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,1.1/1 EINSTEIN RELATIONS

Under thermal equilibrium, the mean population N, and N, in the lower

and upper energy levels respectively must remain constant. This condition
requires that the number of transitions from E, to E; must be equal to the
number of transitions from E, to E, Thus,

The number of atoms absorbing } _ [ The number of atoms emitting
photons per second per unit volume | = 52“0'15 per second per unit

The number of atoms absorbing } = B N
photons per second per unit volume | = “12 p(V) Ny

The number of atoms emitting P
photons per second per unit volume } = Ay Ny +By p(V) N,

In equilibrium condition, the number of transitions from E, to E, must
be equal to the number of transitions from E, to E,. Thus, '

By, p(V) N; = AyN, + B,, p(v) N, «(1.27)
P(V) (B, Ny — ByN,y) = Ay N, '
- P(V) = Ay Ny/B;,N, - B, N,

On dividing both the numerator and denominator on the right hand side
of the above equation with B,, N,, we get

= AZI / Bl2
p(V) = N TN BT, ..(128)

It follows from eq. (1.13) that
N. /N2 (E‘—E,)IkT

As (E,-E,) = hv
NN, = "™ |
- - V) = ﬁl[ l ] .(129)
a B, | - B, B,

To maintain thermal equilibrium, the system must release energy in the
form of electromagnetic radiation. It is required that the radiation be identi-

cal with black radiation and istent with Planck’s radiation law
for any value of T. AccordmgtoPlanck’slaw P . .

pY) = 8n v’ u’/c’) -mr— ..(1.30)

Basic Theory 19

where p is the refractive index of the medium and c is the velocity of light in
free space.

Energy density p(v) given by Eq. (1.29) will be consistent with Planck’s
law (Eq. 1.30) only if

B, =B, " (131a)

and A, /B,, = 8 WAV’ iIc) (1.31b)
3

Therefore, B,=B, = —5— (132

erefo 12 e Ay (1.32)

Equations (1.31a)and (1.31b) are known as the Einstein relations. Equa-
tion (1.32) gives the relationship between the A and B coefficients.

The first relation (1.31a) shows that the coefficients for both absorption
and stimulated emission are numerically equal. The equality implies the fol-
lowing. When an atom with two energy levels is placed in the radiation field,

et

the grobabtllty for an upward (absorption) transition is equal to the pro abil-

|ty for a do downward (surnulawd emlssnon) transition.

The second relatxon (1.31b) shows that the ratio of coefficients of spon-
taneous versus stimulated emission is proportional to the third power of fre-
quency of the radiation. This is why it is difficult to achieve laser action in

higher frequency ranges such as x-rays. /
1.12 CONDITIONS FOR LARGE STIMULATED EMISSIONS:

The key to laser action is the existence of stimulated emission. In prac-
tice, the absorption and spontaneous emissions always occur together with
stimulated emission. Let us now study the conditions under which the num-
ber of stimulated emissions can be made larger than those of the other two
processes.

(a). From equations (1.20) and (1.25), we can write for the ratio of the
stimulated transitions to spontaneous transitions as

R. = _Stimulated transitions
Spontaneous transitions
= By, p(V) NyfAy N,
= (B,,/A,,) p(V) ..(1.33)
Using eq.(1.30) for p(v) , we get

3.3
R, = (B,/A,) [8"’:‘; ® emlr -'1] (1.34)

From eq.(1.31) and (1.32), we can write

By _By_
Ay = A W ..(1.35)
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Using the eq.(1.35) into eq(1.34), we obtain

R, = (8 mhv’ i) [(8 v’ /c’)ewzlr_—l]

1
or R,= ...(1.36
1 —(eﬂ_T_vk D (1.36)

If we assume v = 5 x 10" Hz (yellow light ) and T = 2000 K, ihe value
of hv / kT is 11.99. '

R p = —”—}F—l =6x 10-6
e =
The above result shows that in the optical region spontaneous emissions
dominate over the stimulated emissions.
The equation (1.33) suggests that the light field density p(v) present
within the material is required to be enhanced ed if we want large number of
stimulated emissions.

(b) The ratio of stimulated transitions to absorption transitions is given by
R, = Stimulated transitions

ApS m -
_ BN, p(V) N,
.(1.37
" B, B, p(V) N, N, —
As B, =By,
- R, = NN, \/ .(1.38)

At thermodynamic equilibrium,
NQIN <<1

Therefore at equilibrium, absorption transitions overwhelm stlmu]ated
transitions. A photon of the light field may hit an excited atom leadirig to
stimulated emission, or be absorbed on hitting an atom in the ground state. As
N,<< N, at thermodynamic equilibrium, a photon has a much higher prob-

ablllty of being absorbed than of sfimulating an excited atom. As a result, the
absorption process dominates stimulated e?n_lsswn and the medium will ab-
sorb the incident light. If, on the other hand, more atoms are in the excited
state, i.e. N, >Wolons are more likely to cause stimulated emission than
absorption. Therefore, in order to achieve more stimulated emissions, the

population N, of the exclted state should be made larger than the populatlon

e p—r)

To sum up, two condmons are to be satisfied to make stimulated emis-
sions overwhelm the spontaneous emissions. They are that (i) the population 17—
at excited level should be greater than that at the lower energy level and (i)
the radiation density in the medium should be very large.
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| Example 1.7. (a) At what temperature are the rates of spontaneous and
| stimulated emission equal ? Assume A = 5000 A.
(b) At what wavelength are they equal at 300 K ?

" Solution : If the rates of spontaneous and stimulated emission are equal,
then '

R= [ehv/kT _ 1]“

8
A=50004,v=L=3X10 m/s
A 5000x107“m
=6x10" Hz
hv _ (6626 x1071.5) (6 x 1057
kT (138 x 10723/ K)T
_ 2881x10°
= T K
3
@ - exp{M K} =2
N
<3
or §§-’T"—1°—K = In2 = 0.693
3
T= MK =41,573K

® - hv _ _ (6626x10*1Ls)v
kT (138x1072J/K) (300 K)
=(1.6x 103 s)v
exp [(1.6x 1072 s)v] =2

) or (1.6 x 1072 s)v] = 0.693
0.693
= omHz= 43x10" Hz
3x10%m/s
A=£=""—"2"" - 698
vV 43x10"%™! -

1.13 CONDITION FOR LIGHT AMPLIFICATION

Let us consider a beam of light propagating through a material medium.
If the photons strike lower state (unexcited) atoms, they may be absorbed and
removed from the stream of photons which therefore loses energy. However,
if the photons strike excited atoms, more photons can be produced which are
added to the light beam and increase its energy. Since the probabilities of
absorption and stimulated emission are the same, both attenuation and ampli-
fication of the light beam occur simultaneously. We will now show that am-
plification can predominate only if there are more atoms in the higher level

o
=
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than in the lower level.

Let there be n photons per unit volume in the light beam. As the bf{am
travels through the medium, some photons are absorbed due to .al.asorptlon
transitions and some photons are generated due to emission transm(?ns_. We
will not take into account the photons generated by spontaneous emission as
these photons go in random directions and do not contribute to the light beam
propagating through the medium. Thus, we consider only the photons gener-
ated by stimulated emissions. -

Let — (dn/dr) be the net rate of loss of photons from the beam as it
travels through an elemental volume of the medium having a thickness Ax
and an area of unity.

The net rate of loss of photons from the light beam must be equal to th}t
difference between the net rates of absorption and stimulated emission transi-
tions. Thus,

= % = By, p(V) N, = By p(V) N,
or - ‘_‘13 = (N, - Np p(v) B} ..(1.39)

If the energy density of the light field in the medium is p(v), then the
intensity I is

I=p(V)v ...(1.40)
where VU (=c/p) is the velocity of light in the medium.
A plygy==r I =nhwvo ’ (141)

The loss of photons, —dn in a small thickness dx of medium may be
written as,

_dl(x) _dx
—dn =T hw
The net rate of loss during a time interval dt is given by,
-4 i'd—(xi)--% .(142)

dx/dt = v is used in obtaining the above equation.
Using eq.(1.2) into eq.(1.42), we get
dn L
= —E =+ ol (X) hv
Using Eq. (1.40) into the above, we get

. -5 1.43
o : & = ap(V)v - o )
Comparing equations (1.39) and (1.43), we obtain

o= (N, =Ny 52‘-)"—" .(1.44)
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Eq. (1.44) relates the absorption coefficient o to the difference in popu-
lations (N, — N,) of the two energy levels. For a material in thermal equilib-
rium, N, > N, and o is positive.

If N, is somehow made greater than N, then o, becomes a negative
quantity and the relation (1.4) takes the following form.

=g
or I =1Ie" ...(1.45)
where Y (= — o) is referred to as the gain coefficient per unit length. As the
gain coefficient ¥y is a positive quantity, the equation (1.45) implies that the
intensity of light grows exponentially as the light beam travels through the

medium. This is clearly amplification of light. Incorporating y, we rewrite
eq.(1.44) as,

— By, hv | Condition for
¥ = Ny v | amplification °

.(1.46)

¥ will be positive if (N, — N,) >0, that is,

N, >N, .(1.47)

The condition (1.47) is known as population inversion, because it is the
inverse of the normal situation. Eq. (1.46) thus indicates that population in-
version is a necessary condition to be satisfied for causing the amplification
of incident light.

Using the relations (1.32) for B,,, (1.21) for A,, and ¢ = p v, we can
rewrite equation (1.46) as

2

\'
=N -N). ——— ..(1.48
Y =W X 81|:v2-|:s‘B ( )

1.14 LINESHAPE FUNCTION

For the sake of simplicity, we have assumed till now that the emission of
light by all atoms in the specimen is strictly monochromatic and the frequency
is given by

However, this is not true. The light emitted by an atom is in reality a
burst of decaying exponential, as shown in Fig.1.14. The actual frequency of
the light, although centered at v,, has a spread over a certain range Av, as
depicted in Fig. 1.15. Fourier analysis of the decaying light shows that
Av =L ..(1.49)

T

Av is known as the linewidth and is defined as the frequency difference

corresponding to the intensity 4 1.




24 An Introduction to Lasers — Theory and Applications

Similarly, atoms are capable of absorbing light not just at a single fre-
quency but over a band of frequencies. It implies that atoms interact with
light over a range of frequencies. If we plot the intensity of radiation as a
function of frequency, we would again obtain the bell-shaped curve shown in

Fig. 1.14.
A

INTENSITY —»
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/\N\/\/\/\/\/\’V\/\/ e
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Fig. 1.14. A decaying electric field of light burst.  Fig. 1.15. A Lineshape function.

The shape of the curves is described by the lineshape function g(v). The
function g(v) is usually normalized according to

j gV)dv =1 | .(1.50)

We may consequently view g(V) dv as the probability that a given tran-
sition between the energy levels E, and E, will result in the emission (or
absorption) of a photon whose frequency lies between v and v + dv. Hence a
photon of energy hv may not necessarily stimulate another photon of energy
hv, but it, may stimulate a photon which has an energy between hv and
h(v + dv).

We now assume that radiation density p(v) dv incident on the collec-
tion of atoms has frequencies between v and v + dv. Further, out of the total
N, and N, atoms per unit volume only N, g(v) dv and N, g(v) dv atoms per
unit volume are capable of interacting with radiation of frequencies lying
between v and v + dv. Incorporating these ideas, Eq. (1.46) takes the form

I NV 7 . I 1.51
Y= N AT ) = (=N S (151)

where v, is the central frequency.

115 POPULATION INVERSION

When an atomic system is in thermal equilibrium, photon absorption
and emission processes take place side by side, but because N, > N,, absorp-

s

o | :

Basic Theory 25

tion dominates. However, laser operation requires obtaining stimulated emis-
sion exclusively. To achieve a high percentage of stimulated emission, a ma-
jority of atoms should be at the higher energy level than at the lower level.
The non-equilibrium state in which the population N of the upper energy
level exceeds to a large extent the population N of the lower energy level is
known as the state of population inversion.

P_Extending the Boltzmann distribution, L% (1.13), to this non-equilib-
rium state of population inversion, it is seen that N, can exceed N, only if the
temperature were negative. In view of this, the state of population inversion
is sometimes referred to as a negative temperature state. It does not mean that
we can attain temperatures below absolute zero. The terminology underlines
the fact that the state of population inversion is a non-equilibrium state. It
should be borne in mind that the population inversion state is attained at nor-
mal temperatures. '

Let us consider for the moment a system that has three energy states E,

E, and E,. With the system in equilibrium, the uppermost level E, is popu-
lated least and the lowest level E, is populated most, as shown in Fig. 1.16(a).
The dotted curve shown in Fig. 1.16(a) represents a normal Boltzmann distri-
bution. Since the population in the three states is such that N; <N, <N, the
system absorbs photons rather than emit photons. However, if the system is
supplied with external energy such that N, exceeds N, we say that the system
reached population inversion, the population inversion having taken place
between the levels E, and E|, as shown in Fig. 1.16(b).

E; Aoy Ny

SNNNANNANRNN N3

E, ANNNNNNNNNNNNNY

E, A\ : N
(a) Population in equilibrium. (b) Population inversion of E, with
respect to E,.

Fig. 1.16. Three level system.

Under the population inversion condition, the stimulated emission can
produce a cascade of light. The first few randomly emitted spontaneous pho-
tons trigger stimulated emission of more photons and those stimulated pho-
tons induce still more stimulated emissions and so on. As long as the excited
state population is more than the lower level population, stimulated emissions
are more likely than absorption ; and consequently, light gets amplified as

shown in Fig. T.17.As soon as the population at lower level becomes equal to*

or'larger than that at the excited state, population inversion ends, stimulated
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emissions diminish and amplification of light ceases.

Amplifying medium (N, > N,)
[ X ® ® i

Output wave

Input wave

NVAVAV/

Fig. 1.17. Amplification of a light wave in a medium with population inversion.

16 PUMPING

In order to realize and maintain the state of population inversion, it is
necessary that atoms must be continuously promoted from the lower level to
the excited level. Energy is to be supplied somehow to the laser medium to
raise atoms from the lower level to the excited level and for maintaining popu-
lation at the excited level at a value greater than that of the lower energy. The
process by which atoms are raised from the lower level to the upper level is
called pumping.

“~The usual method of exciting atoms to higher energy levels is to heat the
material. From Eq. (1.13) it is seen that as long as E, > E; , Ny <N. Heating
the material only increases the average energy of atoms but does not make N,
greater than N,. Therefore, population inversion cannot be achieved by heat-
ing the material.

1.17 PUMPING METHODS

In order to create the state of population inversion, we have to selec-
tively excite the atéms in the material to particular energy levels. There are a
variety of methods employed for this purpose. The most common methods
of pumping make use of light and electrons. We confine our study here only
to these techniques.

(a) Optical Pumping :

~ Optical pumping is the use of photons to excite the atoms. A light source
such as a flash discharge tube is used to illuminate the laser medium and the
photons of appropriate frequency excite the atoms to an uppetmost level. From
there, they drop to the metastable upper laser level to create the state of popu-
lation inversion. Optical pump sources are flash discharge tubes, continu-
ously operating lamps, spark gaps or an auxiliary laser is sometimes used as
the pump source. ’ T

The pump photon must have higher frequency than the emitted photon.
This is because the atoms are to be raised above the upper laser level from a
lower level which is below or at the lower laser level. This is one of the
factors which reduces the laser efficiency.

“"" The pumping level of the atom must not be a narrow level. It should be
sufficiently wide, spanning a range of energies. If it is narrow, one can use a

Basic Theory 27

pump photon of only a specific frequency. Such a situation severely restricts
the choice of sources and a large portion of the source power would go wasted.
Fortunately, in a majority of cases the upper levels are wide bands and atoms
can be excited to many of the upper levels. Therefore, light sources emitting
a broad range of wavelengths like a flash lamp can be used to excite atoms.

Optical pumping is suitable for any laser medium which is transparent
to pump light. Optical pumping is used for solid state crystalline lasers and
liquid tunable dye lasers.
(b) Electrical Pumping :

Electrical pumping can be used only in case of laser materials that can
conduct electricity without destroying lasing activity. This method is limited
to gases. In case of a gas laser, a high voltage pulse initially ionizes the gas so
lmpogguictsr electricity. An electric current flowing through the gas ex-
cites atoms to the excited level from where they drop to the metastable upper
laser level leading to population inversion. '
(c) Direct Conversion: ,

In semiconductor lasers also electrical pumping is used, but here it is
not the atoms that are excited. It is the current carriers namely electrons and
holes which are excited and a population inversion is achieved in the junction
region. The electrons récombine with holes in the junction regions produc-
ing laser light. Thus, in semiconductor lasers, a direct conversion of electrical
energy into light energy takes place.

1.18 ACTIVE MEDIUM

Atoms in general are characterized by a large number of energy
levels. However, all types of atoms are not suitable for laser operation. Even
in a medium consisting of different species of atoms, only a small fraction of
atoms of a particular species are suitable for stimulated emission and laser

action. Those atoms which cause light amplification are called active centers,

“The rest of the medium acts as host and supports active centers. The medium

hosting the active centers is called an _active medium. An active medium is
thus a medium which, when excited, reaches the state of population inversion,
and eventually causes light amplification. The active medium may be a solid,
aliquid or a gas. e

1.19 METASTABLE STATES

An atom can be excited to a higher level by supplying energy toit. Nor-
mally, excited states have short lifetimes and release their excess energy in a
matter of nanoseconds (10~ sec) by spontaneous emission. Atoms do not
stay at such excited states long enough to be stimulated to emit their energy.
Though, the pumping agent continuously raises the atoms to the excited level,

many of them rapidly undergo spontaneous transitions to the lower energy
level. Population inversion cannot be therefore established. For establishing

B
&y

=<y
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population inversion, the excited atoms are required to “ wait” at the upper
lasing level till a large number of "atoms accumulate at that level. Thus, what
i3 needed is an excited state with a longer lifetime. Such longer-lived upper
levels from where an excited atom does not returti to lower level at once, but

remains excited for an appreciable time, are known as metastable states.
Phosphors are an example of materials having metastable states, They emit
persistent light called phosphorescence because of metastable states existent
in them. o ' T

T Atoms stay in metastable states for about 10%t0 10s. This is 10° to
10° times longer than the time of stay of atom at excited levels. Therefore , it
is possible for a large number of atoms to accumulate at a metastable level.
The metastable state population can exceed the population of a lower level
and lead to the state of population inversion.

If the metastable states do not exist, there could be no population inver-

sion, no stimulated emission and hence no laser operation.

Thus, the foundation to the laser operation is the existence of metastable
i >
states. < it

—

1.20 PUMPING SCHEMES

Atoms in general are characterized by a large number of energy levels.
Among these energy levels, two, three or four levels will be pertinent to the
pumping process. Accordingly, pumping schemes are classified as two-level,
three-level and four-level schemes. Among them, the two-level scheme will
not lead to laser action. The three-level and four-level schemes are important
and are widely employed.

(a) Two'Level Pumping Scheme :

It appears that the most simple and straight-forward method to establish
population inversion is to pump an excess of atoms into the higher energy
state by applying intense radiation. But basically, a two-level pumping scheme,
shown in Fig. 1.5, is not suitable for attaining population inversion. We can
establish it through the following considerations.

Population inversion requires a build-up of population in the upper la-
ser level. It is possible only if the upper level is populated faster than it de-
cays, so that the population of the upper level exceeds that of the lower level.
It, in turn, is possible only if the lifetime of spontaneous emission is longer.
Thus, it is required that the lifetime Ar at upper level E, must be longer. Ac-
cording to Heisenberg uncertainty principle, the linewidth AE, of level E, and
the lifetime At are related by. i

AE, At 2 h +(1.52)
At will be longer if AE, is smaller which implies that the upper energy level E,
must be narrow. However, if E, is narrow, we have to use only a specific
frequency photon (v = E, - E/ h) to pump atoms. It means that the pump
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s?urce §hould be high!y monochlfomatic. In practice, monochromatic source
of required fréquency may not exist. Even if it exists, the pumping efficiency
rvould be very low. The rfasult is that enough population cannot be excited to
evel E,. Further, pumping radiation on one hand excites the ground state

ftoms and on the other hand induces transitions from the upper level to the
dowc:r level. It means that pumping operation simultaneously populates and
i epc:pulaltes tlhe ;:pper level. Hence, population inversion cannot be attained

n a two-level scheme. All that we may achieve at best is a s) 1 of equa

populatéd levels. e OTequﬂly
ne must therefore look for materials with either three or four energy

. The transition between the two levels that generate stimulated emission
is called a lasing transition. The terminal level is called the lower lasing level
and the upper level as upper lasing level. The upper lasing level should be a
metastablt'e level. The uppermost level to which atoms are excited is known as
the pumping level. The transition between the ground level and the pum
level is called the pump transition. P
(b) Three Level Pumping Scheme :

A model of a Fhree le'vel pumping scheme is illustrated in Fig. 1.18. A
three level scheme is one in which the lower laser level is either the ground
zt;te or a level whose separation from the ground state is small compared to

Absorption band

oF Y222

Non-radiative transition

Metastable state

'y

Laser transition

Ground state
E, /

Fig. 1.18. Three-level energy diagram. Pumping transiuoﬂ\is shown by wavy

line, nonradiative transition by simple arrow, laser transition b
hollow arrow. ’

Initially, the population distribution amon

g the three levels obeys the
Poltfzmann law. When the atoms are subjected to an intense radiation of gump-
ing frequency v, = (E; - E// h), the atoms are pumped to the higher level E,.
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i _ i
Some of the excited atoms make spontaneous transitions to the ground stal

a4 . s
us non-radiative transitions to the
but many of them undergo spontaneo rapries

itions from E, to E;
1 E,. ‘As spontaneous transitions W0 E,
:htzb;:;ren‘;eaccflmulate at the metastable level Ey. The tl;:nld—uplo:'i 2::“135 :: ?
i Eventually, the popula L atEy
tinues because of pumping process. =rEE he p _ ,
Z;Ze:ds the population N, at E, and population inversion is at(;a:mec:.agic:): a
photon of hv (=E,-E, ) can induce stimulated emission and lase ;
Wfﬁciency, the level E, should be a band of energy

e gle narrow line. It allows use of a pumping radia-

Jevels instead of being a single narrow 2 mpemaE
tion of wider bandwidth to excite more atoms. However, the major disad

i ry hi ;powers. In this
tage of a three level scheme is that it requires ven h}ghuﬂt;ipagis)gft;t gl:‘ound
. =
, the terminal Jevel of the laser transition is si .
z‘t;z‘:teer.n';herefore, inversion of population requires more than half otl’l t:; f::t:nis
state atoms to be lifted to the higher energy level. As the glro B
heavily populated, large pumping power is to be used to depopulate gro

level to the required extent. ; s
:oht only in pulsés. Once smu
The three level scheme can produce light only ppopulawd iy

issi le state E, gets de

mission commences, the metastab . . ‘i
liat;tl(;d;d the population of the ground state mcreases quxckly.. As. : ::::il(:n it:
population inversion ends. One has to wait till the population 1

again established. Thus, three level lasers operate in pulsed mode.

(¢) Four Level Pumping Scheme

Absorption band
-

Metastable state

Es [
— Laser transition
Ground state
E -
E,

Fig. 1.19. Four-level systems

A typical four level pumping sc:heme is depicte
this scheme, the terminal laser level E, is wel
that ( E,~ E,) >> kT. Itgu
E le(vEe: is nlegligible. As in the three level pumping j;:
elzevates the atoms to a short lived uppermost level 4.th
spontaneously to metastable upper laser level E;. As

d in Fig. 1.19. In
1 above the ground level sucl;
ilibri lation 0
that the thermal equilibrium popu
i ing scheme, the pump energy
The atoms then drop
e terminal laser level
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E, is virtually vacant, population inversion between the states E; and E, is
quickly established. A spontaneous photon of energy hv = E; — E; can
initiate a chain of stimulated emissions culminating in lasing. The laser tran-
sition takes the atoms to the level E,. From there, the atoms lose the rest of
their excess energy by radiative or non-radiative transitions and finally reach
the ground state E;. Atoms are once again available for excitation.

In contrast to three level scheme, the lower laser transition level in four
level scheme is not the ground state and is virtually vacant. As soon as some
atoms are pimped to the upper laser level, population inversion is achieved.
Thus, it requires less pumping energy than does a three level Taser. This is the

major advantage of this scheme. Further, the lifetime of the lower laser tran-
sition level E, is much shorter as it is not a metastable state. Hence atoms in
level E, quickly drop to the ground state. This steady depletion of E, level
helps sustain the population inversion by avoiding an accumulation of atoms
in the lower lasing level. Therefore, four level lasers can operate in a continu-

ous wave (cw) mode. o

1.21 AMPLIFICATION AND GAIN

When an active medium is in the inverted state, a photon of appropri-
ate energy can stimulate the emission of a cascade of photons. This is the
process of amplification. The initial photon may be looked upon as the input
signal, the active medium as the quantum optical amplifier and the emerging
light as the amplified output. The degree of amplification is measured as gain
which is the increase in intensity when a light beam passes through an active
medium. The gain may be expressed as

1 dl
e | ..(1.53)

The gain may be otherwise defined as the amount of stimulated emis-
sion which a photon can generate as it travels a given distance. For example,
if G = 4 per cm, it means that one photon produces four photons per each
centimeter it travels in the medium. Unfortunately, laser materials have a
very low gain, of the order of 0.0001/cm to 0.01/cm It means that the photon
has to travel a long length of the laser material for producing large amplifica-
tion. As an example, if we have a material whose gain is 0.001/cm and if we
wish to achieve a light amplification of 1000 times, it is calculated that the
light has to travel about 69 meters in the medium. Such long distances are
obviously not practical. However, the important point to note here is that the
amount of amplification increases rapidly with the distance.

In practice, laser materials are not used to amplify light from some out-
gide source. Laser, despite its name, is basically a generator of light.

One of the ways of making light to pass through a long length of laser
medium is by keeping mirrors on both sides of a short laser rod or tube. The
light bounces back and forth between the mirrors and makes many passes

prer
=



