LASER BASIC




Basic Concepts

LASER is an acronym for Light Amplification by Stimulated Emission of Radiation.

A photon is the amount of light energy in electromagnetic waves. They possess specific
properties such as wavelength (w) and frequency (v).

optical axis is an imaginary straight line that connects two optical elements, as shown in the
figure.
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Phase: This is the state of an electromagnetic wave at a specific point in space and at a particular
moment in time.

Interference: This is the condition of having two or more electromagnetic waves on the same
optical path, with or without a phase difference between the waves.

Constructive Interference: This is the interference where there is no phase difference between
the waves, and the resultant amplitude is the sum of the amplitudes of the individual waves. This
is a condition for multilayer laser mirrors

Destructive Interference: This is the interference where there is a phase difference between the
waves, causing one wave to weaken or completely cancel out the other wave. This type of
interference is harmful to lasers.

A resonator is an array of two mirrors aligned on a common optical axis. Photons of laser light
travel back and forth between the two mirrors in order to be amplified. One of these mirrors is
100% fully reflective (the rear mirror), while the other is partially reflective (the front mirror).

Divergence: This is the amount of deviation of a laser beam from the optical axis as it travels out
of the resonator. As shown in the following figure, the first beam has no divergence, while the
second beam has a clear divergence from the optical axis.

_I MMM § s E an
%—F@1\".V.‘.VTVIVTvT.VTV.‘.\-Tv:v‘_ R
PRI
———1 oo acenelal Aga i) aa g3
A A A i e
S R

perpendicular to the optical axis of the resonator, as shown in the following figure:




The mode (TEMOO) is called the fundamental mode or Gaussian mode. This mode contains
approximately 85% of the output laser beam energy and is circular and uniform. It is considered
the most preferred mode for operation of laser systems in general. The mode (TEMO1) is called
the donut mode. This situation results from the presence of impurities or particles on the surface
of the mirror or within the active medium. The pattern with a higher order is more open than the
pattern with a lower order. Question:

How do we calculate the divergence angle (04iv) Of the laser beam?

Answer: For the fundamental mode (TEMoo), it is calculated as follows

Odiv =L / TWo

Where A is the wavelength of the light and wo is the minimum beam radius inside the resonator.

Coherence: This is a state where two or more electromagnetic waves (photons) have the same
spatial or temporal phase. It is a characteristic of laser light.




population: Population number (N) refers to the number of atoms or molecules of a substance
present in a specific state or energy level.

Energy difference (AE): The energy difference (AE) is the difference in energy between the
highest energy level (E2) and the lowest energy level (E1) of the system. It is calculated as follows:

AE=E2-E:1

Work function(®m): The work function (®m) is the energy required to liberate one electron from
the surface of a material if one photon of light falls on it.

Unit conversions:
1 electron volt (eV) = 1.06 x 10'° joule (J)
1 joule (J) = 9.434 x 10® electron volts (V)

Frequency (Frequency): The number of electromagnetic wave oscillations per second. It is
denoted by (v) and calculated as follows:

v=E/h = c¢/A

Where E is the energy of the electromagnetic wave, h is Planck's constant (h = 6.63x10734 J.s), and
c is the speed of light in a vacuum (¢ = 3x108 m/s), and A is the wavelength of the electromagnetic
wave.

The electromagnetic spectrum (Electromagnetic Spectrum): The range of wavelengths of
electromagnetic radiation, extending from radio waves (Radiowaves) to gamma rays (Gamma
Rays), as shown in the following table



Name alaa_alh A gadl 1 play) dgilal) dZkaial
RF {Radiowaves) 30H=z-3GHz 3m upward il gl
Ay gaal I
MWMicrowaves) IGHz-30GH= Jcm-3m il gall
i 5 Sl
IR (Infrared) 30GHz-30THz 0. 7um-3cm # aadl Zuad

VIS (Visible) IOTHz-3PHz 0. dpm-0. Fem Az pall Adlaiall
UV (Ultraviolet) 3PHz upward 3nm-0. 4pm dgpdidl 3 68
X-Ray 100PHz- 0.03nm-3nm i) dasy)
10000PH =
y-Ray (Gamma Rays) 10° PHz- 10" PHz 3pm-0.03nm LS Dl
Cosmic Rays 10" PHz upward 3pm i Sl dazl)
downward

Operation Mode: This refers to the way a laser system operates. There are two main types:
pulsed and continuous wave (CW). CW lasers emit a continuous beam of light, while pulsed

lasers emit short bursts of light. There is also a type called quasi-CW, which is a pulsed laser
with a high repetition rate that mimics a continuous wave.

Physical Diameter (D): This is the distance between any two points on the circumference of a

mirror.

Radius of Curvature (r): This is the radius of the circle of which the mirror is a part.




Laser Generation: The process of converting energy into coherent light.

Basic Components of a Laser:

1.

Active Medium: This is the material used for amplifying light. It can be a gas (like helium-
neon), liquid, or solid (such as ruby).

Energy Source: Used to pump energy into the active medium, exciting electrons to higher
energy levels. This source can be a flash lamp, an electric arc, or even another laser.
Optical Cavity: Consists of two mirrors, one fully reflective and the other partially
reflective. The cavity amplifies light and produces a coherent laser beam.

Laser Generation Process:

1.

Energy Pumping: Energy is directed from the source to the necessary medium, which
excites the electrons to higher energy levels.

Spontaneous Emission: The excited electrons spontaneously return to lower energy levels,
resulting in the emission of light photons.

Stimulated Emission: When a photon collides with an excited electron, it stimulates it to
return to the lower energy level and emit another photon identical to the first in phase,
frequency, and direction. This is the fundamental process that leads to light amplification.
Amplification in the Optical Cavity: The output light reflects back and forth between the
cavity mirrors, increasing the number of identical photons and amplifying the optical
signal.

Laser Beam Emission: A portion of the emitted light passes through the partially reflective
mirror, forming a coherent laser beam.

. Conditions for Laser Operation:

1.

Presence of an active medium: This is the fundamental basis for laser operation, a system
with a large number of atoms, molecules, or ions that emit a spectrum, part of which falls
within the visible range of electromagnetic radiation.

Achieving reverse qualification: This is the process of making the number of atoms in
the upper level greater than their number in the ground state. This is achieved through one
of the pumping methods.



3. Optical feedback: This is a necessary condition for the emitted radiation to take its correct
oscillation and thus obtain a beam of radiation with a high degree of directionality and
coherence.

4. Achieving the threshold condition: This is a condition that must be met in order to start
the amplification process in the active medium and then the oscillation process in the
resonator.

Laser properties

Monochromaticity: This property signifies that laser light is monochromatic, meaning it consists
of a single wavelength. This distinguishes it from ordinary light, such as sunlight or light from a
bulb, which is composed of a spectrum of wavelengths.

Directionality: Laser light exhibits a high degree of directionality, traveling in a nearly parallel
beam with minimal divergence. In contrast, light from a conventional light source spreads out in
all directions.

Coherence: Laser light possesses a property known as coherence, which means that the light
waves maintain a constant phase relationship. This can be mathematically represented by the
equation:

y=A cos(wt+f)

where A is the amplitude, w is the angular frequency, and f is the initial phase. Coherence can be
categorized into temporal coherence and spatial coherence.

Brightness: The brightness of an electromagnetic wave refers to the power emitted per unit
surface area per unit solid angle

Coherence

Laser light exhibits a high degree of coherence, meaning it has both high temporal and spatial
coherence. In contrast, traditional light sources are considered incoherent.

Imagine laser light as waves with a frequency of approximately 10'* Hertz (corresponding to a

wavelength of a few micrometers). For such waves to be coherent, two conditions must be met:




first, they must have a nearly single frequency, meaning the spread of frequencies around this
value (the spectral linewidth) must be narrow. When this condition is met, the light is said to have
high temporal coherence. Second, the wavefront must maintain its shape over time. When this
condition is met, the wave is said to have spatial coherence. For a light source to be fully coherent,

it must have both perfect temporal coherence and perfect spatial coherence

What is the difference between laser and maser?

(Maser) Microwave Amplification by Stimulated Emission of Radiation
1. The difference between energy levels is large

The difference between energy levels is small

2.Spontaneous emission is dominant

Stimulated emission is dominant

3.The beam does not have coherence and monochromaticity properties
The beam has coherence and monochromaticity properties

4.0ccurs in the microwave frequency range

Occurs in the visible light frequency range and other frequencies
Pumping:
This is the process of transferring energy from an external source to the active medium of a laser.

The type of material used to generate the laser (the active medium) determines the pumping
method for the system.

Pumping depends on:

e The type of active medium: solid, liquid, or gas.

e The operating mode: continuous or pulsed.

e The nature of the pumping element: electrical, chemical, optical, or thermal.

« The width of the absorption spectrum of the pumping radiation, as the radiation must
be absorbed well.



Question: Why can't a CO2 laser be pumped using a flash lamp?
Answer: Because the absorption spectrum of CO2 gas is very narrow
Three main factors affect the efficiency of pumping:

1. The optical pumping: In this method, a high-power light source is used to excite the active
medium, causing its atoms, ions, or molecules to absorb this energy and transition to a higher
energy level. This method is commonly used in solid-state and liquid lasers.

The efficiency of pumping using a flash lamp depends on four factors:

e The efficiency of transferring the energy available in the lamp to the active material,
represented by the quantity (nt), which is the efficiency of converting the electrical
energy supplied to the lamp into light.

« The radiative efficiency of the lamp (nr).

e The absorption efficiency (na).

« The quantum efficiency of pumping (ng).

The pumping efficiency (np) is given by the equation: np = (nt).(nr).(ma).(mg)

2. Electrical pumping: This method is used in gas lasers through electrical discharge, and in
semiconductor lasers by applying an electric voltage whose field injects charge carriers
(current carriers) into the junction region

3. Chemical pumping: In this method, you do not need an external energy source, as it is
naturally available within the material used. The products of the chemical reaction between the
components of the chosen material constitute the active medium of the laser process, while the
energy released from the reaction itself excites this material and achieves its reverse
qualification.

For example:
F+H.=HF+H
H+F.=HF+F

The HF* molecule forms the active medium in the above-mentioned chemical laser, and has the
ability to produce stimulated emission



Absorption and Emission

Absorption: This is a process of transition (gaining energy) from the surrounding medium to the
matter. As a result, the energy of the atoms or molecules of the matter increases and they move to
higher energy levels (E2) from their initial state (E1) before absorbing the energy.

Emission: This is a process of transition (losing energy) from the matter to the surrounding
medium. As a result, the energy of the atoms or molecules of the matter decreases and they move
to lower energy levels (E1) from their initial state (E2) before emitting the energy.

1-3. Absorption:

Suppose we have two energy levels of an atom, E1 and E2, where E2 is the higher energy level.
The atom is initially in the ground state (E1).

When the atom is exposed to electromagnetic radiation with a frequency (v) such that the energy
of the photon (hv) is equal to the energy difference between the two levels (E2-E1), the atom has
a probability of being excited to the higher energy level E2. This process is called absorption.

Note: hv represents the energy of a photon, where h is Planck's constant and v is the frequency of
the radiation.

The rate of absorption can be expressed by the equation:
(dN2/dt) abs = -W12N1 .............. (5)

Where N1 is the number of atoms in the lower energy level (E1) per unit volume, and W12 is the
probability of absorption, which depends on the intensity of the incident radiation:

Wi & pvi2 ..o (6)
The intensity of the incident radiation is given by:
pvi2=o0c12- F

Calculate the ratio between spontaneous emission and stimulated emission for a tungsten lamp
operating at a temperature of T=1727°C, where the emitted light is visible?

"Where o12the cross-sectional area F is called photon flux density, when the material is exposed
to electromagnetic radiation with intensity, pvi2 the material's atom at level 1 absorbs this
radiation and jumps to level 2 with aprobability W12 of one atom per second

W12 = B12 pvi2 cecevnninnnnn @)



The quantity B2 is called the Einstein absorption coefficient, and the number of these transitions
from 1 to 2 per second per cubic meter is equal to W12N1

(dN1/dt)abs = B12 pvi2N1 wevevennnen.e. 8)
2.3 Spontaneous Emission:

If there are two atomic energy levels (E2 > E1) and the atom is initially in the higher energy level
(E2), the atom will naturally tend to decay to the lower energy level (E1). In doing so, it will release
energy equal to the difference between the two levels (E2 - E1) in the form of electromagnetic
waves. This phenomenon is called spontaneous emission. The frequency of the emitted wave can
be expressed using Planck’s law as:

v=(E2-E1)/h ... (9)

Where h is Planck's constant

To describe this emission, we assume that a unit volume of the material contains a certain N2
number of atoms in level 2 at a given time(t). Therefore, the decay rate of the material's atoms due
to spontaneous emission is expressed by the relationship.

(dN2/dt)sp = -AN2 ..... (10)

Where N2 is the number of atoms in the specific energy state, t is time, and A is Einstein's coefficient of
spontaneous emission, which represents the probability of spontaneous emission.

The emission, which is the average time of the atom in the excited state to the average lifetime of
spontaneous emission (1), is equal to the reciprocal of the quantity (A).

tsp = 1/A

3-3Stimulated Emission

Let's now consider an atom that is initially in energy level (2), but in the presence of
electromagnetic radiation in the medium with a frequency v such that (hv) is exactly equal to the
energy difference between levels (1) and (2). There is a probability that this radiation will stimulate
the atom in level (2) and force it to transition to the lower level (1). In this case, the energy
difference (E2-E1) of the transitioning atom is released as electromagnetic waves that are added
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to the incident wave and take on its characteristics. In other words, the wave emitted from an atom
stimulated in level (2) is in phase with the incident wave.

(dN2/dt)st = -W21N2 (11)

Where the term (dN2/dt).: represents the rate of change in the number of atoms in the second energy
level (2) with respect to time due to stimulated emission.

W21: is the probability of stimulated emission and its unit is (sec)-1. It depends on the radiation density.

W21 X pv (12)

PV =021 F (13)

Where 02 is the stimulated emission cross-section and F is the photon flux of the incident wave.

When a substance is exposed to electromagnetic radiation with a spectral density (pv) and
the atom is in the upper level, it is stimulated and transitions to the lower level with a probability
of W»1 atoms per second, where:

W21 = Boipvay -----=--=--=-=---- (14)

The quantity (B21) is called Einstein's coefficient of stimulated emission, and the number of these
transitions per second per cubic meter is equal to (N2Wo2z1).

(dN2/dt)st = B21pv2iN1 --=----=-m-mmmmm-- (15)

4- Einstein's calculations for probability coefficients:

Einstein studied the relationship between the transition probability for the three processes of
absorption, spontaneous emission, and stimulated emission. If we assume that a substance is placed
in an electromagnetic radiation cavity at a temperature (T), then when thermal equilibrium is
reached, the radiation is distributed within the cavity and this radiation has a spectral distribution
whose density (pv) is given by the relation:

pv = (8mhv/c®) * (1/ (e ™K - 1)) —mommmmmoomeee- (16)

This is the equation for the spectral distribution of blackbody radiation as found by Planck.
Assuming the existence of two energy levels for an atom of the substance, and assuming that N1

and N2 are the populations of these two levels, respectively, in the equilibrium state, then there is
a probability of occurrence of each of the three processes between these two levels and as follows.
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Since the substance is in a state of thermal equilibrium, the number of downward transitions (emission)
must equal the number of upward transitions (absorption), i.e.:

Radiation interaction with matter

B12 N1 Pvi2 = A21 N2 + B21 N2 PV12....(17)
Pvi2 = A21 N2/ (B12 N1 - B21 N2) + B21 N2

By arranging the terms, we get the following form:

Pvi2 = (A21/ B21) / (B12 N1/ B21 N2 - 1) ....(18)

And using Boltzmann statistics, the state of thermal equilibrium and the distribution of the atoms
of the substance on the energy levels has the following equation (4):

N2/N1 = e(-(E2-E1)/KT) = e (VKT) | (19)
And substituting equation (19) in equation (18), we get:
pviz = (A21/B21) / (B12/B21 * e VKT) - 1) .....(20)

And since we assumed that the atomic system is in a state of thermal equilibrium, this gives
radiation identical to blackbody radiation equation (16).

By comparing equations (16) & (20), we get:

Bi2=B2a1 =B ....(21)

A21/B21 = 8mhv3/c3 .....(22)

Equations (21) & (22) are referred to as Einstein's equations. Equation (21) indicates that the
probability of the absorption process is equivalent to the probability of the stimulated emission

process. While equation (22) enables us to calculate the ratio between the spontaneous emission
rate and the stimulated emission rate for two energy levels. By substitute equation (22) into (16).
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pv=(A21/B21) [ (e VKD - 1) .. (23)
R=e KD _ 1 (24)
Thus, pv = (A21/B?) * (1/R)

Note that R represents the ratio between the rate of spontaneous emission to the stimulated
emission.

R = A2/ py B21.....(25)

Example: A tungsten lamp operates at a temperature of 2000K. If the emission frequency is
equal to (5x10"14 Hz), calculate the ratio of spontaneous emission to stimulated emission.

Example: Find the wavelength at which the spontaneous emission rate equals the stimulated
emission rate in a tungsten lamp at room temperature under thermal equilibrium condition¢

Example: If the energy difference between the levels E2 and E1 equals KT (0.025eV) at room
temperature, calculate the number of electrons N2 in terms of E1?

solution:
AE=E2-E1=KT =>N2/N1=el=>N2=0.37 N1

This means that in the normal state, the number of atoms in energy level E1 is greater than the number
of atoms in energy level E2 (N1 > N2). Therefore, it is impossible to receive the laser due to the lack of
population reflectance

Example: Explain mathematically why laser generation does not occur when the thermal energy is equal
to the photon energy?

solution:

E2-E1 = High voltage = kT
N2/N1 = Exp(-hv/KT) = Exp(-1)
N2 =0.37N1

n2<nl

therefore, laser generation does not occur.
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Exp.(1):

find the relative population of the two states in a ruby laser that produces a light beam of wavelength
pO43.4%at 300 K and S00K.
polution: The population ratio is given by:

FA &

2 —( i, — ) KT
Tz _ artEE)

he 12400
T A B6943A°

N, —e —_:1_?'99],-’ — o3 g g
Ny BE1*10 " el K) *=300K

N, —1.79eV
h z_e e —e "M —g7*10"
N, (B61%10 - eV/ K) * 500K

=1.79e

s
I

Exp. (2) :Find the ratio of population of the two states in a He-Ne laser that produces light
¢f wavelength6628A4° at 277 C.

Spolution:
_Nz :E—ttg—t.}j{r
W

L

E, — E, = fv =£=ﬂ=l_gsev
A 63287

P2 _ exp —1.96eV/ — e 1107
A, (B.61*10° e’/ K) * 300K
EXp. :

The wavelength of emission is 6000 A%and the lifetime Tap is10~%s. Determine the coefficient

for the stimulated emission.

bolution :

The coefficient for stimulated emission is given by

c3A
By = g——sr—
8m p? hv
3 c* 1 3 c? 1
wegetp=1= v =Fta]ungand A === But A,y = —
A3 (6000 + 10719 )3 m3

By =

8m hrg, T 8+3.14+6.626+ 1034 Js10-5s%

216 * 10 ~*4m? 13+ 101° "
= = E
166.6 = 10-%0) 52 . m/kg

Example: What is the temperature required for laser action to occur and laser generation?
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Compare between the three-level and four-level systems in a tabular form. Which system is
better? Prove it using equations.

10.

11.

12.

13.

Three-Level System
Consists of three energy levels

Requires pumping a large number of
atoms from the ground state to the
excited state to achieve population
inversion

The ground state is the same as the
lower laser level

Laser action occurs between E; and E1
Requires a high-energy pumping
source

The lifetime of level E: is relatively
long

The lifetime of level E3 is very short

A fast transition occurs between E3
and E»

The output laser power equation is:
P:1=hv(P2-W21ANc)

Lower efficiency than the four-level
system

The laser power depends on: 1. Laser
beam frequency (v) 2. Stimulated
emission probability (w) 3. Effective
pumping rate (P2) 4. The difference in
the number of atoms in the two levels
N1and N (ANc)

Under thermal equilibrium, N1 and N>
are very small and can be neglected

There is a transition between level E;
and the ground state
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10.

11.

12.

13.

Four-Level System
Consists of four energy levels

Requires pumping a smaller number of
atoms from the ground state to the
excited state to achieve population
inversion

The ground state is not the laser level

Laser action occurs between Ez and E»

Does not require a high-energy pumping
source

The lifetime of level Es is very short

The lifetime of level E: is relatively long
A fast transition occurs between Ez and
E2

The output laser power equation is:
P=hv(wpBN1-A2:N2)

Higher efficiency than the three-level
system

The laser power depends on: 1. Laser
beam frequency (v) 2. Stimulated
emission probability (w) 3. Efficiency of
level B (E2) 4. Spontaneous emission
probability A21 5. The number of atoms
in levels N2 and N1

Under thermal equilibrium, N2 is very
small and can be neglected

There is no transition between level E»
and the ground state
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In this case, we find that atoms in a medium are subjected to a high-intensity electromagnetic field with
a suitable frequency. When there are two energy levels for the atoms of a substance in an electromagnetic
field with intensity (1) and frequency wo, the effect of the field on the atoms of the medium is to make
the energy levels equal. Usually, the lower energy level is more populated than the higher energy level
N2. And trying to make the energy level of the atom equal under the influence of a high-intensity
electromagnetic field is what we call (saturation).

We assume that the atom has only two energy levels: that is, the total number of atoms of the substance
present in a unit volume N is equal to

Nt = N1 + N2 (1)

N1 = Nt- N2 (1)

dN2/dt = WN1 - (WN2 + AN2) =0

WN1 = WN: + A N2 (2)

=> N1 = N2(W+A)/W (2)

By equating equations (1) and (2), we

get:

Nt - N2 = N2(W+A)/W

E
Na z
A
I
AN\~ WA, WK, AN,
Ny Ey
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=> Nt = N2 + N2(W+A)/W Two energy levels under the
influence of a magnetic field with intensity |

=> Nt = N2(QW+A)/W

N2=(NaW)/ 2W + A) ...3)

Show that equation (1) simplifies to:
Ni=(N1W(W+A)) / (WQ2W+A)) ...4)

& AN =Ni-N2=[(N1(W+A)) / QW+A)] - [NaW / QW+A)] = (N1A) / QWH+A)

Tp=1/A

Ne o N
1+%_ 1+2W T

N = R —

Equation 5 shows that the population reversal between two energy levels depends on the
atomic properties of the substance

W: spectral energy density of incident radiation.
7: average lifetime of the upper energy level.

A: Einstein coefficient A related to spontaneous emission.
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Threshold condition

As the light bounces back and forth in the optical resonator | it undergoes amplification as well
as it suffers various losses . The losses occur mainly due to transmission at the output mirror and due
to the scattering and diffraction of light within the active medium .
For the proper buildup of oscillation , it is essential that the amplification
between two consecutive reflection of light from rear end mirror can balance the losses ‘We can
determine thethreshold gain by considering the change in intensity of a beam of light undergoing
round tripe within the resonator .

Let us assume that the laser medium fills the space between the mirrors M, to M5 , which
have reflectivity ryto rz . Let the mirrors be separated by a distance L . Further , let the intensity

of the light beam be [,;. Then , in traveling from mirror My tomirror M5 , the beamintensity

increases from I, to I(L) , which given by ,

=
2

ryraf et

)= IeY )t (1)

rol, et
I, a8
-

RRERRGGGSS

NN SIS,
h

ry Tz
After reflection at M , the beam intensity will be r,1,e~ “s)L and after a complete

trip the final intensity will be

1
EI{F— i)l " —

Toryrg

Taking logarithms on both the sides , we get

2Lnr(y— a;) =2 —Innr

1
y—a, = —Ein 1

1
Y 2 e -5 inrr,

1 1
Y 2 @+ I e (3)

Eq. (3) is known as the condition for lasing. It shown that the initial gain must exceed the sum of the
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losses in the cavity. This condition is used to determine the threshold value of pumping energy necessary
for lasing action

the amplification of the laser will be dependent on how hard the laser medium is pumped . As the pump
power is slowly increased , a value of called threshold value will be reached and the laser starts
oscillating .

1en the amplification of the laser will be dependent on how hard the laser medium is pumped .
As the pump power is slowly increased , a value of y,, called threshold value will be reached and the
laser starts oscillating .

r

[he threshold value of y,y, is given by

1
ryry

1
Vin= s+ 57 I ——rrrmme (4]

Therefore , for the laser to oscillate , y = yyy, . Eq. (4) is known as the threshold condition for
lasing and state the criterion when the net gain would be able to counteract the effect of losses
in the cavity . The value of y must be at least y,,for laser oscillation to commence .

If y= vy . the wave grow and the amplifier reaches .

saturation . It lowers the value of y in turn and eventually an equilibrium value is attained at y,;,

Tr\!e define a quantityN,pas Ny, = (N — Ny)
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Ny, is called the critical population inversion or threshold population inversion density . It denotes

the minimum population inversiondensity required to start lasing action and then to sustain .

from eq. :
B hv
G=y=(N;—N) v . g(v)
e e e
grhvd n®  gmhyl. LER T T rsp‘ Tsp, T o
v hv
+ ¥en = (Ng = Np) o . -T-H{J}f)
vi g(v)
=(N,—-N;). ————
Yen = (N 1) BroZ 1,
_ Er.rt.'z.i'sp?'rh _ Eﬂ”oz-fsp?':hnr: .
4 Nep = 7 atv) = w2 Tttt (5}.9{1") T

we replaced g(v)by ﬁin the above equation using the relation [y,), = a; — j n(rry)]

we note that the lasing threshold will be achieved readily at the central frequency v, .

Thus , we write the threshold population inversion :

B vp® Tap A
+ Nen = %- [ees — ;—L N et e — (6)
OR
B v,? 1., Av 1 1
+ N = ——7— . [ + 57 In( )]s (6)

Example For a neodymium YAG (Nd:YAGQG) laser, calculate the inverse qualification required to
achieve a gain factor of 1 cm™!

1,=230usec, A=1.06pm, Av=3x10'?Hz, n=1.82.
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(Calculate the population inversion to obtain on gain coefficient G = 1m~forNd : YAG Laser , if
thelifetime 1, = 230 us , wavelength = 1.06 pm , width frequencyAv = 3 * 10" Hz and refractiveindex
M gt H q Y
is n=1.82 .
G= 1lm™
Solution: T, = 230 us = 230 + 10 %sec
Ge G A Av A= 1.06pgm =106+ 10~°m
N = =
By hvng(v)  Bahn Av =3+ 10"Hz
< c n= 182

WWhere g(v}—ﬂ—,v:E:;;[::
Aoy _ BmhA o Aye® A8

[ = By = gahv?  Bmwhrs

(1.06 « 1079 3 1.19 + 10718 B=——= ——B =
. B= = = 0.000031% 1427
8+ 3.14 = 230 = 105+ 6.6+ 1073%  38132.1 + 1010 ot
A~ B= 31+ 10" m?w ts?
G AAv
N = Bhi
1=1.06+ 10~% +3s 1012 3.18= 10% e 1. -3
P N = 310101756 6+ 10-9a1 B2 37 23+ 1017 0.0854 » 10 = 8.5+10%m

T>=230usec, A=1.06um, Av=3=10""Hz, n=1.82.

.1421 _ SB8mhv?

3
Bs, C

R §< 2= ) |

Ao =1/1; =41347.826
v =c/A=2.83=10" Hz
B.;;=3.113x10"m*W-'s!
GepC

N =
B ,hvnge,,

N=8x10%* m~*
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[helength of a laser tube is 150mm and the gain factor of the laser material is 0.0005/cm .

If one of the cavity mirrors reflects 100% light than is incident on it , what the required reflectance
of the other cavity mirror ?

Solution:y > s += In ﬁ when a, = 0,y = 0.0005/cm L = 150mm = 15¢m
1

220y = In——

LELH
1
iz
1 1 1
= = = = = g
F: ey 1& g2*15 come 00005 /cm g0.015 0.985 = 98.5 %

Given that the life time of the upper Level of the ( 632. 8 nm ) transition in the He-Ne Laser is
{10~ 75) . Calculate the degree ofpopulation inversion required to give a gain coefficient of
(0. 07m™1), [ ignoring line broadening effect ] .

Solution:

B hv gl v
c

G =(N; —N;) =

B A 3 a c 22 c? P 1

I e— = -— = = — = —

8 m hv3 ! v T T
G = (N N A cElnhy N N c?. nA?
e = — e — —— — —
2 1 8xhvi.c (N2 1)+ 8 tc?

. (N N 8w .G.T 8 +*3.14+(0.07m D+ 1077 s
(N V=77 T 1+=(6328+ 10-2)Zm?

population inversion
(N; — N;) = 0.00000439 + 1077 *+10¥ m~* = 439+« 10°m™*

Exp.(4) :

(Calculate the mirror reflectance’s required to sustain Laser oscillation in a Laser which is (0. 1)
Ibnggiven that small signal gain coefficient is(1m™1) , [ assumethe mirrors have the same value of

Teﬂectance ].
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]Lz a ruby Laser (i = 694.3 nm) therubyerystal is (0.2m) Long and the mirror reflectance’s

#re(0.95) and (0.9) . Given that the losses are (10 26) per round trip, that the spontaneous life

time of the upper Laser level is (3*107% s) . that the  line width is (1.5*10"" Hz) and thatrefractive
index is (1.78) . Calculate :

1) The threshold gain coefficient .

2) The population inversion .

Solution: A=694.3nm = 6943+ 1077 m
L=01m , 1 =095, 1, =09
Losses s = 10% =01 , 7o = 3=+ 107%s
g . 1
Line width Av = 1.5+ 10'"' Hz = glv) = — ., v= ;c

Refractive index n = 1.78

1) the threshold gain coefficientyy, = Gy, = g + ;—Lln (1_1?_2)
1

1 1 1 1
-1 e — ——
Yen= 01m™ + o= In (G555 09 = O +532 " (Gass)
1 0.1566
Yon= 0.1 +5= In(1.16959) = 0.1 + =01 m?! +0.783m = 0.883 m~?
Z)population inversionN = N; — N,
_ ¥ - C _ «ca _ FE _ (694.3+ 107%) ?
~ Bnhvgiav) * 7 Tarm?® T 8mhrg 0 84314066410 Ha3e 1077

p = SSEEIE - 1077 010414 1010 = 67+ 105
T 497376 + 1009 S

Yo AAv 0883 +(6943+ 107°)+ (15+10')  919.6 102

Bnhc 671+ 100 +178+66 + 10 78711 107

N=116+10" m ' = 1.16 + 10?2 m™3
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Question: Show that the ratio R between the spontaneous emission rate to the stimulated emission
rate in the following equation is equal to:

(A)-R=eEK -1

(b) Calculate this ratio for the wavelength of yellow light, i.e., for a wavelength of 589 nm. Find
the ratio between the populations of the energy levels corresponding to this transition.

Solution:

R =eMhv/kT) - 1

= e/((6.6x107-34 * 5.04x10714) / (1.38x107-23 * 300)) - 1
—e8l3_1
(c) At what temperature is the stimulated emission rate equal to the spontaneous emission rate?
Solution:

R=e (hv/KT) _ 1

1 = VKT _q

enhvikT) = 2

hv/kT = In,

T=hv/(kIn)
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Prove that the following relationships are correct

Bnhvg(dv
g v

o= 7 (1)
= 2 Aw) . (2
Inie i |ul”p g (Aw) (2)
W=Bp=Bpg(Aw)..........(3)
1 1 I
T 2TV

(1) Pl s W dad o Juaad (3) 5(2) cotlbaall 3l gy
pBhvg(Av)
g=—.....

7 ..(5)
pc
F=—.. ...(6
— . (6)
Bnhvg(Av
a= ¢ ST )
C
o= (N;=Nz)Enhvg(Av) _
- ==
Bnhvg(Av
6= (N, - Ny 1L
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"Question: Calculate the population inversion (necessary to give a gain coefficient equal to 0.5)
for a carbon dioxide laser with a cavity length of 0.5 m-1. The frequency of the emitted light is
10.6 x 102 Hz and its wavelength is 10.6 x 10 m. Knowing that Einstein's coefficient A for the
stimulated emission is 200 s™.

Solution:

G=o(Ny,— N,)

i

NZ — Nl ES (l}
Bnhv A
o = gav) @
fod
N N. — SmTAv G
N N. — 8(3.14)( 102 ) (0.5)
2 17 200x (10.6 x 106 )2
molecule
N, — N, = 5.6x103" —_—
m

Question A: If the intensity of light passing through a laser medium 0.5 mm long is doubled
once, calculate the gain coefficient, assuming that the device has no losses.

Solution:

l=Toe@l=Toe" @ ... (1)

Comparing (1) and (2) we get:
2ho=Toe @ I2=alG=a=In2/1=1n2/0.5=1.39 m"-1
(b) If the increase in the intensity of radiation is only 5% for the same path, what is the gain

coefficient?
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Solution:

l=ToeM-al) I =Toe ™ .. ... (1)
[-1o=0.05L1=(1+0.051=1.05......(2)
Comparing (1) and (2) we get:

1.05To=loeMal)In1.05=0lG=0=In1.05/1=1In1.05/0.5=0.098 m*
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