Lecture 9
Transient Laser Behavior™

Min Yan
Optics and Photonics, KTH
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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 8.
e Skip: 8.4.4, 8.6.4.

* Squeeze: 8.2.1.



Laser

/ Pump

;;;;;;;;;;/

Mirror 1 Gain medium Mirror 2

* R, andy are a function of time
o Aninherent property of lasers (as a nonlinear system)
o Purposely introduced (via pump and loss modulation)
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Relaxation oscillation

e 4-level case

Rp'f e Single-mode
> t
N4 + Laser spikes
* Periodic after ~10 oscillations
Nof 7 A S L N leading by T/4

* N x exp(-t/t;)cos(wt+p)
* ¢ x exp(-t/ty)sin(wt+f)

>t
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Pulsation
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Q-switching: Prin

* CW laser: N,=N,
* Q-switched laser (4L)

ciple

(1j\f j\f
—_— = mn 13 j\f -_——
dt By ¢ T
(lj\f j\r
Let ¢=0, = R, —
¢ dt hy T
i N
One has |N(t) = N« [1 — exp (—;)]

with j\foo o .f2p7"

* Longer T (ms) preferred (larger N..)
e Pumpduration<t

__________________________

e Lasers applicable: most solid-state 0
lasers (Nd, Yb, Eb, Ho based) and some

gas lasers (CO,, iodine)

24/04/16




Q-switching: Fast

Rp A
t
>
)
Switching time:
. 10 ps ~ 100 ns
>
N A
R
) i Ny
N |- R I —— .
: >
N T
¢ Pulse spatial width:
Az,=2ns-c=0.6m
ns (t.) 0
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Q-switching: Slow

nt)

g=0NI

24/04/16 11



Q-switching: Methods

Pockels
Polarizer cell

E
P |
| |

Electro-optical
o Most common active reflected ro0f_top prism
beam

o Fast (t,<20ns) |
o High voltage (up to 5kV)

rotation
axis

Rotating mirror
o Simple, inexpensive, any wavelength
o Noisy, slow (t;=400ns for 400rps)

Acousto-optic
o Low insertion loss, high repetition (kHz)
o Slow (due to acoustic wave propagation)

molor

Output

~

Active material

Mirror

Saturable-absorber
o Most common passive
o Favor single-mode
o Photochemical degradation of (dye) absorber
o (Hence) low average power lasers




Saturable-absorber Q-Switching

N A Slow;eachmg Rapid bleaching
N; ; N_is for the
N | absorber at its
(o) .____________________________________E_____: _____________________________ llt ”
ransparent
state

>
¢ 1 :

>

t (us)

Slow bleaching (us): promotes the mode with lowest loss/highest gain
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Operation schemes

» Pulsed (R) (<100Hz) * Continuously pumped
* Electro-optical or mechanical Repetitively Q-switched
shutters (kHz~<100kHz, low gain)
e Acousto-optic, mechanical,
Rp saturable absorber shutters
| Rp)
[ ' )
y () : _
vl | | '
5 : U u U
N(t) ! ‘ t
N 1 ] B
Ny R A A N
: : h t
e L N;Ej}_)_ /\/\/\
'l : Atp Ng- ==
0 t
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Gain switching

* Qswitching: Loss | rapidly

* Gain switching: gain! rapidly
o Pump duration 5-20 T, (<1us)
o Rp peak: 4-10 times R,
o Laser spiking

A

nt)
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Before mode-locking

* CW laser with multiple longitudinal modes:
phases among modes are random — approx. constant output

<
= Tp=1/4v
o~
<

150f Ltpﬂ/mL

A'a

30

E(t) =)  Eoexp{j[(wo + l1Aw)t + @]}

[=0
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Mode-locking: Principle

 Mode-locked: Phases are correlated — pulsed output

—] |—Aw
Equal-amplitude case: o= m--

S]]
Let ¥ —¥I-1=¢ - ,

E(t) = Z Eo exp{j [(wo + lAw)t + lp]} A2

l=—n

n

= Z Ey exp [7l( Awt + ¢)] exp(jwot)

l=—n I

= A(t) exp(jwot)
let t' =1t+ ¢/Aw v
n
Awt’ p_ o2 1 2L
A() = Z Epexp (jlAwt)| * Max S—=mn — t =mx-=mx;=m=>
= E%. . = (2n+ 1)2E?
. [(‘zn+1)Awu] max = (21 )" By
sin | = ——
= F — . ! 27 . 1
0 sin (A;_M) * Min 1= (2n+1)Aw ~— Avp
24/08/16 (m=0, pulse width) .



Mode-locking: Pulse width

Gaussian gain profile

At = O;‘Ll T e

In general a transform-limited pulse has: Aty = Az/ with f~ 1
L

0.441
Ay

* Inhomogeneously broadened gain medium (>> threshold): A1, ~

) AR
* Homogeneously broadened gain medium: A7, ~ 0.45

Example:
If Avy=200GHz — At =2ps — Az = At -c=0.6mm
If Avy=2THz — At =200fs — Az = At -c=0.06mm



Mode-locking: Implementation

Tshutter=2 L/C

A

Tshutter= L/C

Fundamental

SSSSSSSSéSS

Harmonic

ANNNNNNNNNN

-
e

T uer=2L/3C

L)
-;5
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Phase locking = discrimination in time

2L/c

\—

L/c

Y
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Mode-locking: Methods

AZ(t)[e2

2501

e Active

150

Atp=1/av
o Amplitude-modulation (AM)
% Principle: change y (o, =2wAvV) SZ

Tp=1/V —————————————

s Approach: Pockels cell, or acousto-optic modulator
o Phase-modulation (FM) [less used]

NS

» Principle: change L, ( oscillating mirror)
s Approach: Pockels cell

o Synchronous-pumping [less used]

* Passive

o Fast* saturable absorber [10s of ps, strongest survives]|
o Kerrlens [n=ng+n,l, self-focusing, instantaneous response]

* Absorber is FAST if its relaxation time is comparable to a ML pulse duration.
24/04/16 * Gain medium is FAST if its lifetime is comparable to cavity round-trip time. 22



Mode-locking: Pumping schemes

* Continuous pump
o Active/passive ML
o Passive ML: Q-switching
can emerge (slow gain
medium)

t
Fast shutter + fast gain medium

Fast saturable absorber + slow gain medium (100s ps)
(Repetitive Q-switching + ML)
* Pulsed pump

o Active/passive ML

o Passive ML: At can be
pump time or due to
Q-switching

* Absorber is FAST if its relaxation time is comparable to a ML pulse duration.

24/04/16 * Gain medium is FAST if its lifetime is comparable to cavity round-trip time. 23



Ti:Sapphire Laser

Laser medium Avg a[107% cm?] 7[us] Aty Atpp

Ti:sapphire 100 THz 38 3.9 6-8fs 4.41s

R = 100mm 4///
31 sapphire
1) “~.. JJR=100mm
L %
: I QAr* pump beam

Ti:Sapphire plate: 10mm thick

24/04/16 24



24/04/16

Contents

1. Relaxation oscillation

2. Q-switching

3. Gain-switching

4. Mode-locking

5. Cavity-dumping

Total:

25



Cavity dumping
Applicable to CW, mode-locked, and Q-switched lasers.

, R(t) \
-"""""""""""%ff R1=R2=10096

Dumper

* Pulsed-pump ML: dump pulse with highest intensity [Pockels cell]

e CW-pump ML: dump a train of laser pulses of lower repetition rate
(100k~1MHz) & higher peak power [Acousto-optic grating]

bl
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