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. Relaxation Oscillation

Two-level Rabi-Oscillation (Damped)
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. Relaxation Oscillation

Two-level Rabi-Oscillation (Damped)
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N(£) = Ny + 8N(t)
d(t) = o + 6p(t)

rate equations

If 1/t < " (thisisthe case e.g. when R, > R, )

0

& o exp (— ;) sin(w’t + ¢)

t
ON & exp <— t_> cos(w't + ¢)

0

_21’ _ x—11/2 x:&
| | to__ (U— ch

No oscillation when ty < 1/w

(E) >1> 4(xx; D Typical in gas lasers



Pulsation

Relaxation Oscillation

Perturbations in pumping level or cavity loss result in “intensity noise”
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Q-switching
y ()} :

Shutter closed r : .|
| ' Shutter closed i Shutter open
| | ,

M Gain medium l

Gain can keep growing

gain < loss

— T - e v ke e e W -

I

[

Shutter open ¢> (t ) :
/ i

1

|
SR oin medium | L L k- | 1J -

Suddenly gain >> loss
ms (~1) ns (~7.)



Q-switching: Principle (four-level lasers) & ~ 0 before lasing

Rp,N R
FAL— dN N
o Neo — =R _
/// dt p T
¢ t
, N(t) = Ny, [1 — exp (—;)]
/ whereNy, = R, dN N
— =R ——
dt P 1
Longer T can provide larger gain N,
For pump druation t,, > T,
longer pumping does not increase N
Instead, energy goes wasted through —g
I v
Most solid-state lasers (Nd, Yb, Eb, Ho) and some gas lasers (CO,, |,) have a longer T ~“ms Q-switching

Semiconductor lasers and many gas lasers (He-Ne, Ar, Excimers) has a short T ~ns



. Q-switching: Fast

Fast switching of y ~a few 7,

e.g. Electro-optical switching t¢ < 20 ns

ms (~1) ns (~7.)



Q-switching: Slow

g.?

multiple pulses




How to Q-switch? : Active vs. Passive

Pockeis
Polarizer cell
— Active | E |
14
= Electro-optical I | '/ |
. . 90° polatization
Pockels cell Q-switches widely used reflected
roof -top prism beam

Fast (typically t;< 20 ns) |
High voltage (1~5 kV)

rotation
axis

= Rotating prism

Common mechanical Q-switching
Wavelength independent
Slow (400 Hz) and noisy

Output

. A diffract::: - . .
= Acousto-optic \errzx. | b m@% matera
N o — - ;1 B Absorber
Low insertion loss, high repetition (kHz) : ‘j\ - s
Limited loss by diffraction, Low gain P—— ot

\_ transducer Rear mirror
re block




. How to Q-switch? : Active vs. Passive
0.3
— Passive 025 - : output
oo prelasing poweer (a. .
= Saturable Absorber b2 oy
Before saturation: absorption — low Q 05| r
After saturation: Transparent = High Q 0.1 ¢ 1 \ '
0.05 | 5
Single mode operation K
n I:IIZI EI:l III:2 EI:S III:4 0.5 I:I:Eu 0.7 III:S EI:Q 1
- [exp(gl M iy — 1) — (92 — 7)) et
I exp(gz2 — 72) Lo ’ ? 60 : ] 12 I .
exp 2300 x 0.001 = 10 times large discrimination In(I/1,) 50 cm long Nd:VAG laser
for 50 cm long cavity. LOF Atp - ?'9 B N, R
: = | - Z
In many cases, the pulse energy and duration = . = NVa
are then fixed. < 20| | o = 4k .
| B NeVa
Changes of the pump power would influence ts\; R S s || pay4 33
the pulse repetition rate. Oo 21 Z 6 035 3'.7 39 71
~ t [ps] t [ps)




Pumping schemes for Q-switching

Pulsed pumping R;, < 100 Hz
High Gain, Large output pulse energy

>ms ~ns

Continuous pumping

Q-switching at < 100 kHz, Low gain

Ro]

v(t)t

G(t)]  —Tp

N(t)}
N.--




Theory of Active Q-switching

x
=R BN dN— BN 4—
ac ~ o BoNo dt ¢ '
d¢ ¢ ¢ ( 1) 1 v
— =V,B¢N, — — — ={V.BN — — N, = = —
dat ' “ > 1, ) \ d @ T, ¢ atthepeak . VaBTc ol
do VAN N,
= _ & — _ ot neglecting ¢; = 0
AN a N o=V, [Nl N —N ln<N>] i
by = VN, | N) 1]
_ L2 —
P ‘ Np Ny

at the peak




. Theory of Active Q-switching: Peak power, Pulse Energy, Pulse duration

C A hv\ ( N; N;
Peak power p = (%) hvcj)p Eq.7.2.18 Pp = (sz) ( ;) (T ) (Nl — ]nN_‘ — 1)
- € ¢ P P

From the 2nd rate equation

(00) 0.0)

_ _(rac dg . _ 172 ( AP
E = f P(t)dt = <2Le> hvj ¢ dt j dt = = () OJ <Van')N2 TC)dt— 0
0 0
Pulse Energy 00 00
j ¢ dt = Varcj BoN dt = VaTc(Ni — Nf)
0 0

N; A _
E = <]2/_]2/> (Ni — Nf)(VahV) = <%N_;> Ng < ;) hv where ng = N‘vaf Energy utilization factor

. _ E . (Ni/Np)nE Tp ]
Pulse duration At, = P, =T, [(Ni/Np) — ln(Nl-/Np) . 1] = = Function (N;/Np)




Lecture 9

Relaxation Oscillation

Q-switching
L Gain-switching _.
Mode-locking .!P
Cavity dumping @! s '41"'
o L R
VETENSKAF

(i)/
é{ OCH

¥R KONST



Gain-switching

15
NOVQ = 666"10

i
T

optical power (kW)
[}

[
T

=

Fixed Q (loss), Rapid switching Gain on & off

Ry, > Ry Large peak inversion 4~10 times N,

Pumping duration 5~20 7, <1 ps

No need to worry about Gain saturation!

I

-
T

output power

pURip power ﬁk—&

=

0.1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time {ps)

1.1

1.2
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2
o

AZ(t)/E

. Before mode-locking:

Tp=1/48v
2501
200} ’
150} ﬂ Aty =1/8v,

100
50H
0

t

E(t) = z Eq exp{j[(wo + lAw)t + @]}

l=—n

CW laser with large number of
incoherent longitudinal modes

At, = 1/Av,,

- AW

S L e

Wo

@;: Random phase



- Mode-locking principle: description in frequency domian

Mode-locking = phases of longitudinal modes are correlated - constructively interfered

let @, —¢;-1 =0

E@ = ) Eoexp{jl(wo + lba)t])
l=—n A

— Z Eqexp(jlAwt) exp(jwyt) /

el
24

——

V7Y

=

A T, = 2L/c

Wy

[

—

l=—n
= A(t) exp(jwot) J |

\—az, = 1/8v,




- Mode-locking principle: description in frequency domian

Mode-locking = phases of longitudinal modes are correlated - constructively interfered

el = [ ] e
h{l—_ L /\ Tp = ZL/C [
wo =
\ At, = 1/Av
. Gin [(Zn + 1)Aa)t] [ p = 1/8v,
N . g 2
A(t) = Z Eqexp(jlAdwt) = E| ot |
s 2 | )
1/Av; t
Awt 2 1 2
Max: Apq = 2n+ 1)E, when A0t _ mr > t= m—n —m—=m— FSR = Rep. Rate
2 Aw Av
min: A =0 - (2n+ 1)Awt _ . 21 _ 21T _ 1
T 2 2n+ 1DAw Aw, Av,



Mode-locking principle: description in time domian

Active medium

Fundamental | Ej

Harmonic

Fundamental

— /2 L/2 —
— k
-—20/3 e L/3
U=
A

Shutter 2L/c.

I

t

L/c

QWMMAM(

2L/3¢

t

_Lp/c

a1

J\hﬂktf




1.2

How to Mode-lock? : Active

0.5
0.6
04 r

0.2+ .
gain

g e Lt N, PR,

1] 0.5 1 1.5 2 2.5 3 3.5 4

Round-trip time

= Amplitude-modulation (AM)

Principle: Direct modulation of cavity loss y at v,,, = ¢/2L

Method: Pockels cell, acoutsto-optic modulator (AOM)

The minimum pulse duration is limited by the speed of the active element.

Aty > 100 ps



. How to Mode-lock? : Passive

. . 1.2
Fast saturable absorber (response time 1 < pulse duration Az, ) Al e
1t
| ﬂ P‘ \?]1- |
0.8 | | | |
2v, 9.1 T< Pps + l | Il |
1 0~6 }‘. { l,’ S5es | '
g g PP = g
aturatec LOss <Y, | | . | ’ 1 s f
net gain ! ATp ~ fs’ ps S i ‘ : l i P ‘ . ‘
sh=ss = |, [t 1/ {t] gain ] r
0.2 7 I o’ Ty |“ T i
o \Gain 2q, | U J .li‘ i d‘" ) ‘ "‘
P ’ L e.g. Semiconductor QW % o5 1 15 2 25 3 35 4
by e taes TL0)) | 1 time (a. u.)
I Mode-locked pulses o .
//\< >/\ or Kerr Lens Modelocking Fast (Intraband) and Slow (Interband)
1 (Lo
s T
Slow saturable absorber (response time 7 > pulse duration At,, ) .
n = ny + n,l, self-focusing
[7.04] Modelocked
J T~ pS, ns Ti:S pulse .

Saturable loss |

At, ~ fs, ps

Saturable gain

I
I
.- T,
i ‘:/ Mode locking pulses l(t)
h 1

P ]

e.g. Saturabledyes = L1 [T :

Kerrlens ¢Cw
component

Slit

&
-
»
-
-
»
-

Non-resonant, very fast (fs)



TABLE 8.1. Most common media providing picosecond and femtosecond laser pulses together with

the corresponding values of: (a) gain linewidth, Avg; (b) peak stimulated emission cross-section, o;

(¢) upper state lifetime, 7; (d) shortest pulse duration so far reported, At),: (e) shortest pulse duration,
Atyp. achievable from the same laser

Laser medium Avg a[1072 em?] [us] Az ALy

Nd:YAG 135 GHz 28 230 5ps 3.3ps
= 1.064 um

Nd:YLF 390 GHz 19 450 2 ps 1.1ps

A = 1.047 um

Nd:YVO, 338 GHz 76 98 <10 ps 1.3 ps

A = 1.064 um

Nd:glass 8 THz 4.1 350 60fs 251s

A = 1.054 um

Rhodamine 6G 45THz 2 % 1 5 % 10 27 fs 10 fs

A = 570nm

Cr:LISAF 57 THz 4.8 67 18 fs 8 fs

A = 850nm

Ti:sapphire 100 THz 38 3.9 68 fs 4.4f1s




. Phase velocity, Group Velocity, GDD, GVD

v, = slope of dispersion curve

dw
dk

Phase velocity: v,, = % Group velocity: v, = o

Time del : ! dk ae ¢ (w;) i
ime dela Tg=—=1l—| =— =¢(w . -
y I v, dw o, A0l L 0, w, w, Y
Difference in time delay at w; and w, Aty = ¢'(wz) — p'(wq) = ¢ (w,) X (W — wy)
Broadening of the pulse (chirped): Aty = | (wy)|Awy
y d*k
¢" (w;): Group- Delay Dispersion (GDD) ¢"(w;) = lda)z
W,
dile d (1
doo? : Group- Velocity Dispersion (GVD) = T <v—g>

wj, Wy,



Phase velocity, Group Velocity, GDD, GVD

Broadening of the pulse: Aty = |¢" (w,)|Aw;, ¢ (w;): Group- Delay Dispersion (GDD)

Gain bandwidth Avy = 100 THz At, = Aivo ~ 10 fs in an ideal non-dispersive medium

27.4
Jdo

Limitation on Pulse Duration due to GDD: A, = ( )|¢”|Av0 ~ 162 fs

Dispersion compensation with prism pairs (GDD<O) :

.
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Cavity Dumping:

Applicable to CW, Q-switched and mode-locked lasers

Emptying out intracavity Power pulse-picking
Selected Pulse
R-Ri{t
( ) Mode Locked Train
@ 80Mhz
|'mII
R-1 Laser rod R-1 /" l'a
JAAN _
-— 12.5nsec Time
Qutput
beam | 8nsec

Sudden increase of Loss into output coupling Pockels cell, Acousto-optics grating
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