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ABSTRACT

Ihe semiclassical laser theory is concerned with the interaction between light and

matter in such a way that the matter is treated quantum- mechanically whereas light is

freated in terms of the classical electromagnetic equations.

In this work the Maxwell-Bloch equations are employed to describe the interaction

between light and matter. Applications of the theory as well as different types of lasers are

reviewed.



PREFACE

This work is a review of the semiclassical laser theory and some of its applications. It

was written after an intensive practical training on laser optics given at the laboratory of the

International Centre for Theoretical Physics (ICTP),Trieste-Italy.

In this review we assume that the reader has a sufficiently good background in general

and modern physics and is particularly quite familiar with the physical concepts and theories

of optics, atomic, quantum, electromagnetic and statistical physics.

!

In chapter one, we give some introductory definitions about termonologies which

highlight the understanding of the subject.

In chapter two we consider the solutions of the time-dependent Schrodinger equation,

working with frequencies instead of energies. Using Rabi frequency and the rotating wave

approximation we were able to define the element of the density matrix of the atom, p

representing the medium..

Chapter three is concerned with emission and absorption processes and the

corresponding rate equations. By multiplying the density of the atoms by N, the number of

atom per unit volume, one gets the density in the corresponding level and by differentiation,

this gives the population rate.

The semiclassical laser theory is given in chapter four in which the optical Bloch

equation together with the Maxwell equations are used for explaining light absorption in

matter and how amplification is achieved.

Chapter five and six are concerned with general idea about the types of laser and some

of their applications.
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In the conclusion a general discussion is given.

A list of bibliography and references is provided at the end of the thesis.
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CHAPTER I

INTRODUCTION

In this chapter we give certain introductory concepts

{
I

1.1 Spontaneous and Stimulated Emission and Absorption

The word laser is an acronym for "Light Amplification by Stimulated Emission of

Radiation", a phrase which covers most but not all of the physical processes inside a

laser1'1. Before we go deep into details, we have to give a little space to the explanation

of the ideas behind the laser.

When an electromagnetic wave (em.) interacts with matter, three fundamental

processes occur, namely, the processes of spontaneous and stimulated emissions and the

process of absorption.

1.1.1 Spontaneous Emission

For simplicity let us consider a two-level system, the energy of the first level Ei and

the energy of the other level E2, with E2 > Ei .Let Ei be the ground state and suppose the

atoms (molecules) are initially in level 2. Since E2 >Ei, the atom tends to decay to level

Ei and hence an energy equal to E2 - Ei will be released as an electromagnetic wave

(Fig 1.1-a). This released electromagnetic wave has the frequency v related to the energy

by

hv = E2 - Ei (1.1)

where h is the Planck constant. h= 6.626xlO"34IS



This process is called spontaneous emission. However the atom can decay in a non

radiative way when the energy difference is delivered to the surrounding atoms in some

other form, for example as kinetic energy.

The probability for spontaneous emission to occur can be shown as follows Let us

assume that at time t there are N2 atoms per unit volume in level 2 . The rate of decay

dN
of these atoms is (—j-2-)«p will be directly proportional to N2 i.e.

(1.2)

A is called the spontaneous emission coefficient probability or Einstein coefficient.

( A was first obtained empirically by Einstein), the quantity x =1/A is called the

spontaneous emission life time.

1.1.2 Stimulated Emission

If a photon with energy equal to the energy difference of a two-level system

interacts with the atom in level 2, there will be a finite probability that the atom undergoes

a decay to the lower level emitting a radiation which is added to the incoming one in

phase and with the same frequency i.e. the radiation is coherent (Fig 1.1-b). This process

is known as stimulated emission which is important in obtaining laser light because of its

coherence.

This process can be characterized by the equation

dN,
((

dN2

= -W2 1N2 (1.3)

dN2
where (—7—)* is the rate of transition 2 -» 1 occurring as stimulated emission and W21

at

is called stimulated emission probability. Precisely for a plane wave

where F is the photon flux of the incident wave and a2i is the stimulated emission cross-

section.
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(a) (b) (c)

Fig. 1.1 Schematic illustration of the three processes :(a) spontaneous emission;

(b)stimulated emission; (c) absorption..

Fig. 1.2 Elemental change dF in the photon flux for a plane e.m.in traveling a distance

dz through the material



1.1.3 Absorption:-

When an atom is in level 1 and if this level is a ground state of the atom , the atom

will remain in this level unless an external field is applied to it. Now assume that an

electromagnetic radiation of frequency v with energy equal to the energy difference

between two levels, 2 and 1, incident into the atom in level 1, undergoes transition to

level 2. This process is called absorption (Fig 1.1-c).

Similar to equation (1.3),. we can define absorption rate by

^ = -W I2N1 (1.4)

where Ni is the number of atoms per unit volume which at a given time are lying in level

1 and

W i 2 = CT12 F

Clearly a2i -Gn =o

.2 The Laser Idea

Let us again consider arbitrarily a two energy-level system and let Ni and N2 be their

respective populations. If a plane wave with intensity corresponding to a photon flux F is

incident to the material, in the z-direction, then the change in the flux due to stimulated

emission and absorption i.e. the shaded region (Fig. 1.2), is given by

dF = a F ( N 2 - N i ) d z (1.5)

dF
This equation shows that for N2 > Ni i.e. — > 0, the material behaves as an

dz

amplifier while for Ni > N2 i.e. —- < 0, it acts as an absorber.
dz

At thermal equilibrium, the energy levels are described by Boltzmann distribution, so if

Nr-2 and NLi are populations of the levels at thermal equilibrium, we have



Where k is Boltzmann constant (k -I. 380x 10 ' 23 J.K ) and T is the absolute

temperature of the material.

At thermal equilibrium Nj>N2 and according to equation (1.6) the material acts as an

absorber which is the case in general conditions . But if non -equilibrium state is

achieved for N2>Ni, the material will behave like an amplifier and in this case we say

that there exists a population inversion and the material is called an active medium ,

When the frequency v = (E2 - Ei)/h is in the microwave region, the amplifier is

called a maser. The word maser is an abbreviation for microwave amplified by stimulated

emission of radiation . But if that frequency is within the optical region, the amplifier will be

a laser. However the word laser is used for frequencies falling in the far or near infrared, the

ultraviolet and even in the X-ray region and we refer to them as infrared, ultraviolet or X-ray

laser respectively [61.

To have an oscillator from an amplifier, positive feed back is needed. For maser the

oscillator is the active material . In the case of laser the feed back is obtained by

introducing an active material between two highly reflecting mirrors. If the stimulated

emission occurs on the axis between the two mirrors, it will be reflected back and forth

and amplified in each passage through the active material. If we let one of the two mirrors

to be partially reflective, a part of the e.m. radiation can be extracted, which is the laser.

For oscillation to begin certain threshold must be achieved, that is when the gain of the

active material exceeds the losses of the cavity and the output-mirror transmission. In this

case the gain is proportional to the operating condition. The laser output will be zero for

power increasing till the threshold where it will then increase sharply, This threshold

differs for different cavity designs and also for the different active materials.

1.3 Pumping: -

As a matter of fact, we are looking for the means by which the population inversion

is achieved. One may think that electromagnetic radiation of frequency v strongly

interacting with matter according to equation (1.1) leads to population inversion, since at

thermal equilibrium level 1 is more populated than level 2 and the transition 1 to 2 is more

probable. However due to equation (1.6), if the energy difference between the two levels,



is KT, the second level population will be 0.37 of the lower level. This means even if the

energy is infinite the population will be equal in the two levels. Thus for two-level energy

system the population inversion is impossible

Now let us consider three or four levels of some material to produce population

inversion. In fact population inversion in four- level is easier to be produced than in three-

level system, let Nt be the total number of atoms per unit volume of material initially in

level 1 for the three-level system and suppose we start to remove the atoms from level 1

to level 3. They will then decay to level 2 and for an ample time level 3 will be empty and

hence we have to raise half of Nt to level 2 to be in equilibrium with level 1 and hence

having any other atom raised to level 3 will contribute in population inversion. In the case

of the four-level system level 1 is initially empty and any atom which is raised will

produce population inversion. This process in which atoms are raised from level 1 to level

3 or from zero to level 3 in three-level and four- level system respectively is called

pumping.

1.4 Properties of Laser-

The revolution of laser in different fields of applications is due to its characteristics

which are:

(1) monochromaticity (2) coherence (3) directionality (4) brightness.

We shall consider each one of these characteristics separately

1.4.1 Monochromaticity:

This property is due to :

(i) Only electromagnetic radiation of frequency v given by (1.1) can be amplified

(ii)As the two-mirror arrangement forms a resonant cavity, hence the oscillation can

occur only at the resonant frequencies of the cavity.
!

1.4.2 Coherence:

There are two types of coherency in electromagnetic radiation, spatial coherence and

temporal coherence.



The spatial coherence is defined as for a given two points in space at a given time t

the phase of the e.m. radiation remains constant, while the temporal coherence is that the

phase will remain constant for a given time t.

1.4.3 Directionality:

Laser light is obtained from e.m. radiation that propagates along the direction of the

cavity between the two mirrors or in a direction near to it. Thus the output laser has small

divergence angle, thereafter the solid angle of divergence is also small[1).

1.4.4 Brightness:

The brightness is defined as the power emitted by e.m. radiation per unit surface area

per unit solid angle.

To gain deeper understanding, let ds be the elemental surface area at point O of the

surface (Fig. 1.3) The power dp emitted by ds into a solid angle dfl around the direction

O O' can be written as

dp = B cosG ds dQ

where 9 is the angle between the direction O O' and the normal n to the surface.

The coefficient B is called the source brightness at point O in the direction of O O'.

For an isotropic source B is independent of the spherical angles 8&O.111

Fig. 1.3 Surface brightness at the point O for a source of e.m. waves



CHAPTER II

THE SEMICLASSICAL TREATMENT

2.1 The Solution of Time-Dependent Schrodinger Equation

In this treatment as light interacts with matter, the field is considered classically and

the medium is considered quantum mechanically.

An atomic electron changes from one orbit to another if an external time-dependent

force Fex , acts on the quantum system. The system will be associated with a new potential

related to the force by

F«(r,t>=-VV«(r,t) (2.1)

and the Hamiltonian will consist of two parts,}, e

H=Ha+Vex(r,t) (2.2)

where Ha is the Hamiltonian which describes an atomic particle bounded by the potential V(r).

Thus the total Hamiltonian H(p,r,t) consists of the particle's kinetic energy p2 /2m and both

the static binding potential V(r) and time-dependent potential V (r,t).

The Schrodinger time-dependent equation becomes

(-fc2/2mV2 + V(r)+ V«(r,t)) ¥ = i h ~ (2.3)
ot

where

¥=£,«„ <j>n(r) (2.4)

<j> is the solution of a time-independent Schrodinger equation, since »j/ changes with time an

must change with time i.e. an's are time -dependent. Then

8



5>n(Ha +V« >!*«£. ifc^f*,, (25)

H . (j> n ~ E n <j>n.

This yields

0a
a n (Ew + ̂ )<j>wW = £*a—f-<|>n (2.6)

and

i/jaU = Emam+2anJ<|>m VexK **'r (2-7)
it

with the dot signifing time derivative and where we use

< l j ) n I <pn > = J«n «ps«*P»nYn d I*—Omn (2.8)

and where

denotes the matrix element of Vex between the states m and n of the atomic system.

Hence

in km = ̂  a m + S vmnwaw (2.9)

The a's are called probability amplitude.

since

Llspace W<*3r -1Llspace

then by equation(2.4) we get



•„)

= y y
ft

(2.10)

*m
is the probability that the quantum system is in its mth orbit.

In Laser physics information about orbital occupation by the atomic electron is more

useful than information about its spatial location.

Thus we concentrate on the solution of Y

The equations for the coefficients a,, in (2.9) taken in order are

iti a ^ = Ei ai + V n ai +V12 a2 +Vi3 83 +.

i tr a , = E2 a 2 +V21 a2 +V22 a2 + V^ a3 +

ih a 3 = E3 a3+V3i ai +V32a2 + V33 a3

In matrix form

whereof =

(2.11)

(2.12)

10



V n V12

V
2 1

H=
V

3 1
V

32

V
2 3

E3 + V33
(2.13)

This matrix form is the origin of matrix element Vm, . In this form H is called the

Hamiltonian matrix and *F the state vector.

2.2 Two -State Quantum Systems and Sinusoidal External Forces

An atom can increase its energy in jumping from one orbit with energy E to another of

energy E1 as it absorbs a photon of frequency 00 with ftco = E 1 - E . The reverse process

is associated with emission of a photon of frequency co.

An external electromagnetic field E(r,t) interacts with an electron of charge e via the
!

time-dependant potential

Vra (r,R,t) = -er.E(r,t)

r is the relative electron-nucius distance and R is the location of the centre of atomic mass,

let us consider a monochromatic plane wave for E

A

E(R,t) = e E0cos(k. R - cot)

A
= 1 / 2 e E Q e x p ( k . R - co t ) + c . c

A
« 1 / 2 e E 0 exp { i co t ) + c. c (2.14)

11



where c.c is the complex conjugate and R being put at the origin, and where 8 is a unit

electric field

We begin by considering the two of the electronic energy levels. For such states (2.4)

implies

(2.15)

and the Schrodinger equation reduce

i ti ax = Ex a i ( t ) + V11a1(t) + V12 a2( t)

i / U 2 = E 2 a 2 ( t ) + V21ai(t) + V22a2(t) (2.16)

Considering parity selection rule, it requires that the diagonal elements to be zero.

Then

iti '

iti a2 (fl = E2 a 2 W + V21 a 2 it) (2J.1)
For a reasonable approximation the system will have a negligible probability other

than the two states .i.e

= 1 (2.18)

For equation (2.17) the matrix elements of Vex are affecting the amplitude ai (t) and

: (t). And from (2.8) and (2.14) we can express the matrix elements explicitly as

A
= - e r ^ 2 . l / 2 ( 8 EQ e x p ( - i c o t ) + c . c )

A
v 2 ]_ ( t ) = - e r 2 ]_ . l / 2 (e EQ e x p { - i co t ) + c . c )

12



(2.19)

where the matrix element of r, e.g. is defined by

(2.20)

Substituting ( 2.19) into (2.17) and working with frequencies, we can define

©2! = ( E2 - E t ) / h

and

Xn =e(r12 .

Note that if rn = r*2i , we can't write X12 ==X*2i since ê Eo may be complex.

X is the field -atom interaction energy in frequency units known as Rabi frequency.

I f E 2 ->E 2 - Ei = h CO21

and substituting (2.19) into (2.17)yields

l
r

i a = — 1 2 e
- i o t + 5C*21 ei co t

\ J

a2 (2.21-a)

i a 2 = ©2182
. i o t , . iot .

e +X 12 e )ai (2.21-b)

In the absence of radiation, x=0, at (t) = ai (0), and a2 (t)= a2 (0) exp (-ico t)

In the presence of radiation field of frequency ©«G>2i we adopt similar solution

13



and

a2(t)=c2(t)e l (0 t (2.22)

i cx = -(1/2) (X12 e" + X*2i) c2

Tn equation (2.23 ) the terms with exponentials oscillate so rapidly compared with

every other time variation, so they can be assumed averaged to zero1"1. This is known as the

rotating -wave approximation ( RWA ) in optical literature151. So (2.23) reduces to

1 *

~xci (2.24)

The subscript 21 is dropped from % and we introduced A to stand for the atom-field

frequency, i.e;

(
X= X21= ^

A =©21 -on (2.25)

A

If e Eo is a constant vector, % can be taken to be a purely real number.

The advantage of equation (2.21) is its relative simplicity. The c's are slow variables

compared with the a's ,since A and % are contained in them as far as the frequencies © and

CO21 are ignored by RWA.

The solutions for the c's are

14



ci(t) = (cosQt/2 +(iA/O)sinnt/2)e

(0 = ((i X/Q) sin Qt/2 ) e'*At/2 (2.26)

Hence x is adopted to be real and the atom is assumed to be in state 1 initially

ci (0) = 1, C2 (0) = 0, where we introduce the generalised Rabi frequency
I
I

n = ( x2 + A2 )1/2 (2.27)

which reduces to the ordinary Rabi frequency % at exact resonance (A=0).

The probability p t (t) = I at (t) 12 and p2 (t) = I a2 (t) 12 are given by

P, (t) = (i/2) ( i + (A/n) 2 ) + (i/2) (x /n ) 2 cos n t

and

p2 (t) = (1/2) (x/n)2 ( 1 - cos Qt) (2.28)

2.3 Densit Matrix and Collisionnal Relaxation

We define the elements of the density matrix of the atom by

Pi 2 = °1 C2

P21 = C2 cl

* |2
P l l = °1 c l = c l |

* I |2
P22 = c2 c2 = c2 (Z29)



However pn and P22 are alternative ways of writting the level's expectation

probabilities and pV2 and P21 are related to the electron displacement vector through

expectation value between two states

< r > = Tu ai*a2 +c.c (2.30)

I
and with (2.22 ),thus P21 will be a complex amplitude of < r >

Using (2.24) repeatedly we can get the following equations for the p's

Pi2 = / V P l 2 + '—• (P22 ~ P l l )

P? 1 = ~ ^ P 2 1 "t" ' — I P2 2 ~ Pi 1

P l l = ~ ^\XP12 ~ X P2l)

P22 = | ( x p 1 2 - X*P2l) (2 .31)

In order that these equations become useful, they should reflect the existence of

relaxation processes like collisions. Hence we concentrate on the electron's complex

displacement variable D21 and purely elastic collisions. If the radiation is steady , x= constant,

the solution for p2i (t) is needed to vanish at earlier time t.

Let us assume that the collisions are frequent, so that t- ti is short enough that the

changes in D22 -pu is to be neglected, so the required solution is

P21 0) 11 = - X(P~py2A [ 1- exp(- i A (t- ti) ] (2.32)

The average of this solution is taken over all possible earlier times ti . Using the

definition for the probability df that the collision occurred in the time between ti and t} +dt

1$



ix

we have

X(P22 ~ Pl l ) _ 1 _ {233)

It can be checked that collisions are already included if we can rewrite the pn and p2i

equations as follows

1
P'l2 = - ( - -

x 2 (2.34)
11 £

P21 = - (~ + iA>P21 " »Y(P22 ~ Pll )

These equations can be thought of as if the average atom's pn and D21 variables

undergoing changes for two reasons that is;

P21 ~ (P21 )clastic colHsion + (P21 )schrodinger equation (2 35)

where

ic collision " T p 2 1

and

{p2l>Schrodinger eq. - ~>Ap2i - ' — (P22 ~ Pll> (2.36)

This interpretation will be useful in considering the effect of collision, on the level

population P2 2

Consider the inelastic collision in which the atom is knocked out from level 1 and 2 to

other unspecified levels at fixed rates P [ a n d Y^» And if we introduce the effect of

17



the spontaneous photon emission as special type of collision and using Einstein notation, then

in analogy to (2.34) we can write

p' = (p' ) „ +(p;J +(PM)«. * (2.37)
C22 \r:i2; collision \r" U/ spontaneous emission \ r ll' SchroSnger v '

where

(2.38)

and similarly

(P*ll))co!l = - F l Pll

(p'n )gpm =A 2 i P22

and ( p ' n ) =-1/2 (XP12 - % P21 ) (2.39)

Thus (2.37), ( 2.38) and (2.39) yield the equation for the level population:

i *
Pll = ~ r l P l l + ^2lP22 - g (tPl2 ~ X P21>

( - X*P21> (2.40)

Now let us consider the effect of inelastic collisions on pn and P21. Since I P121 - (pn P22 ) i a

i.e. the effect of collisions on the magnitude of pn not on its phase, is directly related to the

effect on the level population . That is if inelastic collision causes pn and P22 to decay i.e.

18



- P22<0)

which are the solution for the first equations in (2.38) and (2.39) respectively, then inelastic

collisions cause I pn (t)l to decay as

1

P12(')| = [P11P22J2

1
exp(-(ri +T2)t )]2

0X2(0)1 exp[- X
 2

+ F2 rj (2.42)

Hence the final equation for pi2 and p2i averaged over both elastic and inelastic

collisions are

Pi2 = - (P - *A) P12 + ' ' ^ ( P 2 2 - Pl l )

P21 = - ( f l +'A)p2i - / | ( P 2 2 - P l l ) (2.43)

where p is the total relaxation rate

P = 7 + i ( r i + r 2 + A 2 l ) (2.44)

The first term is representing elastic collision which is dominant, which to a good

approximation, is

P « ~ » 2 ^ + r 2 ! + A 2 i ) (2-45)

This relation is important in explaining the laser action .

19



Finally let

v =i(p22 - P l l )
w =.- P 2 2 - On (2.4 6

Therefore at the resonance and in the absence of the Fi and F2 - collisions, while x is

real these equations obey

v = - pv + xw

w = - A2i(l - o) - Xv ( 2 . 4 7 )

which can be obtained directly from (2.40) and (2.43) and the definition in (2.46). These

equations will be discused further in chapter four. Their solutions show the effect of the

influence of elastic collisions.

20



CHAPTER / / /

EMISSION AND ABSORPTION AND RATE EQUATION

The collision relaxation rate 1/T or the off- diagonal rate P given by (2.44) are usually

very large, and it goes much faster than the rate of external forces causing the electrons to

jump from one atomic level to the other. Hence Fex = - e E ( e is the electron charge and E is

the electric field ) is to produce a gradual increase or decrease in probability151. This rate of

increase or decrease is called the absorption rate or stimulated emission rate. In this chapter

we consider these rates and the Einstein coefficient together with the optical absorption

cross-section.

3.1 Stimulated Absorption and Emission Rates

When (2.45 ) is satisfied the diagonal and the off-diagonal components of the density

matrix relax at different rates. The off-diagonal elements come rapidly to quasisteady state

determined by the slowly changing diagonal elements pn and pn and off- diagonal variables

can be eliminated. Thus we can get the so called rate equations for diagonal elements as

follows:

Putting p 12 = p2i = 0 and solving (2.43), we get

*ft/2 / \
Pi2 = ~ n _ iA IP22 ~ PllJ

(3.1)
ft/2 /

P 2 ] =~VT7A{P22 ~

Using (3.1) we get the difference XP12 -X*P2i in (2.40) i.e.

XP12 - X P 2 . = *A2+ nl{P22 ~ Pi I ) (3-2)

Substituting (3.2) into (2.40) yields

21



PlI Pit 22 (3.3)

A*+p 2

i,e P12 and p2i have been eliminated and pu and p22are coupled to each other.

Equation (3.3) is the example of the so called population rate equation . The terms

involving T's and A2i do not depend on the existence of external light. However the last

term which is proportional to x2 ^E 2 correspond to induced or stimulated process since it is

proportional to the intensity of the light falling in the atom. In the absence of incident light,

this term vanishes. The sign of each induced term tells us whether it is an absorption or an

emission process. Thus by using (3.3) and (2.25) one gets

The absorption rate =
e. r1 2 .e p/2

( < D 2 1 - <D)

where e denotes the electic field unit vector and Eo is its magnitude

A

The stimulated emission rate=-

P / 2

(©21 - +
(3.4)

Equation (3.4) can be simplified in many cases for practical reasons since it is the

orientational average of. |x|2 It is not difficult to compute the required average and show that

A
EQ

(3.5)

3
1
3

where
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and n = e \ D (3-6)

In terms of Cartesian components we have

D2 =|D|2 = e2 r2, .r12 - e2( |x 1 2 | 2 + | y i 2 | 2 + Wlf ) (3-7)

using the abbreviation R12 for the induced transition rates (3.7) ( note that Ri2 = R21)

we have

| M E / « | 2 P / 2 D2\E\2 p
2

©21

This expression will be used later to derive the quantum -mechanical formula for the atom

absorption cross-section c(A) and R12 is related to o as it will be shown in (3.25) by,

R,2 - a(A)<J> (3.9)

. . . . „ photon
where ty is the photon flux ( ~2—. sec )

cm

3.2 Population Rate Equations
1
I

To get the population rate equation , we have to multiply by N the density of the

atoms and thus Npn and Np22 are the densities of atoms in level 1 and 2

Ni = N/fci , N; = N p « (3.10)

and equations (3.3) become

Nj = - TiNi +A21N2 +w|> (N2-N1)

and

N 2 = - r 2 N 1 - A 2 , N 2 - o * ( N 2 - N j ) (3.11)
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where § is defined by (3.9).

Adding these two equations we find that the rate of change of total population density

is always negative.

Ni + N2 = - r , N , -T 2 N 2 (3.12)

That is the inelastic collisions will eventually take all the atoms out of levels 1 and 2.

For long duration of times (3.12) implies Ni = Nz = 0, but I \ and Ft are frequently small

compared with Azi and a<j) and the long time limit is reached slowly. Our interest is in the

intermediate time, so we can neglect the influence of Fi and V2 and the rate equations

become

N l = ~ -^21 N2 + cr 4> (N2 -

N2 = ~ ^21 N2 ~ ° 4" < N2 ~

clearly by (3.13)

Ni + N2 = constant ( No inelastic collision) (314)

Eliminating N i , (Ni = N - N2) in the expression for N2 in (3.11), where Ni = N -

N2 we get;

and the solution for (3.15) yields

NO(j)
N2(0 = N2(0) -

A2i+2o<j>

When there is no radiation, <(> = 0, we have

= N2(0)e~^2l' {spontaneous decay) (3.17)
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However if the radiation is present, and as most light sources are weak so o 4 « A2i,

with the upper level initially empty, N2(0) =0, we get

N2W = - ~ - ( l ~ e~A2l() (weak excitation) (3.18)
A 2 i * '

for which there is a very small steady state excitation population.

N 2 ( t ) - > — ^ « N (3.19)
A2 1

If the present radiation is strong i.e o*<j»> A21, from (3.16) we have

N 2 » = ( N 2 M - ) . + f

->N / 2 (saturated steady state) (3.20)

the important result that the rate equations permit half, at most, of the two-level

population to remain in or to be excited into level 2. This result is important in consequences

for laser operation. To achieve positive inversion some pumping mechanism must be

introduced.

The power broadening is associated with the steady state solution for population. In

the limit (A21 + 2a<{>) t » 1, from (3.16) we get

N2(oo) = f—- (3.21)
A21 + 2a4>

or

(oo)

N 1 + A2 + p2 + xP /2A 2 i

where we used (3.8) and (3.9)
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(3.22) is obviously a Lorentzian function of A since x* is proportional to Eo2. The half-width

of the Lorentzian function depends on the intensity (or power) of the incident field.

The power broadened half-width is

(3.23)

3. 3 Absorption Cross-Section and the Einstein B Coefficient:

The absorption cross-section is defined as

energy absorption rate per atom in level \
ahs incident radiant fltnc

Since — ce0 Eo2 = I = ft ©<j) (3.24) gives

R12 = a a b s <!> (3.25)

(3.24) can be simplified by using (3.8) to get

£> 2 Q B

a = ——-- T= (3.26)
3Mc( )2 P1

At resonance and in the absence of collision i.e 021 *to, P=A2i /2 the absorption

cross-section (3.20) in the limit reads

2D2©
a -> _ . . (3.27)



In quantum theory the extinction coefficient a is related to the cross-section by the

density of absorption of atoms through the definition:

a - N o (3.28)

Thus in view of (3.6) the quantum expression for a is

N
a - A2

 + B 2

N/Ao
{orientation averaged) ( 32 9)

Equation (3.9) can be written in several ways. For example, in the absorption of

monochromatic incident light at resonance with atomic transition frequency eo»®2i, we write

R,2 = c $ = cl/(fta>) (3.30)

Now we consider the case in which o and <|> depend on the frequency v = co/ 2% and

sum over v to include all frequencies I. e. a<|)-»2<*(v)<Jv therefore ( 3.26) yields;

D2v> 27t6v?,

•ofc (2TC)2(V - v2 1)2
 + ( 2 T C ) 2 ( 8 V )

V 21; \ *nj ( 3 3 1 )

D2 ©
7-T-W)

L(v) is called the normalised Lorentzian atomic line shape with P =2n ^y

L(V) = ^ ; ^ (3.32)

(v - v2i) +
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For arbitrary atomic line shape function S(v) the total transition rate can be written using

as

D2© v- S(y)Iv !
/?P ~ _ _ — > — {many discrete frequencies) (3.33)

Wlien continuous band of frequencies contributes to R12, the intensity Iv at frequency

v must be identified with I(v)dv where I(v) is the density of the frequency intensity over the

interval (v, v + dv) and by introducing the spectral density p = I(v) /c we get,

D © f 6(v) p(v)
R\2 ~ T J—7 *fr( continuous band of frequencies) (3.34)

6 EQR hv

D 2 © °f 6(v) p(v)
J

Since 8(v) is normalised to unit area when it is sharply peaked, it is equivalent to

Dirac delta function. This yields

" -> o(v - v21) (3.35)
(v -v21) (fi)

and (2.34) can be evaluated with the delta function approximation

D2

p ( v ) (b road l i m i t )
6 s 0 hz

= B p(v2i) (3.36)

with B ^ ^ 0 37)

being the empirical Einstein coefficient.
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(3.36) must not be confused with its narrow band counterpart (3.30) i.e the one frequency

limit of (3.3 3):

D2

R\2 = z-SM Iv (narrow l imit ) (3.38)
6 8o c r

Introducing B coefficient in the narrow band formula for v

(3.39)

Comparing (3.39) with (3.30) and using h v <j>v= Ivwe obtain

() (3.40)
c

It is helpful to remember the differences between the narrow band and broad band

limits given in (3.36) and (3.38), which explicitly confirm the lineshape functions p or S. It

can be evaluated at the peak frequency of the narrower shape.
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CHAPTER IV

THE SEMICLASSICAL THEORY OF RADIATION

The semiclassical theory ignores the quantum mechanical nature of the

electromagnetic field while using the quantum theory to determine the behaviour of the

matter. Here we allow the atomic dipoles to serve as the source of radiation. This requires the

use of Maxwell wave equations. The coupled Maxwell-Bloch equation is derived. Finally the

elementary semiclassical theory of laser is obtained.

4.1 Optical Bloch Equation

Consider two-level atom's response to near-resonance radiation based on the density

matrix (2.43).

Bloch equation in its simplest form is equivalent to (2.31). The formalism uses the

conservation of probability.pu + pz? = I, to replace the four density-matrix element with

three variables.

n = P21 + P12

v = /(P21 - P12>

* = P22 - P l l ( 4 1 )

Substituting (4.1) in (2.?1) (taking the Rabi frequency % to be real ), we have
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dn
—- = - A v
dt

I t = A M + X *

— = - X v (42)

The u,v and w satisfy a single vector equation whose solutions are easy to interpret.

We define a coherence vectorj5 (sometimes called_Bloch vector) by :

A A A

S = Iw+2v+3w (4.3)

and a torque vector or axis vector Q by

Q= - l x + 3A (4.4)

A A A

where I , 2, 3 are unit vectors in a fictitious space Thus

( 4 5 )

is equivalent to the three eqns.(4.2) For example the 2 component is

d\ i \

dt y~ ~'i (4.6)

The effect of Q is only to rotate S about the direction of Qjatd not to lengthen or

shorten Ŝ ,

The magnitude, of S .S = S2 is constant:

dt — dt

= 2S.(OXS) = 0
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The constant magnitude of SLhas a physical meaning. Recalling (4.3) and (4.1)

we get

S2 = u2 + v2 + w2

= 4Pzi P12 +P222 ~2Pn PM

Reducing this equation by using the definition of p's in (2.29) P12 -ci C2 etc we get

S2 = 4 c 2 ct* ci c2* +( c2 c2*)2 - 2 C2 c2* Ci c / + ( Ci c*i f

=(c2c2
# + c , c ' , ) 2 = 1 2 - 1 (4.8)

The unit length of Bloch vector is equivalent to the conservation of probability in the

two-level atoms.

Since S2 =1, the tip of the Bloch vector lies on the surface of a unit sphere, and that

only the angle of the vector changes with time1*1. Now we see that the time evolution of the

two-level density matrix with elements p2i etc. . is equivalent to changes in the orientation of

A A A

Let us consider the orientation of the Bloch vector in the fictitious 1 - 2 - 3 space.

By (4.1) the increasing or decreasing in the degree of inversion O22 - pn corresponds to
A

moving up or down the vertical 3 - axis . When the Bloch vector points up w =1, then

P22 =1, pu -0 and the atomic population is entirely in the upper level, and when w = -1 the

atoms are in the lower level.

The rotation angle of the Bloch vector also has a physical meaning. At resonance

A

(A=0), the rotation is about the I - axis since



Q—>-lX (on resonance) . (4.9)

Characterising the Bioch vector by a single parameter, 0, the rotation angle about the

A

t - axis by:

v =- sin 9

w=-cosO (4.10)

and substituting this into (4.2) we have

~dt =X

and the solution becomes

6 = x t (4.12)

i.e.

v = - sin x t '

and (4.13)

w= -cos x t

Since pn + p22 =1 , we can write

P l l -

P22 -

1

1

—
2
+

w

w



By (4.13) we obtain

P l l = 2 ^ + C O S

P22 = 2 ^ ~ ° O S X )

If x is not constant, the solutions of (4.10) are the same but 0 is given by:

6(t)= £x(f)dtf (4.16)

where by (2.25)

^4&«J!Mi (4,7.a)

Thus the Bloch -vector rotation angle on resonance is connected with the property of

the incident radiation field, namely the time integral of the field amplitude .

The integral on the right hand of (4.16) is called the area of the pulse. This comes

from the view that integral can be considered as an area. The solutions of (4.10) make it clear

that pluses with areas equal to multiple of 7t are special, e.g. a n pulse turns 0 through 180°

A

about 1 -axis and thus inverts the atomic population from the lower level to the upper level

(Fig 4.2), while strong pulse (2%) rotates resonant Bloch-vector through 360° , and the atom

returns to its initial state. The same occurs for 4n , 6n etc. Such pulse have no effect on

resonant atoms when propagating in an absorbing medium at resonance15'.

Now if Eo is allowed to be time-dependent, we gain the ability to treat the interaction

of atom with light pulse as well as with steady light beams. At the same time two assumptions

must be modified. First, the argument employed to justify the rotating wave approximation

from (2.23) to (2.24) fails if % contributes rapid temporal variation. Hence we must assume

that Eo (t) is a slowly varying time function. Secondly if not the amplitude but the phase of Eo
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changes in time, % will not be real. In order to recognise this important shift in assumptions

we now change our symbol for the electric field's complex amplitude Eo (t) -> e (t), and the

Rabi frequency becomes

X(7) = ne(0 m (4.17-b)

The p equations can be converted into new u,v,w equations using the definitions (4.1).

These are properly called Bloch equations written in complex form to allow for complex x

M- iv = -(p+/A)(w -iv) -i

"J+dw)

we have used 1/Ti to indicate a total rate due to both spontaneous emission and any other

inelastic decay process between level 1 and 2 represented by F 12 .Therefore

(4.19)
r21

4.2 Maxwell- Bloch Equations

Recalling Maxwell equations

V. B =0

VXE = -

V.D =0

VXH = i + ^
J at

Which are valid in quantum mechanic. Thus given a source polarisation, even one described

quantum mechanically, we can solve wave equation for E(r,t). We assume that only the z-co-



ordinates to be significant and the field is almost monochromatic and that E can be

conveniently written as

E(r,t) = eAs(z,t) e j ( < O t " k z ) (4.21)

Where the real part is the physical electric field and e (z,t) is the unknown complex amplitude

to be determined and it varies slowly compared with the carrier wave e ^ This iIS

justified as

dt

dr

«k]e

de

dt
(4.22)

e (z,t) represents a sufficiently smooth pulse in both space and time.

According to (4.21) & (4.22) we make similar assumption about polarisation density. The

semiclassical theory uses the quantum exception value for polarisation density, namely

N e <r>. In analogy to (4.21) we have the following polarisation density,

p (z,t) = 2Ne ro a\ a2

t ) e ~ i ( t 0 t " k z ) (4.23)

where a is given by (3.29)

Using (2.22), (2.29) & (2.30) the slowly varying character of e (z,t) is also imputed to p12:



at P21

5tJ

etc

J21

dt
(4.24)

The wave equation for one spatial propagation is

d2p(z,t)
'a? c dt2 (4.25)

Substituting (4.21) & (4.23) into (4.25) and making use of (4.22) and (4.24) keeping largest

terms on each side and projecting both side on e* and using e*.e=l,fS1 we get

0 (4-26)

where we used

|u* = e(rn. e*) (4.27)

for the projection of transition dipole moment on the direction of polarisation.

Introducing the Bloch variables u and v we get

_d_

Jdz d ct
8(2,/)= —N\i* (u - iv) (4.28)

(4.26) and (4.28) are known as reduced wave equations or the wave equations in the slowly-

varying envelope approximation. Equations (4.28) and (4.18) together are said to be the

coupled Maxwell-Bloch equations.
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4.3 Linear Absorption and Amplification

Let us consider the effect of atom, e.g the collision partners of two-level atoms on the

Maxwell equations. The atoms, have dipole moments and give rise to an added polarisation

density. We add the term

— NupM(z, t ) (4.29)

to the right hand side of (4.26), the overbars denote background-atoms parameters. The

atoms come to steady state quickly since they are far from resonance. Hence, we use

equations (3.1) for .p. We assume that the background atoms are very slightly excited, so

P22 =0 and pn =1 and we have

1 I A)

P + i A

where % - — . This expression forp21 gives

ik —•- Nura US lA - 3

2eOc * A2 + p 2 (4-31>

= - ( a - ft) e

where we have defined

~ 8o»c A2 + p2 (4-32}

ami

N"2

5 = A/ Pa = - ^ - _ , P — (4.33)
1 ' co^c A 2

 p2
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The effect of the background atoms on slowly varying Maxwell equation (4.26) is the

addition of two terms to the left side

0 a 8 d 1 ik •

ai + 2 ~ ' I +JTt)•<*« ^ N " * M <434)

For the Maxwell-Block equations in steady state, we drop the time derivative in (4.34)

and use the solution (3.1 b) for p2i . we apply these to p2i as to D21 except we can not

assume P22 = 0 and P22 = 1 for resonance atoms. Thus we can write (4.34) as

Id c — rn I

where

( j § ( ig) ( _ P 2 2)) ( 4 3 6 )
2 2

Multiplying (4.35) by e* and adding the complex conjugate ( c.c .) we get

f \ f \

Since ——=e»— + c.c, this will be the same as
oz dz

= 0 (4.38)

and since |e| is proportional to I, the intensity we have

Tl'.is vieids



1(0) e'a 'v Z (4.40)

where

a + a(pn - P22) (441)

From Maxwell-Bloch result (4.39), we can get two conditions about light propagating in a

medium of atoms near to resonance and far off resonance (background atoms):

(I) If resonances are in their ground states pu « 1, P22 *** 0, then the classical exponential

law is valid and a s = a + a. That is on resonance atoms and off resonance ones contribute

alike to the attenuation of the field.

(ii) If resonance atoms are in their excited state(pn « 0, pn « 1) the solution is still

exponential but a s = a - a .Possibly a >a since the detuning A appearing in the

denominator expression fora is by assumption very large and the detuning A in the

corresponding expression for a is small or even zero hence a, is negative and describes not

attenuation but amplification (Fig.4). and (ii) indicates the possibility of laser action.

Relation (4.41) tells how to have the right condition and one only needs that near resonance,

atoms are enough excited by some means, so that

P22 - Pit )YSi (4.42)



Fig. 4 Illustrates the attenuation and amplification of an incident pluse
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4.4 The Semiclassical Laser Theory

Here we present the elements of quantum-mechanical laser theory. The allowed wave

vectors and mode functions are determined by the cavity length1221

km = m n ft (4.43)

so we have E(z,t) = L £„ (z,t)

where

e~i<at s i n kmz (4.44)

being an electric field of the mth mode of the cavity. The frequency o of the laser oscillation

is not known initially, however, it will be close to the cavity mode frequency <o «ram

The polarisation's z dependence can be expressed in terms of cavity mode function as

E (z,t) = Sm Em(z,t) where

pm - 2 Neri2f$ite, 0 e~ l & s in km z (4.45)

Substituting (4.44) and (4.45) in the wave equation, we get the reduced equation for

the mode amplitude 6m.. That is

J ( O ^ k N d?(z,/)sinlcmz (4.46)

we have used the near-resonance approximation i.e.

(kmc) - (o2 = (km c + o) (km c -to) « 2 a{(om - CD)

where (4.47)

(dm = kmc - mil c / L

We adopt an approximation which has been already employed in (4.46), namely the

different cavity modes are not coupled. Actually they are coupled through the z-dependence
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of P^i^r t) , but in many lasers this coupling is not important. We replace it by its cavity

average value and then simply cancel the two sin km z factors in (4.46) and drop the

superscripts (rn) for ease of writing to have the single mode reduced Maxwell equations;

< 4 4 8 )

Concerning the quasi steady-state laser operation, the adiabatic approximation can be

used for p?.i :

P21 „ ' .71 \Pl2 ~ Pll

where

Xm = |usm / h (4.50)

and the reduced wave equation becomes:

+ _ S 1 _ KD N n ixm

N|n|2<o p - i A

1 ml 2s0 dt) m eo p + /A

^ n A2 3"e^WlP22(0 -Pn(/)j (4.51)
° A + p

!

Let us now adopt the common notation

N, (t) = N pi, (t) and N2 (t) = N 022 (t) (4.52)

Where Ni and N2 are densities of active atoms in level 1 & 2, and satisfying equations (3.11)

i.e.

Ni = - r T N , + A 2 t N 2 + o(A)<t>m(N2 - N , ) (4.53)



N2 = - ( r , + A21)N2 - (N2 --

The reduced wave equation (4.51) can be written as

where

cr sn

2 e.

~NX ) =

(4.54)

(4.55)

- NX (4.56)

and

g

a (A) is not to be confused with o the conductivity.

(4.57)

Eqviation (4.55) is a fundamental equation of semiclassical laser theory for the laser field. It is

coupled to equations for atomic medium through the dependence of g on N2 - Ni . The

important aspect of laser behaviour are associated with steady-state or CW (contineouos

wave) operation.

In steady state the terms on the right hand side of (4.55) must cancel:i.e.

— - - / (co - a>m) + = | (g - i b) (4.58)
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CHAPTER V

TYPES OF LASER

Laser can be categorised with respect to different aspects such as active medium,

pumping system, output power, operating conditions. However, the first two are the basic

criteria to laser operations.

With respect to the active medium, lasers are either gas laser, solid state laser, liquid

laser or semiconductor laser.

In this review, we figure out some lasers of the first category namely, helium, neon,

nitrogen, carbon dioxide, dye , excimers and ruby lasers. However these lasers are more or

less not the important ones but may be easily obtained for laboratories.

I

5.1 Helium-neon lasers:-

lt the first gas laser found by Javan and co-workerst3 J in 1961. It is the most common

and the most economical visible laser and has various application alignments to laboratory

work . The active medium is a mixture of helium and neon at pressure depending on the

discharge tube. The lasing occur between two excited levels of neon atom.

The pumping system is an electric discharge , so when it is applied to the active

medium in the tube the helium atoms are excited to the metastable state 2fS and 23 S by

collision with electrons i.e.

He + Ei ->H*e+E2
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Fig 5.1 Energy le\>eh of He cmdNe
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Where Ei is the electron's energy before collision and E2 its energy after collision and H*e is

the excited helium atoms.

These levels of helium are very dose to 2S and 3S of neon and after collision

between helium atoms and neon's they become well populated .

Ne + H*e-»N*e +He

The neon bands consist of many lines so they give many laser output of many

wavelengths of which only three are most powerful (Fig 5.1)

The wavelength 3.39 (jm shares a common upper level with that of 6328 A0 and thus

it affects the power available in the visible line. Because 3.39 u,m is longer than 6328 A0 and

hence it has a lower threshold, its output is always much higher compared with that of 6328

A0. Whenever the wavelength 6328 A0 is needed the 3.39 u.m output must be suppressed .

This can be carried out by two methods . One by inserting a prism into the cavity aligned for

o
maximum of 6328A . and misaligning 3.39 jim. The second method is to reduce the height

3.39jxm gain curve by increasing its width. This is done by placing a series of magnets along

the side tube.

A diagram of typical helium-neon laser is shown in ( Fig 5.2) . The Doppler width of

o

6328 A transitions is 17800 MHz at room temperature so for ordinary tube length of tens of

centimetres a several axial modes will oscillate

The He-Ne laser design is quite simple but nowadays manufacturers have

incorporated a number of refinements to improve performance. This kind of laser is made

with hard seals in which the glass is bonded directly to metal at a high temperature.

47



External
concave
mirror

Brewester
angle
window

Polarized
plane
beam

Fig 5.2 Typical helium-neon laser

E
N

G-
y

10-

e-

6 -

4 -

2 -

^~—

\

upper laser level

/ 337.1 urn
b. ^ * x ^ lower laser level

metastaWe state

/ ground state

fc

internaclear separation.

Fig 5.3 Energy level of the N2 molecule



Most helium -neon lasers produce a good- quality beam in the transverse

electromagnetic mode (TEM0 0 ) with a classical Gaussian intensity distribution. The

coherence length is around 20 to 30 cm. The beam diameter is around a millimetre and has a

tendency to increase with power . The He-Ne laser is a CW. Its output power is in milliwats

range , hence in comparison with most other lasers it produces a relatively cheap source of

high quality laser light but it suffers from small power production.

5.2 Nitrogen Lasers

The nitrogen (N2 ) laser is an ultraviolet laser, first demonstrated in 1963I? ' It is a

pulsed laser, so served as a pump source in many pioneering experiments in dye laser

spectroscopy. The 337nm N2 wavelength is an external pump source for dyes emitting over

360-950nm range. The most drawback of N2 laser is its low efficiency . Other types of high

power as excimers replaced N2 laser in applications.

However, N2 laser is still used when low power is needed and because of its low price,

The active medium in a nitrogen laser is nitrogen gas, usually pure and operating at a

pressure of 20 torr or at atmospheric pressure. The nitrogen molecules are excited by a fast

high voltage discharge to cause the population inversion in the upper level (Fig.5.3).This level

is an excited electronic state with lifetime of 40 ns emitting a photon of a wavelength 337.1

nm incoming to lower laser level. By laser standards N2 lasers have a broad-band, but

compared with ultraviolet lamps, N2 - laser output can be considered monochromatic.

The lower laser level has much longer lifetime than the upper one. This slow decay to

the metastable level would make population inversion impossible, However in the case of

extremely high efficiency and fast electric discharge, the upper N2 level can be populated

generating laser pulses that last about nanosecond or less.



Virtually all nitrogen lasers can operate in upper radiant mode without any cavity

mirrors. Usually, a single mirror is placed at one end of the cavity, since this reduces the

threshold power and also provides a unidirectional output. The output can be more than

doubled by use of simple cavity with two flat mirrors. However the design and construction

are far from trivial. The biggest challenge in building a nitrogen laser lies in the pulse-forming

network and switch, which must deliver a pulse of 15 to 90 kv with rise time under 10 ns.

Channels with rectangular cross-section are the usual choice, with the discharge applied

transversely to the laser axis rather than along the same direction where the beam is

produced.

Nitrogen lasers with high gain and without true resonator tends to have a poor beam

quality. If we assume the band width of a nitrogen laser to be around 0.1 nm, the coherence

length can be estimated to be of the order of lmm.

The major application of N2 - lasers is for pumping a pulsed dye laser.

5.3 Carbon Dioxide Laser

Carbon dioxide laser is by far the most efficient gas laser and the most powerful

continuously operating laser. It works in the infrared radiation at wavelength of 10.6 \im. In

order to obtain lasing in the infrared energy, levels whose separation is comparatively small

must be found. Such levels are found in molecules which do not depend on electron

excitation, but on quantisation of the vibrational and rotational motion of the molecule.

The carbon dioxide laser actually uses two other gases, nitrogen and helium. Each gas

plays a distinct role.

Carbon dioxide is the light emitter, the nitrogen molecules help to excite CO2 to the

laser upper level i.e. nitrogen molecules absorb energy and transfer it to the CO2 molecules.

Helium plays a dual role, it serves as a buffer gas to aid in heat transfer and help the CO2
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molecules drop from the lower levels to the ground state. This maintains the population

inversion needed for laser operation.

The carbon dioxide molecules can be pictured as three atoms which usually He on a

straight line, the outer being of oxygen with carbon atom in between (Fig 5.4). In this case,

there are three nondegenerate modes of vibration :-

(1) symmetric mode

(2) bending mode

(3) asymmetric mode

Each possible quantum state is labelled as follows: for the symmetric mode by 100, 200, 300

etc.; for the bending mode by 010, 020, 030 and for the asymmetric mode by 001, 002, 003

etc. Combinations of the three modes e.g. 342 are also possible.

Carbon molecules can rotate as well and the quantized rotational energies are

possible. A set of rotational levels is associated with each vibrational level and is

labelled in order of increasing energy by j values, j = 0,1,2,3,....

(Fig 5.5) shows the energy levels associated with each mode of vibration together

with a set of rotational levels 001 and 100 modes. The ground state and the first excited state

of nitrogen molecules are also shown.

The mechanism of laser action is as follows: the nitrogen molecule collides with the

electron being in its first excited state i.e.
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E, + N2 -> N + E2

The collision of the N2 excited molecule with CO2 in its ground state excites it to the

001 state

N*2 + C O 2 - > N 2 +CO*2(001)

The population of 001 exceeds the population of 100 and hence the population

inversion condition for lasing between these levels is attained. For transition between 001 and

100 , the selection rule for j= ± 1 is allowed. If j changes by +1 the transition is called a p-

branch transition and if it changes by -1 the transition is called an R- branch transition.

The population of the rotational levels of 001 follows the Boltzmann distribution so

the level with less j is more populated than those at higher level and the result is that the P-

branch transitions dominate. The wavelengths associated with the most powerful transition of

CO2 lasers at normal operating temperature are P(18)- 10.57u.m, P(20)-10,59u. m , P(22)-

10.61 urn and the separation between each transition is about 55 GHz.

The P-branch transition curve has a line width of about 50 MHz which is a narrow

Doppler width in comparison with other lasers. This is because of the long wavelength of CO2

laser and that the mass of the molecules is greater than that of most atoms .

A typical CO2 cavity configuration and tube are shown in (Fig 5.6) for low

power(5mW). To get high power laser some modifications are needed.

The cavity length of CO2 laser is usually about a metre long, and the discharge being

provided by a 7 Kv. Usual gas pressures are 1 torr of CO2 , 1 torr of nitrogen and 5torr of

helium.

54



mirror
ZnSe

grating

anode

gas in

IOQKU

cathode

1 r

H 2 O in

5.6 A typical diagram for C o . cavity cofiguration and tube



The long wavelength at which CO2 works brings real problems. In particular, glasses suitable

Tor use in the visible spectrum are often opaque at 10.6u,m. The output mirror is often made

of germanium and has transmission depending on the length of the tube.

5.4 The Dye Laser

The active medium in a dye laser is a fluorescent organic compound dissolved

in a liquid. Dyes are large molecules containing multiple ring structure and they have

complex spectra. The pumping process is by means of optical pumping from another

laser or flash lamp exciting the dye molecules producing population inversion. The

operating lifetime of dyes depends on their chemical structure as well as pumping

conditions. The absorption of a photon raises the dye molecule to a highly excited

state, drops them to the upper lasing level through nonradiative process and then

cause them lasing to the lower level from which another nonradiative process removes

the molecules from the level of the laser transition.

The energy level of the laser transtion is quite complex and a simple diagram
I

(Fig 5.7) shows a general feature.

Dyes can absorb and emit light over a range of wavelengths because

interactions among electrons in the vibrational and rotational energy levels create a

continuum of levels in some energy ranges. The electron transitions are those between

group stages. Vibrational transitions of the molecules are represented in the diagram

by dark lines within each group. The smallest energy shifts are caused by rotational

transitions, represented by light lines.

Hence dyes are used for creating tuneable lasers. The choice of cavity optics

and cavity structure depends on the intended application.



Wavelength-selective optics are used in most dye lasers, so the laser oscillation

will take place only at the selected wavelength ( assuming that it is within the dye's

gain bandwidth).

The wavelength and output power of dye lasers depend on the choice of dye

and pump source as well as on the design of the laser.

The major applications of dye lasers are in spectroscopy and measurements. In

medicine dye lasers are used to treat cancer on eye and skin disorders.

5.5 Exciraer Lasers

The word excimer originated as a contraction of" excited dimer" a description of a

molecule consisting of two identical atoms which exists only in an excited state131. But now it

is used in a broader sense for any diatomic molecule in which the component atoms are bound

in the excited state.
i

Excimer lasers contain a mixture of gases at total pressure almost below 5 atm. About

90% of the mixture is a buffer gas which mediates energy transfer, normally helium or neon

The most excimers molecules are rare gas halides compounds such as argon fluoride, krypton

fluoride and xenon chloride.

The pumping for excimer lasers is by electronical discharge. The alternate method is

by electron beam but it has low efficiency and is more expensive, and a third method is

microwave pumping and it has low efficiency as well.
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Fig 5.7 Typical energy-level structure of dye laser
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Fig. 5.8 Typical energy levels of ruby laser
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The unusual energy level of excimer lasers makes them very good laser material because the

ground state essentially does not exist, there is a population inversion as long as there are

molecules in the excited state.

5.6 Ruby Laser

It was the first laser demonstrated by Mainman in 1960 l6] The active medium is a rod

of synthetic ruby, a sapphire crystal to which a small quantity of chromium has been added

during growth from an aluminum oxide (AI2O3) melt. The chromium in the form Cr3+ ions,

provides the actual energy levels between which the stimulated emissions essential to laser

action take place.

The pumping is by means of optical pumping in which a photon raises chromium ions

to one of the two excited levels each with room-temperature lifetime about 3 ms .Both

metastable levels can act as lasing level. However transitions from the lower energy level

694.3 nm from E state dominate(Fig 5.8).

The ruby laser has two kinds of cavities, the pump cavity which transfers pump light

from lamp to rod and the resonant cavity in which laser oscillation occurs.

The laser becomes hot as the result of the large amount of heat dissipated by the flash

lamp. This limit must be set to the pulse repetition rate if overheating to be avoided or by

circulating water around the laser.

The application of ruby laser ranges from civil to military, but the biggest single

application is in holography. In the next chapter we give the explanation of the holographic

effect of laser.
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CHAPTER VI

THE APPLICATIONS OF LASER

As far as the lasers are concerned, their applications cover a wide area of science and

technology. In our life, these applications range from medical to military uses. However new

applications of laser continue to be found. Some of these applications are in measurements

and inspection, holography, spectroscopy in analytical chemistry, communication, remote

sensing, surveying, marking and alignment, laser weapon, laser induced nuclear fusion,

isotope enrichment etc. Thus they are far broad to cover in details in this brief account, we

shall give two examples to show how greatly does the laser revolution contribute to the

progress of science and technology and to the welfare of mankind at large.

6.1 Holography

Holography is the art of lensless, three-dimensional photography. It was discovered by

Gabor161 early in 1947 before the discovery of laser. After the development of lasers it has

since become a whole field of research with many applications.

Let us consider a scattered light by an object in a plane, say, z = 0 , the electric field of

the scattered light is given by

Eo (x,y,t) = So (x,y) e (6.1)

where o refer to the object( Fig 6.1)

and Rn(x,y) = A n (x ,y )e^ o ( X ' y ) (6.2)

and 4>0 are real amplitude and phase respectively in this plane.
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The real electric field is defined by

Eo (x,y) - Ao (x,y) cos {<o t - fo (x,y) } (6.3)

Thus the intensity of light can be given by

!„ (x,y) = (1/2) ceoA2
(,(x,y) (6.4)

I
Except for the multiplicative constant , the intensity is that measured by developing

photographic film placed in the observation plane (Fig 6.1), which is a two-dimensional

record. So it does not look like the real-life object because it registers only the intensity not

the phasef+1.

Now let us consider a light beam which call a reference beam whose electric field

intensity reads

ER(x,y,t) = 8R(x,y) exp.[ icot] = AR(x,y) exp [ i<j>R(x,y)]exp[ icot] (6.5)

where R refers to the reference beam which is on the observation plane (Fig 6.1) and where

AR and <J)R are the amplitude and the phase of the field respectively.

The total amplitude at the observation plane is

eT(x,y) = Ao(x,y) exp[i<()o ]+ AR(x,y) exp [ufo] (6.6)

This gives

I T - ( l /2)cso|e r |
2 (6.7)

where

8 r f' = A2o (x,y) + A2
R (x,y) + 2 Ao AR cos { <(>o - ({>R } (6.8)

Because of the interference between the object and the reference beams , (6.8) unlike

(6.4) contains the phase <J>0 (x,y) of the object field. The first process of hologram is to record

this intensity on a holographic film. This intensity does not look like the object. To get a fully
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three dimensional image of the object, we must reconstruct the wave front described by (6.2).

This reconstructing is the second process in the hologram making. The challenge is to use the

intensity of (6.7) in developing the film to reconstruct the object wave front(6.2).

Now suppose the intensity (6.7) is recorded on a photographic film, the exposure of

the film to intensity results in the conversion of silver halide grains in the film emulsion to

silver atoms. The silver atoms density is high where the intensity is high. By developing the

film , the positive reverses the situation, the positive is lightest where the intensity was

greatest.

The transmission function t (x,y) of the positive is therefore largest where the

intensity of the incident light was high. Thus we assume that t(x,y) is approximately

proportional to the intensity I (x,y) of the light to which the film was exposed. If the film is

illuminated with a wave front 8 (x,y), the transmitted wave front is given by

Eframfoy) = t(x,y)e (x,y)

- CI(x,y)e(x,y) (6.9)

where C is a constant of proportionality.

Now suppose that

s(x,y) = sR(x,y) (6.10-a)

and I (x,y) = IT (x,y) (6.10-b)

where e R and I r are given by (6.5) and (6.7) respectively Thus the film is exposed to the

total intensity from the object and from the reference in recording and to reference beam only

in reconstructing. By (6.5), (6.8) and (6.9)we have.

= C { A2
0 + A2

R + 2 AQ A R COS (<j>0 . <{>R ) } AR exp[k|>R ]



= C{ A2
0 + A2

R + Ao AR exp[-i(<|>o - 4>R ) + Ao AR exp[i(<j>o - (j)R ) } AR exp[i(|)R ]

- C{ (\\ + AJ
R) AR exp[i(j)R ] + Ao A2

R exp[i(2<})o . <|>R )]+ Ao A2
R exp[i<l)o ]

(6.1)

The last term gives most intensity of the transmission.

C A2
R(x,y) Ao (x,y) exp[i<J>0] = C A2

R (x,y) 60 (x,y) (6.12)

where 5o is the object wave front (6.2). If C A2
R becomes constant which we denote by K

then (6.12) yields

CA2
Reo = Kso(x,y) (6.13)

This means that the intensity of transmission is proportional to the object wave front

eo(x,y). Thus we reconstruct the complete object wave front including both amplitude and

phase.

We assume the hologram is a photographic positive, which will act as a negative as

well. The transmission function t(x,y) of the negative will be proportional to B-l where B is

some constant. The reconstructed object field is simply flipped in sign with respect to the

positive transparency hologram used. We note that it is not necessary to illuminate the

hologram with the same reference beam used in recording the hologram.

The application of holography for practical uses are many which can be acquainted

within the literature on optics'4<B '18]. The widely used one is holographic interferomertry14'171

for testing stresses and actual defects in materials ranging from automobile and air craft parts

and tyres to tennis rackets. Besides others applications, holography is used for data storage

with capacity 108 bite and time of less than a microsecond while the magnetic tapes access
;
I

time; ?ro restricted to 10- 100 ms, but they are relatively bulky. The hologram drawback is in

capacity and in erasing of the data
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6.2 Optical Communication

In optical communication system, an electrical signal is converted to a modulated light

wave, which then transmits the signal again. To transmit information with light, we have to

turn it off and on or have it modulated in some other way, to represent some sort of coded

message that is recognisable at the receiver.

The light to be used for communication purposes has been recognised for a long time,

but became practical only after the development of lasers1'91. However, the earth's

atmosphere turbulence introduces uncontrollable signal distortion. This problem is so far

solved with the development of low-loss signal mode transmitted through optically

transparent fibres that can serve as cable for light transmission nearly at the infrared

wavelengths, k* 8500 A0 . Moreover the development in semiconductors technology made

room-temperature laser sources available at this wavelength.

Optical fibres guide the path of light by total internal reflection P1. So let us consider

an enlarged view of a fibre (its actual diameter may be as small as a few microns) (Fig. 6.2).

The critical angle for total internal reflection, 0C is given by

ec = sin"1 OW n,) (6.14)

Applying Snell's law to the two dielectric interface (Fig 6.3), we have

n sin <() = ni sin a = n2 sin (TI/2 -0 )

= ri,cos9 =n, -^( l-s in 'e) (6.15)

where n, ni,n2 are the refractive indices of the dielectric media

For 9 to be critical angle equal to 0C given by (6.14), we get;

n sin<}> = n, J 1 - ^f-1= ^ ( H 2 - n\) = N A (6.16)
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where the number N A is called the numerical aperture of the fibre.

According to (6.15) and (6.16)

<lw ^ sin1 (NA/n) (6.17)

<})m.1x is the maximum acceptance angle for internal reflection,

For string of pulses constructing a signal, the spread of each pulse may result in

overlapping of the pulses at the output. Thus dispersion sets a lower limit on the separation

between pulses i.e. limits the rate at which information can be transmitted'20'.

The dispersion is due to the fact that an incident beam wilt be distributed among

various modes of the fibre. With different modes making different angles with the core

cladding interface. (Fig 6.2) shows different paths for two modes one propagating along the

core axis and the other having an angle of incidence,9 at the core-cladding interface. The off-

axis mode has total propagation length, L /cosa compared with the length L of the on-axis

modes.

The difference AT is the time taken for field propagating in these modes to reach the

output and it is given by

— f—— - l) «n,a2L/2c (6.18)
c Vcos a /

a is small.

For the maximum acceptance angle <|w,, it follows from (6.15) that

n} sina = NA

or

a= NA/

66



in the small angle approximation. Then (6.18) becomes

AT-((NA)2L/(2nxc) (6.19)

for the time delay per unit length of the fibre for two modes. Hence the amount of

spreading in time at an injected pulse will be proportional to (NA)2.

A better way to decrease AT is to use a single mode fibre in which the core diameter is

so small that only the on-axis mode can propagate.

For a multimode fibre, the pulse spreading is reduced when the fibre is a graded -

index type rather than the step-index type. In a graded-index fibre the refractive index does

not have a sharp, step-like decrease from ni to n2. Instead the index decreases more smoothly

from the centre of the fibre. An index distribution that is frequently used in practice is

described by the formula

n2 = n2
c(l - a2x2) (6.20)

i

where nc is the refractive index at the centre, x is the distance from the centre and a is

a constant.

The use of lasers in communications has come to reality as the improvement in the

quality of the medium through which light energy is transmitted. For fibre-based light wave

systems for information transmission, two parameters are very important: The first is the

maximum data transmission rate. The second is the maximum distance along the optical fibre,

through which the stream of bites can be transmitted before being repeated. Nowadays the

losses of the fibre is minimised to 1.0 dB / Km and light wave system is causing a sharp
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Fig .6.2 Cross-sectional view of an optical fibre, showing the path of

a mode propagating along the core axis and that of a mode having
an angle of incidence© at the core cladding interface

Fiq.6.3 Cross -sectional view of an optical fibre
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change in the rate at which channel capacity has increased over the past 100 years'81.

Thereafter the fibre is going to replace copper cable because of its capacity and the

availability of its raw material(silica) against copper.
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THE CONCLUSION

The semi-classical laser theory of light -matter interaction ignores the quantum -

mechanical nature of the electromagnetic field while using fully the Schrodinger equation to

determine the behaviour of matter.,Thus the result is a theory that is ultimately inconsistent

because the quantum fluctuations associated with e.m. field do have an effect on the atomic

behaviour and this theory only recognizes this in isolated instances. For example , it

recognizes spontaneous emission only to the extent of assigning an empirical coefficient A2i

to the spontaneous rate . However the theory is very strong in the domain of atomic radiation

where the number of photons are much larger than unity. In most laser modes the number of

photons is very huge, and their effects due to field quantization are insignificant. On the other

hand, it is quite possible to use laser fields to probe the subtle correlation and fluctuations in

quantum theory and in this view an observation must be taken of the quantity that is sensitive

to single photon differences.

As for the application of laser one can say the revolution of laser devices cover every

field; physics, chemistry, biology, medicine, optical communication, electronics, material

processing, thermonuclear fusion, and military uses.

The laser bill in the market is increasing everyday as manufacturers are developing the

techniques and producing better qualities. As now laser is used in super market checkers,

compact disks, laser printers etc. in the near future it is expected to be more widely employed.

There is a little hazard in using laser devices when human eyes are directly exposed to

radiation specially from a u.v. laser. Such harm is usually avoided by wearing special glasses.

In view of the many advantages of lasers and the rapidly increasing area of its

utilization our country Sudan should acquire the knowledge and the technology of lasers.
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Investments should be encouraged and research in laser should be conducted in areas of

national interest like material processing, communication and medical surgery.

Finally I was fortunately privileged by having a quite good experience in laser

techniques which T obtained from training at the laser laboratory of the International Centre

for Theoretical Physics, Trieste, Italy. This experience, based on practical training and

experimentation, had allowed me to realize the link between the theory and the experiment

that made the theoretical concepts readily perceivable and hence helped me to accomplish

the writing of this thesis.
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