Semi-Classical Laser Theory

Begin 03-17-2021

Lasing action: requires a gain medium & feedback
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gain medium mirrors

(%) As usual we simplify to focus on the key
concepts B 1D cavity

Plane Parallel Mirrors &) standing waves

Length L B wave number for m’th mode
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L

Field in the M-h mode

B, 4 =8, 8 (£)Gn(k,)e
Slowly Varying Envelope

Note: Gain &) dispersion in cavity
w* £, C = Wy,
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Laser freq. Vacuum mode freq.

Polarization density, m“+th mode
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o5 _ Total polarization
Pl24)= % Pm[-?:,-t\ = density in all modes




Wave Eq. in resonator, with distributed loss

Semi-Classical Laser Theory

Fast atomic response
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A Phenomenological loss constant
K="/, % (losses + output coupling)

Lo == High-Q cavity
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Wave Eq. for m'th mode in the resonator
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Semi-Classical Laser Theory

Fundamental Eq. of Semiclassical Laser Theory

$iBmt) = 3[40 ()4 L5 )] £, 14

The FESLT gives us insight into

(%) Threshold behavior
(%) Laser intensity and power output

(%) Laser frequency and linewidth

3 >9.. : exponential growth
LT JRVLY t
il (C% YT ® {

Q < 9. : exponential decay

We define 9, =c(a)AN, , AN, = a‘j?(_&



Semi-Classical Laser Theory

The FESLT gives us insight into These are Key parameters that characterizes a laser

(%) Threshold behavior

(%) Laser intensity and power output g\,: = X:: Threshold Gain

(%) Laser frequency and linewidth

AI\),‘£ = X__ Threshold Inversion

CV(a)

Example: Diode lasers & threshold behavior

Rot o« 1€]2
N

3 >9, : exponential growth
L= (gL B
Q< 9¢ : exponential decay

We define Q¢ = 0(a)AN, , AN, =c£v(_£3

End 03-17-2021



Semi-Classical Laser Theory

Begin 03-19-2021

Fundamental Eq. of Semiclassical Laser Theory
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. gain L dispersion

Laser Frequency in Steady State

Let %f—m =0 and consider imaginary part of FESLT

Solve for w:
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Semi-Classical Laser Theory

Solve for w:
Wt 3%a Wy
W= ""1+ c;f C W, + %’?;Cwu—wm)
A WL 4 A
laser 9c frequency
frequency for 0 «1 pulling
‘alw J oLw)
(N /q

Gain requires Population Inversion &)

Laser Pumping Schemes



Semi-Classical Laser Theory

Gain requires Population Inversion &)

Laser Pumping Schemes

3-Level System (2>

Ruby Laser > %EZ
Hard to Pump! teo

g

117

12>

4-Level System
Fast decay

Nd-YAG 12>
Ti-Sappire

Er-Fiber (glass) Pump Lasing
Organic Dye

Helium-Neon
Semiconductor

11>
Fast decay

Easy to Pump! 10>

Population Rate Equations — 3 level System
let [P, [, SOV B Ny~ O

-

Nl = - PN,l'f‘ G_INQ_T W(\Acp CM,_"U.l)
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End 03-19-2021 Begin 03-22-2021
Steady State Solution (Home Work Set 6)
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Semi-Classical Laser Theory

Population Rate Equations — 3 level System
let [P, 1, SV B Ny~ O
T

Ny = =PN+ 1 Ny + SO (N, - 0,)

Ny = PN = N ~ST) @ (Wy -y

Steady State Solution (Home Work Set 6)
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Divide top & bottom w/ > +[;,
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Semi-Classical Laser Theory

Gain requires Population Inversion &)

Laser Pumping Schemes

3-Level System (3>
Ruby Laser P %Ez
Hard to Pump! 12>
s
117
4-Level System 132
fay
Nd-YAG 12>
Ti-Sappire
Er-Fiber (glass) P q-ww)
Organic Dye
Helium-Neon
Semiconductor 115
o

Easy to Pump! 10>

Population Rate Equations — 4 level System

let [P, [, S B Ny~ O

-

N, = ~T3pNy+ 5, Ny + §) N, -n,)

Ny= PNy - [, Ry~ S0)D (M- ny)

Steady State Solution (Home Work Set 6)

Ne - N = P(rl'o"r'l:)N
T PRt )+ T 0+ (2047, )T
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Semi-Classical Laser Theory

Population Rate Equations — 4 level System Divide top & bottom w/ P(r:o.‘.r; ) + N
let [P, [, SO B Ny~ O o
L
) 9o (V) Saturated
V)2 — Gain
. d 14§/ Doy,
N,= PN+ [ N,
, oy = TVPM-RINV small Signal
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Saturation

Saturation Flux Intensity

Steady State Solution (Home Work Set 6)




Semi-Classical Laser Theory

Divide top & bottom w/ P(q°+ ‘",,3 +° 1,

o

T
o) go (V) Saturated
V)= Gain
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9 - SV P(M,- RN Smaclil Signal
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. Saturation
Saturation Flux Intensity

Threshold Inversion and Pumping Rates

(P~ 1})N
PiTed

Example: 3-level system: AN =

By definition Qq;=&(V)AN, ®
ﬂg 4 defines P

Threshold Gain Threshold Inversion /
o BRIV @mnN
£ RN 4204 Rl

=0 below threshold

Solve for the Threshold Pumping Rate.
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Semi-Classical Laser Theory

Threshold Inversion and Pumping Rates

(P-1)N
IR

Example: 3-level system: AN =

By definition = Cv)AN, B
' de At

defines B
Threshold Inversion /

CBrGIN (BTN
¢ Q_+r;[+2o‘d> Q'Fr;-l
——
=0 below threshold

Threshold Gain

Solve for the Threshold Pumping Rate.
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Gain under Lasing Conditions

¢$ ¢90d:

Below threshold & < g E
t gfv} ~9 o(V)
A
Small Signal Gain

Above threshold: exp. growth of d) until
the gain saturates, growth slows and stops

—_-—

Steady State: Ay =g, = (Va5

Saturated Gain = Loss

Important Question:

— What if many modes see significant gain?

— It depends, and can be complicated !




Semi-Classical Laser Theory

Gain under Lasing Conditions

¢$ ¢§at

Below threshold @ < 9 E
t %Cv) ~9 (V)
4
Small Signal Gain

Above threshold: exp. growth of d) until
the gain saturates, growth slows and stops

-

Steady State: Ay =g, = (Va3

Saturated Gain = Loss

Important Question:

— What if many modes see significant gain?

— It depends, and can be complicated !

Homogeneous Gain Broadening

All atoms identical, couple identically to modes
( lifetime, collision broadening )

Consider a gradual increase in the pumping rate

PvOo B PvP B PHF,

ae)
A
— ez ewe
v"\ -1 \7'“ OM £t

1st mode to reach threshold will lase, saturate gain,
and clamp the inversion at its threshold value

Mode Competition
©» Winner Takes All




