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ABSTRACT

The advent of lasers in the 1960s as coherent light sources revolutionized nonlin-
ear optics, enabling the exploration of phenomena driven by strong electromagnetic
fields. Since then, a wide range of discoveries, such as sum frequency generation, op-
tical parametric oscillation, and four-wave mixing (FWM) etc, have been extensively
studied. This thesis focuses on Mirrorless Optical Parametric Oscillation (MOPO), a
cavity-free process with high tunability, achieved through FWM, where phase match-
ing is inherently satisfied by counter-propagating pump beams. By investigating
the spectral and spatial modulation of pump beams, this work aims to advance the
understanding and practical applications of MOPO in nonlinear optics. This pro-
cess has been demonstrated in both x® and y® nonlinear media, leading to the
generation and amplification of optical fields from noise due to the interaction of
counter-propagating input fields in the nonlinear medium. The work presented in
this thesis investigates the spectral and spatial modulation of optical pump beams
used for MOPO. This thesis provides a basic theoretical and experimental overview,
including the wave analysis of light, key nonlinear optical effects, and the derivation of
nonlinear wave equations. It also addresses essential concepts in atomic physics, the
application of acousto-optic modulators, and the 4-f imaging technique. The study
further investigates the principles and properties of MOPO and explores experimental
methods for generating multitone and time-shared pump beams using acousto-optic
modulators. By focusing on spectral and spatial modulation, this research advances

the understanding and practical applications of MOPO in nonlinear optics.
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Chapter 1

Introduction

The field of nonlinear optics has been extensively studied since the invention of lasers
back in the 1960s. When a strong electromagnetic field propagates through a medium,
it induces nonlinear polarization within the medium, which leads to nonlinear optical
phenomena. While nonlinear optics has many aspects, optical parametric oscillation
(OPO) is one of the most efficient processes for generating coherent optical radiation
at tunable wavelengths. OPO process relies on an optical cavity formed by mirrors to
provide feedback and sustain oscillation. However, the emergence of mirrorless optical
parametric oscillation (MOPO) sets a new milestone, offering a cavity-free alterna-
tive that simplifies the experimental setup a lot while retaining the ability to produce
coherent, tunable light sources. In this thesis, we will discuss the spectral and spatial
modulation of a pump beam used for the MOPO. In our case, MOPO results from the

four-wave mixing (FWM) mechanism, which is a third-order nonlinear optical process.

OPO basically involves the nonlinear interaction of light fields within a nonlinear
medium. The pump beam interacts with the nonlinear medium to generate signal
and idler waves. In conventional OPO, the optical cavity, inside which the nonlin-
ear medium is placed, ensures the phase-matching and amplification by the feedback
mechanism. In addition, the frequency of the output is related to the alignment of the
signal and idler modes with respect to one another, creating the need for considerable
stabilization of the optical cavities. MOPO circumvents this issue by utilizing the in-

trinsic feedback mechanism of the nonlinear medium itself, eliminating the need for an
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external cavity. This approach was first proposed by Harris in 1966 [2], who suggested
backward wave oscillation in the infrared regime with two counter-propagating beams
to satisfy the phase-matching condition automatically. Since then, MOPO has been
established in second-order (x®) [3] and third-order (x®) nonlinear media [12} 13].
The latter employs FWM to generate counter-propagating Stokes and anti-Stokes
fields spontaneously from noise. Its inherent simplicity and flexibility make MOPO
an attractive candidate for a variety of applications ranging from quantum optics to
spectroscopy, yet its full potential has yet to be explored, particularly with respect
to the pump beam’s spectral and spatial properties. The motivation for this work is
based on the idea that the characteristics of the pump beam -its frequency and spatial
profile- play a crucial role in determining the efficiency and bandwidth of the gener-
ated fields in MOPO. In previous studies of MOPO, like [12] 13], a single-frequency
pump and control beam have been used, resulting in Stokes and anti-Stokes fields
with well-defined frequencies determined by energy conservation and phase-matching
conditions. However, many applications often require either broader bandwidth or
multitone outputs. This raises compelling questions: What happens if the pump
beam comprises multiple frequency components (multitone) or is frequency modu-
lated over time (time-shared)? How do these modifications affect the spectral and
spatial properties of the generated Stokes and anti-Stokes fields? Addressing these
questions requires not only a theoretical framework to model the nonlinear inter-
actions but also experimental techniques to generate and characterize such pump
beams. At the heart of this study is the use of an acousto-optic modulator (AOM)
to manipulate the spectral and spatial properties of the pump beam. AOMs use the
acousto-optic effect, where an acoustic wave induces a periodic variation in the crys-
tal’s refractive index, which acts as a traveling grating for incident light. This allows

precise control over the beam’s frequency and direction, making it an excellent tool
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for creating multitone and time-shared frequency profiles. Rubidium (Rb) atomic va-
por is used as a nonlinear medium, which is a centrosymmetric medium, which means
even order nonlinear susceptibilities are absent, and it is predominantly y© medium.
Rb is chosen for its well-characterized atomic transitions, accessible via diode lasers,

and its suitability for FWM process due to its third-order nonlinear susceptibility.

The experimental setup builds on concepts from wave optics, nonlinear optics, and
atomic physics, as outlined in Chapter 2 of this thesis. Chapter 3 delves into the
specifics of FWM-based MOPO, deriving the nonlinear wave equations for generated
fields and posing the research questions that drive this study. Chapter 4 provides the
experimental details to generate and analyze multitone and time-shared pump beams,
presenting observations that set the stage for further exploration of their effects on

MOPO.



Chapter 2

Basic Theoretical and Experimental
Tools

2.1 Wave Analysis of Light

In the current section we will discuss about the wave nature of laser beams. We will
assume that the apertures (for example, mirror apertures) are so small compared to
the transverse extent (spot size) of the beams so that we can neglect the diffraction

effects.

2.1.1 Approximate Solution to the Wave Equation

The Spatial part of the field satisfies the Helmholtz Equation,

VU + kU =0 (2.1)

where k = ¢ is the magnitude of the Wavevector.

A simple solution to Eqf2.1] is the plane wave solution. The plane wave which is

propagating along the z— direction can be written as
U(r) = Aexp{(—jk=)} (2.2)

A is a complex constant. The plane wave has infinite transverse extent and constant
intensity everywhere in space that means it carries infinite amount of energy. So, it
is an idealization. We want to construct a beam which has a finite transverse extent

and mainly propagates along z— direction (propagation is choosen to be along z—
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axis). One such good candidate is Paraxial wave. Paraxial waves are those whose
wavefront normals are Paraxial rays. We discussed about the Paraxial rays in the
earlier section. So, in order to study the Paraxial waves we now allow the complex
amplitude (envelope) of the plane wave to vary as a function of position. So our

ansatz is
U(l’,y,Z) = Q/J(xvya Z) exp{(—]kz)} (23)

where 1) is a slowly varying function of z (within a distance of wavelength the function

doesn’t vary much) so that the wave maintains its underlying plane wave nature.

Plugging into the Helmholtz equation (Eq., we get

P Py Py D
922 + B + 9.2 2jk— =0 (2.4)

0z

Since ¢ is a slowly varying function of z, 22712# can be neglected in comparision with
oY
koo,
0% 0% oY
—+ = —2jk— =0 2.5
ox? + 0y? 152 (25)

The solution of Eq[2.5]is of the form

Y = exp [—j (P + 2—’2#)} (2.6)

where,

r? =2 +y° (2.7)

The parameter P(z) represents a complex phase shift associated with the propagation
of the beam and the parameter ¢(z) is the complex beam parameter which describes
the variation of the intensity profile from the optic axis, curvature of the wavefront
etc which we will discuss in this section. Inserting Eq[2.6] into Eq[2.5] we get,

2k K 5 o dP K7 dg _

0 2.8
q q? dz q® dz (28)
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Comparing coefficient of r? we get,

k*  Kk%dq
SR g 2.9
¢ Pl (29)
Hence,
dgq
— =1 2.10
i (2.10)
Comparing constant terms,
27k dP
——— —2k— =0 2.11
. - (2.11)
Or,
dP '
Sl (2.12)
dz q

Keeping in mind Eq we define the complex beam parameter as
qg=2z+jz (2.13)

zo is called the Rayleigh range which is a measure of focal region of the beam. For

convenience we introduce the parameters R and w as,

(2.14)

The physical significance of these two parameters can be inferred by putting Eq.)2.14]
into Eq2.6f R(z) is the wavefront radius of curvature which intersects the axis at
z whereas w(z) is the radius of the beam. At any distance z on the axis of the
beam, the transverse profile of the beam is Gaussian and w is the distance at which
the amplitude is eiz times that on the axis. Therefore, it is called the beam radius.

Plugging [2.13] into [2.14] and separating the real and imaginary part we can readily

get the expression for R(z) and w(z).

R(z) = » [1 + (—)1 (2.15)
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1+ <§0>2] 2 (2.16)
wy = (%) (2.17)

Now we would like to focus our attention to the Complex phase shift part. Putting

EqP2.13 into Eq2.12] we get,

dP j
—_— = 2.18
dz z+ 2 ( )
Rationalizing it we get,
dP 20 z
- - — 2.19
dz 22+ 22 I + 22 (2.19)
Integrating Eq)2.19, we get,
|1 2, .2 <
P(z)=—j iln(z + 25) | — arctan | — (2.20)
20

The real part of P represents the phase shift difference between the ideal plane wave
and the Gaussian beam whereas the imaginary part gives rise to an amplitude factor
of ¢ which explains the decrease in intensity on the axis due to the expansion of the
beam. This statement will be clearer if we plug Eq2.14] and Eq[2.20] into Eq[2.6] and
then get the Field from Eq[2.3

_ Wo ‘ z 51 Jk
Ulz,y,z) = - &XP |:—j (kz — arctan (Z_o)> —r (ﬁ + ﬁ)] (2.21)

or,

2 2
Ulz,y,z) = %exp {—%} exp [—jkz + jarctan (z%) - ]k;—R} (2.22)

The phase can be written as,

z r?
® = kz — arctan (Z_o) + kﬁ (2.23)

This solution is known as Gaussian Beam solution.
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2.1.2 Higher Order Modes

The solution discussed above is not the only solution to Eq[2.5] Infact, there are a
class of solutions which forms a complete and orthogonal set and the solution discussed

above is the lowest-order solution.
System with Rectangular Symmetry (Hermite-Gaussian Modes)

For a system with rectangular symmetry, the trial solution in Eq[2.6] multiplied by

Hermite polynomials is also the solution of Eq[2.5]

o=ty (VD) i, (VEL e |5 (P4 )| 20
where H,,(x) denotes the Hermite polynomial of order m. The Parameters R and
w defined in the previous section (Eq. is remain the same for all modes, which
implies that the Radius of curvature of the wavefront and the waist radius changes the
same way for modes of all order. However, the phase is now modified which depends
on the mode numbers m and n. (In other words, ¢ parameter remain the same as

discussed in the previous section (Eq{2.13, EqJ2.14) but P parameter is now different
from Eq{2.20). The P parameter is given by,

P(z) = —j E In(2* + 23)} — (m +n+ 1) arctan (230) (2.25)

The total expression for field becomes,

) = (13 ) (2 ) o[-

%+ y2
2R

exp [—jkz + j(m +n + 1) arctan (i) — jk
<0

} (2.26)

with the phase given by,

22 4y
2R

@zkz—(m—kn%—l)arctan(i) +k

(2.27)

20

8
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It is clear from these equations that, when we put m = 0,n = 0, these equations

reduces to the equations derived in the previous section. i.e. the Gaussian beam is

H‘

"

1o 2
os

06

04

a0

H

the lowest order mode.

Gauss-Hermite Mode (m=0. n=1)

S

Figure 2.1: First few Hermite-Gaussian Modes
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System with Cylindrical Symmetry (Laguerre-Gaussian Modes)

For a system with cylindrical symmetry, the solution for Eq[2.5]is of the form

l 2 k
b= <\/§ 1) . (2 r—2> exp [—j (P SR lqb)} (2.28)

w w 2q
where Lé, is a generalized Laguerre polynomial. p and [ represents the radial and
angular mode numbers. Like the Hermite-Gaussian mode case, the beam parameters

R and w are the same for all cylindrical modes. However, the phase is modified

depending upon the mode numbers p and [. The P parameter is given by,

P(z) = —j E In(2® + zg)} — (2p+ 1+ 1) arctan (i) (2.29)

The total expression for field becomes,

w r\! r? r?
Ulx,y,z) = EO (\/5 —> L (2 E) exp {_E}

w

2
exp | —jkz 4+ j(2p + [+ 1) arctan Z) - jkr— +jlo|  (2.30)

with the phase given by,

2

¢ =Fkz— (2p+1+1)arctan (zio) +k 2T_R —lg (2.31)

Here also p = 0 and [ = 0 gives rise to the Gaussian mode.

10
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0000

‘‘‘‘‘

000

Figure 2.2: First few Laguerre-Gaussian Modes

2.2 Basics of Nonlinear Optics

In the linear optics regime, where the intensity of the field is low, the induced po-
larization P(t) in a dielectric medium depends linearly on the electric field strength
E(1),

P(t) = ecxWE(t) (2.32)

where the constant of proportionality (! is known as the linear susceptibility and
€p is the permitivity of the free space. However, the above relation is no longer valid,
the moment we go to the high intensity field. In such cases, the optical response of
the medium can be described by generalizing Eq2.32] by expressing the polarization

P(t) as a power series in the field strength E(t) as

Pt) = e [XVE®) + xPEX(t) + X E3(t) + ..] (2.33)

= PO () + PO(t) + PO (1) 4 ... (2.34)

11
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Here x® and x® are known as the second and third order nonlinear optical suscep-
tibilities whereas P®)(t) and P®)(t) represents the second and third order nonlinear
polarization respectively. For the case of centrosymmetric media, i.e. the media pos-
sessing inversion symmetry, the second order nonlinear susceptibility, y(?) vanishes.
Infact, all other higher-order even susceptibilities vanishes as well. Glass, liquid,
atomic vapors are some examples of centrosymmetric media. Our working system,
the Rb atomic vapor is a centrosymmetric medium. So, we are particularly inter-
ested in studying the y® effect. Some of the ) effects are discussed briefly in the

following sections.

2.2.1 Self-Phase Modulation

Self-phase modulation (SPM) is the change in the optical phase of the light beam
caused by its own Intensity. The schematics of the process in a two-level system is
depicted in Fig2.3] Tt involves the absorption of two photons and stimulated emission
of two photons from the input field. The induced Polarization due to SPM is given
by,

PiPas(ws) = Beox§har (ws — ws + w,) | B[P, (2.35)

|e)

lg)

Figure 2.3: Schematics of Self Phase Modulation process in a two-level system

SPM leads to a nonlinear refractive index, nslg, which is intensity dependent.

12
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3 (

Here ny = Qnggocxs?’})gM and [ is the input light intensity.
0

2.2.2 Cross-Phase Modulation

XPM leads to nonlinear gain or absorption and the intensity dependent refractive
index of the beam due to the interaction of the beam with another pump beam in a
nonlinear medium. The schematics of the process in a two-level system is depicted in
Fig[2.4 The induced polarization experienced by the weak field, E; exp{i(ksz — wst)}

due to the cross phase modulation by a pump field,E, exp{i(k,z — w,t) }is given by,
3 3
Phar(ws) = Beox ¥ par(wp — wp +ws)| By B, (2.36)

lg)

Figure 2.4: Schematics of Cross Phase Modulation process in a two-level system

2.2.3 Four-Wave Mixing

Four-wave mixing (FWM) is a third order optical nonlinear process which involves
interaction of four waves in a nonlinear medium. Fig[2.5] depicts the FWM process
in a two-level system. It can be stimulated or spontaneous. In the stimulated FWM
process, three input beams interact to produce the fourth one, whereas the spon-
taneous FWM involves the spontaneous generation of two weak fields from the two

input pump fields.

13
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Figure 2.5: Schematics of Four-Wave Mixing in a two-level system

It is a parametric process, which means the initial and final state of the atom is the
same. Therefore, the energy and momentum conservation are satisfied by the photon

only. Then induced polarization due to the FWM process (Referring to Fig is

given by,
P ar(wi2) = 3eoX (Wt — wet + wyo) Byt Epe By expli(kpr + kpo — ka1)2} (2.37)

The conservation of energy implies w1 + wpz = ws1 + wse and the phase matching
condition, which is basically the conservation of momentum, implies the following

relation, k;l + k;Q = k;l + k;g.
2.2.4 Nonlinear Wave Equation

The Maxwell equation inside matter where there is no free charge or free current, can

be written as,

V.-D=0 (2.38)
V-B=0 (2.39)
0B
oD

14
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We also assume that the material is nonmagnetic, so that
B = uoH (2.42)

However, we allow the material to be nonlinear in the sense that the fields D and E
are related by
D=¢E+P (2.43)

where in general the polarization vector P depends nonlinearly upon the local value

of the electric field strength E.

Taking the curl of Eq2.40] and using [2.41], 2.42] & [2.43] we get

1o 1 0
E+—-—E=—-——P 2.44
VX VBT c? ot? €oc? Ot? (2.44)
Using the Identity,
VxVxE=V(V-E)-V°E (2.45)

In the linear optics regime, V - D = 0 implies that V - E = 0. However, in nonlinear
optics this is not true because of the more general relation Eq[2.43] However, the first
term in the RHS of Eq2.45|can be shown to be very small whenever the slowly varying

amplitude approximation is valid. So, we can neglect that term. Now, Substituting

these in Eq2.44] we get,
1 6? 0?
V2E - = E = jig—
Moo

P 2.46
c? ot? ( )
Now decomposing P into its linear and nonlinear part,

P = ¢ox'VE + Pny (2.47)

Substituting Eq{2.47| into Eq{2.46, we get the form for the nonlinear wave equation

as,

1 0? 0?
2B —(1+ V) E = g
\% 02( + X ) MOat?

o Pnp (2.48)

15
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2.3 Basics of Atomic Physics
2.3.1 Energy levels in atoms

Our work is centered around the Rb atom, which has only one valence electron. So, we
focus our attention on the case of the hydrogen-like atom. We solve the Schrodinger

equation for the system.

oV (z,y, z,t)
ot

n? [0%0(z,y,2,1) +32‘1f(fv,y,z,t) +(92‘1’(I,y,z,t)

2p O BE 522 +V(z,y,2)¥(z,y, 2,t) = ik

(2.49)
Where p is the reduced mass of the nucleus and electron system, and V(z,y, z) is
the Coulomb potential between the nucleus and the electron, given by

VA 2
V(Q?,y,Z) = - < (250)

dmeg/2? 4 Y% + 22

The general solution to Eq2.49|in spherical coordinates is of the form Ry, (7)Om, (0) Py, (¢),

n=12,3,... (2.51)
1=0,1,2,...,n—1 (2.52)
my=—l,—l+1,...,0,...,0—1,1 (2.53)

The energy eigenvalues are given by:

uz?et
E,=——re—— 2.54
(4meg)?2h?n? (2.54)

Orbital Angular Momentum

The z-component of the angular momentum operator satisfies the following eigenvalue

equation:

L. |z) = mh|z) (2.55)
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where |z) is the eigenstate of L, operator. The Orbital angular momentum operator

satisfies the following equation,
L2|l) = (1 + )R |1) (2.56)

where |1} is the eigenstate of L operator.
Spin-Orbit Coupling

The orbital motion, as well as the intrinsic spin of an electron can produce magnetic
fields. The interaction of these two magnetic fields is called spin-orbit coupling. It is

responsible for the fine structure of atoms.
Total Angular Momentum

The total angular momentum J is defined as
J=L+S (2.57)

Where L is the total orbital angular momentum operator, whereas S is the spin
angular momentum operator. Like the orbital and spin angular momentum, it also

follows the same angular momentum algebra.

J=+iji(j+1h (2.58)
J can take values from [ — s to [ + s in integer steps and m; can take values from —j
to 7 in integer steps.
Hyperfine Splitting

Till now, we have considered the nucleus as an object of charge +Ze and mass My.

But the nucleus also has spin angular momentum I. The nuclear spin I interacts with
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the electron total angular momentum J giving rise to the Hyperfine splitting. The

total angular momentum F of the atom can be written as
F=1+4+1J (2.60)

2.3.2 Selection Rules

The generalized selection rules for electric dipole transitions in the LS—coupling

scheme are
1. AJ=0,41 (J =0 +— J' =0 forbidden )
2. AM; =0,£1 (M; =0 +— M, = 0 forbidden if AJ = 0)
3. Parity Changes

4. Al =0,+1

In addition to these, the following are obeyed whenever L and S are good

quantum numbers.
5. AL=0,£1 (L =0 +— L' = 0 forbidden )
6. AS=0

2.3.3 Properties of Rubidium

Rubidium is a very good candidate for atomic physics experiments as the diode lasers
corresponding to the optical transition frequencies are readily available. It is an alkali
metal with atomic number 37 with a single valence electron and hydrogen-like atomic
structure. Natural rubidium comprises of two isotopes, a stable isotope > Rb with
72% abundance, as well as a slightly radioactive isotope " Rb with 28% abundance.
The 8" Rb has a half-life of 48.8 billion years.
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2 Basic Theoretical and Experimental Tools

The schematic energy level diagram for D; and D lines °Rb and 8" Rb are shown in
Fig and Fig respectively. The D, line corresponds to 5515 to 5P, transition
whereas D; line corresponds to 557/ to 5P/, transition. The 85 Rb has a nuclear spin
I =5/2. So, the states 55/, and 5P/ (J = 1/2) splits into two hyperfine states
F =2 and F' = 3 whereas the state 5P, splits into 4 hyperfine states ' = 1,2, 3, 4.
Similarly,the 8 Rb has a nuclear spin I = 3/2. So, the states 55} 2 and 5Py 5 (J = 1/2)
splits into two hyperfine states F' = 1 and F' = 2 whereas the state 5P/, splits into

4 hyperfine states F' = 0,1, 2, 3.

. F=4 "
‘' 121.0 MHz
5p oo F=3 '
32 ﬁt:::u e X' 63.4 MHz
- % 29.3 MHz
780.24 nm
_F=3 y. ¥
S5Pi» —x. 361.6 MHz
T F=2 =
794.98 nm
,F= A
581, —¥¥- 3.036 GHz
“F=2 ¥

Figure 2.6: Schematic diagram of energy level configuration for D; and D, lines of

*Rb ([)
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Figure 2.7: Schematic diagram of energy level configuration for D; and D, lines of

*TRb (1)
2.4 Acousto-Optic Modulator (AOM)

An Acousto-Optic Modulator (AOM) is a device that uses the acousto-optic effect,
i.e. the modification of the refractive index of the material due to the oscillating
mechanical strain of the sound wave, to diffract and shift the frequency of the light.
It consists of a transparent crystal attached to a piezoelectric transducer in one end.
This transducer receives strong oscillating RF signal from the driver. It excites a
sound wave of the frequency set by the driver inside the crystal. The other end of

the crystal is attached to the absorber which absorbs the sound wave transmitted

20
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through the crystal. The compression and rarefaction of the sound wave leads to
a periodic variation of the density and therefore the refractive index of the crystal.
It acts as a diffraction grating for the incident light wave and infact the geometry
of the entire device ensures a travelling grating. Therefore, light incident on the
crystal diffracted from the acoustic wavefront and light diffracted from the successive
wavefronts interferes constructively. The Bragg condition for constructive interference

reads,
A

20

sin ) = (2.61)

where # is the angle of incidence, called the Bragg angle, A is the wavelength of the

light and A is the acoustic wavelength.

[ N
SN

~N Sound

Transmitted beam

Input Diffracted

beam beam

Transmitted
beam

——
wave —

~

Figure 2.8: Bragg construction for
Counstructive Interference

Figure 2.9: Schematics of AOM

2.5 4-f Imaging

Image is basically a one-to-one mapping of the object. 4-f imaging is a setup where
the distance between the object plane and the image plane is 4-f, where f is the focal

length of the lens. The schematic of the 4-f imaging setup is shown in Fig{2.10]
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Object Plane Fourier Plane Image Plane

Figure 2.10: 4-f Imaging Setup

Two lenses of focal length f are situated at a distance 2f apart. An object is
placed at a distance of f from the first lens; then, the image is formed at a distance of
f from the second lens, making the distance between the object plane and image plane
4f. The feature of any imaging system is that it should be diffraction-free. On top

of that, a 4-f imaging system provides the image of the object with unit magnification.

Suppose the object is slightly off from the focus of the first lens, then Fig[2.11] and
Fig[2.12]illustrates the image distance from the second lens and the total magnification
of the image respectively. The focal length of the lens is taken to be 5 cm and we
plotted the image distance and magnification for the case where our object is within

2 cm off in either side.
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Image distance from the second lens (cm)
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Object distance from the first lens (cm)

Figure 2.11: Plot showing image distance from the second lens as a function of
object distance from the first lens

Total Magnification

7.0 6.0 5.0 4.0 3.0
Object distance from the first lens (cm)

Figure 2.12: Plot showing total magnification as a function of object distance from
the first lens
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There are certain advantages of 4-f imaging over the 2-f imaging. 2-f imaging system
uses single lens to image the object. Suppose the beams are coming parallel then it
will focus to a single point. Hence, it is no longer a one-to-one mapping. Such setup
only works in the diverging case. But the 4-f imaging is always a one-to-one mapping
of the object.

We used a 4-f imaging system to image the focal plane of the Objective lens. Two
5 cm lenses are used in that setup. Since we are focusing the beam through the
Objective, the divergence is very high. This is the reason why we used the short focal
length lens. To find the focus spot, the test target Thorlabs R1DSIN is used. We
first put two 5 cm lenses 10 cm apart. Then we put the test target in the object
plane and put the camera in the image plane. The distances were finely adjusted by
putting the test target as well as the camera in the translation stage. Fig[2.13 shows

the heatmap of the test target image obtained in the camera.
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Figure 2.13: Heatmap of the test target image obtained in the camera
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Chapter 3

Mirrorless Optical Parametric Os-
cillation

There are certain advantages of MOPO over traditional OPOs, like the feedback
mechanism is internal, which means the feedback is coming from the optical nonlin-
earity itself and we can study the multitone and time-shared pump beam in MOPO.
The phase-matching condition, which is essentially the conservation of momentum,
must be satisfied for the process to be efficient. In the case of MOPO, this condition
is satisfied by the counter-propagating geometry of the pump and control beams. In

x® medium, MOPO can be achieved by the FWM process [12] [13].

3.1 Principle of FWM-based MOPO

MOPO arises from the nonlinear interaction between counter-propagating pump and
control fields, resulting in the parametric generation of counter-propagating Stokes
and anti-Stokes fields without requiring an optical cavity. As illustrated in Fig. [3.1]
the process involves a three-level atomic system driven by two classical laser fields.
The Stokes and anti-Stokes fields are spontaneously generated and amplified through
an FWM process, where the feedback is established by the FWM process itself. The
Stokes and the anti-Stokes beam travel along the pump and control beam directions,

respectively, which is a consequence of phase-matching conditions.
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3 Mirrorless Optical Parametric Oscillation

1)

Figure 3.1: Energy level diagram illustrating the MOPO process

The system depicted in Figl3.1illustrates a double-A configuration, where |1) and |2)
represent the hyperfine ground states. One of the virtual excited states is red-detuned,
and another is blue-detuned from the state |3). The pump laser beam, characterized
by a Rabi frequency €2, and optical frequency w,, excites atoms from |1) to a state
that is blue-detuned by A, relative to |3). Likewise, a control laser beam, with Rabi
frequency . and optical frequency w,, is red-detuned by A, from the |2) — |3)
transition. These pump and control fields propagate in opposite directions within the
atomic medium. As a result of non-degenerate FWM, counter-propagating Stokes and
anti-Stokes fields generate with optical frequencies wy and w,, respectively. Their two-

photon detunings are given by d; = ws—w,—Arsg+vyr and 0, = wy —we+Ars—vyr,

2
where the light shift induced by the pump and control fields is Apg = ﬁTpp — fgc, and

vir denotes the hyperfine splitting between |1) and |2). Energy conservation in the

FWM process imposes the constraint w, + w, = ws + w,, ensuring that d, + J, = 0.
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3.2 Nonlinear Wave Equations for Generated Fields

The nonlinear wave equation as derived in subsection (2.48) is given by

V’E — l(1+X< ) aQE T o Pnp (3.1)
c? ot? ot?

We denote the Electric field for the pump beam as F,, the control beam as E,, the

Stokes beam as F, and the anti-Stokes beam as E,. We use the convention that the

pump beam is propagating along the positive z—direction whereas the control beam

is propagating along the negative z—direction. Hence, it follows from the phase-

matching condition that Stokes beam is along positive z—direction and the control

beam is along negative z—direction. We write the electric field for the above fields

as,

E, = Aye'thrment) (3.2)
B, = Al Themwet) (3.3)
E, = Ageltkszmwst) (3.4)
E, = Ay kaz=wal) (3.5)

Substituting Eq[3.2-Eq 3.5 into Eq3.1] we get,

8A 02A W2 (1 4+ ‘
V%A ( ) + 22]43 8_ —+ 9.2 — k;Ap —+ %Alﬂ — _ ;MOPNL(WP)G_Z(kPZ_wpt)
(3.6)
. aAC 82Ac wg 1+ 1) s
V%Ac(z) — 227@’05 5.2 ZA,+ %Ac _ —WEMOPNL(wc)e (—kez—wet)
(3.7)

28



3 Mirrorless Optical Parametric Oscillation

As _ _wguopNL(ws)e—i(ksz—wst)

(3.8)

04, O0*A, 14+ v '
V%Aa(Z) — QZICGE + — 522 _ k2A + %Aa — _wgluOPNL(wa)e—z(—kaz—wat)

(3.9)

Now putting 1 + Re(x) = nZ where ng is the linear refractive index, and using the

2 2
relation “52 = k2, we have

2
V2A,(2) + 2ik, %i+aa’4 WI ("

N A, = —w? o PN (w,)eHez=wr)(3.10)

0A.  0*A,  iw? ikt
V%Ac(z)—szcg—i— 9.2 + 2 Im(xW) A, = —w?pgPVE (w,)e i kez=wel)  (3.11)

0A,  OPA, s |
92 822 + %Im(X(l))AS — _wguopNL<ws>eil(k527WSt) (312>

ViAs(z) + 2iks—=

. aAa 8214(1 iwg —i(—kagz—w,
V3 A4,(2) —ZZkQE—i— 5.2 + 2 Im(x(W)A, = —w? o PV (wy)e (Thaz=wal) (3,13)

Using Slowly Varying Envelope Approximation,i.e.

0?A 0A
Fe) ’ka (3.14)
Eqi3.10-Eq can be written as
0A, iw) A
V%A (z) + QZkPE + 1 (X(I))A _ _wiMOPNL(wp)e—l(kpz—wpt) (3.15)
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0A. iw?

V2 A(2) — 22-/{66_ + —;Im(x(l))/lc — _wZIuOPNL(wc)e—i(—kcz—wct) (3.16)
z C
0A, iw? .
ViAu(z) + 20k, 2 Im (M) A, = —w2pao PN (wy)e ezt (3.17)
z C
04,  iw? .
V2 Ay (2) — ke o + LT (y (D) A, = —w2pg PVE (wy)e i (TRazmwnt)  (3.18)

0z c?

3.2.1 Non-Linear Polarizations

We will consider the four-wave mixing term for all the beams. self-phase modulation
and cross-phase modulation effects are considered for Stokes and anti-Stokes beam
along with FWM. We assume that the Stokes beam is cross-phase modulated by the
pump beam whereas the anti-Stokes beam is cross-phase modulated by the control
beam.

The non-linear polarization corresponding to the Stokes beam is given by
360
4

+ %Xﬁlm () Ay Ay A s hertha)ziletusesat

PV () =20 (XD (@) | Asf? + 20, (w,)| Ay ] Ageilhemest

(3.19)

The non-linear polarization corresponding to the anti-Stokes beam is given by

3€ w
PNE(we) =2 X9 (wa) [ Aal? + 2x ), (wa) | Acf?] Ageihezmeet)

Xspm

4
360 (3) e — ko —k . . (320)
+ TXfwm(wa)ApAcAzel( p—ke—ka)z—i(wptewe—ws)
The non-linear polarization corresponding to the pump beam is given by
3 . ,
PY(w,) = %Xﬁim( wp) Ay Ay A ik =Rathe)zi(wstuwn—we)t (3.21)
The non-linear polarization corresponding to the control beam is given by
3 , .
PM(w,) = %Xﬁc?iﬂm(wc)AsAaA;e“ks—’fa—’fwz—l(wﬁwa—%)t (3.22)
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3.2.2 Amplitude Equations for Generated fields

We assume that the pump and control fields are undepleted in the process. So, we

will consider only the amplitude equations for the generated Stokes and anti-Stokes

beams. Putting Eq and Eq/3.20[into EqJ3.17| and Eq respectively we get,

V3 Ay(2) + 2ik, aafis

_ _z‘;ﬁ Im(y (V) A, — % (X (W) Al 4+ 2xE) (w4, [7] A, .
- %Xgm(ws)APACAZ expli(ky, — ke + ko — ks)z — i(wp + We — wq + ws)tj
V2 A,(2) — Qika%

— _Z;g m(y M)A, — % (X2 (wa)|Aal? + 2XE) (wa) |A?] Aq o

_ 3wo€o (3)

5 fwm(wa)ApAcA: expli(ky, — ke — ks + ko) 2z — i(wp + we — ws — wy)]

Initially, the self-phase modulation term is taken to be zero as the intensity of Stokes
and anti-Stokes beams are quite small. But once they are generated we have to
consider their effects. Conservation of energy tells that w, + w. — ws —w, = 0. We

make the following substitutions to simplify the above equations (3.23)) and ((3.24)).

1 w?,a 1 3&)37& 3 2
Qs = Yona | @ Im(xM) + Wlm (XD (wsa)) [Ap.c] (3.25)
3wla (3) 2
V;va(r) = 2—C2Re (Xxpm(wsaa)) |AP7C| (326)
3w? Lige
oo = 2000 () A A (3.27)
’ 4k, ’
Ak =k — ke — ko + ko (3.28)

Now we will discuss the physical significance of these terms. The coefficients a;,
incorporate the imaginary component of the linear and nonlinear susceptibilities,
Im[x™M] and Im[x®], governing the gain (or absorption) of the Stokes (E;) and anti-

Stokes (E,) fields within the medium. The term Vj,(r)A;, arises from the real
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part of the third-order nonlinear susceptibility, Re[x(®], and manifests as an effective
spatially varying potential - approximated as Gaussian - for the generated fields. This
potential induces a position-dependent refractive index. The coupling coefficients s,
represent the strength of the FWM process, mediating energy exchange between the
Stokes and anti-Stokes fields through the third-order nonlinearity. The wavevector
mismatch A, quantifies the deviation from perfect phase-matching.

Using the above substitutions, we can write the Amplitude equation for generated

fields as
9 . 0A; . . .
V3 As + 22/@5 = —2iksa Ay — Vi(r)As — 2ksr AL exp(iAkz) (3.29)
9 . 04, . . .
V3 A, — 22ka§ = —2ik,g Ay — Vo(r)As — 2koko AL exp(iAkz) (3.30)

3.3 Outlook

So far, we have discussed the case where the pump and control beam are of a single
frequency; then, the generated fields will have a single frequency. These systems are
studied in [13, [17]. Now we end this chapter with certain open questions and try to

address some of them in the next chapter.

As discussed earlier, the Stokes (E;) and anti-Stokes (F,) fields generate through
spontaneous parametric generation and experience subsequent amplification via a
non-degenerate four-wave mixing (FWM) process mediated by the third-order non-
linear susceptibility ) of the atomic medium. We ask the following questions, What
will be the state before the Amplification process in MOPO? Can it go to the single

photon level? What will be the bandwidth?
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Now, we impose another question, which we will address in the next chapter. Sup-
pose in this MOPO system, rather than providing a single-frequency pump field, we
put multi-tone, i.e., a pump field consisting of multiple frequency components. Then,
does the Stokes beam also show the multi-tone feature? Does the anti-Stokes field
have the signature of multi-tone? What will be its bandwidth? We can ask a similar
question: instead of providing multi-tone frequency, we now frequency modulate the

pump field. How does this affect the signals of generated Stokes and anti-Stokes fields?

To study these phenomena, we have to prepare the frequency-modulated and multi-

tone beam first. This is what we wish to discuss in the next chapter.
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Chapter 4

Generating Multitone and Time-shared
Beam using Acousto-Optic Modula-
tor

As the name of the chapter suggests, the use of an Acousto-optic Modulator(AOM)
is central to generate the “time-sharing” as well as multitone frequencies. The term
“time-sharing” is taken from the nomenclature used in Optical tweezers. By “time-
sharing”, we mean multiple optical tweezers can be made from a single laser beam
by sharing the time among them. In other words, we can trap multiple beads using
the same laser beam by sharing the relaxation time of the bead among the trapping
beads. So, it is clear that we need precise control over the laser beam so that we
can move it as desired. There where the AOM/AOD comes into the picture. We are
using AOM here because of its faster modulation. The basic principles of AOM is

discussed in Section2.4, We will discuss in detail about these in this chapter.

4.1 Basic Alignment Procedures

We are using IPG Photonics YLR-40-1064-LP-SF laser. It is a continuous wave high-
power fiber laser. It has a single frequency linearly polarised output. The wavelength
is 1064 nm. The maximum power can go upto 40 watts. The atomic transitions of Rb
requires 780 nm laser but here we are using 1064 nm laser to test the setup and see its
effect. However, the setup including the AOM will also work for 780 nm laser. The
camera Thorcam DCU224C is used for the detection part which is a CCD Camera

with pixel size 4.65um, square. Resolution is 1280 x 1024 pixels.
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To align the beam, two mirrors and two identical apertures are used. The schematic
of the setup is shown in Fig[d.I] One aperture is put closer to the Mirror 2, another
aperture is placed very far away, towards the end of the optical table. Both the

apertures are closed to minimum. By walking the beam, the beam is passed through

both the apertures.

Figure 4.1: Alignment using two identical Apertures and two mirrors;
M: Mirror, A: Aperture

The key point to note here that the centre of symmetry of the beam should pass
through the hole of the aperture. Then one expects a diffraction pattern of circular
aperture in the camera which is called Airy pattern. We got the diffraction pattern
Figl.2] in the camera, which is close to an Airy pattern. After getting the above
diffraction pattern (Fig, we make sure that the beam is coming out symmetrically
while opening the apertures. Two 20 cm lenses were put in the beam path. The focal
length is chosen based on our choice of the following two AOM parameters: Bragg
angle and the response time. The response time of the AOM is the time required
by the acoustic wave to cross the optical beam diameter inside the crystal. The

AOM Gooch € Housego 3080-122 is used in our Experiment. It contains a TeO,
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crystal, and the velocity of the Acoustic wave inside the crystal is 4260 m/s. It has a
central operating frequency (Acoustic wave) of 80 MHz and a bandwidth of 20 MHz.
The Bragg angle of this AOM is 9.99 mrad, corresponding to the central frequency
(Acoustic wave) at an optical frequency of 1064 nm. Hence, the separation between

the 0 order and 1%t order beam is 19.98 mrad.
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Figure 4.2: Fraunhofer diffraction pattern of the aperture obtained in the camera

Since our aim is to feed time-sharing and multitone frequency with the AOM, the
response time of the AOM is of great importance to us. From the definition of the
response time, it is clear that if we use a smaller beam size (i.e. lower focal length
lens), then the response time will decrease. But, here comes another problem, the
beam divergence at the focus will be larger compared to the Bragg angle. Then, the

efficiency of the process will be greatly reduced. So, we have to ensure that the beam
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divergence at the focus spot of the lens should be less (roughly, half or lower) than
the Bragg angle. Table shows the comparison of beam divergence vs spot size for
different focal length lenses. The initial beam diameter is taken to be 2 mm for this
calculation. Based on this calculation, we chose a 20 ¢cm lens before the AOM (Table
4.1). Two 20 cm lenses were put in the confocal configuration in the beam path, i.e.
the distance between the two lenses is 40 cm. The schematic setup is shown in Fig{4.3]
We got the diffraction pattern similar to Figid.2| in the camera after aligning it. In
such case of the confocal configuration of lenses, the first lens L1 focuses the beam
and the second lens L2 collimates the beam. To check the collimation, we have taken
the image of the beam at two different distances: one is near the lens and another
very far from the lens. The Gaussian function is fitted to the horizontal profile of the
beam, and the beam width is measured. Near the lens (5 cm away from the lens), the
beam width (1/e* diameter) is found to be 1.6 mm, whereas at a very far distance
(97.5 cm away from the lens), it is 2.4 mm. If we assume that the beam width is
1.6 mm just after collimation, then the natural divergence of the beam is given by,
Op = 4.23 x 107" rad (6 = ﬁ, where wy is the 1/e? radius). Now the angular change
in the beam width while traveling a distance 92.5 cm is found to be 6 = 4.56 x 10~*

rad (9 — Change in beam radius

o oee fo). Since the angular change is quite close to the natural

divergence of the beam, we can infer that the beam is collimated.

The Acousto-Optic Modulator is placed at the focus of 1. Since the central frequency
of the AOM is 80 MHz, the 80 MHz RF sine wave is provided by the Arbitrary Func-
tion generator (Keysight 33622A), via the Amplifier (Mini-Circuits ZHL-1-2W+) to
the AOM. The AOM position is optimized for the maximum efficiency of the first-
order beam for this particular lens combination. The beam separation angle between

0t" order and 1% order beam is 19.98 mrad. The lens L2 collimates both beams and
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Focal length of the lens (cm) | Beam diameter at the focus (um) | Beam divergence (mrad)
5 25 19.98
10 20 9.99
15 75 6.66
20 100 4.99
25 124 3.99
30 149 3.33
35 174 2.85
40 198 2.50

Table 4.1: Beam diameter at the focus vs Beam divergence for different focal length
lenses

A2 L2 L1 Al
(20 cm) (20 cm)

Figure 4.3: Alignment of two lenses in confocal configuration
M: Mirror, A: Aperture, L: Lens

makes them parallel with respect to each other. The aperture A2 is adjusted such
that it will allow the 1% order beam to pass through while blocking the 0" order
beam. Again to check the collimation of 1% order beam, we again fitted the Gaussian
function to the horizontal profile of the beam, but this time we found that the beam
is not collimated. The reason behind it is the following: As mentioned, the AOM has
TeOy crystal inside it. The refractive index of the T'eO, crystal is 2.2079 at 1064 nm,
and the length of the crystal is around 1 cm. Hence, the extra optical path length,

An-L = (22079 — 1) x 1 = 1.2 cm. That means we have to put the second lens
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1.2 em closer to the AOM. So, we put the second lens L2 on a translation stage and

adjusted accordingly to get the collimated beam.

The AOM is designed to operate in the Bragg regime, where we get only the first-
order diffraction, and other higher-order diffractions have much lower efficiencies than
the first-order. When light enters the AOM, it undergoes subsequent diffractions, and
these diffraction orders undergo interference. The size of the crystal plays a very cru-
cial role in determining which diffraction order undergoes constructive interference
and which undergoes destructive interference. In our case, only the first-order sur-
vives, and to some extent, the second-order but with much lower intensity than the
first-order. So, the diffraction effectively originates somewhere in between the front
face and the midway between the crystal. So, we need to focus the beam precisely
on the point where the diffraction starts. For this reason, another translation stage

is used.The Schematic of the experimental setup is shown in Fig[d.4]

M1
LASER

AOM

M2

L2 L1
(20 cm) (20 cm)

Figure 4.4: Initial Experimental setup for AOM
M: Mirror, A: Aperture, L: Lens
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4.2 QObservation and Analysis

When we change the frequency of the input RF, the beam separation angle between

0™ and 1% order beam will change according to the formula,

N
- = 4.1
QBS v ( )

where fgg denotes the beam separation angle, A is the wavelength of the optical beam,
F'is the RF frequency, and v is the velocity of the acoustic wave inside the crystal.

When we have provided 80 MHz RF input to the AOM, the angular separation
between 0" and 1% order beam is obtained as 19.98 mrad. Now, if we provide two
RF inputs that are 10 MHz apart, the relative angle between the 1%¢ order beams will
be 2.49 mrad. An objective lens ( Thorlabs LMH-20X-1064) is used in the beam path
to focus the first-order beam of different frequencies to different points in the working
distance of the objective. The working distance of the objective is 6 mm. Hence, the
expected spatial shift in the working distance of the objective for RF frequencies that
are 10 MHz apart is (2.49 x 1073) x (6 x 1073) = 14.94 pum. This distance is slightly
more than 3 pixels. So, we expect to see two visibly distinct focus spots which are 10
MHz apart. Hence, we removed the lens, which is right after the AOM, and placed
the objective lens there. A 4-f Imaging setup is made to image the working distance of
the objective. An overview of the 4-f imaging setup is discussed in Chapter 2. Images
are taken using a camera for three different frequencies (70 MHz, 80 MHz, and 90
MHz) within the bandwidth, each separated by 10 MHz. The centroid was fitted to
each image, and the results are shown in Fig{4.5[The background in Fig/4.5| represents
the heatmap of the first-order beam corresponding to 80 MHz RF input. The x and
y axes represents horizontal and vertical pixel number respectively. The centroid
coordinates (in pixels) are (300.95,527.29), (301.61,527.22) and (302.25,527.09) for
70 MHz, 80 MHz and 90 MHz respectively. The horizontal shift from 70 MHz to 80

40



4 Generating Multitone and Time-shared Beam using Acousto-Optic Modulator

MHz is found to be 3.06pm, and from 80 MHz to 90 MHz is 2.97um. Clearly, these
are subpixel-level changes, and the measured values are significantly smaller than the
analytically calculated shift (14.94 pum). We are measuring here the horizontal shift
as the AOM is deflecting the first order beam along the horizontal direction as we
change the input RF frequency. Then, we should not expect a change in the vertical
distance, but a small change (0.32um) in the same is observed which can be attributed

to the error in the data analysis or our data acquisition system may not be ideal.

Centroid fit
® (300.95,527.29) 70 MHz
® (301.61,527.22) 80 MHz

® (302.25,527.09) 90 MHz ™ 150

F 160

F 140

120

100

Intensity

80

Vertical Pixel Number

60

40

20

297 299 301 303 305
Horizontal Pixel Number

1 pixel = 4.65 pm

Figure 4.5: Heatmap of 80 MHz alongwith Centroid Calculation of 70 MHz, 80 MHz
and 90 MHz
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4.3 Generation and Detection of Multitone

In the context of the present chapter, by multitone, we mean the presence of multi-
ple frequency components. The role of an arbitrary function generator is crucial in
generating the multitone; this is the reason why we used it to provide the RF input
to the AOM instead of conventional AOM Drivers. In order to program the arbi-
trary function generator, we keep the following parameters of the arbitrary function
generator in mind. The sampling rate and the waveform length. The sampling rate
is the number of samples that can be taken by the Digital to Analog converter in a
given time interval. The Waveform length is the number of samples we feed to the
arbitrary function generator. The Keysight 33622A model has a sampling rate of 1
uSa/s to 1 GSa/s, and the waveform length is 32 Sa to 4 Msa per channel. For our
programming, we choose the sampling rate to be 1 Ga/s, the time interval to be 1

us, and therefore, the number of samples is 1000.

4.3.1 Preliminary Observation of Multitone

The arbitrary function generator is programmed to provide the multitone containing
80 MHz and 90 MHz sinusoidal frequency components with equal amplitude and
phase. The output data (first order beam) of the AOM is taken in the camera for
three different input conditions: one with 80 MHz RF input, one with 90 MHz RF
input, and one with the multitone input of 80 MHz and 90 MHz. The heatmap of all
three output data is shown in Fig[4.6] We also plotted the horizontal intensity profile
of all of them and fitted them with a Gaussian function in Fig[d.7]

The 1/e? beam diameter of the output beams is measured from the Gaussian fit. The
beam diameter is 2.1 mm for 80 MHz, 1.85 mm for 90 MHz and for the multitone is

2.43 mm. From Figld.7 we can observe that the multitone profile is an overlapping
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combination of the 80 MHz and 90 MHz profiles. However, our goal is to achieve two
distinct profiles simultaneously for the multitone, and therefore, it necessitates the

need to improve the experimental setup itself.
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(a) Heatmap of First Order Beam at 80 MHz
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(b) Heatmap of First Order Beam at 90 MHz
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Figure 4.6: Comparison of Heatmap of Multitone with Individual Frequency Compo-

nents
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Figure 4.7: Horizontal Intensity Profile of First Order Beams along with Gaussian
Fit
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4.3.2 Multitone and Time-shared Beam Analysis

We figure out the problem in our previous experimental setup. The lens before the
AOM focuses the beam into the AOM, and since we put the Objective lens just after
the AOM, we are getting the diverged beam in the Objective. Therefore, the angular
change between the outputs of the AOM (first order) corresponding to different RF
inputs is suppressed. To resolve this problem, the lens before the AOM is removed.

The final experimental setup is shown in Fig[4.§

&) 0 cl-.

AOM

Figure 4.8: Experimental Setup

The multitone RF input containing 80 MHz and 90 MHz frequency components is
provided to the AOM, and the first-order output is recorded in the camera. The heat
map of the data, along with centroids, is shown in Figf.9]

The x and y-axis represent the absolute Horizontal and Vertical pixel numbers, respec-
tively. The intensity scale is shown towards the left. The figure features two distinct
high-intensity regions. Apart from that, there is a background noise predominantly
observed in the lower part of the figure. A likely source of this noise can be attributed
to the removal of the lens which was placed before the AOM. Now, the beam size
being slightly greater than the AOM aperture, the scattering of the beam from the

lower edge of the AOM aperture, contributes to the observed background noise. The
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centroid is fitted to the two high-intensity regions individually. The red marker shows
the centroid corresponding to the 80 MHz RF input, whereas the blue marker shows
the centroid corresponding to the 90 MHz RF input. The centroid coordinates are
(295.66, 521.57) and (299.52, 521.58) respectively. For the camera we used, the pixel
size is 4.65 pum. The centroid shows a horizontal shift of 17.95 pum corresponding
to the input frequencies, which are 10 MHz apart. This result is comparable to our

analytical result (14.94 pm).

120
Centroid fit
® (295.66,521.57) 80 MHz
® (299.52,521.58) 90 MHz 100
518
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520
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290 292 294 296 298 300 302 304
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1 pixel = 4.65 um

Figure 4.9: Heatmap of Multitone (80 MHz and 90 MHz) along with Cenroid fit

We followed the same analysis for the multitone with 64 MHz, 74 MHz, and 84

MHz frequency components. The heat map of the data, along with the centroids,

47



4 Generating Multitone and Time-shared Beam using Acousto-Optic Modulator

is shown in Fig[.10] This figure features 3 distinct high-intensity regions. The red
marker shows the centroid corresponding to the 64 MHz RF input, the blue marker
corresponding to the 74 MHz RF input, whereas the black marker shows the centroid
corresponding to the 84 MHz RF input. The intensity corresponding to 64 MHz
is lower than the other two as it is outside the AOM bandwidth. The centroid
coordinates are (257.62,533.71), (262.63,533.66) and (267.56,533.66) corresponding
to 64 MHz, 74 MHz and 84 MHz respectively. The horizontal shift between the
centroid of 64 MHz and 74 MHz is 23.3 um, and between the centroid of 74 MHz and
84 MHz is 22.92 pum.
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Figure 4.10: Heatmap of Multitone (64 MHz, 74 MHz, and 84 MHz) along with
Cenroid fit

4.3.3 Time-shared Beam Analysis

Like the multitone generation, the role of the Arbitrary function generator is also
very crucial for generating the time-sharing frequencies as well. The input RF is
frequency-modulated to generate the time-shared beam. The frequency is centered
at 74 MHz, with a frequency deviation of 10 MHz, and the modulation is driven by
a sinusoidal signal with a frequency of 250 Hz. The modulation frequency is chosen

by keeping in mind the exposure time of the camera. The modulation frequency has
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to be larger than the inverse of the exposure time; to observe a ‘static’ image in the
camera corresponding to all the frequencies from 64 MHz to 8 MHz. The heatmap
of the data is shown in Fig[l.11] The z and y-axis represent the absolute Horizontal
and Vertical pixel numbers, respectively. The intensity scale is shown towards the
left. The figure shows an extended high-intensity region. The region roughly ranges
from 269" pixel to 279" pixel, i.e., the length is 10 pixels, which corresponds to
46.5 pm. The horizontal shift between 64 MHz and 84 MHz, which we calculated

from multitone analysis, is 46.22 um.
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Figure 4.11: Heatmap Showing Time-shared Beam from 64 MHz to 84 MHz
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Chapter 5

Conclusion and Outlook

This thesis, “Spectral and Spatial Modulation of Optical Pump Beam for Mirrorless
Optical Parametric Oscillation,” has explored the manipulation of pump beams used
in MOPO through spectral and spatial modulation. The study utilized an AOM to
generate multitone and time-shared pump beams, which can be used in the MOPO
process to address key questions about their impact on the spectral and spatial prop-
erties of the resulting Stokes and anti-Stokes fields. Experimental results confirmed
the generation of multitone beams with distinct frequency components (e.g., 80 MHz
and 90 MHz, & 64 MHz, 74 MHz, and 84 MHz) and a time-shared beam spanning 64
MHz to 84 MHz, validated through 4-f imaging and centroid analysis. These findings
highlight the potential of modulating pump beam characteristics to control the out-
put fields” bandwidth and spatial distribution, advancing MOPQO’s practical utility.
Looking ahead, this work opens several avenues for further exploration. The observed
multitone and time-shared beam generation prompts investigation into their effects
on MOPO efficiency, bandwidth, and quantum properties, such as single-photon gen-

eration or entanglement.
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