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Light Amplification by ﬁtimulated Emission of
Radiation

Step1: Build a cavity
Step 2: Insert a gain medium = atoms in liquid, solid or gas
Step 3: Start the process
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<% Coherence
< Monochromaticity
< Collimation



= Spontaneous emission:
— electron ‘naturally’ falls down
from level 2 to level 1

= Stimulated emission:

— electron is ‘triggered’ to fall
down in presence of photons
of energy equal to the energy
difference of the initial and final
state.

= Stimulated absorption:
— electron is raised from 2 to 1.

Amplifying Process
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< Atomic
population is
governed by
temperature
without an
external
source of
energy.

< Exponential
drop in
population
with energy.

— 3000 K
=== 2000 K

Atomic population

Energy (eV)




¢ Boltzmann’s Distribution:
NZ/Nl — e—AE/kBT

So, cannot make laser from a system in
thermal equilibrium. Need a pump.

Pumping: supplying energy to the laser
medium to excite the upper energy levels.
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= Before:

' Electron E rStimulated
2
Photon : - B2 1 N2 p
md"AVA
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= Before:
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= After:
. Electron

E1

E2

E1

rabsorption

= B, N1 p

B, = Einstein’s coefficient
N; = population of lower level
p = Energy density of EM wave
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kor the upper level:

rabsorptionz Spontaneous"'rstimulated

Bi, Nyp=By; Nyp+ A, N,

Thus,




From Plank’s law:
B 8mhu’ 1

. \ NZ
Equating, —
Ny

A1 8mhu?

B21 C3




3
" Tstimulated c™pP

= 3
Tspontaneous 8T[hU

For the stimulated emission to overcome
spontaneous emission, p must be high.

T'stimulated _ &

Tabsorption N 1
For the lasing emission to overcome
absorption, N, > N;: Population Invertion
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m Gain > Loss
Gain coefficient: power gain per unit length

AP

g= PAx

Losses:

- Transmission at the mirror

- Absorption and Scattering at the mirrors
- Absorption in the l[aser medium



Threshold Condition: | Gain = Losses

Lets,

g = gain coefficient

y = effective loss coefficient

L=length of the active medium

R,, R, =reflectances of mirrors M, and M,



........................................................................................

M1 L M2
In travelling from M1 to M2, the beam power increases from P,
to P:
P = poe(g—v)L
After a complete round trip:
Final Power
— Rleez(g_Y)L

~ Incident Power

For threshold: G = g, =1

v+ —1
Jth =Y T o7 H(Rle)
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| l § )
\ /
Laser (Oscillator) Gain Tube FPower
Meter
MOPA Configuration

e Selecting the laser wavelength, gain for any
transition can be calculated

e Threshold gain can be calculated to determine
minimum required reflectivities or maximum inserted
loss.
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= Distance between the half power points of
the gain spectrum

= The primary reason of broadening: Doppler

Effect: v = vy(l £ E)
= FWHM linewidth due to Doppler effect:
2kT In(2)
Av = 2v, V( )

M2



= Pumping must be Selective — upper lasing level
is populated, lower lasing level empty.

= The excitation process can be

a) Electrical: e.g., electrical discharge in He-Ne laser
b) Optical: e.g., flashlamp in Ruby and Nd:YAG laser
9 Chemiixil and/or nuclear

The emission spectrum of the lamp should have a
reasonable value at the absorption peak of the laser
medium.
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= Three level lasers

requires higher
pumping power.
There is a time
delay for the
buildup of
populationin 3-
level laser,
whereas in 4level,
the population
inversion occurs
almost
immediately.
4-level laser more
efficient

Y Pump

— ULL

VAVAVAS -

Excitation
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Ground
Three-Level Laser

Excitation

Pump
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Y

Ground
Four-Level Laser
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**Three level

Ab t- .

0P Non-radiative laser

oo iti “* Quite efficient

bandsin transitions ¢

Crt3ions because:

\ a) Broad pump

Photon —————— absorption

A VAVA TS bands

Photon

N> b) Ijonger ULL
lifetime (3 ms)
AN\
AN\

Photon

A\
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« 4 level laser

« Multiple
pump bands

= = = \
2 © B \\ 0B ULL
E- E— E— IO 1833 nm
i Dj_ ﬂ:_ LSRG 1350 nm
E| E| E iyl
| 3| 8 VA e

Most i I e e B e

powerful <o 9 O | L LLL

emission ™ ™ ki == = Ground

Nd:YAG Laser System



= Electrical discharge
excites He ions by
collisions.

= Excited He atoms
collide with Ne
atoms— transfers
atoms to the ULL

= Noresonant energy
level of He at the
energy level value
of the LLL of Ne —
No transfer of
energy

Does Not contribute to laser
output: seen as orange line in
spectrum
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4 Laser Output
VAVAVAS
"~ Infrared 730 nm

Red 632.8 nm

Green 5435 nm

f — T
/ @dlatwe Decay
;f VAVAVA: <
!
600 nm

xfl;
i

e Collisional
~ | Deexcitation
T | (with Tube Walls)

v Ground
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IIZ.I;CLéifetime > ULL m LLL Lifetime < ULL
ifetime Lot

ULL filled very quickly, Lifetime l

but eventually LLL

population will exceed CW operation
hobaeonznd  Toponcaneous = Az1 N
g : where
A21 — 1/T
Pulsed Mode Operation So, T increases, A,4

decreases, probability of
spontaneous emission
decreases.

Uses: marking, cutting,
drilling, range finder,

surgery.
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» Ty, = 10ns, 1y, =10 ms

A fast pumping mechanism (current = 1000A)
to fill ULL

Lasing ensues until at 10 ns

After about 10 ms the LLL depopulates.



= Effect of thermal population: almost negligible

= Where two or more transitions are possible,
with one having a lower level close to ground
state, a transition with a higher lower level may

be favored
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Ab ' Stimulated 5
Level 2: R el e
dN, .
? — AbS.l_z_ Stlm Em.z_l_ Spon Em.1_2
= WiyNy — Wy Ny — Ny /Ty
Level 1:

dN,
r Wy1N, — Wi,Ny + Ny /Ty
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Rate of change of population:
dAN dNy dN,

dt dt dt
Equating to zero (at s.s) and putting W, ,=W,,,

we get:
Ny

- 1+ 2W21T21

AN

W, increases— AN tends to zero, thus N1 and N2
will highest be equal: No population Inversion
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Rump level:

dN3 Ny
W13 (Nl N3) -
dt f Spontaneou
Equating to zero for s.s: s decay from
q g 1 ~ 3—2 and
3—1

WisN; = Nj (T_ + Wi3)

= Practically, the decay from the pump level to the upperlevel
must be much faster than the decay from the upperto the lower

lasing levels.
WisNiT3 = N3
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hevel 2:

dt T3 Tp _
Equating to zero: \\ D
T21 -
NZ — N3 e {,// \\
. T39 S —
ASSUMING T3 = T33: J N LN

AN = N;(Wi3Tp1 — 1)

A minimum pumping rate equal to W;31,1 is neededjust to get half

of the population at ground state to the upperlasing level. .



Pump level:
dN4

N,
7 = Wis(Ny — Ny) — ™

Equating to zero and assuming N; < Ny:
WiaTyNy = Ny

33



Bevel 3:

dN; N, N

dt Ty3 T3
Equating to zero:

34



hevel 2:

dN, N/ N, N,

dt }42 T32 T21
Equating to zero:
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Population Inversion:
AN = N]_ W14_T3
Thus, inversion occurs when any pump energy

is supplied.

L= N5(f)
——— Nzl:fj] /—_
s
s
[
A ——
[
L7
/4

| | I i
0 1 2 3 A

Pump Power (arbitrary units)
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s Gain Coefficient g = (N, — N;)o,

0= cross section of the stimulated emission process

7\2
= o(v) = Sg(v) = ——g(v)

sp
g(v) is the lineshape of the gain function and S is the
transition strength or oscillator strength.

= For homogeneous processes:
2
Vp) = —
g(vo) .
Av is the FWHM linewidth.
= Forinhomogeneous processes:

1
g(ug) = E
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# The previous calculation don’t account for the
stimulated emission processes.

« If Light present = Stimulated Emission (N,W,;) =
Loss

“ Also a absorption process (N{W,) from LLL to
ULL.

< Photon flux increases = amount of inversion
decreases = gain decreases
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% No saturation:

_ l
Poutput — Pin;:)w:egO

< Light present in the cavity, gain medium
behaves as a ‘saturated amplifier’:

Poutput = Pinput T Jol
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" Noptical- CONversion of electrical energy to
optical energy => depends on lamp technology

" Ncoupling-Coupling of the pump light to laser
medium => depends on geometry of laser medium

" Napsorption: depends on the wavelength of the

source and the absorption spectrum of gain
medium
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EyLL _Eg‘round

*" Nouantum =

—> depends on the
Epump _Eg‘round

particular atomic medium

Overall Efficiency: Typically 1% for gas lasers
Npump
— 770ptical -nCoupling -nAbsorption- Nouantum
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¥he minimum pump energy required:

dN
P minimum — - K@

Active Volume
of the gain

mediu
t
Ny, (t) = Ny (0) exp (_ ;)

Differentiating

= ——N ~ ——AN
dt UL T

Now,

Photon
energy
required
at the ULL

For 4 level system
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s Threshold gain: Round trip gain = Round trip loss

1 1
Jen =Y+ 77In

2L R{R;
= After gain reaches threshold, it saturates to at

equilibrium
b
AT 1+ 21/

Unsaturated gain
of the amplifier
gox AN
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solving for Intensity |,

29
vt/ ~ Vet

2

- By multiplying area, We get the power available.
- go can be determined experimentally, thus
maximum power can be calculated.
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