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4,26 LINESHAPE FUNCTION =

For the sake of simplicity, we : i ‘
the specimen is strictly monoc)llwo have assumeq till now that the emission of light by all atoms 1n

matic and the frequency is given by
v, = E, ,‘EJ
1

However, this is not trye, The [
X onential, as shown in Fig.1.18, The
spread over a certain range Av, ag depict

that

ght emitteq by an atom is in reality a burst of decaying
ac{}lai freCl‘tlency of the light, although centered at v, has a
ed in Fig. 1.19. Fourier analysis of the decaying light shows

I
Av x — (181
Tsp ( )

Av 1&; known as the linewidth and is defined as the frequency difference corresponding to the

intensity 7 L.

Sim1]z§rly, at(?ms are capable of absorbing light not just at a single frequency but over a band
of frequencies. It implies that atoms interact with light over a range of frequencies. If we plot the

infensity ‘l)gr adiation as a function of frequency, we would again obtain the bell-shaped curve shown

INTENSITY —»>

(e

Fig. 1.18 A decaying electric field of light burst. Fig. 1.19 A Lineshape function.

The shape of the curves is described by the lineshape finction g(v). The function g(v) is
usually normalized according to
+ 00
[ewyav =1 (1.82)

-0

<V

We may consequently view g(v) dv as the probability that a given transition between the
energy levels £, 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 /v may not necessarily stimulate another
photon of energy Av, but it, may stimulate a photon which has an energy between Av and
h(\l+d\))_

We now assume that radiation density p(v) dv incident on the collection 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. (1.78) takes the form
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v’ g(v)

8nvit

By hv
y =(N,-N)) —:ﬂu—ﬂg(v) =(N,-N)
sp

-(1.83).

where v, is the central frequency.

1.27 POPULATION INVERSION ==

When an atomic system is in thermal equilibrium, photon absorption and emission processeg
take place side by side, but because N, > N,, absorption dominateg. However, laser Operatiop
requires obtaining stimulated emission exclusively. To achieve a high percentage of stimulateg
emission, a majority of atoms should be at the higher energy level than at the lower level. The ngp.
equidibrium 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.

Extending the Boltzmann distribution, Eq. (1.44), to this non-equilibrium state of populatioy
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 doeg
not mean that we can attain temperatures below absolute zero. The terminology underlines the fag
that the state of population inversion is a non-equilibrium state. [t should be borne in mind that the
population inversion state is attained at normal temperatures.

Let us consider for the moment a system that has three energy states £, E, and E;. With
the system in equilibrium, the uppermost level E, is populated least and the lowest level E s
populated most, as shown in Fig.1 .20(a). The dotted curve shown in Fig. 1.20(a) represents a normal
Boltzmann distribution. Since the population in the three states is such that Ny < 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 £, as shown in Fig. 1.20(b).

E
B E, FESSSSSSSSY N,

E, Ny

N " E, Ay Ny N
() Population in equilibrium. (b) Population inversion of E, with
o : respect to E,.
Fig. 1.20 Three level system,

Under the population inversion condition, the stimulated emission can produce a cascade Of
light. The first few randomly emitted spontaneous photons trigger stimulated emission of more
photons and those stimulated photons induce still more stimulated emissions and so on. As long &
the excited state population is more than the lower level population, stimulated emissions are moré
likely than absorption ; and consequently, light gets amplified as shown in Fig. 1.21. As soon &}
the population at lower level becomes equal to or larger than that at the excited state, population
inversion ends, stimulated emissions diminish and amplification of light ceases. !

Amplifying medium (N, > N,)
e

Output wave

Input wave

sl NS

Fig. 1.21 Amplification of a light wave in a medium with population inversion.
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In order to realize and mainta:
' maintain the gt ion i ion, it i
RN = ate of population inversion, it is necessary that atoms

Jietiow 1o fie Taser sediy m the lower level to the excited level. Energy is to be supplied

ittng beyfior e m to_ raise atoms from the lower level to the excited level and for
I e e .metcd level at a value greater than that of the lower energy. The

p Thieose] fetind of I'BIISF%d from the lower level to the upper level is called pumping.

(L17) it i scen that as loncxmt;ing atoms to higher energy levels is to heat the material. From Eq.

en.ergy of atoms but does ngo??n f(>]51 » N, <N,. Heating the material only increases the average

: . axe reater th ion i i
achieved by heating the material, 2 8 an N,. Therefore, population inversion cannot be

-

1.29 PUMPING METHODS

In order to create the state of popul
the material to particular energy level

ation inversion, we have to selectively excite the atoms in
S. There are a variety of methods employed for this purpgse.

The most common methods of pumping make use of light and electrons. We confine our study here
only to these techniques. These are:

(@) Optical pumping

(b) Electrical pumping

(¢) X-ray pumping

(@ Chemical pumping
(@) 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 uppermost level. From there, they drop to the metastable upper laser level to
create the state of population inversion. Optical pump sources are flash discharge tubes, continuously
operating lamps, spark gaps or an auxiliary laser is sometimes used as the pump source.

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 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 that it conducts electricity. An electric current flowing
through the gas excites atoms to the excited level from where they drop to the metastable upper laser
level leading to population inversion.

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

(c) X-ray Pumping :
In some cases atoms of solids can be excited by X-ray beam and pumping can be achieved.
(d) Chemical Pumping :

When excitation is produced by exothermic chemical reactions, it requires highly reactive and
often explosive gaseous mixture.

1.30 ACTIVE MEDIUM

Atomsin 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,
a liquid or a gas.

1.31 METASTABLE STATES

An atom can be excited to a higher level by supplying energy to it. Normally, 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 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
is needed is an excited state with a longer lifetime. Such longer-lived upper levels from where an
excited atom does not return 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.

Atoms stay in metastable states for about 10%to 10~3s. 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 inversion, no stimulated
emission and hence no laser operation.

Thus, the foundation to the laser operation is the existence of metastable states.

1.32 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.

(@) 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,
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wo-level pumping scheme, shown in Fig. 1.9, is not sui . L
:\:c can establish it through the following consid;rationsﬁultablc for attaining population inversion,

population inversion requires a build-up of popul

only if thﬁ I:IE)I}C[LT,C;’(;:\L: Iljc:)v[::LllImI‘t:d' falStCr l!lan it decays, so that the population of the upper level
xcced“ :'ll“h s, it is required 'th t, 1|]n 1, 15 possible only if the lifetime of spontaneous emission
-, longer us, it is req at the lifetime As gt upper level £, must be longer. According to

1 4 0 . " 5
Heiscnberg uncertainty principle, the linewidth AE, of level E, and the lifetime At are related by.
AE, . At > h (1.84)

(will bc.longf:f if AE, is smaller which implies tha (he 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
oms. [t means that the pump source Sholuld be highly monochromatic. In practice, monochromatic
ource of reqlllﬂ_?d frequency may not exist. Even if it exists, the pumping efficiency would be very
oW The result is that enough population cannot be excited to level E,. Further, pumping radiation
none hand excites the ground state atoms and on the other hand induces transitions from the upper
jevel to the lower level. It means that pumping operation simultancously populates and depopulates

the upPer level. Hen_cc, population inversion cannot be attained in a two-level scheme. All that we
3y achieve at best is a system of equally populated levels.

One must therefore look for materials with either three or four energy level systems, which
operate with different frequencies of pumping and lasing transitions.

The transition .bctwecn Phe two levels that generate stimulated emission is called a lasing
gransition. The term.mal level is called the lower lasing level and the upper level as upper lasing
Jevel. The upper lasing level S.hOllld be a metastable level. The uppermost level to which atoms are
excited is known as the pumping level. The transition between the ground level and the pump level
is called the pump transition.

() Three Level Pumping Scheme :

Amodel of a three level pumping scheme is illustrated in Fig. 1.22. A three level scheme is one

in which the lower laser level is either the ground state or a level whose separation from the ground
tate is small compared to kT.

ation in the upper laser level. 1t is possible

Absorption band

Bs [ %//////////é‘mﬂive transition

Metastable state

F': N

Laser transition

Ground state

E, V

Fig. 1.22 Three-level energy diagram. Pumping transition is shown by wavy line, nonradiative
transition by simple arrow, laser transition by hollow arrow.

Initially, the population distribution among the three levels obeys the Boltzmann law. When
the atoms are subjected to an intense radiation of pumping frequency v, = (E; - E|/ h), the atoms
are pumped to the higher level £;. Some of the excited atoms make spontaneous transitions to the
ground state but many of them undergo spontaneous non-radiative transitions to the metastable
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level E,. As spontaneous transitions from E, to E, do not occur often, the atoms accumulate at the
metastable level £,. The build-up of atoms at £, continues because of pumping process. Eventually,
the population N, at E, exceeds the population N, at E, and population inversion is attained. Now,
aphoton of hv (= E, - E, ) can induce stimulated emission and laser action.

For better pumping efficiency, the level £, should be a band of energy levels instead of
being a single narrow line. It allows use of a pumping radiation of wider bandwidth to excite more
atoms. However, the major disadvantage of a three level scheme is that it requires very high pump
powers. In this scheme, the terminal level of the laser transition is simultaneously the ground state.
Therefore, inversion of population requires more than half of the ground state atoms to be lifted to
the higher energy level. As the ground state is heavily populated, large pumping power is to be used
to depopulate the ground level to the required extent.

The three level scheme can produce light only in pulses. Once stimulated emission commences,
the metastable state E, gets depopulated very rapidly and the population of the ground state increases
quickly. As a result the population inversion ends. One has to wait till the population inversion is
again established. Thus, three level lasers operate in pulsed mode.

(¢) Four Level Pumping Scheme

Absorption band

2 7////////4‘/ Metastable state
/

A

Laser transition

\}
E2 \
E1

Fig. 1.23 Four-level system

A typical four level pumping scheme is depicted in Fig. 1.23. In this scheme, the terminal
laser level £, is well above the ground level such that (E, — E|) >> kT. It guarantees that the thermal
equilibrium population of E, level is negligible. As in the three level pumping scheme, the pump
energy elevates the atoms to a short lived uppermost level E,. The atoms then drop spontaneously
to a metastable upper laser level E. As the terminal laser level E, is virtually vacant, population
inversion between the states £, and £, is quickly established. A spontaneous photon of energy hv=
E, — E, can initiate a chain of stimulated emissions culminating in lasing. The laser transition 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 pumped to the upper laser level,
population inversion is achieved. Thus, it requires less pumping energy than does a three level
laser. This is the major advantage of this scheme. Further, the lifetime of the lower laser transition
level £, is much shorter as it is r'lot 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
continuous wave (cw) mode.
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When an active medium js
gmulate the emission of a cascade
oton may be-look-ed upon as the inp
 the emerging light as the ampli
hich is the increase in intensity whe
e expressed as
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In the inverted state, a photon of appropriate energy can
of photons. This is the process of amplification. The initial
ut signal, the active medium as the quantum optical amplifier
fied output. The degree of amplification is measured as gain
na light beam passes through an active medium. The gain may

§

1 di

G =i
) . I dx ...(1.85)
The gain may be othe.rwme defined as the amount of stimulated emission which a photon
an generate as it travels a given distance, For example, if G = 4 per cm, it means that one photon
roduces four phOtQHS per each centimeter it travels in t,hc medium. Unf,ortunatcly, laser materials
pave @ very low gain, of the order of 0.0001/cm to 0.01/cm It means that the photon has to travel
4 long length of thfi 1§ser material for producing large amplification. As an example, if we have a
material whose gain 1 0.001/em and if we wish to achicve 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 practl'cal. Hox.vever, the important point to note here is that the amount of amplification
ncreases rapidly with the distance.

In'practlce, .laser .materials are not used to amplify light from some outside source. Laser,
gespite its name, is basically a generator of light.

One of the WS 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 through the medium increasing the effective distance of travel

by many times. Such an arrangement of mirrors transforms the simple amplifying medium into a
source of light.

Although population inversion is necessary for light amplification, it alone is not sufficient
to make the stimulated emissions dominate other processes. According to the relation (1.65), large

radiation energy density p(v) is required to be present in the active medium for this purpose. The
pair of mirrors help to maintain a large radiation density in the medium.

1.34 AMPLIFIER

Arod shaped laser medium without end mirrors acts as an amplifier. A light beam of appropri-
ate frequency incident on one end triggers stimulated emission and an amplified output will emerge
from the other end. Such amplifiers are used to increase laser pulse powers to higher levels and to
amplify weak signals in fiber optic communication systems.

1.35 OPTICAL RESONATOR

Basically a laser is very much similar to an electronic oscillator. In an electronic oscillator,
an amplifier tuned to a specific frequency is provided with a positive feedback, as shown in Fig.
124. When the oscillator is switched on, any noise signal of the appropriate frequency appearing
at the input will be amplified. The amplified output is fed back to the input and is amplified again,
and so on. A stable output is quickly reached and the oscillator acts Ein
3 a source of the particular frequency. In case of low frequency _E—m—_D——-
electronic oscillators, the feedback may be given using electric
wires. However at high frequencies, waves can not be confined in —

Wires and hence different kinds of feedback mechanisms are to be LB [
used. At microwave frequencies, for example, cavities are used.  Fig. 1.24 Feedback Oscillator

EO ut
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