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ABSTRACT

We present the development of a nanosecond pulsed laser system resonating at sodium
wavelength (589 nm) by means of sum frequency generation (SFG) with Nd: YAG lasers at 1064
nm and 1319 nm. This research is aimed to perform lidar measurements at mesospheric altitude,
using sodium atoms as the tracer. These measurements include the determination of the sodium
density, temperature and radial velocity. Two high power lasers at 1064 nm and 1319 nm are con-
structed using commercially available Nd:YAG gain modules as building blocks. The radiations
emitted by the diode pumped Nd:YAG gain modules are picked up by two respective hemispher-
ical optical cavities designed with high reflective mirrors at 1064 nm and 1319 nm, to produce
stimulated emission at each wavelength. The 589 nm laser radiation is obtained by the sum fre-
quency generation (SFG) of the two Nd:YAG pump laser outputs in a nonlinear crystal. Perfect
mode matching, beam overlap, as well as temporal overlap of Q-switched pump laser pulses are
ensured to achieve optimum frequency conversion in the SFG crystal. Precise tuning of the laser
wavelength to the sodium D2 line is achieved by injection seeding of the 1064 nm pump laser
with a single-frequency DFB laser. We have studied the performance of this laser for sodium lidar

applications.

Keywords: Q-switching, frequency mixing, injection seeding, optical resonators
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CHAPTER 1

INTRODUCTION

The Earth’s atmosphere, particularly its upper layer, the Mesosphere, is composed of
a diverse range of neutral atoms that essentially lie within the spectrum of metallic atoms in the
periodic table. For instance, alkali metal atoms such as sodium (Na) and potassium (K), transition
metals like iron (Fe), and alkaline earth metals such as magnesium (Mg) and calcium (Ca) are the
most predominant atoms in this layer of the atmosphere [1]. The appearance and subsistence of
these atoms in the Mesosphere is caused by the perpetual disintegration of dust particles originat-
ing from collisions of interplanetary objects with Earth’s atmosphere [2]. In recent years, laser
technology has enabled the development of ground-based experimental studies of the Mesosphere
by investigating wind and temperature affects on the mentioned atoms. Sodium atoms are of par-
ticular interest because the sodium light on resonance to its D or D transition line, has a narrow
linewidth that permits experiments 100 km above ground without any influence or interaction with
other atomic layers in the Troposphere, Stratosphere or Mesosphere. In this chapter, the relevance

of Sodium LiDAR and its technology are described in detail.

1.1 Relevance of Sodium LiDAR

The boundary of the Mesosphere is approximated to be between 60 to 110 km above
ground [3] and it is a constant subject of perturbations caused by either the periodic oscillation of
the atmosphere, the dynamics of gravitational waves (GW) or by the occurrence of atmospheric
Rossby waves, also known as planetary waves [4]. Unfortunately, past methods employed to under-

stand the impact of these phenomenon on Earth’s atmosphere have produced limited information



to produce detailed characterization of temperature and wind profiles of the Mesosphere. These
previous methods include falling spheres and airglow observations [5, 6]. In the 90s, She et al.
achieved high-resolution measurements of both temperature and wind profiles of the mesosphere
by implementing a two-frequency LiDAR technique in which the laser is tuned on resonance to the
sodium atoms to detect dynamical changes in Na atoms [7] hence, providing valuable information

on the basic structure of the Mesosphere.

Wavelength 589.159 nm (in Vacuum)
Optical Power @ 589 nm | 2-5 W

Pulse Yes

Pulse duration 1-50ns

Spectral Width < 100 MHz

Beam quality (M?) <4

Table 1.1: Requirements for Sodium LiDAR

After several years of implementing LiDAR systems that use Na atoms as the tracer, it
has been proven that sodium LiDAR technique is capable of providing accurate information of the
composition and fluctuations of the Mesosphere, in both ground-based and airborne surveillance.
The aim of our Sodium LiDAR is to contribute to this comprehensive analysis on the influence that
phenomenon such as GW and others stated earlier, have on our atmosphere. The basic requirements

of the sodium LiDAR laser are listed in table 1.1.

1.2 Sodium Laser Technology

To conveniently perform wind and temperature measurements via Sodium LiDAR, sev-
eral techniques have been implemented to obtain the desired coherent sodium light. For instance,
H. Friedman et al. reported in 1995 their 20 W sodium guide-star laser by using dye lasers as the
pump [8]. More recently, in 2004, S. Rabien et al. also reported obtaining power of about 20 W
from a cw single frequency dye laser at 589 nm [9]. Further well known techniques have imple-

mented fiber Raman lasers. Fiber Raman lasers have the advantage of being tunable in a large-scale
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of wavelengths that are not readily available with common manufactured lasers. Powerful Raman

fiber amplifier lasers have been reported by [10, 11, 12].

A now well-established approach of obtaining the 589 nm laser is based on propagating
or mixing solid-state infrared lasers in nonlinear media. Jeys et al reported in 1989 the generation
of high power pulsed sodium laser by sum-frequency mixing two neodymium yttrium aluminum
garnet (Nd:YAG) lasers with wavelength at 1060 nm and 1319 nm, respectively [13]. Since then,
solid-state infrared lasers have been frequently implemented in systems that aim to generate the
sodium resonance radiation. The sodium laser presented in this thesis is obtained by mixing the
output of Nd-YAG lasers operating at wavelengths 1064 nm and 1319 nm, respectively. It should
be noted that there are drawbacks from utilizing techniques involving dye lasers or Raman fiber. In
the case of dye lasers for instance, the laser cavity length must be extremely lengthy (15 m long)
in order to obtain the desired spectral coverage of the sodium spectrum [13]. The nonlinear sum-
frequency of all-solid-state lasers has shown to be more compact with high conversion efficiency

of 589 nm, and improved beam quality [14].

1.3 Sum Frequency Sodium Laser

As already stated, the all-solid state sum frequency sodium laser relies on the nonlinear-
ity of the crystal used for the frequency conversion. The frequency conversion in turn, depends on
the presence of light with a strong intensity such that the internal properties of the nonlinear crystal
are forced to change [15]. To have a better understanding of the sum frequency sodium laser, it is

important to understand the nonlinear processes it is built upon.

The crystals used for sum frequency conversion are said to exhibit birefringence, a phe-
nomena in which the refractive index of a crystal depends on the propagation and polarization of

the light field [16]. In a nonlinear crystal, as compared to a linear one, the characteristics of an



electromagnetic wave are strongly dependent on the polarization of the electric field propagating
inside the nonlinear medium. If P = g, X( DE in a linear material, the vector form of the polarization

in a nonlinear material is given as,

P =gy VE+eyx Y EE+ &)y P EEE + ...
(1.1)
=P, +Pyg

where x(l), x(z), 1(3) are the first, second and third order susceptibility tensors, and & is the
free-space permittivity. Note that the expressions, EE, EEE are not dot products but rather tensors
quantities, such that the entire expression is a vector quantity. Pyy represents the polarization terms

for nonlinear processes.

A useful representation of the polarization that helps to understand fundamental pro-
cesses occurring in nonlinear media is its scalar form, in which only the amplitude of the electric
field is considered as such:

P=gyVE+eyPE>+eyPE® + .. D
(1.2)

=P +Pyp

the second term of equation 1.2 describes any second-order effects of the polarization. The third-
term is related to third-order processes, which are not considered in the scope of this thesis. It is
important to note that while x(!) is dimensionless, ¥(?) has units of meter per volts (y7) due to the

quadratic term of the electric field.

There are several types of nonlinear crystals, categorized as uniaxial, and biaxial crys-
tals. These crystals are capable of splitting an incident beam of light into two refracted beams that
propagate in two different axes of the crystal, called ordinary and extraordinary axis. Considering

a uniaxial crystal with a set of principle coordinate axes, x, y and z such that the linear relation



between displacement D and the electric field E, (?—0" = 81-/ jE /) 18 written as:

D, = &€ Ex (13)
Dy = 60822Ey (1.4)
D, = ge33E; (1.5)

Note that &/ ; and g&;; are different. The former represents the initial axes of the crystal. In com-
parison to isotropic crystals which have €1 = &, = €33, uniaxial and biaxial crystals have the
following properties, €11 = & # €3, and €11 # &) # €33, respectively. Uniaxial crystals are the

focus of this study.

For a propagating electromagnetic wave in the XY-plane of a uniaxial crystal such that
the displacement D is expressed as D = &é&1E The speed of propagation of this wave in the
ordinary axis of the crystal is then:

c c

o = = 1.6
’ VEI1L N (1.6)

where ng = €11 is the refractive index in the ordinary axis of the crystal, also known as the optic

axis. In this case, the z-axis represents the optic axis and the electric field of the wave is always
orthogonal to this axis. If on the other hand, the displacement D is expressed as D = gy&33E, the
speed of the wave is now,

c c

VvV, = = — 17
‘= Tem (1.7)

where 7, is the index of refraction the wave sees when traveling in the extraordinary axis of the

crystal. In summary, there are two polarization axes that characterize a nonlinear crystal, the o and
the e polarization, for ordinary and extraordinary axis, respectively. A general representation of the

refractive index seen by a wave traveling at an angle 6 with respect to the optic axis in a uniaxial



crystal is given by:

1 cos*(0)  sin*(0)
n2(9): nZ * nZ (1.8)

Compact sum-frequency sodium lasers have been obtained via the mixing of two in-
frared Nd-YAG gain media within crystals such as a periodically poled KTiOP4 crystal [17], a
potassium titanyl phosphate (KTP) crystal [14] etc. There are two methods of obtaining a sodium
laser, by either intra-cavity or extra-cavity sum frequency generation (SFG). In the intracavity SFG,
the crystal sits within the optical cavity and the output power P; of the generated yellow light with
wavelength A3 is given by:

Ps=aP P, (1.9)

where Py, P> are the intra-cavity power of the pump lasers which are approximated to be weakly-
depleted pump lasers. Evidently, the conversion efficiency of SFG is restricted by the weakest of
the pump lasers (P) [17], such that the obtained maximum photons output at A3 is equal to the

input photons at A, such that
(max) A
P =(—|P 1.10

Shi has reported generation of 5 Watts of sodium light by mixing 11 Watts of 1064 nm pump laser

and 9 watts of 1319 nm pump light [18].

1.4 Outline of thesis

This thesis is divided into a series of concepts and experimental set-up. Chapter II is a
highlight of the basic aspects of optical resonators but also a detailed description of the laser sys-
tems assembly I have spent a considerable amount of time on. In Chapter III, I have characterized
each pump lasers used to obtain the sodium laser. The characterization of the lasers includes power

scaling, power stability, and beam profiling. The micro-pulse output of each laser is also described.



Chapter IV demonstrates the scheme used to obtained short laser output pulses and ex-
amines the short-pulse generated via Q-switching. A short section on the limitation of Q-switching
is also discussed. Finally, within the scope of sum-frequency generation, I present the details of the
sum-frequency sodium laser for LiDAR application. Section VI is an extra section concerning the
first experiment I have worked on during my Master, based on the design of a frequency doubled

589 nm laser for laboratory experiment.



CHAPTER 2

LASER RESONATOR AND GAIN MODULE ASSEMBLY

2.1 Resonator: Concept and Design

The principle of a laser resonator is similar to the familiar electrical or mechanical
resonators commonly used, such as an LC circuit, a mass on a spring, or even a simple pendulum.
These resonators are characterized by the oscillation frequency predetermined by the configuration
of the system. In the case of a simple pendulum for instance, only a single frequency component
given by f = % g/1, can be sustained during its period of oscillation, where g and 1 represent the
gravitational constant and pendulum’s length, respectively. The frequencies at which a resonator
oscillates are therefore called resonance frequencies. The question that comes to mind is, how
does one construct and characterize a resonator for light, also referred to as optical cavity. In this
chapter, a brief description on the concept behind optical resonators is presented and the design of

a two-mirror hemispherical optical resonator is described in detail.

2.1.1 Concept

There are several techniques used to build a laser resonator. One could either implement
a two-mirror cavity system, a ring cavity resonator, or a whispering gallery resonator etc. However,
each of these optical resonators are built with the same three components: an active medium which
acts as an amplifier, a pumping system, and an optical feedback system, The amplifier in laser

optics is known as the active medium of the resonator.

Optical resonators are characterized by the following: the feedback and spatial confine-



ment they provide as the light bounces back and forth within the cavity, the quality factor (Q) of the
resonator, and the photon lifetime (the time it takes for a photon of light to escape the cavity). This
section does not aim to go over every detail of optical resonators, but rather to discuss their key fea-
tures. Therefore, concepts such as cavity resonance frequency, free spectral range (FSR), quality

factor of a laser resonator, and photon lifetime of a two-mirror optical resonator are introduced.

There are distinct configurations of a two-mirror resonator which are categorized as
planar, hemispherical, and spherical. We have used the hemispherical-mirror configuration to con-
struct our optical resonators. However, to get an intuition of the fundamental concepts of these
optical resonators, a model of a planar resonator is used, as it is the simplest of the family of

resonators.

A two-mirror planar resonator as the name suggests, consists of two plane parallel mir-
rors separated by a distance Ly. One common example of this resonator is known as a Fabry-Perot
resonator [19]. Consider an initial wave Ey with zero phase, travelling within the optical cavity
shown in figure 2.1. The wave is repeatedly reflected off of mirrors M; and M,. Each time it

M, tEo M2

Ho/ E'%

1B
P

e
P

I 1P

R
Re lob=25cm — .?

Figure 2.1: Two-mirror planar res-

onator
returns to the starting position it has acquired some phase shift relative to the initial beam. E; and
E, represent the electric fields of different reflected beams at the same position. In order for the

various electric fields of these reflected beams to interfere constructively, the spacing of the mir-



rors must be an integer multiple of the wavelength such that the round trip phase shift is an integer
multiple of 27. A round-trip of a wave therefore corresponds to twice the distance (Lg) between

the mirrors, and the round-trip phase shift (RTPS) is expressed as:

RTPS = k2L 2.1

where the wavenumber k is equal to,

k=— (2.2)
c

o is the angular frequency of light, and c is the speed of the wave inside the cavity (¢ = %0). The

refractive index of the medium, n, is assumed to be unity.

The RTPS can also be expressed in terms of frequency using equation 2.2, as follows:

4nnvL
nw)ZL(): tnvLig 2.3)

RTPS = k2Ly — (—
C C

where v represents the resonance frequency of the cavity. As mentioned, the last equality of
equation 2.3 shows that a cavity resonance occurs when the RTPS is an integer multiple of 27.

Therefore, we can write the following relationship:
RTPS =k2Ly = q2x (2.4)

where q is an integer number (q =1, 2, ...) representing the number of cavity resonance frequencies,
also known as cavity modes, an optical resonator can have. Expressing the cavity length L using

equations 2.3 and 2.4, in terms of the resonance frequency v gives:

qC
2Ly = — 2.5
0="0 (2.5)

10



or equivalently in terms of wavelength,

2Ly = gA (2.6)
where Ay = nA.

Equation 2.6 shows that there are integer number of wavelengths created along the cav-
ity in one round-trip. Consequently, there are several discrete resonance frequencies (V) or wave-
lengths (4,) which are allowed within a laser resonator. Cavity resonance frequencies are also
known as longitudinal modes [20] and the separation between these modes is described by the free

spectral range (FSR), written as:

c

FSR=V,—V 41 =——
1 A 2nL0

2.7

Figure 2.2 illustrates the behavior of the resonance frequencies for different cavity
lengths. As the distance between the mirrors increases, the spacing between the resonance fre-
quencies decreases. Therefore, one way to reduce the number of resonance frequencies within a

cavity, is to increase the cavity length. As an example, consider a radiation of 1064 nm in wave-

L (\]“VVH“‘

<Y

Figure 2.2: Resonance frequencies for different cavity
length

length propagating within the given planar optical cavity of length Ly =25 c¢m. The mode number
q within the cavity is found to be g = 271‘ ~ 10. The spacing between these resonance frequencies

is then, vp = ﬁ ~ 600 MHz.
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We have discussed the cavity resonance of an optical resonator and have seen that com-
pared to electrical or mechanical resonators, an optical resonator can have several resonance fre-
quencies based on the geometrical property of the resonator. Though it has not yet been mentioned
how the initial electric field Eg is supplied, the field inside the optical cavity of figure 2.1 can still
be described. The total internal electric field of all the fields propagating in the same direction as

Eo, is denoted E,", and is represented by:
Ef =Y Ey =Eg [1 +Ap-Age R0 1 (A} AjemR2L0y2 4 (2.8)

The second term, Eo(A;Aze~*?L0), describes the first round trip of the light inside the cavity. The
third term is related to its second round trip and so forth. In terms of the optical cavity distance,

d = ®X one obtains,

1
Ef=E : 2.9
r0 [1 — A ~A2e—l2d] 29)

where A - A, is the amplitude change the wave experiences after each round trip, and e ~*>0
is the phase factor gained after one round-trip. Similarly, there is a total electric field E;” that is

traveling to the left from M, and is defined as:

(2.10)

) A —i2d
Etf :AzeledE}F — E() |: e :|

1 —Aj-Aye—i2d

It should be noted from equation 2.9 and 2.10 that both fields, E;L and E;, reach their maximum
values when the denominator is a minimum which once again, implies that the fields resonance is

obtained if 2d = g2x, which is the same condition derived in equation 2.4

The intensities of each field, E,;" and E, , are obtained by considering that the intensity

of light is proportional to the square of the electric field as (Ez'—f). Assuming a reference point
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(z=0) to the right of the surface of M, the intensity /™, related to E™, is then given by:

[Eo/* 1
I (z=0)= - - 2.11
(Z ) 2n |[1—A -Are—i2d _ (A] -Aze_IZd)* + |A1 ‘A2|2 ( )

Simplifying this equation in terms of sine and cosine terms, we get:

IM(z=0)=1I ! ] (2.12)

|:1 —Z‘Al -A2|[1 —2sin2d] + |A1 -A2|2

Furthermore assuming the field reflection coefficients are real values, we can then use the fact that
the power reflection coefficient of each mirror Ry > is equal to the square of the absolute value of

the field amplitude (R = ]ALZIZ) and substitute R| » into equation 2.12 to obtain,

|Eo)?

IM(z=0)= { : 1
2n [ (1 —+/RiRy)?+4+/R|Rysin’d

(2.13)

2 2 .
% is simply an intensity and is equal to 77 - [g'—;ff] For any lossless mirrors, 7 = 1 — Ry. Then,

PR (1_R1>1,~4 [ e ] @.14)
2n (1—+/RiR2)?+ 4R\ Rysin*d
T(d):Itrans _ (1_R1)(1_R2) (215)

Ine (1 —+/RiR2)?+4\/R(Rysin’d

To obtain a laser and to enable analyses of the laser output light, one of the mirrors,
referred to as output coupler (OC), has to be partially reflective such that light bouncing inside
the cavity can be transmitted after N number of round-trips. As a consequence of using a partially
reflective mirror, a propagating wave within the cavity decays with time. This decay is expressed in
terms of the photon lifetime, 7., and it is the average time a propagating wave (or photon) bounces

back and forth between the mirrors before it escapes the cavity. Let N, be the initial number
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of photons within the cavity, and S the number of photons surviving one round trip such that,

dN,

Niost = [1 = S]N,, is the number of photon lost in a round trip. The rate of change, —, of photons

within the cavity is then given by:
dN), [1—S|N,

=— 2.16
dt 2Ly ( )
where,
2L
= — 2.17
=1_g (2.17)

is known as the photon lifetime. The parameter S is referred as the cavity survival factor, and 2Ly

is the round-trip distance.

In the preceding paragraphs, it is found that the resonant cavities have a narrow band of
oscillation frequencies. A particular cause of the appearance of these discrete frequencies is related
to the dissipation of energy in the cavity walls or in any dielectric material within the cavity. The
quality (Q) factor is a measure of the sharpness of a resonance frequency. It is defined as the ratio

of the time-averaged energy stored in the cavity to the energy loss per cycle [21]:

Stored ener
0= ay 8y (2.18)

Power loss

where @ is the resonance frequency if no loss is assumed. In terms of the resonance frequency v
of the cavity, the Q factor is given as,

0=—1

AVI /2

(2.19)

where v, is the frequency of one of the cavity peak frequencies and Av /; is the full width at half
of the maximum (FWHM). Because the numerical values of the Q factor for optical frequencies

could be quite large, another way to describe the sharpeness of a resonance frequency is through
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another quantity known as the Finesse (F).

_ free spectral range  c/(2nd)

F = = 2.2
FWHM N (2:20)
or
1/4
= M (2.21)
1 —(R1Ry)!/2

The parameters conceptually described in this section, such as FSR, Q factor, or Finesse, are used

throughout the thesis to characterize our laser.

2.1.2 Simulation

An optical resonator is referred to as a stable resonator if it allows a continuous feedback
of the light after an infinite number of round-trips. The stability criterion of an optical resonator
depends on the geometry of the resonator. The radius of curvature of the mirrors and the optical
distance between them are the geometrical parameters used to describe the stability of an optical
resonator. We note once more that the optical length is given by the product of the refractive index

of the medium and the spacing between the mirrors (L = nL).

The geometric parameter of the mirrors of an optical resonator is characterized by a
g-parameter, defined as:

L
gjzl—l—e,, j=12 (2.22)
J

R refers to the radius of curvature of the mirrors. The condition necessary for a stable resonator

is then expressed as:

O0<giga <1 (2.23)

A graphical representation in figure 2.3 depicting the stability condition stated in equation 2.23,
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Figure 2.3: Stability diagram of a two-mirror op-
tical resonator. The red dot corresponds to the lo-
cation of our optical resonator, for Ry = 100 c¢m
and Ly =25 cm.

is produced in Mathematica, showing with a dot the location of our resonator in terms of sta-
bility. The shaded regions represent regions of stable resonators, and any optical resonators that
fall out of these regions are unstable. Table 2.1 shows different geometrical parameters we have
considered for a hemispherical laser cavity, along with their respective g1g>. The extreme values
corresponding to g1g2 = 0 or 1 are associated to optical resonators which are conditionally sta-
ble and therefore challenging to implement. An example of such a resonator is the Fabry-Perot

resonator mentioned earlier, having a g;g, = 1.

Lo (cm) | g182 (R =20 cm) | g1g2 (R =50 cm) | g1g2 (R =100 cm)
20 0 0.60 0.80
25 -0.25 0.50 0.75
30 -0.50 0.40 0.70
35 -0.75 0.30 1.30

Table 2.1: Different geometrical parameters of the two-mirror resonators

A simulation based on another approach called the ABCD law, is used to determine
the geometrical parameters for any two-mirror optical resonator configuration. This simulation is

performed with a software called reZonator, which also allowed the determination of the beam size
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along the cavity. The optical resonator is made of several optical components of various apertures
and therefore, an approximation of the the beam size is needed. The ABCD law models a wave
as an optical ray and describes an optical system by relating the input and output of the system
through a matrix called the ABCD transfer matrix (M7). More information regarding the ABCD

law can be found in references [22, 23, 21].

Ry R,
Active Medium
T — d >
b—der— Laser Output

3 LQ

Figure 2.4: Basic components of a
Hemispherical Optical Resonator

Each component of the optical resonator system in figure 2.4 can be written in terms
of its own ABCD matrix. The product of all the matrices that constitute the optical system is the

ABCD transfer matrix. The ABCD matrices of each component are represented as:

1 0 1 0
M, = , My = (2.24)
—2 1 —2
Ry 7] Ry
1 4 1 d
L= , Ly = (2.25)
0 1 0 1
dcr
b
Cr= (2.26)
0 -}

M; and M, are the ABCD matrices for mirror 1 and 2 with radius of curvature, R; and R»,
respectively. L; and L; represent the free space ABCD matrices. Finally, Cr is the ABCD matrix
of the active medium, with an index of refraction n. The optical distance of the active medium is

then d = nd,,. Note that the k parameter in Cr is the beam expansion factor given by cos ¢ cos 0,
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where ¢ and 0 are the angle of incidence and refraction, respectively. Both angles are taken to be

unity in this case. The ABCD transfer matrix is then written as follows:

A B
Mr = :MI'LI'CV"LQ‘MQ'LZ‘Cr'Ll (227)
D

Using the ABCD transfer matrix, the condition for a stable resonator is established as:

-1<——<1 (2.28)

The stability parameter A+TD is plotted in figure 2.5 as a function of different radii of curvature

for the high reflector (R;). The figure shows that for longer cavity lengths, using a mirror with

-
o

e
3
s

0.0 / L25cm
[ L30cm
L35cm

-05F

Stability Parameter, [(A+D)/2]

-
o

500 1000 1500 2000
Radius of Curvature M_1 [mm]

Figure 2.5: Stability map as a function of radius of curvature. The
solid curve corresponds to L = 25 cm, the dotted curve is for L =
30 c¢m, and the dashed curve is for L = 35 cm.

a large radius of curvature improves the stability of the resonator. There is therefore a range of
acceptable radii of curvature and spacing between the mirrors that lead to a stable optical resonator
configuration. On the other hand, to obtain a smaller beam size, mirrors with shorter radii of
curvature are needed, as seen in figure 2.6, which shows a simulation of the variation of the beam

size along the cavity for radii of curvature R = 50 c¢m and R = 100 cm at either 1064 nm and
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Figure 2.6: Variation of the beam size along the optical cavity for
both 1064 nm and 1319 nm.

1319 nm.

2.1.3 Design

Figure 2.7 shows a sketch of our resonator design with its geometrical parameters. The
resonator consists of a high reflective spherical mirror, also called high reflector (HR), with a radius
of curvature of Ry = 100 cm, a partially reflective planar mirror which is the output coupler (OC),
and an Nd:YAG gain module which provides the active medium. The index of refraction of the
Nd:YAG is 1.8. Between the Nd: YAG and the mirrors, the index of refraction is taken to be unity,

such that the optical length of the resonator is L = nLg ~ 30.64 cm.

HR ocC

6.3 cm Laser Output

Ly=25cm ——MMMMM— »

Figure 2.7: Optical cavity design implemented
in the experimental set-up

As seen in figure 2.8, the laser cavity designs are identical for both pump lasers, with the

exception that the mirrors for the 1064 nm pump laser are suitably coated for radiation with a 1064
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nm wavelength, and the mirrors for the 1319 nm pump laser are designed for 1319 nm wavelength.

Coating the mirrors at the desired wavelength provides a filtering system for unwanted radiation.

Figure 2.8: Optical cavity set-up for 1064 nm (left) and 1319 nm

(right)
Applying a coating layer on the mirrors is particularly important when using a YAG laser. As it
is discussed in subsequent chapters, YAG lasers have several emission lines and coating helps to
select the desired wavelength. A list of some important parameters of the mirrors is recorded in

table 2.2.

Wavelength (nm) 1064 | 1319
HR Radius of Curvature (cm) | 100 100
OC Radius of Curvature (cm) | Planar | Planar
HR Reflectivity (%) 99.80 | 99.70
OC Reflectivity (%) 90 +2 | 97 £2

Table 2.2: Resonators mirror’ parameters for 1064 nm and 1319 nm pump lasers

From the concepts illustrated in section 2.1.1, the estimated FSR of our optical resonator
is 490 MHz. Using the parameters listed in table 2.2, the finesse of the cavities are 58.52 and 187.8

for 1064 nm and 1319 nm resonators, respectively. It is also noted from table 2.1 that the cavity
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losses induced by the HR and OC mirrors are 0.2 %, and 0.3 % for the HR coated at 1064 nm and
1319 nm, respectively. The losses from the OC are 10 % and 3 % for the OC coated at 1064 nm

and 1319 nm, respectively.

2.2 Nd:YAG Gain Medium

Any optical resonator experiences losses. These losses could be caused by some or all
of the following: the scattering of the medium, the diffraction of the confined beam, or the finite

reflection of the mirrors etc. The resonator loss coefficient & is then expressed as [23]

o= O+ Oy,

(2.29)
= 0+ ! In !
2Ly \RIR,

where @, is the loss due to the mirrors, and ¢ is the loss caused by scattering and diffraction.

The role of the gain medium is to counter balance those losses by light amplifica-
tion. For the purposes of our experiment, we have used Neodymium Yttrium Aluminum Garnet
(Nd:YAG) as the gain medium, which is essentially a Yttrium Aluminum Garnet (YAG) crystal
doped with rare earth Neodymium (Nd) atoms. The Nd:YAG laser is therefore a solid-state laser

because it utilizes a solid material as the gain medium.

Figure 2.9 illustrates some possible energy transitions capable of producing a YAG laser
[24]. The transitions of interest are represented with solid arrows. The Nd:YAG gain medium
is optically pumped by a semiconductor laser at a pumping wavelength of 808 nm, causing the
generation of the emission lines seen in figure 2.9. The atoms transition from the ground state
energy level *Iy /2 to the upper state, 4Fs /2. Several emission lines (denoted by their respective
spectroscopy notations) are produced but the resonators’ mirrors are coated to pick up the laser

transitions that end at 41, /2 and 11 /2 for the 1064 nm and 1319 nm emitted wavelengths, respec-
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tively. We note that for YAG lasers, 1064 nm is the most dominant laser transition (*I5 /2 I /2)-
The remainder of this section is focused on describing the four-level system of the Nd-YAG laser

and understanding how the gain is provided using such a gain medium, in order to produce a laser.

Fs/2:

4 A § 4F3/2
g Ei B E B E
; ;E ol ¥ M o
' <t O i b
G R

: 15,2

§ V%1132

; —¥ *111/2
Absgrptidn Lines Emission Lines

; \ A
Ig/2

Figure 2.9: Energy-level diagram of an Nd: YAG laser. The
solid arrows represent the radiation being used in this ex-
periment. Optical pumping is performed with a laser diode
with a center wavelength around 808 nm, and the emission
lines considered are for 1064 nm and 1319 nm.

A system of atoms within a material at thermal equilibrium tends to stay on the lowest
energy level or ground state of the system. However, a laser is only feasible if there are more atoms
on the upper energy level compared to the ground state. Such an unorthodox system is referred
to as population inversion. Population inversion is accomplished via optical pumping, a technique
in which light is radiated into a system, causing the atoms of the material to absorb photons and

inducing a transition to the upper energy state.

The sketch in figure 2.10 perfectly illustrates the processes occurring during optical
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pumping of a four-level system, denoted as |g), |1), |2), and |3), for the ground, first, second, and
third energy level, respectively. In stage 1, the atoms within the system are subjected to a particular
radiation of a light field of energy E,y:0,. The photons are observed and in stage 2, the following
transition, |g) — |3), occurs if the energy of E 0, is approximately equal to the energy differ-

ence between the states |g) and |3). In a two-level system, the opposite transition immediately

Stage 1 Stage 2 Stage 3
3> YY) 000000 ®oe
; *. Fast Decay
c AN
000 o i 0000
[2> e—N,, E, = ' Nz, Ex Ny, E;
= |
o H
o000 00 ? | e0o0 @@ o000 0
Photons | 1> =N, E; 2 e N, E; m— N, E
\&\O&\.&. 'Y X ) o6 PP /Fast Decay
|g> n— —— E ——

Population Inversion

Figure 2.10: Population inversion of a four energy-level system

occurs. However, for a four level system, the transition |3) — |g) is interrupted by the state |2),
known as a meta-stable state. Due to a fast decay, the atoms fall onto the E; energy level as seen in
stage 3. Spontaneous and stimulated emissions cause the atoms to decay onto the energy level Eq,
therefore creating a population inversion between these two states, with a release of energy that is
proportional to E; — Ej. The stimulated emission establishes a gain on the transition |2) — |1).

Eventually, the atoms fall back onto |g) until optical pumping is applied again.

In summary, there are three processes occurring during optical pumping of a system

[23] . Absorption, spontaneous emission and stimulated emission, such that,
Total rate of absorption = Total rate of emission (2.30)

where the total rate of emission is the sum of spontaneous emission and stimulated emission.
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Equation 2.30 can also be expressed in terms of Einstein A and B coefficients, as:

N1B12p(hviz) = A21 N2+ NaBy1p (hvar) (2.31)

B> is the Einstein coefficient for the absorption process.

B> is the Einstein coefficient for the stimulated emission process.

Ay is the Einstein coefficient for the spontaneous emission process.

N; and N; are the number densities of atom in states |1) and |2), respectively.

p(hv) represents the energy density of the pump light.

The photons produced by stimulated emission are called gain. This gain is then am-
plified by means of a feedback system created by the mirrors. Gain amplification is illustrated in
figure 2.11. Considering an initial beam of light close to the center of the cavity (position 1) enters
the gain medium and experiences a photon loss due to scattering of photons caused by imperfection
of the surface of the gain medium (position 2). In Position 3, the light beam gains energy because

of stimulated emission occurring inside the medium. As it escapes out of the gain medium, there is

11 10

Figure 2.11: Gain along an optical cavity

a slight loss (position 4) due to a partial reflection once again. The beam then propagates towards
the output coupler (OC) in position 5, and because the OC is only partially reflective, there would
be losses as seen in position 6. As the light beam bounces off the OC, the same processes occur for
positions 7, 8, and 10 but in the opposite direction. In position 11, the beam exits the gain medium
with a higher intensity but loses some of the energy bouncing off the high reflective mirrors, be-

cause some portion of the light is not being reflected due to absorption. However, after one-round
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as seen in position 13, the light beam has gained more energy compared to its initial energy and

the resonator is acting as a laser.

The gain coefficient, y(Vv), of lasers is defined by the following equation:

(v) = {A A (v)] [N —@N}
)= 1Ang 38 27 g, 232

= 0721 x N*

where, A is the pump wavelength. g(Vv) is the line shape function, describing the light-matter
interaction. 03 is the optical gain cross section of the laser transition. N* is the population

inversion density. In tables 2.3 and 2.4, laser parameters and the YAG rod characteristics are

given.
Wavelength (nm) | 1064 1319
Transition (413 2 — 4]11 2) (413 2 — 4113 2)
021 (cm?) 37x 10719 | 9.5 x 10720

Table 2.3: Nd:YAG laser parameters for 1064 nm and 1319 nm transitions

Nd:YAG Material Parameters | Value

Density of Nd Atoms 1.38 x 10?9 (cm ™)
Index of Refraction 1.82
Scattering losses 0.002 (cm™1)

Fluorescence Lifetime of *I3/, | 233 us

Table 2.4: Nd:YAG Material Parameters

2.3 Laser System Assembly

Laser system assembly involves installation of the gain module, setup of the chillers,
connection of the chillers to the gain module, and configuration of the eDrive controller for the

gain module. Installation of the gain module on the optical breadboard requires particular care as
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you must align the optical cavity precisely in order to ensure stability. The eDrive controller and

chillers are configured according to manufacturer guidelines to ensure optimum performance.

2.3.1 Chiller for Laser Cooling

Before any operation of the gain module, chillers should be connected to the module
and turned on to provide a water cooling system to control the temperature of the gain module.
Hoses are connected from the gain module to the back panel of a chiller, which is composed of a
chiller reservoir and filter. Figure 2.12 shows a picture of the front and back of the chiller. The
front panel of the chiller allows one to change the temperature and pressure settings. The coolant
used is a mixture of 10 % Optishield Pluszy, and 90 % distilled water. The pump module final test
sheet performed by Northrop Grummann specifies that the optimum operating temperature of the

modules is 28° Celsius. The chillers are therefore set to run at that temperature.

Figure 2.12: Chiller’s front and back panels

2.3.2 Installation of Gain Module

As it has been mentioned previously, the active medium is provided by the yttrium

aluminum garnet (YAG) crystal doped with neodymium (Nd) atoms, producing a Nd:YAG gain
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medium. The crystal is enclosed in a module made by Northrop Grumman-Cutting Edge Optron-
ics. Operating limits of Nd:YAG gain module in a quasi-continuous wave (QCW) operating mode
are listed in table 2.5. The table shows that when triggering pulses, the repetition rate of the pulses

should be set as to not exceed 7.9 % duty cycle.

Parameters QCW Operating Limits
Current (A) <147
Voltage (V) <56.7

Pulse Width (us) | 157.5
Duty Cycle (%) <79

Table 2.5: Nd:YAG gain module operating limits

Figure 2.13 is a picture of the Nd:YAG gain module, which is the same for both 1064
nm and 1319 nm resonators. The gain modules are mounted on a XYZ adjustable holders with an

adjustment of couple of centimeters.

Chiller'Hoses

Figure 2.13: Gain Module for either
1064 nm or 1319 nm pump lasers.

A general design setup of the gain module connections in figure 2.14 shows that the gain
module is controlled by an eDrive. The eDrive, as mentioned in table 2.5, can deliver a maximum

current of 147 A to generate current pulses used to pump the gain medium. The connections
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necessary to power up the laser gain module are also shown. The laser gain module is connected
to a laser system controller (eDrive). The eDrive can be used for all diode-pumped solid-state
(DPSS) laser parameters including the diode drive current, the Q-switch, and system interlocks.
It is capable of driving diodes in either continuous wave (CW) or quasi-continuous wave (QCW)
operating mode. The eDrive controller and power supply for 1064 nm lasers are shown in figure
2.15. Identical units are implemented for 1319 nm. A similar system is used for the 1319nm laser.

POS(+) NEG(-)
[ ] [ ]

RBAT MODULE

Coolant Out
Coolant In —
g

Flow Meter Flow Switch

Figure 2.14: Basic illustration of the gain
module connections

Figure 2.15: eDrive controller (top) and power supply (bot-
tom) for 1064 nm laser

Once the connections are performed, the chillers are turned on, and are left to run until

they have stabilized to the set temperature (28° Celcius in this case). The laser gain module is then
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powered up by turning on the power supply and the eDrive. The internal trigger of the eDrive is
used to send information to the gain module, such as the repetition rate, the pulse width, and the
current at which pumping should be performed. A duty cycle limit is also set. Only once all the
parameters are set, and the connections are checked, the eDrive is set to emission, which produces
the optical pumping mechanism described in the previous section. The fluorescence at 808 nm is
then seen using an infrared (IR) card, as shown in figure 2.16. The module is later on inserted
into the cavities to generate a feedback system as a mean to increase the laser gain. Figure 2.17
shows the set-up of both cavities mounted on a 24 x36 in optical breadboard. In figure 2.21, the
1319 nm cavity is shown to be lasing. In the next chapter, laser characterization is performed. The

alignment of the optical cavity is described in the next section.

Figure 2.16: 808 nm fluorescence due to optical pumping (left) & gain module inserted
into the 1064 nm optical cavity (right)

2.3.3 Optical Cavity Alignment

The 1064 nm and 1319 nm laser resonators are composed of one-inch and half-inch
mirrors, respectively. The mirrors are mounted on three-inch post holders with kinematic mounts.
To align the resonator [25] such that the mirrors are parallel to each other, an external collimated
diode laser, with a center wavelength of 1064 nm, is used. A sketch of the alignment is presented
in figure 2.18. An indication of cavity misalignment is the presence of multiple back reflections as

illustrated in figure 2.19. To ensure that the mirrors are aligned, the back reflections are made to

29



‘-A g
2 o
-

Y-

=..2,1064 nm OC 1319 nm OC ¢ \%
~

Laser Gain

Modul
oue\‘

1064nmHR [/ / 1319 nm HRY

Figure 2.17: Set-up of both optical resonators, 1064 nm
(left) and 1319 nm (right)

overlap with the main beam by using the adjustable knobs on the mirror’ mounts.

The laser gain module is inserted into the cavity, after ensuring that the mirrors are
properly aligned. As mentioned earlier, the gain modules for both 1064 nm and 1319 nm lasers are
mounted on XYZ adjustable holders to facilitate the coupling of the laser diode into the Nd: YAG

crystal. It is important to note that the placement of the module relative to the alignment beam is

HR oc
Diode Laser

<

L=25cm

Figure 2.19: Back reflections caused by
the 1064 nm cavity misalignment

Figure 2.18: Resonator alignment setup

crucial, because the end of the rod has a 2° angle that could cause the beam to be clipped. For

instance, if we consider the case of the 1319 nm resonator which is made of mirrors with 1/2
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inch diameters, the beam exiting the rod towards the the output coupler will exit at a 4° angle.
Because the distance between the end of the rod and the mirror is about 16.5 cm, the beam will hit
the mirror, about 1.15 cm away from the center of the mirrors. Since the mirror diameter is 1.27
cm, one therefore acknowledges that a slight misalignment will cause the beam to be clipped and

consequently, produce an unstable resonator.
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CHAPTER 3

LASER CHARACTERIZATION

The goal of this chapter is to evaluate the performance of the lasers by analyzing the
optical output of the laser beam by using a power meter, a photodiode, and a beam profiler. Mea-

surements such as power scaling, power stability and beam characterization are performed.

3.1 Power Scaling

To achieve power scaling [26] is achieved with the following requirements: the increase
of pump power is done by changing only one variable, and repeated measurements are feasible and
lead to the same outcome. One major concern of power scaling is the thermal lens effect of the
laser rod crystal. Thermal lens effect is caused by heating of the laser rod, inducing aberrations
on the beam. At extremely high power, thermal lensing becomes significant and can affect the

performance of the laser. Therefore, power scaling is performed below the limit of thermal lensing.

The pump power is increased by increasing the input current sent to the laser gain
medium, ranging from 40-80 Amperes. With a pulse duration (width) of 150 us and a beam
diameter of about 1 mm, different repetition rates (100 Hz, 300 Hz, and 500 Hz) are considered
during power scaling measurements. A trend-line similar to a linear fit is observed between pump
power and optical output power, as shown on the plots of figure 3.1 and 3.2. In tables 3.1 and 3.2, a

list of measured and calculated parameters are presented, for 1064 nm and 1319 nm, respectively.

It is noted that at lower repetition rates, the two lasers output a similar average power

but the difference in output power becomes bigger as the repetition rate increases. For instance, at
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100 Hz with a current of 80 Amps, the percentage difference of their respective maximum output
power is only 2.23 %, while at 500 Hz with the same current, the percentage difference is 29%.
The high average output power obtained for 1064 nm could be due to both the fact that the 1064
nm transition line has a stronger gain compared to the 1319 nm, and also that the reflectivity of the
OC for 1064 is only 90 % compared to 97% for 1319 nm. The 1319 nm laser needs a high HR

particularly due to its low gain.

Optical Power [W]

Current [A]

Figure 3.1: Power scaling of 1064 nm pump laser
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Figure 3.2: Power scaling of 1319 nm pump laser

The power scaling plots also show noticeable inflection points. At 500 Hz for example,
the curves for for 1064 nm and 1319 nm both change at a current of approximately 50 Amps and
70 Amps. As it is described later, the YAG lasers are found to produce the right input pump pulse
at about 50 Amps. A slope efficiency is then calculated by recording the average power output

above 50 Amps. A plot of optical power versus current for the 1319 nm is shown in figure 3.3. A
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Parameters 100 Hz 300 Hz 500 Hz
Power @80 Amps (W) | 2.542 (W) 10.18 18.44

Power @40 Amps (W) | 0.429 1.547 3.17

RMS 1.58 6.17 12.25
Standard Deviation 0.84 3.37 6.35

Least Squared Fit -1.77+0.053x | -7.30+0.211x | -13.16+0.40x
R-Squared 0.99 0.98 0.9915

Table 3.1: Fitting Parameters for 1064 nm

Parameters 100 Hz 300 Hz 500 Hz
Power @80 Amps (W) | 2.49 9.58 13.76
Power @40 Amps (W) | 0.347 1.394 2.9

RMS 1.55 5.89 9.86
Standard Deviation 0.86 3.22 4.62

Least Squared Fit -1.9040.054x | -7.00+0.20x | -8.32+0.29x
R-Squared 0.99 0.99 0.97

Table 3.2: Fitting Parameters for 1319 nm

linear fit is performed on the data and the obtained least squared fit is listed in table 3.3. Using the
fit equation, the threshold pump power is determined to be approximately 34 Amps. This value is

obtained by looking at the point where the linear fit crosses the current axis (i.e X axis).

Parameters 300 Hz
Standard Deviation | 0.832355
Least Squared Fit | -6.08+0.18x
R-Squared 0.9999

Table 3.3: Fitting Parameters for 1319 nm & slope efficiency

From the measured maximum average optical output power, values such as pulse energy

and peak power are calculated for different repetition rates, using the following set of equations:

Average Power(W)
L N 3.1
ulse Energy(J) Repetition Rate(Hz) -

_ Pulse Energy(J)
 Pulse duration(s)

Peak Power(W) (3.2)
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Parameters 100 Hz | 300 Hz | 500 Hz
Pulse Energy (J) 0.025 0.034 0.037
Peak Power (W) 169.47 | 226.22 | 245.88
Linear Power Density (W/cm) | 1382.19 | 553.41 | 1002.40
Energy Density (J/cmz) 47.83 63.84 69.39

Table 3.4: Energies values for 1064 nm

Parameters 100 Hz | 300 Hz | 500 Hz
Pulse Energy (J) 0.025 0.032 | 0.028
Peak Power (W) 165.733 | 212.89 | 183.47
Linear Power Density (W/cm) | 135.15 | 520.79 | 748.03
Energy Density (J/cm?) 46.77 | 60.04 | 51.78

Table 3.5: Energies Values for 1319 nm

Pulse energy, peak power, linear power density and energy density are found to increase

linearly with the repetition rate as shown in tables 3.4 and 3.5. The eventual outcome of building
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these pump lasers is to perform sum-frequency generation (SFG) to obtain a Na laser system with
an optical power of 2-5 W. However, the power scaling plots in 3.1 and 3.2 show that repetition
rates below 300 Hz do not produce sufficient power output for SFG. In the case of the 1319 nm
pump laser for example, a mininum power of 5 Watts is necessary for SFG and at 300 Hz, a 65

Amps pump current is needed to produce such output power.

3.2 Power Stability

An analysis of laser power stability is a convenient method of determining the consis-
tency of measurements performed [27]. For instance, laser applications (i.e. atomic spectroscopy
application) that require precise output power level, may produce fewer usable data points if per-
formed with an unstable laser. It is therefore essential to understand how the laser system behaves

before any operation.

Basic requirements for laser stability to be considered are: 1) the laser gain medium
should be warmed-up before any use. 2) test set-up should be repeatable, such as environmental,
cooling system, etc. To demonstrate how significantly the first requirement affects the stability
outcome of the laser, a power stability measurement is recorded, right after the laser is turned on
for the 1319 nm (figure 3.4), and about twenty-minutes of laser emission for 1064 nm laser (figure
3.5). Both figures show a slow increase of optical power. However, the slope is less prominent in
figure 3.5 because the laser had started to reach its equilibrium state. Fluctuations in figure 3.4 are
calculated to be about 0.0349364 in terms of standard deviation (STD). In figure 3.5, the STD is

0.010524.

The case made here is not to compare the stability between both lasers, but rather to
show that, either pump lasers require an equilibrium system before being put to use. From figure

3.4, it is possible to determine that the lasers need to warm-up for at least thirty to sixty minutes.
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Figure 3.5: 1064 nm pump laser power stability

A long-term power stability measurement is then reproduced with the 1319 nm pump laser, with a

warm-up time of about forty-minutes, and a data collection time of one to two hours.

The requirements stated earlier are followed as such - The chiller is first turned on
approximately twenty-minutes before the gain module is powered-up. This is to ensure the gain
medium has reached an equilibrium temperature. Pulse duration, repetition rate, and input pulse

current are set on the eDrive, with values of 150 us, 500 Hz, and 50 Amps, respectively.

Once laser emission is on, the gain module is also let to run for about an hour before the
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recording of data. After the one hour elapsed time, the optical average power is recorded using the
Vega Ophir power meter, P/N: 7Z01560. The Vega ophir power meter is connected to a thermal
sensor that allows reading of high power. Figure 3.6 shows the stability plot obtained for the 1319
nm pump laser. An improvement in stability is obtained with a fluctuation of only 0.007479 in

STD, which is an order of magnitude lower compared to figure 3.4.
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Figure 3.6: 1319 nm pump laser power stability

It is essential to note that even though there is an improvement in fluctuation between
figures 3.4 and 3.6, the system still shows some variation in power after warm-up. There are
several other types of noises that can contribute to fluctuation in laser stability, and that have not
been addressed. Sources of noise could range from random errors caused by the detector being
used, inducing thermal noise in the data, to background radiation noise. The topic of noise is not
being discussed in this thesis, but more information on laser noise is found in reference [28]. As a
conclusion, laser systems show fluctuation of power or light intensity and it is therefore necessary

to study the performance of a particular laser before utilization.
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3.3 Beam Characterization

In chapter one, it is shown that by using the concept of ray tracing, important infor-
mation of the beam propagating within an optical resonator are obtained. Nevertheless, there is
a drawback because electromagnetic waves have both an amplitude and a phase, and therefore,
missing pieces of information of the beam are unraveled by looking at the profile of the beam. In
this section, the beam profile [29] of the laser beam is presented as well as the characterization of

output pulses generated by the lasers.

3.3.1 Beam Profile

A laser beam propagating along the optical axis of the system generates a fundamental
mode known as the Gaussian beam. However, any deviation from this optical axis due to mis-
alignment of the laser cavity, produces higher order modes (HOM) called transverse modes. These
transverse modes are therefore different from the intrinsic longitudinal modes of any optical res-
onator, in the sense that the longitudinal modes are decided by the shape of radii of curvature of
the mirrors forming the cavity and are therefore always present. Transverse modes on the other

hand, are eliminated by a perfect alignment of these mirrors.

By describing an optical beam in terms of its transverse electric and magnetic fields
(TEM), The fundamental mode (Gaussian beam) is generally expressed as TEMyy and so, the

transverse modes are written as 7 EM,, where n represents the number of transverse modes. Math-
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ematically, a confined Gaussian beam in a homogeneous medium is represented as [23, 28]:

2 ()

Ey o(z) ©?(z)
X exp (—j {kz—tan_l (%)D (3.5)
kr?
< exp {_ jm]

where ®(z), R(z), and zg are given by,

()] @) e
()] (2)

20 = ””;ZO (3.8)

The first term in equation 3.5 is the amplitude factor of the beam describing the spreading of the
beam. The second term is related to the longitudinal phase factor symbolizing the shift from plane
wave to spherical waves. Finally, the last term in 3.5 is the radial phase factor which shows how
the phase of the beam changes in the radial direction.

Note: The variables in equations 3.6-3.8 are defined as follows-k is the wavenumber, n is the index
of refraction, @y is the beam radius or beam waist, A is the wavelength of the light in free space,
7o 1s the Rayleigh range (describing the amount of diffraction spread i the beam), and R(z) is a
radius of curvature (i.e. distance from the beam waist), and @(z) is a spot size function describing

changes of the beam with respect to z.

On the other hand the function that represents higher transverse modes (TEM, ;) is in
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the form:

E—(x,y,z) =H, [@] H,, [@]

Eim o(z) 0164

x2 +y2

. %ex’? {‘ 0*(2) }

X [—j (kz—(l-l—l-l—m)tan_l (Zio)ﬂ

2?(1) ]

(3.9)

X exp [—j

where H, ,, are Hermite polynomials of order 1 and m. Even though there are resemblance between
equation 3.9 and 3.5, the phase shift in 3.9 now depends on 1 and m, which changes the frequency
oscillation of a laser beam and causes the field distribution to vary. The 1 value describes this
field distribution and tells how many times the field intensity of the light has gone to zero. The
divergence of a beam from a Gaussian beam is gauged by the M? parameter, which is unity for
a Gaussian beam. However, for a beam that carries higher-order modes, the value of M? can be
much greater than one, depending on the number of modes the beam has. In general, a large M

value indicates a large deviation from the Gaussian profile.

The beam profile of the 1064 nm pump laser above the YAG threshold is investigated
using the Ophir spiricon beam profiler, LBS-300s-NIR in figure 3.6. However, operating the laser
at such high current, and consequently high power, is capable of damaging devices or optics with

a low damage threshold.

Fortunately, the Ophir beam profiler comes with the LBS-300s that has a system of two
beam splitters (BS) built in to reduce the amount of light imparting the detector. The BS have a 1%
reflection per surface, and so with 4 Watts in the initial beam, the first beam splitter would reflect

40 mW such that the second beam splitter will send only 400 uW towards the camera. The rest of
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Figure 3.7: Beam profiler

the beam is either transmitted or dumped into the beam dump. Additional filters can be inserted in

front of the detector if necessary.

The observed profile of the beam is shown in figure 3.8. The laser does not have a Gaus-
sian distribution but rather, a T EM,( field distribution, which means there are several transverse

modes in the beam.

Figure 3.8: 2D intensity distribution of 1064 nm
laser
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Parameters Values
Width in X (um) 4363
Widthin Y (um) 2.40e™
Average Power Density (cnts) | 618.69
Peak (cnts ) 4,095

Table 3.6: Fundamental properties of the laser beam

A table of statistical values and fundamental properties describing the beam are listed in

table 3.5. The M? is found from the waist width and beam divergence from the following relation:

0 = M? x A (3.10)
g0

From equation 3.10, a high M? indicates a large spot size of the beam.

3.4 Long Pulse Characterization

Pulse characterization is performed by analyzing the shape and pulse width of the laser
output, using the Thorlabs DET10A Si biased detector connected to an oscilloscope. The DET10A
is a variable gain detector, and pulse width measurements are done with the detector set to a zero
dB gain, with a corresponding bandwidth of 1.0 MHz, which corresponds to a response time of 1.0

us. Pulses at different input currents and at different duty cycles are inspected.

3.4.1 1064 nm Laser Pulses

In the previous section, it is shown that the output of an optical resonator can have
transverse modes [30]. The number of transverse modes found in a cavity is closely related to the
alignment of the laser cavity, causing the propagation axis of the beam to deviate from the optical
axis. Different transverse modes have different intensity distribution and can therefore cause losses

in average power. Another consequence of these transverse modes is the appearance of spikes on
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the laser output pulse. This behavior is clearly seen in figure 3.9.
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Figure 3.9: Output current pulse of 1064 nm laser

When the laser is set to emission (i.e. pumping source is switched on), there are initially
no photons within the cavity until the threshold pump power is achieved. Photons that contribute
to the laser are generated once population inversion has reached its threshold value. This explains
the slow rise time of the pulse in figure 3.9. On the other hand, the fast decay of the pulse conveys
that, as the photon density increases within the cavity, population inversion quickly drops below
the threshold causing the lasing to stop. The laser pulse also shows an initial power spike, suggest-
ing that the Nd-YAG laser is capable of storing energy, which could be a cause of a degrade in the

laser performance.

Different pulse widths are measured for the 1064 nm laser, using the Thorlabs PDA36A
silicon amplifier detector. The PDA36A has a bandwidth ranging from DC-12 MHz, and is capable
of detecting wavelengths from 350-1100 nm. The current pulses used to pump the gain medium
ranges from 100-300 us, with a repetition rates of 100 Hz. The current is set above the threshold
current. The detector is connected to an oscilloscope that has a 1 MQ impedance. Matching the

impedance of the oscilloscope to the detector with a S0 terminator improved the number of spikes
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observed on the pulses.

However, from figure 3.10, it is determined that shorter pulses are not ideal because
there is still a strong presence of spikes by the time population inversion drops below threshold.
Nevertheless, there are limitations on the allowed pulse widths, set by the duty cycle (<7.9 %) of

the gain module, and the fluorescence lifetime of the laser, which is 240 us.
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Figure 3.10: 1064 nm laser pulses at different pulse widths

Duty cycle is determined by the product between the current pulse width and the repetition rate. A

list is given in table 3.7

Current Pulse Width (us) | Duty Cycle (%)
100 1

150 1.5

200 2

300 3

Table 3.7: Duty Cycle in terms of current pulse widths

It is important to note that though at a repetition rate of 100 Hz, it could have been
possible to analyze higher pulse widths, one has to also consider the fluorescence lifetime of the
YAG laser. with a lifetime of us, pumping a QCW laser with a 300 us pulse width basically turns

the laser into a CW, which eventually induces a buildup of heat within the cavity.
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Figure 3.11: 1064 nm laser pulses at different currents

Another characteristic of the pulsed laser that is important to investigate, is the depen-
dence of the pulses on the pump current. Currents at 23 A, 30 A, 40 A, and 50 A are plotted in
figure 3.11. All current pulse are given a 150 us pulse width and a 100 Hz repetition rate. How-
ever, the plots show that the lasing starts to occur at about 50 A and below this value, there is not

enough pumping energy to produce a laser. This determines the minimum pump current necessary

to achieve population inversion.
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CHAPTER 4

SHORT-PULSE GENERATION: Q-SWITCHING

A Q-switched laser is capable of producing pulses ranging from micro to nanoseconds
[31] by suddenly changing the Q factor of a resonator from a low to a high Q value. As stated
in chapter 2, the Q factor determines the quality of the resonator and it is simply defined as the
ratio between the resonance frequency of the cavity with the full width half max (FWHM) of that
resonance curve. In a low Q resonator, there is no laser oscillation because population inversion
does not occur due to a high threshold, and therefore, the gain of the resonator is lower than the
cavity losses. A sudden change to a high Q causes any stored energy within the active medium to

be released in one single pulse. This is the essence of Q-Switching.

There are two types of Q switching techniques leading to such pulses: active and pas-
sive Q-switching [32]. An active QS uses electro-optical switches [23] to reverse the state of the
resonator from a low to a high Q, and vice verse. A passive QS on the other hand, operates with
a saturable absorber. The main advantage of utilizing an active QS is the control over the tim-
ing of switching it provides. In a passive Q-switching, the laser itself is in control of the time of

switching.

Other than the saturable absorber and the electro-optic switch, there are several other
types of QS devices such as, mechanical QS (i.e. rotating mirrors or shutters) or acousto-optic
modulator. Nevertheless, these devices work under the same principle of preventing a laser oscil-
lation until population inversion has reached a maximum. Additional information on these types

of devices can be found in [23].
This chapter describes how to produce a Q-switch pulse by means of active Q-Swithching
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with an electro-optics modulator: a Pockels’ cell. Limitations of such a QS are later on presented

by comparison with mode-locking, another technique used to obtain short pulses of light.

4.1 Pockels’ Cell

Pockels’ cells [33] are made with a crystal that exhibits a birefringence behavior when
subjected to an electric field (or high voltage), such that the polarization of the light passing through
the cell changes according to the index of refraction of the crystal. A general cavity configuration
that utilizes a Pockels’ cell is shown in figure 4.1. The laser light propagates along the cavity
mirrors and the polarization of the light is defined by the presence of a polarizing beam splitter
(PBS). The light that reaches the Pockels’ cell then has a defined state of polarization. A certain
amount of voltage is applied to the Pockels’ cell so as to change the property of the crystal (i.e.
index of refraction) such that the optical resonator is capable of switching from a high Q to a low
Q state. The Q factor of the resonator is therefore dependent on the amount of voltage applied. In
the high Q state, QS pulse is produced, whereas in a low Q, the light deserts the cavity through the

PBS.

HR ' pockel cell oc

—— T Active Medium Q-Switch Pulse
/ =
T PBS

—High Q Resonatorg:

HR_ pockel cell oc

L Active Medium

-

<—— Low Q Resonator 4)_

No Q-Switch Pulse

Figure 4.1: General configuration of a cavity res-
onator with a Q-switch

It is important to take a moment here and express a partial qualitative understanding
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of how the nonlinear crystal works. In an isotropic material there is a linear relation between
the polarization of the medium and the applied electric field (P = x E), where ¥ is the electric
susceptibility of the material. The crystal structure inside the Pockels’ cell is however nonlinear,
in the sense that the optical properties of the crystal vary with an applied electric field, inducing a
linear electric effect between the index of refraction of the medium and the electric field applied.
The relationships given in equations 4.1 to 4.3, between the applied electric field E with the induced
polarization in the crystal P [28], show that each polarization components now depends on the
three electric field’s components. The Pockels’ cell takes advantage of this nonlinear property of
the polarization to control and change the polarization state of the laser resonator for the generation

of a Q-switch pulse.

P, = & (x11Ex+ X12Ey + X13E;) 4.1)
P, =&y (X21Ex + X22Ey + X23E-) (4.2)
P, = & (x31Ex + x32Ey + X33E;) 4.3)

The functionality of a Pockels cell is more or less similar to how waveplates made with
two refracting crystals, operate. In the case of a quarterwave (A/4) plate for instance, a propagating
light is forced to slow down inside the crystals that make up the waveplate, as it now sees two
different indexes of refraction, called fast and slow axes, or ordinary (o) and extraordinary (e)
axes. Two different waves are then generated and travel at different speed of light such that there
is now a phase difference, ¢, between their respective polarization. The phase shift ¢ is dependent

on the thickness T of the crystal, where:

A 1
T=7 (n_n> (4.4)

no and n, are the indexes of refraction the light sees as it propagates along the ordinary and ex-

traordinary axes, respectively. A A/4 waveplate in general generates a 90 © phase shift between the
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waves. In the case of a Pockels cell, the index of refraction is changed by applying a DC voltage

to the cell that induces the required phase shift.

A schematic of the different possible Q-switching configurations is presented in figure
4.2. The first two configurations (A & B) are referred to as Quaterwave configurations in the sense
that, they create a /2 phase difference between the two propagating components of the light field.
The only difference between these two configurations is that configuration A requires an applied

A: DC Quarterwave with voltage control for Q-Switching

M2 M1
POLARIZER EOQS
LASER ROD
B: Quarterwave Q-Switch without DC voltage. Voltage is applied as a pulse.
M2 M1
POLARIZER E0QS Na
LASER ROD H

C: DC Halfwave with voltage control for Q-Switching

M2 M1

POLARIZER E0Qs POLARIZER
LASER ROD

Figure 4.2: Q-Switching configuration
of a cavity resonator with a Q-switch

DC quaterwave voltage to prevent lasing, but only utilize few optical components. The advantage
of using configuration B however, is that no DC voltage is needed because the quaterwave plate
provides the necessary optical bias. In configuration C, the DC voltage is also required but it is a
halfwave configuration because it creates a phase difference of % between the polarization states

of the light. The second configuration is implemented in the experiment.
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4.2 Q-Switch YAG Lasers

An important parameter to consider when working with Pockels’ cells in an optical
resonator, is deciding which crystal is adequate for the laser resonator in question [34]. Pockels’
cells are capable of changing the state of the system within a few nanoseconds compared to any
mechanical devices previously used to produce short pulses. However, to be implemented in a
laser resonator, the Pockels’ cell requires not only a crystal that has low losses but also is able
to withstand the generated high peak pulses, to avoid risk of damage. In the illustration of the
experimental set-up shown in figure 4.3 for the 1064 nm and 1319 nm YAG lasers, a KDP and
a BBO crystal are used for Q-switching, respectively. More details about the crystals’ internal

properties are found in subsequent chapters but table 4.1 shows physical parameters of each crystal.

HR Pockel Cell ocC
1064 nm
Q-Switched Pulse
—>
HR Pockel Cell oc
owP | 1319 nm

1319 nm —

-- Q-Switched Pulse
— - —>
I .

Nd-YAG T Pol

Figure 4.3: Q-Switched Pulse Lasers

Physical Parameters BBO Crystal | KDP Crystal

Dimensions (mm) 3 x3 x25 housing diameter 35 x length 47.5
Aperture (mm) 2.5 10

Quaterwave Voltage (KV) | 3.6 34

Table 4.1: Physical parameters for BBO and KDP Crystals

. . . 2
Going back to figure 4.3, the light from the high reflector (HR) passes through the 7
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waveplate, and as mentioned earlier, the waveplate creates two beams that propagate with a /2
phase shift between them, such that the light is now said to be circularly polarized. The circularly
polarized light then enters the Pockels’ cell that has an applied high voltage (HV) corresponding to
a quaterwave retardation. The QS drivers are capable of supplying 0.5-5 KV. For the KDP crystal,
the required HV is 3.4 KV for a quaterwave configuration, while 3.6 KV is necessary for the BBO
crystal. The Pockels’ cells and their drivers are purchased from FastPulse Technology Inc. If the
appropriate QWYV is supplied to the Pockels’ cell, the circular polarization of the light is changed
into linear polarization, and a short output pulse is produced as the light exits the Pockels’ cell. As
this pulse enters the polarizing beam splitters, light gets linearly polarized in only one direction
(either horizontally or perpendicularly). As already mentioned in the introductory section of this
chapter, the observation of a pulse indicates that the cavity has a high Q value. Figures 4.4 and
4.5, show the actual Q-switch configurations set-up for both 1064 nm and 1319 nm YAG lasers,
respectively.

Q-Switch Driver
Gain Module 4

&
o

d-.
|

1064 nm HR A | e Pockels’ cell 1064 nmOC

Figure 4.4: 1064 nm laser cavity Q-Switching configuration

The remainder of this section is focused on the experimental set-up and analysis of
the obtained Q-switched pulses. There are several experimental conditions necessary to follow to
produce a Q-switch pulse. The first condition is to properly align one of the axes (X or Y) of the QS

crystal along the same direction of the optic axis of the ND:YAG resonator. Alignments are made
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Figure 4.5: 1319 nm laser cavity Q-Switching and alignment config-

uration
with < 1 W laser power. In the case of the Pockels’ cell for 1064 nm laser, the crystal sits inside an
enclosure that has windows on each side of the crystal. As the light goes through the Pockel’s cell,
there are three observed reflections. Two of those reflections come from the windows reflections,
and only one of the three reflections is related to the crystal. This is the beam that needs to be
aligned with respect to the cavity. A general rule of thumb is, the faintest beam corresponds to the

reflection off the crystal.

Regarding the Pockels’ cell for the 1319 nm laser, because the resonator 1s made of
mirrors with smaller diameters, and also because the aperture of the BBO crystal is only about 2.5
mm as presented in table 4.1, the use of an external laser is required for proper alignment. Figure
4.5 illustrate how the alignment of the Pockels’ cell is done. First, the light from an external laser
is passed through the cavity without the Pockels’ cell. The mirrors, M and M>, are used to adjust
the height and longitudinal axis of the beam. Then the Pockels’ cell is inserted within the cavity

and placed such that the maximum output of the external beam is transmitted through the cell.

Once the alignment is performed, the Pockels’ cells are connected to their respective Q-
switch drivers through the HV output wires (HOW), the second condition for obtaining a QS pulse
is performed. This condition is related to the laser hold off. The optical resonator is set to operate

at slightly above a particular current called the hold-off current. To determine what current setting
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to use, the Q switch is turned off and the pump power is slowly increased while adjusting the 7
waveplate to block lasing. The pump current at which the laser resonator can no longer stop lasing
is the current at which the gain medium needs to be pumped. Both Nd:YAG lasers are currently

being pumped with a current of about 40 Amps and a pulse width of 150 us.

Finally, the last condition necessary to generate a Q-switch pulse is to first apply a
trigger signal to the Q-switch and then, synchronize this Q-switch trigger with the pump laser
pulse, while creating a time delay between the trigger pulse and the pump pulse. A timing diagram
for the lasers is represented in figure 4.6. The system is synchronized to a time 7y. At Tp, a trigger
is sent to the lasers pump diode with a pulse width of 150 us. A trigger is then sent to the QS with
a delay of 145 us from the time 7Typ. Due to propagation delay, Pockels’ cell is switched on about
50 ns after the trigger. To implement the time delay the timing diagram illustrates, connections

shown in figure 4.7 are observed.

Master Clock, TTL to Diode Driver @ 300 Hz

1064 nm Pump Pulse, 150 us, 300 Hz

1064 nm QS Trigger TTL

Function Generator
EDrive (External Trigerring) Pulse Generator

1064 nm QS Pulse TRIG

CH1 TTL A B C D

TRIG IN

1319 nm Pump Pulse, 150 us, 300 Hz —

1319 nm QS Trigger TTL

Q-Switch Driver

CH1 CH2 CH3
1064 nm QS Pulse

Oscilloscope

To

Figure 4.7: Time delay set up

To + dt

To + 145 us

To + 150 us

To +dt + 145 us
To + dt + 150 us

Figure 4.6: Timing diagram for 1064 nm
and 1319 nm pump lasers
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A function generator, a pulse generator, an oscilloscope, and the PDA36A silicon de-
tector are used in the set-up, and connected from one another by means of BNC cables. Using
a T-connector, the output connector of the function generator is connected to both channel 1 of
the oscilloscope and the trigger gate of the eDrive controller to produce external triggering of the
gain medium. A 50 Q terminator is added to create impedance matching between scope and the
function generator. The TTL connector of the function generator is used for synchronization. It is
connected to the trigger connector of the pulse generator. The pulse generator has multiple chan-
nels (A,B,C and D). Another T-connector is attached to channel A of the pulse generator. One end
of the T-connector is connected to channel 2 of the oscilloscope and the other end is joined to the
QS input trigger. The photodiode detector is connected to channel 3 of the scope, which is where

a QS pulse is observed.

Let us now discuss the importance of each of these experimental requirements. First and
foremost, the alignment of the Pockels’ cell inside the optical cavity is crucial because improper
alignment or adjustment of the QS could result in a poor execution of Q-switching. As shown in
figure 4.8, the appearance of after pulses are an indication that either the Pockels’ cell is not well
aligned or the polarization axis between the Q-switch and the quarterwave plate are not parallel
to one another. These after pulses are therefore eliminated by adjusting the alignment of the Q-
switch and by rotating the quarter-waveplate. The next figure (figure 4.9) shows the importance
of synchronizing the laser pulse with the input trigger pulse of the QS. If the QS pulse trigger is
properly synchronized to the laser pulse, only one Q-switch pulse is observe on the time trace of
the oscilloscope. Figure 4.9 however, shows multiple pulses which are caused by asynchronous

pulses. The QS pulse is analyzed in Mathematica by fitting it to a Gaussian.

A time delay between the QS pulse (for both 1064 nm and 1319 nm lasers) and the pump

laser pulse is equally important. As seen in the diagram of figure 4.6, the Q-switch is triggered
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Figure 4.8: Demonstration of after pulses obtained from
cavity misalignment

25,0001 Hy

Figure 4.9: Ringing caused by timing error

at time 7y + 145us which is nearby the falling edge of each pump pulse. This is to ensure that
the YAG lasers have stored sufficient amount of energy in the gain medium before the Q-switch
is switched on for the generation of a QS pulse. Lower time delays do not provide a high peak
QS pulse. In figure 4.10, a Q-switch pulse for the 1064 nm pump laser is obtained using a time
delay of 147 us and a YAG pump current of 42 Amps. The blue pulse is the pulse trigger to the
Q-switch. The pink pulse is the Q-switch pulse obtained after switching on the Pockels’ cell and
finally, the yellow line represents the trigger pulse to the YAG laser. It does not appear within the

window due to the small time scale of the scope. The scope has been set to trigger on this pulse.

The Q-switch pulse has been further analyzed by fitting it to a Gaussian [35] with the

Flo) = Ax— exp[—%(%)z

following equation:

+ 4.5
ovon y 4.5)
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QS Trigger pulse

Q-switch pulse

Figure 4.10: A Q-switched pulse from the 1064 nm YAG
laser

where the squared of o is defined as the variance or the square of the Gaussian RMS width. A is
the amplitude, u is the expected value or the position of the center of the peak, and the parameter y
is responsible for the offset. Figure 4.11 shows plots of both the obtained QS pulse in red for 1064
nm and the fit in dashed blue. It should be noted that because the actual QS pulse trails off slower
at the end, a perfect fit is not achieved since the Gaussian is always symmetric. The values of each
variables in equation 4.5 are obtained from the fit and are listed in table 4.2 and the calculated
pulse width at FWHM is found to be approximately 50 ns. Note that the width of the QS pulse
could be changed by changing the length of the cavity. A power stability of the 1064 nm laser is
performed when the laser is Q-switching. The result of the stability curve in figure 4.12 shows a
lot of fluctuations. The fluctuations are observed to occur from mechanical vibrations around the
lab. Whenever someone would walk close to the system for instance, high peaks would occur in
the data recording. This problem could be solved by implementing vibration isolators onto the
optical table. The calculated standard deviation is still relatively low, compared to measurements

presented in chapter 3.

Variables | Values
c 2.19 x 1078
u 14774
A 9.99 x 1078
y 45072

Table 4.2: Gaussian fitting parameters

57



25

20

——— Q-switch pulse

Amplitude[mW]

————— Gaussian Fit

05

S
____________

00" -
0.0001471 0.0001472 0.0001473 0.0001474 0.0001475

Time [s]

Figure 4.11: Q-switch pulse from the 1064 nm YAG laser
fitted to a Gaussian
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Figure 4.12: Power stability of the Q-switched
1064 nm YAG laser

Regarding the QS pulse for the 1319 nm, recall that the crystal inside the Pockels’ cell is
a BBO [36], and it requires a HV of 3.6 KV. The detector used to observe this pulse is the Thorlab
DETI10N?2 biased detector. The same configuration as in figure 4.7 and same parameters are used,
compared with the 1064 nm system: 1 us QS pulse trigger, 50 Hz repetition rate, and a pump
pulse width of 150 us. When the HV is applied a sharp pulse appears on the scope, considering
that cavity alingment is well done. Figure 4.13 shows the oscilloscope’s screen shot of the obtained

pulse along with the QS trigger pulse.

The QS pulse for 1319 nm is also fitted to a Gaussian as presented in figure 4.14, and the

58



Q-switch pulse

QS Trigger pulse

[1.00s 7 -640mV  50.0002Hz)

Figure 4.13: A Q-switch pulse from the 1319 nm
YAG laser

fitted parameters are listed in table 4.3. The pulse width at FWHM is found to be approximately
200 ns, almost four times as big as the obtained pulse for 1064 nm YAG laser. Because the two
QS pulses have to be mixed for SFG, they need to be overlapped both spatially and temporally.
Having one pulse that is much bigger than the other will cause a drop in the conversion efficiency.

Therefore, the QS pulse obtained with the 1319 nm YAG laser needs to be improved.
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Figure 4.14: Q-switch pulse from the 1319 nm YAG laser fitted to a
Gaussian

Variables | Values
c 8.48 x 1078
u 1.65°4
A 3.90 x 107°
y 43074

Table 4.3: Gaussian fitting parameters
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4.3 Limitations of Q-switching (Mode Locking)

A remarkable aspect of Q-switching is its ability to change the quality factor of a cavity
in a fraction of nanosecond to produce a pulse with a pulse width in this scale. However, there
is another technique that is capable of producing even shorter pulses. This technique is known
as mode-locking. Just like Q-switching, modelocking techniques are categorized as active and
passive. Both techniques are capable of generating picosecond 1(ps) = 10~!2s pulse duration laser
light to femtosecond pulses, with high peak power equal to N 2E§, where N is the number of modes
that are oscillating within the laser cavity at different phases. The modelocking, as suggested by
the name, locks these cavity modes such that they oscillate at a single phase, therefore increasing
the peak intensity of the laser by a factor N larger compared to the average intensity of the number
of modes N that are oscillating at arbitrary phases. As it is outside of the scope of this thesis, the

reader is suggested to refer to [23, 37, 38] for further information on modelocking techniques.
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CHAPTER 5

SUM-FREQUENCY GENERATION AT 589 NM

Second-harmonic generation, sum- and difference frequency generation, third-order fre-
quency generation, or stimulated Raman scattering, are all nonlinear optical processes that are
caused by a strong electric field light propagating inside a nonlinear medium [16, 23, 39, 40]. An
example of a source of such intense field is a laser, which is capable of producing ~ 10%° (%)
of power per centimeter area. This chapter covers the principle of nonlinearity and describes the
sum-frequency conversion implemented in the experiment for both high and low power frequency

conversion.

5.1 Sum-Frequency Conversion (SFG)

Sum-frequency generation is illustrated in figure 5.1. Two frequencies, @; and @, are
launched into a nonlinear crystal that carries the second-order electric susceptibility 2. The output
wave frequency, @s is the sum of the two input frequencies. The input electric fields can be written

in terms of the propagating field as:
Ei(z,t) = Aiei(k"ziwﬂ) (5.1

for i = 1,2. A, represents the amplitude of the waves and is a function of the propagation distance

Z.
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Figure 5.1: Illustration of sum-frequency genera-
tion in a nonlinear crystal

The electromagnetic wave equation in this nonlinear material is then given by:

eD(aw) o8 1 025"

V’E, -
c2 X 212 g2 02

(5.2)

Considering that a nonlinear process occurs inside the crystal, the polarization of the generated
frequency s is,

P(z,1) = Pye ' 1 c.c. (5.3)

where Py = 4eod, r(E1E,). The electric field representation of P is E3(z,) = A3e/®37®) 4 c.c..
Substituting for E3(z,¢) and P(z,¢) into the nonlinear wave equation in 5.10, a series of mathe-

matical derivations and approximations lead to the expression of the spatial variation of each field

[16].

= A3ASe P 54
dZ i k1C2 ] 3A4,€ ( )

= - A A* 1Ak 5'5
dz | kpz |1€ (5-3)
dA3 '2ideffco32' _iAk

g A A 1Ak 5'6
& | ke M 2e (5.6)

Equations 5.12 through 5.14 describe the spatial variation of the waves with frequency @, @, @3,
respectively. The amplitudes of the input waves, A| and A,, are assumed to be constant relative to

the amplitude of the SFG wave, Az. The input waves are therefore said to be undepleted.

The Ak term appearing in each of the spatial variation equations is called the wavevec-
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tor mismatch for SFG and is used to set phase matching conditions for frequency conversion, as
follows:

Ak =k +ky — k3 5.7

In terms of refractive indexes, 5.15 is rewritten as

ny n npp  n30s
C C C

(5.8)

where w3 = @ + @». Also note that in this case, k;, ko, k3 are considered to be collinear.

Phase matching conditions [16, 41, 42] are guidelines to produce nonlinear processes
such as SFG. There are two cases for phase matching: Ak = O for perfect phase matching, and, Ak
= ( for non-critical phase matching. In the case of perfect phase matching, the electromagnetic
wave with frequency ;s is linearly proportional to the direction of propagation z, such that there
is a constant phase relation between E(z,t) and PNL(z,t). The intensity of the generated wave is
therefore equivalent to the input frequencies. If the phase matching condition in 5.15 is not equal

to zero, the amplitude A3 of the generated field at the output of a nonlinear crystal of length L is

given as:
2ideffa)32A1A2 eiAkL —1
A3(L) = : 5.9
3(L) ( k3c2 iAk >9)
From equation 5.16, the intensity /3 is then,
; BnyegdZ;F |A1[*|Ag|? ] | eidkL—1 | 5 10
T K32 Ak 10

AkL

2
‘ is also rewritten as L*Sinc? (T) Recall that the intensity of a light wave is related

iAkL—1
where ‘eA—k
to its amplitude by the following equality:

Ii=2n,'80C|Al'|2 (5.11)
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Therefore the intensity /3 of the sum-frequency wave is rewritten as,

842, . w1 AKL
L= [LH L*Sinc? <—) (5.12)
ninyn3Eyc 2

The expression of /3 in equation 5.20 allows one to determine the dependence of the effi-
ciency of SFG, when there is a phase mismatch (A k # 0). As it is noted from the term Sinc? (AT"L) ,
the sum-frequency conversion efficiency depends on both Ak and the length L of the crystal. The

efficiency decreases when |Ak|L increases. This dependence in L is represented by the coherence

length such that,
2

A (5.13)

Lcoh =

For L.,;, > ﬁ, a phase mismatch occurs between the SFG wave and the input waves. Consequently,

the phase matching condition in 5.16 cannot be attained.

However, taking advantage of the birefringence properties of uniaxial crystals [43] as
stated earlier, the indexes of refraction of the medium are manipulated such that the polarization

of the waves are forced to match.

To achieve birefringence phase matching for SFG using uniaxial crystals, there are a set
of conditions put forward. First, ®; < @, < w3, such that the SFG wave with frequency s, is
polarized in the direction with the lowest refractive index. Secondly, the type of uniaxial crystal
needs to be considered, whether it is a positive or a negative uniaxial crystal.The phase matching

condition for each type is given in table 5.1. As the table shows, the SFG wave has to be polarized

Type of Crystal | Positive Uniaxial (n, > n,) | Negative uniaxial (n, < n,)
Type I n§@3 = ni W +n5 n§w3 = n{ @y +njan
Type 11 n§@3 = n{ @ +n5a n53 = n{ @y +nsm,

Table 5.1: Uniaxial Crystals’ Phase Matching Conditions

in the ordinary axis if using positive uniaxial crystals, and in the extraordinary axis for negative
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unaxial crystals, such that in both cases, the generated wave propagates in the lowest refractive
index region of the medium. One also notes that in a type I uniaxial crystal, the two propagating

input waves have the same polarization but in Type II, they are orthogonal from each other.

Phase matching the polarization of the waves in order to obtain high conversion effi-
ciency, requires techniques such as angle tuning or temperature tuning. The discussion is reduced
to temperature tuning because the birefringence of the crystals implemented in the experiments is

heavily dependent on temperature.

Some of the important properties of the crystals used for the experiments discussed

in this are listed in table 5.2. Potassium dihydrogen phosphate (KDP) or KD*P crystals have

Crystal | Uniaxial (+ve or -ve) | d.rr (pm v-h Temperature (° C)
KD*P -ve 0.38 13
LINbO3 | -ve 5.89 1.1
BBO -ve 2.01 50

Table 5.2: Properties of the nonlinear crystals

considerably low electro-optics coefficients with dsg = 0.44 pm V! for KDP and d3¢ = 0.38 pm
V~! for KD*P. The value of electro-optics coefficients of Lithium niobate (LiNbOs3) crystals at
d31 and dy, are -5.4 and 2.8 pm V!, respectively. LiNbO3 crystals have excellent chemical and
mechanical properties but have low damage threshold. On the other hand, Barium borate (BaB,04,)
crystals, also called BBO crystals, have high damage threshold but low coeffiecients dy; =2.2 pm

V-landd;; =0.16 pm V.

5.2 High Power SFG

In this section, the development of a nanosecond pulsed laser system resonating at
sodium wavelength (589 nm) by means of sum frequency generation (SFG) with Nd:YAG lasers

at 1064 & 1319 nm, is presented. The laser is aimed to perform LiDAR measurements [44, 45, 46]
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at mesospheric altitude and therefore requires an output power of 2-5 W with a pulse width from
1-50 ns. The active Q-switching technique is used to obtained the appropriate pulse widths. The

laser designs and characteristics are discussed.

A schematic of the sodium laser is shown in figure 5.2. As illustrated, the two resonators
for each pump lasers are implemented to produce sum-frequency generation. The 1064 nm and
1319 nm lasers are placed on a 36 x 24 breadboard and are parallel to each other. Their respective
gain media, waveplates, polarizers and Pockels’ cells are placed within the cavities to produce the
desired high-power single frequency pump lasers. The 1319 nm laser is half an inch shorter than
the 1064 nm due to the height of the mirrors. Therefore, to spatially overlap both laser beams, a
system of two-mirrors is built in front of the 1064 nm laser output. The mirrors are mounted on
kinematic mounts to obtain some degree of freedom in the motion of the beam. The polarizing
beam splitter is placed at the location where the beams meet and its height is adjusted based on the

1319 nm laser output heigth.

HR Pockel Cell £\ Detector
Mirror
1064 nm —
—u rens
Nd-YAG T
3
o
: U
=3
Sl
L
HR Pockel Cell
1319 nm — SFG CWStal / Detector
Nd-YAG
Filter

Figure 5.2: Sodium laser Schematic

The need of a half-wave plate along the path of the 1064 nm laser is to rotate the polar-
ization of the beam such that the polarization of the pump lasers are orthogonal to each other for

non-critical phase matching in a Type II uniaxial crystal. The polarization of the 1319 nm laser has
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a horizontal polarization as it exit the PBS so the polarization of the output beam for 1064 nm is
made horizontal such that, only perpendicular polarization gets reflected towards the SFG crystal.
The SFG crystal is a type Il nonlinear crystal. The filter located after the crystal is a bandpass filter.
It is placed close to the crystal to filter any unwanted infrared light and only transmits yellow light.

The sodium light is then reflected to a sodium cell for spectroscopy measurements.

5.3 Low Power SFG

In the previous chapter, sum-frequency is performed in free-space by spatially and tem-
porally overlapping the high-power pump lasers inside a nonlinear crystal. In this section, the

mixing of the two pump lasers occurring in a waveguide [47, 48, 49] is discussed.

As it is discussed earlier, the generation of nonlinear processes requires high intensity
beams. Another way of producing beams with high intensities is by focusing them into a waveguide
such that the tight confinement in a smaller region, produce a high intensity necessary for enhanced
nonlinear effects. The lasers used to perform this experiment are low power DFB lasers, with single

wavelengths at 1064 nm and 1319 nm.

The 1064 nm laser is a Qphotonics fourteen-pin butterfly laser diode mounted on the
QSDIL-300 laser driver for temperature control. It has a threshold current of 30 mA with required
TEC current of 1.2 A. Its pin configurations matches those of type I pin configuration. The 1319
nm is also a 14 pin butterfly laser diode from NTT but with type II pin configuration. The maximum
threshold current for the 1319 nm diode laser is 20 mA, with an expected fiber output power of
31.7 mW. The controller for this laser is purchased from Newport with the LDM-4984 laser diode
mount that gives the flexibility to change configuration form type I to type II pin configuration,
depending on the need, see figure 5.3 and 5.4. The wires are then connected for type II. The

controller. The PID values on the controller are set to 0.2008, 0.1972, and 0.0010, for P, I and D.
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respectively.

Figure 5.4: Laser diode controller, front and
back panels

Figure 5.3: Top and bottom configura-
tion of the 1319 nm laser diode mount

A waveguide mixer is obtained from HCP corporation to perform sum-frequency gen-
eration with the two diode lasers mentioned earlier. Port 1 in figure 5.5 corresponds to the 1064
nm input, port 2 is the input port for 1319 nm, and port 3 represents the 589 nm output. Both
DFB lasers are then attached to the HCP waveguide on their respective ports. A filter is place after

port three to block any unwanted radiation and a yellow light is observed on a white piece of paper.

< Filter

DFB Input
Lasers

Figure 5.5: Waveguide SFG: 1064 nm + 1319 nm

Though a temperature controller for the HCP waveguide is needed for a better conver-
sion efficiency of this system, temperature tuning is performed by changing the temperature of the
1064 nm DFB laser upon changing the resistance of the thermistor. A plot showing the depen-

dence of the SFG output power with respect to resistance is represented in figure 5.6. The plot
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shows that a maximum output power is obtained at a resistance of 8.9 k€2 and Below or above this
value, there is a decrease in power, which is an indication that the input beams are walking away
from one another rather than mixing along the same propagation axis, which in turn causes a poor

conversion efficiency.
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Figure 5.7: Temperature tuning of the 1064

Figure 5.6: Temperature tuning of the 1064 nm DFB laser in terms of wavelength

nm DFB laser in terms of SFG output power

In figure 5.7 on the other hand, the wavelength is recorded and plotted in terms of
change in resistance. The plot shows that a lower resistance (or temperature) is needed in order to
obtain the 589 nm yellow light at sodium resonance. The plot therefore demonstrate the need of
implementing a temperature control on the waveguide itself. It is noted that changes in temperature

in the 1319 nm laser system did not make much of a difference in the results presented.

5.4 Injection Seeding

Injection seeding [50, 51, 52, 53] is used in multiple laser systems to tune a laser at a
specific wavelength. The use of a single frequency diode laser is often implemented to perform
injection seeding [13, 1, 54]. The DFB lasers presented in the previous section would later on be

tuned to sodium resonance and used to perform injection seeding into the high power YAG system.
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CHAPTER 6

SODIUM LASER DESIGN: ALTERNATE APPROACH

The previous chapter described the generation of a sodium laser via sum-frequency
generation for LIDAR applications. In this chapter, the characterization of a low power continuous
wave (CW) sodium laser for laboratory experiments is discussed. The CW sodium light is obtain
via second-harmonic generation (SHG) and quasi-phase matching technique is implemented to

improve the conversion efficiency of the Lithium Niobate crystal [55, 56] used in the set-up.

6.1 Second-Order Harmonic Generation (SHG)

The mathematical description of second harmonic generation is not different from the
sum-frequency generation, with the exception that the two input waves in SFG is now one single
frequency in SHG, w; = a», and thereupon, @z = 2w;. The polarization dependence of second-

harmonic generation in a nonlinear material is given by:
P(z,t) = Pi(z.1) + Ps(z,1) (6.1)
where the amplitudes P and P; of the polarization are:
Pi(z) = deod, prArAT e ke h)z (6.2)

Py(z) = 2€0d, s pATe 1 (6.3)
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The spatial variation of the input wave at @, and the one describing the build-up of the generated

wave with frequency 2@, are given in equations 6.1 and 6.2.

dAy  [2idesr} e
= ArAje " 6.4
dZ |: k1C2 2 le ( )
dAy _ [idepy@3] 1o ik
= Afe 7% 6.5
dz [ kac? 1 65)

where Ak is now equal to 2k; - k; and the phase matching condition for SHG is:
n(2w) =n(o) (6.6)

Finally, the intensity of the SHG wave is written as:

207 5 AKL
12w)) = (WCLI%O) I (o)d? szsmcz(T) (6.7)

where I(®;) is the intensity of the initial electric field light. If the phase matching condition in
equation 6.6 for SHG is achieved, the ratio of the output power to the input power gives the con-

version efficiency,

P(2) 2 (d_a)>2 lsinz(Akz/Z) 65)

M@a0 =" = amea L (Ak/2)2

For a maximum conversion efficiency in which Ak — 0, then the efficiency 1) is a function of 72 as,

P 2 derr® 2
10|y = TR0 ( 7 ) PZ (6.9)

P N 8()112C3A np
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6.2 Quasi-Phase Matching for high-efficiency SHG

A phase mismatch between the input wave and the SHG wave causes the intensity of
the second-harmonic to oscillate as expressed by equation 6.7. The conversion efficiency reaches
a maximum at the coherence length L. ( = {7) described in the previous chapter, but quickly
decays to zero after a propagation greater than L.. This problem is fixed by using a periodically
poled crystal such that the nonlinear coefficient d, sy is forced to change sign after a distance L.,
and therefore increasing the PV" term. Recall that the polarization is in terms of the nonlinear
coefficient as P = 2 gyd,srE 2 hence, changing the direction of the nonlinear coefficient induces a

phase matching between the P and E.

A wave propagating in a crystal with periodicity A, now has an oscillating nonlinear co-
efficient expressed in terms of z as, d. s = dpsin(K, z), where K; = ZT” is the wavevector. Therefore,

for phase matching, the condition is now written as:

2
Ak =K, = Kﬂ (6.10)

Since the spatial variation of the SHG electric field is written in term of the nonlinear coefficient

deysas, L2=i difo;)A%e_"AkZ, substituting for the oscillating coefficient d, s (z) gives the following:

dA dosin(K;z) o :
2 — ()Sln( qZ) A%e_lAkz

= 6.11
dz cny ( )
Integrating 6.11 then leads to,
dow i(Ky=Ak)z _ | p—i(K+Ak)z _ g
Ar(x) = ZF | & - (6.12)
2cny i(Ky — Ak) —i(Ky + Ak)

For K= Kq — Ak and K= Kq + Ak, the amplitude of the SHG is written in terms of sine function
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as:

{(Kq—ZAk)z} - [(quAk)Z}

kg2 _lkgtan [ SID
A(D)=——El e 7 | —t——s | e 2

(K, — AK) /2 (K, +AK) /2 ©13)

The new phase matching condition requires that K, - Ak = 0, and hence, K, = Ak. The second
term inside the bracket of equation 6.13 therefore does not provide a significant contribution to
the amplitude of the SHG wave, and a valid approximation to the SHG amplitude is written the

following way:

As(z) ~ (M) A3z (6.14)

cny

where the amplitude A, in 6.14 is derived by means of quasi phase matching (QPM). The efficiency

obtained though QPM technique is given by:

P 1 od\*
_ P P 6.15
n(Z)|Ak:Kq P 2emciA ( ni ) a o

Note that equation 6.9 and 6.15 are almost identical for the exception that in 6.9, the
peak value of the nonlinear coefficient d.sr but in equation 6.15, the efficiency is reduced to the
use of the average value of d,sr = do/2. Furthermore, as already mentioned, the efficiency in 6.9 is
only feasible for a certain length called coherence length L.. In the next section, Lithium Niobate

crystal is implemented for the generation of a low-power sodium laser using quasi phase matching.

6.3 SHG-TA/DFB Laser System

A low power continuous wave (CW) sodium laser is built to perform experimental stud-
ies of Sodium spectroscopy with a sodium vapor cell in a laboratory environment. The schemes
used to obtain the yellow light is referred to as second-harmonic generation (SHG), as stated ear-

lier. Figure 6.1 is a sketch of the experimental set-up.
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The pump laser is a fourteen pin fiber diode laser from QPhotonics with a maximum
operating current of 87 mA and a center wavelength at 1177.5 nm. As seen in figure 6.7, it is
mounted onto a controller for temperature control and current tuning. The end of the fiber is
connected to one end of a fiber isolator to avoid any risk of laser damage due to the back reflection
of the light from optical components. The maximum insertion loss of this fiber isolator is 2.30 dB

at —5° to 50°, plus a 0.3 dB connector loss. The other end of the isolator is connected to a tapered

amplifier (TA).
L1 L2
Isolator TA M1
~~—
Pump Laser Pol
Na Cell
\ . Crystal
\ Na Light
M2
Detector L2 ! 3 Filter

Figure 6.1: Schematics of CW Sodium Laser

The tapered amplifier is a 1 x 1180 nm module with a TA that sits in a butterfly chassis.
The fiber input type of the TA is a PM-fiber and the maximum recommended current is 2 Amps.
The tapered amplifier is used to amplify the pump laser power output. Figure 6.2 is a sketch of the
interconnections of the TA. The 4308 is connected to the TA to provide current. The 6305 cable
carries out a current for both the TEC control of the TA mount, and the ridge waveguide (RWGQG).
The 5240 cable is used to provide TEC control for the internal chip. The C0383 is a three to one
head cable that links the TA, the RWG, and the internal TEC, to the TA current controller, the

RWG current controller, and the TEC temperature controller, respectively.

The output of the tapered amplifier is free-space, and therefore, light exiting the TA
quickly diverges due to diffraction. To fix this problem, a system of two cylindrical lenses are
used. The first lens has a focal length of 2.5 cm and is placed horizontally to collimate the horizon-

tal axis of the beam as it diverged faster compared to the vertical. The second cylindrical lens has a
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focal length of 5 cm and is vertically mounted along the beam’s path to fix the vertical divergence
of the beam. The collimation of the beam is verified two-meters away from the second lens. Two
plane-mirrors with protected gold coating are mounted on kinematic mounts and used to align the
beam along the propagation axis of the crystal. The A /2 placed along the beam path is used to
maximize the power by rotating the polarization of the light to match it with the polarization of the

pump laser. L3 is a 25 cm focal length lens used to focus the light into the crystal.

The crystal is a periodically poled lithium niobate crystal purchased from HCP corpo-
ration. It is fabricated such that quasi-phase matching is enabled. The crystal physical structure
is presented in figure 6.4. As shown, the crystal has multiple gratings with micrometer periods
for QPM as, 9.03/9,14/9.26,26/9.38, from left to right. The dimensions of the crystal are given
in XxY *xZ as 50%2.6%x0.5 mm. To achieve the maximum conversion efficiency, the crystal is
mounted onto an oven for temperature tuning. At the crystal exit, the FESH600 shortpass filter is

placed to block the infrared light.

TEC Temperature Controller

5240

RWG Current Controller TA Current Controller
6305 4308

Laser Output TEC Output. Output

S5 ' QPM Period

TA Mount \:E
[

=

Figure 6.3: PPLN crystal physical structure

Figure 6.2: Tapered amplifier
connections

Temperature tuning is performed by slowly increasing the temperature of the crystal

through the use of a temperature controller connected to the oven. A white paper is placed in after
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the filter to identify at which temperature yellow light is getting generated. A faint yellow is ini-
tially observed at around 40 °C. Then the white paper is replaced by a power meter to record power
output versus the crystal’s temperature in order to determine the temperature at which maximum
conversion efficiency is obtained. Figure 6.5 shows a plot of SHG power in terms of the crystal
temperature in Fahrenheit. As noted on the plot, the SHG power decreases for temperatures below
and above 83°F. The maximum power, and hence, maximum conversion efficiency is obtained at

83°F. Any further experiments are performed with a crystal’s temperature set to this value.
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Figure 6.4: Temperature tuning of the CW laser system

The cause of a low SHG power produced is due first, to the small input power from the seed laser.
As stated before, it has a maximum operating current of only 87 mA, and producing a maximum
power of less than 20 mW. Insertion loss of the fiber isolator further reduced the input power. The
power for different currents is recorded and plotted before the fiber isolator and after fiber isolator
as shown in figure 6.6, with a 37% difference between the two output power. The calculated inser-
tion loss 1s about 1.98. This seed laser is not adequate for CW experiment but it is used as a proof
of concept and will later be changed. Secondly, the tapered amplifier is currently configured to a

maximum current of only 2 Amps, and does not provide sufficient amplification or gain.
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Figure 6.5: Seed power before and after fiber isolator. The cen-
ter wavelength of the seed laser is about 11778 nm.

Tuning of the seed laser to obtained the sodium D, resonance required both a change
in temperature and current of the seed laser. Initially, the current is set to a constant value of
83 mA, while the temperature is modulated. Figure 6.7 is a plot of wavelength in terms of seed
temperature. The wavelength is recorded using a wavemeter from WaveMaster at a temperature

ranging from 28 to 33 degrees.
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Figure 6.6: Temperature tuning of seed laser. The
blue data represent the occurrence of mode hop-
ing at low temperatures

At low temperatures, the data is represented in blue because the wavemeter reading continuously
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changed from a *multi-line detection warning’ to an actual value. This may be due to the instability
of the laser gain medium at temperatures closed to its internal temperature (= °26 C), therefore
inducing a phenomenon called mode hoping in which the laser abruptly operates at a different

mode than its original mode. Mode hoping of the laser is not detected at higher temperatures.

From figure 6.6, it is obvious that the laser’s temperature should be set to values between
31 and 32 degrees in order to obtain sodium resonance, as these temperatures give approximately
589 nm. The generated second harmonic light obtained through QPM is then sent into a sodium

cell as shown in figure 6.7. The sodium cell is a glass tube that contains sodium atoms. To heat-up

Figure 6.7: Low power CW set-up

the cell up to the sodium atoms melting point (about 98 °C), it is wrapped with an aluminum foil
and copper wires to increase heat transfer and conductivity. One end of a nichrome wire is also
wrapped around the Na cell while the other end is connected to a DC power supply. The current
on the power supply is slowly increased to a current of 1.5 Amps with an output voltage of about
11.98 V. The temperature of the cell is recorded using the HH501DK type K thermometer. For a

current of 1.5 Amps, the thermometer read 111 °C (= 384 Kelvin).
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Once only the cell is heated and a sodium vapor is obtained, that the yellow light is sent
into the cell. The temperature of the seed laser is then modulated between 31 and 32 degrees with
an increment of 1 °C. Fluorescence from the sodium atoms is observed at a temperature of 32 °C.
The light from the Na fluorescence is then focused by a lens into the wavemeter which displayed
a wavelength of 589.01 nm. It has been noticed that the wavemeter is off by approximately +0.2
nm, the laser is therefore believed to be at sodium D, resonance. Current tuning is used for fine

tuning of the wavelength to the third decimal place.

PreYu Tlig _ - Noise Filter Off

Figure 6.8: Low power CW set-up

Absorption spectroscopy of the transmitted light from the Na atoms is then performed
by capturing the light with a lens and focusing it onto a photodiode detector connected to an
oscilloscope. It is well known that if a particular set of atomic gas is shone light that carries a
defined frequency, say Vi, the atoms moving along the same direction with velocity v,, in general
will absorb photons if the frequency of the light is v = v;(1+ V?) [57]. Figure 6.8 shows two dips

in the absorption signal from the sodium atoms and the expected D or D, transition lines.
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CHAPTER 7

CONCLUSION AND OUTLOOK

Sum-frequency sodium lasers for LiDAR applications are a promising apparatus for ob-
servational experiments in the Earth’s upper atmosphere. The solid-state sodium LiDAR has shown
to be capable of providing scientists high-resolution temperature and wind measurement data. This
thesis presents in detail the design and characterization of our sum-frequency sodium laser. The
thesis also outlines the challenges and changes that need to be implemented in order to produce
an efficient sodium laser. We have illustrated the theory behind SFG and have demonstrated sum-
frequency generation of sodium resonance radiation by mixing Nd:YAG lasers operating at 1064

nm and 1319 nm.

The work to obtain an efficient conversion of the SFG is still in progress. Future work
will include for instance, tuning the frequency of the generated radiation to the D, resonance by
implementing the injection seeding system explained in section 5.4. However, before injection
seed is performed, the DFB lasers need to be temperature tuned by implementing a temperature
controller to the HCP waveguide. All of this remaining work will be performed after my thesis

defense and therefore the results obtained will not be presented here but in future publications.
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