Lecture 8
Continuous-Wave Laser*
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*Some figures and texts belong to: O. Svelto, Principles of Lasers, 5th Ed., Springer. % VETE NSl




Reading

* Principles of Lasers (5th Ed.): Chapter 7.
e Skip:7.3.2,7.4.2,7.8.2.2.
* Squeeze: /.9, 7.10.



Mirror 1 Gain medium Mirror 2

* Rate equation (interplay between N and ¢)
e Threshold conditions

* Steady-state N, ¢, P M

* R, for optimumP_,

* Single-mode selection, and tuning
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Rate equations (4L) —

\
. J\/\/\/j
| Stimulated emission ”\/\/\»
: : _ \ 4 v 1
diVQ . 1V2 Nl—O

— \_ 0/
do ; 0]
— = |V, BoONy|— —
dt Va BN Te
_| Stimulated emission . .

Assumptions:

Single-mode
Pump & laser mode are uniform (space-independent)

N,: Population inversion (per unit volume)

¢: Total photon number

B: Stimulated transition rate per photon per mode

T: Effective upper-level lifetime [radiative (Spon.E.)+nonradiative] Y
V,: Volume of the mode in the active region f
T.: Cavity photon lifetime




B

Laser intensity change after one round trip

Al =1 -RiRy(1— L;)* - exp(20 N»l)

Define single-trip logarithmic loss as

¥ = —lln [RlRQ(l o Lz)z]

2
After round trip, Al becomes

Al =1 -exp [2(o Nyl — )]

If oNol—v <1
Al = 2I(o Nyl — %)

)

A=V, /I

Round-trip time: At=2L /c,
where L =L+(n-1)I

Divide by At (round-trip time) g _ olc _ _('\
dl (fl(:N 77 VaLe V
dt L Le Te = Le

do T i ¢ )
© = viBoN, - 2
b Te i
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Since | o ¢, by comparison with 2"d rate eq.

V: cavity mode volume
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Rate equations...so what?

(](.f\\rig _ ‘f\y§2
—— = R, — BoN, — —
dt Rp PNz T
d¢ . N
Y V.BoN, - £
dt DO Te

1. CW characteristics
* Threshold-state condition: ¢=0, N_
» Steady-state condition: d¢/dt=0, dN/dt=0
2. Transient characteristics
*  ¢(t) and N(t) can be derived if ¢(t=0) and R (t) are given
3. Output power P, if ¢(t) is known
4. Slope efficiency n, i.e. dP, . /dP,

; et M+ e + 27i)ct
To get Pout: I = [O exp <_~__> — [0 exp (_ g ) — ]O exp l_( ' iz ),)(

le e

C
= — 12 IHR‘)?M =@

2L, 2L,

1 _m Yoo, i dl
T(:f 2L(3 QL(?. L(ff dt
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Rate equations (g3L)

3 )
: [ —F fVé — j\i Nz 2
dN, N, V>
= R, — ¢(B.Ns — B.Ny) — 2 _0eC J\/\/\» W
dt T B, = — v 1
V N,=0
dp - . o ; \_ 0/
— =Vud(BeNy — ByNy) — — B, = 2%
(]t Te ‘
If we define f=0,/0, and population inversion N=N,-fN,
dN | (0 +04)cC f N, + N
— - 1%. 1 — - Ij\r
do  V,o.c b Difference:
v —N¢ — = -Population inversion
. -Stimulated emission term
AN oC N Similarity:
7 R, — ‘76.9N - — - Same 2" equation
4L-case . | 7
dp  Vyoc, N )
dat v b Te
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Threshold state: N_and R, (4L)

(1J\T N

— = R,— B4N — — Note: Small amount of photons
dt. T ¢, exist due to spontaneous

(1_0 — V,BéN — 9@ emission

dt Te
In 2" equation, let dp/dt=0: | N, = ! =T

Ataten, T BV, ol
j\l Y

In 1st equation, let dN/dt:O’ q)zo, and N:NC: R(?[} = 7__ = v
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Steady state: N,, ¢, P, M. (4L)

dN N
B n 13 i\ -

dt By ¢ T

do . o)

— = V,BO6N — —

([f ‘ CD T(:

In 2"d equation, let d¢/dt=0:

Steady lasing state: constant R >R,

NT
E\O —

1

BV,7. ol

In 15t equation, let dN/dt=0, and N=N,;:

\7‘

Po = VoTe (R - —

T

) = ‘;, Te (RP o Rﬂp )

. [ R,
b = Vi Np =
Po T (R(

— ]{) '_" j\riZE
P T

(7
Bh.

The output power P, =

Po

~/

2%y = (Aply)

2L,

2

|: saturation intensity

24/04/15

I, =

h v

OT
A,: laser beam cross-section area A4, = —

[
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Steady state: N,, ¢, P, M. (4L)

d R‘) ut
dFb,

Y2 1

- fl)Is -
( { ) 2 B.h,

Slope efficiency |7ls =

Special case: lamp and diode (transverse) pumping
(active medium is uniformly pumped)

)
R., =
) ! hl/mp A P olr
Since | = — [T Py,
Np T O R(:'p =M
Alhvy,,
vo hv A

Ns = Mp* 77
27y

Transverse efficiency
Quantum efficiency
Output coupling efficiency
Pump efficiency

d POUtand Pp

out

Ptk P

24/04/15 . . . .
A: cross-sectional area of the pumped region of the active medium
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Nd:YAG example

1% atomic doping, lamp-pumped

B T I I |
£ 200 —
E —
1, ' £=75cm ; E 160 _
Ry =100% @ R,=85% &
I~z i ]
o
(a ¥
1 2 -~ 80“‘ -
2
2
40} i
L=50cm © 40
0 W 1 1 | l

0 2 4 6 8 10
Lamp pump power P, (kW)

* Multi-mode — Space-independent model approximately valid

* P,,=2.2kW

*N=2.4%

* N=5.7x10%ions/cm3; N,,=4.1x10%ions/cm?3; Pl fraction: 0.04%

Q: how to calculate N_, from the figure and other parameters?
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Threshold and steady states (q3L)

No= o e[ﬁ:()]

Vioeer.  oel dt
fN; + N, dN .
Bo="Tpr Cla = %0=0N=N

Py, = ,
th NpT 1+ f dt dt

_v(1+B)hv, A

hvy (f Nit+ NJAL [f“’ _ B _ 0]

Tp T Te + Ma

Ay(1+ B) hvy, [ P,
R)-u.l. — ~ —1
Ne +MNa T 2 P,

AdPyut Y2 hv Ay

Ns = dP, = Tp- 2y hv, A
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Spatial-dependent case

Pump and laser mode densities are not uniform

Consequence: Rp, |u|?, N are no longer uniform.

~

. )
Threshold conditions: <"\I>(}. = P

ﬁg — PV-, — —i—
(N)g=(N), = L

* Py, depends on w,, and w, (if longitudinal-
diode pumping) or a (if transverse pumping)

* P, depends on w,, and w,ora

* 7, (especially n,) depends on w,, and w, or a
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R, for optimum couplmg (4L) )

R
| Y2 [ Py ?
Pyt = ¢0 hl/ = (Ayly) 5\ P —1 ,=-InR,
0 th
dPouL
Condition: =0 or
d’)’g
dP,
out — () where S = 12
(']S 271 +71
6 T T T
Optimum state: = ‘o o10
=, _
,, T 2 c
R)p — |:Abls (’)’i + ? ( Tm — 1) L_%{:
e— o 2 —
Sop = \/-Tm —1 5\~
0_3
T, = 1r_ % 7 G : 10
Where “m Pmlh
o Y,/ v+ 2v;) e
Pt IS the minimum threshold pump power, i.e. when y,=0 I
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Multimodeness (I,m,n)

Reason:
Fact: Av << Ay, L=1m — Av=150MHz

while Av,=1~300GHz

 Homogeneously-broadened gain line
JF I O .

N

Spatial hole burning

* Inhomogeneously-broadened gain line
g ’

Comments:

o Spatial hole burning does not apply for
inhomogeneous-line case

o Homogeneous-line case: a few modes
around the gain center survive

24/04/15 Spectral hole burning 20



Single-mode selection

Mode discrimination

* Single transverse-mode selection (I,m)
o Aperture (Fresnel no. a?/(cA)< 2)
o Unstable resonators (if active rod has large O)

* Single longitudinal-mode selection (n)

o Shorter cavity? (Av > % S|L< E ) L
o Fabry-Pérot etalon -
o Ring resonators A, Gain line : :
5 < 9Ap Align by tuning 6

oae ‘:SL/ ‘:&I
Condition: < Av, T < AVggr

AI/ — Fabry - Perot
0 < AI /f‘GI S ) F AI/ ':L\‘ / transmission peaks
et v 4y 1'—
Necessary condition: 1R i /
AI I .
0 < Q2FAy = )F— % Av-C,/2L v
2 2L
2F¢c
L < + Lcan be relaxed b
= A can be relaxed by 2Fx
* Multiple FPs can be used
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Laser tuning

Mode discrimination

Motivation:
* To harness wide gain linewidth Av, (dye or vibronic solid-state lasers)
* To lase at one of the many transition lines

A2 |~ -
~> ra 7

|
l ~ A , active medium
1

active medium 2

VIS-NIR lasers
Tuning: prism rotation

* MIR lasers
* Tuning: grating rotation

Polarizer Polarizer
N.1 N.2

~
EAN

Input

i N
L\

Birefringent plate
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Laser tuning
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Laser tuning
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Laser tuning
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Laser tuning

O=15°




Laser tuning

®=30°
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Laser tuning

O=45°
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Laser tuning

®=60°

¢ N
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Laser tuning

O=75°




Laser tuning

®=90°




Laser tuning
O=45°
» After 1%t polarizer Incidence is first split

f into e- and o-rays
V2 V2

g \ |
/‘() y Be=Eiy Bo =By
/ After prop. through plate

2
E. = Ei£COSA¢ E =E,—

V2

1 T 2 2
0_8_!\ » After 2" polarizer
n=146 1 1
no=1.45 :go_s. E,;= ﬁEi cos Ao + §E1~
L.=1mm : A
©0.4f = E; cos? (—)
; 2
0.2} _aofAg\  qm
U T = cos (7) = COS [X(nc — 1)L,

8o~ 1 11 12 13 14 15 16
Wavelength [pm)]
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Frequency pulling

Others

output spectrum

o Formula is exact for homogeneous line
o Very small: vi=v,/1000+v,

Frequency fluctuation [cavity length: L _=n(L-1)+n_]
o Long-term (>1s): T, ambient pressure
o Short-term (<1s): mirror vibration, n or n, change, acoustic wave
o Stabilization: passive (isolation) or active (feedback system)

Intensity noise

©)

0O O O O

Gas: Pp, discharge, cavity

Dye: jet density, bubbles

Solid-state: Pp, cavity

Semiconductor: |, ., E-H recombination noise
Reduction: feedback system

vy =

2
Avg
1
Avg

cavity mode

Ve
Ave
1
Ave
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