared in a non-absorbing state [5]. This
non-absorbing state refers as “dark state” of an atom or molecule that cannot

absorb photons.

CPT is a spectroscopic phenomenon which involves only modifications to
the material states in an optically thin sample. In contrast to CPT, EIT is an
occurrence specific to the optically thick media where both the optical fields
and the material states are modified. The cause of the modified optical
response of an atomic medium in this case is the laser induced coherence of
the atomic states which leads to quantum interference was first reported by
Harris et al. [7] using probe and pump beam in co-propagating direction with
right circular (¢ ") polarization for both beams. The probe transmission gets

apparently transparent when the coupling (pump) laser is tuned to the line

center of 5s5p*P, —4d5d ‘D, transition. In this experiment they point out two

physical informative ways that can view EIT. (i) the picture that arises from
the work of [7] where the dressed states can be viewed as simply comprising
two closely spaced resonances effectively decaying to the same continuum [7,
20], (ii) The picture of EIT can be seen as arising through different pathways
between the bare states. The effect of the fields is to transfer small, but finite
amplitude.
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More reviews and specific aspects of EIT like dependence of EIT on
different parameters and its application can be found in Lukin et al. [8],
Matsko et al. [9], and Vitanov et al. [10].

Bo Gao [22, 23] gives an analytical solution of the steady-state density
matrix for two-level atoms with arbitrary ground state the polarization of
lasers are linearly (7 ). Also he observed the probe spectra for closed Zeeman
degenerate two-level system (DTLS) of Cesium atoms. Through this he
develops a method for calculating the weak probe absorption by closed
DTLS with linearly polarized pump beam in the absence of magnetic field.

Interestingly, the first EIA experimental occurrence was in 1998 by A.M.
Akulshin et al. [12], then afterward in 1999 theoretical explanation of
physical origins of EIA was given by A. V. Taichenachev et al. [11, 29] by
using a simple analytically tractable model of a four-level N-configuration
system.

Shigeru Nagayama [24] gives a theoretical analysis of the Doppler-free
signals in saturation spectroscopy, polarization spectroscopy and mixing of
saturation and polarization spectroscopies in four-level system. For
analyzing Doppler free signals he [24] uses different combination of probe
and pump polarization which termed as circular optical anisotropy and linear
optical anisotropy of atom with material susceptibility y . In circular optical

anisotropy calculation shows the difference produced in absorption

coefficient and refractive index when pump and probe beams are left(o‘)

and right (O‘+ ) circularly polarized. Similarly, for linear optical anisotropy the

difference occur in absorption coefficient and refractive index between linear

and circular beams (7r and o* ) )
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EIA is explained as spontaneous transfer of the atomic coherence (TOC)
or population difference (TOP) induced in an excited state to the ground state
level of an atom. EIA media is quite different from EIT media, not only
because of the positive sign of the resonance in EIA and negative resonance
in EIT [11] but non-linear magneto-optical polarization rotation has opposite
sign in EIA and EIT medium. Group velocity of light in EIT medium can be
much smaller than the speed of light because of normal dispersion near EIT
resonance, while in EIA there is an abnormal dispersion near resonance
which leads to fast or subluminal light. Akulshin et al. [12] stated first
experimental observation of increasing absorption and fluorescence for upper
ground state hyperfine level (GSWL) of rubidium vapor cell. Moreover, [12]
explained that with various polarization combination of pump and probe

beams different energy-level configurations can achieve. For example, with
left(a_) and right(o*) circular polarization of pump and probe beam one
can attain lambda (A) configuration. And if the polarization combination
applies to multi Zeeman sublevels with the condition of
[(ZF +1)>(2F '+ l)] CPT can take place. Or if the polarization of probe and
pump beams are same (a* —-o',0 —o’,;r—;z) than result will be in

superposition of two-level systems. Furthermore, Lezama et al. [13] explore

and define EIA in a DTLS with same experimental setup explained in [12]

and also state three conditions for EIA: (i) relationship between ground( Fg)
and excited (F, ) states hyperfine quantum number must be F, - F, = F +1

(i1) ground state should be degenerate(Fg > O) to allow long-lived Zeeman

coherence lastly (iii) system must be closed.
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Lezama et al. [14, 15] gives detail evidence both theoretically and
experimentally for the absorption spectra in specially EIA which is not
appear in three-level configurations. In [14] Lezama et al. discussed the
probe absorption spectra with respect to polarization of probe and pump
beam in a closed and open transitions. In [15] they used rubidium atomic
beam to reduce Doppler broadening and observed absorption spectra for

F,=3—>F,=4 transition of “Rb with four different polarization
combination of probe and pump beams (O‘+—O'+,7[||7Z,O'+—O'_,7Z'J_7Z) .

Which conclude, that whenever probe and pump beams have same

polarization ((7+—O'+,7Z'||7Z') the EIA peak is small and EIA peak gets

prominent with perpendicular polarization (a+ -0, J_7r) of probe and

pump beams.

C. Goren et al. [18] explain the occurrence of EIA for the transition of

F,=F,+1and F, >1in the case of same polarization of probe and pump

beam. Furthermore, Goren et al. explain that EIA was due to the TOP and
called it EIA-TOP. In [18], Goren ef al. used double two-level system (TLS)
which was equivalent to four-state N-configuration system. In each model
Doppler broadening increases the width of dip. In double TLS EIA peak
become narrower on Doppler broadening but it contradict with N-type

system. For the closed transition F, =2 — F, =3 of *’Rb, with circular and

linear polarizations of probe and pump respectively then EIA occurred due to

TOC and if both have linear polarizations then the EIA occurs due to TOP.

There was much theoretical work which shows that EIA can be occurred
in an open system but experimental work was present by S. K. Kim et al.

[16]. Kim ef al. observed absorption spectra in open systems of *’Rb D,

-7-
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¥Rb D, and D, transition lines in which probe and pump beams were co-
propagating. Furthermore, spontaneous TOC in [14] was not able to explain
the standard EIA in an open system, therefore Chou ef al. [17] gave dressed
atom multiphoton spectroscopy (DAMS) that provide a clear interpretation
for EIA. Chou et al. explained that EIA occurred from quantum interference

among competing multiphoton pathways which they called anomalous EIA.

C. Goren et al. [28] shown that TOC effect the whole system and with

increasing power of pump beam the EIA peak splits. Moreover, they shown

that if pump polarization was right circular(a+ ) and probe was linearly(ﬂ)

polarized, then the results of N-configuration were exactly same as in

realistic systems.

Taichenachev et al. [11] describe a sign for EIA resonance for the
experiment in [12] and also explain the EIA theoretically in terms of TOC for
perpendicular polarization combination in four-state N-configuration atoms.
In another experiment C. Goren et al. [19] achieved EIA via TOP as well as
TOC at very low power of pump laser beam and give EIA peak at the center.

Furthermore, T. Zigdon et al. [20] performed an experiment for rubidium

atoms for the transition of F, =2 > F, = 3(Fg —->F =F +1) *Rb atoms in

which probe beam is stronger than the pump beam with opposite circular
polarization then at center a sharp dip arise which was called transparency
within transparency (TWT). Furthermore, T. Zigdon et al. [30] study the
effect of strong probe beam on the absorption of pump beam with conclusion
that with circular (left or right) polarization of pump beam and linear
polarization of probe or vice versa, the probe beam absorption extremely
depend upon the Zeeman coherences between the nearest Zeeman level

(ground/excited) and if both beams are opposite circularly polarized then

-8-
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Zeeman coherence determine that the absorption were between next to

neighboring levels.

M. Kwon et al. [25] observed EIA in Cs atomic vapor cell for D,

F, =4 — F, =5transition at room temperature. In this experiment, Kwon et

al. used both two independent lasers and one laser source for probe and
coupling (pump) beams. By doing experiment [25] with single laser, high
mutual coherence can achieved which results the EIA spectra become much
narrower than 0.1 I" on the weak coupling field. The total bandwidth of EIA
around the transparent resonance was very narrower than the natural
bandwidth of 5.3 MHz. In another experiment A. M. Akulshin et al. [26]
used a single extended cavity diode laser (ECDL) for both probe and pump
beams which were co-propagating through the Cs vapor cell D, line to study

the atomic medium with steep and sign-reversible dispersion.

Alzetta et al. [5] used linear and circular polarized pump and probe beam
in rubidium D; and D, lines. In which EIA peaks were observed in Hanle
experiment for an open system for the very first time. Alzetta et al. observed

dark resonance for the transition of Ff;, - F, =F -land F, - F, =F, but
bright resonance also observed for the transition of F; > F, = F, +1with the

linear polarization of laser beam. But if the polarization of laser beam
changes to circular polarization then the condition for dark and bright

resonance reversed (except F; =2—>F, =3 ®Rb D, line) similar type of

result were found for Cesium vapor cell by Andreeva et al. [27]

In experiments, conversion from EIA to EIT or EIT to EIA was presented
by K. Dahl et al. [31] in which the pump laser absorption profile for four

different polarization configurations in DTLS of Cs atom. In case of circular
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and orthogonal polarization of pump and probe beams, the absorption within
transparency and transparency within transparency were detected when the
power of probe laser exceeded from power of pump beam. Absorption with
in transparency was observed in case of linear and circular polarization

combination of pump and probe laser fields.

Hafeez et al. [32] explain EIA spectra theoretically as well experimentally

for F, =3— F, =4 transition for ®Rb atoms with same and orthogonal

circular polarizations (0'+ —-o",0° —G+)Of probe and pump beam for both

cold and thermal rubidium atoms. Hafeez et al. shows that for same

polarization(cf' -0’ ) EIA not occurred for low power of coupling laser. But

for orthogonal polarization (67—0+) the EIA splits (theoretically) but in

experiment data no split of EIA observed because the linewidth of center

peak is around 1 MHz and the two independent lasers have broad linewidth.

-10-
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Chapter 2

2. Spectroscopic characteristics of
rubidium atoms interacting with laser

beams

2.1. Basic information of rubidium

2.1.1. Introduction

Rubidium is an element with symbol Rb and atomic number 37. Rubidium is
a soft, silver-white alkaline metallic element in IA group of the periodic table
with the ground state electronic configuration of 1s°, 25°) 2p6, 35%, 3p6, 4s°,
3d", 4p° 5s'. The next higher energy configuration has the 5s valence
electron promoted to a 5p orbital with no change in the description of the
remaining 36 electrons. Natural rubidium has two different isotopes: “Rb is
present to the extent of 72% while ’Rb constitutes the remaining 28% of

abundance.

-11 -
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Fig. 2.1 Two different isotopes of rubidium atoms found in nature, *Rb and *’Rb. Both
have only one valence electron but a major difference between them is in the nuclear
spin 1.

2.1.2. Energy levels in rubidium

One valence electron atom such as Rb atom that neglects both the electron
and nuclear spins can be treated as central field approximation (CFA). In

CFA, quantum numbers for atomic configuration are described as:

(a) Principal quantum number n should be greater than zero(n > 0).

(b) Orbital angular quantum number / should be from zero to(n—1).
(0<I<(n-1)).

(c) Magnetic quantum number m, ranges from —/ to /(- <m, <I).

(d) Electron spin quantum number s has only value 7. (S = %)

(e) Only allowed values of spin projection quantum number m; are

£ (m=21).

The spinless model plays a vital role in the low-resolution spectrometer

to observed transmission and absorption spectra of rubidium. However,

-12 -
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higher resolution for instruments like the apparatus we used in our lab CFA
cannot explain phenomenon completely. There are three drawbacks; (i) CFA
does not take account of spin of the electron (ii) and of the nucleus and (iii)

the additional magnetic field.

2.1.3. Fine structures splitting

The spin of the electron is important because it couples with the orbital
angular momentum. Specially, the electron feels an effective magnetic field
as it moves through the electrostatic field of nucleus (Coulomb’s force).
Since the electron has an intrinsic magnetic moment due to its spin, its
energy level is higher if it is aligned opposite to the effective magnetic field
than if it is aligned with it. Only the states with non-zero orbital angular
momentum are affected, and the net result is that they are split into multiple
levels due to external fields, depending upon the orientation of the spin. This
is known as fine-structure splitting.

Once we take electron spin into consideration, we modify our
spectroscopic notation known as Russel-Saunders notation. This introduces
new quantum numbers:

@ L describing the magnitude of total orbital angular

momentum.

L=>1, 2.1

Allowed value of L is 0, 1, and 2.
(b) S describing the magnitude of total electron spin angular

momentum.

S=>s (2.2)

-13-
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(© J describing the magnitude of total electron angular

momentum.

J=L+S (2.3)

Allowed value of J ranges fr0m|L — S| to |L + S| .

Each state is labeled by term symbol ?5*V L, and the energy quantum

number 7 is dropped. The orbital angular momentum is again labeled with

old spectroscopic letters (S, P, D, etc.), but this time in capital form.

2.1.4. Hyperfine structure levels

According to [40], adding up nuclear spin / introduces three additional terms
to the Hamiltonian, each of which is related to the nuclear magnetic moment
associated with /. The electron’s orbital angular momentum, the electron’s
spin and the nuclear spin all are added up to a total angular momentum,

F=1+J (2.4)

with following different /" values,

[1=J|<F<|l+3|

Each F has a slightly different energy due to the coupling between the
electron and the nucleus’ intrinsic magnetic field. Finally, if external
magnetic field is applied, then F further splits because the energy of the
system is different for different orientations of the atom called the Zeeman
Effect. The difference between Zeeman Effect and hyperfine splitting is that
in Zeeman Effect magnetic field is due to the magnetic field we apply in the
lab while hyperfine splitting is due to the intrinsic magnetic field that occurs
inside the atom itself. Detail description of fine and hyperfine structures of

5Rb and *’Rb are described in Appendix A.

-14-
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2.1.5. Interaction of rubidium atom with laser beams

For the interaction of rubidium atom with a laser beam, we consider ¥Rb
isotope. For understanding, [41] the dipole allowed transition interaction of

rubidium atom with a laser beam between two relevant eigenstates, we

consider an operator‘a &4l > where d is the dipole moment, ¢ is the electric

field of the laser beam and ¢ represents the different polarizations of the laser

light.

Polarization of light

q value
q=-1 o~ (left circular polarization)
q=+1 o " (right circular polarization)
q=0 m (linear polarization)

Table 2.1 g values for different polarizations of laser beam.

.15 -
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Fig. 2.2 Energy level diagram of the *Rb D, and D, line hyperfine splitting with the
value of I and S for *Rb. L and J values for each fine structure level of ground and

excited states are shown.
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Fig. 2.3 Energy level diagram of the *Rb D, and D, line hyperfine splitting with
the value of 7 and S for *Rb. L and J values for each fine structure level of ground
and excited states are shown.
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The interaction of laser beam between the excited state|F,,m,) and ‘ Fy. mg>

the ground state is given by,

(Fom,|d.2|Fpum, ) = ()" R (Rld|F,) @)
e’ e |Y“ql g g/ T _|ane q mFg e g :
F1 Fg
where is 3J value.
_mFe q mFg

Using Wigner-Eckart Theorem, <Fe

d H F > is derived as followings,
J4T=F

%

JHFg>=(—1)FE+'+Je+1\/(2Fe+1)(2Fg+1){|ie Il ‘]9}<Je

d Fg>=<3e||:e

&HngFg>

(R

d3,)

(2.6)

Fe

h e 1| 6.J val
wnere F | F 1S value.

g e

The relations between orbital angular momentum, spin angular momentum,

and total angular momentum is from equation (2.4) in vector form,

L+S=1J

In equation (2.6) <Je JHJQ> is equal to,

b

JHJ9>=<LESJe

d|L,s9,)

- 18 -
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(2

dw,).

2.7)

JHJQ>=(—1)J9+L”S+1\/(2J9+1)(2Jg+1){§e ; 59}<|_e
g e

h {Le 1 Lg}' 6J val
whnere 1S value.
J, S J,

Substituting equations (2.6) and (2.7) in equation (2.5), we get

<Fe’ m,:e ‘aéq‘ Fg , mFg > — (_1)2F9+I+2J9+Le+8—mpe <Le

du,)

x\/(2 F, +1)(2F, +1)(2J, +1)(2J, +1)

L 1 LJfJd 1 J || R 1 K
X
Jo S J IR I R]|=Mmg q mg

or,

Fg.m, 2R, 41423 +L+S-m
9 Fy 3 g F
CFe,m,:e - ( 1) ’

x J@L +1)(2F, +D(2F, +1)(2], +1)(2J, +)  (2.8)
Ju ot L[ 1 )[R LR
J, S 3[|F, 1 R[|-m. q m

Here CFFj';::g is called the Clebsch-Gordan coefficients which represent the

relative transition strengths. Fig. 2.5 shows the square of the Clebsch-Gordan
coefficients for *Rb. Relative transition strengths from those Clebsch-
Gordan coefficients between the excited and ground states of Rb atoms are
shown in Fig. 2.4. Real relative strengths between the different transitions
from those Clebsch-Gordan coefficients and the decay rate of the excited

state I" can be derived.

-19 -
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Fig 2.4 The relative transition strengths between the excited and ground states of Rb
atoms. [42]
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2.2. Saturation absorption spectroscopy (SAS)
of rubidium

2.2.1. A brief history of modern laser spectroscopy

Modern laser spectroscopy began with the invention of the laser, which
provides intense, collimated monochromatic radiation throughout optical
spectral range. A laser beam with its high intensity, narrow spectral
linewidth, and phase coherence opened the field of ultra-high resolution
spectroscopy in atomic and molecular laser community. Linewidths of such
atomic and molecular spectroscopic lines were limited due to Doppler
broadening of fast moving thermal atoms and molecules. Saturation
spectroscopy developed by Javan, Schawlow, W. E. Lamb, Jr. and others,
provided sub-Doppler resolution of spectral lines of atom and molecules in
gaseous states. Intense, monochromatic laser light can selectively saturate an
optical transition, producing extremely narrow Doppler-free resonances.
Atomic beams were also used to eliminate Doppler broadening and produce
narrow spectral lines. Investigation on the spectral shapes of these narrow
lines reveals very important collisional processes, etc. of atoms and
molecules. Further, by locking the laser frequency to this narrow spectral
line, its wavelength could be accurately confirmed. These techniques make

possible laser wavelength and frequency standards, etc.

2.2.2. Doppler broadening effects on atoms

Thermal motions of atoms or molecules in gaseous state bring Doppler
broadening or shifts of atomic and molecular absorption and emission

spectral lines depending on the atomic and molecular velocities. Saturation
-21-
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absorption spectroscopy (SAS) is a technique used for resolving very fine

spectral splitting of hyperfine structures in atomic spectra.

If an atom is moving toward or away from a laser beam wavevector (k),
then the atom sees blue or red detuned laser frequency due to Doppler effects,
respectively. If an atom is at rest, relative to the laser beam, absorbs laser
photons with frequency vg, then when the atom is approaching to direction of
the laser wavevector, the atom sees blue-shifted radiation, thus the laser
frequency for absorption must be less than vy because atom sees blue-shifted
laser frequency to the resonance value of vo. Similarly, for the atom moving
opposite to the direction of the laser wavevector, the laser frequency must be
greater than v, for absorption to occur. If the atom is moving along the z axis,

relative to the laser wavevector with v, <<c, then the frequency of the

absorbed radiation in the rest frame of the atom isv, ;

v, =v, (1+ V—Zj (2.9)

c

If v, is negative (motion toward the laser), thenv, <v,, that is, the atom
moving toward the laser will absorb radiation that is blue-shifted from v, up
to vo. And ifv, is positive (motion away from the laser) thenv, >v,i.e., the
atom absorbs radiation that is red-shifted from v down to v,. Therefore,

atoms having a distribution of speeds absorb laser photons over a range of

frequencies.

The probability that an atom has a velocity betweenv, and v, +dv, is

given by the Maxwell distribution,

-22-
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1

M 2 My 2
P(v,)dv, =| —— | exp| ——— |dv 2.10

where M, k and T are mass of an atom, Boltzmann constant, and absolute

environmental temperature, respectively. Then equation (2.9) becomes,

C
Vz = (VL _VO)_
Yo

dv, =—dv, (2.11)
By solving equations (2.12) and (2.13),

_ 2
P(vz)dvz=%exp{—4(n5—2v°)}dvu (2.12)
T

where § is linewidth parameter

{2
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Fig. 2.5 Doppler broadening spectral line, where AVJ/?_ is the FWHM and v, is the

absorbed frequency when atom is at rest in the frame of the laser.

2.2.3. Doppler-free saturation absorption spectroscopy

The experimental setup for the saturation absorption spectroscopy [33,
34] is a schematically demonstrated in Fig. 2.7. The output beam from the
laser is split into three beams, two less intense probe and pump beams and a
more intense beam for further experimental setup of ultra-narrow EIA, at the
thick beamsplitter. One beam, reflected at the back surface is used as a probe
beam while the second reflected from the front surface is used as pumping
laser. After being reflected twice by mirrors, the more intense pump beam
passes through the rubidium cell from left to right while pump beam
reflected from mirror entering into a cell from right to left named counter
propagating. Inside the rubidium cell there is a region of space where the
pump and a probe beam overlap and, hence, interact with the same atoms.

The beam size of each beam is about 3 mm.
-24 -
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Fig. 2.6 Experimental setup for saturation absorption spectroscopy.

The pump beam changes the populations of the atomic ground states and
the probe detects these changes. Considering how the pump beam changes
the populations, we know how these changes affect to the probe signal. As
discussed above, due to the Doppler shift, only atoms with a particular
velocity v, are in resonance with the pump beam frequency, and thereby be
excited. At the same time the absorption of probe beam decrease when the
beam interacts with those same velocity group of atoms. The velocity
component along the laser beams vanishes, this Doppler free resonance
occurs and detected by photodiode. Very narrow spectral lines of SAS

signals are used to stabilize the frequency of laser.
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Fig. 2.7 Saturation absorption spectra for *Rb and *’Rb for D, transition line [44].

Fig. 2.7 shows observed SAS spectra of *Rb and ®’Rb for D, transition line.
Extra crossover peaks occur in SAS signals of rubidium, other than three
peaks due to transition from one level to another. They arise whenever there
are enough atoms whose Doppler shifts are exactly half the frequency
difference between two transitions. Because the pump and probe beams are
counter propagating, the atom sees them Doppler shifted by equal and
opposite amounts. If the laser frequency in the lab rest frame is exactly
halfway between the two transitions, the atom will experience both pump
and probe as being on resonance. A technique suggests by V. Natarajan et al.
[35] to eliminate the extra peaks i.e., crossover from the saturated absorption
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spectra by using the pump and probe beam moving in the same direction (co-

propagating) through the cell.
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Chapter 3

3.Density matrix and Optical Bloch
Equation (OBE)

3.1. Density matrix

3.1.1. Pure and mixed states

A quantum system defined in [43] with state vector denoted by|v,z/> can be

described with orthonormal basis states |u,> from superposition of the

quantum eigenstates as followings;

|V/>=ch|un> 3.1

The state | u,) shows a discrete orthonormal basis of pure state while the

condition of normalization for C,,, must be satisfy.

;|c:n|2 =1 (3.2)

If a quantum system has two or more subsystem that are entangled then

each subsystem must be treated as a mixed as a mixed state even if the whole

=28 -
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system is in a pure state. The state of the system may be|l//1>with probability

P, or|wn > with probability p,.This shows that:

PP+ P =D P =1 (3.3)
k

A state vector can be described from the linear superposition of states.

|l//>:ZCk|Wk> (3.4)

3.1.2. Density operator in terms of density matrix

A density matrix is a matrix used to describe a quantum system in a mixed

state. Preparing a two-level quantum system with upper excited level state

|a> and lower ground state|b> as shown in Fig. 3.1, these two states are

normalized as well as orthogonal to each other.

<a| a) = <b|b> =1 (Normalization condition)

(a|b) =(b|a)=0 (Orthogonal condition)

= | a)

Fig. 3.1 A simple two-level system.

-29.
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For this system a mixed state vector is defined as,

ly)=C,|a)+C, |b) (3.5)

C, and C, are the probability amplitudes. If 4 is any operator then the

expected value is:
(A)=(w|Aw)=IC.] Au+[C,| A, +C.C,A, +CC,A,  (3.6)

For multi-level system,

(A)={v|Aly) =2 C:C, (3.7)

Then the expected value of state vector in the orthonormal basis {| um>} can be

written as,

(U ) {wlu,)=CiC, (3.8)
lw)(w|=p (3.9)

|w> <l//| is an operator which is a projector vector (only for pure state) and can

be solved by dyadic product, where pis called the density operator and

equation (3.8) can be written as

(Un|o|U,) = P =C1C, (3.10)

-30 -
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3.1.3. Properties of density operator

Properties of a density operator in pure state and mixed state are presented in

table 3.1.
Pure state Mixed state Comments
For Hermitian
a. p=p p=p operator
Sum of diagonal
b. Trp=1 Trp=1 elements of p

matrix =1

c. (A)=Tr{pAl=Tr{Ap} (A)=Tr{pA}l=Tr{Ap} Expected value

g d Schrédinger
d. ih— p=|H, in—p=[H, equation in
dt P [ p] dt P [ p] commutator form
e. p2 =p p2 * P
For both states
f Tro? =1 Trp2 £1 we can write
' r ) Trp? <1
Trp® <1

Table 3.1 Comparison of properties of density operator between pure and mixed states.

Density operator can define the population and coherence in the multi-level

atomic system between the states. Equation (3.10) can be written as,
P = (Un|P|U,) (3.11)
For mixed states,

pnn :Zk: pk <un |pk|un>

From equation (3.9)

23] -

Collection @ chosun



Zpk< |‘//k ‘/’k|u >

pnn = Z pk ‘<un |lr//k >‘2 (312)

From equation (3.12), it is concluded that the p,, (diagonal terms) is called
populations because p, is the probability of |un> in the state p. Similarly,

equation (3.10) can be solved for p,, then,

Pan = 2B, (Up |2 U ) = pcct” (3.13)
k k

In equation (3.13), p,, are the off-diagonal terms which shows the
interference effect between|un> and|um>. Therefore these terms are called

“coherences’” .

3.2. Optical Bloch equations (OBE) for two-level

system

Supposing a two level system with upper state as|e>with eigenvalue 7o, and
lower state as|g>with eigenvalue i, as shown in Fig. 3.2, there is also a

detuning & in the laser light with optical frequency of @, which is linearly

polarized along x-axis.
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g)

Fig. 3.2 A two-level system with laser beam of detuning &

Then the total Hamiltonian (H) of the system is equal to the sum of
Hamiltonian without light interaction (Ho) and the Hamiltonian with light

interaction (Hy).
Ho for two-levels can be define as,

H, =no,|e)(e|+ha,|9)(9] (3.14)

While in the interaction part (Hy), horizontally polarized light is interacting

with the system. For horizontal polarization

H, =—exE
H, :_e(|e><g|xeg +|g><e|X96‘)E

H,=—(|e)(g|+|g)(e[)d,E (3.15)
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Note that Xee and xgq are equal to zero because there is no displacement from

le)to|e)or|g)to|g). And dy is atomic dipole moment.

At this point we introduce equation for light and also an equation for Rabi

frequency,
1 —io, i,
E:E(e e, (3.16)
Q= dtho (3.17)

After solving equations (3.15), (3.16) and (3.17) we get,

=2 (o) gl o) e)(e = +e) (219

At this stage we consider Heisenberg picture of atoms, because the
operators, observables dependent on time, but the state vector are time-

independent.

In this case the operators for atoms movement between|e)and|g)are

given as,

& =le)(g| and & =|g){e|are varying in timee™" and e ™" as per

Heisenberg picture respectively,

Therefore,
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|e> <g |e—im = it —giowlgint ei(weg o)

ei(uLt — g eiw,_t — eiwabteiwl_t _ ei(weg+w,_)t
+

)

|g><e|e-ith = & gl - griowlgint _ e—i(wngrmL)t

t

| g><e|elw|_t — g_eiwl_t — e—iwabteiw,_t — e*i(weg *WL) (319)

Equations in (3.19) we are applying the rotating wave approximation (RWA)

according to which the terms which oscillate rapidly are neglected. Terms in

the equation (3.19) which oscillate with frequency(a)eg + a)L) are neglected.

From solving equation (3.18) and (3.19) we get,

H, = —? (e +&e™)H (3.20)

The density operator is governed by Schrodinger equation then,
d 1

— p=—JH,
=it

And also we are adding the decay term I" in the equations then,

6, =—To,+I %(aeg —O'ge)

Gy =0 —i%(aeg —O'ge)

. . . Q r

Gy =—160, —I E(Gee — Oy )—Eage

. . . Q r

O :lé‘age+|5(0'ee—0'gg)—50'eg (3.21)
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The equations in (3.21) are the optical Bloch equations for two-level

systems. Thus we have o, g™ ot

= Pog1 Tl ™" = Per oo = Peo and Oy = Pyg -

3.3. OBEs for Zeeman degenerate two-level

system
In our case we are using ground hyperfine 35, , to excited hyperfine 5P,
which is D, line at 780 nm for the transition of Fg =3—->F =4 5Rb atoms

with degenerate magnetic sublevels as shown in Fig. 3.6.

N
A
L)
3
e
I
e

Fig. 3.3 Zeeman degenerate two-level system for the transition F,=3 ->F.=4 in %Rb.

It is clear from the Fig. 3.6 that there is splitting due to Zeeman effect,
therefore, the magnetic potential energy can be added into the atomic

Hamiltonian.

4 3
I_‘lA: :E: (izah *_llBgelarne)|em><em|-+ :E: /lnglBrng |gn1><gnJ (3'34)
m=-3

m=—4
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where, 1;9.Bm, and z,9,Bm, are the magnetic potential energy of the

sublevels in excited and ground state, respectively.

The interaction part of the Hamiltonian is defined as,

:—hQ Z Zc Crlam e

g=-1m=-3

€niq) (On €7 +CC (3.35)

In equation (3.35) g values are determine by Table 2.1. Now, the spontaneous

decay for multilevel can be defined as,

<em em,> =-T'(e, |ole,)
.
.

(9),,

(9).,

r
gm'> :_§<em |p| gm>

(9),,

(5.5,

r
em'> =_E<gm|p|em'>

Jow )= FZCE nCE I (Gn ol O

(3.36)

-37 -

Collection @ chosun



Chapter 4

4. An ECDL laser system

4.1. Introduction

Stable and narrow linewidth laser system for high resolution spectroscopy
has been used. Such laser can be bought from company or can be constructed
in the lab. In our case we constructed semiconductor diode lasers with
external cavity [36]. In this chapter we characterize ECDL for obtaining EIA

line profile.

4.2.  External cavity diode laser (ECDL)

4.2.1. Laser diode

In laser diode, light is produced by applying the current to the diode’s active
region which is in between the cladding layers (p and n type) as shown in
Fig. 4.1 [36]. Therefore, the electron-hole pair is produced, which recombine
and emit photons. The wavelength of laser light can be determined by the

bandgap of the semiconductor material.

But unfortunately, there is a drawback that the light coming out of laser
diode is diverging in an oval shape pattern. Such wide diverging beam is
useless in any spectroscopic experiment. Therefore, this beam should be
collimated so that all the output goes in one direction. This can be done by

using a single lens; the focal point of a lens is also the point through which
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all light parallel to its normal axis will converge. Hence, if we place our
diode laser at the focal point of our collimating lens, all light from the diode
laser that passes through the lens will exit parallel to the normal axis and all
light that enters the face of the lens at normal incidence will be focused the
diode laser as shown in Fig. 4.2.

In our laboratory, we used Thorlabs L785P090 laser diode with the
aspheric collimating lens; Thorlabs C230TM-B lens. The collimating lens
has a design wavelength of 780 nm and is AR coated for 600 nm to 1050 nm

wavelength.

N

N Al electrode
\ ——— P-type elactrode
-~ Substrate
4+ Current blocking layer
~\ Cladding layer
& —~__— Active layer

=___— Cladding layer

=
\\\\§'j—|’ g-?ypp(:ﬁ;mrode

Radiation pattern i 6.l

Fig. 4.1 A typical example of laser diode emitting light. [36]
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Fig. 4.2 Light from the surface of laser diode which is on the focus of collimated lens.
After the collimating lens, laser rays get parallel.

4.2.2. The external cavity

ECDL is a tunable diode laser system with narrow bandwidth of less than
one MHz and is very economical as compare to the commercial laser or dye
lasers. In ECDL there is an external cavity which plays an important role.
There is special Littrow angle, where first diffracted beam can reflect back
from a holographic diffraction grating and form an external cavity (distance
between laser diode and grating). The stationary condition for such laser is
that an integer number of half wavelengths exactly match the resonant cavity

length.

The diode is coupled to an external cavity that incorporates a diffraction
grating as a wavelength-selective element, which then provides frequency-
selective optical feedback to the diode laser via its output facet. The
holographic diffraction grating is used in Littrow configuration [37-39]
shown in Fig. 4.3.
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Lens Diffraction

grating

LD

Fig. 4.3 External cavity diode laser output with Littrow configuration.
In Littrow configuration, the first order diffracted light that comes off the
grating is sent directly back into the diode itself while the 0™ order can be
used for the experiment. The grating act as wavelength selective mirror since

it only reflects the light back that satisfies the diffraction equation

2dsind=mA4, (4.1)

where d is the spacing between the lines, 6 is the incident angle, m is the

order (in our case m = 1) and A is the wavelength of laser light.

In our lab we are using Edmunds optics holographic grating with part
number 43775. Its dimensions are 12.7 mm x 12.7 mm with 1800 grooves
per mm. For the fine tuning we can move the grating with the help of piezo-

electronic transducer (PZT) which is located on the back of grating mount.

4.2.3. Temperature sensitivity

In ECDL, wavelength of laser light depends upon the length of the cavity.
And interestingly, length of cavity changes with in temperature. The laser
wavelength increased continuously by 0.3 nm/K, discontinuously pumping

longitudinal modes approximately once per degree. This is called ‘mode
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hopping’. For the stabilization of temperature in our case, we use
thermoelectric cooler (TEC) of Thorlabs model TEC 3-6, which is placed in
between the bottom of the base plate and a heat sink. And for further
stabilization of temperature, laser system enclosed in Aluminum housing.
Furthermore, laser system temperature is observed with the thermistor placed

in the laser diode mount. We used Thorlabs TH10K thermistor in our ECDL.

4.3.  Configuration of ECDL

For experiments of ultra-narrow EIA, we build an ECDL for both probe and
pump beam. The output power of ECDL is 40 mW with wavelength of 780
nm. The temperature of ECDL is maintained at 21°C with the help of PZT
and thermistor placed in the base plate. The current and temperature of
ECDL is maintained by Thorlabs ITC4001 Benchtop laser diode/TEC
controller. The threshold current for the laser diode in our case is 30 mA and
maximum value of current goes to 130 mA. But usually all the experimental

data was collect in the range of 90 mA to 115 mA.

We have to align the grating and laser diode correctly. To do so, we have
two alignments; horizontal and vertical alignment. There are two beams
(zero™ order and first order) on the white screen out from the grating. In
vertical alignment there are three screws on the base plate with which we can
line up the two beams on same height and then after doing this we lock it by
the center screw on the base plate. After completing vertical alignment, then
we move to horizontal alignment which is very sensitive. A PZT is placed in
between the horizontal alignment screw and the rare side of the grating. With
this screw, we overlap the two beams exactly over a far distance (around 2
meters). Then with the help of CCD camera we do fine adjustment in which

we observe the fluorescence due to two spots maximize. On next step we
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reduce the current which results in decrease in fluorescence but by repeating
the horizontal alignment we again increase the fluorescence. We repeat this

process till the current goes to 27 mA.

We also study the typical characteristics of ECDL which plays an
important role in our experiment i.e., injection current versus optical power

as shown in Fig. 4.4.
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Fig. 4.4 A graph for injection current and optical power. It is clear that after ~30 mA
which is the threshold value the relation between current and optical power is linear.

Fig. 4.4 represents the relationship between the injection current (on x-axis)
to the laser diode and the optical power (on y-axis) of the ECDL.
Observations are taken from 0 mA to 111 mA with the difference of 3 mA of
current between the two observations. At the start, before 33 mA no optical

power of laser beam was observed but after 33 mA which would be our
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threshold value of injection current we observed a linear relationship

between the two variables.
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Chapter 5

5.EIA theory and experiment

5.1. Introduction

In quantum optics, we have two types of interference; 1) destructive
interference, 2) constructive interference both have exactly opposite
properties to each other. The destructive interference leads us to EIT,
whereas EIA results from the constructive interference. This supports the

previous statement that EIA is the opposite phenomenon of EIT.

EIA was first observed experimentally in 1998 by A.M. Akulshin et al.
[12], then afterward in 1999 theoretical explanation of physical origins of
EIA was given by A. V. Taichenachev et al. [11, 29] by using a simple

analytically tractable model of a four-level N-configuration system.

In this chapter, I discussed theoretical calculations of EIA used by our

group Hafeez et al. [32] to explain the phenomenon.

5.2. Theoretical treatment of EIA

In the theoretical explanation of EIA, we consider the transition from

F, =3— F, =4for "Rb atom D; line.

Consider we have two laser beams probe beam and pump beam with

frequency of . and @ with Rabi frequencies of € and (),

probe pump
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respectively. The system is ready by the pump beams and probe beam is

observed for EIA phenomenon.

In the rest frame of an atom moving at velocity v the frequencies of probe

and pump beam experienced by the atom are @, and @, given as;

o, = a)probe —kv

@, = Wy —KV (5.1)

Herek = (2” i)' Note that both the probe and pump beams are in the same

direction in the rubidium cell i.e., co-propagating direction.

If wy is the resonance frequency of the levels, then here we define the

detunings of probe and pump beams asd . andd .
d probe — @Pprobe ~ Mo
d oump = @oump — @y (5.2)
And also the detunings in the system are;
0, =w,—®,
0, =0 —w, (5.3)
Equation (5.3) can be written as
S, =d KV
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5 =d d (5.4)

p probe ~ ™ pump

At this stage, we are defining our system for the transition from

F, =3— F, =4for 85Rb atom D, line in Fig. 5.1 and 5.2. The two Figs.
show the two combination of polarization of probe and pump beams.

(a* -0, 0" —a‘) . Each combination has different interacting part of

Hamiltonian of the system because of polarization.

1) [2) [3) [4) [5) [6) [7) [8) ]9)
4 3 2 e b i T

”

= 5 0 1 2 3
| 10) | 11) | 12) | 13) | 14) | 15) | 16)

Fig. 5.1 ¥Rb atom transition from F,=3- F.= 4. Probe (solid line) and pump (dotted
line) beams both are right circularly polarized.
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1) [2) [3) [4) |5) [6) [7) [8) [9)
2 3 4 F.~4

2 1 0 I
//f<)//ﬁ()///()//7o //?()//i////f
K P Zp K 12 % 2 % p % P p F
3 ey - ey

3 2 3
| 10) | 11) | 12) | 13) | 14) | 15) | 16)

= -3
0 0

o
)

Fig. 5.2 %Rb atom transition from F,=3 - F.= 4. Probe (solid line) beam right
circular polarization and pump (dotted line) beam left circular polarization.

The density matrix equation for the system is defined as,
i [ .
p:_%[HO—FHl'p]—i_psp (55)

Here, H) is the Hamiltonian of excited state and 1s defined as;

9

Ho == (@,~a, )]i)i] (5.6)

i=1

And pg), is refer to spontaneous emission and is set as /'/2 with I"as a

decay rate term of excited state. The interacting part is different for two cases

because of the polarization of pump beam.
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6 .
Hy =2 > {Chl e ™ [3+1)(10-+i[+Chla, 0, [3+i) 10+ +cc.

10+i +
i=0
(5.7)

The above equation is for the case of right circular polarization of both
probe and pump beam as shown in Fig. 5.1. Here C is the Clebsch-Gordan

coefficient for the transition (Fig. 2.4) and a, is refer as the coefficient of the

right circular polarization of pump beam and is defined as.

a, =—%(1+sin 25)—|§c0325 (5.8)

; _T
In this case ¢ = A .

And if the two beams have opposite polarization i.e., pump beam has left

circular polarization then, the interacting Hamiltonian part is,

6 . .
Hy =2 > {Chl e ™ [3+1){10+i]+ Cia 0, [1+1) 10+ +cc.
i=0
(5.9)

The coefficient for the left circular polarization of pump beam is defined as,

a_:%(l—sin28)+l200323 (5.10)

) ) s
And in this case & = A .
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The population of each state is defining by density matrix diagonal

element with the help of oscillation frequencies of 0, —5p, and 5p .

(2)

py =y + (P +ip ) + (o7 —ipP)e (51D

where j =1,2---,16 =number of states of excited and ground state.

The off-diagonal term of density matrix which represents the coherence

can be written as,

& 2 idpt ®3) -i2oyt ) gl
p3+j,lO+J p3+le+J +p3+]10+1e +p3+]10+] +p3+]10+j

(5.12)

After solving equations from (5.5) to (5.12), we get differential equations
similar to equation (3.31). Then from these differential equations we can find
the absorption coefficient (a) which is the imaginary part of the

susceptibility (¥ ). And can be define as,

x=x+iy"
a) mn
a=—y
C

In our case, a can be found by solving the differential equations of the

density matrix elements.

3&2 J 34 (2
ao(é‘zré‘p!t): Z [C10+Jp3+110+j:| p (513)

j=0
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where N, is the atomic number density of rubidium vapor cell. The

absorption coefficient is then averaged over velocity distribution (transverse

and longitudinal), then

1

toy

jmjdv

(V/u

T ©

a (d,

—kv,d, —d,,t)
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Chapter 6

6. The ultra-narrow EIA

Hafeez et al. [32] performed an experiment for the transition

F,=3—>F =4of *Rb D, line for thermal atoms. Experiment performed for

same and orthogonal circular polarization (0* —-o",0" —J*) . The major

difference between this experiment and previously performed EIA
experiment was that the new approach of theoretical calculation of the

spectrum are due to the transfer of Zeeman coherences in the magnetic

sublevels of excited state (Thus F, =4) In this experiment we used two

separate ECDL for the probe and pump beam and it was the main reason that

we were not able to observe the ultra-narrow EIA experimentally.

Therefore, for observing the ultra-narrow EIA experimentally we also
used a single ECDL for both probe and pump beam. But the pump beam
undergoes double-pass through two Acousto Optical Modulators (AOM),

therefore, the pump beam can be scanned.

6.1. Theoretical background

We are considering the transition Fg =3—>F =4of 5Rb D, line for

thermal atoms. The energy band diagram can be shown in Fig. 6.1.
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m, -4 -3 -2 -1 0 1 2 3 4

. > F F ¥ F F T T F=4
As.d Asd 'Sd 'Sd As.d ‘8,5 lsd |
0l o o %ol 4ol A Mo
(Sd 8d 6[1 8d (Sd 8d (Sd
i “F 2 i of of 1 b 2 Fg=3
m, -3 -2 -1 0 1 2 3

Fig 6.1 Energy level diagram for the F,=3 — F.= 4 transition of %Rb D, line. In which 0 and 0,

represent the off-set frequencies of pump and probe beam. [46]

The above Fig. 6.1 represents the polarization of probe and pump beam
the transition. The pump beam (coupling) has linear polarization represent by
the solid line while the probe beam have circular (left/right two case)

polarization.

Consider we have two laser beams from one ECDL as probe beam and

pump beam with Rabi frequencies of Q, and Q,, respectively and both the

beams are travelling in the same direction through the rubidium cell i.e., co-
propagating direction. The system is ready by the pump beams and probe

beam is observed for EIA phenomenon.

In the rest frame of an atom moving at velocity v the frequencies of probe

and pump beam experienced by the atom are @, and @, given as;

w, =w, —Kv
®, = o, —Kv (6.1)

Herek = (27[ ) . Note that

A
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If wg is the resonance frequency of the levels, then here we define the

detunings of probe and pump beams asd and d, .
d, =0, -a,
d, = o, — o, (6.2)

And also the detunings in the system are;

0, =w,—ay=d, —kv
oy =w,—w,=d, —d, (6.3)

The density matrix equation under rotating wave approximation for the

system is define as,
A i ) i i
P:_%[H’P]prsp:_E[H0+H1’p]+psp (6.4)

where H is the total Hamiltonian of the system and is defined as the sum of
Hamiltonian of unperturbed atoms and Hamiltonian of atoms with

interaction of light.

The Hamiltonian of unperturbed atom is similar to the chapter 5 equation

(5.6.a) and (5.6.b) which is only for the excited state and we can rewrite as,
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(5, 0 0 0 0O 0O 0 0 O]
0o 6, 0 0 0 0 0O 0 ©
o 0 s 0 0 0 0 0 ©
o 0 0 5 0 0O 0O 0 O

H=-r{0 0 0 0 & 0 0 0 0 (6.5)

o 0 0 0 0 46 0 0 O
0o 0 0 0 0 0 & 0 O
0o 0 0 0 0 0 0 & O

0 0 0 0 0 0 0 0 &)

And the second part of the Hamiltonian which represents the interaction with

light can be defined as,

h S ams <& A
H, =EZaq > cin qgl|Fe,m+q><Fg,m‘+EmZ_:3C§'sz|Fe,m><Fg,m‘

g=t1 m=-3

probe pump
(6.6)

where a, is for the Hermitian conjugate. Also C;n*® and C, represent the

transitional strength for circular and linear polarization of light respectively.

Lastly, the spontaneous decay can be defined in the matrix form.
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—EIOU. 1x7

. 85 :
For the transition of F; =3—F, =4 "Rb, the p, can be represent by

the 16x16 matrix. For further description we divide this matrix into four
parts. Part A represents the decay of excited state. Part B and C represent the
coherence term between the excited and ground state. And part D represents
the decay of the ground state. In our case we ignore part D because we do

not consider buffer case in our rubidium vapor cell.

Therefore, the spontaneous decay can written in equation form as,

1—‘ 4
-5 2 Y (Ram)(Fom, [+ |Fum)(Fom])  ©67)
+Fi i ic4m+qc4m+q| m+q><Fe,ml+q|

The last term in equation (6.7) cannot explain by the matrix form of
spontaneous decay. Here last term shows that the decay from the excited
state to the ground state is depend upon the transitional strength between the

sublevels.
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By solving equation from (6.4) to (6.6), the absorption coefficient

found to be,

322 N, % dt % 7v .
ae PN T | 5 5 sl |

lOaV—oo g=tlm=-3

where N is the atomic vapor density in the cell andt,, is the transit time for

crossing the laser beam.

6.2. Experimental setup for Ultra-narrow

EIA spectra

In our studies the ultra-narrow EIA spectra is studied with respect to power

dependences as well as polarization dependences.

As discussed earlier, that for observing the ultra-narrow EIA we are using
a single ECDL for both probe and pump beam. In such a way that pump
beam can double-pass through the two AOMs so that scanning of pump
should be possible. The experimental setup, used for the dependence of ultra-
narrow EIA on power is shown in Fig. 6.2.

An ECDL of wavelength 780 nm was used for producing the pump and
probe beams. The beam coming out from ECDL was vertically polarized
laser beam, after passing through the optical insulator (OI), it first divided by
window (W1) into probe (reflected) and pump (transmitted) beams. After
window (W1), the reflected probe beam further divided equally into two
beams by beam splitter (BS). The transmitted beam from the BS was used as

a probe beam for ultra-narrow EIA experiment while the reflected beam used
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for saturation absorption signals. With the help of SAS signals and lock-in

amplifier probe beam locked on the transition F, =3 —F, =4 of %Rb D,

line. Onward, the probe beam for the ultra-narrow EIA experiment was
expanded to the size of 3.5 mm with the help of beam expander (BE). The
polarization probe laser beam was made perfectly vertical just before first
common beam splitter (BS) using a half wave plate.

The scanning of pump laser frequency is achieved by using two acousto-
optic modulators (AOM). The transmitted beam from window W1 (pump

beam) which had vertical polarization with optical frequency of @, fall on

polarized beamsplitter (PBS) and then reflected 90°. At this point, the
vertically polarized pump beam passed through AOM1. AOM1 adjusted in
such a way that the pump beam achieved Bragg’s angle. With very
sophisticated alignment of AOMI1 we get zero and first order of the laser
beam and in our experiment we only used 1*" order, therefore, we blocked
zeroth order of light. To change the polarization state of the first order up-
shifted pump beam from vertical polarization, this beam passed through
quarter wave plate and focused on mirror. The reflected beam traced back to
the original path passing through all optics and then into AOMI1. As the beam
had passed through AOMI1 twice which results the beam frequency up-

shifted to (@, + 2@, ), where e, is the central frequency of AOMI.After the

double-pass of pump beam from AOMI, the polarization of pump beam had
changed from vertical to horizontal polarization because the beam also

passed twice through quarter wave plate. Horizontally polarized pump beam

can transmit through the PBS. And this up-shifted (@, + 2@, ) pump beam was

sent into AOM2 with central frequency w, for double pass down shift in

frequency (for down shifted frequency we took opposite of up shifted 1%
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order) which results as (@, + 20, — 2@, ).
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OI= Optical Insulator

BS= Beam Splitter

PBS= Polarize Beam Splitter
M= Mirror

QWP= Quarter Waveplate
HWP= Half Waveplate
AP= Aperture

NDF= Neutral Density filter
PD= Photo Diode

W= Window

BE= Beam Expander

Fig. 6.2 Experimental arrangement for observing ultra-narrow EIA by using single
ECDL for probe and pump beam.
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As shown in Fig. 6.2 the pump beam passed through quarter wave plate
twice, therefore, the polarization of this beam changed from horizontal to
vertical just before PBS. The pump beam then reflected by PBS. A separate
beam expander was used to expand the pump lasers beam equal to 4mm in
diameter. Similar to probe beam, the polarization of pump beam was made
perfectly vertical before first common beam splitter (BS) by using a half
wave plate.

The experimental arrangement can be used for different configurations of

polarization of probe and pump lasers beams. For instance, the linear-parallel

polarization configuration (7z||7r,7rJ_7z) or same-circular polarization

(a+ —-o',0° —a‘)conﬁguration have been used. In our setup, both probe

and pump beams were vertically polarized and to make sure this polarization
we were using half wave plates for both beams, which were double checked
by using polarimeter. With these two half wave plates we can easily achieve
both case of linear-parallel polarization. Furthermore, by the addition of two
more quarter wave plates with optics axis angle & = 45 with respect to y-axis

were placed just before the BS which prepared the same-circular polarization
configuration (o‘+ —-o",0° —0*) of probe and pump lasers beams. Both
beams mixed at BS and well overlapped in the vapor cell but at long distance
these two beams separated apart. The pump beam was blocked while the

probe beam focused on photodiode.

Likewise, this arrangement can also be used for case linear-perpendicular

polarization configuration (7Z'J_72') and circular-orthogonal polarization

conﬁguration(a+ -0 ,0 -0 ) of probe and pump laser beams. For linear-

perpendicular configuration removed the quarter wave plates before the

common BS and change the optical axis of one half wave plate so that
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polarization changed from vertical to horizontal. Therefore, one beam
vertical polarized while the other was horizontally polarized. If we placed

quarter wave plates on the path of probe and pump beams before the
common BS then we can achieve the circular-orthogonal (o-+ -0 ,0° —o-+)
configuration.

A ramping voltage of 125 V,, (peak to peak) allows the pump beam to
detune in the range of 5 MHz. The intensities of both beams were controlled
by two separate neutral density filters (NDF). Maximum power of control
beam which is used in this experiment was 1mW while the power of probe

beam used here between 10 and 20 uW.
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6.3. Power dependence of spectral features

of ultra-narrow EIA

Power dependences of the same and orthogonal polarization cases of pump
and probe lasers are described well in previous works. [32, 45, 46] Here we

have summaries of works in the following cases.

Add new reference

Linear-parallel polarization (r |z ) configuration
Linear-perpendicular polarization (7 L 7) configuration

Circular-perpendicular polarization (a+ -0 ) configuration

6.3.1. Linear-parallel polarization (z|r)

configuration

For observing the power dependences of EIA we first observe spectra for
the case of linear- parallel polarization(ﬂ”n) case. Fig 6.3 shows the spectra
of a given case in which vertical axis represents the probe absorption in
arbitrary unit and horizontal axis show the pump detuning in MHz and the
width of spectrum in Fig. 6.3 is 5 MHz. Above high power of pump beam at
800 uW, no EIA is observed and with the decrease power of pump beam the
EIA peak gets noticeable. At 200 ¢ W the linewidth of the ultra-narrow EIA

spectrum is ~270 kHz much narrower than the 6 MHz linewidth of upper

state level.
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Fig. 6.3 Experimentally observed EIA power dependence spectra for the case of linear-
parallel polarization configuration of probe and pump laser beams.

6.3.2. Linear-perpendicular polarization

(7 L z)configuration

For the linear perpendicular polarization condition we arrange the
experiment in which probe beam has horizontal polarization while pump
beam has vertical polarization. Probe power is fixed at 30 u W. In theoretical
calculations the power of probe keep very small like less than 10 u W but
experimentally at such low power of probe beam no absorption peaks
observed, and this is due to the laboratory environmental conditions. The
experimental observation of EIA shows that with increase in power of pump

beam which directly related to the Rabi frequency of the pump beam there is

-63 -

Collection @ chosun



an increase in the size of peak.

The spectra are not split into two parts with the increased power of pump
beam because theoretically it is expected that the spectra split at high power.
More pump power with Rabi frequency of pump laser (typically above 2
mW power) is required to observe those. Our present maximum power is
around ~750 uW so that we could not observe those effects. For this

experiment the beam size of both probe and pump beam is 4 mm.

Probe : H

. Pump Power :
03 Pump: V' probe Power : 30 uw g

50 uW

100 pW
0.2 4

200 pW
0.1 4

<(

300 pW

s 450 pW

o 600 nW

750 W
-0.2 4

Probe Absorption (Arb Unit)

T z T ¥ T
0 1

Pump Detuning (MHz)

'
o
o -

Fig. 6.4 EIA power dependence spectra in the case of linear-perpendicular polarization
configuration of probe and pump beams with respect to the change of pump powers.

6.3.3. Orthogonal-circular polarization
(6 —o") configuration

Polarization of probe beam has right circular and polarization of pump

beam has left circular with probe beam power fixed at 30 uW while
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observations were taken at different powers of pump beam. The beam size of
each beam is 4 mm. The trend of increasing peak height with increasing
power of pump beam is opposite to that in the case of linear-parallel

polarization configuration.

Probe : 6°* Probe Power : 30 pW Pump Power :
Pump : o 60 uW
0.6

8 120 uW
j:i 180 uW
=
£ 250 W
£
5}
2 300 uW
<
2 330 W
=
~

-0.3 ¥ T J T Y T
0 1
Pump detuning (MHz)

'
L3S
o~

Fig. 6.5 EIA power dependence spectra in the case of circular-orthogonal polarization
configuration of probe and pump beams with respect to the changes of pump powers.

6.4. Polarization dependence of spectral

features of ultra-narrow EIA

In this section EIA spectra with respect to various polarizations of pump
beams are studied in the following linear and circular cases of fixed

polarizations of probe beams.
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6.4.1. Linear polarization case

In linear polarization case, we remove the quarter wave plates before the

common BS in Fig. 6.2. And with the help of half wave plates we make the

eccentricity of probe and pump beam maximum i.e., (7z lrz—>H-V ) . And

every observation is taken by changing the optical axis of half wave plate by

& =15 until polarization become parallel.

0.4
Probe : H Pump :
Probe Power: 15 pW

Pump Power: 450 uW

0.2

0.0 4

Probe Absorption [Arb. Unit]

-0.2 4

T T T ' T 2 T T T
2 -1 0 1 2

Pump Detunning (MHz)

Fig. 6.6 EIA polarization dependence spectra in the case linear polarization of probe
and pump beams with respect to the changes of pump polarization.

Fig. 6.7 shows the polarization dependence of EIA for the case of linear
polarization configuration of probe and pump beam. As similar to all other
observation, the y-axis has probe absorption with arbitrary units and also the
x-axis has pump detuning in MHz from —2.5 MHz to 2.5 MHz which makes
the spectrum of 5 MHz. And because of 5 MHz of spectrum we applied
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125V, ramping voltage to pump beam so that it detune from —2.5MHz to

2.5 MHz. The beam size of each beam is 4mm before the common BS where
the mixed. Power of each beam is fixed i.e., probe power fixed at 15 u W and
pump power at 450 u W.

The probe beam is fixed and locked to transition between

F, =3— F, =4of thermal ®Rb atoms while pump beam is scanning. From

observation it is observed that the EIA peak is smaller when eccentricity
between the beams is less. And when the eccentricity between the probe and

pump beam maximum means when both beams have perpendicular

polarization (H —V). And it depends upon the transitional strength and

optical pumping effect, these two parameters gets maximum effect on the
EIA peak when polarization become perpendicular because both the beams
were not sharing the same magnetic sublevels. The linewidth of EIA peak at
vertical polarization of pump beam is ~300 kHz which is narrower than the 6

MHz.

6.4.2. Circular polarization case

For the case of circular polarization dependence on EIA spectra, we placed
the two quarter wave plates in front of common BS in such a way that both
the probe and pump beams are orthogonally polarized. And each observation
is made by changing the eccentricity ¢ =+15 of pump beam and probe beam
polarization is fixed on right circular polarization.

Fig. 6.8 shows the EIA spectra with respect to variations of polarizations
of pump beam with fixed right circular polarization of the probe beam. The

power of probe and pump beams are 15 u W and 300 u W, respectively. The
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beam sizes of both beams are 4 mm.

0.10 5 &
] Probe: ¢

Probe Power : 15 pW
Pump Power : 300 uW

€=C

=30

e=15
e=0

e=-15

-0.25 e=-30

Probe Transmission [Arb. Unit]

-0.30 €=G

b I ¥ I ) I £ 1
2 -1 0 1 2
Pump detuning (MHz)

Fig. 6.7 EIA polarization dependent spectra in the case of right circular polarization of
probe beam with respect to the changes of pump polarizations.

Our experimental spectra show a similar behavior like in theoretical
calculation in Fig. 6.8. Although the two beams have same polarizations, an
EIA spectrum is observed as shown in the theoretical calculation. Signal
sizes increase as polarization of pump beam varies from same polarization
(¢ = +45) as the probe beam to linear polarization (& = 0) of the pump beam
as shown in the theoretical calculation. And EIA signal is maximum when
the polarization of pump beam is linear (¢ = 0). Signal sizes decrease as
polarization of pump beam varies from linear polarization (¢ = 0) of the
pump beam to orthogonal polarization (& = -45) as shown in the theoretical
calculation. In theoretical observation EIA peak get split into two after £ =0
until both beams are orthogonally polarized. But in experimental observation

the splittings are not resolved although line broadenings of the EIA signals,
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which may be due to weak split features of the spectral lines.

-2.0 5
control: 250 pW
probe: 5 pW =45
= 254 £=3
)
Na)
z . . e=15_
'5 A
2 =0
= -3.0
8 D
-2 ge=-15
[P]
S
g e=-30
-3.5 4
e=-45
' I ' I ' | ! |
-2 -1 0 1 2

Pump Detuning (MHz)

Fig. 6.8 Theoretical calculation of EIA spectra with respect to polarization dependence
in the case of fixed circular polarization of probe and the changes of pump
polarizations.

Fig. 6.8 shows the theoretical calculations for the ultra-narrow EIA when
probe beam has right-circular polarization (¢ = +45) and initial pump beam
has left circular polarization (¢ = -45), where the polarizations are varied.
Both probe and pump beams have fixed power i.e., 5 ¢ W and 250 u W. Each
observation was done every the eccentricity of 15 till both beams achieved
same polarization. The vertical axis represents the probe absorption with
arbitrary units and the horizontal axis represents the pump detuning in MHz
in the ranges from -2 MHz to 2 MHz (total of 4 MHz).

When the eccentricity between the pump and probe was 0, maximum
EIA signal is obtained theoretically. Interesting features are split ultra-narrow

EIA signals near & =—-45. When both pump and probe beams have same
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polarization ¢ =+45, the smallest EIA signal is obtained as expected.

According to theoretical calculation largest EIA signal is at the linear
polarization case of the pump laser where the polarization is composed of

both ¢ =—45 and ¢ =+45.
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7.Conclusion and outlook

7.1. Conclusions

We performed experiments for the transition F; =3 — F, =4of ®Rb in

D, transition line (583/2 —>5P3/2) for arbitrary power and polarization

dependences. To escape phase noise between two independent pump and
probe lasers, one homemade laser system combined with AOMs is used to
get those results. In power dependence of ultra-narrow EIA, for the same
polarization cases the absorption peak become smaller as power increases.
When the eccentricity between the pump and probe was 0, maximum EIA
signal is obtained theoretically and experimentally. Although both pump and
probe beams have same polarization &£ =+45, the smallest EIA signal is
obtained as expected theoretically. According to theoretical calculation
largest EIA signal is at the linear polarization case of the pump laser as EIA
signal in the case of circular polarization in the experiment. These trends
should be investigated in cold atom experiments in the future, which may

different trends due to cold atom instead of thermal atom.

1.2. Outlook

Signal to noise ratio of the observed EIA spectral features should be
enhanced to investigate physical origins of EIA signals depending on the
variations of pump polarizations in the near future. After these clarifications,
next step is to work on magneto optical trap (MOT) for rubidium atom and
explore all the features of ultra-narrow EIA for cold atom experimentally.

Our group is planning to produce a stable cycling MOT as well as non-
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cycling MOT whose features are not clearly understood previously for both

isotopes of rubidium atom.
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Appendix A

This appendix provides a brief review of the fine and hyperfine structures of
D, line of the °Rb and *'Rb atoms.

Rubidium is in IA alkali metal group in the periodic table with ground
state electronic configuration of ]sz, 2s2, 2p6, 332, 3p6, 432, 3d’ 0, 4p6, 5s’. The
next higher energy configuration has the 5s valence electron promoted to a

5p orbital with no orbital change of the remaining 36 electrons. This means
that the L (sum of |,) and S (sum of s; ) for all 36 electrons in the filled orbitals

is zero and only a valence electron contributes their values for the ground

state and excited state.

Fine structure: In rubidium atom only one electron is a valence

electron so that orbital angular momentum and spin due to the valence

electron are

0

L
S=75

Thus the only possible value for total angular momentum J = L + §'is

=Y (A1)

S+1)

Therefore the ground state term symbol (2 L, can be described as® Sys-

But for the case of excited state, a valence electron is in 5p orbital then,
L=1

Then two different values of J = L + § from the following formula are

possible.
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J=[L-§| to |[L+S]
J =‘1—%‘ andJ=‘1+%‘
J =‘ %‘ and J =‘%‘ (A2)

Thus term symbol of the excited state **™

L, has two different forms with
2 P and? P,,. Such fine structure of the ground and first excited states can

be picturized in Fig. Al.

A\ energy
7 Py, A
Sp . 780.0nm
2P1,-2 N =
794.8nm
3s vV
S12

Fig. Al: Fine structure of the ground and first excited states for both
*Rb and *’Rb atoms.
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Hyperfine structures of rubidium

Although *Rb and *’Rb atoms have same fine structures, hyperfine
structures have different structures due to different nuclear spins of those

atoms. The range of F' values is
[1=J[<F<|1+]].

(a)**Rb atom

Nuclear spin / of *Rb is | = % From equation (A1) for ground state,

5°S,, > =1
Then, ground state hyperfine quantum number (F) is
i 54 e
F=2toF =3.

For excited state equation (A2)
5°R, > J =93]
Then, excited state hyperfine (F’)
F=|%-%| 0 |%+Y
F'=2toF'=3

Similarly, for excited state equation (A2)

2
5°P,, >3 =93]

Then, excited state hyperfine (F”)

P32 %5+ %
F'=1toF'=3
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Such hyperfine structure of the ground and first excited states can be

picturized in Fig. A2.

A energy

F'=3
F'=2
F'=1

2P3,~“.‘ AN
F'=0

Sp 780.0nm
F'=2
P C F'=1

794.8nm

e vV s
2812 F=

SSRb

Fig. A2. Hyperfine structure of the ground and first excited states of the *’Rb

atom.

(b)*Rb Calculation

Similarly we can describe hyperfine structure of Rb atom. Hyperfine

quantum number F is

[1=J|<F<|l+]|
Because nuclear spin 7 for *’Rb is| = % From equation (A1) for ground
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state,

5°S,, >3 =1

Then, ground state hyperfine (£) has
-11/_3 3
F=|)o-H ol Y
F=1toF=2.
For excited state equation (A2)

2
5B, >J=1)
Then, excited state hyperfine (£”)
v 3 3
F=lp-H e[}
F'=1toF'=2
Similarly, for excited state equation (A2)
5°P, > =3
Then, excited state hyperfine (F’)
|13/ _3 3/ 43
(3530 50
F'=0toF'=3
Such hyperfine structure of the ground and first excited states can be

picturized in Fig. A2.

-83 -

Collection @ chosun



A energy

F'=3
F'=2
F'=1
2P3.'“2 N
F'=0
Sp 780.0nm
F'=2
P —C F'=1
794.8nm
35 VvV F=
812 =1
87Rb

Fig. A3: Energy diagram of hyperfine structure of the *’Rb atom.
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Appendix B

Equation (3.27) implies that
6, = "'Q, —iK;o;

In this appendix we solve the first equation in which i=j=e, then,

dee = eiiKEEtQﬁ‘e - iKeeGee (Bl)
From equation (3.28),
K, =0
Therefore,
d-ee = Qee (B2)

The formula for Q,, is obtained from equation (3.30),

Qee :_é[HA+H1+ H21p]+(p)sp

I .
Qe =_%{(HA+ H, + HZ)p_p(HA+ H, + Hz)}+(p)sp
Substituting the value of ( ,[))Sp from table 3.1, we have
i
Qe :_g{(HA-'_ H,+ Hz)p_p(HA"' H,+ Hz)}_Vpee

.. _ Kt _
. pee - Geee © = Gee (1) - Gee

Q. =—%{(HA+ H,+H,)p—p(Ha+H,+H,) —y0,  (B3)

In the case of ladder configuration, H; is equal to zero because we know that
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there is no connection between|e> and| g> from Fig. (3.3).

Thus equation (B3) can be written as,
i
Qee =_%{(HA+H )p p(H +H )} VO

Substituting the values of H, and H, from equation (3.23), we have the

followings;

| [ + ) e} ele) el +ha |r) ele) e
20 ) re) o]+ he r) ele) e
[ rewleleel o)

Ty 1 —iant it _}/O-ee
h +2th “|e)(ele)(r |+ nQ,e |e)(e|r)(e|

. (eley=1

Qee = _%{h(a)lo +a)20)pee +0+0+%hQ2eiw2tper}

1 .
_%{h(a’m + a)ZO)IOee +0+O+EhQ2eW2tpre}_7/Gee

. Ia)zt
per = O

pre = O
Qee =—)O0g +l2(o-er _Gre)

Substituting value in equation (B2), finally we have the following relation.

. i
Og =)0 +E(Ger _Gre)
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