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1.39 CONDI
TION FOR. STEADY STATE OSCILLATION %
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must have the same
Phase as that of the original wave with any number of reflections from the

mirrors. It me i
light starts out ans that the phase delay between the waves must be some multiple of 27 iz hos, 4
g at a wave peak when it is ref : or. it should be again at the
wave peak after one round 1 s reflected from the output mirror, 1t shou : et
s rlaflomsiy Bt 1o \5 or fmy number of round trips. This imposes 2 cejnam c.on::i ot
optical path length tr avelength A and the length of the laser rod, L. It Is require PR
°ngth travelled by a wave between two consecutive reflections at the same end mirro
should be an integral multiple of the wavelength. For example, if light starts at 2 wave peak when it
is reflected from the output mirror, it will travel an integral nur;nber of wavelengths before it reaches
the output mirror again, where it will be again at peak. The waves stimulated by that wave will
be at pea.k at the output mirror as shown in Fig. 1.28. Therefore, they all add up in amplitude by
constructive interference and add up in amplitude. Thus, the condition for amplification is
2ul =mk\ (m=1,23,..) ...(1.100)
where p is the refractive index of active medium and pL is
the optical path. When the condition (1.100) is not satisfied,
each wave will reach the output mirror in a different phase, M, W M,

and undergo destructive interference and cancel out each

Cavity

other. The cavity length L thus imposes a severe restriction 3 L _
that only those light waves which can fit an integral number Fig. 1. 28. Condition of resonance

of wavelengths within twice the cavity length are amplified
strongly. Waves of all other wavelengths are attenuated.
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Fig. 1.29. Standing wave pattern and axial modes in optical resonator.
nded by the two end mirrors in a laser is regarded as a mirror cavity resonator,

If the space bou ; ,
then the length L of the resonator should ac'commodate an integral number of standing half-waves
as shown in Fig. 1.29. Thus, Eq. (1.100) which may be rewritten as

_mk '
L= n : ' ..(1.101)
expresses the condition of Lesonance between the mirror cavity and the light waves.
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1.40 CAVITY RESONANCE FREQUENCIES ==

x . aves whi
It is seen in the previous section that the cavity will be resonant fO; ﬂ(l)cf"s:u:}’] Wav:;h:r:: ﬁ.t an
integral number of half-wavelength between the mirrors. The wavelengths Biven
by Eq.(1.101) as

o ~(L10y)
o m
We can express Eq. (1.102) in terms of frequency as
mc
v = m |
Theoretically, the cavity can resonate at a very large number of frequencies t_hat satisfy the
condition (1.103). For example, if we take L = 0.5 m, & = 5000A and p. = 1.5, we obtain m =13 106
It means that the resonator supports 3 x 10° frequencies.
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Fig. 1.30. Cavity resonance frequencies representing the possible longitudinal modes, |

The spacing between the neighbouring frequencies is constant as shown in Fig. 1.30 ang js
given by,

C
Vmﬂ . vm = 2|J.L (1104) !
By using Av/v = AM/A, Eq. (1.104) can be written in terms of A) as
AN = A Aviv=272 . Av/ic

lz |
il o . (1104) |

Av =

However, it does not mean that the laser operates at all the frequencies given by Eq. (1.103). |

The laser will operate only at a select few frequencies for which the gain exceeds all the cavity
losses.

1.41 LINE BROADENING —1

Whenever an atom absorbs or emits light it is generally mentioned that the frequency at
which absorption or emission takes place is given by

_E-E (1.103)
VO == h d |
: : an
The above equation is based on the tacit assumption that the discrete energy levcl:l;: Etzo 5
E, are infinitely narrow and the atomic transition from level E, to level E, (or from 1e;eht 2 |
oceurs at a single definite frequency v,. However, in actual practice, we find that the lig % |

) to modl
by atoms is not strictly monochromatic. It becomes therefore necessary that we have ‘
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r visualisation of
ou energy levels. In order to understand the experimental facts, we assume that

i :22?2;;2’: ISShEz ar}d E.‘ are not sharp but are spread over a range of energies dE, and dE,
rcSPtted by t,h : atoown in Fig. 1.3 1(a). Since transitions can occur between dE, and dE,, the light
em]tral frequenc Ln | -\ﬁl“ ha‘.’c a frg quency spread dv, with the most intense part appearing at the
C?:heir amplitud)::s Ol' ¢ the HLi] llght‘ is in the form of wave trains with an exponential damping
° rve as shown in I;i 1 z;ﬂlcnsny of light is plotted against the frequency, we obtain a bell shaped
O i Fig. 1.3 8. 1.31(6). We have already noted, in an earlier section, that the line broadening
shown in Fig. 1.31(b) can be described by fhe lines'hc;pe fuetion do ’

AE/h
AEy/h
Av
(b
Fig. 1.31

There are a pumber of mechanisms which lead to line broadening. They are broadly classified
into two categories : (i) homogeneous and (ii) inhomogeneous broadening. If the broadening
mechanism effects each individual atom in the sample to the same extent, then the broadening is
said to be homogeneous. In such a case all of the atoms in the sample will have the same centre
frequency v, and the same lineshape. Natural broadening and collision broadening belong to this
category. On the other hand, if different atoms in the sample have slightly different frequencies for
the same transition, the overall response of the sample broadens out and the broadening is said to be
inhomogeneous. Doppler broadening and broadening due to crystal defects belong to this category.
Natural Broadening :

The energy levels in an atom are in reality not sharp. If the energy levels are sharp (dE = 0),
the Heisenberg uncertainty principle

AE. At ~h

leads to the impossible conclusion that the atom can stay in the excited state for an infinite length
of time. (A — oo, if AE — 0). Hence, the uncertainty principle requires that each energy level has

a spread, in terms of frequency,
1

Av = — : ol
e (1.106)

where T = Ar = i/AE is known as the mean lifetime of the atom in the energy state E.

The vpper state have a mean lifetime of the order of 1078 s. A spectral line arising from a
transition from an excited state to the ground state will have a frequency spread of the order of

1
L A ——
2x3.14x107"s
The natural broadening is relatively small in magnitude and is often masked by other
mechanisms.
Collision Broadening:

In a gas random collisions occur between the atoms. If an atom which is emitting a wave train
undergoes a collision, then the phase of the wave train is suddenly altered. Thus each collision leads

=16 MHz
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e
10 random phase changes and the effect of collisions may be viewed as shortening of the wave traiy, |
as shown in Fig. 1.32. It is equivalent to broadening of the spectral line. This broadening is knowy, |

as collision broadening.

Fig. 1.32. Random collision with other atoms cause abrupt changes in phase of the wave emitted by an atom,
Doppler Broadening :

Doppler effect occurs when a source and an observer are in relative motion. The frequen
as measured by the observer increases if the source and observer approach each other and decreageg
when they recede. In a gas, atoms move randomly and therefore an observer would measure a range
of frequencies. It means that the spectral line is broadened. This broadening of lineshape caused by
Doppler effect is called Doppler broadening. |

In actual practice, all the broadening mechanisms will be present simultaneously and are to b,
taken into consideration. I

Homogeneous broadening mechanisms will result in a Lorentzian lineshape. In that case the ‘
lineshape function is given by ; -

V) = v 5

A 2n[(v—v0)2+(Av/2)2] aaadd

where Av is the line width. Line width is measured as the separation between the two points on the !
frequency curve (Fig. 1.19) where the value of g(v) falls to half of its peak value.

Inhomogeneous broadening mechanisms will result in a Gaussian lineshape in cases of gases, |

The lineshape function is given by i

2 (2" v-v, ) i
= —| — —(n2 0 ‘.
&) AV[ n ) P [Av/2] '--(1'108){

’v v
(a) Lorentzian Lineshape (b) Gaussian Lineshape
' Fig. 1.33
Putting v = v, in Eq. (1.107), we get
2
V EE —
gL( o) g

L
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and from Eq. (1.108), we obtain

2 (In2\?
‘U — ] —
86 (W) = Av[ ‘-'t]

The above results may be approximated in general to

i
8 (vy) = — .(1.109)

142 GAIN SATURATION ==

Initially, population inversion condition s crea
agent by pumping at a fixed average rate. Now that

exponentially. The rate at which stimulated emissions tak
of the light field present. Therefore as the intensity of the
at which atoms are removed from the excited state increas

photon, the population inversion decreases by 2. As the intensity of light due to stimulated emission
increases, the degree of population inversion decreases, Consequently, the gain will decrease. The
gain ultimately settles down at a value where the rate of production of the excess inverted population
is balanced by the rate of decrease through stimulated emission. It happens when the gain just
balances the losses in the medium. In terms of population inversion, there is a threshold value N,
corresponding to this situation. In the steady state condition (N, — N,) remains equal to N, even
though the pumping rate is greater than the threshold pumping rate. To sum up, light amplification
in a laser medium cannot increase without limit. As the amplification increases, there is a companion
decrease in the population at the upper level. As a result, the population inversion is reduced, the
number of stimulated emmision events decrease and the amplification goes down. The reduction in
the population inversion and consequent self-adjustment of gain caused by the presence of light field

is called gain saturation. The gain saturation is the mechanism which adjusts the gain to a value
where it just balances the losses in the cavity so that steady oscillations can result.

e place is proportional to the strength
light builds up in the medium, the rate
es. With each stimulated emission of a

1.43 GAIN BANDWIDTH

Ideally, a group of identical atoms radiate at the same frequency. However, in practice, because
of the various broadening mechanisms there will be a small spread of frequencies about the central
value. As a result we have to consider a certain frequency interval called bandwidth corresponding
to a (stimulated) transition.

M % N
A . .
3 Losses in cavity
Q Yy .
v, )

Fig. 1.30. Gain profile with loss level superposed on it.
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