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Things you need to know

Before studying about lasers, you must be familiar with basic
terms used to describe electromagnetic waves:

Wavelength (4A)

Frequency (v)

Period (T)

Velocity of light (c)

Index of refraction (n)

We will briefly review these terms, but it is much better if you
are familiar with:

Some terms from geometric optics such as: refraction, reflection,
thin lenses etc.

Some terms from "Modern Physics" such as photons, Models of
atoms, etc.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 2
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Electromagnetic Radiation

Electromagnetic Radiation is a transverse wave,
advancing in vacuum at a constant speed which is
called: velocity of light.

All electromagnetic waves have the same velocity in
vacuum, and its value is approximately:

c = 300,000 [km/sec] = 3*108 [m/sec]

One of the most important parameters of a wave is its
wavelength.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 3

Wavelength

Wavelength (A) (Lamda) is the distance between
two adjacent points on the wave, which have the
same phase. As an example (see figure below) the
distance between two adjacent peaks of the wave.

Y
- Wavelength Amplitude
[ ;il_,_-'
ANV
a -
2 \_/ \ g_*' \/ X
= e
= Wavelength Space
a coardinate
(At Fixed Time)
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Frequency

In a parallel way it is possible to define a wave by its frequency.

Frequency (p) is defined by the number of times that the
wave oscillates per second.

Between these two parameters the relation is:
cC=A*p

From the physics point of view, all electromagnetic waves are
equal (have the same properties) except for their
wavelength (or frequency).

As an example: the speed of light is the same for visible light,
radio waves, or x-rays.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 5

Wave Description
A wave can be described in two standard forms:

1. Displacement as a function of space when time is
held constant.

2. Displacement as a function of time at a specific place
in space.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 6



Displacement as a function of space

Displacement as a function of space, when time is "frozen" (held
constant). In this description, the minimum distance between two
adjacent points with the same phase is wavelength (A). Note

that the horizontal (x) axis is space coordinate

YA

s Wavelength Amplitude

= ;L_..

| N Xy

& -

3 e N/ =

7 § 5

L8 Wavelength pace

fa] 2 coordinate
(At Fixed Time)

A = Amplitude = Maximum displacement from equilibrium.
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Displacement as a function of time

Displacement as a function of time, in a specific place in space, as
described in figure. In this description, the minimum distance
between two adjacent points with the same phase is period

(T). Note that the horizontal (x) axis is time coordinate

e
-

Period Amplitude

Displacement
1<

Time
(At a constant
Faoint in Space)
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Wavelengths Comparison

The Figure describes how two different waves (with different
wavelengths) look at a specific moment in time. Each of these

waves can be uniquely described by its wavelength.
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The most important ideas summarized in
figure are:

1. Electromagnetic waves span over many orders of
magnitude in wavelength (or frequency).

2. The frequency of the electromagnetic radiation is
inversely proportional to the wavelength.

3. The visible spectrum is a very small part of the
electromagnetic spectrum.

4. Photon energy increases as the wavelength
decreases. The shorter the wavelength, the more
energetic are its photons.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 11

Examples for electromagnetic waves are:

Radio-waves which have wavelength of the order of
meters, so they need big antennas.

Microwaves which have wavelength of the order of
centimeters. As an example: in a microwave oven,
these wavelengths can not be transmitted through the
protecting metal grid in the door, while the visible
spectrum which have much shorter wavelength allow
us to see what is cooking inside the microwave oven
through the protecting grid.

x-Rays which are used in medicine for taking pictures of
the bone structure inside the body.

Gamma Rays which are so energetic, that they cause
ionization, and are classified as ionizing radiation.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 12
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Electromagnetic Radiation in Matter

Light Velocity in Matter

When electromagnetic radiation passes through matter with index
of refraction n, its velocity (v) is less than the velocity of light
in vacuum (c), and given by the equation:

v=c/n

This equation is used as a definition of the index of refraction
n = (speed of light in vacuum)/(speed of light in matter)
n=c/v
Gases, including air, are usually considered as having index of
refraction equal to vacuum ny=1.

The values of the index of refraction of most materials transparent
in the visible spectrum is between 1.4-1.8, while those of materials
transparent in the Infra-Red (IR) spectrum are higher, and are 2.0-
4.0.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 13

Wavelength in Matter

We saw that the velocity of light in matter is slower than in
vacuum. This slower velocity is associated with reduced
wavelength: A = A o/n , while the frequency remains the same

n=15%

Vac_u;:r[r; M aterial Medium VaC_UTrS
n U _ . n 0 o .
Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 14
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Refraction of Light Beam - Snell Law

Reducing the velocity of light in matter, and reducing its
wavelength, causes refraction of the beam of
light.

While crossing the border between two different
materials, the light changes its direction of
propagation according to the Snell Equation

nl-Sin(Bl) = nE-Sin<BE)

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 15

Example

The velocity of Red light (A;= 0.6 pm) in a certain medium
is 1.5%108 m/s. What is the wavelength of this light in this
material?

Solution:
First find the index of refraction:

m

7. 10%-—

Z =
Nes—m=——— =20

m
15-10%-—
=}

Using n, calculate the wavelength in the material:

. - A _06-pm _
n 2.0

0.3 um

Conclusion: The wavelength of Red light in a material with an
index of refraction of 2.0, is 0.3 pm

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 16
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The Essentials: Atoms
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Bohr model of the atom

Lasing action is a process that occurs in matter.

Since matter is composed of atoms, we need to understand about
the structure of the atom, and its energy states.

We shall start with the semi-classical model, as suggested in
1913 by Niels Bohr, and called: The Bohr model of the atom.

According to this model, every atom is composed of a very
massive nucleus with a positive electric charge (Ze), around
it electrons are moving in specific paths.

Z = Number of protons in the nucleus,
e = Elementary charge of the electrons:
e = 1.6*10-19 [Coulomb]

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com

Physics Academy

The figure illustrates a simple, but adequate, picture of the atom,
the Bohr model

- "o o Energys
. e Levels
r_f .rl ’J——"‘-»‘_\_ S \h
In’ Jn’ ,H O LY
! K Y 8 E/Electrons =
r/ i r’ “II 1l "
' Nucleus | d? ! E,
i g T -
iR +7e ;e =9
Rl \I.\ \_‘-_ JE.I' ."- f,
B =

Every "allowed orbit" of the electron around the nucleus, is connected to a specific
energy level.

The energy level is higher as the distance of the "orbit" from the nucleus increases.

Since for each atom there are only certain "allowed orbits", only certain discrete
energy levels exist, and are named: E1, E2, E3, etc.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com
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Energy States (Levels)

Every atom or molecule in nature has a specific structure for its
energy levels.

The lowest energy level is called the ground state, which is the
naturally preferred energy state. As long as no energy is added to the
atom, the electron will remain in the ground state.

When the atom receives energy (electrical energy, optical energy, or
any form of energy), this energy is transferred to the electron, and raises
it to a higher energy level.

The atom is then considered to be in an excited state.

The electron can stay only at the specific energy states (levels) which are
unique for each specific atom. The electron can not be in between
these "allowed energy states", but it can "jump" from one energy level
to another, while receiving or emitting specific amounts of energy.

These specific amounts of energ¥1 are equal to the difference
between energy levels within the atom.

Each amount of energy is called a "Quantum" of energy (The
name "Quantum Theory" comes from these discrete amounts of

energy).

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 5
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Energy transfer to and from the atom

Energy transfer to and from the atom can be performed in
two different ways:

Collisions with other atoms, and the transfer of kinetic energy
as a result of the collision. This kinetic energy is transferred
into internal energy of the atom.

Absorption and emission of electromagnetic radiation.

Since we are now interested in the lasing process, we shall
concentrate on the second mechanism of energy transfer to
and from the atom.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 6
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Photons and the energy diagrams

Electromagnetic radiation has, in addition to its wave nature, some
aspects of "particle like behavior".

In certain cases, the electromagnetic radiation behaves as an ensemble of
discrete units of energy that have momentum. These discrete units
(quanta) of electromagnetic radiation are called "Photons".

The relation between the amount of energy (E) carried bfy the photon,
End its)frequency (v), is determined by the formula (first given by
instein):

E=hv
The proportionality constant in this formula is Planck's constant (h):
h = 6.626*10-34 [Joule-sec]

This formula shows that the frequency of the radiation (v), uniquely
determines the energy of each photon in this radiation.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 7
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E=hv

This formula can be expressed in different form, by using the
relation between the frequency (v) and the wavelength: ¢ = A*v
to get:

E=h*c/A

This formula shows that the energy of each photon is
inversely proportional to its wavelength. This means that
each photon of shorter wavelength (such as violet light) carries
more energy than a photon of longer wavelength (such as red
light).

Since h and c are universal constants, so either wavelength
or frequency is enough to fully describe the photon.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 8
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What is LASER?
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What is LASER?
0l ST 3l Joe 8,548) oVl 8,5Vl o 50 @odS @ wels 289
The word LASER is an acronym for
Light Amplification by Stimulated Emission of Radiation.
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What is LASER?

Light Amplification by Stimulated Emission of Radiation.

Light: All light is a form of electromagnetic radiation that is visible to the
human eye.

Amplification: This is simply the process of making something bigger or
more powerful. When Lou turn up the volume on a radio, you are
gmprl]ifying the sound; but with lasers, amplification makes the light
righter.

Stimulated: To stimulate means to stir to action. Laser light is created
when a burst of light (electricity) excites the atoms in the laser to emit
photons. These photons then stimulate the creation of additional identical
photons to produce the bright laser light.

Emission: The word "emission" refers to something that is sent out or
given off. Stimulated laser emission consists of large numbers of photons
that create the intense laser light.

Radiation: The laser light is a form of energy that radiates, or moves out,
from the laser source.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 12
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1940 : History of Astronomical Spectroscopy

Einstein postulates photons and stimulated emission

First microwave laser

First optical laser

Microwave laser discovered in the Orion nebula

Discovery of cosmic background radiation using microwave laser
First gas dynamic laser

First postulate of laser action in stars

Discovery of laser action in quasars

Near Infrared laser star found in Orion nebula

Carbon dioxide laser discovered in atmosphere of mars and venus
First x-ray laser

Gas contact plasma laser

Artificial laser guide stars

Far infrared laser star discovered by Kuiper Airborne Observatory
Ultraviolet laser star discovered by Hubble Space Telescope

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 13
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Photons
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DANGER
LASER Properties DIRECT EYE EXPOSURE %

CLASS I, lla, llIb, IV
LASER PRODUCTS

Light
Amplification
LASER |Stimulated
Emission
Radiation
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Properties of LASER
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3. Coherence.

*These three properties make it more of a hazard than ordinary light.
sLaser light can deposit a great deal of energy within a very small

area.
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Properties of LASER: Monochromatic

Monochromatic

The light emitted from a laser is
monochromatic, it is of one
wavelength (coIorS.

In contrast, ordinary white light
is a combination of many
different wavelengths (colors).

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com
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_ Visible Light

_ Visible Light
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Properties of LASER: Directional

Directional

Lasers emit light that is highly
directional.

It is emitted as a narrow beam in
a specific direction.

Ordinary light (sun, light bulb, a
candle), is emitted in many
directions away from the source.

B[] co.0)l 2,la0ll Jopo Seum sy olswl @l jplll e 5slall soall
oS Sgum0g OlaliVl @S (58 sy Sslall sgall O > (suseS gluas
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Properties of LASER: Coherence

lps g Sou dumgo duols llios sablicog,pSIl gleidl U G
-a il asleoll
y = A cos (wt+f)

A = Amplitude .
w = Angular Frequency .

f = Initial Phase of the wave (Describe the starting point in
time of the oscillation).

(wt+f) = Phase of the wave.

&) O gkl 8 B AU Aide dllla ¢l xS Coherent Al jil) 4aldl)
U G810 5 AU b Gased Laa ALS el

Coherent waves are waves that maintain the relative phase
between them.
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Properties of LASER: Coherence

WSy sdaei Phase sghll puss o) wloge W Ol S zuogs JWl JSoal
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a)Waves with Same Phase | b) Waves with Different Phase
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Laser Radiation Properties

In Summary: Laser Radiation Properties

1.Very small divergence of the beam. The beam is almost a parallel
beam and move in one direction in space - Directionality. .

2.High degree of monochromaticity. The radiation is almost one
wavelength, as can be measured by the very narrow spectral width.

3.Coherence.

The combination of these properties gives the laser radiation many
advantages, like achieving very high power densities, not available
from other sources.

M_q m:l_'lru m:ﬂ;ic Lig ht

Minimal
Div ergence

TTTTT

F'hase Cuherent
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T »
" How does a laser work?
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In order for most laser to operate, three basic conditions must be
satisfied

(1) The active medium: Collections of atoms, molecules or ions in
the form of solid or liquid or gas.

(2) population inversion
(3) Optical feed back

Energy input by pumping

4

Total

reflector

Partial

reflector

P = Qutput

mplifying medium

Pl beam
47 Laser cavity 4’
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How the First Ruby Laser Works

Ruby Laser g a9 aslisS| o 53] Jgl Jooc 8,58 o ,2iw
59 il Jod 55l Joe laued dwlwVl oliall auiosi
B\ SJU JS_cll  souiien - SIEENERENICEISINET. |,
an 9oy skl GuMall Leul Uolo wedldl 850l Bluw
elemn bW Les .olidl 8,U] oo Joasiw ol @slall

oV 5l
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Components of the first ruby laser
1K -reflective

Power I'I1'iTl'1.1!.' Crartz flash tube

supply

Rulsy crystal

bl J> 1
2 plad
(! s
J> e A
'\

Switch
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Excitation
Jodl als L

High-voltage electricity
causes the quartz flash

tube to emit an intense / y:a_"’";“?“am
burst of light, exciting FAL gl
some of the atoms in “"--3,3‘;“,\@
the ruby crystal to N
higher energy levels.
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Photon Emission

At a specific energy level, “-.‘.-’Lﬁ‘ 4> )-U
some atoms emit
photons.

At first the photons are
emitted in all directions. Hiolys @ o 5=~

@ a 2 2 @
M‘: o \.lq % aﬂ-a.
Photons from one atom S L9

stimulate emission  of

photons from other atoms
and the light intensity is

rapidly amplified.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 18
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Amplification
"L [E{PTRNY
Mirrors at each end
reflect the photons back

and forth, continuing

this process of

stimulated emission and
= Atom

amplification.
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Laser Beam

Zagl 1 AL

The photons leave
through the partially

silvered mirror at one

end. This is laser light.

= Atom e —
=Photon
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Laser Physics

Introduction to Laser
Essentials
Lecture 4

Dr. Hazem Falah Sakeek
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The Interaction of
Electromagnetic Radiation with
Matter
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Emission and Absorption of Radiation

Ulg 6 p0iann 6)9.00 WDrisig Al wwnisSi 6,1 o=
1lod wisis b Aowlgs puy 8,41 (sJ) adUall Jlail

Collisions with other atoms, and the transfer of kinetic
energy as a result of the collision. This kinetic energy is
transferred into internal energy of the atom.

Absorption and emission of electromagnetic radiation
wolaiol M= o asllall Jlil sde soue 3l adoc ol a9
Aleoly 0,uSi pi owubligog,pSIl  glew)l Absorption
wolaoVl 8 b Luydow 1 Gl glew JSo sJe emission
OleuVlg
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Emission and Absorption of Radiation

The interactions between electromagnetic radiation and
matter cause changes in the energy states of the
electrons in matter.

Electrons can be transferred from one energy level to
another, while absorbing or emitting a certain amount of
energy. This amount of energy is equal to the energy
difference between these two energy levels (E,-E,).

When this energy is absorbed or emitted in a form of
electromagnetic radiation, the energy difference between
these two energy levels (E,-E;) determines uniquely the
frequency (v) of the electromagnetic radiation:

(AE) = E2-E1 = hv

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 4
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Example
The visible spectrum wavelength range is:
0.4 - 0.7 [pm] (400-700 [nm]).

The wavelength of the violet light is the
shortest, and the wavelength of the red light is
the longest. Calculate:

a)What is the frequency range of the visible
spectrum.

b) What is the amount of the photon’s energy
associated with the violet light, compared to the
photon energy of the red light.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 5
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Solution:

The frequency of violet light:

2 m
3- 108 —— 1
v, = s - —iec = 75104 —
Ao 04107 %m sec
The frequency of red light:
3108
C sec 14 1
py= o = 43010 —
Ao 074107 % m sec

The difference in frequencies:

1
Av=v - v = 75-10% - 43-10%=32-10M
SeC

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 6
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1

B, =5-10" P.goule

E =h-y = (6626-10" - 7-sec) -(?.5-1014-

1
sec

The energy of a red photon:

E, = 28510 B.goule

E. =h-¥ = (6626-10" - J-zec) -(4_3-1014-

The difference in energies between the violet photon and the red

photon is:
2.15*10°19 [J]

This example shows how much more energy the violet photon

have compared to the red photon.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com
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Calculate in units of Nanometer, the
wavelength of light emitted by the
transition from energy level E; to energy

level E, in which:

E, =0 [eV]
E, = 1.1 [eV]
E; = 3.5 [eV]
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Emission and Absorption of Radiation

Every system in nature "prefers" to be in the lowest energy
state. This state is called the Ground state.

When energy is applied to a system, The atoms in the material are
excited, and raised to a higher energy level.

(The terms "excited atoms", "excited states"”, and "excited
electrons" are used here with no distinction)

These electrons will remain in the excited state for a
certain period of time, and then will return to lower energy
states while emitting energy in the exact amount of the
difference between the energy levels (AE).

If this energy is transmitted as electromagnetic energy, it is called
photon.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 9
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Spontaneous Emission

The emission of the individual photon is random, being done
individually by each excited atom, with no relation to photons
emitted by other atoms.

When photons are randomly emitted from different atoms at
different times, the process is called Spontaneous Emission.
Since this emission is independent of external influence, there is
no preferred direction for different photons, and there is no
phase relation between photons emitted by different
atoms.

Spontaneous emission is one of a family of processes, called
relaxation processes, by which the excited atoms return to
equilibrium (ground state).

This "classic" explanation assumes that the specific frequencies
emitted by an excited atom are the same as the characteristic
frequencies of the atom, which means that the emission
spectrum is identical to the absorption spectrum.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 10
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Stimulated
Absaorption

Three possible
PrOCESSES
between
photons and
atoms

Spontaneous

Stimulated

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 1
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%hoton Absorption

Photon Absorption: A photon with frequency v, hits an atom at
rest (left), and excites it to higher energy level (E,) while the

photon is absorbed.

Initial Conditions Process Final Conditions
= g Electron E2
Incoming Phaton Photon Absorption
at Frequency V2 Electron L
— 5 —
4
Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 12
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Spontaneous Emission

Spontaneous emission of a photon: An atom in an excited
state (left) emits a photon with frequency v,, and goes to a lower

energy level (E,).

Initial Conditions Process Final Conditions

——a®——adE
Electron : Spontaneous Emission
Electron

E; . ————— |2

Ez

Qutgoing Photon
at Frequency V12

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 13
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Stimulated Emission

Stimulated emission of a photon: A photon with frequency v,,
hit an excited atom (left), and cause emission of two photons with

frequency v,, while the atom goes to a lower energy level (E,).

Initial Conditions Process Final Conditions

E Es
Electron Stimulated Emission

~.~¥( Two Outgoing Photons
Electron - \at Frequency 15

B

Incoming Photon
at Frequency 1y

E

14
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Stimulated Absorption

We saw that the process of photon

absorption by the atom is a process of ® = electron

raising the atom (electron) from a lower 1
energy level into a higher energy level

(excited state), by an amount of energy

which is equivalent to the energy of the

absorbed photon. —e—— 0

Stimulated Emission
The incoming photon is an
electromagnetic field which is oscillating —_—
in time and space. This field forces the
excited atom to oscillate with the same
frequency and phase as the applied force,
which means that the atom can not
oscillate freely, but is forced to oscillate
coherently with the incoming photon

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 15
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Remember that two photons with the same wavelength
(frequency) have the same energy:

E = hv = hc/A

The incoming photon does not change at all as a result of
the stimulated emission process.

As a result of the stimulated emission process, we have two
identical photons created from one photon and one excited
state. Thus we have amplification in the sense that the number
of photons has increased.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 16
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Average Lifetime

Atoms stay in an excited level only for a short time (about
10-8 [sec]), and then they return to a lower energy level by
spontaneous emission.

Every energy level has a characteristic average lifetime, which
is the average time the electron exists in the excited state before
making a spontaneous transition.

Thus, this is the time in which the excited atoms returned to a
lower energy level.

According to the quantum theory, the transition from one
energy level to another is described by statistical
probability.

The probability of transition from higher energy level to a
lower one is inversely proportional to the lifetime of the
higher energy level.

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 17
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When the transition probability is low for a specific transition, the
lifetime of this energy level is longer (about 103 sec), and this level
becomes a "meta-stable" level.

In this meta-stable level a large population of atoms can
assembled. As we shall see, this level can be a candidate for lasing
process.

When the population number of a higher energy level is bigger
than the population number of a lower energy level, a condition of
"population inversion" is established.

If a population inversion exists between two energy levels, the
probability is high that an incoming photon will stimulate an
excited atom to return to a lower state, while emitting another
photon of light. The probability for this process depend on the
match between the energy of the incoming photon and the energy
difference between these two levels

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 18
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Laser Physics

The Einstein Relation
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The Einstein Relation

25 Jand (g B3 ) pda g 1917 ale (b iyl alal) o Uil U 3

Electromagnetic Aswulaliie 5 ¢ 4 8Ual) Jolii L) )3 P (s
DA Ay cillead) A e dlldy Matter 33l ae Radiation
. R
Absorptlon process 2
Spontaneous Emission

Stimulated Emission
,Eomqwgﬁmu.bhjthu,w KABX N u.uu.u\ o)
¢ $a Lal Ground  State auly G2 By 48U (s giua o) Ea Ey
Balal) & Guaas ALt AN NN Excited State = i mb E, 48Ul
éJ\JAJ\Q‘}'YL}dHLA\ﬂng\JAJ\A.JJ‘éiAJQULH‘@MQH

.Thermal Equilibrium
gliy) g 34 Ao JUi) Lles JS il g 48Ul (o gna gria gy (AL JSAY)
bl g g<l)
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Einstein Coefficients (uiddy) Cdlalaa

Einstein Coefficients ¢:idiy cilalaa; A21 & B12 & B21 <dlalzal) i jal
Al iy g ¢ JUL) & gaa Adladial) e B B 8h Lt LAY A g

E2 -
B12 A21 B21
El v v
. Spontaneous Stimulated
Absorption Emission Emission

O G (laray gmidany CBlabaal) 0da Jay i i) cilBblal) Slauly & ghi
e Lgda JSI gl Janay g 5 palinna by gy Baball (b uaasd ABDEN Gy
Ca Jmalaa 43 payg ) =) Q\jﬁ\";\_‘hgﬁéi ) all da s gt

LAY Edlalaall Gilaa ¢Say ADEN i alaal)
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Population at thermal equilibrium

S gmaSla Aalaay ciua g (5 ) jadl @) ) die 48Ul cily giewa & il A 3w oy A8DMad) )
Maxwell- Boltzman Law (Abaay) a il glajil g

g _hv
Energyi N1 :_1N0e KT
Es Ns"':‘ 9o
E. g, Where T is the temperature

in Kelvin and there is a
thermal equilibrium at T, g is
. the statistical weight which
2_ represent the different ways

of distribution of atoms all
E+ NNEESS  ,. have the same energy
Population Number N (degeneracy).

E . [T
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Example:

Calculate the ratio of the population numbers (N1, N2) for the two
energy levels E2 and E1 when the material is at room temperature
(300°K), and the difference between the energy levels is 0.5 [eV].
What is the wavelength (A) of a photon which will be emitted in the
transition from E2 to E1? where kg = 1.38x102 J/K

Solution:
When substituting the numbers in the equation, we get:

I e (D.5-ev)-(16-10_19-%>
e
d (— 2 1)=exp— = 4 * 168

— = exp
N1 kB'T

J
(138-10_23-E>' {300K)

This means that at room temperature, for every 1,000,000,000
atoms at the ground level (E1), there are 4 atoms in the excited
state (E2) !

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 5
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To calculate the wavelength:

m

(6.626-107 *-J-sec) -(3.108- )
Sed

- = 248+ um

AE ( _ o )
{05-e¥W) - 1L6-10 D=
=53

me@

M

This wavelength is in the Near Infra-Red (NIR)
spectrum.
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The Rate Equations for the Absorption, Spontaneous
Emission and Stimulated Emission

AVl Oldosll o ados JS il auwlyd al>soll 04D 59 podiw
E, ,UoJl a8UaJl Sgiswo N8 N; Ol slagi ju2i Jase e M
Uo acgoxoe Uoitiaw | dN,/dt S)Idl UlEYl Al> 9 cUdg

Ey, E; aslbll ugiao e acjgo wiyMl

E1l —
BO1 A10 B10
EO \ 4 \ 4
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Spontaneous Emission (=ialill Szl

lee @l LalS Ny 20330 LalS (i By (s sienal) daad o AIBHY Slagd¥) dples aaind
Ggaa Adlaial o gy o3 A dalaall o QY 138 daey IS g o ALY ElaY)
Lals Y by a3l dgaadlly By (s ganall Sland (B 50l) Jira (08 L ARIY SlayiV)

1A Addleadly dll oo maadll (Sayg N, cunali LalS i) Jara )

E1l —
dNJdt=-A N, (1)
BO1 Al10 B10
EO v v
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Stimulated Absorption gelaia¥!

Alee @l lalS N )1 LalS ) By gsimall daai o (abaied) doles adiad
lee &igaa llaial PR PR\ 301 Jalaal) Jo JUEEY) 138 dainy IS g aliaial)
35 LalS Y e gally a3l Apanlly By (s sienal) Sl (B ) Jara Sy gabuaial)
st Bl g3 (ygigh A0 1)) Gt Galalied) dles O g N, 1) LalS i) Jana
Ol ¢l Eg 3 By Cmgianall (o 4Bl (354

v=(AE) = E,-E,
gludy) BUS, gde i LI Galaia¥) Al 8 AGLud) Aslaal) (3835 s2a 08 pailly
sa s Ay Energy density of radiation sl 8 ais p Dlaly
v a0 s cligigh 3 ga g Aullaial
240l Aslaally B, (s siesal) aai i o aluaial) dyles il i) oSy

dN,/dt = + By, N, p (v) (2)
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Stimulated Emission Ataiuwy) &ila)

Alee @) LalS Ny 3230 WS ) Ey (g gianall St o Alaiul) Slaad¥) dgles dalas
dagaa Adlatial P (élm BIO dalaal) Jo i JaA aalay SlIXS g céﬁ;ﬁu\ﬂ Elasy)
lladly il Lty By s gaall a3 (8 pdil) Jama (5% (Alaiul) Sl 4l
AN Gl Gl Sl Alee of uag Ny B LalS il Jama 315 LS oY
Ol 61 Eg 9 By Omsiaall G ABUal) (58 (g ghuss A8l 53 (5558

v=(AE) = E,-E,
LU e ol L Alaiuy) Gl Llee 8 AGLA) Aslaadl (3825 530 oo paailly

ks Energy density of radiation 22 8 adieS p QA plady)
v a5 die cligigh dga g Allaial e

40U Aataally E, simall dani pad o Alaia) Slagdy) didee AU el oang

dN,/dt =-B,;o N, p(v) 3)
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Jelili o DA (e oSa A Adlaal) c¥lal) Jia S ARlud) AN cyslaal)
Ol T 5ha 4oy sie @lhall ¥ Ul LBy Salal) )l ga ruliliing <)) ¢ lady)
of ¢l el o< By Aol g5t & Ny Cbll) s

N, = Constant & dN,/dt = zero
Therefore

dN; fdt =1 - A0 Ny H Boi No p (\'j ‘ Big N1 p (V) ‘= 0

Hence
Ni(-A0- Bio p(v)) + BoaNo p(v) = 0

Ni(Ai0 + Bio p(V)) = BoaNo p (V)
we get

N, _ By o(v) 4
No  Ap+Byo(v) “)
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Llalea (b 13gd g (5 ) @) 3541 Ja i cans LgBUETEN a5 5 aY) DN e alaall o uag

Adiata e il gy o gesSla
ﬁ _9% ef% (5) Ny = Bup(v) (4
N, 0o No Ay+Bypo()

AUl Aslaall o Juaad (5) Aslaally (4) Uslaal) 4 jliay g

h
gl e_r; — BOlp (V) (5)*
9o A +Byo(v)
(AL Glay) Alas il Jlaa) (Sas Ui 9 8 S ¢ 685 plady) ABUS Gl Adlad) B ) jad) il 3 Ais
Sl Ay sy S Y g G

When KT>>hv we get g,/9,=N;/N, hence,

Bu_ 0 ©)
BlO gO
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i 9 *% — Boo(v)
- () we get Jdo ~ T Ag+Bypo(v)

hu hu
51, K4, + 51, K Bop®)= p(u)
Eo £Eo

B, &
e N g
Sl ¢ T B p(0)=— B,p®)
gn gn gl:l

we get )

hu

_hu )
e 4, = By p(v) [1— e n]
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kv
pw)|1-¢ % |

By, e_%

hu
A T _
— = U e~ -1
B, pv) ( )

A 1
p)= Pt ——
S e Tl @)

Equation (7) called Einstein equation for black body radiation
From the Blank equation of black body radiation

8rhov’ 1 3
s |A _ 8zhv

P (U) = 3 )
& 3
B,

I} 9
(P (9)

(8)
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The equation (6) and (9) are called Einstein relations. The
second relation enables us to evaluate the ratio of the rate
of spontaneous emission to the rate of stimulated emission
for a given pair of energy levels.

BlO 90 BlO C s

B _ O Ao _8ahv°

Einstein Coefficients ¢pidd) cSlalaa

Dr. Hazem Falah Sakeek www.physicsacademy.org & www.hazemsakeek.com 15
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8xhv?
p)= 3

To evaluate the ratio between the spontaneous emission and the stimulated
emission

Ay 1
v)= ——
p(v) By R

The ratio for the spontaneous emission to the stimulated
emission can be written as

Ay 1
By, p(v)
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Example

Calculate the ratio of spontaneous emission to stimulated emission for a
tungsten filament operating at a temperature of 2000K taking the average
frequency to be 5x1014Hz.

Solution
The ratio R = exp[(6.6x1034*¥4x1014)/(1.38x10-23*2000)]
glady) S Jlaa)
R = 1.5x10°

This confirms that under normal condition of thermal equilibrium
stimulated emission is not an important process.

spontaneous  sixloc Lusls stimulated emission adeac ol guiws (§ow low
stimulated emission alwlg) sig-» &l 1S5 (si>g absorption g emission
o3V Guideel) duusll ddosdl 048 Jasoe 3 Ul sy aild

Lo l3dg E1 Sgiwnl slasig glewVl adls 65U wse b &S s8=iy (sui>g
.Population Inversion - ,s
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Laser Physics

Width and Shape of Spectral lines

skl i) (S g £l
Lecture 6
:‘\\\\‘\IWL /‘&‘ iﬂtinuum Spect:rum
=\ A 3 : :
Ermission Line S pectrum
Hot Gas

% A -I_ Dr. Hazem Falah Sakeek

www.hazemsakeek.com
Cold Gas Absorption Line Spectrum www. h SiCSGCGde .or
S\.hb@ & /ﬁ. : ; phy: y.org

2
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Width and Shape of Spectral lines

&>g0Jl Jlg bV 3> Sglaws 35350 duxgo Jlg bl aic 8slodl JIs 5l Agi
glamoVl 3 pwyi iyl by s Jiods .85Lall (o dissied] casdall bghs)
ws=gall Johll of 33,1l (50 &1S 8slall o Camuinll (sumabligog pSI

Emission line is described by plotting spontaneous emission
radiation intensity as a function of frequency (or wavelength), for
the specific lasing transition.

989 Ju>g 33,5 e baad 55, 8,kodl 8,0l (o Caziell wapdall Ol laylw Lol
Resonance Frequency (scay Sillg 1,

88 3 >9 55,5 e Ubaxi V wlewVlg LolaioVl udoc U dss=ll 9 Sy
liag Av el b =)l (w8 g Ll JSis sl wiss, il o @3> e Sy
a,S 1w Jolgell o Sl (sde doue, emission line wsaudall bzl (8 g LoV

b0zl 04s M Juasdl
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Monochromatic ¢sil salaf laass Jsaial)

pt) MiS9 (A dlaa (g dj.hg_\afuﬂ\ anui@mug ks
94l Johall pea Al (pagiacall Euanial) cholal) B B sl iada
5 el JSA) (8 LaS spectral line skl Bally Cijay i il
G Ay A doase el e AadY) ad of Gua el il

- Sa
"Cne Color " in Reality "One Color"in Theory
5 oy
EE & E
£ A g
-

-
M A M A

Width of spectral line (laser radiation) in Theory and in Reality
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Gaiall Ciulal) 308 cpw ABlal) Jia vie Gl dddal) B L
AN 8)sha (e gl ulal) oAl (o Bad5 agall Jghallg
Ay s dad ehc\ GsS duan spectral width = g
JEAl B LS A s Byglaall Lagall Jghl) e (aBling
gl JSEY e ) cilal) e

"Cne Color " in Reality "One Color"in Theory

Intensity
Radiation
Intensity

Al

R adiation

-
A

=¥

A
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addiciun (Sl (3 dall Ga agaal) aladiu) (e Al WA elud) g JS& e pailly
Full Width at Half (i 4l ciuaiia aic plu¥) a5 le sl iSY) 45, )
1l JSa) B S FWHM = Jlaid) i Al g Maximum

Power

Maximum
Linewidth

Half at Half-Maximum

y Vo Vo v
Central Frequency
Frequency

FWHM = Full Width at Half Maximum
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Broadening the of emission line

Certain mechanisms are responsible for broadening the
linewidth of a laser:

e Natural Broadening (Lifetime Broadening)
e Doppler Broadening
e Collision Broadening (Pressure Broadening)

ulal) Bdl) g L) e 0l maiagid Jradilly Jale IS Aty aghi
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Natural Broadening (Lifetime Broadening)

Lad of (of Lol sala el Lo Lilelas A1 (0,1) 48Ul cliginn ob Ualu st
Coii T ga @Bl (S8 13y lagia JUUAE = 0 b (Glow (LAY) daaiadll
A G A O o By gtaal) ) 50a 530 olb dal Taa e of dua dil

.ﬁm‘éwalﬁm&\gpﬁ.gmgAw\ O5S Aa

Heisenberg uncertainty principle:
AE X At > h
AE = h x Av

Av > 1/ At

Numerical examples:

At = 108 [s] — Av =108 [HZ]

At =10%[s] — Av=10*[Hz]
The longer the specific energy level transition lifetime, the
narrower its linewidth Av .

Dr. Hazem Falah Sakeek  www.physicsacademy.org & www.hazemsakeek.com 7
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Glkis Ground level Bl i ) s giwall ) g2 S Ba2sa

= Spontanegus ~ Power Fluorescence
Emission Line-shape

iy

En ——— } .
v :i v
0~ %y Frequency

Emission line between narrow (ideal) energy levels
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8)lia 5)M) ola aganall jeally Lid) fase Bl 13a o caliilly
La sl dlatialy 5058 ) oy g bl Led A8Ual) ey ginna o ki
v JLE) Ldlaia) glb dlidly cruagall JSall b LS vy 33 sie oSa
Laja (st Ciatin B i) ajsi Adlaial (Y vy, Aullaial ¢ J8)

WS La S| 48Ut
=———— Power Flucrescence
}E"" Line-shape
mé.’: -
LN
P
En
:} =5 v
075 Frequency

Emission line between wide (real) energy levels

Dr. Hazem Falah Sakeek  www.physicsacademy.org & www.hazemsakeek.com 9

Physics Academy
Gl B il ubieS 4Bl (ggiwal Average life time T Ggiwall s bugia 1L
{ At

@siwal - Natural Broadening skl glud¥) 4o ikl bill gludl paii oSag
A‘v 1 y 00 Lalealls T 48U
=

27,

Where as Av; = 0 for the ground state since t,=cc. The upper state (excited
state) have life time in the range of 106-109 sec.

In the case of both levels involving the transition are broadened then the
line width is given by

Av,, =Av, +Av,
The life time of an excited state is the inverse of the spontaneous emission

probability (A,,) 1
T=—"0
An
In general case 1
=
2 Ay
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The shape of spectral line due to the natural
broadening is given by the line shape function g(v)

AUH 1
27 (v-v,)" +(Au,[2)*

g(L) =

Lo 55,5 e JawVl Gga> adlois| obsi @ls (V)
ol sl g Ll (woawin adlois W (solasll dosill wuoiio & AV

Dr. Hazem Falah Sakeek  www.physicsacademy.org & www.hazemsakeek.com 1
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Summary
Natural Broadening

Dr. Hazem Falah Sakeek

Width of spectral line due
to natural broadening

Shape of spectral line due
to natural broadening

1

27T,

Av; =

Av, 1

8)= 27 (v-0,)" +(Av, [2)°

Lorentzian function
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Examples

For Sodium

1 1
T, = 16ns  then Av;=

27t 27x16x10°

=10MHz

For Ruby T,,=3x103sec (metastable state)
1 1

Av,=——= — —53Hz
2rr,  27x3x10
For Semiconductor T,,=10%sec
Av, =100MHz
Dr. Hazem Falah Sakeek  www.physicsacademy.org & www.hazemsakeek.com 13
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Laser Physics

Width and Shape of Spectral lines
(iahall Jadl) J<& g £ L)
Lecture 7
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Broadening the of emission line

Certain mechanisms are responsible for broadening the
linewidth of a laser:

eNatural Broadening (Lifetime Broadening)
Doppler Broadening
«Collision Broadening (Pressure Broadening)

bl o) Ll (1o 05 racagil il Jals S Ay gt
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Doppler Broadening

bl bl gluil sde a8Uall Glginun) 39ax0)l yo2dl juil low)s

wde Jbgd 6,0W il awl)l UVl peii VBewg (Natural Broadening
Sl sl g Lul

&S ol @swis wlited] 53,01 b a2 D , > 6,0 Ul plsi LaS
590 SAJ Aomuni WSidl Ggadl Joo cdlrally yamtod] Gamt Gamaniid|
90 oLzl Haaodl Uy oried (W il & puo Slew| 6)luw
Of ydawll Aziv boaicg S50 Il o)l abuwlgs gwliodl 55,1 UL b
aJl> 9 Haaoll 35,5 yo J8I ywlaodl 55,3 puay ol Ll ol

U9Sw

W g8g0)l (sle b,0Lealb iawl Hb> 6,0 sg.aioll ppi)

http://www com/Physics Lectures/ i 1ysics/ i lectures/medical lectures 5d.htm
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Ul > Sablisog St waubl) &cll Ol)dl Jbs 6,8l Gaxi
Old ligly wigall GlauVl Wil 6 0imme aS,> aAl> o Wi
Wow (Spectrometer Wlbwll) Wls>,dl i iy S Sl 0ll
Olbwoll Go A iine OLUI 6lS 3] b s> aalisio IS0 Gaaiy

.Blbwll ;& dAmino 9l

| DETECTOR v NN Vvg  Atrestwith
resonance freq w,

QiU Oyl Qpaiid] Ac ] sde Aoisi &wlioll Wlssilly
radWI L @sles o\ LS Bllaol

V
V=V, 1+— | classical Doppler Effect
C
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515 Lpile ) v de Ol o acgoxo Yu jarosd] Sy
wlics Lpio auisaiodl Wl il U Lpic juw S\ Acgozo watlis|
=09 Ol ] BMsY dsnis WIsd il junoi gaboicuni WL
o0 acgoo Jl 8,5 slowl adloix] UL Wil ol &yl
w0 Lol -Sou v to vH+dV Saoll 9 jaii lpic juw Wl
1o s Vbojilgs Jgauslo guigi

dN_(
N

27KT

1/2 mv2
M —1/2——
e K dv

Sawoll (9 asdly b,iJl Ay UeSi Ul adloix| UL WU
g(v)dv alJb e il Soy v to v+dv
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2
_1/oMV_
kT dv

(*)

where dN the total number of atoms have velocity in the range v to

v+dv

N the total number of the atoms
M the mass of the atom
T the temperature in Kelvin at thermal equilibrium

Iaaing ()98 g 2 91 AUl o glace G JUEEDU Ais 5,41 (e Aaial) claa ) o) duag
A il o s Aalea PBA e 341 Ao o

atﬂb/////z

v
v=v|1lt—
©

M

alsleoll 5\ yaugsill ldg v 55,illg V ac juudl w a9Me SLul VI pgsiaw

1o Les (%)
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Example

For Infrared A=10.6pym in CO, laser [m=44, T=300k]

Av, =60MHz

_ ZAv

A, =0.2R Mo =—C

For visible A=6328&8 [m=20, T=400k]

Av, =1500MHz
A4, =0.02R

Dr. Hazem Falah Sakeek  www.physicsacademy.org & www.hazemsakeek.com 13
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For vacuum UV A=1216A

AVD =55GHz AVnatural =10MHz
AAy =0.03A
Avpav,
Avyo——
D
A/m
AvpoNT
Dr. Hazem Falah Sakeek  www.physicsacademy.org & www.hazemsakeek.com 14
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Pressure Broadening (Collision Broadening)

Ol s 0,0l wlosladl (¢ puw
Lo (suwubligog,pSIl ¢ lewW aicll
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00 Sy S| Wlosladl G ol LSy Ul 98 @sleoll oig) awlwl b uinllg
Ul Sl auusi poladdl o)
Tc >> tc

where Tc is the time between collisions
tc is the time of collision

Av is the spectral line broadening due to the natural lifetime and
the collision process, therefore

1
AR T )
2 x

Collizion rate
when 2vgy >> A+A
coll 1 2 Fareach
atomic wave
function is
Vcoll - -
Av — interrupte
by vegn
T i
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Homogenous & Non-homogeneous
Broadening

owliodl gluwVU vld,ey uece ol gLVl pousy
Homogenous Broadening

Life time Broadening & Pressure e goldl g LusVl Jio
Broadening
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Laser Physics

Absorption and Small Signal
Gain Coefficient

Lol Adatas
Lecture 8
(7 Excited atom
@ Ground atom
O. ppeep— ‘j@: - Dr. Hazem Falah Sakeek
_ X - www.hazemsakeek.com
seE Qﬂg e %&: www.physicsacademy.org

rStmquphl U

Rear Output mitrar
{Tatally reflecting) (Partially reflecting)

R hdarm photon:

ALASER BYSTEM
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HeNe Laser in Action
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HeNe Laser tube
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Absorption of electromagnetic Radiation

photon Ugigd Lolainl dadoc Ul Lwle ailudl Wlnolxell Lo
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I =1, exp(-ax) [
I, = Intensity of incoming radiation. - —
———'I ¢ a 1
0

o = Absorption coefficient of the material.
=

/

It is common to use units of centimeter (102 [m]), to measure
the width of the material (x), so the units of the absorption
coefficient (o) are:

[cm1] =[1/cm].

ALY AadY) Sad il LS Salad) dlaw Ay WS o) miiied Aslaall o3a g
.8 transmitted
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Example: Absorption Coefficient (o)

Calculate the absorption coefficient (a) of materials which
transmit 50% of the intensity of the incident radiation on a 10
[mm] width, to the other side.

Solution
Using the exponential absorption law:

o =1/x * In(I,/I) = 1/1 * In(1/0.5) = 0.69 cm"!

Results from the exponential absorption law:

eFor every material, absorption depends on the width of the
material. The thicker the material, less radiation will be
transmitted through.

eFor a certain width (x) of the material, absorption depends only

on the absorption coefficient (o), which is characteristic of
each material.

Dr. Hazem Falah Sakeek 6
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Small Signal Gain Coefficient
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1.Absorption
2.
3.
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MIRROR 0 C SEMI-SILVERED MIRROR

Consider a collimated beam of light travelling in z-direction and passing
through an atomic gas, For simplicity assume that there is only a single
radiative transition, which occurs between two energy state E1 and E2
where E2 > E1. The incident light is monochromatic at the transition

frequency

v2; = (Ex-E;) / h
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The light beam is characterized by its irradiance, I,

I,=Cp(v)

Where IV is the irradiance (energy per unit area per sec)
C is the speed of light (m/sec)

p(v) s the energy density (J/m3)

The magnification of IV as it interacts with the atoms in
El & E2 along the z-direction is as follow:

Dr. Hazem Falah Sakeek 9
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AL, = + N,*Az*1 (I /C) B,; g(v) * hv Stimulated emission

- N;*Az*1 (I1,/C) By, g(v) * hv Absorption
+ N,*Az*1 A, g(v) * hv Spontaneous emission

A 3 ) gually Udleal) arand (Say

AI dl
o —E——(BWIV —-B,N))g(Wv)I,6 +hvd, N,g(v)
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Cross-section for stimulated emission
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AN =N-52 N,
&1

Example
To build a laser of magnification of 0.1cm- and If it's stimulated

emission cross section is 104cm?2.

Then we need population difference AN=103cm-3
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ain and Gain coefficient

9 puSil Joolroy WO 2y, adlilg Gain ,usWl pawl B, G AlAI
AQwl Al 55,31 e aoisi G Al (SJg 55l e Ulasisy gl

vl G
//
() =Cg(v) s
j G W L \
G(v)=¢e o)l = @ Cg(v) [ =5
i Gw)
J
Dr. Hazem Fal%h Sakeek 17

Physics Academy

Laser Amplifier
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This is the condition for the oscillator to become amplifier. i.e. the

Gain for single round tripis> 1
The gain is given by the function

G(v) =™

Substitute for G in equation ** we get

RR &7 =1
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Divide both equations we get
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For homogenous broadening g(v) is given by

Av
27[(v—v,)* +(Av/2)*]

gv)=

V =
gw,) A

Substitute for g(v) and g(v,) in equation *** we get

g0 | L
gv,)

v,V =y, v,)

(Av/2)’
(v—v,)* +(Av/2)?

7. =r,v,)
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Laser Modes ! Jalail
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transverse modes iapical) LSy modes

Longitudinal modes only specific frequencies are possible inside the optical
cavity of a laser, according to standing wave condition.

Transverse modes are created in cross section of the beam, perpendicular
to the optical axis of the laser.

Mirror Mirror
(100 Energy supply sermitransparent

ﬂ ﬂ 11 I

’\/’

Resonator
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Longitudinal modes (Axial Modes)

Using Fabry-Perot interferometer one can observe that the
output of the laser beam consists of a nhumber of discrete
frequency components. These modes are known as
longitudinal modes or axial modes. These modes are
created inside the optical resonator between the two
mirrors.

Aghga gl 058 M) g Bl ol 0 B o cudd) ¢
QoS Abgigall zla) of alai LSy .ol o standing wave
P OneaSlaia Cpalad) B Oty a3l (el lagd (nfage AN dag
lal) b el Sl glga¥) oda o JlaSy . el G Adlsal)

Dr. Hazem Falah Sakeek 3

Physics Academy

Standing waves in a laser

In a laser an optical cavity is created by two mirrors at both ends
of the laser.

These mirrors serve two goals:

1. They increase the length of the active medium, by making
the beam pass through it many times.

2. They determine the boundary conditions for the
electromagnetic fields inside the laser cavity.

The axis connecting the centers of these mirrors and
perpendicular to them is called Optical Axis of the laser. The
laser beam is ejected out of the laser in the direction of the
optical axis.

An electromagnetic wave which move inside the laser cavity from

right to left, is reflected by the left mirror, and move to the
right until it is reflected from the right mirror, and so on.

Dr. Hazem Falah Sakeek 4
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Conditions for Standing Waves

Two waves of the same frequency and amplitude are moving in
opposite directions, which is the condition for creating a standing
wave.

standing waves, must fulfill the condition:

L=qA,/2
L = Length of the optical cavity.
q = Number of the mode, which is equal to the number of half
wavelengths inside the optical cavity. The first mode contains
half a wavelength, the second mode 2 halves (one) wavelength.
A, = Wavelength of mode m inside the laser cavity.

In fact the number of modes (q) in most laser is very large. For
Example if the central wavelength is 500nm and the mirror
separation is 25cm , q has a value of 1000000, since q can be any
integer, there are many possible wavelengths within the laser
transition shape.

Dr. Hazem Falah Sakeek 5
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Example: The length of an optical cavity is 25 cm. Calculate the
frequencies v, and wavelengths ) of the following modes:

1. q=1
2. q=10
3. q=100
1 =6%108 [H
;\1=2.0'25=0_5 vy [Hz]
1
Radio Wave
2 0.25 =6%10° [Hz]
Mo=2——=0.05 "2
10 L
Short Wave Communication
3 025 . =6*101° [Hz]
Mop=t—m=510" v
100 )
Microwaves
4 025 . =6%1014 [Hz]
A, 6=2——=0510"° va
10 -7
10 Green Color
Dr. Hazem Falah Sakeek 6
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The separation between axial modes

If the First mode is q
Then
L=qxr,/ 2

If the Second mode is q+1
Then
L=(q+1) A,/ 2
It is more convenient to refer to the axial modes by their frequency

,oC_,C
?_"__ AT
A, 2L
C &
Vo=—=(@+)—
= Aa 2L
C
1V, =—(g+1-9) =27
Dr. Hazem Falah Sakeek 7
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The separation between neighboring frequencies is equal to C/2L ie.
dependent only on the separation between mirrors and independent of q.

For L=25cm The separation between neighboring frequencies is 6x108sec1.

Loopt  Lengiudinal Distance
Gain Cavity Modes Gain Curve r/,-:‘-. m&ﬂn 1
PR AV =onr (o Mdacen
GL ME L | spgifudinal
/- Modes
Laser
E ] O e B o e e e T s el Sl
| hreshald
N Frequency V
Laser ¢ o .
Cutput I Longitudinal
Power oA o es
: i . Linewidth
; ; of One
\ | Langitudinal
i\ S g — Mode
iz Vma V' Vit Vinez Fraguency v
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It is clear that a single mode laser can be made by reducing the
length of the cavity, such that only one longitudinal mode will
remain under the fluorescence curve with G, >1.

byis Bue Baxi ol A o i Ol oSoy ol blell sac
agloll aabioll 9 2uoly 88 oS byLwsdl Seluw 9l o mST Aozl
oMel JSuidl o

aluosdl ixio W S Ul oSew Wl bleiVl sae e Jguoxl
C/2L yaboi G a9Luoll sJle Laser bandwidth puwii

The approximate number of possible laser modes is given by the

width of the Laser bandwidth divided by the distance between
adjacent modes:
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Example

The length of the optical cavity in He-Ne laser is 30 cm. The
emitted wavelength is 0.6328 um. Calculate:

1. The difference in frequency between adjacent longitudinal
modes.

2. The number of the emitted longitudinal mode at this
wavelength.

3. The laser frequency.

Dr. Hazem Falah Sakeek 1
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Solution

1. The equation for difference in frequency is the same as for the
basic mode:

(Av)=C/(2L)= 3*108 m/s/(2*0.3 m)=0.5*%10° Hz=0.5 GHz

2. From the equation for the wavelength of the q,, mode:
Aq=2L/q
q = 2L/ A, = 2¥0.3 [m]/0.6328*10¢ [m ] = 0.948*10°

which means that the laser operate at a frequency which is
almost a million times the basic frequency of the cavity.

Dr. Hazem Falah Sakeek 12
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3. The laser frequency can be calculated in two ways:

a) By multiplying the mode number from section 2 by the
basic mode frequency:

v = q*(Av) = (0.948%106)(0.5%10° Hz) = 4.74*104 Hz

b) By direct calculation:

v =c/A = 3*108 m/s/0.6328*10¢ m = 4.74*10'4 Hz

Dr. Hazem Falah Sakeek 13
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Example

The length of the optical cavity in He-Ne laser is 55cm. The Laser
bandwidth is 1.5 GHz. Find the approximate number of longitudinal laser
modes.

Solution
The distance between adjacent longitudinal modes is:

Av=c/(2L)= ( 3*10® m/s)/(2*0.55 m) =2.73*108 s= 0.273 GHz

The approximate number of longitudinal laser modes:

N =Laser bandwidth /Av = 1.5 GHz/0.273 GHz = 5.5~ 5

Dr. Hazem Falah Sakeek 14
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The importance of Longitudinal Optical
Modes at the Output of the Laser

The importance of Longitudinal modes of the laser is determined by the
specific application of the laser.

1. In most high power applications for material processing or medical
surgery, the laser is used as a mean for transferring the energy to
the target. Thus there is no importance for the longitudinal laser
modes.

2. In applications where interference of electromagnetic radiation is
important, such as holography or interferometric measurements, the
longitudinal modes are very important.

3. In spectroscopic and photochemical applications, a very defined
wavelength is required. This wavelength is achieved by operating
the laser in single mode, and than controlling the length of the
cavity, such that this mode will operate at exactly the required
wavelength. The structure of longitudinal laser modes is critical for
these applications.

4. When high power short pulses are needed, mode locking is used.
This process causes constructive interference between all the modes
inside the laser cavity. The structure of longitudinal laser modes is
important for these applications.

Dr. Hazem Falah Sakeek 15

Physics Academy

Transverse modes
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Thermal Equilibrium

From thermodynamics we know that a collection of atoms, at a
temperature T [°K], in thermodynamic equilibrium with its surrounding, is
distributed so that at each energy level there is on the average a certain
number of atoms.

The number of atoms (N,) at specific energy level (E;) is called Population
Number.

Dr. Hazem Falah Sakeek 2



2015-09-12

Physics Academy

The Boltzmann equation determines the relation between the population
number of a specific energy level and the temperature:

N; = const * exp (-E;/kT)

N; = Population Number = number of atoms per unit volume at certain
energy level E,.

k = Boltzmann constant: k = 1.38*1023 [Joule/°K].
E; = Energy of level i. We assume that E;> E, .

Const = proportionality constant. It is not important when we consider
population of one level compared to the population of another level.

T = Temperature in degrees Kelvin [°K] (Absolute Temperature).

Dr. Hazem Falah Sakeek 3
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The Boltzmann equation shows the dependence of the population number (N;) on
the energy level (E;) at a temperature T.

From this equation we see that:
1. The higher the temperature, the higher the population number.
2. The higher the energy level, the lower the population number.

Sl o)
dat) Blall Ay Bl ) Gsiwall G allll IS g8 Aaddial Blall alap s
sie laay) Glajile Jipusle O gildl pald 13ag o) ABls il giual CLA) U cpadl jdigal)
@l )

_e

Temperature Increase
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Relative Population (N,/N,)
The relative population (N,/N,) of two energy levels E, compared to E,

is:
N,/N, = const* exp (-E,/kT)/ const* exp (-E,/kT)

N,/N, = exp(-(E,-E,)/KT)

The proportionality constant (const) is canceled by division of the two
population numbers.

Conclusions:

1. The relation between two population numbers (N,/N,) does not depend
on the values of the energy levels E, and E,, but only on the difference
between them: E,- E;.

2. For a certain energy difference, the higher the temperature, the bigger
the relative population.

Dr. Hazem Falah Sakeek 5
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The Figure below shows the population of each energy level at
thermal equilibrium.

Energy
Es

E.
Es

b
Mg
P
Mg
£ ..

Ey
Population Number N

Population Numbers at "Normal Population"
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Example
Calculate the ratio of the population numbers (N,, N,) for the two energy
levels E, and E, when the material is at room temperature (300°K), and
the difference between the energy levels is 0.5 [eV]. What is the
wavelength (1) of a photon which will be emitted in the transition from E,
to E,?

Solution
When substituting the numbers in the equation, we get:

(0.5-eV) - 16-107 1. L
N, _Ez - B . eV
VT p

w TP J
! B (1.38-10_23-E)- (300K )

=4 *10"°

Bl goiwa A ANl 09 BN ha Aaps ve 4l W ouly Lol o (e
Mk @)l 4 g Grimall b Jamil a8 533 Ogala il aY)
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To calculate the wavelength:

m
(6.626-107 - T-zec) -(3.108- )

h-c Sec
M= = = 2.48-um

AE ( 15 J)
{05-e¥W) -] 16-10 —
eV

This wavelength is in the Near Infra-Red (NIR) spectrum.

Dr. Hazem Falah Sakeek 8
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Population Inversion

We saw that in a thermal equilibrium Bolzman equation shows us that :
N,>N,> N,
Thus, the population numbers of higher energy levels are smaller than

the population numbers of lower ones.

This situation is called "Normal Population”. In a situation of normal
population a photon impinging on the material will be absorbed, and raise
an atom to a higher level.

By putting energy into a system of atoms, we can achieve a situation of
"Population Inversion". In population inversion, at least one of the higher

energy levels has more atoms than a lower energy level.

Dr. Hazem Falah Sakeek 9
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An example is described in the Figure. In this situation
there are more atoms (N,) in an higher energy level (E;),
than the number of atoms (N,) in a lower energy level (E,).

a) Momal Population b Population Inversion

{Themal Equillibrium)

Energy
M : E:| E; 8-9-2-0-% M
M b E; | E; g M
Ny ~o-8-8-6-6-0-8-0-6808—F, | £, % 46806 N,

My Ny =Ny Mg =My

"Normal Population" compared to "Population Inversion".

The process of raising the number of excited atoms is

called "Pumping".
| —
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Three Level Laser

A schematic energy level diagram of a laser with three energy
levels is the figure below.

The two energy levels between which lasing occur are: the lower
laser energy level (E,), and the upper laser energy level (E,).

Fast Transition (Decay)

E:
Emitted Photon
Knityn 3(t) ——
o Stimulated
=y Emission _
2 (Laser Ermitted Photon
w Radiation)
¥ar M2
Spontaneous
Kty N4(t)
Absorption Emission

Population Mumber M
Energy level diagram in a three level laser
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To achieve lasing, energy must be pumped into the system to create
population inversion. So that more atoms will be in energy level E, than in
the ground level (E,).

Atoms are pumped from the ground state (E,) to energy level E;. They
stay there for an average time of 108 [sec], and decay (usually with a
non-radiative transition) to the meta-stable energy level E,.

Since the lifetime of the meta-stable energy level (E,) is relatively long
(of the order of 10-3 [sec], many atoms remain in this level.

If the pumping is strong enough, then after pumping more than 50% of
the atoms will be in energy level E,, a population inversion exists, and
lasing can occur.

Question
The condition of high pumping, limits the operation of a three level laser to
pulsed operation. Why is continuous operation impossible in a three level

laser?

Dr. Hazem Falah Sakeek 12
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Four Level Laser

The schematic energy level diagram of a four level laser is shown in the figure
below.

Compared to the equivalent diagram of a three level laser, there is an extra energy
level above the ground state. This extra energy level has a very short lifetime.

X
Ea : ]
\:ast Transition (Decay)
Ej Nz (T)
KAL) N (D)
Ahsorptian )
% Emitted Photon
g o
o Fump KRt 3(t)
Stimulated
Ermnission
(Laser Radiation)
E;

Population Number N

Energy level diagram in a four level laser
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The pumping operation of a four level laser is similar to the pumping of a
three level laser. This is done by a rapid population of the upper laser
level (E;), through the higher energy level (E,).

The advantage of the four level laser is the low population of the lower
laser energy level (E,).

To create population inversion, there is no need to pump more than 50%
of the atoms to the upper laser level.

The population of the lower laser level (N,(t)) is decaying rapidly to the
ground state, so practically it is empty. Thus, a continuous operation of
the four level laser is possible even if 99% of the atoms remain in the
ground state (!)

Dr. Hazem Falah Sakeek 14
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Advantages of four level lasers Compared to three level lasers:
*The lasing threshold of a four level laser is lower.

*The efficiency is higher.

*Required pumping rate is lower.

«Continuous operation is possible.

Summary
In athree level laser the lower laser level is the ground state.
In a four level laser the lower laser level is above the ground state.

Dr. Hazem Falah Sakeek 15
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Round trip gain with losses
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S S e B palaall 030 B 500 JS (B 5 ludd) e Sl JBY) Ll a8
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The total losses of the laser system is due to a number of
different processes these are:

Transmission at the mirrors

Absorption and scattering by the mirrors
Absorption in the laser medium
Diffraction losses at the mirrors

I I

All these losses will contribute to reduce the effective gain
coefficient to (y,- k)

Dr. Hazem Falah Sakeek
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Round trip Gain (G)

Figure below show the round trip path of the radiation through
the laser cavity. The path is divided to sections numbered by 1-5,

while point “5” is the same point as “1”.

, Start _
“r,@.. ..........g.,.....‘..‘..,.,,..-............,.........@.@...tl Output
- T Laser
\"@- 1 Beam
b L
i e
Rear Mirror (Ry) é)utplut
oupler

{100% Reflacting)
Round trip path of the radiation through the laser cavity.

By definition, Round trip Gain is given by:
G=1I/1,
G = Round trip Gain.
I, = Intensity of radiation at the beginning of the loop.
I = Intensity of radiation at the end of the loop.

Dr. Hazem Falah Sakeek
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Gain (G) Without Losses

From lecture (9) we found that the intensity after one round trip

is given by the equation

I, = R, * R,* G2* I,

Dr. Hazem Falah Sakeek
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Gain (G) With Losses

We assume that the losses occur uniformly along the length of the cavity
(L). In analogy to the Lambert formula for losses, we define loss
coefficient (o), and using it we can define absorption factor k:

k = e(-20L)

k = Loss factor, describe the relative part of the radiation that remain in

the cavity after all the losses in a round trip loop inside the cavi

All the losses in a round trip loop inside the cavity are 1-k (always less
than 1).

o = Loss coefficient (in units of 1 over length).
2L = Path Length, which is twice the length of the cavity.

Dr. Hazem Falah Sakeek 5
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Adding the loss factor (k) to the equation of L:
I, = R* Ry* G2 *¥I,* k

From this we can calculate the round trip gain:

G =I/I, =R, * R,*G,2 * k

As we assumed uniform distribution of the loss coefficient (o), we
now define gain coefficient (y), and assume active medium gain
(G,) as distributed uniformly along the length of the cavity.

GA = @ (+11)

Substituting the last equation in the Loop Gain: k = exp(-20L)
G = Ry * Ry* exp(2(y-a)L)

Dr. Hazem Falah Sakeek 6
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G = R, * R,* exp(2(y-a)L)

When the loop gain (G) is greater than 1 (G > 1), the beam intensity will
increase after one return pass through the laser.

When the loop gain (G) is less than 1 (G < 1), the beam intensity will
decrease after one return pass through the laser. laser oscillation decay,
and no beam will be emitted.

Conclusion:

There is a threshold condition for amplification, in order to create
oscillation inside the laser.

This Threshold Gain is marked with index “th”. Gth =1
For continuous laser , the threshold condition is:

Gy, = 1 =R, R, G2k = R * R,* exp(2(y-a)L)

Dr. Hazem Falah Sakeek 7
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Example

Active medium gain in a laser is 1.05. Reflection coefficients of
the mirrors are: 0.999, and 0.95. Length of the laser is
30cm. Loss coefficient is: o = 1.34*104 cm™1.

Calculate:
1. The loss factor k.

2. The round trip gain G.
3. The gain coefficient (y).

Dr. Hazem Falah Sakeek 8
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Solution

1. The loss factor k:
k = exp(-20L) = exp[-2(1.34*%104)*30] = 0.992

2. The Loop gain G:
G = R;R,G,%k = 0.999*0.95%1.052*0.992 = 1.038
Since G, > 1, this laser operates above threshold.

3. The gain coefficient (y):

G, = exp(yL)
LnG, =L

y=Ln G,/L = In(1.05)/30 = 1.63*10-3 [cm"!]

The gain coefficient (y) is greater than the loss coefficient (o), as
expected.

Dr. Hazem Falah Sakeek
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Example

Helium Neon laser operates in threshold condition. Reflection
coefficients of the mirrors are: 0.999, and 0.97. Length of the
laser is 50 cm. Active medium gain is 1.02.

Calculate:

1. The loss factor k.
2. The loss coefficient o.

Dr. Hazem Falah Sakeek 10
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Solution

Since the laser operates in threshold condition, G, = 1.
Using this value in the round trip gain:

Gy, = 1 = R;R,G, %k
1. The loss factor k:
k =1/(R,R,G,?) =1/(0.999*%0.97*1.022) = 0.9919
As expected, k < 1.

2. The loss coefficient (a) is calculated from the loss factor:
k = exp(-2alL)
Ink = -2alL
o = Ink/(-2L) = In(0.9919)/(-100) = 8.13*105 [cm™]

Attention:

If the loss factor was less than 0.9919, then G < 1, and the
oscillation condition was not fulfilled.

Dr. Hazem Falah Sakeek 11
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Example

Reflection coefficients of the mirrors are: 0.999,
and 0.95. All the losses in round trip are 0.6%.

Calculate the active medium gain.

Dr. Hazem Falah Sakeek 12
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Solution

For finding the active medium gain G,, the loss factor (k) must be
found.

All the losses are 1-k.

1-k = 0.006
k = 0.994

Using this value in the threshold loop gain:
Gy, =1 = R,R,G2k
(Gp)u, = 1/sqrt( R,R,k) = 1/sqrt(0.999*0.95*%0.994) = 1.03

The active medium gain must be at least 1.03 for creating
continuous output from this laser.

Dr. Hazem Falah Sakeek 13
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Summary

G = round trip Gain, determines if the output power of the laser
will increase, decrease, or remain constant. It include all the
losses and amplifications that the beam have in a complete round
trip through the laser.

G, = R,R,G,%k

R,, R, = Reflection coefficients of the laser mirrors.
G, = Active medium gain as a result stimulated emission.

G, = exp(+yL)
v = Gain coefficient.
L = Active Medium length.

k = Optical Loss Factor in a round trip path in the laser cavity.
k = exp(-2al)
o = Loss coefficient.

Dr. Hazem Falah Sakeek 14
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Summary

When G = 1, The laser operate in a steady state mode, meaning
the output is at a constant power. This is the threshold condition
for lasing, and the active medium gain is:

(Gp)y, = 1/sqrt( R,R, k)

The round trip Gain is:

G, = R, * R,* exp(2(y-a)L)

Dr. Hazem Falah Sakeek 15
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Population inversion and pumping
threshold condition

From the equation of small signal gain one can conclude that the
population inversion required for reaching the lasing threshold:

y,(v) = Ay, 85 (N2 N))g(v)
7 g

1

] 8ty (v
(Nz_iwl) = 20)

b4 A:l-’q}g(“:)

At threshold the population inversion

87 (v)Ty;

AN, ==
0

Dr. Hazem Falah Sakeek
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Note that the lasing threshold will be readily when g(v) is
maximum at v = v, corresponding to the center of the
natural linewidth.

1
vV |J=—
gv,) e
8z (v)r,,Av
AN, =
Dr. Hazem Falah Sakeek 3
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Pumping power required to reach
threshold condition

To find the power required for

a
4-level laser system to reach
the threshold we will use the E, II————

rate equations. A . "
- R e
First we assume that E,>>KT E,
so the thermal population of e
the energy level 1 is negligible. by lN:““B*‘ NasBre

Second we assume that the
population of the ground state
does not change during lasing
action.

R, and R, are the rate of
pumping then the rate
equation for the population for
the change in N, and N,

Dr. Hazem Falah Sakeek 4
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dN,
== Ry —N,4;, - p, By, (N, - N))
dt
dN
7; =R, +p, By (N, =N,)+ N4, - N, 4,
In steady state condition dN,/dt = dN,/dt = 0 ( we assumed that
g,=9g, and R,=0)
By solving the above two rate equations we get
--B‘I -
N,=R/4y | | N,=R|1+222 |4 +p B
Ay
1-4,,/4
and hence |N,-N, =R, e
Ay +p.By,
Dr. Hazem Falah Sakeek 5
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N,-N,=R,
Ay +p. By
For population inversion A,,<A,, or 7,,>T,, (The upper lasing level
has a longer spontaneous emission life time than the lower level.
In most laser 7,,>>T7,,and hence (1 - A,,/A,))=1
At threshold
At threshold the radiation density p,6 is very small and we can
assume that (p,=0)
(1-A,, /4
—An/ Ay
(Nz - N1)m =AN, = R;kL ] *
Ay
Dr. Hazem Falah Sakeek 6
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In steady state
In steady state situation the gain becomes equal to the
losses then we can write

_R(1-4,,/4,)
Ay +p By

AN, *%

(N2-Nyp)ss = (Nx-Ny)yp
From equations * & ** we get

R, _ R
4y, Ap+pBy

and hence the radiation density p,

5 g[i_lj
B!l R:.k

This mean that the power output is directly proportional to the pumping
power within the laser cavity

Dr. Hazem Falah Sakeek 7
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At time t, the excitation mechanism is o bty i
activated. As a result, the active |nput o ,
medium gain and loop gain increase. Power ! T
I |
At time t, the active medium gain is 0 H|
equal to the threshold gain, and the o 1 time (t)
round trip gain is equal to 1. Lasing ) :' ! :
starts, and output power of the laser ~ Gan et
start to increase. I
GAJileeeees %N
the input power reaches its (GAlth [ B
steady state (constant input power). - | .
The active medium gain is a little above P time (t)
threshold, and the round trip gain is a Output P
little above “1”. Power
Output power from the laser continues
to rise,

t gt t i
At until t, when it reaches its steady 1 fak U time (t)

state value. Then the active medium o .-

gain is equal to the threshold gain, and Pl i lLS e

the gain is equal to “1”. laser power s Gain gpower
uodl w9 alas
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Gain saturation in
homogeneously laser

In a continuous wave laser (CW Laser) at steady state lasing, the

gain (G) is always “1".

At this state, the gain value for each longitudinal laser mode is
dropping from the value of the small signal gain to the threshold
gain G, which is equal to the saturation gain.

Increasing pumping cause an increase in the output power of the
laser. The system will stabilize on higher power when the net gain

will be equal to the threshold gain.

The active medium gain depends on population inversion, and the
width of the laser line shape. This gain is influenced by the lasing

process itself, since lasing change the population
Stimulated emission causes depletion of the upper

conditions.

laser level, and reduces the population inversion.

inversion

Thus, gain is

reduced until pumping increase the upper level population again.
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Conclusions

1. The saturation gain of the active medium is equal to the
threshold gain G,

2. Homogeneously broadened laser should automatically
operates in a single mode once steady state is reached.

Dr. Hazem Falah Sakeek 11
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Gain saturation in
non-homogeneously laser
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Conclusions

Gain Gain .
Small Signal “Hole Burhing”
Each rr;orrlnent, Can in Gain Curve
most of the Saturation /7y Small Signal
Gain q ‘{"G?i?n e

energy stored
inside the active

Gan----- XM _ Threshold
medium is not Gan
used to create ' Lo

the radiation out Yo FrequenoyV Y Ym Y vnmvn;;?eqmnc-l;
of the laser a) Gain Without Lasing a} Gain With Lasing

The value of the saturation gain drops for each lasing mode, from the
small signal gain to threshold gain G, This process is called “hole
burning” in the gain curve.
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Pulsed Laser

Pulsed laser is pumped at high intensity for a short period
of time.

As a result, the active medium gain, and the loop gain are much
higher than for continuous wave laser, so the output power is
higher.

Pulse Shape Out of a Pulsed Ruby Laser

Figure below describes the shape of a single pulse out of a Ruby
laser, compared to the pumping pulse from the flash lamp.
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Single pulse out of a Ruby laser, compared to
the pumping pulse from the flash lamp
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The output laser pulse is about 1 millisecond, and it is
composed of hundreds or thousands of small pulses.

Each of the small pulses is called a spike, and last about

a microsecond.

The spikes appear randomly in time, and differ from
each other in its length and peak power.

Dr. Hazem Falah Sakeek

Starting from t,, the active medium gain
and the loop gain increase rapidly as a
result of continuous strong pumping.

At time t,, the active medium gain arrive
to the threshold value, and the loop gain
arrive to “1” - lasing starts. The active
medium gain and loop gain continue to
rise since the output power has not reach
the saturation value that cause “hole
burning” in the gain curve.

Until time t;, the high value of the loop
gain causes intense pulse of laser
radiation. Thus, the active medium gain
drops below the threshold value. When
the loop gain is below “1”, lasing stops,
and the whole process starts again as
long as the pumping continue.
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Each longitudinal laser mode starts at a different time,
with a different photon.

There is a competition between the longitudinal modes
on the energy inside the active medium.

Thus, the random nature of the spikes: Each spike has
its own peak power and duration.

Dr. Hazem Falah Sakeek 17
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Modifying the laser output
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*Selection of the laser emission lines
*Single-mode operation
*Q-Switching

*Mode Locking
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Selection of the laser emission lines
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Single-mode operation
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Q-switch acts as a shutter that can be open suddenly inside the
laser cavity
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Q-Switching -U! 4dlida 3,k
‘ [Turning mirror at the end of the optical cavity

Dutput
Laser REVE MBGIUM 2 - - == - oo - \ o
Radiation * o -—

Output
Coupler

»

Only when the mirror is facing the other mirror, there i
lasing. To increase the number of pulses per second, a
special drum with many mirrors is turning. Thus for
every turn of the drum, many pulses are emitted, since}
each mirror on the drum is facing the cavity separately.

‘ Electro-Optic transducer

Qutput Vaitage Electro
Laser Active Medium = oo s E OpliC
Radiation * Transducer

Output
Coupler

Change the transmission through the device by electrid
voltage.
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‘ [Acousto-Optic transducer

Output LT Acousto-
Laser =+ Active Medium #-=--mee Qe Dome o E Oplic
Radiation .- Transducer

Dutput Acoustic
Coupler %&m

Change the transmission through the device by acoustid
signal

‘ Saturable absorber

Qutput
Laser Active Medium Saturable
Radiation ™| Absorder
Qutput
Coupler

IAn absorber that becomes transparent when it reach
saturation. Tt is usually a dye solution which preven
lasing by absorption. When the radiation arrives at a|
lcertain level, this absorber comes to saturation, and
since it can no longer absorb radiation, it become:
transparent. At that moment lasing can occur, and all
the stored energy inside the cavity is emitted as a
single pulse.

Dr. Hazem Falah Sakeek 11
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Mode Locking

Locking the longitudinal optical modes inside the cavity is achieved by
locking the relative phase of all the optical modes, such that at a certain
point they all have the same phase.

At this point a constructive interference occur between all the laser modes,
and the result is a single pulse, with very short width and very high peak
power, which move between the mirrors of the cavity.

This moving pulse cause the laser output to be orderly chain of pulses.

The length of each pulse is from 1 psec (1012 sec), up to 1 nsec (10-° sec).

In figure the output laser radiation of a mode locked laser can be seen.
Output

Laser
Power

time (1)
Output laser radiation of a mode locked laser.

Dr. Hazem Falah Sakeek 12
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Mode Lock Optical Switch
The element locking the laser modes is an inside the cavity.

This switch is opened for a very short time equal to the length of the
pulse, and than close for a period of time equal to the time of round trip
of the pulse inside the cavity.

The location of the switch is near one of the end mirrors.

The switch allows the pulse to pass to the mirror and back, and than close
to disable other pulses from building up.

The switch opens again when this particular pulse arrive again from the
other mirror.

This is a synchronous switching which accumulates all the energy in a
single pulse moving back and forth between the cavity mirrors. Each time
it reaches the output coupler, a single pulse is emitted.

The mode locking is done with an Acousto-optical modulator, and the
frequency of its operation is determined by the travel time of the pulse
between the mirrors.

Dr. Hazem Falah Sakeek 13
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Time Interval (T) between two Adjacent Pulses.

The time interval (T) between two adjacent pulses is the time of
flight of the single pulse inside the cavity for a complete round
trip:

T=2L/C

L = Cavity length.
c = Velocity of light inside the active medium.

In a mode locked diode lasers, the pulse length can be a few
picoseconds (1012 [s]), with pulse rate of hundreds of Gigahertz
(1011 [Hz]).

Dr. Hazem Falah Sakeek 14
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Laser System

Bl Jalgdl o SR aa ale JS 3l Jas 88 Al el pdalaal) B Loy
Balal) DAL GAliAS 5l A e o Uiad 0 gawedd digw oV ool e
AU sail) o a alud) duad ) el dalai] s ofayg Active medium

¢ The state of matter of the active medium: solid, liquid, gas,
or plasma.

¢ The spectral range of the laser wavelength: visible
spectrum, Infra-Red (IR) spectrum, etc.

e The excitation (pumping) method of the active medium:
Optic pumping, Electric pumping, etc.

e The characteristics of the radiation emitted from the
laser.

e The number of energy levels which participate in the
lasing process.

Dr. Hazem Falah Sakeek 2
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¢ Laser Wavelength.

¢ Preferred pumping method.

e Order of magnitude of the laser output.

o The efficiency of the laser system.

We saw that the two basic requirements for laser action are:
e Population Inversion between the upper and lower laser energy
levels.

e The active medium must be transparent to the output
wavelength.

cuad) 133 5l Galsd s Al & active medium ol ) Ua 5 LY s
Aadiiial) Balal) owen | all) diand 3 gas
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Laser types

[1] Gas lasers:
Atom Gas:
e Helium-Neon Laser (He-Ne).
e Metal Vapor Laser (Copper, Gold).
e Helium Cadmium Laser (He-Cd).
Ion Gas:
e Argon Ion Laser (Ar*).
e Krypton Laser (Krt).
Molecular Gas:
e Carbon Dioxide Laser (CO,).
e Nitrogen Laser (N,).
e Excimer Laser.
e Chemical Laser.
e Far Infra-Red Laser (FIR).

Dr. Hazem Falah Sakeek 4



[2] Solid State lasers:

Ruby Laser.

Physics Academy

Neodimium YAG and Nd Glass Laser.

Color Center Laser.

Titanium Sapphire Laser.

[3] Diode Laser (Semiconductor Laser, Injection Laser).

[4] Dye Laser (Liquid).

[5] Special Lasers:

Dr. Hazem Falah

Free Electron Laser (FEL).

X Ray Laser.

Sakeek

Physics Academy

WAVELENGTHS OF MOST COMMON LASERS

Argon fluoride (Excimer-UV) 0.193
Krypton chloride (Excimer-UV) 0.222
Krypton fluoride (Excimer-UV) 0.248
Xenon chloride (Excimer-UVv)  0.308
Xenon fluoride (Excimer-UV) 0.351

Helium cadmium (UV) 0.325
Nitrogen (UV) 0.337
Helium cadmium (violet) 0.441
Krypton (blue) 0.476
Argon (blue) 0.488
Copper vapor (green) 0.510
Argon (green) 0.514
Krypton (green) 0.528
Frequency doubled 0.532
Nd YAG (green)
Helium neon (green) 0.543
Krypton (yellow) 0.568
Copper vapor (yellow) 0.570

Key: UV = ultraviolet (0.200-0.400 pm)

VIS
NIR

Dr. Hazem Falah

= visible (0.400-0.700 pm)
= near infrared (0.700-1.400 um)

Sakeek

Helium neon (yellow) 0.594
Helium neon (orange) 0.610
Gold vapor (red) 0.627
Helium neon (red) 0.633
Krypton (red) 0.647
Rohodamine 6G dye (tunable).570-0.650
Ruby (CrAlO,) (red) 0.694
Gallium arsenide (diode-NIR)  0.840
Nd:YAG (NIR) 1.064
Helium neon (NIR) 1.15
Erbium (NIR) 1.504
Helium neon (NIR) 3.39
Hydrogen fluoride (NIR) 2.70
Carbon dioxide (FIR) 9.6
Carbon dioxide (FIR) 10.6

PRI NS N
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—
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Helium-Neon (He-Ne) Laser

The Helium-Neon laser was the most common laser
until the spread of diode lasers.

It was first built in 1961 by Ali Javan. The active
medium is a noble gas Neon (Ne), and it is a 4 level
laser.

Dr. Hazem Falah Sakeek
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¢ Two meta-stable energy levels act as upper laser levels.

e The He-Ne laser have two lower laser levels, so quite a few
wavelengths can come out of the transitions between these

levels.
+ The important wavelengths are:
A= (632.8 nm), A,=1.152 um, A;=3.3913 um

(100% reestive)

Anode] Mifren

Dr. Hazem Falah Sakeek
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EnergyA HeliumAtom | NeonAtom

[eV] Laser Transitions ™
- S ~ 3.391 [pm]
2065+ EE.—“— g_T_) EE-' e E4
19.814 B = By = £32.8 [nm]
———131
Energy Transfer g0 (nml
by collisions L -
between aloms .+ Fast Transition
' :SEonl.aneous
'.;_f:;."'-‘:' mission)
Excitaton by ‘.
- S Decay to
d ﬁFé:ﬁgga .. Ground State
(Accelerated “=. | Collisions with
Electrans) - Tube Walls)
f Eq = Ground Level ~-:1r
He MNe

The energy level diagram of a Helium-Neon laser

Dr. Hazem Falah Sakeek 9
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The excitation process of the Neon atoms is a two
stages process:

e The high voltage causes electrons to accelerate from
the cathode toward the anode. These electrons
collide with the He atoms and transfer kinetic energy
to them.

» The excited Helium atoms collide with the Neon
atoms, and transfer to them the energy for excitation.

Thus Helium gas does not participate in the lasing
process, but increases the excitation efficiency

Dr. Hazem Falah Sakeek 10
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The role of the Helium gas in He-Ne laser is to
increase the efficiency of the lasing process. Two effects
make Helium particularly valuable:

e The direct excitation of Neon gas is inefficient, but the
direct excitation of He gas atoms is very efficient.

* An excited state of the He atom (labeled Es) has an
energy level which is very similar to the energy of an
excited state of the Neon atom (also labeled Es).

Dr. Hazem Falah Sakeek 1
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Red Wavelength out of He-Ne Laser:
Most of the applications of He-Ne Laser use the red
wavelength, because it is the strongest line and it is in
the visible region of the spectrum.

Neon Atom
As shown in the figure, this red lightis | aser Transitions />
emitted when the Neon atom goes 3.391 [pm)

from the energy level labeled E; to Es&es

the energy level labeled E,, a much 4
bigger energy difference than for Ey== 632.8 [nm)
the other transitions. 152 [wm et B

Dr. Hazem Falah Sakeek 12
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A problem with creating this red light is ‘Neon Atom.
that a Neon atom in state E; may also Laser Transitions
emit 3.3913 pm radiation. This emission gg====
decreases the population of the Eg level,
without producing visible radiation. Ey===J\032:8 nm]

¢ The solution to this problem is to use a special coating on the
laser mirrors which selectively reflect only the red light. This
coating causes reflection back into the optical cavity of only the
desired (red) wavelength, while all other wavelengths are
transmitted out, and not forced to move back and force through
the active medium.

e In a similar way, other selective reflecting coating can be used
on the mirrors to select other transitions. This procedure allows
commercial production of He-Ne lasers at other wavelengths in
the visible spectrum. For example, orange, yellow and green
He-Ne lasers can be produced, but the laser efficiency is much
lower than for the red.

Dr. Hazem Falah Sakeek 13
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Absorption and Amplification in He-Ne Laser

» He-Ne laser is a 4 level laser, so the lifetime of the
lower laser energy level needs to be very short.

¢ In a Neon gas, which is the active lasing gas, the
transition (decay) from the lower laser level is not
fast enough, but it is accelerated by collisions with
the tube walls. Because the number of collisions with
the tube walls increase as the tube becomes narrow,
the laser gain is inversely proportional to the tube
radius. So, the tube diameter of a He-Ne laser
must be as small as possible.

Dr. Hazem Falah Sakeek 14
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e The low gain of the active medium in a He-Ne
laser limits the output power to low power.

o In laboratory prototypes an output power of the
order of 100 uW was achieved, but commercial lasers
are available only in the output range of 0.5-50 mW.

» The output coupler of He-Ne laser is a mirror with
coating that transmits about 1% of the radiation to
the output. This means that the power inside the
optical cavity is a 100 times more than the emitted
power.

Dr. Hazem Falah Sakeek 16
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INVISIBLE LASER RADIATION
AVOID DIRECT EXPOSURE
TO BEAM

HELIUM NEON/50 mW MAX

CLASS lllb LASER PRCDUCT

Physics Academy

Commercial He-Ne Lasers:

Wavelength:
Output Power:
Beam Diameter:

Beam Divergence:

Coherence Length:

Power Stability:

Lifetime:

Dr. Hazem Falah Sakeek

0.5-50 [mW]
0.5-2.0 [mm]
0.5-3 [mRad]
0.1-2 [m]

5 [%/Hr]
>20,000 [Hours]
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