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Abstract

Interaction between atoms and coherent monochromatic light has attracted much attention in
recent decades. The coherence between atomic states has resulted in many counterintuitive but
interesting observations. The rendering of opaque medium transparent under the condition of
electromagnetically induced transparency (EIT) and enhanced absorption within a narrow range
of frequency under the condition of electromagnetically induced absorption (EIA) has found
many applications in developing quantum optical techniques. This thesis presents experimental
results of laser interaction with rubidium(Rb) atomic vapour which leads to velocity selective
optical pumping (VSOP), EIT and EIA. Further, EIT and EIA have been examined in presence
of an external magnetic field.

First, we discuss VSOP to understand enhanced absorption caused by selective pumping of
atomic population. We further discuss experimental results obtained for the probe field locked
at different possible transitions. Lastly, the results for different pump intensities have been dis-
cussed.

Secondly, we discuss in detail the phenomenon of EIT. In presence of a transverse magnetic field,
a single EIT peak splits into four. The separation between each peak depends on the strength of
the magnetic field. For a higher magnetic field, asymmetry in the EIT spectrum is observed. The
asymmetry observed is found to be caused by the presence of nearby states interacting with the
system. The conversion from EIT to EIA can be controlled by a magnetic field. The longitudinal
magnetic field splits the EIT peak into three. No asymmetry is observed in this configuration.

In the last chapter of this thesis, we discuss EIA in presence of the magnetic field. EIA spectrum
changes in presence of a magnetic field due to the formation of multiple four-level N systems.
The separation between the consecutive peaks depends linearly on magnetic field strength. The
strength of the EIA peak reduces with decrease in the pump intensity.
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Chapter 1

Introduction and Outline

The term "light-matter interaction"[1] refers to the interactions between matter and light.

Classically, it refers to the study of the interaction between an oscillating light field and

charged particles. Classical theory is enough to understand the linear absorption, disper-

sion, and scattering processes. On the other hand, if the matter is treated as quantum

particles, the light can be viewed as a perturbation to the associated quantum states, which

can explain various non-linear optical processes (semi-classical theory) [2]. The studies

in the field of light-atom interaction propelled significantly after the invention of the laser

(a coherent source of light) [3, 4]. It has opened many aspects of understanding the na-

ture of atoms at the subatomic level [5]. In particular, the precision of spectroscopy has

increased exponentially. For example, alkali atoms like Rb with non-zero nuclear spin ex-

hibit hyperfine splitting of energy levels, which is masked under the Doppler width [6, 7].

With the invention of low-cost diode lasers in the infrared regime, a number of techniques

like saturated absorption spectroscopy and polarization spectroscopy have been developed

to unmask the Doppler broadening [8–10]. Alkali atoms like sodium [11], cesium [12],

rubidium[13] till date have remained system of interest to study atom-light interaction.

This is because their single valence electron simplifies the atomic structure, and the pres-

ence of a strong transition at an available low-cost diode laser wavelength makes them

interesting both experimentally and theoretically [14]. Because of this, progress in atomic

1



Chapter 1: Introduction and Outline 2

physics experiments involving alkali atoms has evolved from hot vapor[15] to ultra-cold

atoms [16]. The simplicity of atomic vapor experiments has again attracted the inter-

est of experimentalists in the area of atomic physics. The development of quantum tech-

nologies involving atomic vapor[17] in the fields of quantum computation [18], metrology

[19], magnetometry[20], quantum sensors[21] e.t.c., has increased many fold in the last few

decades.

The alkali atoms have been thoroughly investigated in two-level systems [22]. The results

obtained have been utilized to model complex atomic models in a two-level configuration

[23, 24]. The studies in this field have progressed past studying two-level systems as the

theory and experiments have advanced with time. When a field interacts with a quantum

system with more than two atomic energy levels, the coherence between two adjacent states

leads to counter-intuitive observations. In a simple three-level Λ system, under the condition

that adjacent transitions have an equal light-wave frequency detuning from the frequency

of the corresponding transition, dark states are formed[25]. In this situation, the excited

state is devoid of any population. All the population of the system is trapped in the coher-

ence formed by the lower states. This particular phenomenon is termed CPT[26]. When

a coherent electromagnetic field interacts with an atomic system, a distinct phase relation-

ship between them exists [27]. Unless disturbed by incoherent processes like spontaneous

decay and collisional dephasing, their phase is retained, which is known as the station-

ary state of the system. The system in a stationary state can be well described within the

framework of quantum mechanics. In this situation, superposition and interference play an

important role. The interplay of superposition and interference has been utilised to under-

stand the various experimentally observed phenomena in atomic vapour, such as coherent

population trapping (CPT) [26, 28, 29], lasing without inversion (LWI)[30–32],four-wave

mixing(FWM) [33–35], electromagnetically induced transparency (EIT)[36–38] and elec-

tromagnetically induced absorption (EIA)[39–42]. Out of these various phenomena, EIT

and EIA are studied widely since these processes can be realized with very low laser powers

at room temperature, these two processes remain an interesting topic of research for their

high tunability and dependence on various controllable external parameters, especially the
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magnetic field, which is the main objective of this thesis. These studies have potential appli-

cations in optical switching [43] and quantum magnetometry[20]. The basics of light-atom

interactions in two level systems and three level systems have been elaborately discussed in

detail in the following subsection 1.1.1 of section 1.1 and subsection 1.1.2 of section 1.1.

1.1 Interaction of laser field with 87Rb

The simplest configuration for atomic interaction with the electromagnetic field is a two-level

system. Even other atomic configurations with multiple states involved can be considered to con-

sist of more than one two-level systems interfering with each other. Three level system consists

of two two-level systems with one of the states common to both. Therefore, it is the basic unit

of multi-level configurations. We consider the semi-classical theory to explain the observation.

The atomic medium is considered a quantum system and the electromagnetic light is assumed to

be classical. In subsections 1.1.1 and 1.1.2 we have discussed theoretically how electromagnetic

field interacts with the two-level and three-level atomic system respectively.

1.1.1 Two-Level System

To investigate theoretically, how electromagnetic field interacts with two-level system, we con-

sider a monochromatic electromagnetic field propagating in the z-direction interacting with an

ensemble of two-level atoms as shown in figure 1.1.

The electric field vector is given by,

E⃗ = E⃗0cos(ωt− kz) (1.1)

where, k = 2π
λ

is the wave vector.

For all practical purposes, the effective radius of an atom can be taken to be very small

as compared to the wavelength of the electromagnetic field i.e., λ >> z. This is the dipole
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FIGURE 1.1: Electromagnetic field with incident frequency ω interacting with a two-level atomic system.
∆ is the detuning of the field from the atomic resonance.

approximation in which the spatial variation of the field can be neglected (kz << 1). There-

fore,

E⃗ = E⃗0cos(ωt) (1.2)

where, ω is the frequency of the laser light.

The total Hamiltonian for the system is given by,

HT = H0 +HI (1.3)

where, H0 is the bare atom Hamiltonian and HI is the interaction Hamiltonian.

We have,

H0 =

ℏω1 0

0 ℏω2


and,

HI = −qE⃗.r̂ (1.4)

This form is classically equivalent to the interaction energy of an electric dipole kept in an
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external electric field. Under the assumption that dipole is aligned with the field, HI can be

written as,

HI = −pE (1.5)

In semi-classical theory the electric dipole moment needs to be treated as an operator.

Hence, p (= qr̂) in the above expression is the electric dipole moment operator having

matrix elements pmn = ⟨n|p|m⟩.

The interaction Hamiltonian in the matrix form is given by,

HI = −E

 0 p12

p21 0


To understand in detail the interaction of the field with the electric dipole, transformation

to the interaction picture is needed which is achieved by using a unitary matrix given by,

U(t) = e
iH0t
h =

eiω1t 0

0 eiω2t



In the interaction picture HI transforms to UHIU
† i.e.,

−E

 0 p12

p21 0

→ −E
 0 p12e

−i(ω2−ω1)t

p21e
i(ω2−ω1)t 0


also, the electric field can be written as,

E =
E0

2
(eiωt + e−iωt) (1.6)
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which gives,

UHIU
† = −E0

 0 p12
2
(e−i(ω21−ω)t + e−i(ω21+ω)t)

p21
2
(ei(ω21−ω)t + ei(ω21+ω)t) 0


Two different frequencies of the system ω21 − ω and ω21 + ω appears in the interaction

Hamiltonian. At this point an important approximation known as rotating wave approxi-

mation (RWA) is used where the quickly varying phase term (ω21 + ω)t can be dropped. As

per RWA, since the frequency term ω21 + ω is much larger than the relevant energy scales

of the system it is often neglected in equations of motion. After applying the RWA and

transforming back (U †(UHIU
†)U ) to the Schrodinger’s picture, the Hamiltonian is given

by,

HT = ℏ

 ω1 −Ω
2
ei(ωt+ϕ)

−Ω
2
e−i(ωt+ϕ) ω2


where, ϕ is the phase of the dipole which is defined as, p12 = p∗21 = |p12|eiϕ and Ω =

|p12|E0

ℏ is the the Rabi frequency. Further simplification of the Hamiltonian can be done by

identifying a time and phase independent basis (co-rotating frame). It is achieved by using

the unitary matrix,

Ut =

e−i(ωt+ϕ) 0

0 1


and as a result, the Hamiltonian in a time and phase independent basis is given by[44]

H̄ = iℏ
∂Ut

∂t
U †
t + UtHTU

†
t (1.7)
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which in the matrix form can be written as,

H̄ =

ω1 + ω −Ω
2

−Ω
2

ω2



Finally, by re-scaling the energy by subtracting (ω1 + ω) I we have,

H =

 0 −Ω
2

−Ω
2

∆


where, ∆ = ω21 − ω is defined as the detuning of the laser from the resonant transition

|1⟩ → |2⟩.

For the dynamics of an ensemble of two level atoms in density matrix formulation[25] the

following master equation is used,

ρ̇ = − i

ℏ
[H, ρ] + Λρ (1.8)

where,

Λρ =

 γρ22 −γ
2
ρ12

−γ
2
ρ21 −γρ22


is the matrix introducing the effect of phenomenological decay terms such as spontaneous decay

(γ). The equations of motion for the density matrix elements are,

˙ρ11 = −i
Ω

2
(ρ12 − ρ21) + γρ22 (1.9)

˙ρ22 = −i
Ω

2
(ρ21 − ρ12)− γρ22 (1.10)

˙ρ12 = −i
Ω

2
(ρ22 − ρ11)− (

γ

2
− i∆)ρ12 (1.11)

˙ρ21 = i
Ω

2
(ρ22 − ρ11)− (

γ

2
+ i∆)ρ21 (1.12)
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The solution of the equations (ρ11 and ρ22) gives the time evolution of the probability of the atom

being in state |1⟩ and |2⟩ respectively. Figure 1.2 (a) shows the numerical result for the case when

there is no decay (γ=0). As seen from the figure the occupancy probability undergoes continuous

oscillation with a frequency of Ω (Rabi oscillations) for ∆ = 0. The presence of finite detuning

(∆ = 0.35Ω) results in the decrease of the amplitude of the occupancy probability as seen from

figure 1.2 (b).

FIGURE 1.2: Time evolution of the probability.γ = 0 Ω = 1.2 MHz. (a).∆ = 0 (b). ∆ = 0.35
Ω.

The time evolution of the occupancy probability incorporating the effect of the spontaneous decay

is shown in figure 1.3. Figure 1.3 (a) is for the case when the laser is at the resonance(∆ = 0),

unlike the case of no decay (figure 1.2), here the occupancy probability reaches a stationary value

of 0.5. This suggests that the population will be equally distributed among the ground and

excited state. In presence of finite detuning (∆ = 0.35Ω), the occupancy probability of both

states becomes unequal as shown in figure 1.3(b). In general, as the value of the detuning

is increased the probability of finding the atoms in excited state becomes smaller and hence

more number of atoms settles in the ground state.
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FIGURE 1.3: Time evolution of the probability.γ = 0.2MHz Ω = 1.2 MHz. (a).∆ = 0 (b).
∆ = 0.35 Ω.

1.1.2 Three-Level System

The three-level system has a special reputation in studies related to light-matter interaction. This

is because under certain circumstances it has the ability to exhibit counter-intuitive results. One

such phenomenon is the inability of the atomic ensemble to interact with the electromagnetic

field at a specific frequency. This happens because of the trapping of the population in the super-

position states called the dark state. The dark state leads to the transmission of a weak field on

resonance in presence of a strong one [38]. The reason for such altered optical behavior of

an atomic medium is due to the induced coherence of atomic states. This coherence results

in a quantum interference between the various excitation pathways of an electron between

the energy states. Each of these paths can interfere with each other, leading to changes in

the probability of the field either being absorbed or transmitted. Orthogonal to the dark

state, one can define a bright state which is related to the absorption of the field [45]. The

presence of such sub-Doppler phenomena effects the propagation of light in atomic medium

(by inducing sudden change in the refractive index) as discussed further in this chapter (see

equation 1.38 and 1.39). As a result, the group velocity of propagating electromagnetic field

changes resulting into subluminal (slow) and superluminal (fast) propagation of light in an

atomic medium [46–48]. The propagation of light can be slowed down to an extent that it
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can be completely stopped [49, 50]. The complete stoppage of light in EIT medium has been

utilized to realize optical quantum memory where photon is a source of qubit [51].

FIGURE 1.4: 87Rb D2 transition hyperfine structure.

To obtain a pure dark state in three level system, the frequency detuning between adjacent tran-

sitions is equal i.e. the two-photon detuning is zero. In this condition, the probability of finding

an atom in the upper state is ideally zero. The first reported phenomenon of this type is CPT.

Subsequently, EIT was predicted and reported [37, 52]. Since then extensive study has been car-

ried out on the applications and optimization of EIT. The possible three-level configurations are

shown in figure 1.5. The first ever EIT was reported by SE Harris et al. in the strontium vapor

using a three-level Λ configuration. This configuration consists of two dipole forbidden ground

states |1⟩ and |2⟩ coupled to an excited state |3⟩. The excited state |3⟩ is coupled to ground state

|1⟩ by probe field with Rabi frequency Ωp and |2⟩ by pump field Ωc. The pump field is higher

in intensity than the probe. Later on, when the study on EIT was extended, it was also observed

in V (Vee) and Ladder system. V configuration consists of two dipole-forbidden excited states

and a ground state coupled by pump and probe field shown in figure 1.5(b). Ladder configura-

tion consists of a ground state coupled to an excited state through an intermediate state as shown
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in figure 1.5(c). In the Ladder system, the ground state |1⟩ and the excited state |3⟩ are dipole

forbidden.

FIGURE 1.5: Three Level Schemes (a) Λ Scheme, (b) V Scheme and (c) Ladder Scheme.

Results discussed in the subsequent chapters of this thesis are observed using a three-level Λ

configuration consisting of ground and excited hyperfine states of 87Rb D2 line as shown in

figure 1.4. In presence of a magnetic field, however, multiple Λ configurations come into play

involving Zeeman sublevels. Our study is entirely based on the findings in presence of a magnetic

field. In the following subsections, we discuss the basic theory of how a coherent light source

interacts with the three-level Λ system.

Hamiltonian of the three-level Λ system

Similar to the two-level system, the interaction between atoms and laser field in an atomic

medium is described by total Hamiltonian,

HT = H0 +HI (1.13)

where, H0 is the bare state and HI represents interaction Hamiltonian. Using the aforemen-

tioned Dipole approximation, the the total field is represented by,

−→
E =

−→
E p

2
(e−iωpt + eiωpt) +

−→
E c

2
(e−iωct + eiωct) (1.14)
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where, {|
−→
Ep|,|
−→
Ec|} are the amplitude and { ωp, ωc} are the frequency of the probe and pump

beam respectively. The interaction Hamiltonian is given by,

HI = −d̂E(t) (1.15)

where, d̂ is the dipole operator whose matrix elements are defined as,

dij = ⟨i|d̂|j⟩ i, j ∈ {1, 2, 3}

Since for the Λ system the dipole transition between the ground states is forbidden we have,

d12 = d21 = 0.

With the application of RWA and defining the Rabi frequencies Ωp and Ωc as,

Ωp =
E0|d13|

ℏ
, Ωc =

E0|d23|
ℏ

(1.16)

the total Hamiltonian of the system can be rewritten in the matrix form as,

HT =


ℏω1 0 −ℏΩp

2
ei(ωpt+ϕp)

0 ℏω2 −ℏΩc

2
ei(ωct+ϕc)

−ℏΩp

2
e−i(ωpt+ϕp) −ℏΩc

2
e−i(ωct+ϕc) ℏω3

 (1.17)

ϕp and ϕc are the phases of the dipoles defined as,

d13 = d∗31 = |d13|eiϕp

d23 = d∗32 = |d23|eiϕc
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To eliminate the time and phase dependence, unitary matrix of the following form can be

used,

Ut =


e−i(ωpt+ϕp) 0 0

0 e−i(ωct+ϕc) 0

0 0 1

 (1.18)

Therefore, the final transformed Hamiltonian in the co-rotating frame (equation 1.7) is

given by,

H = ℏ


0 0 −Ωp

2

0 ∆p −∆c −Ωc

2

−Ωp

2
−Ωc

2
∆p

 (1.19)

where, ∆p = ω13 − ωp and ∆c = ω23 − ωc are the probe and the pump detuning respectively.

EIT dynamics

Interaction of an atomic ensemble with the laser field leads to distribution of population, absorp-

tion of laser field, and dispersion. These phenomena can be described well by density matrix

formalism involving density matrix in the interaction picture which is given by the following

equation,
.
ρ = − i

ℏ
[H, ρ]− 1

2
{Γ, ρ} (1.20)

where, Γ in terms of decay rate γ is defined by

⟨n|Γ|m⟩ = γnδnm

For Λ system γ1 can be taken zero assuming that the ground state |1⟩ is decay free. γ3

incorporates the spontaneous decay out of the excited state |3⟩ and γ2 is used to add the

effects of collisional decay in the system. From equations 1.19 and 1.20, we obtain coupled
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differential equations also known as Optical Bloch equations:

.
ρ11 = −iΩp

2
(ρ13 − ρ31) (1.21)

.
ρ22 = −iΩc

2
(ρ23 − ρ32)− γ2ρ22 (1.22)

.
ρ33 = i

Ωp

2
(ρ13 − ρ31)− i

Ωc

2
ρ32 − γ3ρ33 (1.23)

.
ρ
∗
31 =

.
ρ13 = −iΩp

2
(ρ11 − ρ33)− i

Ωc

2
ρ12 − (γ13 − i∆p)ρ13 (1.24)

.
ρ
∗
32 =

.
ρ23 = −iΩc

2
(ρ22 − ρ33)− i

Ωp

2
ρ21 − (γ23 − i∆c)ρ23 (1.25)

.
ρ
∗
21 =

.
ρ12 = i

Ωp

2
ρ32 − i

Ωc

2
ρ13 − (γ12 − i(∆p −∆c))ρ12 (1.26)

where, γij=
γi+γj

2
is the decay rate for the off-diagonal terms and the ∗’s denote the complex

conjugates. ρ11, ρ22 and ρ33 are the diagonal matrix elements which gives the population of

states |1⟩, |2⟩ and |3⟩ respectively. The off-diagonal elements ρ13, ρ23 and ρ12 are related to

the coherence among the states. In the regime where the probe beam is weak (Ωp << Ωc),

following assumptions can be made to further simplify the equations

ρ11 ≈ 1 (1.27)

ρ22 = ρ33 ≈ 0

Finally, neglecting the terms which are proportional to Ω2
p (weak probe) the equations can

be reduced to,

.
ρ
∗
31 =

.
ρ13 = −iΩp

2
− i

Ωc

2
ρ12 − (γ13 − i∆p)ρ13 (1.28)

.
ρ
∗
21 =

.
ρ12 = −iΩc

2
ρ13 − (γ12 − i(∆p −∆c))ρ12 (1.29)

By solving these equations for ρ13 in the steady state case ( .
ρ12 = 0 =

.
ρ13) we have,

ρ13 =
2Ωp(∆p −∆c − iγ12)

[Ω2
c − 4(γ13 − i∆p)(γ12 − i(∆p −∆c))]

(1.30)
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This off-diagonal element ρ13 is used to calculate the susceptibility of the medium as discussed

in next section.

Absorption and Dispersion

Comparison between the polarization ′P ′ and the susceptibility ′χ′ of the medium leads to relation

between absorption and dispersion of the medium with the density matrix element. Maxwell

defined displacement vector as,

D = ϵoE + P (1.31)

But for a linear medium of permittivity ϵ,

D = ϵE (1.32)

Comparison of equation 1.31 and 1.32 gives,

P = (ϵ− ϵo)E (1.33)

Susceptibility of the medium is defined as,

χ =
ϵ

ϵo
− 1 (1.34)

From equations 1.33 and 1.34,

P = ϵoχE =
ϵoEp

2
χ(ωp)(e

−iωpt + eiωpt) +
ϵoEc

2
χ(ωc)(e

−iωct + eiωct) (1.35)

Also the polarization of the atomic ensemble with number density ′N ′ is the net dipole moment

per unit volume which is given by,

P = N⟨d̂⟩ = N Tr(ρ′d̂)
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P = N(d31ρ13e
i(ωpt+ϕp) + d32ρ23e

i(ωct+ϕc) + d13ρ31e
−i(ωpt+ϕp) + d23ρ32e

−i(ωct+ϕc)) (1.36)

The trace is taken over ρ′ → U †
t ρUt where the system is transformed back from the co-

rotating frame. Comparing equations 1.35 and 1.36 expression for susceptibility in terms

of density matrix element ρ13 is given by,

χ(ωp) =
2N |d13|2

ϵ0Ωpℏ
ρ13 (1.37)

The final expression for the complex susceptibility using equation 1.30 is,

χ(ωp) =
2N |d13|2

ϵ0Ωpℏ
2Ωp(∆p −∆c − iγ12)

[Ω2
c − 4(γ13 − i∆p)(γ12 − i(∆p −∆c))]

(1.38)

The imaginary part of χ gives absorption and the real part is associated with the dispersion

of the probe field. In presence of a pump, we observe a transmission of weak probe at two

photon resonance condition (δ = ∆p − ∆c = 0) as shown in figure 1.6(a). This transmis-

sion peak is called EIT. At that particular frequency, we observe a positive gradient of the

dispersion spectrum. Because of the positive linear dispersion of the refractive index, as

mentioned before EIT is associated with slowing down of the group velocity according to

the equation[38],

vg ≡
dωp

dkp

∣∣∣
δ=0

=
c

n+ ω ∂n
∂ωp

(1.39)

where, n =
√

1 +Re(χ) is the refractive index of the material and kp is the wave vector

of the probe beam. This important relation leads to the application of EIT in slow light. The

greater the positive gradient slower is the group velocity. EIT facilitates the slowing of light at

the transition frequency where otherwise the probe beam gets absorbed.

In this thesis we have experimentally studied EIT and EIA in 87Rb D2 line in presence of an

external magnetic field. EIT and EIA are observed depending on the number of states interacting

with the field in a given system. In presence of the magnetic field, the degeneracy of the hyperfine

state is lifted resulting in multiple subsystems. The interaction of the probe field depends upon
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FIGURE 1.6: (a) Transmission as a function of pump detuning; (b) Real part of susceptibility χ
versus pump detuning. Equation 1.38 is solved for Ωp = 0.1Γ and Ωc = 3.9Γ;∆p = ∆c = 0; γ2= 0.01Γ
and γ3 = Γ. Γ (6 MHz) is the natural linewidth of 87Rb.

the available subsystems formed by Zeeman sublevels. The presence of an additional state leads

to the transformation of EIT to EIA and vice versa due to the transfer of coherence [53]. We have

investigated the basic characteristics of both EIT and EIA in presence of the magnetic field.

1.1.3 Applications of EIT

With an EIT medium, it has been demonstrated that the slowing of light is possible. Manipulation

of group velocity, vg, has been demonstrated in various mediums including 87Rb. ∂η
∂ω

in equation

1.39 gives the gradient in dispersion. Around EIT resonance, the gradient is positive and very

large as shown in figure 1.6 (b) which results in reduced velocity. The observation of small group

velocities of 17 ms−1 was first demonstrated in a Bose-Einstein condensate of sodium atoms in

[54]. The medium was maintained at the temperature of the order of nK. The slowing of group

velocity in hot Rb atomic vapor was also demonstrated by Kash et al.[55] in 1999. They observed

reduced velocity of the order 90 ms−1.

EIT also finds an important application in scalar as well as vector magnetometry. It has been

well established that the relative amplitude of each EIT peak contains information regarding

the magnitude and direction of the magnetic field [56]. Therefore, sharp EIT resonance is an

ideal candidate for the development of a magnetometer. There are many advantages of EIT

scalar magnetometry, such as insensitivity to quadratic Zeeman and AC stark effects, atom-buffer,
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and atom-atom collision. As far as vector magnetometry based on EIT is concerned, compass

sensitivity of 10−3 degree / Hz1/2 has been achieved [57].

The phenomena of EIT find its applications in optical switching [58], especially for developing

a high-speed and more practical optical switch for next-generation communication network [59].

The laser-induced coherence can also find its application for subluminal to superluminal light

propagation [48] by either controlling the phase of the laser [60] or by using an additional beam

[61]. Beside using continuous lasers, this application is also well pronounced for pulsed lasers

[62] or for Laguerre laser beams [63]. The main benefit of this all-optical switch is that the optical

signals can be transferred between multiple sources without converting to an electric signal. An

additional conditional for having the application of EIT in optical switches is the high-fidelity

transmission which means transferring the information with minimum loss or distortion. It is

where controlling the birefringence in an atomic medium also plays an important role. This

birefringence produces rotation in the atomic medium. It is therefore along with EIT and the

optical rotation, that high-fidelity transmission can be achieved [64]. The two closeby related

phenomena can also find its application for generating ultranarrow-bandwidth filter [65] , all-

optical drop filters[66] ,plasmonic filters[67] or FADOF[68].

1.2 Outline of the Thesis

In the thesis, we have experimentally observed EIT and EIA in presence of magnetic field. Sec-

tions 1.1.1 and 1.1.2 of this chapter discuss in detail the theoretical aspects of interaction of laser

field with 87Rb atomic vapor. In chapter 2, we discuss all the components and procedures used

during the experiment. In chapter 3, we study velocity selective optical pumping (VSOP) in 87Rb

D2 line. We also discuss the effects of pump and probe power, the occurrence and the conditions

required for EIT. In chapter 4, we discuss in detail the effects of the magnetic field on EIT. The

discussion is further extended to understand the effects of nearby hyperfine states and the asym-

metry observed at higher magnetic field using double Λ model. At the end of the chapter we have

discussed in brief the effects of magnetic field and pump power of EIT observed in degenerate
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two level system(DTLS). In chapter 5, we discuss in detail the EIA phenomenon and the effects

of magnetic field. The EIA cannot be explained by three-level system. Therefore, four-level N

configuration is theoretically described.
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Experiment

2.1 Laser System

The basic laser system consists of three components viz. diode laser, collimating lens, and

diffraction grating. The diode serves as an active material for light emission with a broad gain

spectrum. The lens is mounted in front of the diode laser ensuring proper collimation. Strong

wavelength selective feedback from the grating forces the laser diode to operate in a single lon-

gitudinal mode. The linewidth of the laser after feedback is significantly reduced. An extended

cavity diode laser is one where the cavity of the diode laser is extended because of the grating

setup. Generally, the linewidth of the extended cavity diode laser ranges from 100 kHz to a few

MHz. On the other hand, the external cavity diode laser is one where the grating setup is kept

in a separate cavity external to the diode laser cavity. With this setup, the linewidth of the laser

can further be reduced to a few kHz. A diffraction grating in the external cavity is mounted in

Littrow configuration such that the light diffracted in the first order is reflected to the laser.

With any laser, a change in the length of the cavity leads to a frequency change in the laser output.

To avoid frequency fluctuation of the laser output any change in thermal as well as mechanical

state should be avoided. To avoid mechanical vibration laser diode is attached to a fixed holder

and cushioned with soft rubber. To avoid thermal changes the base plate to which the extended

20
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cavity is mounted is temperature controlled using a thermistor. However, the temperature of the

diode is independently controlled. To fine-tune laser frequency piezoelectric transducer is used.

With this, it is possible to control the length of the cavity accurately using input voltage.

In the experiment, we use two independent sources of laser. Both the lasers used in the experiment

are 780 nm single mode external cavity diode lasers (ECDL) with an output capacity of 70 mW.

Their linewidth is specified to be 1 MHz. One laser is used as a pump and the other one is used

as a probe. Our experiment requires that one of them is locked at a specified transition frequency,

which can be achieved using the Saturated Absorption Spectroscopy (SAS) technique discussed

in section 2.6, and the other laser is kept scanning.

2.1.1 Collimation of Laser Beam

The output of the laser is typically elliptical. Edge-emitting laser diodes emit elliptical beams

because their active region of emission is typically rectangular. The emitted beam is highly

divergent. The smaller the dimension of the aperture greater the divergence. Since the emitting

aperture is rectangular the divergence is greater along the shorter side than that along the longer

side. The divergence ranges from 8◦ on the longer side to 25◦ along the shorter side of the

rectangular aperture. To minimize the divergence of the emergent beam collimation technique is

required. It is usually done by using a spherical lens of a particular dimension at an appropriate

position as shown in figure 2.1. The relationship between the half height of the collimated beam

r, the focal length of the lens f, and divergent angle θ is

f =
r

tan θ
2

2.1.2 Circularisation of the beam using anamorphic prism pair

We use a pair of anamorphic prisms to reshape an elliptical laser beam to a circular one. In an

anamorphic prism, the beam intersects the external front and back surfaces at different angles due
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FIGURE 2.1: Schematic showing positioning of lens for collimation of output laser beam

to the asymmetric alignment of the surfaces. This leads to a change in the resultant dimension of

the laser output (h1 ̸= h2) as shown in figure 2.2. A single anamorphic prism is enough to expand

or contract the beam dimension, however, the direction of the beam also changes. Therefore, we

use an additional anamorphic prism to realign the direction of the beam parallel to the original

direction. Thus, a pair of anamorphic prisms leads to a change in the laser beam dimension with

a small lateral shift of the beam.

The laser is operating in a single mode and has a Gaussian beam profile. The original beam

profile is elliptical. We estimate the width of the beam using the slit method where we measure

power at different points across the beam. Then, we plot these points as shown in figure 2.3. We

repeat this for four different situations;

1. Along horizontal plane (parallel to the surface of the table) without anamorphic prism pair

- figure 2.3(a)

2. Along horizontal plane with anamorphic prism pair - figure 2.3(b)

3. Along vertical plane (perpendicular to the surface of the table) without anamorphic prism

pair - figure 2.3(c)

4. Along vertical plane with anamorphic prism pair - figure 2.3(d)
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TABLE 2.1: Arrangement of anamorphic prism pair

Magnification α1 (deg) α2 (deg)
4.2 35.9 2.8

Full-width Half Maxima (FWHM) in the plot obtained by points observed without an anamorphic

prism gives an idea of how much magnification of the beam on the thinner side is required. In

our case, the magnification required is 4.2. With this we calculate all the required parameters for

the placement of an anamorphic prism to form a pair, the value of which is tabulated in table 2.1.

The emergent beam is now circular. The FWHM observed of the beam on either side is 0.56 mm

and 0.57 mm. The diameter of the beam is measured at 1
e2

times the maximum. The measured

value of beam diameter is found to be 0.2 cm. We have used this value for the entire experiment

without disturbing the position of the anamorphic prism pair.

FIGURE 2.2: Schematic showing arrangement of anamorphic prism pair

2.1.3 Littrow Configuration

Diffraction grating is positioned in Littrow configuration the schematic of which is shown in

figure 2.4. The grating equation with incident angle α and diffracted angle β is given by

d(sinα± sinβ) = mλ

where d is the line spacing between the gratings, λ is the wavelength of the incident beam and m

is the diffraction order.
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FIGURE 2.3: Beam profiling; (a) Horizontal without anamorphic prism, (b) Horizontal with anamorphic
prism, (c) Vertical without anamorphic prism and (d) Vertical with anamorphic prism.

In Littrow configuration, the incident angle is equal to the diffracted angle of the first order i.e

α = β = βL. Therefore, Littrow angle in terms of incident wavelength is defined as,

βL = sin−1(
λ

2d
)

dλ

dβ
= 2dcosβ
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FIGURE 2.4: Schematic of Littrow Configuration

2.2 Atomic Vapor Cell

Atomic vapor is contained in a cylindrical glass cell of diameter 2 cm and length 3 cm placed at

center of the Helmholtz coil. Sample contained in the glass cell is Rubidium vapor - a mixture

of isotopes 85Rb (72%) and 87Rb (28%). Throughout experiment, vapor cell is maintained at a

constant temperature of 40◦C.

2.3 Detector

In the experiment, we used a photodiode detector for the detection of the probe and measurement

of its power. The specified responsivity of the photodiode is 0.6 V/A at 800 nm with variable gain

which can be changed from 10 MΩ to 333 Ω in ten steps. Response of the photodiode is specified

to be linear from 0 to -11 V. Responsivity of a photodetector is wavelength depended and is

different for lasers with different wavelengths. The laser in the experiment is 780 nm. Therefore,

to measure probe power we recalculate the responsivity of the photodiode. The relation between

the input power P of the laser, photocurrent Ip, and responsivity R is
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TABLE 2.2: Calculation of Responsivity of the photodiode detector at 780 nm

Iin (mA) Vout (V) Power (mW) R (A/W)
50 368 2.76 0.40
60 1340 8.54 0.47
70 1603 11.86 0.42
80 1629 12.00 0.40

P =
Ip
R

Responsivity of the photodetector for 780 nm laser is found to be 0.4225 A/W as shown in table

2.2.

2.4 Acousto-Optic Modulator (AOM)

Deflection angle introduced in the original path of the laser field with wavelength Λ due to change

in radio frequency ∆F is given by,

∆θ =
Λ∆F

V

where, V is acoustic velocity of the medium.

Change in frequency of the applied laser field with wavelength 780 nm due to AOM is tabulated

in the table 2.3.
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TABLE 2.3: Tuning Voltage (V) vs Frequency (MHz)

Sl. No. Tuning Voltage (V) Frequency (MHz)
1 0 71
2 0.1 86
3 0.2 90
4 0.3 100
5 0.4 106
6 0.5 111
7 0.6 119
8 0.7 125

10 0.8 131
11 0.9 147
12 1.0 156

TABLE 2.4: Magnetic field calibraion

Sl. No. Voltage (V) Magnetic field B (Gauss)
1 0 0
2 2 9
3 4 18
4 6 27
5 8 36
6 10 45
7 12 54
8 14 63

10 16 72
11 18 81
12 20 90

2.5 Magnetic System

Magnetic field is generated using Helmholtz coil with diameter 16 cm and resistance 10 Ω. Mag-

netic field is controlled using power supply which can provide DC voltage upto 20 V. Calibration

of magnetic field output from Helmholtz coil with the input voltage is done using Gauss meter,

data of which is shown in table 2.4.
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2.6 Saturated Absorption Spectroscopy (SAS)

The energy states involved in the D2 line transition are the components of the fine-structure

doublet. The splitting of fine structure is due to coupling between orbital angular momentum ‘L’

of the outer electron and its spin angular momentum ‘S’. The fine structure angular momentum

is given by

J = L+ S (2.1)

and the corresponding quantum number J lies in the range

|L− S| ≤ J ≤ |L+ S| (2.2)

Coupling of J with total nuclear angular momentum I leads to further splitting of fine structure

into hyperfine, the total angular momentum of which is given by

F = J + I (2.3)

The magnitude of F ranges between

|J − I| ≤ F ≤ |J + I| (2.4)

The D2 line transition is from 52 S 1/2 −→ 52 P 3/2 where fine structure energy levels P and S

split into two and four hyperfine states respectively as shown in figure 1.4. The hyperfine energy

states can be resolved by SAS technique.

The atomic sample used is a 87Rb gas enclosed in cell with diameter 2 cm and length 3 cm. The

atoms enclosed go random thermal motion. The laser frequency in atomic reference is decided

by the velocity and direction of the atom’s motion. If the laser is propagating in the z-direction,

than the frequency of the radiation absorbed by an atom is ,
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νL = ν0(1 +
vz
c
) (2.5)

where, ν0 is the resonant absorption frequency at rest νz is the z-component of the atom’s velocity.

Thermal motion of atoms in the rubidium cell the wide range of velocity distribution leads to

absorption of wide range of laser frequency. This effect leads to masking of features of the

absorption spectra corresponding to hyperfine structure. This broad spectrum due to velocity

distribution is termed as doppler broadening. The velocity distribution of atoms in the cell can be

best represented by Maxwell distribution. The probability of atoms with velocity between v and

v+dv is given by,

P (vz)dvz =

√
M

2πkBT
exp(
−Mv2

2kBT
)dv (2.6)

From equation 2.5,

dvz =
c

ν0
dνL (2.7)

Using equation 2.7 we rewrite equation 2.6 in terms of frequency,

P (νL)dνL =
2

δ
√
π
exp[
−4(νL − ν0)

2

δ2
]dνL (2.8)

where,

δ =
2ν0
c

√
2kBT

M
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Full width half maximum of the given doppler distribution is given by,

∆ν 1
2
= δ

√
ln(2) (2.9)

We use SAS technique to eliminate this doppler broadening. In this technique, two laser fields

of the same frequency interact with the atomic resonance in a counter-propagating configuration.

This configuration produces an absorption signal that contains features ordinarily unresolved due

to the doppler spectrum. The absorption of the probe beam is proportional to the difference in

population between the ground and the excited states. The steady-state population difference is

given by[69],

∆N(νL, vz) = ∆0(vz)[1−
I

ISAT

1 + I
ISAT

(2∆
Γ
)2
] (2.10)

The detailed derivation of this expression can also be found in ref. [70]. When the intensity

of the pump beam is greater than saturation intensity ’ISAT ’ and the population difference tends

to zero, we see a sharp decrease in the absorption of the probe field at resonance. Figure 2.5

represents transmission peaks at resonances and crossover interacting with transitions F = 2 →

F ′ = (1, 2, 3). This is obtained by subtracting the doppler broadened absorption spectrum from

the original SAS spectrum obtained from the same vapor cell. We observe six transmission peaks.

Three peaks corresponding to resonant transitions F = 2 → F ′ = 1, F = 2 → F ′ = 2 and

F = 2→ F ′ = 3 and three for crossover resonances.

When the pump and probe laser fields interact with the vz = 0 class of atoms we observe sharp

transmission peaks at perfect resonance. However, there exists one class of velocity that sees

pump and probe fields resonant with upper and lower neighboring hyperfine states respectively.

This leads to crossover transmission peaks exactly at the mid-frequency of adjacent hyperfine

states. Crossover resonances are often more prominent because of the higher probability of atoms

with non-zero velocity. We use this spectrum to lock the frequency of the laser at desired reso-

nance.
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FIGURE 2.5: Observed spectrum of SAS for 87Rb D2 line.

FIGURE 2.6: Level diagram illustrating transmission peaks corresponding to resonant and crossover tran-
sitions in SAS.
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2.7 Locking of laser

Signal obtained from SAS is fed to the Lock-In module where an error signal is generated by

applying frequency modulation to the original signal. The error signal is then fed to the system

through PID (Proportional-Integral-Derivative) controller. PID controller takes the error signal

and optimizes the feedback for the system to reach its setpoint as fast as possible and stabilizes

the laser at a fixed frequency. The block schematics for how the error signal is fed back to the

system is shown in figure 2.7.

FIGURE 2.7: Schematic of LockIn module used for locking of laser frequency.

We use the top of the fringe locking using the Lock-In technique. The error signal produced is

the derivative of the input signal. It shows a continuous slope and a zero crossing at the resonance

frequency as shown in figure 2.8 and is well suited for locking. Once the feedback for the system

is optimized, laser frequency can be locked using DigiLock User Interface.
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FIGURE 2.8: Illustrative plot for input signal from the SAS and its corresponding error signal.



Chapter 3

Velocity selective optical pumping in 87Rb

D2 line

3.1 Introduction

Absorption spectroscopy has its importance from the very beginning of modern physics as it is an

important tool for understanding light-matter interaction. This spectroscopy is limited because of

various effects which broaden the linewidth of the spectral lines. A well-known factor responsible

for broadening is the Doppler effect which is because of the velocity distribution of atoms. This

generates a broad absorption profile known as the Doppler profile which encapsulates spectral

lines caused by individual energy states. However, with the invention of a single-mode laser, it

has become possible to probe individual energy states. One well-known spectroscopic technique

for generating a Doppler-free profile is SAS [9] which helps in resolving the hyperfine transitions.

And the other is velocity selective optical pumping (VSOP)[71, 72] which provides tools to

probe the various relaxation process in an atomic system. Mainly, the relaxation process induced

by collisions [73] can be probed and controlled using this technique. In addition, it provides

information about the resonant velocity groups of atoms in an atomic ensemble which can find

application in various fields such as generation of optical filters[74] or controlling the lineshape

34
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of various spectroscopic features[75]. However, the frequent collision of atoms, such as in the

case of a buffer cell, can destroy the VSOP peaks due to the velocity mixing[76].

It is usually performed using two co-propagating laser fields with different frequencies.

For observing this phenomena experimentally, one of the lasers is locked to a particular

frequency and the other is kept in scanning mode. For a pure three-level system, one broad

peak is observed. In this case, the velocity selective transitions of a group of atoms having

non-zero velocities satisfying the resonance will occur. This will in turn will enhance the

absorption of the probe for a particular resonant velocity class [77]. However, in a system

with more than one excited state and one of the laser fields scanning across all the states,

multiple VSOP are observed. By using a laser with narrow bandwidth, the correlation

between the velocity of atoms and the internal variables (hyperfine population differences,

orientation, alignment, etc.) of the atomic system becomes strong [71]. So, by having both

the lasers strong, the population re-alignment of the atomic system will overshadow the

information of velocity. Therefore, probe intensity is usually kept negligible as compared to

the pump intensity to get the information of all the resonant velocity classes.

Unlike saturation spectroscopy, this method provides a Doppler-free resonance absorption

line, without saturating the atomic population. Therefore, the pump intensity doesn’t need

to be greater than saturation intensity for observing this phenomena. The absorption lines

in this method are usually without power broadening of the excited state depending on

pump intensity [71]. It only requires that one of the states be long-lived, preferably ground

or a meta-stable state. Also, the characteristic relaxation time of the observable is much

larger than in saturation spectroscopy[72].

One important aspect of light-atom interaction is associated with optical coherence between

the states. This coherence is generally created by near-resonant or multi-near-resonant

fields with intermediate states. However, optical coherence between the two ground levels

can be neglected for extremely low and equal laser intensity of lasers. But, by having un-

equal laser intensity, the coherence between the two ground states can be established. As

mentioned before, this coherence under the particular condition leads to phenomena like
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EIT, CPT, or EIA. Therefore, VSOP peak with this condition will carry a transmission or

an absorption peak having a sub-natural linewidth[78] commonly referred to as EIT or

EIA.

By having co-propagating laser beams, both the principal resonance and Doppler-shifted

resonance lines can be obtained. In this configuration, the cross-over resonance lines are

absent. This spectroscopy also depends on the polarization of the lasers [79]. The intensity

of velocity selective resonance peak changes with different combination of polarisation of

pump and probe. Ref. [79] have attributed this change as the redistribution of atomic

population among non-degenerate magnetic sublevels embedded in the hyperfine states.

The study further noted that transition strength plays a vital role in defining the strength

and profile of the velocity selective resonance peaks. These peaks can be characterized and

understood using the rate equations [80] and also by solving the density matrix equations

[81] as discussed later in this chapter.

In this work, we have studied this phenomena in 87Rb D2 line where the locked laser can interact

with three possible velocities due to the Doppler effect. These velocity class with which pump

laser interacts depends upon the frequency separation between the adjacent hyperfine states. Fur-

ther, we also solved the rate equations to reproduce the experimental observations.

3.2 Observation

3.2.1 VSOP spectrum when probe field locked at F = 2→ F ′ = 2

87Rb D2 line consists of six hyperfine states with six possible resonant transitions. However, in

a vapor cell, a laser field locked to one particular resonance interacts with three velocity classes

v1, v2, and v3 due to the presence of three nearby hyperfine states. In figure 3.1(a), we have

designated ground states as 1 and 2 and the excited state as 3, 4, 5, and 6 respectively. To illustrate

how velocity selective interaction affects the resultant spectrum we consider the case where the

probe field is locked at F = 2 → F ′ = 2 detuned from the resonance by kv2. For the same
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lock point, the probe field may be considered to have detuned from F ′ = 1 and F ′ = 3 by kv1

and kv3 respectively. This leads to nine sets (three sets for each detuning) of Raman resonance

conditions between the probe and the pump field. The entire spectrum of VSOP is a result of the

fulfillment of these nine sets of Raman resonance conditions. For convenience we have indicated

all the possible pump transitions by alphabets a to i in figure 3.1(a). The probe field is indicated

in the figure by a solid line whereas the possible transition for the pump is indicated by a dashed

line.

FIGURE 3.1: Level diagram to illustrate positioning of each VSOP peaks when pump field is locked at
F = 2→ F ′ = 2 and probe is sweeping from F = 1→ F ′ = (0, 1, 2)

To ascertain the positioning of the peaks as observed in the experimental result shown in figure

3.1(b) we have calculated all the possible resonance conditions. The Raman resonance conditions

for probe transition corresponding to velocity class v1 are given by equation 3.1 to 3.3,for v2 by

equation 3.4 to 3.6 and for v3 by equation 3.7 to 3.9. The experimental results for a fixed pump

and probe power of 0.03 mW each are shown in figure 3.1(b).
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TABLE 3.1: Relative position of VSOP peak’s when the probe laser is locked from F=2 to F’=2
transition

Peak label Calculated value (MHz) Measured value (MHz)
p1 - 226
p2 ∆2=157 153
p3 0 0
p4 - ∆2=-157 -154
p5 -∆3=267 -262
p6 -(∆2+∆3)=-424 -420

ωpr = ωpu +∆12 +∆2 (3.1)

ωpr = ωpu +∆12 (3.2)

ωpr = ωpu +∆12 −∆1 (3.3)

ωpr = ωpu +∆12 (3.4)

ωpr = ωpu +∆12 −∆2 (3.5)

ωpr = ωpu +∆12 − (∆1 +∆2) (3.6)

ωpr = ωpu −∆3 (3.7)

ωpr = ωpu − (∆2 +∆3) (3.8)

ωpr = ωpu − (∆1 +∆2 +∆3) (3.9)

Using these conditions for all the possible transition, we were able to calculate the position of

peaks which are in good agreement with the experimental observation as shown in table 3.1. The

VSOP peak at ∆pu = 0 is due to overlapping of resonance conditions 3.1 and 3.4.

Since the frequency separation of all excited levels fall well within the Doppler regime of about

500 MHz for 87Rb atoms at room temperature, there is a possibility of having additional peaks

not resembling VSOP. This is a consequence of optical pumping via all the unresolved hyperfine

levels. The frequency separation of those peaks is equivalent to that of the excited hyperfine

states. Corresponding to that, we have observed a peak (labeled as p1 in figure 3.1(b) [82].
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The observed results can be best understood by solving the density matrix equations for the

six-level system. However, since we are only interested in the qualitative discussion for the

observed VSOP peaks, solving the entire matrix equations incorporating all the hyperfine levels

is not required. Instead, we can use the rate equations to understand it, as this approach requires

solving less number of equations. These equations can be used when various types of coherence

that can be possibly generated between the hyperfine levels of the ground state and the excited

state can be neglected. One such is the Raman resonance condition, resulting in various sub-

Doppler features. However, the experimental regime that we have worked on doesn’t allow such

resonance conditions to be fulfilled. For our case, both the laser powers are sufficiently low and

equal. The populations of the ground state (N) and the excited state (N’) can be written as [80]

dnm

dt
= −Γnm −

N∑
µ=1,k

|Cϵ
mµ|2Sϵ

k(nm − nµ)− (γ + Λ)nm +
N ′∑

m′=1,m′ ̸=m

Λmm′n′
m (3.10)

dnµ

dt
=

N ′∑
µ=1,ϵ

|Cϵ
mµ|2nm−

N ′∑
µ=1,k

|Cϵ
mµ|2Sϵ

k(nµ−nm)−γ(nµ−nµ,0)−Λnµ+
N∑

µ′=1,µ′ ̸=µ

Λµ′µn
′
µ (3.11)

where if the ground and excited level populations add up, they add up to unity. In the equations

nm and nµ are the populations of the excited state ‘m’ and excited state µ, ‘C’ terms correspond

to the Clebsh-Gordon coefficients and ‘s’ terms correspond to the laser intensity. The collision

loss rate and the re-pumping rate of the atoms are incorporated by Λ and Γ terms respectively.

Solving those equations, the relative magnitude for the absorption peaks can be given by,

Ii(ω) =
N∑
µ,m

|Cϵ
mµ|2(nµ − nm)

exp[−Mv2i /2kBt]0.5Γ

(ω − ωm,µ − kvi)2 + (0.5Γ)2
(3.12)

where ϵ denotes the polarization of the laser beam, M denotes the mass and ωm,µ is angular

resonance frequency. The difference in the amplitude of the VSOP peaks will be determined by

this term. The absorption magnitude for each absorption peak is the difference in the absorption

seen by the laser beam in the absence and presence of the other beam. In our case, this is the

difference in the absorption seen by the locked probe laser beam in the absence or presence of

a pump beam. The solution using equation 3.12 for the case when probe laser is locked from



Chapter 3: Velocity selective optical pumping in 87Rb D2 line 40

F = 2 → F ′ = 2 transition is shown in figure 3.2. The obtained spectrum is in good agreement

with the experimentally recorded data.
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FIGURE 3.2: Numerically obtained VSOP peaks for the probe locked at transition F = 2→ F ′ = 2.

3.2.2 VSOP spectrum for different lock positions of the probe field

In the previous section, we illustrated the VSOP spectrum for the probe field locked at F = 2→

F ′ = 2. In this section, we look into the changes in the spectra for the probe field locked at

different allowed transitions. In the figure 3.3, a1, a2 and a3 represent VSOP spectrum for probe

field locked at F = 1 → F ′ = 2, F = 1 → F ′ = 1 and F = 1 → F ′ = 0 respectively. The

power of the pump and probe beams were fixed at 0.02 mW. Similarly, b1, b2 and b3 represent

F = 2 → F ′ = 3, F = 2 → F ′ = 2 and F = 2 → F ′ = 1 respectively. In all the spectrum

except for b1 and b2, we observe five VSOP peaks with varying amplitude and position. If we

consider the case of a pure three-level system, only one broad VSOP peak will be observed. By

changing the lock position from F ′ = 2(a1) → F ′ = 1(a2), the whole spectrum shifts by 157

MHz. As expected, this shift corresponds to the energy difference between F ′ = 2 and F ′ = 1.

Similarly, (a3) is shifted by 72 MHz as compared to (a2). The same is also observed for the case

of F ′ = 2 → F ′ = 1, 2, 3. We have observed that at all lock points, the spectrum characteristics

are unaltered.
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FIGURE 3.3: VSOP peaks for probe locked at different transitions

TABLE 3.2: The relative position of VSOP peak’s when the probe laser is locked from F=2 to
F’=1 transition

Peak label Calculated value(MHz) Measured value (MHz)
p1 ∆2=157 154
p2 0 0
p3 - ∆2=-157 -155
p4 - ∆3=-267 -263
p5 -(∆2+∆2)=-424 -421

TABLE 3.3: The relative position of VSOP peak’s when the probe laser is locked from F=2 to
F’=3 transition

Peak label Calculated value (MHz) Measured value (MHz)
p1 0 0
p2 -∆2=-157 -154
p3 - ∆3=-267 -262
p4 - (∆1+∆3)=-339 -327
p5 -(∆2+∆2)=-424 -417
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TABLE 3.4: The relative position of VSOP peak’s when the probe laser is locked from F=1 to
F’=0 transition

Peak label Calculated value (MHz) Measured value (MHz)
p1 (∆1+2∆2)=386 394
p2 (∆1+2∆3)=339 325
p3 (∆1+2∆2)=229 -228
p4 ∆2=157 160
p5 0 0

TABLE 3.5: The relative position of VSOP peak’s when the probe laser is locked from F=1 to
F’=1 transition

Peak label Calculated value (MHz) Measured value (MHz)
p1 (∆1+∆2)=229 227
p2 ∆2=157 159
p3 ∆1=72 74
p4 0 0
p5 -∆2=157 -154

TABLE 3.6: The relative position of VSOP peak’s when the probe laser is locked from F=1 to
F’=2 transition

Peak label Calculated value (MHz) Measured value (MHz)
p1 ∆1=72 73
p2 0 0
p3 -∆1=72 79
p4 -∆2=157 -155
p5 -2∆2=314 -311

3.2.3 Effect of pump intensity

The probe and pump power used for experimental measurement of the VSOP peaks as shown

in the previous section is 0.02 mW. Both the lasers are kept at equal power selected in such a

way that the strength of the VSOP peaks is maximum. We have observed multiple VSOP peaks

(depending upon the number of available states for the formation of VSOP) with unequal ampli-

tudes for the case when the probe laser is locked either F=1 to F’=2 or F=2 to F’=2 transition.

We have kept the power low to minimize the power-broadening effects. In figure 3.4 we have

varied the pump power from 0.03 mW to 1.0 mW with a fixed probe power of 0.02 mW. For

case (a), the probe laser is locked from F=1 ground state and for case (b), it is locked from F=2

ground state. In either case, we see that with the increase in the pump power, the amplitude of



Chapter 3: Velocity selective optical pumping in 87Rb D2 line 43

FIGURE 3.4: VSOP peaks for the pump locked at F = 2 → F ′ = 2 and the probe is scanning from
F = 1→ F ′ = (0, 1, 2)

the VSOP peak increases, and the peaks are strengthened due to the increased optical pump rate.

The amplitude of the VSOP peak is strongest for the case where the probe laser is locked, this

is because more atoms are available for that particular lock point and hence the higher optical

pumping rate. Likewise, the weakest peaks are seen for the case where the number of velocity

selective classes of atoms is least. In addition to that, we have also observed a significant increase

in the linewidth of the VSOP peaks with the increase in the laser power. This is attributed to the

power broadening. In addition we also observe the shift in the position of the peaks. This

shift is attributed to the light shift induced by the strong pump[83–85]. A narrow transmis-

sion window is also observed within the broad VSOP peak for the lock transition frequency

in both cases (a and b). This enhanced transmission is appearing within the VSOP peak

because of the formation of Λ system which give rise to the EIT. With the increase in pump

power the amplitude of this peak increases as the system reaches a regime where a strong

and narrow EIT is expected. Figure 3.5 is the case when the pump power is 3.5 mW, we ob-

serve a narrow transparency peak within one of the VSOP peaks, along with that we observe two

other VSOP peaks at +157 and -157 MHz from the locked transition frequency. For this pump

power, the other peaks either have very small amplitudes or vanish completely. This is because of

saturation effects[86, 87] which occurs when the laser power is above saturation intensity which
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is 2.57 mW/cm2 for the 87Rb D2 line. The ultra narrow width of EIT peak reveals the sub-

Doppler feature of it [88]. The reduction in width of the EIT peak is due to the contribution

of different velocity classes of atoms in the system at room temperature [89].

FIGURE 3.5: VSOP peaks for the pump locked at F = 2 → F ′ = 2 and the probe is scanning from
F = 1→ F ′ = (0, 1, 2)



Chapter 4

Electromagnetically Induced Transparency

4.1 Introduction

Various electromagnetically induced phenomena are possible in atomic systems where two laser

beams connect the two different ground levels to common excited levels. As discussed in chap-

ter 3, keeping one laser locked (detuned from resonance transition), VSOPs are possible for the

group of atoms which are having non-zero velocities. For the condition, when the frequency

difference between the lasers exactly matches the energy difference between the two involved

ground levels a two-photon resonance is achieved. The VSOP absorption observed at this condi-

tion contains a transmission dip. Harris et al. in [90] first predicted this process which they later

termed it as EIT in [37]. It is a process where a weak probe laser at resonance passing through

an atomic medium in presence of the strong laser sees narrow transmission instead of absorption

[38, 91]. It is a coherent phenomenon rather than a saturation or a hole burning. The population

manipulation of the ground states due to the presence of a strong pump field and a weak probe

field leads to destructive interference. The population that is trapped in one of the ground states

results in the formation of a dark state which results in transparency. For the first time Boller et.

al in [52] experimentally demonstrated the presence of EIT in strontium vapor. Kasapi et al. in

[92] studied temporal and spatial dynamics of the pulses propagating in an EIT medium. They

reported a slowing of pulse velocity. For weak probe and strong pump, they observed the group

45
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velocity of the pulse to be as slow as c/165. The energy transmission was observed to be 55% of

the incident pulse energy. Ideal transparency is attained only if the frequency precisely matches

the two-photon resonance condition. However, it is not always possible to create an ideal situa-

tion like this. To compensate for the slight mismatch of the frequency difference stronger pump

field can be used so that the interference becomes robust [93]. Therefore, as discussed previ-

ously EIT plays an important role specially in the slow light experiments [88, 94]. It has been

studied in three basic configurations viz. Λ, V and Ladder [53, 87, 95, 96]. Our experimental

results and discussions shall remain limited to Λ configuration only since this doesn’t require two

lasers of different frequencies as for the case of the Ladder system. Secondly, the linewidth of the

EIT peak would be much narrower compared to that produced in the V system. The linewidth,

lineshape and amplitude of EIT can be controlled by various parameters such as the laser intensity

[86, 97], angle between the two lasers [98], atomic density in vapor cell [76, 99, 100] and polari-

sation of laser [101]. The polarization of the laser beam in the vapor frame can be manipulated by

exposing it to an external magnetic field[102–104]. The study of EIT in presence of the magnetic

field has attracted a lot of interest in the field of quantum optics since it opens the possibility for

generating multiple EIT sub-windows. The number of possible EIT sub-windows depends on the

number of states that are available for the formation of various Λ sub-systems after degeneracy

is uplifted. In addition, it also depends upon the polarization of light which is determined by the

orientation of the applied magnetic field in the direction of the electric field of the two lasers.

For 87Rb D2, we can obtain three or four EIT peaks depending on the orientation of the magnetic

field which is discussed in detail in the next section of this chapter. The three-level model [105]

(three energy states and two lasers) which is designed to explain the EIT phenomena may not be

sufficient [106] for the process in presence of the magnetic field. This is mainly because of the

two factors. Firstly, in the presence of multiple Zeeman sublevels, the isolated three-level system

is not possible. Secondly, for 87Rb D2 line the Zeeman sublevels belonging to the nearby hy-

perfine states (lying within the Doppler regime) cannot be ignored. The effect of other sublevels

belonging to neighboring states manifests in their participation in the population dynamics. This

is investigated in detail by Sargsyan et.al. [107]. Because of this, a strong asymmetry in the EIT

profile is observed [108–110]. The asymmetry [111] can be explained by including all hyperfine
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states, or more precisely by including those excited states that can simultaneously couple both

ground states. To some extent, it is incorporated in double Λ systems, which have two ground

states and two excited states, as described in [112, 113]. Additionally, the role of the off-resonant

velocity class on the EIT profile becomes important.

In this chapter, we have discussed the results obtained by exposing the atomic vapor to the exter-

nal magnetic field. We have investigated in detail the effects of closeby states for two different

sets of polarisations of lasers. And, have discussed in detail the origin of asymmetry in the EIT

profile. In this process, we have been able to identify the condition for which the asymmetry

in the lineshape would be absent. To explain our observation, we have used a double Λ system

model.

4.2 Experimental Layout

FIGURE 4.1: Schematic of the experimental setup. PD - Photodiode, M - 99.9% reflective mirror, PBS -
Polarising beam splitter, HWP - Half-wave plate.

The schematic of the experimental setup is shown in figure 4.1. Both the lasers, the probe and the

pump, are derived from two different sources and are tuned to 87Rb D2 line using the SAS tech-

nique. In an atomic vapor system, for a Λ system the collisional dephasing rate of the ground
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state coherence is always present which is of the order of few KHz[114]. It is well known

that any fluctuations in the phase of two lasers also leads to the dephasing of the ground

state coherence. However, this dephasing rate due to phase mismatch between lasers is very

small (<Hz) [115] as compared to the collisional dephasing term and can be neglected. Also

in our case, experiment is performed using continuous wave (CW) lasers and the steady

state behavior of the system is being observed. In this scenario the formation of a dark state

(and hence the existence of EIT) is independent of the phases of lasers unless the system is

a closed loop type [116]. This allows us to use two independent lasers without drastically

modifying the performance of EIT. Systems that are investigated in thesis are not closed

loop type and the only necessary condition for the formation of EIT is two photon reso-

nance. This is achieved by matching the frequency difference between the lasers with the

frequency gap between the ground states.

For all the experimental measurements, the probe laser is kept in locked mode and the pump

is scanned across all the states. Performing the experiments with locked probe laser limits the

interaction of the beam with zero velocity atoms because of which the Doppler broadening in

the obtained spectra is reduced [61, 117]. Both the lasers are in co-propagating geometry and

therefore the two-photon resonance condition is independent of velocity classes. The spot size (

1
e2

) of both the lasers are nearly equal and is approximately 0.2 cm which is measured using the

conventional knife-edge technique. The orthogonality of both the lasers is maintained through-

out the experiment which is ensured using PBS (Polarizing beam splitter). Both the lasers are

overlapped using PBS and then passed through the Rb vapor cell. The cell is 5 cm long with

a diameter of 3 cm having an anti-reflective coated window that minimizes the back reflection.

The crossing angle of both lasers is kept minimum to maximize the interaction zone of both the

lasers with the atoms inside the vapor cell. The cell is filled with both the isotopes of Rb atoms

and is maintained throughout the experiments at room temperature. The output power of both the

lasers is controlled using a pair of HWP (Half wave plate) and PBS. Throughout the experiment,

the probe power is kept fixed at 1 mW and the pump at 4.5 mW, unless stated otherwise. The

power is measured with a power meter(coherent-109813) with the least count error of 0.01 µW.

The magnetic field is generated using pair of Helmholtz coils having a diameter of 16 cm and
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a resistance of 10 Ω. The magnetic field is varied by using an external DC power supply. In

experiment, the magnetic field is varied upto 50 G, beyond which the level crossing will effect

the measurements [118, 119]. For obtaining a longitudinal magnetic field, the orientation of the

two coils is changed. Another PBS is used after the vapor cell, which separates both beams. The

probe laser is then passed through a photodiode which has a variable gain with a responsivity of

0.6 V/A at 800 nm having linear variation from 0 to -11 V. The time scale of the data recorded in

an oscilloscope is calibrated and transformed to frequency scale by using the corresponding SAS

signal.

4.3 EIT in three level Λ system in absence of magnetic field

FIGURE 4.2: Energy level diagram for the three-level system in absence of magnetic field.

In this section, we discuss the results observed in absence of a magnetic field with the experi-

mental setup as described in the above section. In our experiment, we have locked the probe laser

at |F = 2⟩ → |F ′ = 2⟩ transition; the pump laser is kept scanning from ground state |F = 2⟩.

With this configuration, a Λ system is formed comprising of |F = 1⟩, |F = 2⟩ and |F ′ = 2⟩.

The energy level diagram is shown in figure 4.2. The EIT peak is expected at a frequency where

Raman resonance condition is fulfilled i.e. ∆pu − ∆pr = 0, where ∆pu is the detuning of the

pump laser from the resonant frequency and ∆pr is for the probe laser.
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FIGURE 4.3: EIT for different pump intensity in absence of magnetic field. The probe power is fixed at
1.0 mW and the pump is varied from 3.0 to 4.5 mW.

figure 4.3 shows the spectra recorded by varying the pump power. Spectra contains various VSOP

peaks appearing because of the thermal velocity of atoms as discussed in the previous section.

The VSOP at a pump detuning of ∆pu=0 MHz contains an EIT peak. Though the narrowest

recorded linewidth of EIT resonance in the atomic vapor is ∼30 Hz, in our experimental con-

dition, the linewidth of the EIT observed is 4.5 MHz.This can be attributed to the power and

linewidth of the pump laser which are 4.5 mW and 1 MHz respectively. As we increase the

power, the linewidth increases although minimal reflecting the effect of power broadening. The

amplitude has also seen a substantial modification. In [38], more information on the linewidth

and amplitude of EIT resonances in the absence of a magnetic field can be found. Our experiment

has been performed in the 87Rb D2 line in which the separation between the hyperfine excited

states lies well within the Doppler width at room temperature. As a result, the presence of hyper-

fine states can cause some asymmetry in the EIT lineshape, as detailed in [120]. But the influence

would be negligible and the system can be considered a pure three-level Λ system. However, in

the presence of a magnetic field, the population redistributes within the Zeeman sublevels and

multiple peaks can be seen. The overall dynamics, however, are unchanged, but the impact of
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other hyperfine levels on particular laser configurations becomes more pronounced, which will

be discussed in the following sections.

4.4 EIT in presence of magnetic field

In the absence of the magnetic field, B = 0, Λ scheme formed by hyperfine states results in a single

EIT, the amplitude and linewidth of which depend on various factors such as the ground state

coherence, population density, Rabi frequency of both the lasers and decay rate of the excited

state. With the magnetic field, some of these parameters can be controlled and EIT lineshape

can be modulated. This would be of many applications in the field of quantum optics. When

an external magnetic field is applied, the hyperfine level with quantum number F is split into

2F+1 magnetic sub-levels denoted by magnetic quantum number mF . As a result, the single Λ

configuration formed by three hyperfine states is split into multiple Λ configurations. The number

of possible Λ configurations depends on the polarization of lasers and the number of available

magnetic sub-levels. The presence of the external magnetic field redefines the polarization state

of both the laser fields. When the direction of the applied magnetic field is perpendicular to

the electric field vector of the laser field, it is viewed as circularly polarized, otherwise linearly

polarized. The direction vector is shown in figure 4.4. We have carried out our experiment in two

cases of magnetic field orientation i.e transverse and longitudinal.

4.4.1 EIT in transverse magnetic field

In this experiment, the orientation of the applied magnetic field is kept perpendicular to the

propagation of the laser. Being orthogonal to each other, the electric field of the pump beam is

parallel and the probe beam is perpendicular to the applied magnetic field. As a result, in the

atomic frame of reference, the pump field is π polarised and the probe field is σ polarised. The

probe is locked from |F = 1⟩ → |F ′ = 2⟩ transition and the pump is scanned from |F = 2⟩

ground state. Throughout the experiment, the pump power is kept fixed at 4.5 mW and the probe
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FIGURE 4.4: Epu and Epr represent electric polarization of pump and probe field respectively, k represents
propagation direction of laser and B is magnetic field direction. In (a) Epu and B are perpendicular to each
other and in (b) parallel. Epr is perpendicular to Epu.

FIGURE 4.5: Level diagram for illustration of possible Λ configurations. The solid lines in the level
diagram show transition corresponding to π-polarised pump field and the dashed line corresponds to σ-
polarised probe field.
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at 1 mW. The experiment has been carried out at a different value of applied magnetic field

varied from 0 to 50 G. The results recorded are shown in figure 4.6 (a), (b), and (c). In this

configuration, there are four possible Λ configurations formed by the allowed transition between

Zeeman sublevels as shown in figure 4.5. As a result we have observed four peaks labelled as A(

∆pu=-3∆B), B ( ∆pu=-∆B ), C( ∆pu=+∆B) and D ( ∆pu=+3∆B),where ∆B is given by

∆B =
µBgFmFB

ℏ

where µB is Bohr’s magneton, gf is Lande’s g-factor, mf is the quantum number of the Zeeman

sublevel and B is the applied magnetic field. In the presence of the magnetic field, the peak

appearing at ∆pu= 0 MHz completely diminishes and is replaced by all the above four peaks. The

sub-systems formed by involving the Zeeman sublevels and responsible for EIT are as follows:

(A). EIT resonance at ∆pu = -3∆B due to;

1. |F = 1;mF = −1⟩ ←→ |F ′ = 2;mF ′ = −2⟩ ←→ |F = 2;mF = −2⟩

(B). EIT resonance at ∆pu = -∆B due to;

1. |F = 1;mF = 0⟩ ←→ |F ′ = 2;mF ′ = +1⟩ ←→ |F = 2;mF = +1⟩

(C). EIT resonance at ∆pu = +∆B due to;

1. |F = 1;mF = 0⟩ ←→ |F ′ = 2;mF ′ = −1⟩ ←→ |F = 2;mF = −1⟩

(D). EIT resonance at ∆pu = +3∆B is due to;

1. |F = 1;mF = +1⟩ ←→ |F ′ = 2;mF ′ = +2⟩ ←→ |F = 2;mF = +2⟩

All the peak positions with the levels involved in it are summarized in table 4.1.

As shown in figure 4.6 (d), the separation between two consecutive peaks varies linearly with the

increase in the magnetic field. And the separation between two adjacent EIT resonances is found
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FIGURE 4.6: The splitting of EIT resonance due to the externally applied transverse magnetic field. For
case (a), the magnetic field is varied from 0 G to 13 G; for case (b) from 18 G to 32 G; and for case (c)
from 32 G to 50 G.

TABLE 4.1: EIT position corresponding to each Λ in the presence of transverse magnetic field
corresponding to figure 4.5

Sl. No. Zeeman sublevels involved in Λ system EIT Positions
F=1;mF F=2;mF ′ F’=2;mF

i -1 -2 -2 -3∆B

ii 0 -1 -1 -∆B

iii 0 +1 +1 +∆B

vi +1 +2 +2 +3∆B
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to be 2∆B. As shown in figure 4.6 (a), with increase in the magnetic field the single peak splits

into four equal peaks in terms of amplitude. Although, the amplitude of peaks formed is smaller

as compared to the peak formed for 0 G. For the magnetic field till 18G the relative variation

in the amplitude of peaks is negligible. Beyond 18 G (figure 4.6 (c)), the amplitude of peaks A

and B starts dominating over C and D. As we reach 30 G the amplitude of peak A becomes the

highest of all. This is because in the presence of the magnetic field the population redistributes

over all the Zeeman sublevels. The redistribution of population depends on the constants (cij)s,

which is defined as [121],

c(F ′,mF ′ ;F,mF ; q) = (−1)1+I+J ′+F ′+F−mF ′

×
√
2J ′ + 1

√
2F ′ + 1

√
2F + 1

×

 F ′ 1 F

−mF ′ q mF


 F ′ 1 F

J I J ′

 (4.1)

expressed in terms of Wigner-3j (parenthesis) and Wigner-6j (curly brackets) symbol, the square

of this terms defines the transition strength.The components of this dipole matrix also indicates

the strength of the interaction between atoms and nearly-resonant optical light [122]. This tran-

sition strength along with the detuning (varies with magnetic field) plays a decisive role in redis-

tribution of population within the Zeeman sublevels.

Further, we investigate the same system by interchanging the polarisation of pump and probe.

The polarisation of the probe laser is changed from σ to π and pump laser is changed from π to σ

in atomic frame of reference. The energy level diagram involving all the magnetic sublevels are

shown in figure 4.7. The sub-systems formed by involving the Zeeman sublevels and responsible

for EIT are as follows:

Resonance at ∆pu = −3∆B is due to

1. |F = 1;mF = −1⟩ ←→ |F ′ = 2;mF ′ = −1⟩ ←→ |F = 2;mF = −2⟩
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FIGURE 4.7: Level diagram for illustration of possible Λ configurations. The solid lines in the level
diagram show transition corresponding to the σ-polarised pump field and the dashed line corresponds to
the π-polarised probe field.

Resonance at +3∆B is due to

1. |F = 1;mF = +1⟩ ←→ |F ′ = 2;mF ′ = +1⟩ ←→ |F = 2;mF = +2⟩

EIT resonance at ∆pu = +∆B is as a result of the following Λ configurations having congruent

two photon detuning condition;

1. |F = 1;mF = +1⟩ ←→ |F ′ = 2;mF ′ = +1⟩ ←→ |F = 2;mF = 0⟩

2. |F = 1;mF = 0⟩ ←→ |F ′ = 2;mF ′ = 0⟩ ←→ |F = 2;mF = +1⟩

Similarly, EIT resonance at ∆pu = −∆B is as a result of two Λ configurations having congruent

two photon detuning condition;

1. |F = 1;mF = −1⟩ ←→ |F ′ = 2;mF ′ = −1⟩ ←→ |F = 2;mF = 0⟩

2. |F = 1;mF = 0⟩ ←→ |F ′ = 2;mF ′ = 0⟩ ←→ |F = 2;mF = −1⟩
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TABLE 4.2: EIT position corresponding to each Λ in presence of transverse magnetic field cor-
responding to figure 4.7

Sl. No. Zeeman sublevels involved in Λ system EIT Positions
F=1;mF F’=1;mF ′ F=1;mF

i +1 +1 +2 -3∆B

ii +1 +1 0 -∆B

iii 0 0 +1 -∆B

iv 0 0 -1 +∆B

v -1 -1 0 +∆B

vi -1 -1 -2 +3∆B

FIGURE 4.8: Splitting of EIT resonance with probe π polarised and pump σ polarised. The applied
magnetic field is 22 G.

All the peak positions along with the levels involved in it are itemized in table 4.2

The probe transmission for this configuration is shown in figure 4.8. We have observed four EIT

peaks at four different positions. The positions of the peaks match the expected value. It can

also be seen that the amplitude of B and C is less compared to C and D. This is because multiple

Λ systems are involved in the formation of peaks B and C. The imperfect overlapping of these

systems can reduce the amplitude of EIT peaks which we will discuss in detail in the next section.
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4.5 The effect of nearby hyperfine states

As we discussed in the previous section that in the presence of an external magnetic field one

can have multiple closeby spaced EIT peaks. While disusing the results in the previous section,

the effects of closeby state were not taken into account. But at a higher magnetic field and low

probe and pump laser power of 0.3 mW and 3.5 mW, the Zeeman sublevels of closeby hyperfine

states will start participating and cannot be ignored. The participation becomes evident by the

appearance of asymmetry in the EIT profile recorded at a high magnetic field. In this section,

we systematically investigate the occurrence of asymmetry and formulate the conditions under

which the effect of closeby states manifests

4.5.1 Asymmetry in EIT due to strong magnetic field

To understand and study the asymmetry in EIT lineshape with a strong magnetic field we consider

Λ system involving hyperfine states F=1, F′=2, and F=2. Depending on which transition probe is

locked the given Λ system results in two different configurations as shown in figure 4.9. The two

configurations are labeled as Λ1 in which the probe laser is locked from F=1 to F’= 2 transitions

and for Λ2 the probe is locked from F=2 to F’=2 transition. For the measurement, we have only

considered the case of the transverse magnetic field. Throughout the experiment, the pump power

is kept fixed at 3.5 mW and the probe power at 0.3 mW unless it is stated otherwise.

The probe transmission recorded for this configuration for different values of the magnetic field

is shown in figure 4.10 (a). At a magnetic field of 0 G, we observe a single peak as seen in the

earlier section. On increasing the magnetic field to 9 G we observed four well-resolved peaks

labeled as A1, A2, A3, and A4. For this configuration, we have already discussed the peak position

in the previous configuration. For completeness, the position of peak A1 is at -3∆B, A2 at -∆B

, A3 at +∆B and A4 at +3∆B. On increasing the magnetic field further to 25 G, we observed

the signature of asymmetry on peak A2 and A3. As we increase the magnetic field further, the

peak A3 converts completely into absorption. To resolve this further, we recorded the spectra
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FIGURE 4.9: Λ configurations in 87Rb D2 line for probe transition locked at F = 1 → F ′ = 2 and
F = 2 → F ′ = 2. The blue solid line indicates Pump transition and the red dashed line indicates probe
transition.

FIGURE 4.10: Experimental results for Λ1 configuration, (a). for different values of magnetic field at
Ppu = 3.5mW and Ppr = 0.3mW , (b) for increasing pump power at B = 40 G.
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TABLE 4.3: EIT positions corresponding to each Λ system for Λ1 configuration.

Sl. No. Zeeman sublevels involved in Λ system EIT Positions
F=1;mF F=2;mF F’=1;mF F’=2;mF

i +1 +2 - +2 +3∆B

ii 0 +1 - +1 +∆B

iii 0 -1 - -1 -∆B

iv -1 -2 - -2 -3∆B

v +1 0 0 - +∆B

vi -1 0 0 - -∆B

vii 0 +1 +1 - +∆B

viii 0 -1 -1 - -∆B

by increasing the pump power at a fixed value of the magnetic field of 40 G as shown in figure

4.10 (b). The presence of asymmetry becomes prominent for a higher value of pump power. The

reason behind the asymmetry can be attributed to the presence of neighboring state F’=1. Other

neighboring states can be ignored as they don’t fulfill the selection rule. The energy level by

including the F’=1 level is shown in figure 4.11

FIGURE 4.11: All possible Λ configurations for probe transition locked at F = 1 → F ′ = 2. The blue
solid line indicates Pump transition and the red dashed line indicates σ+ and the red dotted line indicates
σ− probe transition.

By involving the sublevels of F’=1, F=1 and F’=2 four Λ systems are possible. Interestingly,

the position of the two photon resonance for this system matches with the peak position of A2

and A3 as listed in table 4.3. This further confirms that asymmetry observed is because of the
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TABLE 4.4: EIT positions corresponding to each Λ system for Λ1 configuration.

Sl. No. Zeeman sublevels involved in Λ system EIT Positions
F=1;mF F=2;mF F’=1;mF F’=2;mF

i -1 -2 - -1 +3∆B

ii -1 0 - -1 +∆B

iii 0 -1 - 0 +∆B

iv 0 +1 - 0 -∆B

v +1 0 - +1 +∆B

vi +1 +2 - +1 -3∆B

vii -1 -2 -1 - +3∆B

viii -1 0 -1 - +∆B

ix +1 +2 +1 - -3∆B

x +1 0 +1 - -∆B

involvement of F’=1. Further we repeat the experiment in Λ2 configuration. In this configuration,

probe beam is locked from F=2 to F’=2 transition and the pump is scanned from the F=1 ground

level. By involving F’=1 there will be multiple Λ system as shown in the energy level diagram

(figure 4.12) The calculated two photon resonance position of all the Λ system is listed in table

FIGURE 4.12: All possible Λ configurations for probe transition locked at F = 2 → F ′ = 2. The blue
solid line indicates pump transition, the red dashed line indicates σ+ and the red dotted line indicates σ−

probe transition.

4.4 As evident from the positions that altogether, four EIT peaks will be observed (because of the

overlapping). The probe transmission for this configuration recorded at several different values of

the magnetic field is shown in figure 4.13 (a). Similar to Λ1 configuration, here also we observed
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FIGURE 4.13: Experimental results for Λ2 configuration, (a). for different values of magnetic field at
Ppu = 2.4mW and Ppr = 0.3mW , (b) for increasing pump power at B = 40 G.

the four well resolved peaks labeled as A1, A2, A3 and A4. For better resolution, we recorded the

spectra by varying the pump power at fixed value of B= 40 G. The spectra is shown in figure 4.13

(b). In this configuration, no asymmetry was observed. But as mentioned in previous section

enhancement of peak A4 in comparison to other peaks indicates the possibility of population

realignment.

4.5.2 The double Λ model

To explain the various observation we model a double Λ system. The energy level diagram is

shown in figure 4.14.

We assign the ground states involving magnetic sublevels belonging to |F = 1⟩ and |F = 2⟩

as |1⟩ and |2⟩. Similarly, we designate excited states involving magnetic sublevels |F ′ = 1⟩

and |F ′ = 2⟩ as |3⟩ and |4⟩. It is termed as double Λ system because of the presence of two

individual Λ system: |1⟩ → |3⟩ ← |2⟩ and |1⟩ → |4⟩ ← |2⟩. By using this configuration we

try to understand the case of peak A3 in the Λ1 configuration. As it can be seen from table 4.3

there are three Λ systems (sl. no. (ii), (v) and (vii) ) which satisfy the two-photon resonance

condition at + ∆B. Out of this two (sl. no. (ii) and (vii)) share the same ground state fulfilling

in criteria for form double Λ system. The interaction between these two coupled systems can be

understood in terms of the dark and the bright state formalism. For a three level Λ system (say
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FIGURE 4.14: Four-level double Λ system with common ground states.

|1⟩ → |3⟩ ← |2⟩) the dark and bright states are defined as [123]

|D⟩ = Ωpu√
(Ωpu)2 + (Ωpr)2

|1⟩ − Ωpr√
(Ωpu)2 + (Ωpr)2

|2⟩ (4.2)

|B⟩ = Ωpr√
(Ωpu)2 + (Ωpr)2

|1⟩+ Ωpu√
(Ωpu)2 + (Ωpr)2

|2⟩ (4.3)

Since there are two such systems, there will be pairs of dark and bright states. The Rabi frequen-

cies will be scaled by a factor provided by the cij’s of the relevant transitions. For |2⟩ → |3⟩ and

|2⟩ → |4⟩ the scaled Rabi frequency is c23Ωpu and c24Ωpu respectively, similarly it is c13Ωpr and

c14Ωpu for the transitions |1⟩ → |3⟩ and |1⟩ → |4⟩.

On inclusion of the above modification, the dark and the bright states involving the states |1⟩,|2⟩

and |3⟩ is given by,

|D3⟩ = c23Ωpu√
(c23Ωpu)2 + (c13Ωpr)2

|1⟩ − c13Ωpr√
(c23Ωpu)2 + (c13Ωpr)2

|2⟩ (4.4)
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|B3⟩ = c13Ωpr√
(c23Ωpu)2 + (c13Ωpr)2

|1⟩+ c23Ωpu√
(c23Ωpu)2 + (c13Ωpr)2

|2⟩ (4.5)

Similarly, for the Λ system involving |1⟩,|2⟩ and |4⟩ is given by,

|D4⟩ = c24Ωpu√
(c24Ωpu)2 + (c14Ωpr)2

|1⟩ − c14Ωpr√
(c24Ωpu)2 + (c14Ωpr)2

|2⟩ (4.6)

|B4⟩ = c24Ωpu√
(c24Ωpu)2 + (c14Ωpr)2

|1⟩+ c14Ωpr√
(c24Ωpu)2 + (c14Ωpr)2

|2⟩ (4.7)

The evolution of the system can be understood on a dark and bright state basis. The dark bright

basis that can be constructed from these states are

{|D3⟩ , |B3⟩ , |3⟩ , |4⟩} and {|D4⟩ , |B4⟩ , |3⟩ , |4⟩}. The vectors of one basis set can be expanded

in the other basis set because they make up the same Hilbert space’s basis set. Normally, for a

perfect system they are orthogonal to each other i.e. ⟨D3 |B3⟩ = ⟨D4 |B4⟩ = 0 and ⟨D3 |B4⟩ =

⟨D4 |B3⟩ = 0. The non-orthogonality of this term indicates the influence of one system on the

other. The presence of impurity can be evaluated as | ⟨D3 |B4⟩ |2(or equivalently | ⟨D4 |B3⟩ |2)

which is given by,

|ID⟩ =
|c24c13 − c14c23|2(ΩprΩpu)

2

[(c23Ωpu)2 + (c13Ωpr)2][(c24Ωpu)2 + (c14Ωpr)2]
(4.8)

In other words, this represents the competition between Λ systems |1⟩ → |3⟩ ← |2⟩ and |1⟩ →

|4⟩ ← |2⟩ in maintaining dark and bright states. The calculated ID values for different systems

are tabulated in table 4.5.

As it is evident from the table, the ID value corresponding to A2 and A3 is non-zero. And

we should expect asymmetry in the profile as observed in the experiment. Although the value

of ID is the same for both configurations but contrary to A3, the peak A2 does not show the
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TABLE 4.5: ID values for different double Λ system.

Sl. No. Configuration Zeeman sublevels involved in double Λ system ID values
F=1;mF F=2;mF F’=1;mF F’=2;mF

i Λ1 0 +1 +1 +1 0.016
ii Λ1 0 -1 -1 -1 0.016
iii Λ2 +1 +2 +1 +1 0.052
iv Λ2 +1 0 +1 +1 0.161
v Λ2 -1 0 -1 -1 0.644
vi Λ2 -1 -2 -1 -1 0.053

complete conversion to absorption. This is because the transition involved in A2 is most probable

as compared to A3. As a result, the asymmetry in peak A2 is not prominent, although present.

In comparison to Λ1, as mentioned before no asymmetry was observed for the Λ2 configuration.

In this case, we observed the dominance of A1 over all the other peaks as shown in figure 4.13.

Contrary to Λ1, at all the resonance positions (EIT positions) double Λ systems are formed. As

per the previous section, in this configuration, we should observe the asymmetry in all the peaks.

As per table 4.5, for all four cases, we have a non-zero value. The ID value of outer peaks A1

and A4 are the same and lowest. Whereas, the ID value of A2 and A3 are very high. And the ID

value of A3 is six times more. Although asymmetry is present in all the cases, we haven’t seen

any conversion to absorption. In this, detuning of the locked probe plays a very vital role. As we

know the scattering rate is given by,

Rs =
Γ

2

I/IS

1 + 4(∆pr

Γ
)2 + ( I

IS
)2

(4.9)

We can see from equation 4.9 that the scattering rate decreases with increase in the ∆pr, the scat-

tering through the transitions |F = 2,mF = 0⟩ → |F ′ = 2,mF = +1⟩ and |F = 2,mF = 0⟩ →

|F ′ = 1,mF = +1⟩will be more active than the transitions |F = 2,mF = 0⟩ → |F ′ = 2,mF = −1⟩

and |F = 2,mF = 0⟩ → |F ′ = 1,mF = −1⟩. This leads to a stronger population alignment to-

wards the |F = 2,mF = +1,+2⟩ states. Due to this strong population re alingement, the asym-

metry as observed for the Λ1 configuration is not observed in this case in spite of having a non-

zero ID value.
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Density matrix solutions

The observed result can also be validated by solving the density matrix equations. This can be

done by solving the master equation which is given by [124],

dρ

dt
= − i

ℏ
[H, ρ] + Lρ (4.10)

where, Lρ (L is the Lindbald super-operator) is the phenomenological decay terms which incor-

porates various decoherence effects and H is the interaction Hamiltonian. In the rotating wave

approximation, the Hamiltonian H for the considered four level model (figure 4.14) is given by,



0 0 − c13Ωpr

2
− c14Ωpr

2

0 ∆pr3 −∆pu3 − c23Ωpu

2
− c24Ωpu

2

− c31Ωpr

2
− c32Ωpu

2
(∆pr3 − kv)−∆ 0

− c14Ωpr

2
− c24Ωpu

2
0 ∆pr3 − kv



The Doppler effect is introduced by the term kv in the Hamiltonian where k is the wave vector

and v is the atomic velocity.

The imaginary parts of the coherence’s ρ13 and ρ13 were averaged across all velocity classes using

the Boltzmann velocity distribution function given by,

W (v) =

√
m

2πKBT
exp(− mv2

2KBT
) (4.11)

The averaged coherences can therefore be written as,

Im(ρ′1j) =

∫
Im(ρ1j)W (v)dv; (j = 3, 4) (4.12)
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Finally, the transmission

T ∝ exp[−c3Im(ρ′13) + c4Im(ρ′14)] (4.13)

. is obtained. Here, Im(ρ′13) and Im(ρ′13) are the averaged coherences. ci = 2πn
ϵoh

|µ1i|2kl
c1iΩpr

(i = 3, 4), where n, µ1i, ϵo, k and l are number density, dipole moment, permittivity of free space,

wave-vector and length of the vapour cell respectively.

The numerical calculation results are shown in figure 4.15 and 4.16. figure 4.15 (a) and (b)

FIGURE 4.15: Theoretical curves. (a). cij = 1 for all i → j, Ωpu = 2 × γ, Ωpr = γ, (b). cij = 1 for all
i→ j, Ωpu = 4× γ, Ωpr = γ. γ = 2π×6MHz.

FIGURE 4.16: Experimental (solid) and Numerical (dashed) spectra corresponding to the peak A3 of Λ1

configuration. (a).Ppr = 0.3 mW and Ppu = 2.4 mW. (b).Ppr = 0.3 mW and Ppu = 5.6 mW.

shows the situation when all cij = 1. Under these conditions, asymmetry is absent, and the

usual probe transmission spectra can be obtained. Apart from broadening, no change is observed

when Ωpu is increased (figure 4.15 (b)). By choosing cij ̸=1 such that |c24c13 − c14c23| ̸= 0

and hence ID ̸= 0 the resulting spectra from the numerical calculations are displayed in figure
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4.16(a) and (b) for two different values of Ωpu (Ppu). The spectra have been compared to those of

experiments. The numerical solution is found in good agreement with experimental results. The

cij are selected as exact values for the double Λ system responsible for the peak A3 as seen in the

experimental results for the Λ1 configuration.

4.5.3 Controlling asymmetry in EIT

The origin of asymmetry as discussed in the previous section for a particular polarization com-

bination of the lasers is essential because of the involvement of the nearby hyperfine state. This

asymmetry is sometimes desirable, as in the case of subluminal to superluminal switching. How-

ever, for certain applications, this effect must be negligible. One way is to obtain EIT for some

other polarization combination as seen in the previous section. In general, both the phenomena i.e

EIT and absorption can be distinguished in terms of off-resonant and on-resonant processes based

on the different velocity classes participating in the two-photon resonance. The off-resonant pro-

cess gives absorption and the on-resonant process produces transmission, for a very low value of

the probe power, absorption i.e. off-resonant process dominates. However, by tuning the probe

power, the number of atoms participating in the off and on-resonant process can be controlled and

desired transmission peak can be obtained [125]. Another way of controlling the asymmetry or

the off-resonant process induced absorption is by the use of an anti-relaxation coated cell where

the number of atoms participating in the off-resonant process can be heavily reduced which is the

ongoing research from our group. It is also expected that the asymmetry would disappear with

the high magnetic field. However, while working with 87Rb this is not possible since, with the

increase in the magnetic field, the level crossing absorption [126] starts to dominate. Asymme-

try disappearing with the magnetic field can however be experimentally realized for some other

atoms for which level crossing effects are minimal even for the high magnetic field.
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FIGURE 4.17: Level diagram for illustration of possible Λ configurations. The solid lines in the level
diagram signify the pump field and the dashed line probe field, both are σ polarised.

4.6 EIT in Longitudinal Magnetic Field

For completeness, we also investigate the response of atoms in presence of the longitudinal mag-

netic field (LMF). For this experiment probe is locked at |F = 1⟩ to |F ′ = 2⟩ transition. The

power of the pump and probe laser is kept fixed at 4.5 mW and 1 mW respectively. In this con-

figuration, the magnetic field is oriented parallel to the propagation direction of the laser. The

polarization of the pump and probe are linear and orthogonal to each other. As a result, in the

lab frame, both lasers are σ polarised. Following the selection rule, the energy level diagram is

shown in figure 4.17. As evident from the energy level diagram, there are ten possible Λ config-

urations as listed in table 4.6. The resonance at ∆pu = −2∆B is as a result of the following Λ

configurations having common two photon detuning condition;

1. |F = 1;mF = +1⟩ ←→ |F ′ = 2;mF ′ = +2⟩ ←→ |F = 2;mF = +1⟩

2. |F = 1;mF = +1⟩ ←→ |F ′ = 2;mF ′ = 0⟩ ←→ |F = 2;mF = +1⟩

3. |F = 1;mF = 0⟩ ←→ |F ′ = 2;mF ′ = +1⟩ ←→ |F = 2;mF = +2⟩
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TABLE 4.6: EIT position corresponding to each Λ in the presence of longitudinal magnetic field
corresponding to figure 4.17

Sl. No. Zeeman sublevels involved in Λ system EIT Positions
F=1;mF F’=1;mF ′ F=1;mF

i +1 +2 +1 -2∆B

ii +1 0 +1 -2∆B

iii 0 +1 +2 -2∆B

iv 0 +1 0 0
v 0 -1 0 0
vi -1 0 +1 0
vii +1 0 -1 0
viii -1 0 -1 +2∆B

ix -1 -2 -1 +2∆B

x 0 -1 -2 +2∆B

Resonance at ∆pu = 0 is as a result of the following Λ configurations having common two photon

detuning condition;

1. |F = 1;mF = 0⟩ ←→ |F ′ = 2;mF ′ = +1⟩ ←→ |F = 2;mF = 0⟩

2. |F = 1;mF = 0⟩ ←→ |F ′ = 2;mF ′ = −1⟩ ←→ |F = 2;mF = 0⟩

3. |F = 1;mF = −1⟩ ←→ |F ′ = 2;mF ′ = 0⟩ ←→ |F = 2;mF = +1⟩

4. |F = 1;mF = +1⟩ ←→ |F ′ = 2;mF ′ = 0⟩ ←→ |F = 2;mF = −1⟩

Resonance at ∆pu = +2∆B is as a result of the following Λ configurations having common two

photon detuning condition;

1. |F = 1;mF = −1⟩ ←→ |F ′ = 2;mF ′ = 0⟩ ←→ |F = 2;mF = −1⟩

2. |F = 1;mF = −1⟩ ←→ |F ′ = 2;mF ′ = −2⟩ ←→ |F = 2;mF = −1⟩

3. |F = 1;mF = 0⟩ ←→ |F ′ = 2;mF ′ = −1⟩ ←→ |F = 2;mF = −2⟩

The probe transmission recorded for this configuration at different value of magnetic field is

shown in figure 4.18. At 0 G, similar to previous cases here also we observe single EIT. As we

increase the magnetic field, single EIT splits into symmetrical three peaks. The peak positions
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A
B C

FIGURE 4.18: Splitting of EIT resonance due to the presence of a longitudinal magnetic field.

were found to be in conformity with the calculated position (see table 4.6.) Contrary to transverse

magnetic field, in this configuration the EIT at 0 MHz does not disappear. As we increase the

magnetic field, the reduction in the linewidth of EIT peaks is observed as seen in figure 4.19.

FIGURE 4.19: EIT linewidth for different values of the magnetic field.
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By varying the magnetic field from 0 G to 20 G, the linewidth reduces approximately by a factor

of 2. The reason for reduction is same as it happens in thermal averaging. In thermal averaging,

the moving atoms fill in the transparency windows [102]. The narrowing of EIT as observed in

longitudinal orientation was absent in transverse. This is because of having π and σ polarised

beam the population alingement was not uniform. Contrary, to transverse orientation in this case

no such asymmetry is observed. This is because of two reasons. First, uniform distribution of

population. Second, absence of double Λ system.

FIGURE 4.20: EIT linewidth for different values of pump power. The plot shows how EIT linewidth
increases with pump power magnetic field zero and 22 G.

As shown in figure 4.20, we monitor the linewidth of the central peak as a function of pump

power. For this, we took two sets of data i.e. at 0 G and 22 G. in both the sets, linewidth increases

with the increase in the power as expected. By varying the power from 0.5 mW to 6 mW the

linewidth of the peak at 0 G increases by a factor of 3. Whereas at 22 G the variation is by a

factor of approximately 1.5. The amplitude also varies as we increase the magnetic field. The

amplitude of each EIT peak decreases by (30 ±5) % as compared to EIT at 0 G. No substantial

differences were formed between the three EIT peaks. As shown in figure 4.21, we also monitor
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the separation in two EIT peaks. Similar to the transverse orientation, it varies linearly with the

magnetic field and is found to be 2∆B.

FIGURE 4.21: Dependence of separation between two consecutive EIT peaks on the magnetic field.

4.7 EIT in a degenerate two-level system

In the previous section, we investigated the process of EIT in a three-level system. As discussed

in the three-level system, the coherence is induced by involving a laser beam. However, despite

the extensive research on this system, simple systems are always in demand. Various coherence

phenomena are well understood in a pure two-level system. And as discussed, by involving

the magnetic field various complicated systems are realized. Similarly, by having a degenerate

two-level system (DTLS) exposed to magnetic field different configurations coupled with a laser

beam can be realized. DTLS in presence of a magnetic field gives rise to several superposed

three-level systems and pure two-level systems. In this section, we have discussed the DTLS

system in presence of the magnetic field and laser.
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TABLE 4.7: EIT position corresponding to each Λ in DTLS

Sl. No. Zeeman sublevels involved in Λ system EIT Positions
F=1;mF F’=1;mF ′ F=1;mF

i +1 +1 0 -∆B

ii 0 0 +1 -∆B

iii 0 0 -1 +∆B

iv -1 -1 0 +∆B

4.7.1 Effect of transverse magnetic field

FIGURE 4.22: Level diagram illustrating degenerate two-level system (DTLS).

The two-level energy level structure is shown in figure 4.22. The transition 5S1/2 (F g=1) →
5P 3/2 (F e=1) of the 87Rb D2 line is selected as degenerate two-level system for investigation.

The probe laser frequency is locked at |F = 1⟩ → |F ′ = 1⟩ transition and the pump laser

is kept at scanning mode from the same ground level. The pump is π-polarised and the probe

is σ-polarised in the atomic frame. As shown in the energy level structure (figure 4.22), four

Λ systems are possible. As the system is closed, it is expected to have an EIT effect in probe

transition. Figure 4.23 (a) shows the transmission spectra of a probe beam recorded for different

value of magnetic field.

For this experiment, the pump and probe power is fixed at 1.5 mW and 0.06 mW respectively.

At B = 0 G as expected we observe the EIT because of the polarization of the optical beam. As

we increase the magnetic field the single EIT splits into two EITs because of the upliftment of
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FIGURE 4.23: (a) Response of EIT spectrum to the applied magnetic field. (b) Linear dependence of
separation between EIT peaks.

degeneracy. At B̸= 0 G, the coherence between Zeeman sublevels and laser beam results in two

EIT peaks. The position of peaks is found to be in confirmation with the calculated value as

shown in table 4.7. As the magnetic field is increased the EIT maxima shifts from zero detuning.

The separation between the EIT maxima varies linearly as seen in figure 4.23 (b).

4.7.2 Effect of pump intensity

Keeping the probe fixed at 0.06 mW, we change pump intensity from 0.1 mW to 1.5 mW. The

amplitude of EIT increases linearly with pump intensity. DTLS consists of multiple Zeeman sub-

levels belonging to two hyperfine states. There is no third hyperfine state which would otherwise

act as a supplementary population reservoir. Due to the absence of a third hyperfine state in the

DTLS, there is no probability of population realignment, also there is a very less probability of

observing asymmetry in this system for the same reason. figure 4.24 shows very little change

in EIT linewidth measured at FWHM. This is because, in a vapor cell, atoms with different ve-

locities interact with laser frequency resulting shift in transparency peak. While averaging over

all possible velocities, they fill in the transparency region for stationary atoms. Hence,the trans-

parency region shrinks and becomes less sensitive to pump intensity [78]. It should be noted that

to observe EIT in DTLS the probe and the pump laser have to be from F=1 ground level for the

87Rb D2 line, if it is locked from F=2 ground level, the conditions of another phenomenon known

as EIA is fulfilled which is discussed in the next chapter.
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FIGURE 4.24: Effect of pump intensity EIT for a fixed value of the magnetic field.



Chapter 5

Electromagnetically Induced Absorption

5.1 Introduction

EIA is a coherent phenomenon characterized by enhancement of absorption in an atomic medium

[127]. The enhanced absorption peak is of sub-Doppler width. It was predicted and demonstrated

in two consecutive papers from A.M. Akulshin in 1998. In their first work [42], they involved a

DTLS of atoms coupled by two co-propagating lasers fields, where they performed experiments

for various sets of DTLS involving ground and excited hyperfine levels of 85Rb. For the con-

figuration |F=2⟩→|F′=3⟩, they observed enhanced absorption having sub-Doppler width. They

named it EIA. The presence of EIA was attributed to the coherence between the Zeeman sub-

levels of the ground state hyperfine levels induced by the lasers. Apart from |F=2⟩→|F′=3⟩, in all

the other cases they observed EIT. Based on the observation they laid out the following criteria:

For EIA, in a two-level system, the transition between the ground level F and excited level F′=

F+1 is required. In the second work from the same group by A. Lezama et al. in [45], they

have demonstrated experimentally and theoretically the enhancement in EIA by choosing the

hyperfine states laying out the following criteria:

1. F’=F+1

2. transition should be closed

77
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3. the ground state must be degenerate (F ̸= 0)

The first condition ensures the absence of a dark state in the system resulting in the absorption

in a two-level system. As all the previous work has demonstrated EIA in the DTLS system.

Interestingly, the standard systems involving three levels configurations (Λ, V , and Ladder) used

to explain the sub doppler phenomenon like EIT failed to explain the observed phenomenon. As

discussed in the previous chapter, it is to be noted that observed sub-doppler absorption in a three-

level system is present because of the off-resonant scattering like Raman scattering [128]. The

presence of off-resonant scattering in three-level system was further explained by involving the

close-lying states forming a double-Λ system (a four-level system). In [53], it has been explained

how the presence of extra atomic states within allowed dipole transition of one of the states

involved in the Λ system leads to spectral change. Depending on the number of states involved,

the resultant spectrum changes from the transmission to absorption and back to the transmission.

In all the previous works there was no mention of the types of the system present in DTLS which

is responsible for the EIA. Taichenachev et.al in [128] showed that EIA occurs because of the

spontaneous transfer of coherence. Rautian et al. in their work [129] introduced the concept of

spontaneous transfer of coherence from the excited state to the ground state and demonstrated

how this process changes nonlinear saturation spectroscopy. The transfer of coherence depends

on many factors including the relative splitting of adjacent states. N-configuration is the basic

system for the realization of transfer of coherence and can be easily realized in the DTLS system

in the presence of the magnetic field and two orthogonally polarised lights.

Kim et al. in [130] observed EIA in an open system defying requirements (i) and (ii) predicted by

Lezama et al.. Goren et al. in the series of work in [131, 132] had been successful in rationalising

the above two arguments. They have concluded that there are two kinds of EIA in DTLS system

formed by satisfying the criteria F→F′(=F+1): (i) due to transfer of coherence (TOC) when

the DTLS system interacts with the pump and probe beam of different polarization i.e Zeeman

sublevels of excited state and ground state will form the chain of several N-system, (ii) due to

transfer of population (TOP) when DTLS system interacts with same polarized pump and probe

by forming the chain of two-level system. Zigdon et al. in [133] showed that by uplifting the
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degeneracy of any DTLS system (including open system) EIA can be observed due to TOC.

In the same work, they showed when the pump is σ-polarised and the probe is π-polarised or

vice-versa, EIA will be due to the coherence between nearest Zeeman sublevels. The maximum

contribution, in this case, will be from the outermost Zeeman sublevels. For σ+ pump and σ−

probe, EIA will be due to coherence from the next-nearest Zeeman sublevels. The dependence

of EIA linewidth on the probe and pump power has also been studied by Molella et al. [134].Ye

et al. [135] reported a narrow dip of EIA superimposed on a transmission peak due to saturation

of atomic population in Doppler broadened optical pumping window of Rb atomic vapor. They

numerically showed that the observed EIA dip is due to four level N configurations. EIA has also

been predicted theoretically due to incoherent collision but the dynamics are slightly different.

Xihua et al. in [136] have theoretically observed that with the increase in the collisional decay

rate EIT can be converted to EIA, provided that the probe power is not too weak. When the

polarization of both laser fields is the same transfer of coherence is not possible. Therefore, EIA

observed is due to the TOP. In such a case, the DTLS system reduces to a series of two-level

systems. TOP is caused by spontaneous decay and collisional transfer between ground states. In

an open system, EIA due to TOP requires that the effective decay rate to the reservoir from the

ground state should be greater than that of the excited state [132, 137]. The simplest form of

four level system is a N configuration consisting of four atomic states as shown in figure 5.1, two

states each of ground and excited states, connected by a strong pump and a weak probe beam. It is

an ideal N configuration where dipole transition is allowed between |1⟩ and |2⟩, |3⟩ and |4⟩, and

|1⟩ and |4⟩. Two pump beams derived from the same laser source interacts with transitions |1⟩

→ |2⟩ and |3⟩ → |4⟩. Weak probe beam interacts with transition |1⟩ → |4⟩. Coherence between

two excited states and two ground states is connected by the pump beam and spontaneous decay.

Ground state coherence, which in the case of three-level system would have been responsible for

destructive interference, is now dependent on excited state coherence. The coherence mediated

through spontaneous decay leads to enhancement of absorption. In recent experiments, the EIA

is realized by involving four hyperfine states. For this three lasers are required, out of which two

lasers of comparable intensity will act as a pump and one weak laser as a probe. When one of

the pump beams is detuned by a few GHz from the atomic resonance it leads to broadening and
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shifting of transmission peak [138]. However, when both the pump beams are resonant within

the limits of hyperfine transition, the resultant spectrum is absorption. Therefore, any of the

pump beams in N-configuration responsible for absorptive resonant must not be far detuned from

resonant transition [139]. Contrary to that multiple N-configuration can be realized in DTLS.

Multiple N configurations are readily made available in DTLS consisting of Zeeman sublevels by

applying the appropriate pump and probe beam. As applied fields are resonant with the hyperfine

transitions detuning of the coupling field connecting different Zeeman transitions is negligibly

small. Therefore, they form a perfect N configuration rather than a distorted Λ or V system. Each

N configuration formed by the nearest four Zeeman sublevels contributes to the spectral change

at a position defined by detuning the laser field from the transition. Change in the amplitude of

applied magnetic field changes existing coherence between the states which shall be discussed

in the later sections. Our long-term objective of this experiment is to optimize the system for

its usage in quantum memory. As demonstrated by Lezama et al. retrieval of a light pulse is not

exclusively for the EIT medium. It can be realized in very general conditions including EIT and

EIA. Attracted by simple configuration and minimum requirement of optics we wanted to explore

the possibility of realizing the same in our system. Secondly, we aim at making a detailed study

of the effects of magnetic field on EIA and try to understand which atomic Zeeman sublevels

have the major contribution to the resultant spectral changes.

5.2 Four-level N system: Theoretical Description

As mentioned before for realizing a four-level N system three lasers are required. Contrary to

that, in DTLS along with the magnetic field two lasers are required to form N level system.

It is because, for the low magnetic field, the same laser can address two different ground and

excited state pairs. For the probe, we can use another laser. To discuss EIA theoretically a simple

four-level N-system is drawn in figure 5.1. Solid lines indicate transition induced by the pump

beam and the dashed-dotted line indicates that of the probe. Angular frequency of pump and

probe is denoted by ωpu and ωp respectively. In the given four-level N system, Zeeman states
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|1⟩ and |3⟩ belong to a ground state hyperfine energy level and |2⟩ and |4⟩ belong to the excited

state hyperfine level. Pump and probe detuning ∆c1, ∆c2 and ∆p defined as (ω12-ωpu), (ω34-

ωpu) and (ω32-ωp) respectively. In the above definition, ω12, ω34 and ω32 are resonant frequency

corresponding to transitions |1⟩ → |2⟩, |3⟩ → |4⟩ and |3⟩ → |2⟩ respectively.

FIGURE 5.1: Energy level diagram of one of the four level N system formed by π polarised pump and σ−

polarised beam

The internal dynamics of four level atomic system is described by density matrix equation [128];

dρij
dt

= − i

ℏ
[HI , ρij]−

1

2
{Γ, ρ}+ Γ

∑
q=1,2

Q†
qρQq (5.1)

where, Q1 = A|2⟩⟨1|+|4⟩⟨3|, Q2 = B|2⟩⟨3| and A and B are real numbers such that A2+B2 = 1.

Γ is decay rate from excited state to the ground. The subscripts i and j range from 1 to 4 for four

level system.

First term in right hand side of the equation-5.1 corresponds to interaction Hamiltonian, second

term takes into account the decay rates and the last term corresponds to the transfer of coherence

from excited states to the ground.

The interaction Hamiltonian of the system in matrix form is given by;
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HI=



∆C1 c12
Ωc1

2
0 0

c21
Ω∗

c1

2
0 c23

Ωp

2
0

0 c32
Ω∗

p

2
∆P c34

Ωc2

2

0 0 c43
Ω∗

c2

2
∆C2 −∆P


The set of the coupled differential equation obtained for each N-system along with the population

conservation equation,
4∑

i=1

ρii = 1 are solved under steady-state conditions. Theoretical probe

spectrum is obtained by plotting Im ρ32 as a function of pump detuning as shown in figure 5.2.The

polarization of the pump and the probe in theoretical calculations have been taken into account by

introducing Clebsch-Gordan coefficient in the interaction Hamiltonian. The effect of magnetic

field on probe spectrum is taken into account through the pump (∆C1 and ∆C2) and probe (∆P )

detuning. The position of the transmission spectrum is defined by δ = ∆C1+∆C2+∆P whereas

that of the EIA with respect to transmission peak is defined by ∆C2 −∆C1. As shown in figure

5.2 in absence of the magnetic field, the EIA shift from the transmission line.

FIGURE 5.2: Theoretically obtained EIA curve with following parameters; ∆C1 =∆C2, ΩC
ΩP

= 10, Γ≡6

MHz, Clebsch-Gordan coefficients: C12=C21=
√

4
15 , C34=C43=

√
3
10 , C23=C32=

√
1
6

.
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5.3 Probe response for DTLS system in presence of magnetic

field

The observed saturation transmission profile of probe beam in DTLS system for the following

two condition:

• Weak pump beam

• Exposed to magnetic field

can be understood by using the model proposed by Nakayama [140]. In saturation spectroscopy

for the two-level system the presence of a strong pump beam (intensity higher as compared to

saturation intensity) saturates the specific atomic transition line. As a result, the weak probe

transmits without getting absorbed. Hence, on monitoring the probe beam we observed transmis-

sion.

In this work we have a DTLS system exposed to the magnetic field, the shifted Zeeman sublevels

will form multiple transitions including three levels systems. For a system in which three or more

level atomic systems are involved even a weak pump beam can affect the ground state coherence

and optical pumping start playing a prominent role. Hence, based on the configuration (Lambda

or Vee) either absorption or transmission would be observed. The model proposed takes into

account a single optical pumping cycle without a saturation effect. As we are working on the low

probe and pump power, the proposed approximation is valid in our experiment.

According to proposed model the susceptibility can be expressed as

χi
j,j ∝

∑
i,j I

i
j,j exp[−(∆ωi,j/2ku)

2]

[(∆− kv)− iγ]
(5.2)

where ωi and ωj are the pump and probe transition. ∆ is the detuning from the resonance and

defined as ω − ωi,j . u is the most probable velocity and v is the velocity of atoms moving in

the direction of propagating laser. The exponential part only have a relevance in the presence of



Chapter 5: Electromagnetically Induced Absorption 84

crossover [140] and is taken as unity in our case. The subscript and superscript associated with

χ is the polarisation state of pump and probe respectively and will be denoted as 0 for linear

polarisation, − for σ+ polarisation and + for σ− polarisation. γ is the linewidth which takes into

account all type of broadening effects i.e. natural, transit time, power broadening and so on. The

presence of two linearly polarised laser having polarisation plane perpendicular to each other will

induce linear optical anisotropy. In this case the susceptibilities should exhibt symmetry and will

be given by

(a ) (b ) (c ) (d )

(e)

(f )

FIGURE 5.3: Four types of resonance: I-shaped two level (a),V-shaped three level (b) , Λ-shaped three
level (c) and N-shaped four level (d). Series of V-shaped three level resonances for π-polarized pump
and σ-polarized probe (e). Series of Λ and V-shaped three level resonances for π-polarized pump and
σ-polarized probe (f). Thick line indicates the pump transition , thin line for probe transition and dotted
line indicates the spontaneous decay

χ
(0,±)
00,±± ∝

∑
i,j

I
(0,±)
00,±±

[(∆− kv)− iγ]
(5.3)
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For the atoms interacting with the lasers in presence of magnetic field the resonances present

can be classified into 4 classes (i) I-shaped principle resonance (figure 5.3(a)) (ii) V- shaped

three level resonance (figure 5.3(b)) (iii) Λ-shape three level resonance (figure 5.3(c)) and (iv)

N-shaped four level resonance (figure 5.3(d)). The relative magnitude I
(0,±)
00,±± for each of the

resonance present is given by

I
(0,±)
00,±± = |µpu|2|µp|2(−δi,sp +

|µsp|2

Γ
) (5.4)

where |µpu|2 and |µp|2 are the transition probabilities corresponding to pump and probe beam.

|µsp|2/Γ is the branching ratio of the upper excited state. The values of all these are obtained

from figure 5.11. δi,sp indicates the depopulation of ground state by pump beam and is taken as

unit for I-shaped and V-shaped resonances and 0 for λ and N-shaped resonance. The absorption

coefficient would be proportional to imaginary part of the calculated χ. For fixed polarisation of

pump and probe χ should be summed together for all possible Zeeman transition and saturation

signal, I ∝ Im[
∑

χ]. For simulation |µpu|2 and |µp|2 were multiplied by there respective Rabi

frequency Ωpu and Ωp and then integrated over all the velocity class.

For π polarised pump and σ+ probe all possible transitions are shown in figure 5.3(e). From the

figure, it can be seen that each ground state Zeeman sublevel is connected to the two upper Zee-

man sublevels via pump and probe beam forming a 5 V-shaped resonance. Due to symmetry, the

same number of V-shaped resonances will be obtained for the σ+ probe. The obtained transmis-

sion spectra calculated using equation-1 for three different magnetic fields 20 G, 30 G, and 40 G

are shown in the first column of figure 5.4. In this case, we observe two well-resolved transmis-

sion peaks. As we increase the magnetic field, the separation increases. The separation follows

the shift induced by the applied magnetic field. The same pattern follows in the experiment as

discussed in the latter section.

Similarly for the case where σ+ polarised beam is the pump and π polarised is the probe all the

transitions are shown in figure 5.3(f). With σ− polarised beam as pump we will have symmetry.

Contrary to the previous case the transitions involving the mF = −1, 0, 1 will form λ system

by having two ground Zeeman sublevels connected to single upper Zeeman sublevels and the
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FIGURE 5.4: Theoretical probe transmission spectra with following parameters: ΩC
ΩP

= 10, Overall detun-
ing factor δ≤10 MHz, Spontaneous decay rate Γ≡6 MHz. First Column: π-polarized pump with magnetic
field 20 G, 30 G and 40 G. Second Column: σ-polarized pump with magnetic field 20 G, 30 G and 40 G.

transitions involving mF=+2 ground states will form V-shaped resonance. For the magnetic field

of 20 G, 30 G, and 40 G the simulated spectra are shown in the second column of figure 5.4.

Contrary to the previous case, in this case, we observe broad absorption at the center along with

two transmission peaks at the wings.

5.4 Experiment: Observation and Discussion

5.4.1 Layout of Experiment

The optical setup for the demonstration of EIA is shown in figure 5.5(a). The probe and coupling

field are co-propagating passing through the vapor cell whose temperature is maintained at 40oC.

The pump and probe beam are derived from two independent laser sources both of which are 780

nm external cavity diode lasers discussed in chapter 2. The probe beam is locked to the desired

transition following the procedure discussed in section 2.7 of chapter 2. The pump beam is kept
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in the scanning mode. The measured intensity of the pump is 20 mW/cm2 and that of the probe

is 0.9 mW/cm2. The intensities calculated are for the power measurement done in front of the

vapor cell before the interaction of the beam with the atomic vapor. The intensities of both the

laser beams are kept fixed unless explicitly mentioned in the later texts.

(a) (b)

FIGURE 5.5: Experimental setup for observation of EIA and the effect of magnetic field. PBS-Polarizing
beam splitter; HWP-Half wave plate;PD-photodiode; VC-vapor cell; SAS-Saturated Absorption Spec-
troscopy setup.

5.4.2 Zero Magnetic Field

The transmission spectrum obtained at B = 0 G and probe frequency locked at |F=2⟩→|F′=3⟩ is

shown in figure 5.5(b). The three Doppler broadened transmission peaks observed at pump de-

tuning of -424 MHz, -267 MHz and 0 MHz are because of the velocity selective optical pumping

of atoms with velocity component 330 m/s, 208 m/s, and 0 m/s respectively [141]. The transmis-

sion peak center at 0 MHz is accompanied by EIA at the center of the peak.

For comparison, we also recorded the spectrum for other two allowed transition i.e,|F=2⟩→|F′=2⟩

and |F=2⟩→|F′=1⟩. The recorded spectra are shown in figure 5.5 (b). As compare to |F=2⟩→|F′=3⟩,

the spectrum recorded for other two lock points (|F=2⟩→|F′=2⟩ and |F=2⟩→|F′=1⟩) shifts by 267

MHz and 424 MHz respectively (not shown in the figure). For all the lock points EIA width was

found to be the same but variations were observed in the amplitude. Although the evaluated

percentage absorption is the same and found to be approximately 45%. Percentage absorption,
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defined by A
T
× 100, where A is the amplitude of EIA and T is that of transmission as shown

in the inset of figure 5.6. The amplitude recorded for EIA is maximum for |F=2⟩→|F′=3⟩ and

minimum for |F=2⟩→|F′=1⟩. The variation in amplitude is due to the following two reasons:

First, |F=2⟩→|F′=3⟩ transition being closed the loss of population to the uncoupled state will

be negligible.Whereas, |F=2⟩→|F′=2⟩ and |F=2⟩→|F′=1⟩ being open transition the above men-

tioned loss would be more. Secondly, the transition strength also plays a significant role. The

FIGURE 5.6: EIA for different lock points. Applied magnetic field B = 0 G. For each of the spectra
recorded, the pump detuning axis is calibrated with respect to the lock point.

transition strength of |F=2⟩→|F′=3⟩ is maximum and minimum for |F=2⟩→|F′=1⟩. The overall

transmission also follows the same pattern. As a result, the variation observed will be propor-

tional to the EIA amplitude. Both of these variations ensure the percentage absorption remains

the same for all lock points. But the percentage absorption depends on the pump power. For this

we have recorded the transmission at different pump power for the lock point of |F=2⟩→|F′=3⟩

and evaluated the percentage absorption as shown in figure 5.7 (a). As expected the percentage

absorption increases with the increase in the pump power. And the similar trend was observed

for the other lock point. The linewidth of EIA obtained, in this case, was ≈ 4.5 MHz which is

subnatural (<6 MHz). Usually, the linewidth varies with laser power. As shown in figure 5.7 (b),

with the increase in laser power no significant changes are seen. Apart from power broadening

the linewidth of EIA also depends on several other phenomena viz. Doppler effect, coherence
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effect, etc. In this experiment, having DTLS system the laser is scanned around near to |F ′ = 3⟩

state. As a result, the linewidth induced due to the Doppler effect gets limited. For the DTLS

system, the change in the EIA linewidth with increasing pump power is negligibly small as shown

in figure 5.7(b).

FIGURE 5.7: EIA properties for zero magnetic field.(a) Percentage absorption. (b) EIA linewidth vs pump
power.

5.4.3 Non-zero magnetic field

We have carried out our experiment using 87Rb D2 line. As mentioned before in the presence of

an external magnetic field, the hyperfine degeneracy uplift into magnetic sublevels. As a result,

several transitions in the DTLS system get coupled to the pump and probe transition. For π

polarised pump and σ polarised probe, |F = 2⟩ → |F ′ = 3⟩ splits into five pump and ten

probe transitions, |F = 2⟩ → |F ′ = 2⟩ in five pump transitions and eight probe transition and

|F = 2⟩ → |F ′ = 1⟩ into three pump and six probe transitions illustrated in A1, A2 and A3

respectively of figure 5.8. For σ± polarised pump and π polarised probe, |F = 2⟩ → |F ′ = 3⟩

splits into ten pump and five probe transitions, |F = 2⟩ → |F ′ = 2⟩ in eight pump transitions

and five probe transition and |F = 2⟩ → |F ′ = 1⟩ into six pump and three probe transitions

illustrated in B1, B2 and B3 respectively of figure 5.8.
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FIGURE 5.8: Level diagram illustrating all possible Zeeman transitions in presence of the transverse
magnetic field. A1, A2 and A3 represent Zeeman transitions corresponding to |F = 2⟩ → |F ′ = 3⟩,
|F = 2⟩ → |F ′ = 2⟩ and |F = 2⟩ → |F ′ = 1⟩ respectively for π polarised pump field and B1, B2 and B3

corresponding to σ polarised pump.

The dynamics of atomic population distribution depend on the polarisation of the driving field.

In the case of σ± polarised light atomic population is transferred to the state with the largest

corresponding angular momentum. If we consider |F = 2⟩ → |F ′ = 3⟩ cyclic transition of 87Rb,

σ+ field will transfer all the atomic population into |F = 2,mF = +2⟩ → |F ′ = 3,mF ′ = +3⟩

and σ− field will transfer all the atomic population into |F = 2,mF = −2⟩ → |F ′ = 3,mF ′ =

−3⟩ transition. The simultaneous presence of σ+ and σ− pump field leads to redistribution of the

population instead of accumulating at the cyclic transition. Our study shall be limited to steady-

state conditions. Population distribution is well affected and conditioned by transition strength

and branching ratio between the states shown in (a) and (b) of figure 5.9. When the driving field

is a π polarised light, atoms tend to accumulate near mF = 0 [122]. Later the discussion of

experimental results shows that population distribution is an important aspect in determining the

positioning of EIA.
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FIGURE 5.9: (a)Transition strength and (b) branching ratio - between different Zeeman sublevels corre-
sponding hyperfine transition F=2→ F′=3 to illustrate dynamics of the population distribution process.

π-polarized pump and σ-polarized probe field

The observed probe transmission for different magnetic fields is shown in figure 5.10. For B =

0 G, as expected a subnatural EIA dip is been observed at the center of the broad transmission

peak. By increasing the magnetic field, the transmission peak broadens and the EIA peak splits

into two. Split in the EIA peak is a well-studied phenomenon in the presence of a magnetic

field (removal of hyperfine degeneracy). Till 10 G we observe two well-resolved EIA peaks

superimposed on broad transmission. When the magnetic field reaches 20 G broad transmission

splits into two well-resolved peaks separated by 38 MHz. Both transmission peaks have EIA dip

superimposed on them partially detuned from the respective line center. On further increase in the
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FIGURE 5.10: Experimentally observed probe transmission for different values of the magnetic field with
π-polarized pump beam; (a) weak magnetic field, (b) strong magnetic field. The spectrum recorded for the
fixed pump and probe intensity of 20 mW/cm2 and 0.9 mW/cm2 respectively.
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magnetic field, two distinct spectral changes are seen. One, the separation between transmission

peaks increases with magnetic field, and second EIA shifts towards zero pump detuning from the

transmission peak.

In presence of the external magnetic field, atoms interacting with π-polarized pump and σ±-

polarized probe, a total of 8 N-type system is possible as shown in figure 5.11. Observation

of two well-resolved transmission peaks with EIA dip suggests the presence of two distinct N-

type systems out of an expected eight. This is attributed to the alignment of the population in

ground state Zeeman sublevels and can be explained as follows: At 0 G, ground state Zeeman

sublevel mF = 0 would be maximally populated. As the magnetic field is applied the available

population is redistributed over all the ground state Zeeman sublevels. The redistribution is

decided by the polarization of the laser interacting with atoms. The energy level diagram for all

possible transitions between Zeeman sublevels corresponding to F = 2 → F ′ = 3 transition

is shown in figure 5.11. As per the selection rule, in the presence of π-polarized strong pump

beam, optical pumping of the atoms from mF = 0 to mF ′ = 0 will be favored. According to

the branching ratio atoms pumped to mF ′=0 will decay back to mF=-1,0,+1 with the probability

of 20%, 60%, and 20% respectively. The probability of pumping the atoms back to mF = 0 in

presence of a weak σ±-polarized probe beam would be minimum. 40% of the atoms pumped to

mF = +1,−1 would be revert back to mF = 0 via mF ′ = +1,−1 through spontaneous decay

and 60 percent would be carried forward to higher magnetic sublevels. 67 % of the atoms pumped

to mF = −2,+2 would also populate mF = −1,+1. By following the combined action of

pumping and spontaneous decay the population will redistribute in mF = −2,−1, 0,+1,+2 with

mF = −1,+1 being more populated as compared to mF = 0 and mF = ±2. This redistribution

of the population will eventually give two well-resolved N-type systems involving the ground

state coherence of mF = +1,+2 and mF = −1,−2 respectively as suggested by Zigdon et al.

[142]. Although all N-type systems formed will have a contribution but being connected to cyclic

transition mF = ±2 → mF ′ = ±3, EIA due to ground state coherence of outermost Zeeman

sublevels will have dominance. The N-system formed by the coherence of inner ground state

Zeeman sublevels involving mF = 0,±1 will have more degree of openness as compared to the

outer Zeeman sublevels and will have negligible effect. In these study we have discussed results
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corresponding to hyperfine transition |F = 2,mF = +2⟩ → |F ′ = 3,mF ′ = +3⟩. Given the

situation of the experiment, other transitions show similar results. Also, we have neglected the

effect of the earth’s magnetic field as it is extremely weak compared to the applied magnetic field.

FIGURE 5.11: Energy level diagram showing all the possible Zeeman transitions with corresponding
transition strength for π (solid red) and σ± (dashed green) polirised beam.

FIGURE 5.12: EIA shift from transmission as a function of applied magnetic field.In inset non-degenerate
N-type system formed by π-polarized pump and σ−-polarized probe. ∆C1 and ∆C2 are pump detuning
and ∆P is the probe detuning.

The shift observed in position of EIA with respect to the transmission peak is governed by three

photon resonance [53]. In the case of co-propagating laser interacting with N-type system the

shift, δ = ∆C1 +∆C2 +∆P where ∆C1 and ∆C2 are the detuning of pump and ∆P for probe as
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shown in inset of figure 5.12. The energy levels labeled as |1⟩, |3⟩ are for ground state and |2⟩,

|4⟩ are for excited state. For simplicity, by assuming ∆P = 0 the shift observed will be equal

to ∆e-∆g, where ∆g=(gFµBB)/(2πℏ) and ∆e=(gF ′µBB)/(2πℏ) are the Zeeman splitting for the

ground state and excited state respectively [122] for neighbouring Zeeman sublevels. At 43 G,

the calculated shift of EIA is found to be 10 MHz which is in agreement with the observed shift.

The shift varies linearly with the magnetic field as shown in figure 5.12.

σ±-polarized pump and π polarized probe field

To further investigate the effect of the applied magnetic field we change the orientation of the

magnetic field. This leads to a change in the polarisation of the pump and probe field in the atomic

frame of reference. Since light atom interaction, a resulting atomic transition is a polarization

dependent the resultant spectrum is expected to change. Here, the magnetic field is oriented

parallel to the electric field vector of the probe field making probe field π polarised and pump

field σ±.

The spectra recorded for the different magnetic fields are shown in figure 5.13. For weaker

magnetic fields up to 10 G, the transmission profile observed is similar to the results discussed

in Section 5.4.3. With the increase in the magnetic field, we observe EIA dip resolve into two.

When measured at 13.5 G two EIA peaks are positioned at pump detuning of -7 MHz and +7

MHz and an absorption dip centered at zero pump detuning which gets enhanced with increase

in the magnetic field. Since Zeeman splitting for the weak magnetic field are within the natural

linewidth and any modifications because of the change in polarization will not be resolved. With

further increase in the magnetic field, we observe a gradual decrease in transmission at the wings

and an increase in the amplitude and broadness of absorption along with the shift of EIA peaks

in the overall probe spectrum.

The basic difference in the observed spectrum for both the cases (when the pump is π polarized,

the other when σ polarized) is due to the difference in possible population distribution. Optical

pumping in the presence of a magnetic field with σ+-polarized pump and π-polarized probe for

F = 2 → F ′ = 3 is been studied and modeled using Bloch equations assuming a degenerate
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FIGURE 5.13: Experimentally observed probe transmission for different values of the magnetic field with
π-polarized pump beam; (a) weak magnetic field, (b) strong magnetic field. The spectrum recorded for the
fixed pump and probe intensity of 20 mW/cm2 and 0.9 mW/cm2 respectively.
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two-level system by Zigdon et al. in [133] wherein it is suggested that the population will be

swept to mF = 2 state and all population will be concentrated in the N-type system at extreme

right at the higher magnetic field. This is also evident from the transition strength and branching

ratio of all possible transitions between Zeeman sublevels shown in figure 5.11. In our case,

the simultaneous presence of σ− polarization in the pump will act as re pumper and revert the

population and populate mF = +1, mF = 0, and mF = −1 Zeeman sublevels. The overall probe

absorption will have a participation of mF = +1 → mF ′ = +1 and mF = −1 → mF ′ = −1

transitions along with mF = 0 → mF ′ = 0 transition. Hence, broadness will increase with

the increase in the magnetic field due to Zeeman splitting. A significant population available in

mF = |2| for the probe to absorb will not allow the transmission to fully disappear. That is why

we see the presence of weak transmission peaks at pump detuning of -37 MHz and +37 MHz at

40 G.

Effect of Intensity

Intensity plays an important role in defining the dynamics of the coherent interaction of light with

atoms. The observed spectrum shows changes with the intensity of the pump field. For a fixed

magnetic field of 40 G, the spectrum obtained for different pump intensities is shown in figure

5.14. By lowering the intensity, a gradual change of absorption to transmission at zero pump

detuning can be seen. As pump intensity is lowered probability of repumping atoms back from

mF = −2 to mF = +2 and vice versa becomes weak. Thus population available for absorption

by π-polarised probe is diminished. However, this phenomenon is not observed in the case of

π polarised pump. The population distribution, in this case, remains unchanged with intensity

once the steady state is reached. At low pump field intensity, the Rabi frequency of pump and

probe will become equal and the system will behave as a pure DTLS system, having one broad

transmission in the observed probe spectra with EIA sitting at the line center. (not seen in our

experiment)

The separation between EIA peaks with the magnetic field is found to be the same as the case

discussed in section 5.4.3 which indicates that the main contribution of the same N-type systems
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FIGURE 5.14: Transmission spectra were recorded for different values of pump intensity at a fixed trans-
verse magnetic field of 40 G as a function of pump detuning. The spectrum recorded is for σ±-polarized
pump and π-polarized probe.

i.e N-type systems involving mF = |1|, |2| and mF ′ = |1|, |2| in the formation of EIA as sug-

gested theoretically by Goren et al. in [131]. Contrary to the previous case, in this scheme, the

EIA lineshape is symmetrical and broad. Both differences can be attributed to the simultaneous

presence of σ±-polarized pump. The simultaneous presence of both will have two effects (i) One

of them will act as a repump for the N-system formed by others and will make the EIA line shape

symmetrical [143] (ii) Both will facilitate two pumping channels from the same ground state and

hence the degree of coherence will decrease and will broaden the EIA linewidth.

By lowering the intensity of the pump at a fixed magnetic field of 40 G as shown in figure

5.14 we observe a reduction in the amplitude of EIA. This is because as mentioned above pump

becomes comparable to the probe the system will behave as a pure DTLS system and having

two EIA peaks will not be favored. In figure 5.15, the variation in the linewidth of EIA with

magnetic field is shown for π-polarized and σ±-polarized pump. For π-polarized pump within

the examined magnetic field the variation in linewidth is found to be within 1 MHz and for

σ±-polarized the variation is 2 MHz. It can also be seen that for all the examined magnetic
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field linewidth of EIA observed for σ±-polarized pump is approximately two times broader as

compared to the π-polarized pump.

FIGURE 5.15: Measured EIA linewidth as a function for magnetic field for π-polarized pump (dash line)
and for σ-polarized (solid line).

The effect of magnetic field on probe spectrum is taken into account through pump (∆C1 and

∆C2) and probe (∆P ) detuning. The position of transmission spectrum is defined by δ = ∆C1 +

∆C2 +∆P whereas that of EIA with respect to transmission peak is defined by ∆C2 −∆C1. The

numerical calculation has been done for v=0. For all three probe transmission spectra shown in

figure 5.16, Ωp = 3MHz and Ωpu = 5× Ωp and Γ = 0.5× Γsp, where Γsp = 2π × 6MHz.

Figure 5.16 shows experimental (solid) and theoretical (dashed) probe transmission spectra with

EIA dip sitting on it for three different magnetic field - (a) 20 G, (b) 30 G and (c) 40 G. The

experimental transmission spectra for π-polarized pump and σ-polarized probe is found to be

in good agreement with the theoretical spectra. Since, the doppler averging is neglected for

theoretical spectra the EIA linewidth obtained is broader as compare to the experimental curve.

The EIA observed in left and right of zero pump detuning are not symmetrical as compare to

the theoretical curve. This can be attributed to the polarisation cleansing of the beam used in

experiment
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FIGURE 5.16: Theoretical (dashed) and experimental (solid) probe transmission spectra with EIA dip as
a function of pump detuning for applied magnetic field of 20 G (a) , 30 G (b) and 40 G(c) .

5.4.4 Lande-g Factor

The value of Lande-g factor can be theoretically calculated using following analytical relation

[122];

gF = gJ
F (F + 1)− I(I + 1) + J(J + 1)

2F (F + 1)

+ gI
F (F + 1) + I(I + 1)− J(J + 1)

2F (F + 1)
(5.5)

where F is the total angular atomic momentum quantum number defined by F = J + I . For

87Rb, the numerical value of nuclear spin I is 3
2

and that of total electronic angular momentum
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quantum number J for lower 52S1/2 state is 1
2

and for upper 52P3/2 state 3
2

[122]. The theoretical

value calculated using equation 5.5 is found to be 0.50 for the lower state and 0.66 for the upper

state indicated by the straight line in figure 5.17 (b) and (c) respectively. The Lande-g factor of

lower hyperfine level can be obtained experimentally by using the relation gF ′ = ℏ∆
2µBB

, where ∆

is measured peak-to-peak separation of EIA. The measured value of ∆ at the different magnetic

FIGURE 5.17: Measured EIA separation as a function of the magnetic field. The Lande-g factor for
hyperfine ground states belonging to 52S1/2 (b).The Lande-g factor for hyperfine excited states belonging
to 52P3/2 (c). In (b) and (c) solid line indicates theoretical gF and gF ′ respectively

fields is shown in figure 5.17(a) and the observed variation is found to be linear with the magnetic

field. The measured gF value for different magnetic fields is shown in figure 5.17(b) and the

average value obtained is 0.51 and found to agree with the theoretical value. For obtaining

Lande-g factor for upper hyperfine states the separation between the transmission peak obtained

with π polarized pump can be utilized by using the same relation as above and substituting ∆

with the measured separation between the transmission peaks. This procedure is not possible at

a lower magnetic field because transmission peaks are not resolved and the separation cannot be

measured. For 10 G and above the transmission peaks get resolved and the separation can be

measured. The experimentally observed gF ′ value for different magnetic fields is shown in figure

5.17(c). The average value is found to be 0.68 which is in theoretical agreement.
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Conclusion and outlook

EIT and EIA are important results of quantum coherence and interference between nearby states.

EIT is a three-level phenomenon whereas EIA requires at least a four-level configuration. The

interference between two states leads to dark states under certain circumstances. This leads to

EIT which has been studied in detail for decades. We have extended this study to investigate the

change in the spectrum and its characteristics in presence of the external magnetic field. We have

applied the field in two possible directions - transverse and longitudinal. The polarization of the

laser field in the atomic frame of reference depends on the direction of the magnetic. Therefore

observed results exhibit change with change in direction of the applied magnetic field.

In chapter 1, we have discussed how laser interacts with two-level and three-level atomic system.

For a two-level system, we have numerically discussed how the probability amplitude of each

atomic states evolves in time. We have also discussed how the amplitude depends on laser detun-

ing. For a three level system, we have numerically solved the density matrix equations and have

discussed the condition for EIT.

In chapter 2, we have discussed the experimental setup in detail. The original elliptical profile

of the laser beam has been circularised using an anamorphic prism pair. For locking of laser at a

particular frequency, the SAS technique is used as a reference.

102
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In chapter 3, the VSOP phenomenon is experimentally observed for different transitions of the

87Rb D2 line. We have also discussed the effects of pump intensity and have optimised the

condition at which EIT would be observed.

In chapter 4, we discussed in detail the effects of magnetic field on EIT. For the transverse mag-

netic field, irrespective of possible Λ configurations, we observe four EIT peaks. The positioning

of each peak is defined by two-photon detuning. The separation between two consecutive peaks

is observed to be twice the separation between Zeeman sublevels and increases linearly with the

magnetic field. The amplitude of EIT peaks diminishes at first and gradually recovers, though not

to the full strength, due to coherent population trapping by closely lying Zeeman states. With an

increase in the magnetic field, the population initially trapped is released due to the decoherence

effect. Apart from the change in position and amplitude, an increase in the applied magnetic

field above 18 G leads to asymmetry in EIT peaks which increases with pump power. For higher

magnetic fields and low pump and probe fields, asymmetry in the EIT profile becomes promi-

nent. This is because the Zeeman sublevels from neighboring hyperfine states start participating.

This observation is well explained with the theoretical description of the double-Λ system where

two configurations with common ground states compete for dark and bright states. The values of

impurity ID given in Table 4.5 defines the degree of asymmetry in the spectrum. The overall pro-

cess also depends largely on scattering rate and transition strength. Asymmetry can be controlled

in two basic ways. One way is to control probe power and enhance the on-resonant process. The

other more effective way is by using an anti-relaxation coated cell where the number of atoms

participating in the off-resonant process can be drastically reduced.

The effect of longitudinal magnetic field on EIT is discussed in section 4.6. The EIT peak splits

into three when the magnetic field is applied in the longitudinal direction. Unlike the EIT spec-

trum in presence of a transverse magnetic field, peaks in the longitudinal magnetic field are better

resolved and symmetric. The linewidth of the EIT peaks reduces approximately by a factor of

2 when the applied magnetic field is increased from 0 G to 20 G. Unlike in the transverse mag-

netic field, no asymmetry is observed in the case of the longitudinal magnetic field. The reason

is attributed to the uniform distribution of population and the absence of a double-Λ system.
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The power broadening of the EIT linewidth shows dependence on the magnetic field. For 0G,

linewidth increases by a factor of 3 whereas, for 22G it varies by a factor of approximately 1.5.

EIT can also be observed in a degenerate two-level system in presence of a magnetic field as

discussed in section 4.7. The applied magnetic field makes it possible for Zeeman sublevels to

form multiple Λ systems. The EIT peak observed, in this case, is an enhanced transmission peak

sitting on top of the saturated transmission peak. The power broadening is negligible, however,

the amplitude increases with pump power.

Chapter 5 is dedicated to discuss in detail all the aspects of EIA and its characteristic changes in

presence of magnetic field. EIA is due to four level N configuration formed by Zeeman sublevels.

The presence of coherence between two upper excited states leads to transfer of coherence to the

ground state coherence, leading to absorption of probe field instead of a transmission. Therefore,

TOC is the basic requirement for EIA. The nature of the observed EIA spectrum depends upon

the polarisation of the pump field. For π-polarised pump, saturated transmission splits into two

well-resolved transmission peaks, each carrying an EIA dip. However, in the case of σ polarised

pump field, we observe enhanced absorption at the frequency center. The basic difference in the

observed spectrum for both the cases (when the pump is π polarized, the other when σ polarized)

is due to the difference in possible population distribution. With the increase in the magnetic

field, the position of the EIA dip changes with respect to the frequency center of the transmission

peak. The shift is defined by δ = ∆C1 + ∆C2 + ∆P , where ∆C1 and ∆C2 are detuning of

pump and ∆P is that of probe. The position of EIA dips, therefore, depends upon the detuning

value of the pump and the probe field in a given N system. The measured value of peak-to-

peak separation between EIA peaks can be used to calculate the value of the Lande-g factor

of the atomic medium as illustrated in section 5.4.4. The value obtained for 87Rb used in our

experiment is in good agreement with the calculated value. ’

This recent study of EIT in presence of a magnetic field as shown in this thesis can be further

extended to understanding the dependence of other parameters on this phenomenon. Controlling

the density of the atoms interacting with the laser field can further help in probing many other

atomic systems. This can be possible by using a cell with an anti-relaxation coating or buffer
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gas-filled cell. Also, this can pave a possible way for distinguishing the off-resonant and on-

resonant velocity classes of atoms. It would also be interesting to verify the proposed four-level

model with other atoms such as Cesium or Sodium. Controlling the direction of the magnetic

field with respect to the electric field of the laser fields can also help in further understanding the

observed asymmetrical lineshape. Also, controlling the number of off-resonant and on-resonant

velocity classes of atoms by using an additional laser can be an interesting topic of research.

The additional laser can form some other schemes such as an N-type system or a tripod system.

In addition, changing the beam profile from a Gaussian mode to a non-Gaussian mode can be a

fascinating topic of research in presence of a magnetic field. This can provide a method for tuning

the effect of the nearby hyperfine levels on the resonant EIT phenomena. The measurement of the

probe dispersion in addition to absorption measurement both in the hyperfine or Zeeman levels

can also find potential applications in the field of quantum magnetometry or quantum memory in

atomic vapor.



Appendix A

Appendix

Rubidium-87 D2 Line Data

Our experiment is carried out in 87Rb D2 line which consists of two ground and four excited

hyperfine states. This Appendix contains tables listing physical and optical properties of 87Rb.

It also notes transition strength factor between hyperfine states (Table A.3) as well as between

magnetic sublevels (Table: A.4 - A.9).

Total atomic angular momentum F of the hyperfine state is given by F=J+I, where J and I are total

electron momentum and nuclear angular momentum respectively. It can take value |J−I| ≤ F ≤

|J + I|.

In the experiments carried out in our study, we have used static magnetic field to lift the degen-

eracy of the hyperfine states. The separation between two consecutive magnetic states is given

by

∆E = µBgFmFB (A.1)

where,

gF =
F (F + 1)− I(I + 1) + J(J + 1)

2F (F + 1)
(A.2)
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TABLE A.1: Physical properties

Physical properties Symbol Numerical Values
Atomic Number Z 37
Total Nucleons Z+N 87
Relative Natural Abundance η 27.83
Nucleon Lifetime τn 4.88 × 1010 yr
ATomic Mass m 1.4431×10−25

Nuclear Spin I 3
2

TABLE A.2: Optical Properties

Optical properties Symbol Numerical Values
Frequency ω0 2π×384.230 THz
Transition Energy ℏω0 1.589049 eV
Wavelength λ 780 nm
Wave Number kn

2π
12816.54 cm−1

Lifetime τ 26.234 ns
Decay Rate Γ 38.117×10−6s−1

Natural Line Width 2π×6.066 MHz

TABLE A.3: Relative hyperfine transition strength factors for D2 line

Transition Transition Strength Factor
|F = 2⟩ → |F ′ = 3⟩ S23 7/10
|F = 2⟩ → |F ′ = 2⟩ S22 1/4
|F = 2⟩ → |F ′ = 1⟩ S21 1/20
|F = 1⟩ → |F ′ = 2⟩ S12 5/12
|F = 1⟩ → |F ′ = 1⟩ S11 5/12
|F = 1⟩ → |F ′ = 0⟩ S10 1/6

TABLE A.4: Hyperfine Dipole Matrix element for σ+ transition (F = 2,mF → F ′,mF ′ =
mF + 1)

mF=-2 mF=-1 mF=0 mF=+1 mF=22
F ′ = 3

√
1/30

√
1/10

√
1/5

√
1/3

√
1/2

F ′ = 2
√

1/12
√
1/8

√
1/8

√
1/2

F ′ = 1
√

1/20
√
1/40

√
1/120

TABLE A.5: Hyperfine Dipole Matrix element for π transition (F = 2,mF → F ′,mF ′ = mF )

mF=-2 mF=-1 mF=0 mF=+1 mF=22
F ′ = 3 −

√
1/6 −

√
4/15 −

√
3/10 −

√
4/15 −

√
1/6

F ′ = 2 −
√

1/6 −
√
1/24

√
1/24

√
1/6

F ′ = 1
√

1/40
√

1/30
√

1/40
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TABLE A.6: Hyperfine Dipole Matrix element for σ− transition (F = 2,mF → F ′,mF ′ =
mF − 1)

mF=-2 mF=-1 mF=0 mF=+1 mF=22
F ′ = 3

√
1/2

√
1/3

√
1/5

√
1/10

√
1/30

F ′ = 2 −
√
1/12 −

√
1/8 −

√
1/8

√
1/12

F ′ = 1
√

1/120
√

1/40
√
1/120

TABLE A.7: Hyperfine Dipole Matrix element for σ+ transition (F = 1,mF → F ′,mF ′ =
mF + 1)

mF=-1 mF=0 mF=+1
F ′ = 2

√
1/24

√
1/8

√
1/4

F ′ = 1
√
5/24

√
5/24

F ′ = 1
√

1/6

TABLE A.8: Hyperfine Dipole Matrix element for π transition (F = 1,mF → F ′,mF ′ = mF )

mF=-1 mF=0 mF=+1
F ′ = 2 −

√
1/8

√
1/6 −

√
1/8

F ′ = 1 −
√

5/24 0
√
5/24

F ′ = 1
√

1/6

TABLE A.9: Hyperfine Dipole Matrix element for σ− transition (F = 1,mF → F ′,mF ′ =
mF − 1)

mF=-1 mF=0 mF=+1
F ′ = 2

√
1/4

√
1/8

√
1/24

F ′ = 1 −
√
5/24 −

√
5/24

F ′ = 1
√
1/6



Bibliography

[1] John Weiner, Ping-Tong Ho, and Kay C Dee. Light-matter interaction: fundamentals and

applications, volume 1. Wiley Online Library, 2003.

[2] Tao E Li, Hsing-Ta Chen, and Joseph E Subotnik. Comparison of different classical,

semiclassical, and quantum treatments of light–matter interactions: Understanding energy

conservation. Journal of Chemical Theory and Computation, 15(3):1957–1973, 2019.

[3] PW Werle, P Mazzinghi, F D’Amato, M De Rosa, K Maurer, and F Slemr. Signal pro-

cessing and calibration procedures for in situ diode-laser absorption spectroscopy. Spec-

trochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 60(8-9):1685–1705,

2004.

[4] HI Schiff, GI Mackay, and J Bechara. The use of tunable diode laser absorption spec-

troscopy for atmospheric measurements. Research on chemical intermediates, 20:525–

556, 1994.

[5] AW Mantz. A review of the applications of tunable diode laser spectroscopy at high

sensitivity. Microchemical journal, 50(3):351–364, 1994.

[6] Ayan Banerjee and Vasant Natarajan. Saturated-absorption spectroscopy: eliminating

crossover resonances by use of copropagating beams. Optics letters, 28(20):1912–1914,

2003.

[7] Paul Siddons, Charles S Adams, Chang Ge, and Ifan G Hughes. Absolute absorption

on rubidium d lines: comparison between theory and experiment. Journal of Physics B:

Atomic, Molecular and Optical Physics, 41(15):155004, 2008.

109



Bibliography 110

[8] Wolfgang Demtröder. Laser spectroscopy, volume 2. Springer, 1982.

[9] Daryl W Preston. Doppler-free saturated absorption: Laser spectroscopy. American Jour-

nal of Physics, 64(11):1432–1436, 1996.

[10] Samuel A Meek, Arthur Hipke, Guy Guelachvili, Theodor W Hänsch, and Nathalie Pic-

qué. Doppler-free fourier transform spectroscopy. Optics Letters, 43(1):162–165, 2018.

[11] S Dangel and R Holzner. Semiclassical theory for the interaction dynamics of laser light

and sodium atoms including the hyperfine structure. Physical Review A, 56(5):3937, 1997.

[12] JWR Tabosa and DV Petrov. Optical pumping of orbital angular momentum of light in

cold cesium atoms. Physical review letters, 83(24):4967, 1999.

[13] Thomas M Spinka. Nonlinear optical processes and the nearest neighbor distribution in

rubidium vapor. University of Illinois at Urbana-Champaign, 2010.

[14] KB MacAdam, A Steinbach, and Carl Wieman. A narrow-band tunable diode laser system

with grating feedback, and a saturated absorption spectrometer for cs and rb. American

Journal of Physics, 60(12):1098–1111, 1992.

[15] Hui Yan, Kai-Yu Liao, Jian-Feng Li, Yan-Xiong Du, Zhi-Ming Zhang, and Shi-Liang

Zhu. Bichromatic electromagnetically induced transparency in hot atomic vapors. Physical

Review A, 87(5):055401, 2013.

[16] Shanchao Zhang, Shuyu Zhou, Michael MT Loy, George Ke Lun Wong, and Shengwang

Du. Optical storage with electromagnetically induced transparency in a dense cold atomic

ensemble. Optics letters, 36(23):4530–4532, 2011.

[17] Charles S Adams, Jonathan D Pritchard, and James P Shaffer. Rydberg atom quan-

tum technologies. Journal of Physics B: Atomic, Molecular and Optical Physics, 53(1):

012002, 2019.

[18] Mark Saffman. Quantum computing with atomic qubits and rydberg interactions: progress

and challenges. Journal of Physics B: Atomic, Molecular and Optical Physics, 49(20):

202001, 2016.



Bibliography 111

[19] Hélène Perrin. Ultra cold atoms and bose-einstein condensation for quantum metrology.

The European Physical Journal Special Topics, 172(1):37–55, 2009.

[20] Dmitry Budker and Michael Romalis. Optical magnetometry. Nature physics, 3(4):227–

234, 2007.

[21] Christian L Degen, Friedemann Reinhard, and Paola Cappellaro. Quantum sensing. Re-

views of modern physics, 89(3):035002, 2017.

[22] F Yu Wu, S Ezekiel, M Ducloy, and BR Mollow. Observation of amplification in a strongly

driven two-level atomic system at optical frequencies. Physical Review Letters, 38(19):

1077, 1977.

[23] A Lipsich, S Barreiro, AM Akulshin, and A Lezama. Absorption spectra of driven degen-

erate two-level atomic systems. Physical Review A, 61(5):053803, 2000.

[24] RE Slusher and HM Gibbs. Self-induced transparency in atomic rubidium. Physical

Review A, 5(4):1634, 1972.

[25] Wesley W Erickson. Electromagnetically Induced Transparency. PhD thesis, Reed Col-

lege, 2012.

[26] BJ Dalton, R McDuff, and PL Knight. Coherent population trapping. Optica Acta: Inter-

national Journal of Optics, 32(1):61–70, 1985.

[27] G Orriols et al. Nonabsorption resonances by nonlinear coherent effects in a three-level

system. Nuovo Cimento B, Serie 11, 53:1–24, 1979.

[28] Ennio Arimondo. Relaxation processes in coherent-population trapping. Physical Review

A, 54(3):2216, 1996.

[29] O Schmidt, R Wynands, Z Hussein, and D Meschede. Steep dispersion and group velocity

below c 3000 in coherent population trapping. Physical Review A, 53(1):R27, 1996.

[30] J Mompart and R Corbalan. Lasing without inversion. Journal of Optics B: Quantum and

Semiclassical Optics, 2(3):R7, 2000.



Bibliography 112

[31] Marlan O Scully, Shi-Yao Zhu, and Athanasios Gavrielides. Degenerate quantum-beat

laser: Lasing without inversion and inversion without lasing. Physical review letters, 62

(24):2813, 1989.

[32] Yifu Zhu. Lasing without inversion in a closed three-level system. Physical Review A, 45

(9):R6149, 1992.

[33] Yong-qing Li and Min Xiao. Enhancement of nondegenerate four-wave mixing based

on electromagnetically induced transparency in rubidium atoms. Optics letters, 21(14):

1064–1066, 1996.

[34] Ryan M Camacho, Praveen K Vudyasetu, and John C Howell. Four-wave-mixing stopped

light in hot atomic rubidium vapour. Nature Photonics, 3(2):103–106, 2009.

[35] CF McCormick, Vincent Boyer, Ennio Arimondo, and PD Lett. Strong relative intensity

squeezing by four-wave mixing in rubidium vapor. Optics letters, 32(2):178–180, 2007.

[36] Girish S Agarwal and Sumei Huang. Electromagnetically induced transparency in me-

chanical effects of light. Physical Review A, 81(4):041803, 2010.
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