In the chapter of Interference of light, we have used the term coheren ~ between two sources of
light. The two sources are coherent, when they vibrate in the same phrse o1 there 1s a constant phase
difference. We know that light from a source comes as the su tor il of rachuions by bilhons and
bill:ons of atoms or molecuies in the source. The phase is drfour st driierent fimes. Now, the
question is that to what extent may the radiation from differer - atom: of a given source be related in
phase, 1n direction of emission and in polarisation, i.¢, ti «ulierens ¢ of a given source. In recent
years, some sources are developed which are highly coheroni #/.ese coherent sources are called
lasers. The word laser stands for light amplification Dy stimulated emission of radiation 1The
theoretical basis for the development of laser was provided Ly Albert Einstein in 1917, In 1954, the
predicticn of Einstein was put to practical use by C.I1 Tow nes and his co -workers. In 1960, the first
raser device was developed by T.H. Maiman. 11 1< ofien called as Ruby laser. The Ruby laser enis
red light of wavelengths 694.3 nm. Soon aficr, A. Javan developed the first gas laser « sing tie and
Ne gases. It 1s called Helium-Neon laser. It cimits visible light at wavelength 632 .8 tun cnd also in
infrared region at 1150 nm. With the advancement of technology, laser has revolutionized the would
of industry and technology. 1he most important features of laser are:
(1) high degree of coherence,

(11) high directionality,

(111) extraordinary monochromacity,

(1v) high intensity.

Following are the characteristics of laser beam:

1. High directionality: An ordinary source of light radiates light in all directions. On the other
hand, a laser source emits radiation only in one direction, i.¢., a laser beam 1s highly directional
High directionality of laser radiation is of special significance in advanced researches.

2. High intensity: The intensity of light is defined as the energy passiug normally per ulit aic:,

per second through a point normal to the direction of flow. For an ordinary spherical source, at ;
distance r, the intensity / 1s given by _
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where P s power of the source.
2 . . & N A f
In case of laser beam, the energy is concentrated 1n a very small region. For example, 1 W laser
source will appear many times more intense than an ordinary 100 W source

3. Divergence: The light from conventional source spreads oul in the form of spherical
wavefronts. Hence, they are highly divergent. The divergence o1 angular spread of the laser beam is
extremely small.

4. Monochromacity: Light from a laser beam 1s nearly monochromatic while light from an
ordinary source is never monochromatic. The light from normal monochromatic source spreads
over a wavelength range of the order of 100 A to 1000 A. On the other hand, in case of laser, the

spread 1s of the order of a few angstroms only.

5. Coherence: The laser beam is completely coh
effect from two independent laser beams.

erent. It is possible to observe interference
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g Fig. (1) Absorption Phenomenon
% |
: Let us consider two enerey levels 1 and 2 of an atom with energies E, and £, as shown in
H Fig. (1). Let the atom 1s exposed to light radiation, i.e., a stream of photons with energy hv. Suppose
!Ez | the atom is initially in lower state 1. The process of atom transfer from normal state (1)
g1i | corresponding to minimum cnergy oi the system to a higher energy state is termed as excitation.
1 Now, the atom is said to be 1n excited state. In this process, the absorption of energy from external
b | field takes place. An atom residing in energy state £, can absorb a photon and go to excited state

with energy £, provided the photon energy 4 v equals the energy difference (£, — E, ). Therefore,
h V= E2 - El
or v=(E, - E)/h

The process is called stimulated absorption or simply absorption.

Usually the number of excited particles (atoms) in the system 1s smaller than the non-excited
particles. The time duration which a particle can exist in the ground state (normal state) 18 unlimited.
On the other hand, the particle can remain in excited state for a limited time known as life time. The
1ife time for the excited hydrogen atom is of the order of 10" sec. However, there exist some excited
state in which the life time is greater than 107 sec. These states are called as metastate.
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Sl (prownd stare) ), o oxoite state £, The excited state with higher energy £, 1s not a stable
S0 AR @ Short imtenval of ime, the atom jumps back to ground state by emitting a photon of
HOQuOnCY Vas shown m Fg. (2). This pPe of emission 18 called as spontaneous emission.

F xcited state
o Y £ Sad -,

L
L

— B, bt
(@) Before (a)

Fig. (2) Spontaneous Emission

The spontancous emission is random in character. 1f there 1s an assembly of atoms, the mdﬂ
contted spontancously by each atom has a random direction and a random phasc. Thus, radiation in
this case is a random mixture of quanta having various wavelengths. The waves neither comcide in

wavelongth nor m phase. Therefore, the spontancous emission s fnceherent and has broad
1‘{:':1‘:"“:.. |

We know that average life time of an atom in the excited state is =10 "s. Duning this short interval,
let a photon of enorgy & vas sacident on the atom (e, v hen i01s still in the excited state) as shown n
Fig. (3). Now, the atom jumps to lower emcrg) statc. emitting an additional photon of same

.

frequency v Hence, two photons move toccther. This pracess is called stimulated emission. The

direcnion of propagatian, phase and eneggy v the cauiicd photon is exactly same.as that of incident

sumulating photon. Therefore, the result is an cnhanced beam of coherent light.

'I hv
: NANN >
: AN
: ~ hv
.- i ey
(a) Before (a) After
Fig. (3) Stimulated Emission

According to Einstein, an interaction between the excited atom and incident photon can trigger the
excited atom to make a transition to ground state. The transition generates a second photon which wﬁu?d
be identioal to the tiggening photon i respect of frequency, phase and propagation direction. Sf), In
sumulated enussion, the emitted wave is of the same frequency and phase as that of stimulating incident

wave. Their superposition increases the amplitude of'the siimulating wave, i.e., there 1s an amplification.

.
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The difference between spontancous and stimulated emission 1S shown in tabular form:

1 | Enmussion of hight photon takes place immediately | Emission of light photon takes place by inducement
| to emitted photon’s

- duning the transition of atom from higher energy | of a photon having energy eque
| level to lower encrgy level energy.

| The emission has a broad spectrum, ie,

| |
]

radiation, i.e.,

™

3 i
]
. | High directionality and less angular spread dunng
! . -

' Example: Light from sodium or mercury vapour Example: Light from laser source.
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The probability of st datc. «miss u transition 2— 1 [Fig. (3)] is proportional to energy




Under the condition of equilibrium. the number of atoms absorbing radiation per unit time t

IS equal to the number of atoms emitting radiation per unit time
Hence.

o

o

(8)

Thermodynamically, it was proved by Einstein that the probability of stimulated absorption is
equal to the probability of stimulated emission, i.e.,
By, = By,

A l
u(v) = === x

Ba L"_L_]
N,

According to Boltzmann distribution law, the ratic of ¥, ma N, Is given by

E,-E, | (1
cxp.[-%;—;—l- |:explﬁ] AT

where k is Boltzmann constant. |
Substituting the value of (N,/N,) fiom eq. (7) in eq. (6), we get
' I 1

"(v):_ggx[ﬂp(hvﬂT)—l]

According to Planck’s radiation law. the energy density of radiation 1s given by
‘ e 8uhv3x ;
e e (vAT) 1)

Comparing egs. (8) and (9), we get

...(10)

|

Equation (10) shows that the ratio of Einstein’s coefhicient of spontancous
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The coherence between two sources of Ilghl concerns with the existence of a constant phase relation
between them. This i1s of the following two types
. Temporal or ime coherence 2. Spatial coherence

Before we discuss these two types of coherence, let us explain coberence length and coherence
time. We know that when an excited atom returns to initial state, it emits a pulse of a hght of short

duration of the order of 10" gec For this time interval, the field remains sinusoidal The average time

interval for which the field remains sinusoidal is known as coherence time This 15 denoted by ©_
Moreover, the distance for which the field remains sinusoidal is known as coherence length. Thas s

denoted by L
The relationship between coherence length L and coherence time T is given by
L
— O
¥ .
where ¢ is velocity of light. * l

Now, we shall discuss the two types of coherence. "

1. Temporal Coherence

Temporal coherence 1s also known as longitudinal coherence. Temporal < vherence is G measure
of correlation between the phases of a wave at different poini: a/oug the direction of wave
propagation. 1 the phase difference of the wave crossing the tw  poin - lyiug along the direction of
wave propagation is independent of time (i.e., phase differen .« «cmain vonstant), then the wave 1s
said to have temporal coherence. Let us consider the casc of 4 v > . gavelling along the positive
X-direction as shown in Fig. 4 (a). We have selected two paints ¢ and B on the wave which he on
X-axis. Let at any instant 7, the phases of the wave at point: 4 and B be ¢, and ¢, W
Further, suppose that at a later time 7', the phases of the wave at the same point (4 and 5) be ¢, " and
¢, " respectively. Under above two situations, if 6, - &, =¢5" =@, then the wave 1s saxd 10 have
temporal coherence. The temporal coherence tells us how monochromatic a source is?

. S R |
¥ N \_/ x-axis

Fig. 4 (2) A wavo prapagating along X-axis.

r

In considering the characteristic of light wave, we have assumed that the wave produced by a
source is always a perfect smc wave. However, this 1s not true. In fact, there 1s a slow and random .
variation of frequency with time around the central frequency as shown in Fig. 4 (b). ;
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In a certain interval of time, b
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“ulled == cohcrence length. Afier the elapse of time 1, . there will be no correlation between the
MESTs ¢ C wWeve o hgj’r

L =¢1

B

wiherr o 25 The veloacny of hght

3 t-hﬂ'ﬂ’n helow that the ttime of coherence t_1s of the order of reciprocal of frequency range,
e, T=1 M Theredore
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| it is also concluded that coherence length 1s a

ﬂmuﬂ“hﬁpﬁmg We know that for a monochromatic light,

%y =17 Bur the freguency range of waves emitted by an actual light source is greater than zero. For
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The punty factor 15 equal 10 the wavelength of the hght emitted by the source per unst
wavelength interval.

2. Spatial Coherence

Spatial coherence is also known as ‘transverse coherence’ or ‘lateral coherence’. A beam is sad o
possess spatial coherence, 1If the phase difference of the wave Crossing two points on a plane
perpendicular to the direction of propagation of the beam is time independent Therefore, if there
no phase difference between two points, or if the phase difference between them 18 zero, then the
rwo waves are coherent.

Consider a beam is travelling along X-axis. Let, 7 Q R S be a transverse planc and A and B two
points situated on this plane within the waveforms as shown in Fig. 4 (¢). The beam is said 1o have

spatial coherence if the phase difference of the waves crossing points A and B at any nstant i
always constant.

AW LT & T () A B S
it

Fig. 4 (c) Spatial coherence

Let us derive a relationship between thc spatial coherence and size of the source. Let us first
consider the case when Young’s doubic slit is illuminated by two independent point sources S and 5
at a distance / apart as shown in Fig. 4 (¢). S, and S, are two pin holes which are separated at a
distance d. The slits S, and S, are placed at a distance a from two independent sources § and 5. A
screen is placed at « certain distance from the slits. Here, we shall find the minimum value of / at

which pattern on the screen would disappear.

Screen




Lasewr e and Tidogr uph, : 49

Vhe waves siarting from 5 sad reaching a powt O of the screen through S, and §, have zerg
phase differernce | heretfene et () bs & brigh fnnge due 10 5. On the other hand, the wavuumjn‘
¢

fromn 57 and resching o powt () Suough §, and 5, have 2 path difiference KS,.5,4KS,isAr2

then there will be & dark fringe ot O due w §°. Here, ). is the wavelength of light used. As a resuly,
poid (7 windld be & derk pot

From Vigwe, K5,=6d sk 1)
I he value of B Can e g,‘w s Mm

(o
of .A2)
Substituting the value of 6 from eq. (2) n eq. (1), we get
| +(d/2
k3, =04 252,
d
o KS,= L4 (2 I>>d88) .1
SN
Thus, the imterference patiern would disappe  1f
td
" S g
N
o™ ‘I-z-—l-* ...(4)
So_ 1tf the Iinear dunension of &, gended source (incoherent) excéeds (A a/2 d),Mthaeull
be no mierference patic, . on the scree. If the extended incoherent source has a linear dimensions

roughly ) a/d, then for o v point on the source, there is a point at a distance (A a/2 d) which
produces fringes <hifle oy b “@ fringe width. So, there will be no interference pattern. Therefore,
for good constant

Jc<(hald) or d<<(Aall) .A5)
If 6 «s 4. wrce subtends an angle a at the shits (point ), then

-
a=|-—~
_ a
Now, condition (5) takes the form

<{2)

The distance (2/a) s rermed as ‘lateral spatial coherence width’. So, to obtain a clear
slits must be less than A/c. -
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Spatial Coherence
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This type of coherence is time independent.

i

The source becomes highly intense.

e

This type of coherence is related with space.

This is called as lateral or transverse coherence.

The phase difference measured at a single | The phase difference for any two fixed pont in
point in space at a fixed time interval does not | the plane normal to the wave propagation does not
change with time vary with time.

48 |

Population inversion
Usually the number of particles N ., i.c., population of high energy level 2 is less than the population
N, of low energy level 1. If E, and E, (E, > E, )are two energy statcs W thpopulation Ny and N,

thcn

NI Ez "E]
__..___—_cxp_ RS F——_
N, 3

Since, £, > E, and hence N, > N,. In this s#mation, thc system absorbs approprate
clectromagnetic radiation incident on it. For laser acuon to take place, the higher energy levels
should be more populated than the lower energy levels, ie., Ny, > N,.

I'he process by which the population of a particaiar higher energy state is made more than
that of a specified lower energy state 7« culled as population inversion.

A system m which population “.version is achicved 1s called as active system.

The process of achieving populay. » aversioi 1s known as pumping of atoms. Thcfallowmg
mothods are commonly used for pumpiy;

I. Optacal pumping (useC n Ruby laser)

2. Blectne discbwuge © 1sed i Holium-Neon laser)

1. Direct conversy . (usc i senni-conductor laser)

4. Chemucal rex ton sed in CC, laser)
Metastable -ialc

We know ghat ne mally an atom in the excited state has very short life time which is of the order of

10™" second. There! re, even if we supply energy continuously to atoms, to transfer them from
gmund statc E, 10 excited state £ 25 they immediately come down to gound statc So, 1n this way,
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- Process of - - . ,
| 2 of population inversion in which N, > N,. Here, we consider a three
ystem which has th 2

energy from an ex lc:mr l '1" Which the atom stays for unusually long time). Suppose an appropriate
4l source 15 applied to the system. As a result, some atoms from lower energy

Ea
3 +r‘\\:_* — e e
. ' .
l N;_u > N1

|
| :
Metastable
{ state
:

E, — oo —0o— - 2

Fig. (5) Process of population inversion

slate £, are excited to higher energy state £,. Most of the excitcd atoms undergo spontancous
downward transitions to state E, while some have transitions to starc E,. We know that the
probability of transition from state £ , to state £, is very low. Therctore, the atoms which go to state
L , stay there for a long duration. In due course of time, the populativii of E, state increases than the

population of £, state. Thus, a state 1s reached when N, > N, ie, population inversion is
achreved

Lot us consider an assembly of .woms | sonic kind that have metastable states. Tne basic
regumrement 10 the laser action 1s th. ' the ¢ ! be more atoms in metastable state than the ground
stale, ie., populaton mversion of mu ostable state should be greater than population of ground
state. When thas 1s acherveu then there wil ' be more stimulated emissions from atoms in metastable
state than induced abso~pron My atoms n ground state. The following steps take place in laser

achion

Step 1: Pumpirg

Figure (6) shows (= en ey levels £y, £, and E, of an atom of laser medium. Here, £, is the
ground lev<' =nd £, . £, here E, 15 the metastable energy level.




(iii) At the initial stage, spontancous photons are emitied in all directions. The photons B
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¢n the g , _
i mqum of amphfied light becomes equal to the total amoumt of light los
St i 1¢ sides of the resonator, through the mirrors and through absorption of the
1ICdium), the laser b

Intensity | -
c¢nsity then they emerge through front mirror as a highly collimated intense beam

laser light. ,

dergo multiple reflections at the mirrors and gains in sirength

cam oscillation begins. When the oscillations build up 1w enough

Let us consider the case of an actual laser known as Ruby laser. It uses a crystalline substance of the
active material. The different parts are shown in Fig. (8). |

Fully reflecting Partially reflecting

end face
(Glass l'

Main parts of Ruby laser

It consists of three main parts:
1. An active working material: /A rod of ruby crystal.

2. Aresonant cavity: Made of fully reflecting plate of the left of ruby crystal and a partally
reflecting plate at the right of ruby crystal. Both the plates are optically plane and exactly paraliel 10

each other.
3. Exciting systemi: A helical xenon flash tube with power supply source.

4. The Cooling system: Water circulating system in glass tube surrounding 1t.

Construciicn
Ruby (Al,0,,Cr,05)is a crystal of aluminium oxide Al,O4 in which some aluminium atoms are

: . ' . | « 34
replaced by chromium atoms (Cr,0;). The active material in the ruby are chromium 10ns G

When ruby erystal contains about 0.5% of chromium, its colour is pink. The ruby crystals are grown
in special furnaces with varying length and diameter. In a ruby laser, a pink rod of 4 em length and 0.3
cm in diameter is generally used. The end faces of the rod are made strietly parallel gmundc:d‘and
polished to high degree. The end faces are then silvered in such a way that one end face becomes fully
reflecting while the other end partially reflecting. Sometimes separate pieces are attached at ll_ll‘-' end
faces. The ruby rod is surrounded by a helical xenon flash tube which provides the pumping light to
raise the chromium ions to upper energy level. The flash of the xenon tube lasts several naillisecm}d!
and the tube consumes several thousand joules of energy. Only a part of this encrgy is used in pumping

the Cr** jons while the rest heats up the apparatus. For this purpose a cooling arrangement is used.
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Nergy lt:vcln::: I(r;:: f.ﬂ*ruhy ses is shown in P AT S

AHOmIum on. In normal state, the chromium
fuby crystal is irradiated with light of xenon flash. the
y level I, where light absorption band is 5500 A

. B W - S =N R __ ]

Ground Level
Fig. (9) Energy Levels of Ruby Lase:

The transition | is optical pumping transition. The excited 10ns pive up, by collision, part of
their energy to crystal lattice and decay to the metastable state /.. The corresponding transition 2 1s
thus, radistionless transition. We know that mets table state has relatively longer lifc time
(=107 sec) than usual life time (=10"" sec). Thus. the nunber of 1ons in state £, goes on
increasing while due to pumping, the nun’ &« ionc in ground state £, goes on decreasing. In this
way, population inversion is establishs | betwe n metasiable state £, and ground state E, .

T'he state of wverted population 1s 1. " a 1abie e, The probability of spontaneous transition at
any moment 1s very high. When the 1on pa. - =s spontaneously from the metatstable state to grounfl
state, it emits a photon of wavelengths 6943 /.. This photon travels through the ruby rod. If this
photon 1s moving parallel tc th= a. < of the crystal, it is reflected back and forth by the silver ends
until it stimulates an e cited a'om. No v, 1t causes the 1on 1o emit a fresh photon. The excited atom
afler emutting photon retu ns to g ound [ovel. The emitted photon 1s in phase with the stimulating
photon. This stimulax * tras ‘ton 4 is laser transition. The process is repeated again and again
because the pbtns repe.  ~dly 1a0ve along the crystal being refleeted from its ends. This results in
amplified stron, ‘aser Leo of wavelength 6943 A,

racteristics of Puby laser -
Following are the few charactenistics of ruby laser:

1. Type. This is a three level solid state laser.

2. Active medium. Ruby rod is used as active medium.

3. Pumping method. Optical pumping i1s employed for pumping action i.c., achieving
population inversion.

4. Optical resonator. The two ends of ruby rod which are polished with silver (one is fully
silvered while the other 1s partially silvered) are used as optical resonator,
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antages of Ruby laser

i\‘.‘ily IS affec
-L ¢ - ot "

| IHSCT. d V(‘r}' h]gh wlnpcr;]lurc 1S prlnillt.'t.‘d Hence a !'H“q'k}cn!

. 9 Aligning the crystal and mirrors is v
4. The laser requires
. The efficiency of
s utilized while the *rest

ery difficult
high pumping power.
ruby laser is very small. Here. only the green component of pumping hght

of the components of incident light are left unused

’ 6‘. T'he laser output is not continuous. The output occurs in the form of pv'.es of microsecond
uration.

Applications and uses of Ruby laser

L. It1s used in laboratory experiments.

2. It is used in soldering and welding.

3. It 1s used for drilling of brittle material on a very smuii are
4. It1s used to test the quality of the materials.

S. Ruby lasers are gencral-ly used as a high power source of pulsed coherent radiation m the
work of interferometry, holography, etc.

6. It 1s used in the treatment of detached retina.
7. It is used in light detection and ranging (LIDAKR..

The main drawback of ruby Jaser is that the output beam is not continuous though very intense. For
the eontinuous laser beam. gas lasers are used. In gas lasers the vapours of metals are employed as
active media. The main advantages of gas lusers are exceptionally high monochromaticity, most
puré spectrum and high stability oi frequency. Hence, they have wide applications in vanous
branches of science and enginccring particularly in communications. The output power of gas
lasers is moderate but intcrior to that of crystal lasers. In 1961, A. Javan, W. Bennett and D. Hemot

reported a continuous He-Ne gas laser.

Construction
The experimental arrangement of He-Ne laser is shown in Fig. (10).
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sure ol 0.1 mm of mercury and helium (He)
s @ majonity of helium atoms and munonity of neon
| ftﬂt‘t‘lnr while on the other end is » partial retlecior
high Irequency generator with a frequency of several

Excited by collision

Ground state U Nd StaV
He-atom N®gton

Fig. (11) Energy level Diagra~— ~¢ " @ He-N, _aser

When a discharge passes through the gas miviur , he \.:n atoms are excited 10 higher energy
levels E, ard E, through collisions with acceleruied rarticles. This is termed as pumpmg. The
states £, and E, are metastable statcs {rom which there are no allowed transitions. The excmed
helium atoms then collide inelastically with neon 2toms still in ground state and transfer energy 0
them. The advantage of this collision process is that fairly light neon atoms can casily jumged ©
cncrgyutéﬁEs’, E,’ and E,’. It is imporiant to mention here that after collision, the helnum atoms
are returned to ground state. The higher N e states £” and £, are metastable states _
life times than £,”. Thercfore, 1 population inversion takes place between states £,", £, and £,

When an excitcd N¢ atom passes from metastable states £ and £, to state £, 1t emuts a

photon. This photon tavels througii the gas mixture. If the photon is moving paraliel to the axis of

the tube, it is reflected back and foith by the mirror-ends until it stimulates an excited Ne-atom.

Thus, it causcs 2 fresh photon in phase with stimulating photon. The stimulated transition is a laser
transition. This process continues till a beam of coherent radiation builds up in the tube. When the

beam becomes sofficiently intense, a portion of it escapes through the partially silvered end

Difference between Ruby laser and He-Ne laser

Ruby laser He-Ne laser
It produces a pulsed laser beam.
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avelength of Output, The w

Nature ~
ofoulpuf. The nature ﬂfOUlplli 1S COontinuous waves

Powe
g olﬂpul’_ The power output of laser beam 1s 0 ¢ S0 malhrwatts

Advantaqes Or merit of He — Ne laser
1. This operates in a continuous wave mode.

4

quency of output beam 1s about 4 /7 » 10
a\PC|cng"‘ ""f ld'\f‘r I.Ilfrnlf 1S9 f}.{:ﬁ, k

2 ¥,

r
8.

2. It is more monochromatic and more directional than solid state lasers
3. It has high stability of frequency.

4. No cooling is required.
S>. It 1s less inexpensive.

Applications and uses of He — Ne laser
1. It 1s used in laboratory experiments to produce . ~feren and diffraction patterns

2. It is used in optical communication without {ibre | = 1o derate distance
3. It is used for aligning the ruby laser.

4. It 1s used in ophthalmology.

5. It can be used to produce holograms 1.e., :TY photographs.

Amongst the different types of lasers available, carbon dioxide laser is considered to be one of the
most efficient and powerful laser. Although it is commonly called a CO, laser, 1t actually uses a gas
mixture containing CO-,. N, and He g
Carbon Dioxidc (CO ) imhe gas 11 which the lasing process occurs, but ether gas additives 1o
the laser tube improve the total efficiency of the laser. Oscillations occur betw.en two vibrational

__—_-'l'!-ﬂ-h. l——-u-.,_*-l"- i - S P o o
L]

level in carbon dioxide while the efficiency is greatly improved by nitrogen and helium. The
standard CO., lascr includes a mixture of CO, with N, and He in the active medium. The optimal

E B __ i

R S . . A T ———
-

proportion of thesc three gases In the mixture depends on the laser system and the excitation
mechanism. In general, for a continuous wave laser the proportions are:

CO,:N,:He—1:]1:8

e e e LR 3

Carbon Dioxide (CO,) is a linear molcculcm three atoms aper situated on a straight ine

e——— mEie A ——

with the Carbon atom in the middle.
In Figure (12), the three vibrational modes of CQ, molecules are shown.
These are:
P2 Symmetric stretch mode (v, ).

2. Bending mode (V).
~ 3 Asymmetric stretch mode (V).
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(c) Asymmetric stretch and contraction
Fig. (12) Oscillation Modes of CO, molecu!'

Lasing transitions in CO, laser
L_asing transition: |

when the molecule POCS {rom hiw;hcr Cnergy ]cvcl Of thc _
WO, as shown in Fig. (13)

----- Carban Dioxide COj - =~ — - =
Asymmetric Svmmetric Bending "
| stretch streteh e
e — e —————————————
= ----h-- 3 LaSET -
=—— transitions
03 Sl S
Sy = Energy 9.4 um
@ transter
= by collisions
E
c
s
55 o
| deactivation
Pumping (via helium) and
| radiative
0.1
Collisional
| deactivation
! via helium and

radiative

B L
; B
| 1
—-.-—.—._..-_..__.._.__.:-:::_:'; -

—_— —
————— Ground level —

e
O AL S T T ———

A

= — sm— a — e —— " -—.I--l L
T R e . - - S -
- e e —
- e §

Fig. (13) Energy Level diagram of CO, laser

| 1. The transition to the symmetric stretching mode corresponds to the wavelengih of 10.* pm.
,3 | 2. The transition to the bending mode corresponds to the wavelength of 9.4 pm,
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Into many rotational levels. Transitions can
folational levels, so there are many lasing

-
i

S1st | ' '

= Sofa discharge tube hd‘k ing a bore of cross-section of about

e f’PfOXImately 260 mm. The tube 1s filled with a mixture of
-Nires are CO, molecules lasing on the transitions hetween the

Water out

"/

? H
7

/

z Laser
g beam

Fig. (14) Schematic of aCO, laser

Operation of CO, Laser
The excitation of nitrogen molecules is provided by electric discharge.

|—'H-' hﬂl--.-

e— -l_....-_

The excited nitrogen molecules transfer energy to CO, molecules in sessamant collision,

- - e -

__x_c_mng_t.hcm.m_E,, levelg. Thpsq‘ levelz arc metastable level® with relatively longer life.
With sufficient pumping, a population is created between £, state and £, and E- states.

The sumulated ‘emission between £, and Z, levels procduces infra red laser radiation at

ﬂwuiiu.m-
The stumuldted emission between E; and E levels produces laser radiation at wavelength

94um.
Hehum Increascs the laser efficiency by directly depleting the population of £, level which 1s

Bl L ol

wl coliision to the £ and E levels, the later being depleted via collisions wnh He
atoms.

el

Properties or characteristics of CO, laser

1. Type. 11 15 a molecular gas laser.

2. Active mediim. The active medium is a mixture of CO,, N, and He gases.

. 3. Pumping method. For achlevmg population inversion electric discharge method i
' employed

4. Opftical resonator. Silicon mirrors coated with aluminium, form the resonant cavity.
S. Wavelength of output. The wavelength of output is 94000 A — 1040000 A

6. Nature of output. The nature of output is continuous wave and may be pulsed one.

7. Power output. The power output of this laser is 10 k'W pulsed.

Advantages or Merits of CO, laser.
1. The construction is very simple.
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- COntinuoy,

wer T *
he Output POWeEr may be increased by increasing the length

Enilicy whi 4

| . 1C . | | -
. ' wmovh]thc CO, laser is used is in the general material processing. This
— aof Matenial, melting, etching, welding, alloying, hardening,

nl areq 1y | S | | .
the proc 'l’__'!’__@_'_?_ﬂ,'__?np_hg@pm; Here, the laser 15 us_ch for cauterising and
o88 of burnmg or destroying infected tissues in a wound. In these

CNse source of heating can be applied to a very small area.

laser, except for the active gas-CO. It emits at about
Ide laser. The spectrum output of those lasers is: 5-6 micron
ser 18 the gas CO which 18 poisonons.

s_h"" gy level Diagram
€ energy level diagram of a Nd-YAG laser is shown in Fig. (15)

20 g
e S
'I"]\ i-ast (non-radiative)
: % ¥ transitions
| Laser transitions
1.06 pm

{ Fig. (15) Energy level diagram of a Nd-YAG laser

As can be seen from the energy level diagram, Nd lasers are four leve] lasers Nd ions have two
absorption band and excitation 1s done by optical pumping, either by flash lamps for pulsed lasers or
by arc lamps for continuous wave lasers. From these excited energy levels, the Nd 1ons are
transferring into the upper laser level by a non-radiative transition. The stimulated emission is from
the upper laser level to the lower laser level and the wavelength of the emitted photons are around
|.06 pm. From the lower laser level, there is a non-radiative transition to the ground level.

TVSid 311 ]
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Fig. (16) No-Y AL laser

Operation

E‘lﬂa_‘w{?ﬂ_{mlu from shmmg light on Nd-YAG crystal. 1he Nd-YAG laser 15 ngt_m_dl:-
~pumped solhid-state lages. It can produce very high power emissions ¥ 4 s absorbs mostly in the
bands between 730 - and 790 — £20 nm. If the ligh: ' i 1en. en~. b, atoms within the
crystal that absorb Yhis light transit from ground state into thr =~ oo ¥ nds This is dome by a
flash lamp emitting in the blue and ultra-violet region. Ofter @ quar”/ tuoc i filled with a noble gas
through which high energy stored 1n a capacitor 15 dis” narped
Atoms transition is efficient from their broad abs pv a " M. - | level F ,in figure) to the upper
energy levels. The radiative decays to the ground -sialc from these bands have long hifetimes (in us)
as compared to the fast transitions to the unner C1\err tev . .- (in nanosecond). Approximately 99%
of the ions that are excited to the absorption Hand Tans’ .1 10 the upper energy levels. These leveis
are characterized by a relatively lor ¢ (iffetim (ms). i sue 10 this long lifetime, they de-excite almost
solely due to spontancous emission.
Nd-YAG laser is a four-Tzvel system. [he cross-section of stimulated emission is large because
of the narrow line-width and (= threshold of pumping is low. However, the absorption bands are
also narrow. Hence, the ¢ cellen radiation emitied by the flash lamp is not fully utilized. As a
result. attempts have been made o - © gases like krypton in the pumping lainp which matches the
emission bands. in sevcral coiruerc 4l operations, the emission in the infrared region of the
Nd-YAG laser is frequenc; ‘doubled, 1o bring it to the visible region. This is done by using a
non-linear interaction in the YAG crystal.

Applications

| Inthe field of cosmetic medicine for hair removal and the treatment of minor vascular defects.
- For soft tigsue surgeries in oral cavity.

3 In the medical field for correcting posterior capsular opacification (after-cataract operation).

4. Inmanufacturing as a means for engraving, etching or marking a variety of metals and plastics.

5 For cutting and welding steel and super alloys.

6 For flow visualization techniques in fluid dynamics.

/
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We know that when a current is passed through a P-N junction, P-region being positively biased,
holes are injected from P-region into N -region and electrons from N-region inio the P-region. The
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bination of carners of opposite sagn takes
1 in case of other sermiconductons such as

. ¢ charges The result will be
- Il'these radiations moving in the plane of the junction are made 1o
_ me of the junction by reflection at opposite parallel sides and
Junction, a very powerful laser beam of stimulated radiation can be

W " s
ed P-N junction whic™ s coberent light when

yer of gal. m '~ aud  (Ga As) of thickness
Ga As A’ ana M, sl As Al layer as shown

wm&pwd by polishing opposite faces of Ga As crystal.
The pumping occurs.h v passag electric current through the diode by an ordinary power supply.
M(,w\'ﬂmﬂ ar ring from 7000 A to 30 00¢ ALAN DS producec ]hﬁm

The semiconduc tor diode lasers are simple, compact and highly efficient o5
little power and little auxiliary equipment. | ghl

Working
The energy band diagram of a P-N junctiondiode having highly doped P- and N- regions is shown
in Fig. 18 (a).
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level lies within the valence band. At thermal equilibrium

mwn n Fig. 18 (a).
-.—”—-—/ : . W

e e e
UM

IPIRiw N B ERTS
- : Il;.-.*.... . ul X - "
— T A i '1' -
l':-.. -. | .-.1:‘r | .L.
. ' N
. .-- . T . i ,,;.,r.q':l" :
G & ; ) r 1 L .'i'.l'l :
ha: ) i 1
. - e {H g

ks U .
] |h" Ay

. PRl o 1
& ".;“'r ':“'-I . R rf II
i -‘ 1_“".. '1-1 B ..‘...i

When a forward bias is a
W is shown in Fi

. . RS T T R TR e— .

ks
k.

e

[l e
i :
i L fl.t, t. ﬂqt' : o - i
S a N - al & .
el el iy 5 R IR

wd
e

b A
. - LR e & ] '
e J A ] I N 1 ¥ ., - J l‘ e -
i I'"-;.I!r" -lJ‘*_'I:. .| "T'h g ' I i " 'fl-l- AU - g LI, : 1._ -.: :' ,--.-
i . _...E. _*l:-. .--_- :..--_lj._- -.I-I:-"—l'l-'__- A . .

. s | . —
L N S ' iy 1 ] i , 15 % & ey i
i e T -‘ LI £ U e D o ' e o LR ) =
a A h. '{ o a l1"‘| ‘r *': :I ¥ -.'. :‘ ’f..-'.'-_';-_: a 1. | . l"'
. i - . 4 4 | “'._ iy e - -
" i - _h

_ ) . il = i .‘l"!-' il D e
i " gt N N ,--. = b g - 5 i = -
L ' -_T ry . i M A . ' h R o J | :r
: N : ] " eoly ey b r 2 L= "



iiiiiii

1% " 8 % % % 5

-"-_..‘Fr /
’ ;/:/ e
E'\ a“ 4 "F{ -,-r‘. ;-" y .r"" 'm'- ’

» - !
o

3 ¢t e | Y \
~-

i d d b4 44

P-type
(D)
(@) Heavi'y doped P -N junciuun without bias
(b) Heavily doped P-N junction with forward biased above threshold value
Fig. (18) Energy band s'ructure of a semiconductor diode

When a forward bias 1S aoplied and current reaches a threshold value, the carmier concentration
in depletion region increascs to a very high value. As is obvious from from Fig. 18 (b), the uﬁ
mrmr hurh population density of electrons while the lower levels in the
wom arc vacypt.‘é“_g_n-ilarl. al . ‘ acentration of holes appears withun the valence band,
Thus 1s the state of_popuignen inversion. The narrow region where the population mversion is
achieved is callod inversion region or active region, e I ST 5
The photons iat propagates in the junction plane induce the conduction electrons 10 jump 1940
the vacant states of valen .1he stimulated electron-hole recombinations cause emission of

e sl gy . . " e =

coherent radiation of very narrow bandwidth.

B .

Efficiencies

When exciting currents are small, only a small part of carriers undergo recombination. The process
is spontancous. The laser radiation is random and incoherent. But when the current density is
increased the emission becomes more and more coherent and the radiation intensity markedly
increases. Now, efficiency of Ga As lasers reaches 40 percent. When cooled to 20 K, semiconductor
lasers have delivered an output of more than two watts of continuous power, which is the most
continuous power produced by a laser. It is believed that semiconductor lasers may reach 100%

efficiency. They are capable of ensuring a high stability of the output frequency, which is the
characteristic only of gas lasers. _




1. Type. 1115 a solid state lase

y & Active medium. XT»"“'L‘
active medium.
3. Pumping

4. Nature

Advantages or merits of se

I. The arrangement is si
. simple and
2. It has high efficiency, C

3. It can be operated at low
4. The laser output

' .
Umpact i.e., it is very small in dimensa 0

1. Itis used in fibre optical communication

2. Itis used to heal the wounds by means of infrared radiation

2. Itisused 10 producc laser diodes. The laser diodes are more Ll O dov crent than LN
4. It can be used as relief 1o kill the pain

The lasers are put to a number of uses in different branci 3 f v jence due 10 ther narmow band
width and narrow angular spread. A few application a7 s’ w oclow

1. Communications
(i) Due tothe narrow band width, lascisare uscd 11 microwave communication. We know thal
in microwave communication the sipnal is mounted on camer waves by the process of
‘modulation. As the band width of caiiicr waves is hmited, the number of channels of
message which can be camricd simultaneously s limited. But by the use ol lasers, more
channels of message cun be acc ommodated because the band width 15 very small
(ii) Due to narrow, angular spead. the laser beams have become a means of commumication
. between earth and moon or other satellites. The earth-moon distance has been measured

with the use of lasers
(111) Laser radiation 1s not absorbed by water and hence it can be utihized i under water

communication networks.
(iv) Fibre guides. A luser beam in conjunction with optical fibre can be used to transmut audho

signals over long distances without attenaation or disturbance

iy

{ {! 2. Computers

', ‘ By the use of lasers, the storage capacity for information in computers is greatly improved due 10
. narrowness of bandwidth. The IBM corporation is trying to transmit an entire memory bank from
l

| one computer to another by the use of laser beam.

4
{ E 3. Industry

, The lasers have wide industrial applications. Lasers can be focussed into a very fine beam, resulting
; in raising the temperature about 1000 K. So, they can blast holes in diamonds and hard steels
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am mnto - 8 ~ *
be 1 mnto the argel. As such it s called doath ray' of ‘v weapon - Laser beam can be used i
laser gun. In a lasor gun, highty convergent beam is

6. Chemical Applications

Lasers have wide chemical applications. They can initiate of hasten certain chemical reactions
which could not be possible i the absence of suitable photons. They ¢~ se used for investigating
the structure of molecules. Raman SPECTIOSCOPY Ix one 1n which las” O made so much impact
that a separate branch named as Laser Raman Spectroscopy by @ro oy gid, 1y the use of lasers,
the Raman spectrum can be obtained for much smaller samp’~ ' Gste too. Not only that but
SOME Interachions also anse due to hmh ntensity excitation w ach M oe additional information

7. Weather forecasting
Pictures of clouds. wind movements, otc. can be obi=iaad Ath o« beam. The data so obtained can

be used m weather forecasting

8. Lasers in photography .

Using laser, we can get three dimensi. val lor- 2 photography. Using interference techniques, we
can take hologram which 1s analogous (- uegative of the photographic film

Mgh energy density, a laser beam can be

focussed on enemy targets at a short range

m SOLVED EXAMPILES

0O EXAMPLE1 QCuicvdate he o gy and momentum of a photon of a laser beam of
wavelength 6328 \

Solution Thc snergy v phaion 1s given by

h¢
A=mAVe
A

where ¢ s velocity of hight
Given that. A = 6328 A = 6328 x10 0 m. c= 3x 10" m/s

-+«

and h =662 %107 )s

6.62 x10 " )Yy x 3 x10%)

& 10
(6328 x10 ')

« 314 %10 " joule

3.14 010" "

eV e 1900V

Qor Aw

Lexi10”"
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ons is 2.8 x10"". If the laser emits
, .
“nergy of laser pulse

of a laser beam of 100 mW power and having a diameter of
niform.

~ 4x(10x107%)

. = 7537 W/m* =75kW/m*
3.14x(1.3x10°)

- EXAMPLE 4 A certain ruby laser emits 1.00 J pulses of light whose wavelength is 6940 A

‘ What is the minimum number of Cr>" ions in the ruby?
Solution - ' Power = Number of ions X Eanergy of one photon
| =n>((h¢:‘/},)
L0 = "X (662 <107") x (3 x10°)
Vi | 6940 x 10 ¢

1.60 % (6940 x107'%)  «
n _— e e e e e et

(662 x107*) x 3 x10°

o n=3.49x%10" ions

-} EXAMPLE S5 (alculate the population ratio of two states in He-Ne laser that produces light
| of wavelength 6000 Aat300K |

Solution We know that population ratio of two states in He-Ne laser is given by

RS T 6.62x10 ") x (3x10%) AR
e 6.0 x10 " Vo e

g 1 T e
1.6x10° "

=2.07eV
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o
O
—

T i




L

k “".t ] i.f' ‘
i"'i l‘
J g
f ',‘} Iﬂ“ ,;’ ﬁ“ am ‘f""h' p F S -

k ni" NIJH i3 fewsrved w g Ih

' ‘. X4 : ) | "" > % .2

= (] 708 x 10 ' Xl )

power SO x 10 " wan "
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J EXAMPLE 7 Light of wavelength 437" A ) g . len ta of 15 waves What s the colerenes

lemgth ond coherent rime
Solulion Coberence length /=25xa:. 0¥ o
- lzgl.\ .
5] "G ™ .
Cobcsencre time g, ” =--‘ -;-; ~40x 10 S
L L

3 M 2 m . e I(I‘ﬂl of sodium “S“ i3 2 S48 < 10 . M and 1Ly wavelemy™
WA Cah .~ “' o number of oscillations corresponding 1o coherence lemgh i
(ll) the coerenc. Sme

Solution (i) The sun. Jer of oscillations in any length / is given by

n LE —

A
lk"'t fﬁl“i!lnlm and A =S890 x10 lﬂl“

s MSxI0 ¢ 4
" ——— . i 40
S89%0 x 10
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‘CO ] 2 )" ) ‘ 7 Y
) laser whose line width i =5
is1x]0 nm

10 %109, =11.2%10°m = 11.2 km

fime and coherence length of white lighy of

C
¢ S o =8-57x10" Hz "‘
_A'l 3500 10"
C 3x10°
Vo=—=—— - 4.61%x10"Hz
}*2 6500 x 10"

Frequency spread Av=v, — v .

Av=(8-57-4-61)x10" =3.96 x10'*Hz

. !
(Coherence time = — =

Av 3.96x10"

=2.52x10"s -;

i o i M -
I T T e . : . W - . ; - . 15w
-I- r . ] - 1 # '__ " i - _ E | J o t e
= 1 2 s

=7-56x10-"m
() EXAMPLE 11 The coherence length for sodium D, line is 2.5 cm. Deduce (i) the cohence

time T, , (ii) the spectral width of the linc and (11y) the purity factor Q. |

, 2'5 =10 i | |
olution ()1 =-= =0-8x107""s
. @ g 3%’

(li)‘ For sodium D, line A = 5896 A = 5-896 x 10~ cm.
The spectral width of the line is iven by

AS (5-896%107°)2 .
A —=f‘-[- :LT)—-=13-90><10'100111

1

(iii) The purity factor O is given by
A 5-896x107

Lt e iy % 4
" dA 13-90x107'° Wi

The ordinary photograph gives us only a two dimensional image of the object. In ordin?w
photography we make use of lenses to focus the image on the photographic plate. The focussing
takes place only in a single plane and all other planes are out of focus. Thus, there 1s a TWO
dimensional recording of a three dimensional object. The photographic plate records only tl?fe
intensity vanations while the phase distribution prevailing at the plane of photogl‘aphic plate 18
completely lost. Hence, the three dimensional character of the object is lost in recording. After ic
development of photographic plate, only two dimensional picture is obtained. When we cxamine

B
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T Prdography  the nage of the oot Lo be phutograplend 1o red 1on cnded ot G lighe woves
re e tedd o the oot are revarded 1 phstorgraphise fex cmd ss calbed a0 gy o |1 e b
noted that the lmlugupl. has o tesemiblance with the obpect of comarse # crmtamnn ol wlornmet v
about the object in the Torm of i al conde When the hodograph o ilhumenasted Yy st somupcs
of light. a three dimensional nage of the oniginal obpect is formed T he peocess of mage formetis

roamn hnltlulllll I RBown as reconstnue than process o hrlographiy 1 8 heo slep peos ssses

(0 transiormation of the et into hedogram. .« . an obpect (Hlemunsted by cobwren g .+

made 10 produce interference Tringes i s plutographic emubson e

() retranstormation o reconstruction of hologram nto the i « of the bt (4

redllumination of the developed inerfereme patiern by V gm .  @w wewloagh &
produce a three dimensional mage of the onginsd oby e

The principle of holography was first put forward by De ais’ . . _sen he bogan conds “mg e
lamous experiment in holography st the Researns® * & aate vy of Britsh Thomson Mouston
Company. His oniginal set-up is shown in Fig. (19). 1w . 8. _step lensless imagmng process The
first part was the photographically recordir, or 9\ afer se pattern The patiers was genersted
by the interaction of scattered quasi-iny ochro atic hygnt from sn object and coberent reference
wave. He called the pattern as hologram. > down 0 Fig 19 (a), an obyect () » embedded n »
parallel beam of coherent light swhich falls .« photographic plate The diffracied hight from the
object O superposes on the cohere t incident bvam and produces a hologram on the photographe
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1he resultant wave pattern diflracted from the entire sohid 1s VErYy (*nmplcx Now, the mterférénce
between diffracted wavefronts and reference beam modifies intensity at all points. The
modification in intensity is in accordance with phase relationship between the waves at all pownte In
this way the phase vanation in the wave pattern diffracted from the object are converted mie
intensity variations. The interference pattern 1s formed on photographic piate Q.

When the photoplate or hologram is illuminated by laser light, the object is reconstructed

As holography is in principle an interference based technique and hence light waves with hrh
degree of cohesrence are required for its realization. So, a laser beam is used for this purposs
Fig. (21) shows the arrangement for recording a hologram.

First of all the laser beam is divided into two parts (1 and 2). The second beatn illuminates fhe
object. The diffracted or scattered falls on the photographic plate P. The first beam (reference

beam) 1s reflected on the photographic plate by means

of a plane mirror M. In this way, the film 1s exposed Reference .

simultaneously to reference beam and diffracted beam. .y ‘
Since, both beams belong to same laser wavefront, the L::n M:K -
beams interfere on the plate. Thus, we obtain a ~—-

complicated interference pattern on the film. The film
1s called a hologram. The hologram consists of
numerous pomts making up the mmage on
photographic plate. The hologram gives no hint
regarding the image embedded n 1t bt i contrins
information not only about the amr/.aude but also
about the phase of the object wave.

Figure (22) shows the arran cinen' to reconstruct the image from the hologram. This is a reverse
process of making a hulogran.
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