Ultratast Optical Physics 11

Franz X. Kaertner

SoSe 2014






Contents

Introduction

1.1 Course Mission . . . . . . . . . o v o i v it
1.2 Pulse Characteristics . . . . . . . . . . . . ... .. .. ....
1.3 Applications . . . . . . .. ...
1.4 Review of Laser Essentials

10

1.5 History . . . . . . .. .
1.6 Laser Materials . . . . . . . . . . . ... ... .. ... ...

Linear Pulse Propagation
2.1 Maxwell’s Equations of Homogeneous Media . . . . . . .. ..
2.1.1 Helmholtz Equation for Linear Media . . . . . . . . ..
2.1.2  Plane-Wave Solutions (TEM-Waves) and Complex No-
tation . . ... Lo
2.1.3 Poynting Vectors, Energy Density and Intensity . . . .
2.2 Classical Permittivity . . . . . .. ... .. ... ... ...,
2.3 Optical Pulses . . . . ... ... ... ... ...
2.4 Pulse Propagation . . . .. ... ... ... .. ..
2.4.1 Dispersion . . . . . . ... o
242 Lossand Gain . . . . .. .. ... ...
2.5 Sellmeier Equation and Kramers-Kroenig Relations . . . . . .
2.6 SUMMAry . . ... . e e

Nonlinear Pulse Propagation

3.1 The Optical Kerr-effect . . . . . ... ... ... ... .....

3.2 Self-Phase Modulation (SPM) . . . . ... ... ... .....

3.3 The Nonlinear Schrédinger Equation . . . .. ... ... ...
3.3.1 The Solitons of the NLSE . . . . ... ... ... ...



CONTENTS

3.3.2 The Fundamental Soliton . . . . .. .. .. ... ... 64
3.3.3 Higher Order Solitons . . . ... ... ......... 66
3.3.4 Inverse Scattering Theory . .. ... ... ... .... 69
3.4 Universality of the NLSE . . . . . ... .. ... ... ..... 73
3.5 Soliton Perturbation Theory . . . . . . .. ... .. ... ... 73
3.6 Soliton Instabilities by Periodic Perturbations . . . .. .. .. 80
3.7 Pulse Compression . . . .. ... ... ... ... ... 85
3.7.1 General Pulse Compression Scheme . . . . .. .. ... 85
3.7.2  Spectral Broadening with Guided Modes . . . . . . . . 87
3.7.3 Dispersion Compensation Techniques . . . . ... ... 88
3.7.4 Dispersion Compensating Mirrors . . . . . .. ... .. 93
3.7.5 Hollow Fiber Compression Technique . . . . . .. . .. 109
3.8 Summary . ... ... 110
3.9 Appendix: Sech-Algebra . . . . . ... ... ... ... 110
Laser Dynamics 123
4.1 Two-Level Atoms and Bloch Equations . . . . ... ... ... 123
4.1.1 The Two-Level Model . . . ... ... ... ...... 124
4.1.2 The Atom-Field Interaction In Dipole Approximation . 126
4.1.3 Rabi-Oscillations . . . . . ... ... ... .. ..... 127
4.1.4 Energy- and Phase-Relaxation . . . . .. ... ... .. 131
4.1.5 The Bloch Equations . . . . . . ... ... ... .... 134
4.1.6  Dielectric Susceptibility and Saturation . . . . . . . .. 135
4.1.7 Rate Equations and Cross Sections . . . .. ... ... 138
4.2 Laser Rate Equations . . . . . .. . ... ... ... .. 140
4.3 Built-up of Laser Oscillation and Continuous Wave Operation 145
4.4 Stability and Relaxation Oscillations . . . . . ... ... ... 147
4.5 Laser Efficiency . . . . ... ... o oo 151
4.6 Q-Switching . . . . ... Lo 152
4.6.1 Single-Frequency Q-Switched Pulses . . . . . . . . . .. 156
4.6.2 Active Q-Switching . . . . ... ..o oL 158
4.6.3 Passive Q-Switching . . . . .. ... ... 0. 162
4.7 Example: Single Mode CW-Q-Switched Microchip Lasers . . . 171
4.7.1 Set-up of the Passively Q-Switched Microchip Laser . . 171
4.7.2  Dynamics of a Q-Switched Microchip Laser. . . . . . . 173
4.8 Q-Switched Mode Locking . . . . ... .. ... .. ... ... 179
4.9 Summary . ... ..o e e e 183



CONTENTS 5

5 Active Mode Locking 189
5.1 The Master Equation of Mode Locking . . . . ... ... ... 190
5.2 Active Mode Locking by Loss Modulation . . ... ... ... 193
5.3 Active Mode-Locking by Phase Modulation . . . . . .. .. .. 198
5.4 Active Mode Locking with Additional SPM . . . . . ... .. 199
5.5 Active Mode Locking with Soliton Formation . .. ... ... 202

5.5.1 Stability Condition . . . . . ... .. ... ... .... 204
5.5.2  Numerical simulations . . . . . ... ... ... .... 212
5.5.3 Experimental Verification . . ... ... .. ... ... 217
5.6 Active Modelocking with Detuning . . . . .. ... ... ... 219
5.6.1 Dynamics of the Detuned Actively Mode-locked Laser . 224
5.6.2 Nonnormal Systems and Transient Gain . . . . .. .. 227
5.6.3 The Nonormal Behavior of the Detuned Laser . . . . . 229
5.7 Summary . . ... 233

6 Passive Modelocking 237
6.1 Slow Saturable Absorber Mode Locking . . . . . .. ... ... 239
6.2 Fast Saturable Absorber Mode Locking . . . . . .. ... ... 244

6.2.1 Without GDD and SPM . . . .. ... ... ...... 245
6.2.2 WithGDDand SPM . . . .. ... ... ..... ... 249
6.3 Soliton Mode Locking . . . . . . ... ... ... ... ... .. 253
6.4 Dispersion Managed Soliton Formation . . . . . .. .. .. .. 258

7 Kerr-Lens and Additive Pulse Mode Locking 271

7.1 Kerr-Lens Mode Locking (KLM) . . . . ... ... ... .... 271
7.1.1 Review of Paraxial Optics and Laser Resonator Design 272
7.1.2 Two-Mirror Resonators . . . . . .. ... .. .. .... 275
7.1.3 Four-Mirror Resonators. . . . . .. .. .. ... .... 284
7.1.4 The Kerr Lensing Effects . . . . . ... ... ... ... 289

7.2 Additive Pulse Mode Locking . . . ... ... ... .. .... 294

8 Semiconductor Saturable Absorbers 303
8.1 Carrier Dynamics and Saturation Properties . . . . .. .. .. 305
8.2 High Fluence Effects . . . . ... ... ... .. ... ..... 309
8.3 Break-up into Multiple Pulses . . . . . .. .. ... ... ... 313

84 Summary . . . ... e 320



6 CONTENTS
9 Pulse Characterization 323
9.1 Intensity Autocorrelation . . . . . . ... ... ... .. .. .. 323
9.2 Interferometric Autocorrelation (IAC) . . . . . ... ... ... 326
9.2.1 Interferometric Autocorrelation of an Unchirped Sech-
Pulse. . . . . . ... 331
9.2.2 Interferometric Autocorrelation of a Chirped Gaussian
Pulse. . . . . . ... 332
9.2.3 Second Order Dispersion . . . . . ... ......... 332
9.2.4 Third Order Dispersion . . . . . . ... ... ...... 333
9.2.5 Self-Phase Modulation . . ... ............. 335
9.3 Frequency Resolved Optical Gating (FROG) . . . .. ... .. 336
9.3.1 Polarization Gate FROG . . . . . .. ... ... .... 339
9.3.2 FROG Inversion Algorithm . ... .. ... ... ... 341
9.3.3 Second Harmonic FROG . . . . ... ... ... .... 343
9.3.4 FROG Geometries . .. ... ... ... .. ...... 345
9.4 Spectral Interferometry and SPIDER . . . . . ... ... ... 346
9.4.1 Spectral Interferometry . . . . . . ... ... L. 346
94.2 SPIDER . .. ... ... ... . ... ... .. ... 348
9.4.3 Characterization of Sub-Two-Cycle Ti:sapphire Laser
Pulses . . . . . . .. 354
9.4.4 Pros and Cons of SPIDER . . . . .. ... ... .... 356
9.5 Two-Dimensional Spectral Shearing Interferometry . . . . . . 356
10 Femtosecond Laser Frequency Combs 361
10.1 The Mode Comb . . . . . .. ... ... ... .. .. ..... 362
10.2 Group- and Phase Velocity of Solitons . . . . .. ... .. .. 366
10.3 Femtosecond Laser Frequency Combs . . . . . .. ... .. .. 368
10.4 Noise in Mode-Locked Lasers . . . . ... ... ... ..... 372
10.4.1 The Optical Spectrum . . . . . . ... ... ... ... 376
10.4.2 The Microwave Spectrum . . . . . . . ... ... ... 380
10.4.3 Example: Er-fiber laser: . . . . .. .. ... ... ... 381
11 Ultrafast Measurement Techniques 387
11.1 Pump Probe Measurements . . . . . ... ... ... ..... 387
11.1.1 Non-Colinear Degenerate Pump-Probe Measurement: . 388
11.1.2 Colinear Pump-Probe Measurement: . . . .. ... .. 390
11.1.3 Heterodyne Pump Probe . . . . . . .. ... ... ... 392
11.2 Four-Wave Mixing . . . . . . . . . . . . ... ... 393



CONTENTS i

11.3 Electro-Optic Sampling: . . . . . . . ... ... ... .. ... 395
11.4 THz Spectroscopy and Imaging . . . . . .. .. ... ... .. 397
12 Short Pulse Amplification 403
12.1 Cavity Dumping . . . .. . .. ... oo 404
12.2 Laser Amplifiers . . . . . . . . . ... o 405
12.2.1 Frantz-Nodvick Equation . . . . . . .. .. .. ... .. 406
12.2.2 Regenerative Amplifiers . . . . . ... ... ... ... 411
12.2.3 Multipass Amplifier . . . . . . . ... ... ... ... 412

12.3 Chirped Pulse Amplification . . . . . . . ... .. ... .. .. 413
12.4 Stretchers and Compressors . . . . . . . .. ... ... .... 414
12,5 Gain Narrowing . . . . . . . . . .. ... Lo 417
12.6 Pulse Contrast . . . . . . . . . .. ... ... ... 418
12.7 Scaling to Large Average Power by Cryogenic cooling . . . . . 420
12.8 Optical Parametric Amplifiers and Oscillators . . . . . . . .. 422
12.8.1 Optical Parametric Generation (OPG) . . .. ... .. 422
12.8.2 Nonlinear Optical Suszeptibilities . . . . . ... .. .. 425
12.8.3 Continuous Wave OPA . . . . . .. ... ... ... ... 426
12.8.4 Theory of Optical Parametric Amplification . . . . . . 428
12.8.5 Phase Matching . . . . . . .. ... ... ... ... 432
12.8.6 Quasi-Phase Matching . . . . . .. ... ... ... 435
12.8.7 Ultrashort Pulse Optical Parametric Amplification . . 435
12.8.8 Optical Parametric Amplifier Designs . . . . . . . . .. 442

12.8.9 Noncollinear Optical Parametric Amplifier (NOPA) . . 445
12.8.10 Optical Parametric Chirped Pulse Amplifiers OPCPA . 451

13 High Harmonic Generation 455
13.1 Atomic units . . . . . ... 456
13.2 The three step model . . . . . . . . ... ... ... ... ... 457

13.2.1 Iomization . . . . . .. ... ... .. ... .. ..., . 459
13.2.2 Propagation . . . . . . .. ... oL 462
13.2.3 Recombination . . . . ... ... ... .. ... .... 464
13.3 Attosecond pulses . . . . . . . ... L 469
13.3.1 The intensity challenge . . . . . . . .. .. .. ... .. 471
13.3.2 The necessity of short drive pulses. . . . . . . ... .. 471
13.3.3 Quantum diffusion . . . ... ... ... ... ... 473

13.3.4 Propagation effects — phase matching . . . . . . .. .. 474



Chapter 1

Introduction

1.1 Course Mission

e Generation of ultrashort pulses: Nano-, Pico-, Femto-, Attosecond
Pulses

e Propagation of ultrashort pulses, linear and nonlinear effects
e Pulse Characterization
e Pulse Amplification

e Applications in high precision measurements, nonlinear optics, optical
signal processing, optical communications, ultrafast EUV/XUV pulse
generation via high harmonics,....

1.2 Pulse Characteristics

Most often, there is not an isolated pulse, but rather a pulse train.

1
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Figure 1.1: Periodic pulse train

Tr: pulse repetition time

W : pulse energy

P, = W/Tg : average power

TrwaMm 18 the Full Width at Half Maximum of the intensity envelope of the
pulse in the time domain.

The peak power is roughly given by

W = Pave TR

P, = —,
TFWHM TFWHM

(1.1)

and the peak electric field is given by

E, = ,/2ZF0A%E. (1.2)

A is the beam cross-section and Zp, = 3772 is the free space impedance.

Time scales:

lns ~ 30cm (high-speed electronics, GHz)
1ps ~ 300 pm
1fs ~ 300 nm

las=10""%s ~ 0.3nm=3A (typ-lattice constant in metal)

The shortest optical pulses generated to date are about 3 — 5fs at 800 nm
(/e = 2.71s), less than two optical cycles, and 80 as in the EUV at 10 nm.
For few-cycle pulses, the electric field becomes important, not only the in-
tensity!
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Figure 1.2: Electric field waveform of a 5 fs pulse at a center wavelength of
800 nm. The electric field depends on the carrier-envelope phase.

average power:

Pie ~ 1W — 1EW

repetition rates:

Ty = fr = mHz — 100 GHz
pulse energy:
W =1pJ — 1kJ

pulse width:
~ 5fs —=50ps, modelocked
TEWHM = 305 100ns, Q — switched

peak power:
1kJ 1J
=—=—~1PW
P 1ps 1fs ’
obtained with Nd:glass (LLNL - USA, [1][2][4])and Ti:sapphire lasers [3].
For a typical laboratory pulse, the peak power is
~ 10nJ

P 10fs
peak field of typical laboratory pulse:

106 x 1012 V V10V
By= 2% 37T x —— L ~ 100~ = =
mx (1.5)" m m  nm

~ 1MW

which is a field strength at the onset of plasma generation in a solid.
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1.3 Applications

e High time resolution: Ultrafast Spectroscopy, tracing of ultrafast phys-
ical processes in condensed matter (see Fig. 1.3), chemical reactions,
physical and biological processes, influence chemical reactions with fem-
tosecond pulses: Femto-Chemistry (Noble Prize, 2000 to A. Zewail).

Pump-probe measurement

Pump pulse Test device

Lens / @Y

»-| Slow
detector

Short pulse laser  Beam splitter

|
Probe pulse |
!

At
1fs <=> 0.15 pm Time delay between J
pump and probe pulse
s(At)
Computer-controlled

translation stage At
Computer
Charge carrier recombination: ns screen

Thermalization electrons with lattice: ps

Thermalization electron gas: 10-100 fs

Figure 1.3: Pump-probe setup to extract time constants relevant for the
carrier dynamics in semiconductors.

e High power lasers with average powers of tens of kilowatts can cut many
centimeter thick steel plates at high speed using thermal melting.

e Short pulses enable high peak power at low average power: Nonthermal
laser material processing, surgery.

e Nonlinear frequency conversion

e Ultra high intensity physics: x-ray generation, particle acceleration, Ex-
treme Nonlinear Optics. Laser systems reaching petawatts (10 Watt)
of peak power were built at Lawrence Livermore Laboratory for the
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first time in 1996, (see Fig. 1.4) and much more compact versions are
under construction at several laboratories around the world reaching
peak intenisties approaching 102*Watt/cm?. The enormous peak power
(the average power consumption of the earth is on the order of a few
Terawatt (10'*Watt)), even though only available over a fraction of a
picosecond, enables the investigation of new physics and fundamental
interactions at extreme intensities, such as the scattering of photons
with each other invoking vacuum nonlinearities (the Quantum Electro-
dynamic Vacuum), see Figure 1.5.

Resulling f| g 3 piecoseconds
high-gnergy, ks
ultrashort pulse

Grafings

- 2,000 picoseconds Gralings

Initial
short
Shori-pulse
osclliatny Pukee 2,000 picoseconds Power amplifiers
"
——
Lang, low-power High-gnergy 7
pulse for pulse after
amplification amplification

The chirped-pulse amplification technigue makes it possible for the Petawatt laser's high-power pulses to
pass through laser optics without damaging them. Before amplification, low-eneray lasar pulses are passed
through diffraction gratings to stretch their duration by as much as 25 000 times. After amplification, the
pulses are recompressed back to near their original duration. Because the pulses pass through the laser
optics when they are long, they cause no damage

Figure 1.4: First petawatt laser system installed at LLNL us-
ing chirped pulse amplification and the NOVA amplifier chain, see
http://www.llnl.gov/str/MPerry.html.
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‘ Electron
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29 10 - ,
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> 2
=
g ; I1MeV
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E i a, Plasma bira
0} -
i [ Eqs-hv
. 2
8 1 mode-locking CPA 1eV' ™ somic tra
- 10 . :
10 B Q-switching
| -

|
1960 1970 1980 1990 2000 2010

Figure 1.5: Progress in peak intensity generation from lasers over the last 45
years. Courtesy Gerard Mourou.

e High speed sampling of fast electrical signals with low jitter, see Fig.
1.6.
As we will see, femtosecond lasers have the potential to generate pulse
trains with equal spacing to the level of 100 attoseconds and below over
time periods stretching over a millisecond.
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High Speed A/D-Conversion
(100 GHz)

Voltage Voltage
Time

"““ P ”“ vl
Modulator

AV .
Pulse jitter At: o= 2n T 10 == At~1fs

TO=1 00 GHz

Figure 1.6: High speed A/D conversion with a high repetition rate pico- or
femtosecond laser.

e High spatial resolution: crpway; optical imaging, e.g. optical coher-
ence tomography, see Figs. 1.7-1.9).

High resolution OCT

KLM
Titan sapphire laser

Reference
mirror

Personal
computer

Detector

J. G. Fujimoto, MIT Braadosard

Figure 1.7: Setup for optical coherence tomography.
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_ A

Figure 1.8: Cross section through the human eye.

Vitreous

Chorolocapitiaris

Choroid

Figure 1.9: Comparison of retinal images taken with a superluminescence
diode (top) versus a broadband Ti:sapphire laser (below).

e Optical Frequency Metrology: Optical spectrum of periodic pulse train
is a set of discrete equally spaced lines. Can be used as ruler in the
frequency domain. Enables direct measurement of optical frequencies
with sub-Hz level precision and the construction of optical clocks, see
Figure 1.10
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Optical Clock Principle

Optical Ref. | fo=mfg

T

g ..|||II||||||

Figure 1.10: Principle of femtosecond laser frequency combs and optical
clocks

e High Order Harmonic Generation in the EUV/XUV range and Attosec-
ond Pulse Generation

S lonization
Propagation =
7]
= o
> Recombination \ Q-
2 o o
L OHHG Xo
Q@
- Ip P oS i
lonization =
[&]
o

LI-I .
Laser-electric field Time

Figure 1.11: Three step model of high order harmonic generation: (a) Energy
scale of electron ionized by strong field tunneling from an atom, acceleration
within a laser cycle, and recollision with the parent ion.(b) Electric field
waveform and electron trajectories depending on the time of ionization.
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1.4 Review of Laser Essentials

Linear and ring cavities:

«—————— laser ——»

7777> 7777777 >77
Gain
,777> ,,,,,,, >,7,
High reflector Output coupler
(r,~100%) (r)
\ y Z
\
(b) Output
beam
CoorTedn T
High . " Output
reflector  ©\ I coupler
E—

High reflector

Figure 1.12: Possible cavity configurations. (a) Schematic of a linear cavity
laser. (b) Schematic of a ring laser. [1]

Steady-state operation: Electric field must repeat itself after one roundtrip.
Consider a monochromatic, linearly polarized field

E(z,t) = R {Ep @+ (1.3)

where w
k=—n (1.4)

c

is the propagation constant in a medium with refractive index n.

Consider linear resonator in Fig. 1.12a. Propagation from (1) to (2) is
determined by n = n’ + jn” (complex refractive index), with the electric field
given by

E=%R {Eoe%”lglggejw'fe_j%(”lgfﬁfa)} , (1.5)
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where n, is the complex refractive index of the gain medium (outside the
gain medium n = 1 is assumed), /, is the length of the gain medium, ¢, is
the outside gain medium, and ¢ = n ¢, + ¢, is the optical path length in the
resonator.

Propagation back to (1), i.e. one full roundtrip results in

24 n!y jwt—j24/4 24 n!y
E = %{rlrge "9’ [lyet % } = rirge“ et =1, (1.6)

i.e. the gain equals the loss, and furthermore, we obtain the phase condition

2l _ 2mm. (1.7)
c

The phase condition determines the resonance frequencies, i.e.

mimc

= —— 1.8
= (18)
and me
The mode spacing of the longitudinal modes is
c
Af=fom—frm1=—= 1.1
I (1.10)

(only true if there is no dispersion, i.e. n # n(w)). Assume frequency
independent cavity loss and bell shaped gain (see Fig. 1.13).

Laser gain

Cavityloss\
IARERERREEE

Longitudinal modes Mo e—

Laser output Af=c/2l

1 | | | | | | b
Ld

Frequency

Figure 1.13: Laser gain and cavity loss spectra, longitudinal mode location,
and laser output for multimode laser operation.



12 CHAPTER 1. INTRODUCTION

due to filter

Cavity loss -j !

\ 1

Small signal gain
d gain

Longitudinal modes e
Af=c/2l

Laser output |

Frequency

Figure 1.14: Gain and loss spectra, longitudinal mode locations, and laser
output for single mode laser operation.

To assure single frequency operation use filter (etalon); distinguish be-
tween homogeneously and inhomogeneously broadened gain media, effects of
spectral hole burning! Distinguish between small signal gain gy per roundtrip,
i.e. gain for laser intensity I — 0, and large signal gain, most often given by

90
= 1.11
9=1, (1.11)

Isat

where I, is the saturation intensity. Gain saturation is responsible for the
steady state gain (see Fig. 1.14), and homogeneously broadened gain is
assumed.

To generate short pulses, i.e. shorter than the cavity roundtrip time,
we wish to have many longitudinal modes runing in steady state. For a
multimode laser the laser field is given by

E(zt) = R ZEmei<wmt—kmz+¢m>], (1.12a)
Wy = w0+mAw:wo+$, (1.12Db)
ki = o (1.12¢)

Cc
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where the symbol ~ denotes a frequency domain quantity. Equation (1.12a)
can be rewritten as

E(zt) = 3%{ejw(f—z/@ZEmei<mAw<t—z/c>+¢m>} (1.13a)

= R[A(t - z/c)ej”‘)(t’z/c)] (1.13b)

with the complex envelope

A (t — E) = Z E,,elmaw(t=2/%¢m) — complex envelope (slowly varying).
c

(1.14)
elo(t=2/¢) is the carrier wave (fast oscillation). Both carrier and envelope
travel with the same speed (no dispersion assumed). The envelope function

is periodic with period
2T 20 L
e —— 1.15
Aw ¢ c (1.15)

L is the roundtrip length (optical)!

Examples:

We assume N modes with equal amplitudes E,, = Ey and equal phases
®,, = 0, and thus the envelope is given by

(N-1)/2
Az ty=Ey Y eltmaet==/), (1.16)
m=—(N—-1)/2
With )
-
m 1 —al
a" =T (1.17)
m=0
we obtain [NA ( )]
sin | =5 (t — £
Az, t) = Bp——F—F—% (1.18)
sin [52(t — 2)]

The laser intensity I is proportional to F(z,t)?, averaged over one optical
cycle: I ~ |A(z,t)]>. At z =0, we obtain

) sin2 (N%wt)

sin” (A7)

(1.19)
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Intensity
(a) 1
~N? —

Time
Intensity

AN AWM AN AN AN, A~

v

Time

Figure 1.15: (a) mode-locked laser output with constant mode phase. (b)
Laser output with randomly phased modes.

(a) Periodic pulses given by Eq. (1.19), period T'=1/Af = L/c

e pulse duration
2T 1

A= Nan~ NAS

(1.20)
e peak intensity ~ N?|Ep|?
e average intensity ~ N|Fyl|?
factor V.

= peak intensity is enhanced by a

(b) If phases of modes are not locked, i.e. ¢,, random sequence

e Intensity fluctuates randomly about average value (~ N|FEy|?),

same as modelocked case
. . . ~ 1
e correlation time is At, ~ AT
e Fluctuations are still periodic with period T'=1/Af.

In a usual multimode laser, ¢,, varies over t.
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1.5 History

1960:
1961:
1963:

First laser, ruby, Maiman [5].
Proposal for Q-switching, Hellwarth [6].

First indications of mode locking in ruby lasers, Guers and

Mueller [7],[8], Statz and Tang [9]. on He-Ne lasers.

1964: Activemodelocking (HeNe, Ar, etc.), DiDomenico [10], [11] and
Yariv [12].
1966: Passive modelocking with saturable dye absorber in ruby by A.

J. DeMaria, Mocker and Collins [13].

1966:
1968:
1972:
1972:
1974:
1975:

Dye laser, F. P. Schiifer, et al. [14].

mode-locking (Q-Switching) of dye-lasers, Schmidt, Schéfer [15].
cw-passive modelocking of dye laser, Ippen, Shank, Dienes [16].
Analytic theories on active modelocking [22, 23].
Sub-ps-pulses, Shank, Ippen [17].

Theories for passive modelocking with slow [1], [25] and fast

saturable absorbers [26] predicted hyperbolic secant pulse.

1981:
1982:
1984:
1985:
1986:
1987:
1988:

1991:

Colliding-pulse mode-locked laser (CPM), [18].

Pulse compression [21].

Soliton Laser, Mollenauer, [27].

Chirped pulse amplification, Strickland and Morou, [2].
Ti:sapphire (solid-state laser), P. F. Moulton [29].

6 fs at 600 nm, external compression, Fork et al. [19, 20].
Additive Pulse Modelocking (APM),[30, 31, 32].

Kerr-lens modelocking, Spence et al. [33, 34, 35, 36, 37].
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SHORTEST PULSE DURATION

t

First laser T

kol
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Figure 1.16:

materials.

1993:

1994:

1997:

2001:

2001:

2008:

Development of short pulse laser systems based on different laser

Stretched pulse laser, Tamura et al [38].

Chirped mirrors, Szipoecs et al. [39, 40]
Double-chirped mirrors, Kaertner et al.[41]

5 fs, sub-two cycle pulses, octave spanning, Ell et al.[43]
250 as by High-Harmonic Generation,Hentschel et al.[7]

80 as, Goulielmakis et al.[45]

2010: Single-cycle pulse synthesis for Erbium doped fiber lasers, Krauss et

al.[46]



1.6. LASER MATERIALS

1.6 Laser Materials

Laser Absorption Average Band Pulse
Materials Wavelength Emission A Width Width
Nd:YAG 808 nm 1064 nm 0.45nm | ~ 6 ps
Nd:YLF 797 nm 1047 nm 1.3 nm ~ 3 ps
Nd:LSB 808 nm 1062 nm 4 nm ~ 1.6 ps
Nd:YVOy, 808 nm 1064 nm 2 nm ~ 4.6 ps
Nd:fiber 804 nm 1053 nm 22-28 nm | ~ 33 fs
Nd:glass 804 nm 1053 nm 22-28 nm | ~ 60 fs
Yb:YAG 940, 968 nm | 1030 nm 6 nm ~ 300 fs
Yh:glass 975 nm 1030 nm 30 nm ~ 90 fs
Ti:Al,O4 480-540 nm 796 nm 200 nm ~ 5 fs
Cr**:Mg,SiOy4: | 900-1100 nm | 1260 nm 200 nm ~ 14 fs
Cr*+:YAG 900-1100 nm | 1430 nm 180 nm ~ 19 fs

Transition metals: (Cr®*, Ti**, Ni?*, CO?T, etc.) (outer 3d-electrons)

— broadband

Rare earth: (Nd*T, Tm3*, Ho*", Er®", etc.) (shielded 4 f-electrons)

— narrow band.
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Chapter 2

Linear Pulse Propagation

Classical electromagnetic phenomena are completely described by Maxwell’s
Equations. The simplest case we may consider is that of electrodynamics of
isotropic media

2.1 Maxwell’s Equations of Homogeneous Me-
dia

Maxwell’s Equations are

VxH = =+ (2.1a)
VxE = —%—f, (2.1b)
V-D = p, (2.1¢)
V-B = 0. (2.1d)
The material equations accompanying Maxwell’s equations are:
D = E+P, (2.2a)
B = puH+ M. (2.2b)

Here, E and H are the electric and magnetic field strength, D the electric flux
denisty, B the magnetic flux density, J the current density of free chareges,
p is the free charge density, P is the polarization, and M the magnetization.

25



26 CHAPTER 2. LINEAR PULSE PROPAGATION

Note, it is Egs.(2.2a) and (2.2b) which make electromagnetism an inter-
esting and always a hot topic with never ending possibilities. All advances in
engineering of artifical materials or finding of new material properties, such
as superconductivity, bring new life, meaning and possibilities into this field.

By taking the curl of Eq. (2.1b) and considering

V% (ﬁxﬁ) =V (ﬁ : E) — AE,
where V is the Nabla operator and A = 62 the Laplace operator, we obtain

. o (- OE oP ) q
AFE — Moa (] + GOW + E) = EVXM—FV (V . E) (23)

and hence

10%Y\ =
A2V E=
( cgaﬁ)

with the vacuum velocity of light

oj o 0o = ofe =
1o (at—i-%P)—l——VxM—l—V (V-E>. (2.4)

1
Co= | —. 2.5
‘ Hofo ( )

For dielectric non magnetic media, which we often encounter in optics, with
no free charges and currents due to free charges, there is M = 0, J = 0,
p = 0. One can also show that the electric field can be decomposed into a
longitudinal and tranasversal component E; and ET, which are characterized

by [2]
VxE,=0and V- Ep =0 (2.6)

If there are no free charges, the longitudinal component is zero and only a
transversal component is left over. Therefore, for the purpose of this class
(and most of optics) the wave equation greatly simplifies to

1 0%\ = 0% =
A =S ) B =S B. 2.
< c38t2) o (2.7)

This is the wave equation driven by the polarization of the medium.
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2.1.1 Helmholtz Equation for Linear Media

In general, the polarization in dielectric media may have a nonlinear depen-
dence on the field. For linear, isotropic and local media the polarizability of
the medium at each point is described by the dielectric susceptibility function
X (t) and the dilectric constant in vaccum e

—

P(r,t) = eo/dt’ x(t—1t) E (7, t'). (2.8)
which leads to a total dielectric response function or permittivity

€ (t) = eo(6(t) + x (1)) (2.9)

with which the electric displacement field, B(F, t), in mediuam can be written
as

B(7 1) = e (7 ¥)) + B(7 1) = / dt (t—t)E (7.t (2.10)

If the medium is linear and has only an induced polarization, completely
described in the time domain  (¢) or in the frequency domain by its Fourier
transform, the complex susceptibility Y(w) = €.(w) — 1 with the relative
permittivity €.(w) = €(w)/eg, we obtain in the frequency domain with the
Fourier transform relationship

E(7,w) = / B(7, t)e 9 dt, (2.11)
P(7,w) = cox (W) B(F,w), (2.12)

where, the tildes denote the Fourier transforms in the following. Substituted
into (2.7)

(a+ %) B) = ~mat@Ee) (213)

we obtain

(A + ‘Z—g(l + x(@) Ew) =0, (2.14)
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with the refractive index n(w) and 1+ ¥ (w) = n*(w) results in the Helmholtz
equation

(A 4 i—j) E(w) =0, (2.15)

where c(w) = ¢p/n(w) is the velocity of light in the medium. This equation
is the starting point for finding monochromatic wave solutions to Maxwell’s
equations in linear media, as we will study for different cases in the following.
Also, so far we have treated the susceptibility y(w) as a real quantity, which
may not always be the case as we will see later in detail.

2.1.2 Plane-Wave Solutions (TEM-Waves) and Com-
plex Notation
The wave equation (2.7) for the real electric field in a linear medium has real

monochromatic plane wave solutions E}(F, t), which can be be written most
efficiently in terms of the complex plane-wave solutions £(7,t) according to

. 172 . .
with B . ) )
Ey(7,t) = B 4750 a(k). (2.17)

Note, we explicitly underlined the complex wave to indicate that this is a
complex quantity. Here, €(k) is a unit vector indicating the direction of the
electric field which is also called the polarization of the wave, and E; is
the complex field amplitude of the wave with wave vector k. Substitution
of eq.(2.16) into the wave equation results in the dispersion relation, i.e. a
relationship between wave vector and frequency necessary to satisfy the wave
equation

2 w 2
-k ) 2.1
e = s = k) (215)
Thus, the dispersion relation is given by
w
k(w) = +—n(w). (2.19)

Co

with the wavenumber
k=2m/\, (2.20)
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where A is the wavelength of the wave in the medium with refractive index
n, w the angular frequency, k the wave vector. Note, the natural frequency

= w/27. From V - E =0, for all time, we see that k L & Substitution of
the electric field 2.16 into Maxwell’s Egs. (2.1b) results in the magnetic field

. 1714 ,
Hip(7,t) = 5 [HelF,0) + Hy(7 0y (2.21)

with B

H(7,t) = Hp @ k), (2.22)
This complex component of the magnetic field can be determined from the
corresponding complex electric field component using Faraday’s law

—jk x (Ek ilt=F ) 5(15)) = —jpowH(F,1), (2.23)
or >
Hy(F t) = =Ed@F0f & = HielF0) (2.24)
FroW
with B
- = k —
h@pﬁaxam (2.25)
and " )
Hp=-—Ly=—L 2.26
=k Mow_k ZF—k ( )

The characteristic impedance of the TEM-wave is the ratio between electric
and magnetic field strength

o 1
Irp = = =—7 2.27
F KoC €06, n Fy ( )

with the refractive index n = /¢, and the free space impedance

Zn = 2 ~ 3770, (2.28)

0 €0
Note that the vectors €, h and k form an orthogonal trihedral,

eLh klé kLh. (2.29)
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Figure 2.1: Transverse electromagnetic wave (TEM) [1]

That is why we call these waves transverse electromagnetic (TEM) waves.
We consider the electric field of a monochromatic electromagnetic wave with
frequency w and electric field amplitude Ej, which propagates in vacuum

along the z-axis, and is polarized along the x-axis, (Fig. 2.1), i.e. ﬁ = e,
and &(k) = &,. Then we obtain from Eqs.(2.16) and (2.17)
E(7,t) = Eycos(wt — kz) &, (2.30)
and similiar for the magnetic field
H(r,t) = cos(wt — kz) €, (2.31)
Fo

see Figure 2.1.Note, that for a backward propagating wave with E (7, t) =
E ¥k g and H(7t) = H /@) & there is a sign change for the
magnetic field

Jg—Liy) (2.32)
How

so that the (E, E H ) always form a right handed orthogonal system.

2.1.3 Poynting Vectors, Energy Density and Intensity

The table below summarizes the instantaneous eletric and magnetic energy
densities, the Poynting vector, Poynting theorm and intensity for an arbi-
trary electric field and the corresponding time averaged quantities for a time
harmonic field
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Quantity Real fields Complex fields
2
Electric and W = %E D= %eoerf? (we) = feoer E‘
. T 3 L2
magnetic energy | wn = B = guo 1| () = Lo, | A
ensity W = W, + Wy,
Poynting vector S=FExH T= %E xH
S o o T - L E .5
Poynting theorem | divS + F - j + a—lf =0 leT tah A
+2jw({wm) = (we)) =0
Intensity I=15| = cw I =Re{T} = ¢ (w)

Table 2.1: Poynting vector and energy density in EM-fields

For a plane wave with a complex electric field E (7 1) = BdWF2) & we
obtain for the energy density in units of [J/m?]

1
w = §ETEO|E|2, (2.33)
the complex Poynting vector
= 1
T=—|E|? ¢, 2.34
S IE e (2.34)

and the intensity in units of [W/m?]

1 1
I =—|E*==Zp|H]* 2.
S B = 520l (2:35)

2.2 Classical Permittivity

In this section we want to get insight into propagation of an electromagnetic
wavepacket in an isotropic and homogeneous medium, such as a glass optical
fiber due to the interaction of radiation with the medium. The electromag-
netic properties of a dielectric medium is largely determined by the electric
polarization ]3(75) induced by an electric field in the medium. The polariza-
tion is defined as the total induced dipole moment per unit volume. If pis
the dipole moment of the elementary unit (atom, molecule, ...) constituting
the medium and N is density of elementary units, then the polirization is

5.y dipole moment

P(t) =

= N -p(t), (2.36)

volume
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In the frequency domain, i.e. after Fourier transformation we obtain

= dipole moment ~, ~ B
Plw) = =N plw) = E 2.
Plw) = 22T ) = ox@Ew),  (237)

assuming again a linear plarizability proportional to the electric field. Or
expressed in a different way the dielectric suszeptibility is the frequency re-
sponse function of the polarization in a medium to an applied field

(W) = N-pw) (2.38)

EOE(w) '

Atoms and Molecules are composed of charge particles, such as a positively
charged nucleus and electrons bound to the nucleus by the Coulomb force.
As a first approximation towards the interaction of light and matter we con-
sider a simple model for matter, where the elementary units, the atoms or
molecules are modelled by a positively charge nucleus and an electron bound
to it by a force increasing linear with distance between nucleus and electron,
see Figure 2.2.

Pos. Neg.
Charge Charge

Figure 2.2: Classical harmonic oscillator model for radiation matter interac-
tion

As it turns out (justification later) this simple model correctly describes
many aspects of the interaction of light with matter at very low electric field
strength, i.e. the fields do not change the electron distribution in the atom
considerably or even ionize the atom. This model is called Lorentz model
after the famous physicist A. H. Lorentz (Dutchman) studying electromag-
netic phenomena at the turn of the 19th century. He also found the Lorentz
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Transformation and Invariance of Maxwell’s Equations with respect to these
transformation, which showed the path to Special Relativity.

The equation of motion for such a unit is the damped harmonic oscillator
driven by an electric field in one dimension, z. At optical frequencies, the
distance of elongation, x, is much smaller than an optical wavelength (atoms
have dimensions on the order of a tenth of a nanometer, whereas optical fields
have wavelength on the order of microns) and, therefore, we can neglect
the spatial variation of the electric field during the motion of the charges
within an atom (dipole approximation, i.e. E(F,t) = E(7a,t) = E(t)&,. The
equation of motion is then.

A’z Qg dx
mes + 2§mg +m2r = —egE(t), (2.39)

where E(t) = Eei*'. Here, m is the mass of the electron assuming the that
the rest atom has infinite mass, ey the charge of the electron, €y is the
resonance frequency of the undamped oscillator and ) the quality factor of
the resonance, which determines the damping of the oscillator. By using the
trial solution z(t) = Ze“*, we obtain for the complex amplitude of the dipole
moment p with the time dependent response p(t) = —egz(t) = pel’

E.
(2 —w?) + Zj%w_

2
)
m

p= (2.40)

Note, that we included ad hoc a damping term in the harmonic oscillator
equation. At this point it is not clear what the physical origin of this damping
term is and we will discuss this at length later in chapter 4. For the moment,
we can view this term simply as a consequence of irreversible interactions of
the atom with its environment. The simplest damping mechanism is that an
accelerated electron radiates, i.e. radiation damping. We then obtain from
(2.37) for the susceptibility

Nﬁi
Y(w) = m € 2.41
X() (0 —o?) + 2 (241)
or
w2
X(w) = P (2.42)
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where w,, is called the plasma frequency defined as w? = Nej/mep. The
meaning of the plasma frequency will be further elucidated in recitations
and on problem sets. Figure 2.3 shows the real and imaginary part of the
resulting classical dielectric susceptibility, Y(w) = X,.(w) + jX;(w), (2.42),
normalized to the absolute value of the imaginary part at w = €, which is
W2Q) (203).

0.6
04 =
e

~—

0.2

¥

—

0.0 4
-0.2
-04 —

d
Jooy *ue

0.0 0.5 1.0 15 2.0
o/ Qo

Figure 2.3: Real part (dashed line) and imaginary part (solid line) of the
susceptibility of the classical oscillator model for the dielectric polarizability.

Note, that there is a small resonance shift (almost invisible) due to the
loss. Off resonance, the imaginary part approaches zero very quickly. Not
so the real part, which approaches a constant value wf, /92 below resonance
for w — 0, and approaches zero far above resonance, but much slower than
the imaginary part. As we will see later, this is the reason why there are low
loss, i.e. transparent, media with refractive index very much different from
1, because as discussed above the real part of the dielectric susceptibility
contributes to the refractive index in a material. The negative imaginary
part describes absorption of the electromagnetic wave in the medium made
up of damped harmonic oscillators driven by the electric field of the electro-
magnetic wave. Strong absorption occurs when the driving frequency is on
resonance with the damped harmonic oscillator, i.e. the absorption resonance
of the medium.

After having a model for the dielectric susceptibility of a medium, we can
study how optical signals may propagate in such a medium, most importantly
optical pulses, such as those used in optical communications.
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2.3 Optical Pulses

Optical pulses are wave packets constructed by a continuous superposition
of monochromatic plane waves. Consider a TEM-wavepacket, i.e. a super-
position of waves with different frequencies, polarized along the x-axis and
propagating along the z-axis

°dS ~

E(7 1) = / —— E(Q) K@) & (2.43)
0 2T

Correspondingly, the magnetic field is given by

- > ds) ~ .
H(Ft) = | = E(Q) K2 & 2.44
) = [ 5 E@)e ‘) (241

Again, the physical electric and magnetic fields are real and related to the
complex fields by

Bt) = % (B(.0)+ By (2.45)
A ) = % (70 + A1) (2.46)

Here, |E(Q)|e¥® is the complex wave amplitude of the electromagnetic wave
at frequency Q and K () = Q/c¢(2) = n(2)2/co the wavenumber, where,
n(£2) is again the refractive index of the medium

Q) = 1+ (), (2.47)

c and ¢q are the velocity of light in the medium and in vacuum, respectively.
The planes of constant phase propagate with the phase velocity ¢ of the wave.

The wavepacket consists of a superposition of many frequencies with the
spectrum shown in Fig. 2.4. At a given point in space, for simplicity z = 0,
the complex field of a pulse is given by (Fig. 2.4)

1

™

/ E(Q)ddQ. (2.48)
0

Optical pulses often have relatively small spectral width compared to the
center frequency of the pulse wy, as it is illustrated in the upper part of Figure
2.4. For example typical pulses used in optical communication systems for
10Gb/s transmission speed are 20 ps in length and have a center wavelength
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of A = 1550 nm. Thus the spectral width is only on the order of 50 GHz,
whereas the center frequency of the pulse is 200 THz, i.e. the bandwidth is
4000 smaller than the center frequency. In such cases it is useful to separate
the complex electric field in Eq. (2.48) into a carrier frequency wo and an
envelope A(t) and represent the absolute frequency as 2 = wg + w.

[E(Q)] R

|A(@) 4

Figure 2.4: Spectrum of an optical wave packet described in absolute and
relative frequencies

We can then rewrite Eq.(2.48) as

1 [ - .
E(z = 0,t)= 2—/ E(wo 4 w)e@ot)gy (2.49)
m —wo
1 . R :
- %el“’ot /_wo E(wo + w)etdw
= A(t)e. (2.50)

The envelope, see Figure 2.8, is given by

Alt) = % A(w)etdw (2.51)
= L[ Aw)etdw, (2.52)

2 ) o
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where A(w) = E(wo+w) is the spectrum of the envelope with, A(w) = 0 for
w < —wy. To be physically meaningful, the spectral amplitude fl(w) must be
zero for negative frequencies less than or equal to the carrier frequency, see
Figure 2.8. Note, that waves with zero frequency can not propagate, since
the corresponding wave vector is zero. The pulse and its envelope are shown
in Figure 2.5.

E(z=0.1) At)

Figure 2.5: Electric field and envelope of an optical pulse.

Table 2.2 shows pulse shape and spectra of some often used pulses as well
as the pulse width and time bandwidth products. The pulse width and band-
width are usually specified as the Full Width at Half Maximum (FWHM) of

L2
the intensity in the time domain, |A(¢)|*, and the spectral density ‘ A(w)‘ in

the frequency domain, respectively. Pulse shapes and corresponding spectra
to the pulses listed in Table 2.2 are shown in Figs 2.6 and 2.7.
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Pulse Shape Fourier Transform ;Ildl:}el w?(iir}lle%’]iigi; ¢
At Aw) = [7 a(t)edt At At - Af
Caussian: ¢ 27 orre 3T 2v/In 27 0.441
Hyperszzﬁ(és)ecam: = sech(Zrw) 1.7627 7 0.315
Rect-function:
{ L |t} <7/2 snlre2) T 0.886
0, |t| >7/2
Lorentzian: ﬁ 2rre ™! 1.287 1 0.142
Double-Exp.: Nk 1+(LT)2 In2 7 0.142

Table 2.2: Pulse shapes, corresponding spectra and time bandwidth prod-

ucts.

Figure 2.6: Fourier transforms to pulse shapes listed in table 2.2 [14].
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Figure 2.7: Fourier transforms to pulse shapes listed in table 2.2 continued
[14].
2.4 Pulse Propagation

In many cases, mode locking of lasers can be most easily studied in the
time domain. Then mode locking becomes a nonlinear, dissipative wave
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propagation problem. In this chapter, we discuss the basic elements of pulse
propagation in linear media.

Having a basic model for the interaction of light and matter at hand,
via section 2.2, we can investigate what happens if an electromagnetic wave
packet, i.e. an optical pulse propagates through such a medium. We start
from Eqgs.(2.43) to evaluate the wave packet propagation for an arbitrary
propagation distance z

1 [
E(zt) = o /0 E(Q)e K240, (2.53)

Analogous to Eq. (2.49) for a pulse at a given position, we can separate an
optical pulse into a carrier wave at frequency wg and a complex envelope
A(z, 1),

E(z,t) = A(z, t)ed@ot=K@o)z) (2.54)

By introducing the offset frequency w, the offset wavenumber k(w) and spec-
trum of the envelope A(w)

w = —wo, (2.55)
k(w) = K(wo+w)— K(wo), (2.56)
Aw) = EQ=uwy+w). (2.57)

we can rewrite Eq.(2.53) as

1 . . .
E(z,t) = —/ A(w)e@t=k)2) gy, eiwot=K(wo)z) (2.58)

2 -

—00

Thus the envelope at propagation distance z, see Fig.2.8, is expressed as

1 [ - .
Alof) = o / Afw)d@t-He)) gy (2.59)
21 J_
with the same constraints on the spectrum of the envelope as before, i.e. the
spectrum of the envelope must be zero for negative frequencies beyond the

carrier frequency. In the frequency domain Eq.(2.59)) corresponds to

A(z,w) = A(z = 0,w)e @)=, (2.60)

Depending on the dispersion relation k(w), (see Fig. 2.9),.the pulse will
be reshaped during propagation as discussed in the following section.
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F' N

Figure 2.8: Electric field and pulse envelope in time domain.

Dispersion Relation K(Q)

AParabola
A(w)

|
O)lo Frequency Q

Spectrum
Dispersion Relation

Figure 2.9: Taylor expansion of dispersion relation at the center frequency
of the wave packet.

2.4.1 Dispersion

The dispersion relation K(2) or differential propagation constant, k(w), in-
dicates how much phase shift each frequency component experiences during
propagation. These phase shifts, if not linear with respect to frequency, will
lead to distortions of the pulse. If the dispersion relation K (€2) is only slowly
varying over the pulse spectrum, it is useful to represent it or by its Taylor
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expansion, see Fig. 2.9,

L /{7(3) A
k(w) =FKw+ Ewg + ?w?’ + O(w?). (2.61)
If the refractive index depends on frequency, the dispersion relation is no
longer linear with respect to frequency, see Fig. 2.9 and the pulse propagation
according to (2.59) can be understood most easily in the frequency domain

0A=w) | ) Az w). (2.62)
0z
Transformation of Eq.(2.62) into the time domain gives
0A(z, 1) ey 2 AN
250 - 5N (L2 . 2.
e 12,7 (i) A=Y (263)

If we keep only the first term, the linear term, in Eq.(2.60), then we obtain
for the pulse envelope from (2.59)

A(z,w) = A(z = 0,w)e Fw=, (2.64)

According to the shift theorem for Fourier Transfroms, a linear phase over
the spectrum corresponds to a shift in the time domain,

A(z,t) = A0, t — z/v,0), (2.65)

where we introduced the group velocity at frequency wy
dk(w)

Thus the derivative of the dispersion relation at the carrier frequency deter-
mines the propagation velocity of the envelope of the wave packet or group
velocity, whereas the ratio between propagation constant and frequency de-
termines the phase velocity of the carrier

V0 = wo/ K (wo) = (M> - (2.67)

Wo

To get rid of the trivial motion of the pulse envelope with the group velocity,
we introduce the retarded time t' =t — 2 /vg4. With respect to this retarded
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time the pulse shape is invariant during propagation, if we approximate the
dispersion relation by the slope at the carrier frequency

A(z, ) = A(0,1). (2.68)

Note, if we approximate the dispersion relation by its slope at the carrier
frequency, i.e. we retain only the first term in Eq.(2.63), we obtain

OA(1) | 1 DA(=.1)

pu— 20
0z vgo Ot 0 (2.69)

and (2.68) is its solution. If, we transform this equation to the new coordinate
System

7 =z, (2.70)
t' = t—z/vg, (2.71)
with
0 0 1 0
- = - _ - = 2.72
0z 0z g Ot (2.72)
0 0
= - = 2.
ot ot (273)
the transformed equation is
0A(Z 1)
——F= =0. 2.74
0z 0 (274)

Thus we see that the pulse shape doesn’t change during propagation. The
propagation can be simply accounted for by introducting a retarded time
t' =1t — z/vy. Since z is equal to 2’ we keep z in the following.

If the spectrum of the pulse is broad enough or the propagation distance
long enough, so that the second order term in (2.61) becomes important, the
pulse will no longer keep its shape. When keeping in the dispersion relation
terms up to second order it follows from (2.63) and (2.70,2.71)

DA(2,t) K OPA(Y)

9z 2 o2

This is the first non trivial term in the wave equation for the envelope.
Because of the superposition principle, the pulse can be thought of to be

(2.75)
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decomposed into wavepackets (sub-pulses) with different center frequencies.
Now, the group velocity depends on the spectral component of the pulse, see
Figure 2.10, which will lead to broadening or dispersion of the pulse.
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Figure 2.10: Decomposition of a pulse into wave packets with different center
frequency. In a medium with dispersion the wavepackets move at different
relative group velocity.

Fortunately, for a Gaussian pulse, the pulse propagation equation 2.75
can be solved analytically. The initial pulse is then of the form

E(z = 0,t)=A(z =0,t)e*" (2.76)

1t/2
— — / — — ——
Az = 0,t=1t")=Ayexp [ 5 72] (2.77)

Eq.(2.75) is most easily solved in the frequency domain since it transforms
to

0A(z,w)  K'w? -
92 =) 92 A(Z;W); (278)

with the solution

A(z,w) = A(z = 0,w) exp {—j k/;"z z] : (2.79)

The pulse spectrum aquires a parabolic phase. Note, that here w is the
Fourier Transform variable conjugate to ¢’ rather than ¢. The Gaussian pulse
has the advantage that its Fourier transform is also a Gaussian

A(z = 0,w) = AgV/21T exp l—%#uﬂ} . (2.80)
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Note, in the following we will often use the Gaussian Integral
L [ foimgy = o8 for B 0 2.81
e we ’dr =e 2% for Re{o} > .
=/ o} = (281

In the spectral domain the solution at an arbitray propagation distance z is
~ 1
A(z,w) = AgV2rT exp [—5 (72 + jK"2) wQ] : (2.82)

With the Gaussian integral (2.81) the inverse Fourier transform is

7'2 1/2 1 t/2
A N= A - T a7 9 . N 2.
_(Z,t) 0 ((7_2 —{—J]{IHZ)> exp |: 2(7’2 +ka/’z):| ( 83)

The exponent can be written as real and imaginary part and we finally obtain

9 1/2 2412 12
1 Tt 1 t
Aot — A [— T R S A VY G
_(Z, ) 0 ((7_2 +j/€”2)> exp [ 2 (7_4 I (/{Z”Z)2) ‘|—J2 Z(T4 + (k/lZ)Q)

(2.84)
As we see from Eq.(2.84) during propagation the FWHM of the Gaussian
determined by

exp |- Trwnn /271 _ 2.85
p [ (7_4+ (k'”Z)2) ] 5 ( )

changes from
TrwayM = 2VIn2 7 (2.86)

at the start to

— kLN

T2

k'L
= TFWHM 1+( 2)

T

at z = L. For large stretching this result simplifies to

k"L
2

k"L
T
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The strongly dispersed pulse has a width equal to the difference in group
delay over the spectral width of the pulse.

Figure 2.11 shows the evolution of the magnitude of the Gaussian wave
packet during propagation in a medium which has no higher order dispersion
in normalized units, i.e. ([z] =m,[t] =s, [k)] =s?/m, k) = 2). The pulse
spreads continuously..
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Figure 2.11: Magnitude of the complex envelope of a Gaussian pulse,
|A(z,t')| , in a dispersive medium.

As discussed before, the origin of this spreading is the group velocity
dispersion (GVD), k” # 0. The group velocity varies over the pulse spectrum
significantly leading to a group delay dispersion (GDD) after a propagation
distance z = L of k" L 2 0, for the different frequency components. This leads
to the build-up of chirp in the pulse during propagation. We can understand
this chirp by looking at the parabolic phase that develops over the pulse in
time at a fixed propagation distance. The phase is, see FEq.(2.84)

1 k"L 1 t?
oz =L,t") = —g arctan | —=| + k"L
T

A= (2.89)




2.4. PULSE PROPAGATION 47

(@ A Phase
\ Front Back
K">0
Time t'
k’<0
(b) A Instantaneous
Frequency
k’<0
Time t
k>0

Figure 2.12: (a) Phase and (b) instantaneous frequency of a Gaussian pulse
during propagation through a medium with positive or negative dispersion.

This parabolic phase, see Fig. 2.12 (a), can be understood as a localy
varying frequency in the pulse, i.e. the derivative of the phase gives the
instantaneous frequency shift in the pulse with respect to the center frequency

0 k"L ,

W(Z = L,tl) = % (L,tl) = mt

(2.90)
see Fig.2.12 (b). The instantaneous frequency indicates that for a medium
with positive GVD, ie. £” > 0, the low frequencies are in the front of the
pulse, whereas the high frequencies are in the back of the pulse, since the
sub-pulses with lower frequencies travel faster than sub-pulses with higher
frequencies. The opposite is the case for negative dispersive materials.

It is instructive for later purposes, that this behaviour can be completely
understood from the center of mass motion of the sub-pulses, see Figure 2.10.
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Note, we can choose a set of sub-pulses, with such narrow bandwidth, that
dispersion does not matter. In the time domain, these pulses are of course
very long, because of the time bandwidth relationship. Nevertheless, since
they all have different carrier frequencies, they interfere with each other in
such a way that the superposition is a very narrow pulse. This interference,
becomes destroyed during propagation, since the sub-pulses propagate at
different speed, i.e. their center of mass propagates at different speed.

5 | F I
0.0 0.5 1.0 1.5 2.0

Propagation distance, z

Figure 2.13: Pulse spreading by following the center of mass of sub-pulses
according to Fig. 2.10. For z < 1, the pulses propagate in a medium with
positive dispersion and for z > 1 in a medium with negative dispersion.

The differential group delay AT (w) = k" Lw of a sub-pulse with its cen-
ter frequency w different from 0, is due to its differential group velocity
Avg(w) = —vg0ATy(w) /Ty = —vik"w. Note, that Tyg = L/vg. This is illus-
trated in Figure 2.13 by ploting the trajectory of the relative motion of the
center of mass of each sub-pulse as a function of propagation distance, which
asymptotically approaches the formula for the pulse width of the highly dis-
persed pulse Eq.(2.88). If we assume that the pulse propagates through a
negative dispersive medium following the positive dispersive medium, the
group velocity of each sub-pulse is reversed. The sub-pulses propagate to-
wards each other until they all meet at one point (focus) to produce again
a short and unchirped initial pulse, see Figure 2.13. This is a very powerful
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technique to understand dispersive wave motion and is also the connection
between ray optics and physical optics.

2.4.2 Loss and Gain

If the medium considered has loss, described by the imaginary part of the
dielectric susceptibility, see (2.42) and Fig. 2.3, we can incorporate this loss
into a complex refractive index

() = 1, () + jni () (2.91)

A(Q) = /1 +3(Q). (2.92)

For an optically thin medium (weakly absorbing gases), i.e. X < 1 the
following approximation is very useful

via

Q) ~1+ @ (2.93)

As one can show, the complex susceptibility (2.42) can be approximated close
to resonance, i.e. {2 = )y, by the complex Lorentzian lineshape

~ —JXo
Q) = — 20 2.94
where y, = Q% will turn out to be related to the peak absorption of the
0

resonance, which is proportional to the density of atoms. () is the center
frequency and AQ = % is the half width half maximum (HWHM) linewidth
of the transition. The real and imaginary part of the complex Lorentzian are

(Q—90)

~ . C N
O = (2.95)
Q) = —2 (2.96)

L ()

In the derivation of the wave equation for the pulse envelope (2.63) in
section 2.4.1, there was no restriction to a real refractive index. Therefore,
the wave equation (2.63) also treats the case of a complex refractive index.



50 CHAPTER 2. LINEAR PULSE PROPAGATION

If we assume a medium with the complex refractive index (2.93), then the
wavenumber is given by

K@) =2 (1 Lro +m<ﬂ>>) . (2.97)

Co 2

Since we introduced a complex wavenumber, we have to redefine the group
velocity as the inverse derivative of the real part of the wavenumber with
respect to frequency. At line center, we obtain

1 Xo 2o
TR R

Thus, for a narrow absorption line, x, > 0 and % > 1, the absolute value
of the group velocity can become much larger than the velocity of light in
vacuum. The opposite is true for an amplifying medium, x, < 0. There is
nothing wrong with this finding, since the group velocity only describes the
motion of the peak of a Gaussian wave packet, which is not a causal wave
packet. A causal wave packet is identical to zero for some earlier time ¢ < tg,
in some region of space. A Gaussian wave packet fills the whole space at any
time and can be reconstructed by a Taylor expansion at any time. Therefore,
the motion of the peak of such a signal with a speed greater than the speed
of light does not contradict special relativity.

The imaginary part in the wave vector (2.97) leads with K = % to ab-
sorption

., 0K.(Q)
Ye T Ta0

0(0) = —5X,(O). (2.99)

In the envelope equation (2.62) for a wavepacket with carrier frequency wy =
o and wave number Ky = 8—3 the loss leads to a term of the form

0A(z,w)
0z

(@4 w)Alzw) = =B G (2100

w \25
(loss) 1+ (E)

In the time domain, we obtain up to second order in the inverse linewidth
for 15 <<'1

0A(z, 1)
0z

__XOKO 1 8_2 /
= -2 (1+A928t2 Az ), (2.101)

(loss)
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which corresponds to a parabolic approximation of the line shape at line
center, (Fig. 2.3). As we will see later, for an amplifying optical transition
we obtain a similar equation. We only have to replace the loss by gain

0A(z,t) ( 1 82) ,
A1) (1 LN e, (2.102)
0z | (gain) Q2 ot?
where g = —XOTKO is the peak gain at line center per unit length and €, is

the HWHM linewidth of a transition providing gain.

2.5 Sellmeier Equation and Kramers-Kroenig
Relations

The linear susceptibility is the frequency response or impulse response of a
linear system to an applied electric field, see Eq.(2.40). For a real physical
system this response is causal, and therefore real and imaginary parts obey
Kramers-Kroenig Relations

Q) = % / ;Xi(@dw:ﬁ((z)q, (2.103)
xi(§) = —% / U?QX:%)de. (2.104)

For optical media these relations have the consequence that the refractive
index and absorption of a medium are not independent, which can often
be exploited to compute the index from absorption data or the other way
around. The Kramers-Kroenig Relations also give us a good understanding
of the index variations in transparent media, which means the media are used
in a frequency range far away from resonances. Then the imaginary part of
the susceptibility related to absorption can be approximated by

Y, (Q) = Z Aib (w—w;) (2.105)

i.e. the absorption lines are approximated by delta-functions, and the Kramers-
Kroenig relation results in the following Sellmeier Equation for the refractive
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index

2 N Wi _ A

This formula is very useful in fitting the refractive index of various media
over a large frequency range with relatively few coefficients. For example
Table 2.3 shows the Sellmeier coefficients for fused quartz and sapphire.

Fused Quartz  Sapphire

a; 0.6961663 1.023798
ag  0.4079426 1.058364
az 0.8974794 5.280792

A 4.679148-1073  3.77588-1073
A5 1.3512063-1072  1.22544-1072
A3 0.9793400-10°  3.213616-102

Table 2.3: Table with Sellmeier coefficients for fused quartz and sapphire.

In general, each absorption line contributes a corresponding index change
to the overall optical characteristics of a material, see Fig. 2.14.
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Figure 2.14: Each absorption line must contribute to an index change via
the Kramers-Kroenig relations.
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A typical situation for a material having resonances in the UV and IR,
such as glass, is shown in Fig. 2.15. As Fig. 2.15 shows, due to the Lorentzian
line shape, outside of an absorption line the refractive index is always decreas-
ing as a function of wavelength. In the classcial optics terminology, where
transparet materials are used for refraction of light, for example in prisms,
this behavior is called normal dispersion. The opposite behaviour, i.e. an in-
crease of refractive index with wavelength that occurs within the absorption
lines is called anomalous dispersion.

dn (. 1 dispersi lue ref h
Classical Optics o <V normjn dlsé) ferswn (11) e raCtS' more than red)
& > 0 : anomalous dispersion

As we have seen in the previous section, in ultrafast optics we are more
concerned with the group velocity dispersion of the material k”, which is

related to the second order derivative of the index, k" ~ 21 as summarized

dx2?
in table 2.4

327’3 > 0 : normal dispersion
short wavelengths slower than long wavelengths
% < 0 : anomalous dispersion
short wavelengths faster than long wavelengths

Ultrafast Optics

This behavior is also responsible for the mostly positive group delay disper-
sion, i.e. normal dispersion, over the transparency range of a material at the
longwavelength side of an absorption line, and the mostly negative group de-
lay dispersion, i.e. anomalus dispersion, when approaching a resonance from
the short wavelength side.typical absorption and refractive index as a func-
tion of wavelength for media that are transparent in the visible, like glasses.
Therefore, glasses with their typical absorption lines in the UV and IR show
positive dispersion in the visible and change to negative dispersion in the
IR with a zero dispersion wavelength somewhere between 1 and 2 micron
wavelength.
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Figure 2.15: Typcial distribution of absorption lines in a medium transparent

in the visible.

Fig.2.16 shows the transparency range of some often used media.
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Figure 2.16: Transparency range of some materials according to Saleh and
Teich, Photonics p. 175.
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GVD and GDD are defined as the variation of the inverse group velocity
or group delay as a function of frequency, see Eqs.(2.66) , i.e.

2 1 —1
qvp = TEW - _d - @) 9 107)
dw? |,y dw vg(w)|,_o viw) dw |,
d?k(w) d L d
GDD = do? o = % Ug((,u) - = % Tg(w)|w:0 (2108)

where T,(w) = L/v4(w) is the group delay of a wave packet with relative
center frequency w. Often theses quantities need to be calculated from the
refractive index given by the Sellmeier equation, i.e. n(\). The corresponding
quantities are listed in Table 2.4. The computations are done by substituting
the frequency with the wavelength.

| Dispersion Characteristic | Definition | Comp. from n(}) |
medium wavelength: A, % ﬁ
medium wavenumber: £k, /2\—: Zn(N)
phase velocity: v, & ﬁ/\L)
group velocity: v, Lo d\ = 2;’\; dw | 2 (1 - %%)71
group velocity dispersion: GV D % 27’\;% ZzTZL
group delay: T, = % = % % = d(;;f) % ( — 2%) L
group delay dispersion: GDD % = % 2:23 ZQTZL

Table 2.4: Table with important dispersion characteristics and how to
compute them from the wavelength dependent refractive index n(\) using
|dw| = 2meo /N2d|N|.

2.6 Summary

Starting from Maxwell’s Equations in an isotropic linear medium, we found
that there exist TEM-plane wave solutions, where the eletric, magnetic and
propagation vector of the wave build a right handed system. The magnitude
of the electric and magnetic field vector are connected via the characteristic
impedance of the medium or the refractive index. An often encounterned
expression for the refractive index in a medium or the dielectric suszepti-
bility can be derived from the harmonic oscillator model for an electronic
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transition in a medium. Lossy media can be treated by a complex refractive
index. Causality of the response of the medium to an external field requires
that the real part and imaginary part of the dielectric suszeptibility fully
fill Kramers-Kroenig relations. Optical pulses are electromagnetic wavepack-
ets. The dynamics of optical pulses propagating through a linear medium
is most easily treated in the frequency domain and are completely described
by the complex wave vector or complex refractive index. Besides the group
delay, the pulse may suffer dispersion and loss or gain which may depend on
frequency.
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Chapter 3

Nonlinear Pulse Propagation

There are many nonlinear pulse propagation problems worthwhile of being
considered in detail. A comprehensive discussion of various nonlinear pulse
propagation phenomena can be found in [1]. In this chapter we discuss the
nonlinear pulse dynamics due to the Kerr-effect which is most important for
understanding pulse propagation problems in optical communications, short
pulse generation and pulse compression.

3.1 The Optical Kerr-effect

In a homogeneous medium, which has an inversion symmertry at the mole-
cular level, or in an isotropic medium, to lowest order, the refractive index
of such a medium can only depend quadratically on the field, i.e. on the
intensity [26]

n = n(w, |A]*) = ng(w) + na | A (3.1)

Here, we assume, that the pulse envelope A is normalized such that |AJ? is
the intensity of the pulse. This is the optical Kerr effect and nq 1, is called
the intensity dependent refractive index coefficient. Note, the nonlinear in-
dex depends on the polarization of the field and without going further into
details, we assume that we treat a linearily polarized electric field. For most
transparent materials the intensity dependent refractive index is positive.
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Material Refractive index n | ny g[em?/W|
Sapphire (Al,O3) | 1.76 @ 850 nm 310716
Fused Quarz 1.45 @ 1064 nm 2.46-10716

Glass (LG-760) | 1.5 @ 1064 nm 2.9-10°10
YAG (Y3A15012) 1.82 @ 1064 nm 6.2'10_16
YLF (LiYF,), n. | 1A7 @ 1047 nm | 1.72-101°
Si 3.3 @ 1550 nm 4-1071

Table 3.1: Nonlinear refractive index coefficients for different materials. In
the literature most often the electro-statitic unit system is in use. The con-
version is ng [em? /W] = 4.19 - 10™3ny 1 [esu] /ng

3.2 Self-Phase Modulation (SPM)

In a purely one dimensional propagation problem, the intensity dependent
refractive index imposes an additional self-phase shift on the pulse envelope
during propagation, which is proportional to the instantaneous intensity of
the pulse

0A(z,t)

Oz = _jk0n2,L‘A(Z7t)|2A<Z7t> = _J(S‘A(Z7t)|2A<Z7t) (32)

where § = kong 1, is the self-phase modulation coefficient. Self-phase modu-
lation (SPM) leads only to a phase shift in the time domain. Therefore, the
intensity profile of the pulse does not change only the spectrum of the pulse
changes, as discussed in the class on nonlinear optics. Figure (3.1) shows
the spectrum of a Gaussian pulse subject to SPM during propagation (for
0 = 2 and normalized units). New frequency components are generated by
the nonlinear process via four wave mixing (FWM). If we look at the phase of
the pulse during propagation due to self-phase modulation, see Fig. 3.2 (a),
we find, that the pulse redistributes its energy, such that the low frequency
contributions are in the front of the pulse and the high frequencies in the
back of the pulse, similar to the case of normal dispersion.
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(a) A Intensity
Front Back
Time t
(b) A Phase
Time t
(c) A Instantaneous
Frequency
Time t

Figure 3.2: (a) Intensity, (b) phase and (c) instantaneous frequency of a
Gaussian pulse during propagation through a medium with positive self-
phase modulation.
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3.3 The Nonlinear Schrodinger Equation

If both effects, dispersion and self-phase modulation, act simultaneously on
the pulse, the field envelope obeys the equation

O0A(z,t) D?A 9

This equation is called the Nonlinear Schrodinger Equation (NLSE) - if we
put the imaginary unit on the left hand side -, since it has the form of a
Schrodinger Equation. Its called nonlinear, because the potential energy
is derived from the square of the wave function itself. As we have seen
from the discussion in the last sections, positive dispersion and positive self-
phase modulation lead to a similar redistribution of the spectral components.
This enhances the pulse spreading in time. However, if we have negative
dispersion, i.e. a wave packet with high carrier frequency travels faster than
a wave packet with a low carrier frequency, then, the high frequency wave
packets generated by self-phase modulation in the front of the pulse have
a chance to catch up with the pulse itself due to the negative dispersion.
The opposite is the case for the low frequencies. This arrangement results
in pulses that do not disperse any more, i.e. solitary waves. That negative
dispersion is necessary to compensate the positive Kerr effect is also obvious
from the NLSE (3.3). Because, for a positive Kerr effect, the potential energy
in the NLSE is always negative. There are only bound solutions, i.e. bright
solitary waves, if the kinetic energy term, i.e. the dispersion, has a negative
sign, Dy < 0.

3.3.1 The Solitons of the NLSE

In the following, we study different solutions of the NLSE for the case of
negative dispersion and positive self-phase modulation. We do not intend
to give a full overview over the solution manyfold of the NLSE in its full
mathematical depth here, because it is not necessary for the following. This
can be found in detail elsewhere [4, 10, 1, 11].

Without loss of generality, by normalization of the field amplitude A =

A /2D,
y

the NLSE (3.3) with negative dispersion can always be transformed into the

the propagation distance z = 2+ 72/Ds, and the time t = ¢ - T,
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normalized form

OA(Zt)  9*A
j = 20 APA 3.4
This is equivalent to set Dy = —1 and § = 2. For the numerical simulations,

which are shown in the next chapters, we simulate the normalized eq.(3.4)
and the axes are in normalized units of position and time.

3.3.2 The Fundamental Soliton

We look for a stationary wave function of the NLSE (3.3), such that its
absolute square is a self-consistent potential. A potential of that kind is well
known from Quantum Mechanics, the sech?-Potential [3], and therefore the
shape of the solitary pulse is a sech

t .
Ag(z,t) = Agsech (—) e 0, (3.5)
T
where 6 is the nonlinear phase shift of the soliton
Lo o

The soltion phase shift is constant over the pulse with respect to time in
contrast to the case of self-phase modulation only, where the phase shift is
proportional to the instantaneous power. The balance between the nonlinear
effects and the linear effects requires that the nonlinear phase shift is equal
to the dispersive spreading of the pulse
| D,

Since the field amplitude A(z,t) is normalized, such that the absolute square
is the intensity, the soliton energy fluence is given by

w :/ |A(z,t)|%dt = 2A2%7. (3.8)

From egs.(3.6) to (3.8), we obtain for constant pulse energy fluence, that the
width of the soliton is proportional to the amount of negative dispersion

_ 4Dy
T =

o (3.9)
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Note, the pulse area for a fundamental soliton is only determined by the
dispersion and thp anlf_nhaca madunlatinn cnofRciont

Pulse ° (3.10)
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Figure 3.3: Propagation of a fundamental soliton.

Figure 3.3 shows the numerical solution of the NLSE for the fundamental
soliton pulse. The distance, after which the soliton acquires a phase shift of
7/4, is called the soliton period, for reasons, which will become clear in the
next section.

Since the dispersion is constant over the frequency, i.e. the NLSE has
no higher order dispersion, the center frequency of the soliton can be cho-
sen arbitrarily. However, due to the dispersion, the group velocities of the
solitons with different carrier frequencies will be different. One easily finds
by a Gallilei tranformation to a moving frame, that the NLSE possesses the
following general fundamental soliton solution

Ay(z,t) = Agsech(x(z,t))e 0D (3.11)
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with

1
Tr = ;(t—2|D2|p0z—t0), (312)

and a nonlinear phase shift

1
0 = po(t —to) + |Ds| (ﬁ —pg) z 4 bo. (3.13)

Thus, the energy fluence w or amplitude Ay, the carrier frequency pg, the
phase 6y and the origin ¢y, i.e. the timing of the fundamental soliton are
not yet determined. Only the soliton area is fixed. The energy fluence and
width are determined if one of them is specified, given a certain dispersion
and SPM-coefficient.

3.3.3 Higher Order Solitons

The NLSE has constant dispersion, in our case anomalous (or negative) dis-
persion. That means the group velocity depends linearly on frequency. We
assume, that two fundamental soltions are far apart from each other, so that
they do not interact. Then this linear superpositon is for all practical pur-
poses another solution of the NSE. If we choose the carrier frequency of the
soliton, starting at a later time, higher than the one of the soliton in front,
the later soliton will catch up with the leading soliton due to the negative
dispersion and the pulses will collide.

Figure 3.4 shows this situation. Obviously, the two pulses recover com-
pletely from the collision, i.e. the NSE has true soliton solutions. The solitons
have particle like properties. A solution, composed of several fundamental
solitons, is called a higher order soliton. If we look closer to Figure 3.4, we
recognize, that the soliton at rest in the local time frame, and which follows
the t = 0 line without the collision, is somewhat pushed forward due to the
collision. A detailed analysis of the collision would also show, that the phases
of the solitons have changed [4]. The phase changes due to soliton collisions
are used to built all optical switches [5], using backfolded Mach-Zehnder in-
terferometers, which can be realized in a self-stabilized way by Sagnac fiber
loops.



N

I
1‘\“\
‘\\\

I

Iy
"l' \
il

l,."'

3.3. THE NONLI

I
VT
]

—

T ]
\\\\\\\\\\\V\\\\\‘VVV\

:
.
\-

2
2

—
ZE

N
i

\
B

NS
N ———
i
-

)

}
i

-
ZFT
e
==
A2
ZZ
7

f
TR '/"’
A

i ‘\\“\:\“\\:“‘\\“1\\‘\\"\\

DO

225
2524
25527
s
S
222
s
S
—
27>
e
ZFEZ
AT FFF A

>%
27
i

s

=
222
2>
e
2
77
———

" o
N
17 "'l. W
e
R
I A
pnitm
it W
RN \\\\

'l e,
e TN
\ S
\\\\‘\\\\\\\\\\\\\\\\\ \ Mgt 0
\ RTRTHTHH ,','l,
Ty, ln\\ \\\\\\
TR

[T i

J i ,~
R
L
N

=
=
2%
e

=
s

o
ST
=
2z
72
7

i
L

S
22
——

=
o5
055

DN

o
s

M

%

. N
g
N NN
it
e
I A“ \\\\\ \ '//'/'/"/
A ‘\Q\t\\\\\\\\\\\‘

RRTTHTHTH
RNRY

NN
\\\\\\ W\
\

10
Distance z

Figure 3.4: A soliton with high carrier frequency collides with a soliton of
lower carrier frequency. After the collison both pulses recover completely.



35
3
025
68 8 TION
g
Eis
1
05
\
“‘§3§§
0 o s
05
7 4 6
Distance z
15 -4
l','n\
IO
60 i
ity
A
50 i l"b’“\\\\\\ ‘ i,
Tt ‘,mlm,'"
l:,':'n‘\‘\ wrl'"llu,"l,o
40 I \\\ ',"'I'"".’
. l:’l"l'.' A
|5}
3
0 \\
20 “‘\‘\‘\‘\‘
10
R "ll""’/ ’/’l:"'
"' i v
M\\ \\\\\\ \\\\\\\\\ m Vi
0 s “““\“‘\\\\ \\\\\\
\\\\ Ny
Distance z . “‘\ ““ »

0
Frequency

Figure 3.5: (a) Amplitude and, (b) Spectrum of a higher order soliton com-
posed of two fundamental solitons with the same carrier frequency



3.3. THE NONLINEAR SCHRODINGER EQUATION 69

The NLSE also shows higher order soliton solutions, that travel at the
same speed, i.e. they posses the same carrier frequency, the so called breather
solutions. Figures 3.5(a) and (b) show the amplitude and spectrum of such
a higher order soliton solution, which has twice the area of the fundamental
soliton. The simulation starts with a sech-pulse, that has twice the area of
the fundamental soliton, shown in Fig. 3.3. Due to the interaction of the two
solitons, the temporal shape and the spectrum exhibits a complicated but
periodic behaviour. This period is the soliton period z = 7/4, as mentioned
above. As can be seen from Figures 3.5(a) and 3.5(b), the higher order soliton
dynamics leads to an enormous pulse shortening after half of the soliton
period. This process has been used by Mollenauer, to build the soliton laser
[9]. In the soliton laser, the pulse compression, that occures for a higher order
soliton as shown in Fig. 3.5(a), is exploited for modelocking. Mollenauer
pioneered soliton propagation in optical fibers[9], as proposed by Hasegawa
and Tappert [8], with the soliton laser, which produced the first picosecond
pulses at 1.55 ym. A detailed account on the soliton laser is given by Haus
[7].

So far, we have discussed the pure soliton solutions of the NLSE. But,
what happens if one starts propagation with an input pulse that does not
correspond to a fundamental or higher order soliton?

3.3.4 Inverse Scattering Theory

Obviously, the NLSE has solutions, which are composed of fundamental soli-
tons. Thus, the solutions obey a certain superposition principle which is
absolutely surprising for a nonlinear system. Of course, not arbitrary super-
positions are possible as in a linear system. The deeper reason for the solution
manyfold of the NLSE can be found by studying its physical and mathemat-
ical properties. The mathematical basis for an analytic formulation of the
solutions to the NLSE is the inverse scattering theory [12, 13, 4, 14]. It is a
spectral tranform method for solving integrable, nonlinear wave equations,
similar to the Fourier transform for the solution of linear wave equations [15].
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F.T. ~
A(z=0,1) > A(z=0,0)

|

|

|

v 3
A(z=Lt) = A(z=L,0)

Inv. F. T.

Figure 3.6: Fourier transform method for the solution of linear, time invariant
partial differential equations.

Scattering Problem

A(z=0,t) -  Scattering Amplitudes at z=0
|
T S Discrete + Continuous
| Spectrum
I -
|
A(z=L,t) - Scattering Amplitudes at z=L
Inverse Scattering Soliton + Continuum

Figure 3.7: Schematic representation of the inverse scattering theory for the
solution of integrable nonlinear partial differential equations.

Let’s remember briefly, how to solve an initial value problem for a linear
partial differential equation (p.d.e.), like eq.(2.63), that treats the case of a
purely dispersive pulse propagation. The method is sketched in Fig. 3.6.
We Fourier tranform the initial pulse into the spectral domain, because, the
exponential functions are eigensolutions of the differential operators with
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constant coefficients. The right side of (2.63) is only composed of powers of
the differntial operator, therefore the exponentials are eigenfunctions of the
complete right side. Thus, after Fourier transformation, the p.d.e. becomes
a set of ordinary differential equations (o.d.e.), one for each partial wave.
The excitation of each wave is given by the spectrum of the initial wave.
The eigenvalues of the differential operator, that constitutes the right side of
(2.63), is given by the dispersion relation, k(w), up to the imaginary unit. The
solution of the remaining o.d.e is then a simple exponential of the dispersion
relation. Now, we have the spectrum of the propagated wave and by inverse
Fourier transformation, i.e. we sum over all partial waves, we find the new
temporal shape of the propagated pulse.

As in the case of the Fourier transform method for the solution of linear
wave equations, the inverse scattering theory is again based on a spectral
transform, (Fig.3.7). However, this transform depends now on the details
of the wave equation and the initial conditions. This dependence leads to
a modified superposition principle. As is shown in [11], one can formulate
for many integrable nonlinear wave equations a related scattering problem
like one does in Quantum Theory for the scattering of a particle at a poten-
tial well. However, the potential well is now determined by the solution of
the wave equation. Thus, the initial potential is already given by the ini-
tial conditions. The stationary states of the scattering problem, which are
the eigensolutions of the corresponding Hamiltonian, are the analog to the
monochromatic complex oscillations, which are the eigenfunctions of the dif-
ferential operator. The eigenvalues are the analog to the dispersion relation,
and as in the case of the linear p.d.e’s, the eigensolutions obey simple linear
o.d.e’s.

A given potential will have a certain number of bound states, that cor-
respond to the discrete spectrum and a continuum of scattering states. The
characteristic of the continuous eigenvalue spectrum is the reflection coef-
ficient for waves scatterd upon reflection at the potential. Thus, a certain
potential, i.e. a certain initial condition, has a certain discrete spectrum and
continuum with a corresponding reflection coefficient. From inverse scatter-
ing theory for quantum mechanical and electromagnetic scattering problems,
we know, that the potenial can be reconstructed from the scattering data,
i.e. the reflection coefficient and the data for the discrete spectrum [14].
This is true for a very general class of scattering potentials. As one can
almost guess now, the discrete eigenstates of the initial conditions will lead
to soliton solutions. We have already studied the dynamics of some of these
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soliton solutions above. The continuous spectrum will lead to a dispersive
wave which is called the continuum. Thus, the most general solution of the
NLSE, for given arbitrary initial conditions, is a superposition of a soliton,
maybe a higher order soliton, and a continuum contribution.

The continuum will disperse during propagation, so that only the soliton
is recognizeﬂ after a while Thne the cantiniinim hecomes an acvmnthatically

small cont:
the contint
wave equal
The ba  2°
simple asi
solve a line °
the solutio 315
linear prok g

0.5

Distance z

\\\\\\ NN
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Figure 3.8: Solution of the NSE for an unchirped and rectangular shaped

initial pulse.
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To appreciate these properties of the solutions of the NLSE, we solve the
NLSE for a rectangular shaped initial pulse. The result is shown in Fig. 3.8.

The scattering problem, that has to be solved for this initial condition,
is the same as for a nonrelativistic particle in a rectangular potential box
[31]. The depth of the potential is chosen small enough, so that it has only
one bound state. Thus, we start with a wave composed of a fundamental
soliton and continuum. It is easy to recognize the continuum contribution,
i.e. the dispersive wave, that separates from the soliton during propagation.
This solution illustrates, that soliton pulse shaping due to the presence of
dispersion and self-phase modulation may have a strong impact on pulse
generation [17]. When the dispersion and self-phase modulation are properly
adjusted, soliton formation can lead to very clean, stable, and extremly short
pulses in a modelocked laser.

3.4 Universality of the NLSE

Above, we derived the NSE in detail for the case of disperison and self-phase
modulation. The input for the NLSE is surprisingly low, we only have to
admitt the first nontrivial dispersive effect and the lowest order nonlinear
effect that is possible in an isotropic and homogeneous medium like glass,
gas or plasmas. Therefore, the NLSE and its properties are important for
many other effects like self-focusing [18], Langmuir waves in plasma physics,
and waves in proteine molecules [19]. Self-focusing will be treated in more
detail later, because it is the basis for Kerr-Lens Mode Locking.

3.5 Soliton Perturbation Theory

From the previous discussion, we have full knowledge about the possible
solutions of the NLSE that describes a special Hamiltonian system. However,
the NLSE hardly describes a real physical system such as, for example, a real
optical fiber in all its aspects [20, 21]. Indeed the NLSE itself, as we have
seen during the derivation in the previous sections, is only an approximation
to the complete wave equation. We approximated the dispersion relation
by a parabola at the assumed carrier frequency of the soliton. Also the
instantaneous Kerr effect described by an intensity dependent refractive index
is only an approximation to the real y(®-nonlinearity of a Kerr-medium [22,



74 CHAPTER 3. NONLINEAR PULSE PROPAGATION

23]. Therefore, it is most important to study what happens to a soliton
solution of the NLSE due to perturbing effects like higher order dispersion,
finite response times of the nonlinearites, gain and the finite gain bandwidth
of amplifiers, that compensate for the inevitable loss in a real system.

The investigation of solitons under perturbations is as old as the solitons
itself. Many authors treat the perturbing effects in the scattering domain
[24, 25]. Only recently, a perturbation theory on the basis of the linearized
NLSE has been developed, which is much more illustrative then a formulation
in the scattering amplitudes. This was first used by Haus [26] and rigorously
formulated by Kaup [27]. In this section, we will present this approach as
far as it is indispensible for the following.

A system, where the most important physical processes are dispersion and
self-phase modulation, is described by the NLSE complimented with some
perturbation term F'

0A(z,t)
0z

In the following, we are interested what happens to a solution of the full
equation (3.14) which is very close to a fundamental soliton, i.e.

.. %A , .
= = [ID2l 57 + 3 APA| + F(A, A", 2). (3.14)

t ,
Az, t) = {a(—) + AA(z,t)} e Ikez, (3.15)
T
Here, a(x) is the fundamental soliton according to eq.(3.5)
t t
a(;) = A sech(;), (3.16)
and .
ky = 55/13 (3.17)

is the phase shift of the soliton per unit length, i.e. the soltion wave vector.

A deviation from the ideal soliton can arise either due to the additional
driving term F' on the right side or due to a deviation already present in
the initial condition. We use the form (3.15) as an ansatz to solve the NSE
to first order in the perturbation AA, i.e. we linearize the NSE around the
fundamental soliton and obtain for the perturbation

0AA

2
5 - —jks [(8_ - 1) AA + 2sech?(z) (2AA + AA¥)
z

0x?
+F(A, A, 2)elh, (3.18)
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where z = t/7. Due to the nonlinearity, the field is coupled to its complex
conjugate. Thus, eq.(3.18) corresponds actually to two equations, one for
the complex field amplitude and one for its complex conjugate. Note, we
could also use the real and imaginary part of the complex field amplitude.
Therefore, we introduce the vector notation

AA = ( AAjf* ) . (3.19)

We further introduce the normalized propagation distance z’ = k,z and the
normalized time z = t/7. The linearized perturbed NLSE is then given by

0 1 y
i — il * )iz
8z’AA LAA + m (A, A", 2)e (3.20)
Here, L is the operator which arises from the linearization of the NLSE
92
L=—jo; {(@ — 1) + 2sech?(x)(2 + 0'1)} , (3.21)

where o;,i = 1,2, 3 are the Pauli matrices

(33 (e (10

For a solution of the inhomogeneous equation (3.20), we need the eigenfunc-
tions and the spectrum of the differential operator L. We found in section
3.3.2, that the fundamental soliton has four degrees of freedom, four free
parameters. This gives already four known eigensolutions and mainsolutions
of the linearized NSE, respectively. They are determined by the derivatives
of the general fundamental soliton solutions according to egs.(3.11) to (3.13)
with respect to free parameters. These eigenfunctions are

£,(z) — %(1—xtanhx)a(x)<}), (3.23)
o)~ —aolo (). 321
o) = —gorato) () ). (329
£i(z) — %tanh(x)a(m)(}), (3.26)
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and they describe perturbations of the soliton energy, phase, carrier frequency
and timing. One component of each of these vector functions is shown in Fig.
3.9.
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Figure 3.9: Perturabations in soliton amplitude (a), phase (b), frequency (c),
and timing (d).

The action of the evolution operator of the linearized NSE on these soliton
perturbations is

1

Lf, = —f, (3.27)
w

Lf, = 0, (3.28)

Lf, = —27°f, (3.29)

Lf = 0. (3.30)
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Equations (3.27) and (3.29) indicate, that perturbations in energy and
carrier frequency are converted to additional phase and timing fluctuations
of the pulse due to SPM and GVD. This is the base for soliton squeezing in
optical fibers [26]. The timing and phase perturbations can increase without
bounds, because the system is autonomous, the origin for the Gordon-Haus
effect, [28] and there is no phase reference in the system. The full continuous
spectrum of the linearized NSE has been studied by Kaup [27] and is given
by

Lfi = \ofy, (3.31)
A = j(k*+ 1), (3.32)
tie) =i (7T (3:33)
and
Lf, = \fy, (3.34)
M = —j(k* + 1), (3.35)
fi = o1f;.. (3.36)

Our definition of the eigenfunctions is slightly different from Kaup [27], be-
cause we also define the inner product in the complex space as

+o00o
<ulv >= %/ ut(z)v(zr)d. (3.37)
Adopting this definition, the inner product of a vector with itself in the
subspace where the second component is the complex conjugate of the first
component is the energy of the signal, a physical quantity.

The operator L is not self-adjoint with respect to this inner product. The
physical origin for this mathematical property is, that the linearized system
does not conserve energy due to the parametric pumping by the soliton.
However, from (3.21) and (3.37), we can easily see that the adjoint operator
is given by

—00

LJr = —O'3LO'3, (338)
and therefore, we obtain for the spectrum of the adjoint operator
LA = ADfH), (3.39)
AP — (k2 + 1), (3.40)
1
£ = 503k, (3.41)

(k2 +1)
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and
LHEH = AV, (3.42)
AP =2+ 1), (3.43)

- 1 f 44
k 7_(_(]{2 + 1)20-3 k- (3. )

The eigenfunctions to L and its adjoint are mutually orthogonal to each
other, and they are already properly normalized

<ty > = S(k—FK), <EDE >=6k—k)
< f]i+)|fk/ > = < f]g+)|?k/ >=0.
This system, which describes the continuum excitations, is made complete

by taking also into account the perturbations of the four degrees of freedom
of the soliton (3.23) - (3.26) and their adjoints

£(2) = j2rosfy(z) = 2ra(z) ( X ) , (3.45)
f9(+)(x) = —2jrosf,(z)

= %(1 — ztanh x)a(zx) ( _11 ) , (3.46)
£ (z) = —%Ugft(l’) = %tanh za(x) ( _11 > : (3.47)
£9(r) — %03@,(3@) _ ng(;p) ( | ) ) (3.48)

Now, the unity can be decomposed into two projections, one onto the con-
tinuum and one onto the perturbation of the soliton variables [27]

S(x—2a') = / dk [lfk >< £+ |f, >< F,i”]]

o f, >< £+ |f >< £7)] (3.49)
o, >< £ 4 |f >< £,
Any deviation AA can be decomposed into a contribution that leads to a soli-

ton with a shift in the four soliton paramters and a continuum contribution
Qe

AA(Z) = Aw(2")E, + AO(2 ) + Ap(2")E, + At(Z)f, + a.(2').  (3.50)
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Further, the continuum can be written as

a, = /OO dk [g(k)fe(z) + g(k)E.(2)] . (3.51)

—00

If we put the decomposition (3.50) into (3.20) we obtain

oz
1 s
L (Aw(2")f, + Ap(2")f, + a(2').) + k_F(A’ A* e . (3.52)
By building the scalar products (3.37) of this equation with the eigensolutions

of the adjoint evolution operator (3.39) to (3.44) and using the eigenvalues
(3.27) to (3.36), we find

0 1

SoAw = i < fH|Fe’® >, (3.53)
Aw 1 »
%A@ = ?w + < £ | Fe/” >, (3.54)
0 L _ ph e
1 y
%At = 2Ap+ - < £ |Fe’ >, (3.56)
B 1 »
5700k) = L+ K)g(k) + o~ <Ef|F(A, A", ) > . (3.57)

Note, that the continuum a. has to be in the subspace defined by
o1a. = a. (3.58)
The spectra of the continuum g(k) and g(k) are related by
(k) = g(=k)". (3.59)

Then, we can directly compute the continuum from its spectrum using (3.33),
(3.51) and (3.58)

_ PG()

0G(x)
e = 0x?

ox

+ 2 tanh(z) — tanh®(z) G(z) + G*(z)sech?(z), (3.60)
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where G(x) is, up to the phase factor e”?', Gordon’s associated function [32].
It is the inverse Fourier transform of the spectrum

m@:/lQMﬁ%k (3.61)
Since g(k) obeys eq.(3.57), Gordon’s associated function obeys a pure dis-
persive equation in the absence of a driving term F

0G(Z,x) 0? ,

It is instructive to look at the spectrum of the continuum when only one
continuum mode with normalized frequency ky is present, i.e. g(k) = 0(k —
ko). Then according to egs. (3.60) and (3.61) we have

ac(x) = [k§ — 2jko tanh(z) — 1] e 777" + 2sech?(z) cos(x). (3.63)
The spectrum of this continuum contribution is
Gopw) = 2m(k2 — 1)6(w — ko) + 2k PV [ —— + il
’ w—hko sinh (5(w — ko))
w — ]{?0 w + ]{30

(e

sinh (Z(w — ko)) o sinh (3(w + ko)) (3.64)

3.6 Soliton Instabilities by Periodic Pertur-
bations

Periodic perturbations of solitons are important for understanding ultrashort
pulse lasers as well as ong distance optical communication systems [29, 30].
Along a long distance transmission system, the pulses have to be periodi-
cally amplified. In a mode-locked laser system, most often the nonlinearity,
dispersion and gain occur in a lumped manner. The solitons propagating in
these systems are only average solitons, which propagate through discrete
components in a periodic fashion, as we will see later.

The effect of this periodic perturbations can be modelled by an additional
term F' in the perturbed NLSE according to Eq.(3.14)

F(A A" 2) =¢ Z d(z —nza)A(z,t). (3.65)

n—=—oo
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The periodic kicking of the soliton leads to shedding of energy into continuum
modes according to Eq.(3.57)

0 ,
59(k) = jks(1+ ) g(k)+ < £V|F(4, A%, 2)el" > . (3.66)
< f,g+)|F(A, A 2)eths® >=¢ Z d(z — nzA)% : (3.67)
oo 1 e [ (k+ jtanhz)? 1
[ s ( ~sechs ) | ( 1 ) Ao sech de
= ¢ Z §(z —nza) - (3.68)

+o0 A .
/oo Wj—l)?eﬂm (k2 + 2jktanh o — 1) -sechx dx

Note, %SGChZE = —sechz tanh z, and therefore after partial integration we
obtain

< f,g+)|F(A, A 2)elhs® >= ¢ Z d(z —nza) -

e AO Jkx
me -sechxdx
> AO wk
= —5 E 5(2 — nZA)m sech <7> . (369)

n=—oo

Using > 07 0(z —nza) = i S ¢™*4% we obtain

0 . f > i 2T A() wk
—qg(k) = jko(1 + k> g(k) — = IMen ——— —sech [ — ). (3.
go(h) = 1+ K)g(h) — 2 3 e san () 670
Eq.(3.70) is a linear differential equation with constant coefficients for the
continuum amplitudes g(k), which can be solved by variation of constants
with the ansatz

gk, z) = C(k, z)e* (042 (3.71)



82 CHAPTER 3. NONLINEAR PULSE PROPAGATION

and initial conditions C'(z = 0) = 0, we obtain

0 RS = Ay k fj(lcs(1+k2)fmz2—”z>
8z0(k’z) = m;oo =10 sech( 5 ) e a7 (3.72)

or

N S mk Zoo * (ka1 R) m )
C(k,Z) = _ZmSeCh 7 . /06 A dz
19 A wk

- 27
) e](—ks(1+k2)+ma)z 1

mZ — ky(1+ k2)

m=—o0 ZA

There is a resonant denominator, which blows up at certain normalized fre-
quencies k,, for 2 — oo Those frequencies are given by

2T

m— —ky(1+Ek2) = 0 (3.74)
ZA
m2c
or knm = =+ %—1. (3.75)

Removing the normalization by setting k = w7, ks = |Ds| /7% and introducing
the nonlinear phase shift of the soliton acquired over one periode of the
perturbation ¢, = ks;z4, we obtain a handy formula for the location of the
resonant sidebands

1 /2
i = = [ 222, (3.76)
T ®o
and the coefficients
& 0 TWT

Clw,2) = —j>——20 cech (—) 3.77
S VT ARy 2 S0

%) ej(—ks(l—ﬁ-(wT)z)—‘rmzz—Z)z 1

ZA N

m=—o00 2mm — ¢0<1 + (WT) )

The coefficients stay bounded for frequencies not equal to the resonant condi-
tion and they grow linearly with propagation distance z at resonance, which
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Figure 3.10: Phasematching between soliton and continuum due to periodic
perturbations leads to resonant sideband generation. The case shown is for

Gy = /2.

leads to a destruction of the pulse. To stabilize the soliton against this growth
of resonant sidebands, the resonant frequencies have to stay outside the spec-
trum of the soliton, see Fig. 3.10, which feeds the continuum, i.e. w,, > %
This condition is only fulfilled if ¢, < 7/4. This condition requires that the
soliton period is much longer than the period of the perturbation. As an ex-
ample Fig. 3.10 shows the resonant sidebands observed in a fiber laser. For
optical communication systems this condition requires that the soliton energy
has to be kept small enough, so that the soliton periode is much longer than
the distance between amplifiers, which constitute periodic perturbations to
the soliton.These sidebands are often called Kelly-Sidebands, according to
the person who first described its origin properly [29].

To illustrate its importance we discuss the spectrum observed from the
long cavity Ti:sapphire laser system illustrated in Fig. 3.11 and described
in full detail in [36]. Due to the low repetition rate, a rather large pulse
energy builts up in the cavity, which leads to a large nonlinear phase shift
per roundtrip. Figure 3.12 shows the spectrum of the output from the laser.
The Kelly sidebands are clearly visible. It is this kind of instability, which
limits further increase in pulse energy from these systems operating in the
soliton pulse shaping regime. Energy is drained from the main pulse into
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the sidebands, which grow at the expense of the pulse. At some point the
pulse shaping becomes unstable because of conditions to be discussed in later

chapters.

Pump

Retroreflector K —[ Pump

M10 [ Mo U

Figure 3.11: Schematic layout of a high pulse energy laser cavity. All shaded
mirrors are (Double-chirped mirrors) DCMs. The standard 100 MHz cavity
with arms of 45 cm and 95 cm extends from the OC to M6 for the short
and long arms respectively. The multiple pass cavity (MPC) is enclosed in
the dotted box. The pump source is a frequency doubled Nd:Vanadate that

produces up to 10W at 532 nm [36].
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Figure 3.12: Measured modelocked spectrum with a 16.5 nm FWHM centered
at 788 nm
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3.7 Pulse Compression

So far we have discussed propagation of a pulse in negative dispersive media
and positive self-phase modulation. Then for large enough pulse energy a
soliton can form, because the low and high frequency components generated
by SPM in the front and the back of the pulse are slow and fast, and therefore,
slow down or catch up to stay together with the generating pulse. What
happens if the dispersion is positive? Clearly, the low and high frequency
components generated by SPM in the front and back of the pulse are fast
and slow and move away from the pulse in a continuous fashion. This leads
to highly chirped pulse, but the chirp is mostly linear. Thus the pulse can be
compressed after the nonlinear propagation by sending it through a dispersive
medium or prism pair or grating pair generating the corresponding negative
chirp. In that way, pulses can be compressed by large factors of 3 to 20. This
pulse compression process can be formulated in a more general way.

3.7.1 General Pulse Compression Scheme

The general scheme for pulse compression of optical pulses was independently
proposed by Gires and Tournois in 1964 [37] and Giordmaine et al. in 1968
[38]. The input pulse is first spectrally broadened by a phase modulator. The
phase over the generated spectrum is hopefully in a form that can be con-
veniently removed afterwards, i.e. all spectral components can be rephased
to generate a short as possible pulse in the time domain. To compress fem-
tosecond pulses an ultrafast phase modulator has to be used, that is the pulse
has to modulate its phase itself by self-phase modulation. In 1969 Fisher et
al. [39] proposed that picosecond pulses can be compressed to femtosecond
duration using the large positive chirp produced around the peak of a short
pulse by SPM in an optical Kerr liquid. In the same year Laubereau [40] used
several cells containing CSy and a pair of diffraction gratings to compress, by
approximately ten times, 20-ps pulses generated by a mode-locked Nd:glass
laser.

As discussed in section 3.2, the optical Kerr effect in a medium gives
rise to an intensity dependent change of the refractive index An = ny 1(t),
where ng 1, is the nonlinear-index coefficient and I(¢) is the optical inten-
sity. The self-induced intensity-dependent nonlinear phase shift experienced
by an optical field during its propagation in a Kerr medium of length ¢ is
given by A¢(t) = —(wo/c)nal(t)l where wq is the carrier frequency of the
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Figure 3.13: Intensity profile, spectrum, instantaneous frequency, optimum
quadratic compression and ideal compression for two cases: top row for a
short fiber, i.e. high nonlinearity and low dispersion; bottom row optimum
nonlinearity and dispersion.[41]

pulse. The induced frequency sweep over the pulse can be calculated from
Aw = dA¢/dt, see Fig. 3.13. Around the central part of the pulse, where
most of the energy is concentrated, the phase is parabolic, leading to an
approximately linear chirp in frequency. The region with linear chirp can
be enlarged in the presence of positive dispersion in a Kerr medium of the
same sign [41]. To compress the spectrally broadened and chirped pulse,
a dispersive delay line can be used, characterized by a nearly linear group
delay T,(w). Or if the chirp generated over the newly generated spectrum
is nonlinear this chirp needs to be removed by a correspondingly nonlinear
group delay T,(w). Figure 3.13 shows that in the case SPM and positive
GDD a smoother spectrum with more linear chirp is created and therefore
the final compressed pulse is of higher quality, i.e. a higher percentage of the
total pulse energy is really concentrated in the short pulse and not in a large
uncompressed pulse pedestal.

For a beam propagating in a homogenous medium, unfortunately the non-

linear refractive index does not only lead to a temporal phase modulation but
also to a spatial phase modulation, which leads to self-focusing or defocus-
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ing and small-scale instabilities [42]. Therefore, a fundamental requirement
for pulse compression is that the Kerr effect is provided by a guiding non-
linear medium so that a spatially uniform spectral broadening is obtained.
In 1974 Ippen et al. reported the first measurement of SPM in the absence
of self-trapping and self-focusing by using a guiding multimode optical fiber
filled with liquid CS, [43]. In 1978 Stolen and Lin reported measurements of
SPM in single-mode silica core fibers [44]. The important advantage of the
single-mode fiber is that the phase modulation can be imposed over the entire
transverse profile of the beam, thus removing the problem of unmodulated
light in the wings of the beam [43]. In 1981 Nakatsuka et al. [41] performed
the first pulse compression experiment using fibers as a Kerr medium in the
positive dispersion region.

3.7.2 Spectral Broadening with Guided Modes

The electric field of a guided mode can be written as [51]:
E(r,w) = A(z,w)F(x,y) exp|if(w)z] (3.78)

where A(z,w) is the mode-amplitude for a given frequency component, F(z, y)
is the mode-transverse field distribution and f(w) is the mode-propagation
constant. The propagation equation for the guided field splits into two equa-
tions for amplitude A(z,w) and field pattern F'(z,y). In first order pertur-
bation theory a perturbation An = ny|E|? of the refractive index, which is
much smaller than the index step that defines the mode, does not change the
modal distribution F(z,y), while the mode propagation constant 3(w) can
be written as 3(w) = f(w) + AB , where the perturbation A3 is given by

(wo/c) | | An|F(z, y)|*dxdy
JJF(zy)Pdedy

As shown by Eq.(3.79), the perturbation AJ, which includes the effect due
to the fiber nonlinearity, is related to a spatial average on the fiber trans-
verse section of the perturbation An. In this way, spatially uniform SPM is
realized.

Using regular single mode fibers and prism-grating compressors, pulses as
short as 6 fs at 620 nm were obtained in 1987 from 50-fs pulses generated by
a colliding-pulse mode-locking dye laser [45] see Figure 3.14. More recently,
13-fs pulses from a cavity-dumped Ti:sapphire laser were compressed to 4.5

AB = (3.79)
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Figure 3.14: Fiber-grating pulse compressor to generate femtosecond pulses
[52]

fs with the same technique using a compressor consisting of a quartz 45°-
prism pair, broadband chirped mirrors and thin-film Gires-Tournois dielectric
interferometers [46, 53]. The use of a single-mode optical fiber limits the pulse
energy to a few nanojoule.

In 1996, using a phase modulator consisting of a hollow fiber (leaky
waveguide) filled with noble gas, a powerful pulse compression technique
has been introduced, which handles high-energy pulses [47]. The implemen-
tation of the hollow-fiber compression technique using 20-fs seed pulses from
a Ti:sapphire system and chirped-mirrors that form a dispersive delay line
has led to the generation of pulses with duration down to 4.5 fs [48] and en-
ergy up to 0.55 mJ [49]. This technique presents the advantages of a guiding
element with a large-diameter mode and of a fast nonlinear medium with
high damage threshold.

The possibility to take advantage of the ultrabroadband spectrum which
can be generated by the phase modulation process, is strictly related to the
development of dispersive delay lines capable of controlling the frequency-
dependent group delay over such bandwidth.

3.7.3 Dispersion Compensation Techniques

The pulse frequency sweep (chirp) imposed by the phase modulation is ap-
proximately linear near the peak of the pulse, where most of the energy is
concentrated. In the presence of dispersion in the phase modulator the chirp
becomes linear over almost the whole pulse. Therefore, optimum temporal
compression requires a group delay, Ty comp(w) = 0¢/0w, characterized by a
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nearly linear dependence on frequency in the dispersive delay line. Since in
the case of SPM the nonlinear index ny is generally positive far from reso-
nance, a negative group delay dispersion (GDD = 07T,/0w) is required in
the compressor. In order to generate the shortest pulses, the pulse group de-
lay after the phase modulator and the compressor must be nearly frequency
independent. 7, (w) can be expanded into a Taylor series around the central
frequency wy:
/ /! 1 " 2 1 /"1 3

Ty(w) = @' (wo) + ¢ (wo)Aw + §¢ (wo)Aw” + §¢ (wo)Aw® 4+ -+ (3.80)
where Aw = w — wy, and ¢"(wy), ¢ (wo), and ¢ (wy) are the second-, the
third-, and the fourth-order-dispersion terms, respectively. Critical values of
these dispersion terms above which dispersion causes a significant change of
the pulse are given by a simple scaling expression: (b(") = 7,, where o™ is
the nth-order dispersion term and 7, is the pulse duration. For example,
a second order dispersion with ¢ = 72 results in a pulse broadening by
more than a factor of two. Therefore dispersion-induced pulse broadening
and distortion become increasingly important for decreasing pulse durations.
Equation (3.80) shows that to compress a pulse to near the transform limit
one should eliminate these high order dispersion terms. For instance, assum-
ing a transform-limited input pulse to the phase modulator, the condition
for third-order-dispersion-compensated compression is the following:

¢//<w0) = ¢/r/nodulator + ¢/c/ompresssor =0 (381)
gbm(wo) = qb%odulator + ¢/c,z/)mpresssor =0 (382)

Several compressor schemes have been developed so far that included such
components as: diffraction gratings, Brewster-cut prism pairs, combination
of gratings and prisms, thin prisms and chirped mirrors, and chirped mirrors
only, etc. In the following we will briefly outline the main characteristics of
these compressor schemes.

Grating and Prism Pairs

In 1968 Treacy demonstrated for the first time the use of a pair of diffraction
gratings to achieve negative GDD [54]. In 1984 Fork et al. obtained negative
GDD with pairs of Brewster-angled prisms [55]. Prism pairs have been widely
used for dispersion control inside laser oscillators since they can be very low
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loss in contrast to grating pairs. In both optical systems the origin of the
adjustable dispersion is the angular dispersion that arises from diffraction
and refraction, respectively. The dispersion introduced by these systems can
be easily calculated, by calculating the phase accumulated between the input
and output reference planes [77]. To understand the main properties of these
systems, we will refer to Fig. 3.15. The first element scatters the input beam
with wave vector k;, and input path vector 1 into the direction k,,;. The
beam passes between the first and the second element and is scattered back
into its original direction.

Figure 3.15: Optical path difference in a two-element dispersive delay line
[105]

The phase difference by the scattered beam and the reference beam with-
out the grating is: ¢(w) = kout(w) - 1. Considering free-space propagation
between the two elements, we have |k,,;| = w/c, and the accumulated phase
can be written as

w

o) = Zjcosly —afu)] = L ooy —a()] (389

where: ~ is the angle between the incident wave vector and the normal
to the first element; « is the angle of the outgoing wave vector, which is
a function of frequency; D is the spacing between the scattering elements
along a direction parallel to their normal. In the case of a grating pair the
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frequency dependence of the diffraction angle « is governed by the grating
law, that in the case of m-th-order diffraction is given by:

2
mwldc = [sin a(w) — sin~] (3.84)

where d is the groove spacing of the grating. From the grating condition
Eq.(3.84), we find

2
cos a(w)j—z = —%m (3.85)

Using Eq.(3.83) and Eqgs.(3.84,3.85), it is possible to obtain analytic expres-
sions for the GDD and the higher-order dispersion terms for a single pass
through the grating pair:

4m?cD
"(w) =— 2 3.86
¢ w) w3d? cos® a(w) (3:86)
12n%¢D 27e sin a(w)
1" — 1 3 .
o7(w) wtd? cos? a(w) ( N wd cos? a(w))m (3.87)

It is evident from Eq.(3.86) that grating pairs give negative dispersion. D
is the distance between the gratings. A disadvantage of the grating pair is
the diffraction loss. For a double-pass configuration the loss is typically 75%.
Also the bandwidth for efficient diffraction is limited.

In the case of a Brewster-angled prism pair
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Figure 3.16: Prism pair for dispersion compensation. The blue wavelengths
have less material in the light path then the red wavelengths. Therefore, blue
wavelengths are less delayed than red wavelength

Eq.(3.83) reduces to the following expression (for single pass) [55]:
H(w) = %e,, cos B(w) (3.88)

where ¢, is the distance between prism apices and (w) is the angle between
the refracted ray at frequency w and the line joining the two apices. The
second and third order dispersion can be expressed in terms of the optical
path P(\) = £, cos B(A):

" N
¢"(w) = o I (3.89)
A4 &P PP
¢" (W) = — ymw: (3 el Ad)f”) (3.90)

with the following derivatives of the optical path with respect to wavelength
evaluated at Brewster’s angle:
d*P

v 2[n" + (2n —n=%)(n')?)¢, sin B — 4(n')?¢, cos 3 (3.91)
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d*P
= [6(n)’(n ™% + n~* = 2n7% + 4n®) + 12n'n" (2n — n"%)3.92)

+2n"")¢, sin B+ 12[(n* — 2n)(n')* — n'n"]¢, cos 3 (3.93)

where n is the refractive index of the prism material; n’, n” and n”' are
respectively, the first-, second- and third-order derivatives of n, with respect
to wavelength. The prism-compressor has the advantage of reduced losses.
Using only fused silica prisms for dispersion compensation, sub-10-fs light
pulses have been generated directly from an oscillator in 1994 [78]. In 1996,
pulses with tens of microjoules energy, spectrally broadened in a gas-filled
hollow fiber were compressed down to 10 fs using a prism compressor [47].
Both in the case of grating and prism pairs, negative GDD is associated with
a significant amount of higher-order dispersion, which cannot be lowered or
adjusted independently of the desired GDD, thus limiting the bandwidth
over which correct dispersion control can be obtained. This drawback has
been only partially overcome by combining prism and grating pairs with
third-order dispersion of opposite sign. In this way pulses as short as 6 fs
have been generated in 1987 [45], and less than 5 fs in 1997 [46], by external
compression. This combination cannot be used for few-optical-cycle pulse
generation either in laser oscillators, due to the high diffraction losses of the
gratings, or in external compressors at high power level, due to the onset of
unwanted nonlinearities in the prisms.

3.7.4 Dispersion Compensating Mirrors

Chirped mirrors are used for the compression of high energy pulses, because
they provide high dispersion with little material in the beam path, thus
avoiding nonlinear effects in the compressor.

Grating and prism compressors suffer from higher order dispersion. In
1993 Robert Szipoecs and Ferenc Krausz [79] came up with a new idea,
so called chirped mirrors. Laser mirrors are dielectric mirrors composed of
alternating high and low index quarter wavelenth thick layers resulting in
strong Bragg-reflection. In chirped mirrors the Bragg wavelength is chirped
so that different wavelength penetrate different depth into the mirror upon
reflection giving rise to a wavelength dependent group delay. It turns out
that the generation of few-cycle pulses via external compression [94] as well
as direct generation from Kerr lens mode-locked lasers [57] relies heavily on
the existence of chirped mirrors [56, 82, 58] for dispersion compensation.
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There are two reasons to employ chirped mirrors. First the high-reflectivity
bandwidth, Af, of a standard dielectric Bragg-mirror is determined by the
Fresnel reflectivity rp of the high, ny, and low, ny, index materials used for

the dielectric mirror
. Af - ng —ny,

e Jfe  nmtng
where f. is again the center frequency of the mirror. Metal mirrors are
in general too lossy, especially when used as intracavity laser mirrors. For
material systems typically used for broadband optical coatings such as Silicon
Dioxide and Titanium Dioxide with ng;0, = 1.48 and nr;o, = 2.4, (these
indexes might vary depending on the deposition technique used), a fractional
bandwidth Af/f. = 0.23 can be covered. This fractional bandwidth is only
about a third of an octave spanning mirror Af/f. = 2/3. Furthermore, the
variation in group delay of a Bragg-mirror impacts already pulses that fill
half the spectral range Af = 0.23f.. A way out of this dilemma was found
by introducing chirped mirrors [56], the equivalent of chirped fiber Bragg
gratings, which at that time were already well developed components in fiber
optics [59]. When the Bragg wavelength of the mirror stack is varied slowly
enough and no limitation on the number of layer pairs exists, an arbitrary
high reflectivity range of the mirror can be engineered. The second reason
for using chirped mirrors is based on their dispersive properties due to the
wavelength dependent penetration depth of the light reflected from different
positions inside the chirped multilayer structure. Mirrors are filters, and in
the design of any filter, the control of group delay and group delay dispersion
is difficult. This problem is further increased when the design has to operate
over wavelength ranges up to an octave or more.

(3.94)

The matching problem Several designs for ultra broadband dispersion
compensating mirrors have been developed over the last years. For disper-
sion compensating mirrors which do not extend the high reflectivity range
far beyond what a Bragg-mirror employing the same materials can already
achieve, a multi-cavity filter design can be used to approximate the desired
phase and amplitude properties [60, 61]. For dispersion compensating mir-
rors covering a high reflectivity range of up to Af/f. = 0.4 the concept of
double-chirped mirrors (DCMs) has been developed [82][80]. It is based on
the following observations. A simple chirped mirror provides high-reflectivity
over an arbitrary wavelength range and, within certain limits, a custom des-
ignable average group delay via its wavelength dependent penetration depth
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Figure 3.17: a) Standard Bragg mirror; (b) Simple chirped mirror, (c)
Double-chirped mirror with matching sections to avoid residual reflections
causing undesired oscillations in the GD and GDD of the mirror.

[72] (see Fig. 3.17 (a) and (b) ). However, the group delay as a function of
frequency shows periodic variations due to the impedance mismatch between
the ambient medium and the mirror stack, as well as within the stack (see
Figure 3.17 b and Figure 3.18). A structure that mitigates these mismatches
and gives better control of the group delay dispersion (GDD) is the double-
chirped mirror (DCM) (Fig. 3.17 ¢), in a way similar to that of an apodized
fiber Bragg grating [63].

Figure 3.18 shows the reflectivity and group delay of several Bragg and
chirped mirrors composed of 25 index steps, with ng = 2.5 and ny, = 1.5,
similar to the refractive indices of TiO, and SiO,, which result in a Fresnel
reflectivity of rg = 0.25. The Bragg-mirror can be decomposed in symmetric
index steps [82]. The Bragg wavenumber is defined as kg = 7/(npdy +
ngdy), where dy, and dy are the thicknesses of the low and high index layer,
respectively. The Bragg wavenumber describes the center wavenumber of
a Bragg mirror composed of equal index steps. In the first case, (Figure
3.18, dash-dotted line) only the Bragg wave number is linearly chirped from
6.8um ™1 < kg < 11um~1 over the first 20 index steps and held constant over
the last 5 index steps. The reflectivity of the structure is computed assuming
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Figure 3.18: Comparison of the reflectivity and group delay of chirped mirrors
with 25 layer pairs and refractive indices ny = 2.5, and n; = 1.5.The upper
portion shows the enlarged top one percent of the reflectivity. The dotted
curves show the result for a simple chirped mirror. The dashed and solid
curves show the result for double-chirped mirrors where in addition to the
chirp in the Bragg wave number kg the thickness of the high-index layers is
also chirped over the first 12 layer pairs from zero to its maximum value for a
linear chirp, i.e. & =1, (dashed curves) and for a quadratic chirp, i.e. o =2
(solid curves). [82].

the structure imbedded in the low index medium. The large oscillations
in the group delay are caused by the different impedances of the chirped
grating and the surrounding low index material causing a strong reflection at
the interface of the low index material and the grating stack. By adiabatic
matching of the grating impedance to the low index material this reflection
can be avoided. This is demonstrated in Fig. 3.18 by the dashed and solid
curves, corresponding to an additional chirping of the high index layer over
the first 12 steps according to the law dg = (m/12)*Ag 12/ (4ny) with a = 1,
and 2, for linear and quadratic adiabatic matching. The argument m denotes
the m-th index step and Api2 = 0.740pum.  The strong reduction of the
oscillations in the group delay by the double-chirp technique is clearly visible.
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Quadratic tapering of the high index layer, and therefore, of the grating
already eliminates the oscillations in the group delay completely, which can
also be shown analytically by coupled mode analysis [80]. Because of the
double chirp a high transmission window at the short wavelength end of the
mirror opens up which is ideally suited for the pumping of Ti:sapphire lasers.
So far, the double-chirped mirror is only matched to the low index material
of the mirror. Ideally, the matching can be extended to any other ambient
medium by a properly designed AR-coating. However, this AR-coating has
to be of very high quality, i.e. very low residual reflectivity ideally a power
reflectivity of 107, i.e. an amplitude reflectivity of r = 1072 is required.
The quality of the AR-coating can be relaxed, if the residual reflection is
directed out of the beam path. This is achieved in so called tilted front-side
or back-side coated mirrors [64], [65], (Fig. 3.19 (a) and (b)). In the back-
side coated mirror the ideal DCM structure, which is matched to the low
index material of the mirror is deposited on the back of a substrate made
of the same or at least very similar low index material. The AR-coating is
deposited on the front of the slightly wedged substrate, so that the residual
reflection is directed out of the beam and does not affect the dispersion
properties. Thus the task of the AR-coating is only to reduce the Fresnel
losses of the mirror at the air-substrate interface, and therefore, it is good
enough for some applications, if the residual reflection at this interface is of
the order of 0.5%. However, the substrate has to be very thin in order to
keep the overall mirror dispersion negative, typically on the order of 200-500
pm. Laser grade quality optics are hard to make on such thin substrates
and the stress induced by the coating leads to undesired deformation of
the substrates. The front-side coated mirror overcomes this shortcoming
by depositing the ideal DCM-structure matched to the index of the wedge
material on a regular laser grade substrate. A 100-200 pm thin wedge is
bonded on top of the mirror and the AR-coating is then deposited on this
wedge. This results in stable and octave spanning mirrors, which have been
successfully used in external compression experiments [68]. Both structures
come with limitations. First, they introduce a wedge into the beam, which
leads to an undesired angular dispersion of the beam. This can partially be
compensated by using these mirrors in pairs with oppositely oriented wedges.
The second drawback is that it seems to be impossible to make high quality
AR-coatings over one or more than one octave of bandwidth, which have less
than 0.5% residual reflectivity [67], i.e. on one reflection such a mirror has at
least 1% of loss, and, therefore, such mirrors cause high losses inside a laser.
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Figure 3.19: Schematic structure of proposed broadband dispersion compen-
sating mirror system avoiding the matching to air: (a) tilted-front-interface
mirror; (b) back-side coated mirror and (c) Brewster-angle mirror.
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For external compression these losses are acceptable. A third possibility for
overcoming the AR-coating problem is given by using the ideal DCM under
Brewster-angle incidence, (Fig. 3.19) [66]. In that case, the low index layer
is automatically matched to the ambient air. However, under p-polarized
incidence the index contrast or Fresnel reflectivity of a layer pair is reduced
and more layer pairs are necessary to achieve high reflectivity. Also the
penetration depth into the mirror increased, so that scattering and other
losses in the layers become more pronounced. On the other hand, such a
mirror can generate more dispersion per bounce due to the higher penetration
depth. For external compression such mirrors might have advantages because
they can cover bandwidths much wider than one octave. This concept is
difficult to apply to the fabrication of curved mirrors. There is also a spatial
chirp of the reflected beam, which may become sizeable for large penetration
depth and has to be removed by back reflection or an additional bounce on
another Brewster-angle mirror, that recombines the beam. For intracavity
mirrors a way out of this dilemma is found by mirror pairs, which cancel the
spurious reflections due to an imperfect AR-coating and matching structure
in the chirped mirror [75]. Also this design has its drawbacks and limitations.
It requires a high precision in fabrication and depending on the bandwidth
of the mirrors it may be only possible to use them for a restricted range of
angles of incidence.

Double-chirped mirror pairs

There have been several proposals to increase the bandwidth of laser mirrors
by mutual compensation of GDD oscillations [69, 70, 71] using computer
optimization. These early investigations resulted in a rather low reflectivity
of less than 95% over almost half of the bandwidth considered. The ideas
leading to the DCMs help us to show analytically that a design of DCM-
pairs covering one octave of bandwidth, i.e. 600 nm to 1200 nm, with high
reflectivity and improved dispersion characteristics is indeed possible [75].
Use of these mirror pairs in a Ti:sapphire laser system resulted in 5 fs pulses
with octave spanning spectra directly from the laser [57]. Yet, the potential
of these pairs is by no means fully exploited.

A DCM-Pair, see Fig. 3.20, consists of a mirror M1 and M2. Each is
composed of an AR-coating and a low-index matched double-chirped back-
mirror MB with given wavelength dependent penetration depth. The high
reflectivity range of the back-mirror can be easily extended to one octave by
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Figure 3.20: DCM-Pair M1 (a) and M2 (b). The DCM M1 can be decom-
posed in a double-chirped back-mirror MB matched to a medium with the
index of the top most layer. In M2 a layer with a quarter wave thickness
at the center frequency of the mirror and an index equivalent to the top
most layer of the back-mirror MB is inserted between the back-mirror and
the AR~coating. The new back-mirror comprising the quarter wave layer can
be reoptimized to achieve the same phase as MB with an additional m-phase
shift over the whole octave of bandwidth.
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Figure 3.21: Decomposition of a DCM into a double-chirped backmirror MB
and an AR-coating.

simply chirping slowly enough and using a sufficient number of layer pairs.
However, the smoothness of the resulting GDD strongly depends on the qual-
ity of matching provided by the AR-coating and the double-chirped section.
Figure 3.21 indicates the influence of the AR-coating on the GDD of the
total DCM-structure. The AR-coating is represented as a two - port with
two incoming waves a;, by and two outgoing waves as, b;. The connection
between the waves at the left port and the right port is described by the
transfer matrix

aq . a9 . .
( " ) _TM(bZ ) with T — (

where we assumed that the multilayer AR-coating is lossless. Here, r and ¢
are the complex coefficients for reflection and transmission at port 1 assuming
reflection free termination of port 2. The back-mirror MB, is assumed to be
perfectly matched to the first layer in the AR~coating, has full reflection over
the total bandwidth under consideration. Thus its complex reflectivity in the
range of interest is given by

+ |3+ =

T ) (3.95)
t*

Py = EAC) (3.96)
The phase ¢,(w) is determined by the desired group delay dispersion

GDDy = —d2¢,(w) ) dw? (3.97)

up to an undetermined constant phase and group delay at the center fre-
quency of the mirror, w.. All higher order derivatives of the phase are
determined by the desired dispersion of the mirror. Analytic formulas for
the design of DCMs, showing custom designed dispersion properties without
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considering the matching problem to the ambient air, can be found in [72].
The resulting total mirror reflectivity including the AR~coating follows from
(3.95)

t 1-1"/p,

t—*Pb 1—1p, (3.98)

Ptot =

For the special case of a perfectly reflecting back-mirror according to Eq.
(3.96) we obtain

= T with 2 = re/%®@ (3.99)

The new reflectivity is again unity but new contributions in the phase of the
resulting reflectivity appear due to the imperfect transmission properties of
the AR~coating. With the transmission coefficient of the AR-coating

t = |t]e??, (3.100)

The total phase of the reflection coefficient becomes

Dot = 20, + Bp(w) + Pars (3.101)
with
1
o = 2arctan [l—i—mTt{}z}} (3.102)

Here, ¢, is the phase of the transmission coefficient and ¢ is the phase due
to the Gire-Tournois interferometer created by the non-perfect AR-coating,
i.e. 7 # 0, and the back-mirror MB, (Figure 3.21). The phase ¢, of a
good AR-coating, i.e. |r| < 0.1, is linear and, therefore, does not introduce
undesired oscillations into the GD and GDD. However, the phase ¢qp; is
rapidly varying since ¢,(w) varies over several 2w over the frequency range
of interest due to the monotonic group delay of the back-mirror. The size
of these oscillations scale with the quality of the AR-coating, i.e. with |r|.
Thus, the GDD oscillations are reduced with smaller residual reflectivity of
the AR-coating. Assuming, that the reflectivity r is real and smaller or equal
to 0.1, the oscillations in the group delay and group delay dispersion are easily
estimated by

T, omt = % ~ —1T(w) cos[y(w)] (3.103)
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with
Tow) = —doyw)/do,
GDDory = T9- (3.104)

T (Tg2b<w) sin[g,(w)] — GDD, COS[¢b(w)])

The GTI-reflections add up coherently when multiple reflections on chirped
mirrors occur inside the laser over one round-trip, leading to pre- and post
pulses if the mode-locking mechanism is not strong enough to suppress them
sufficiently. Experimental results indicate that a residual reflection in the
AR-coating of r < 0.01 and smaller, depending on the number of reflections
per round-trip, is required so that the pre- and post pulses are sufficiently
suppressed. This corresponds to an AR-coating with less than 10~ residual
power reflectivity, which can only be achieved over a very limited range, as
discussed above.

Over a limited wavelength range of 350 nm centered around 800 nm low
residual power reflectivities as small as 10~ have been achieved effectively
after reoptimization of the AR-coating section and the double-chirped section
to form a combined matching section of higher matching quality. For even
larger bandwidth, approaching an octave, a residual power reflectivity of
10~* is no longer possible [67]. A way out of this limitation is offered by the
observation, that a coherent subtraction of the pre- and post-pulses to first
order in r is possible by reflections on a mirror pair M1 and M2, see Figure
3.20 (a) and (b). A series of two reflections on a mirror with reflectivity
(3.99) and on a similar mirror with an additional phase shift of 7 between
the AR-coating and the back-mirror, having a reflectivity (3.99) where z is
replaced by —z, leads to a coherent subtraction of the first order GTI-effects.
The resulting total reflectivity of the two reflections is given by the product
of the individual complex reflectivities assuming the same AR-coating

t 2 ] 1 — *2

Ptot2 = — (t_*) 612%(“))1_—22 (3.105)
Now, the GTI-effects scale like the power reflectivity of the AR-coating r?
instead of the amplitude reflectivity r, which constitutes a tremendous im-
provement, since it is possible to design AR-coatings to the low index material
Si0y of the mirror with a residual power reflectivity between 0.001 and 0.01
while covering one octave of bandwidth [67]. However, there does not exist
a single physical layer which generates a phase shift of 7/2 during one pas-
sage for all frequency components contained in an octave. Still, a layer with
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Figure 3.22: Reflectivity of the mirror with pump window shown as thick solid
line with scale to the left. The group delay design goal for perfect dispersion
compensation of a prismless Ti:sapphire laser is shown as thick dash-dotted
line with scale to the right. The individual group delay of the designed
mirrors is shown as thin line and its average as a dashed line, which is almost
identical with the design goal over the wavelength range form 650-1200 nm.
The measured group delay, using white light interferometry, is shown as the
thick solid line from 600-1100 nm. Beyond 1100nm the sensitivity of Si-
detector used prevented further measurements.

a quarter wave thickness at the center frequency is a good starting design.
Then the back-mirror MB in the Mirror M2 can be reoptimized to take care
of the deviation from a quarter wave thickness further away from the center
frequency, because the back-mirror acts as a highly dispersive medium where
the phase or group delay can be designed at will.

Figure 3.23 shows in the top graph the designed reflectivity of both mir-
rors of the pair in high resolution taking into account the absorption in the
layers. The graph below shows the reflectivity of the mirror, which has in ad-
dition high transmission between 510-550 nm for pumping of the Ti:sapphire
crystal. Each mirror consists of 40 layer pairs of SiO, and TiO, fabricated
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using ion-beam sputtering 73, 74]. Both mirror reflectivities cover more than
one octave of bandwidth from 580 nm to 1200 nm or 250 to 517 THz, with
an average reflectivity of about 99.9% including the absorption in the lay-
ers. In addition, the mirror dispersion corrects for the second and higher
order dispersion of all intracavity elements such as the Ti:sapphire crystal
and the thin, small angle, BaF,; wedges, for fine adjustment of the dispersion
from 650 nm to 1200 nm within the 12 bounces occurring in one roundtrip.
The choice for the lower wavelength boundary in dispersion compensation
is determined and limited by the pump window of Ti:sapphire. The disper-
sion measurement was performed using white light interferometry [76], up
to about 1100 nm because of the silicon detector roll-off. However, in the
average group delay of both mirrors the oscillations are ideally suppressed
due to cancellation by more than a factor of ten. Therefore, the effective
residual reflectivity of the mirror pair covering one octave, r2, is even smaller
than that of conventional DCMs.

Methods for active dispersion compensation

Various schemes for active pulse compression have been developed based
on the use of liquid-crystal modulators (LCM), acousto-optic modulators
(AOM), and mechanically deformable mirrors.

Dispersion compensation using liquid crystal modulators A pulse
shaping technique [83] based on the use of a LCM for pulse compression offers
the advantage of a large bandwidth (300-1500 nm) and in situ adaptive phase
control, see Figure3.23. In 1997 Yelin et al. [84] demonstrated an adaptive
method for femtosecond pulse compression based on LCM. Strongly chirped
80-fs pulses generated by an oscillator were sent in a 4-f pulse shaper com-
posed of a pair of thin holographic transmission gratings. A programmable
one-dimensional LCM, placed in the Fourier plane of the shaper, was used
as an updatable filter for pulse spectral manipulation. Pulses as short as
11 fs (transform-limited duration: 9 fs) have been obtained, employing an
optimization algorithm for adaptive compression based on a search in the
two-dimensional space of second- and third-order dispersion coefficients. In
2001, Karasawa et al. [85] demonstrated pulse compression, down to 5 fs, of
broadband pulses from an argon-filled hollow fiber, using only a LCM for
phase compensation. More recently [50], pulses as short as 3.8 fs have been
achieved through a closed-loop combination of a liquid-crystal spatial light
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Figure 3.23: Grating Pair and LCM pulse shaper according to Weiner and
Heritage [87]. To shape amplitude and phase two pulse shapers with an
amplitude and phase mask each are necessary.

modulator for adaptive pulse compression and spectral-phase interferome-
try for direct electric-field reconstruction (SPIDER) [86] measurements as
feedback signal.

One problem of the method is pixelization in the Fourier plane owing
to the technology of the liquid-crystal active matrix. Diffraction on pixel
edges and absorption by the black matrix introduce parasitic effects. The re-
quirement that the actual spectral modulation should approximate a smooth
function despite the fixed, finite size of the individual modulator elements,
limits the temporal range over which pulse compression can be achieved [87].
Other problems are related to the optical damage of the LCM, which limits
the maximum pulse energy, and to the high losses introduced by the device.

Various nonpixelated devices have been proposed: Dorrer et al. have re-
ported on an optically addressed LCM (liquid crystal light valve) [88]. The
light valve consists of two continuous transparent electrodes and continuous
layers of a nematic twisted liquid crystal and of photoconductive Bi;5SiOoq
(BSO). A local variation of illumination of the BSO layer (in the blue green
spectral region) induces a change in conductivity. When a voltage is applied
between the two electrodes, the variation of the BSO conductivity results
in a change in the voltage drop across the liquid crystal layer. As the bire-
fringence of the liquid crystal is voltage dependent, a local variation of the
refractive index is created, which translates into a variation of the optical
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phase of the local spectral component. The light valve is addressed by using
a display device. Pixelation effects are avoided because the light valve itself
is a continuous device. The control of the light valve is more complicated
than for the electrically addressed LCM. Moreover, due to its limited spatial
frequency response, the spectral resolution is limited.

Dispersion compensation using acousto-optic modulators

In 1997 Tournois proposed an acousto-optic programmable dispersive filter
(AOPDF), to provide large dispersion-compensation ranges[90]. The device
is based on a collinear acousto-optic interaction in a birefringent uniaxial
crystal, see Figure 3.24. The acoustic frequency is a variable function of time
and provides control over the group delay of the diffracted optical pulse. At
the same time, the spectral amplitude of the diffracted pulse is driven by
the intensity of the acoustic signal. As demonstrated in Ref. [90], the optical
output E,,(t) of the AOPDF is proportional to the convolution of the optical
input, F;,(t), and the scaled acoustic signal:

Eou(t) o< Ei(t) @ S(t/a) (3.106)

where the scaling factor « = An(V/c) is the ratio of the speed of sound
to the speed of light times the index difference between the ordinary and
the extraordinary waves. Therefore, by generating the proper function S(t),
it is possible to generate any arbitrary convolution with a temporal reso-
lution given by the inverse of the filter bandwidth. Such device have been
used in kilohertz chirped-pulse amplification laser chains compensating for
gain narrowing and residual phase errors with the AOPDF, resulting in the
generation of 17-fs transform-limited pulses [91]. The total throughput is 10-
50%, depending on the bandwidth of the device. Devices approaching one
octave in bandwidth are possible.

Dispersion compensation using deformable mirrors

Mechanically deformable mirrors can be used for active dispersion control,
as proposed by Heritage et al. [92]. More recently, pulse compression has
been achieved using an electrostatically deformable, gold-coated, silicon ni-
tride membrane mirror, placed in the Fourier plane of a 4f zero-dispersion
stretcher [93]. The membrane was suspended over an array of 39 actuator
electrodes. The potential applied to each actuator generates an electrostatic
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Figure 3.24: Acousto-optic programable pulse shaper. One element can shape
amplitude and phase of the pulse.

attraction between the membrane and the electrode, thus inducing a defor-
mation of the mirror surface, which translates into a modulation of the phase
of the spectral components of the input pulse. The total phase difference is
¢ = 2(2m)Az/\, where Az is the deflection of the mirror. The minimum
radius of curvature of the mirror membrane is given by R = T/ P, where T
is the membrane tension and P is the maximum electrostatic pressure. This
limitation of the membrane curvature restricts the possibility of the mir-
ror correction of higher-order phases. The main advantages of this method
are the following: the phase modulation is smoothly varying; reduced losses
due to the high reflectivity (97%) of the mirror; relatively high actuator den-
sity. Experiments have been performed with a mode-locked Ti:sapphire laser,
where the deformable mirror recompressed a 15 fs pulse, previously stretched
to 90 fs by dispersion in glass, back to approximately the bandwidth limit
[93].

Recently, dispersion control over a bandwidth of ~ 220 THz has been
demonstrated by A. Baltuska et al. [94] using a compressor consisting of
a pair of chirped mirrors and a grating dispersion line with a computer-
controlled flexible mirror positioned in the focal plane. The total throughput
of the pulse shaper was less than 12% because of the low diffraction efficiency
of the grating. Using this compressor, the visible-near-IR pulses, generated
by optical parametric amplification, were compressed to a 4-fs duration.
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3.7.5 Hollow Fiber Compression Technique

Single mode fiber only allows compression of low energy pulses. In 1996 the
group of DeSilvestri in Milan [47] developed a technique that enables the
generation of few-cycle light pulses with energies in the millijoule range. The
technique is based on propagation of laser pulses in a hollow fiber filled with
noble gases (hollow fiber compression technique), see Fig. 3.25.The modes of
the hollow fiber are leaky modes, i.e. they experience radiation loss. However,
there is one mode, the EH;;mode, which has considerably less loss than the
higher order modes. This mode is used for pulse compression. The nonlinear
index in the fiber can be controlled with the gas pressure. Typical fiber
diameters are 100-500 um and typical gas pressures are in the range of 0.1-
3bar. As in the case of fiber compression it is important to consider the
optimization of nonlinear interaction and dispersion. Both the medium and
waveguide dispersion has to be taken into account. For more detail see ref.
[105].

hollow waveguide
25fs \

A=l

i Chirped-mirror
i compressor

5fs
0.11 TW

Figure 3.25: Hollow fiber compression technique [47]

For the time being, the hollow fiber compression technique is the only
way to generate sub-10fs millijoule pulses. This will change soon with the
advent of parametric chirped pulse amplification.
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3.8 Summary

We found, that the lowest order reversible linear effect, GVD, together with
the lowest order reversible nonlinear effect in a homogeneous and isotropic
medium, SPM, leads to the Nonlinear Schrodinger Equation for the envelope
of the wave. This equation describes a Hamiltonian system. The equation
is integrable, i.e., it does possess an infinite number of conserved quantities.
The equation has soliton solutions, which show complicated but persistent os-
cillatory behavior. Especially, the fundamental soliton, a sech-shaped pulse,
shows no dispersion which makes them ideal for long distance optical commu-
nication. Due to the universality of the NSE, this dynamics is also extremely
important for modelocked lasers once the pulses become so short that the
spectra experience the dispersion and the peak powers are high enough that
nonlinear effects become important. In general, this is the case for sub-
picosecond pulses. Further, we found a perturbation theory, which enables
us to decompose a solution of the NSE close to a fundamental soliton as a
fundamental soliton and continuum radiation. We showed that periodic per-
turbations of the soliton may lead to side-band generation, if the nonlinear
phase shift of the soliton within a period of the perturbation becomes com-
parable to 7 /4. Soliton perturbation theory will also give the frame work for
studying noise in mode-locked lasers later.

A medium with positive dispersion and self-phase modulation with the
same sign can be used for pulse compression. The major problem in pulse
compression is to find a compressor that can that exactly inverts the group
delay caused by spectral broadening. Depending on bandwith this can be
achieved by gratings, prisms, chirped mirrors, puls shapers, AOPDFs or a
combination thereof.

3.9 Appendix: Sech-Algebra

The hyperbolic secant is defined as

1

soch(z) = cosh(x)

(3.107)

See Figure 3.26
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Chapter 4

Laser Dynamics

Before starting to look into the dynamics of lasers, we need to better under-
stand the nature of laser gain media. Therefore, we review the most simple
model of an atomic system that can provide gain to an optical field, the
two-level model. We study first the interaction with a coherent laser field
via the Block Equations and rederive step by step the classical susceptibility
model including possible inversion of the medium. This model will provide
a physical basis for the most important parameters of a gain medium. This
will prepare us for thel study of "single-mode" dynamics of a laser. The term
”single-mode” is set in apostrophes, since it doesn’t have to be really single-
mode. There can be several longitudinal modes running, for example due to
spatial holeburning and other effects, but in an incoherent fashion, so that
only the average power of the beam matters. For a more detailed account
on single-mode laser dynamics and Q-Switching the following references are
recommended. [5][7][16][8][9].

4.1 Two-Level Atoms and Bloch Equations

The most basic microscopic model for a medium is the two-level model. For
an indepth discussion the reader is refered to the book of Allen and Eberly
[2].

Atoms in low concentration show line spectra as found in gas-, dye- and
some solid-state laser media. Usually, there are infinitely many energy eigen-
states in an atomic, molecular or solid-state medium and the spectral lines
are associated with allowed transitions between two of these energy eigen-
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states. For many physical considerations it is already sufficient to take only
two of the possible energy eigenstates into account, for example those which
are related to the laser transition. The pumping of the laser can be described
by phenomenological relaxation processes into the upper laser level and out
of the lower laser level. The resulting simple model is often called a two-level
atom, which is mathematically also equivalent to a spin 1/2 particle in an
external magnetic field, because the spin can only be parallel or anti-parallel
to the field, i.e. it has two energy levels and energy eigenstates in the mag-
netic field. The interaction of the two-level atom or the spin with the electric
or magnetic field is described by the Bloch equations.

4.1.1 The Two-Level Model

An atom with only two energy eigenvalues is described by a two-dimensional
state space spanned by the two energy eigenstates |e) and |g). The two
states constitute a complete orthonormal system. The corresponding energy
eigenvalues are I, and £, see Fig. 4.1.

E

A

Figure 4.1: Two-level atom

In the position-, i.e. x-representation, these states correspond to the wave
functions

Vy(x) =(zlg),  and o (z)=(x]e). (4.1)

The Hamiltonian operator of the two-level atom is in the energy representa-
tion given by

Hy = Ecle) {e] + Eg|g) (9] - (4.2)
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The states |e) and |g) build an orthormal system in this two-dimensional
state space

(ele) = (g9lg) =L and (g|e) = (e|g)" =0 (4.3)
and the unity matrix can be expressed as
1= [e) (e +1g) (gl (4.4)
An arbitrary state of the two level system is a superposition state
) =cqlg) +cele). (4.5)

It is convenient to separate off from the Hamiltonian (4.1) the term (E, +
E;)/2 -1 , where 1 denotes the unity matrix, we rescale the energy values
correspondingly and obtain for the Hamiltonian of the two-level system

1
HA = §h¢deg0'2, (46)
with the transition frequency
1

Weg = ﬁ(Ee —E,). (4.7)
The Shroedinger equation of the free two level system is then given by

. d

o ) = H ) (4.9
or after projecting out with the corresponding bra-vectors we find

d Weg

—Ce = —]—=Ce, 4.9

dt* 9 (4.9)

d We

5 = +j 2g Cq. (4.10)

Thus the coefficients of ground and excited state undergo harmonic oscilla-
tions in its phases

ce(t) = eﬂ‘?‘“ce(m, (4.11)
c () = e, (0), (4.12)

however their individual magnitudes don’t change, i.e. the probabilities that
we find the two-level atom in the excited or ground state stay constant and
with it the inversion of the two level systems defined as

w = |ce|* = |cy|? = const. (4.13)

stays constant. If we consider an ensemble of N atoms the total inversion
would be W = N (¢| o, [¢).
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4.1.2 The Atom-Field Interaction In Dipole Approxi-
mation

The dipole moment of an atom d is determined by the position operator X
via .

d = —epX. (4.14)
Then the expectation value for the dipole moment of an atom in state (4.5)
is

(Wl d[$) = —eol|ee| (e] X[e) + cocj (9] X [e) (4.15)
+egel (e X lg) + legl® (91 % [9))-

For simplicity, we may assume that the medium is an atomic gas. The atoms
posses inversion symmetry, therefore, energy eigenstates must be symmetric
or anti-symmetric, i.e. (e|X|e) = (g|X|g) = 0. We obtain

= (¥l d ) = —eo (cec) (9] X]e) + cocs (gl % |e)). (4.16)

Note, this means there is no permanent dipole moment in an atom, which
is in an energy eigenstate. This might not be the case in a solid. The
atoms consituting the solid are oriented in a lattice, which may break the
symmetry. If so, there are permanent dipole moments and consequently the
matrix elements (e| X |e) and (g| X |¢g) would not vanish.

An atom does only exhibit a dipole moment, if the product c.c; # 0, i.e.
the state of the atom is in a superposition of states |e) and |g). With the
dipole matrix elements

— (e[ dg) = —eo (e X |g) (4.17)
the expectation value for the dipole moment can be written as
= (Y| d ) = gt M + c.ci M. (4.18)

This is true for an arbitrary superposition state, therefore the dipole operator
is represented by the dyadic products

d =11 |e) (gl + 31 |g) (e]). (4.19)

The energy of a classical electric dipole with dipole moment d in an electric
field is

- -

HAfF =—d- E(I‘A, ) (420)
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We assume that the electric field is due to a monochromatic electromagntic
wave. Then the electric field at the position of the atom, Z 4, can be written
as

, , 1 . .
E(Za,t) = E(t) = 5 (Eye™" €, + Eje " &), (4.21)

p

where £, denotes the complex electric field amplitude at the position of the
atom and €, is the polarization vector of the wave. The atom-field interaction
Hamiltonian operator is then

Hy p=—d- Et) (4.22)

The Shroedinger equation of the two level system driven by the classical field
is then given by

L d

D 1) = (ELy+ L) 1)

and again after projecting out the equations of motion for the coefficients by
multiplying from the right with the bra-vectors we obtain

d W M- E(t)
dtce = —j 5 Ce + ] - Cq, (4.23)
d We M+ E(t)
%cg = 4] 29 Cg+] - Ce. (4.24)

4.1.3 Rabi-Oscillations

If the incident light has a constant field amplitude, E,, and if the light
frequency is close to resonance to the atomic transition frequency w ~ weg,
Egs. (4.23) and (4.24) can be solved and we observe an oscillation in the
population difference, the Rabi-oscillation [1]. To show this we introduce the
detuning between field and atomic resonance

A= 5 (4.25)
and the new probability amplitudes
C, = co7t, (4.26)

C, = cest. (4.27)
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This leads to the new system of equations with constant coefficients

d . N
ace - _JACE + J?Cga (428)
d Q
— = +jA i—C.. 4.2
0o = HACG +j5Ce (4.29)
with the Rabi-frequency €2,defined as
M* - ¢ .
Q, = =2 (B, + Ej e ). (4.30)

If the Rabi-frequency is small |Q,| << we, = w, the Rotating-Wave Ap-
proximation (RWA) [4], can be used, where we only keep the slowly varying
components in the interaction, i.e.

My, ¢
0, ~ —<—FE, = const.. (4.31)

Note, that Eqgs. (4.28) and (4.29) are then identical to coupled mode equa-
tions describing the energy exchange between two waveguide modes. But
now the coupling is between modes in time, i.e. resonances. The modes are
electronic ones instead of photonic modes. But otherwise the dynamics is
exactly the same. For the case of vanishing detuning it is especially easy to
eliminate one of the variables and we arrive at

d? [
ﬁC’e - - 4 Ce (432)
a? Q|

The solution to this set of equations are population oscillations. If the atom is
at time ¢t = 0 in the ground-state, i.e. Cy(0) =1 and C,(0) = 0, respectively,
we arrive at

C,(t) = cos ('Q—2|t) (4.34)

C.(t) = —jsin (|Q—2|t> (4.35)
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Then, the probabilities for finding the atom in the ground or excited state
are

ley(t)]? = cos® (l%’t) (4.36)

lca(H)]? = sin2<‘%T‘t>, (4.37)

as shown in Fig. 4.2. For the expectation value of the dipole operator under
the assumption of a real dipole matrix element M = M* we obtain

d = @|dY) = Mc,c + c.c.
— —Msin (|Q,|t) sin (wegt) -

P
94
0 T I —p
R T 2n Qrt
1

Figure 4.2: Evolution of occupation probabilities of ground and excited state
and the average dipole moment of a two-level atom in resonant interaction
with a coherent classical field.

The coherent external field drives the population of the atomic system
between the two available states with a period T, = 27 /Q,.. Applying the field
only over half of this period leads to a complete inversion of the population.
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Applying the field only over half of this period leads to a complete inversion
of the population. The population inversion is defined as

w= P, — Py =e|* — ¢, (4.40)

These Rabi-oscillations have been observed in various systems ranging
from gases to semiconductors. Interestingly, the light emitted from the co-
herently driven two-level atom is not identical in frequency to the driving
field. If we look at the Fourier spectrum of the polarization according to
Eq.(4.39), we obtain lines at frequencies wy = we, £ |§2,.|. This is clearly a
nonlinear output and the sidebands are called Mollow-sidebands [3]. Most
important for the existence of these oscillations is the coherence of the atomic
system over at least one Rabi-oscillation. If this coherence is destroyed before
significant population between the levels is exchanged, the Rabi-oscillations
cannot happen and it is then impossible to generate inversion in a two-level
system by interaction with light. This is the case for a large class of situations
in light-matter interaction and especially for typical laser materials. So we
are interested in finding out what happens in the case of loss of coherence in
the atomic system due to additional interaction of the atoms with its environ-
ment. These non energy preserving processes can not be easily included in
the Schroedinger Equation formalism. However, we can treat these processes
phenomenologically in the equations of motion for the expectation values of
the dipol moment and the population inversion, which are of interest because
those qunatities feed back into Maxwell’s Equations as a driving term.

From the equations of motion for the coefficients of the wave function
Egs. (4.23) and (4.24) we derive equations of motion for the complex slowly
varying dipole moment defined as

d = cicge™ = C*C,. (4.41)

and by applying the product rule we find

d d ., (4
1y - (fe)rer (L) we
. * .QT * . * -QT *
= JACIC, = 5 C;C, +JACIC, + 5 CLC. (4.43)

Q,
= 2Ad+j e w (4.44)
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and
d d . /d .
aw = (%Ce> Ce’ - <%Cg) Cg + c.c. (445)
= [ —jJAC.C +J7CgC’e —JAC,C, —J?CeC’g + c.c. (4.46)
= Qi+ cc (4.47)

For the monochromatic wave of Eq.(4.21) and neglecting terms varying at
twice the optical frequency, we find

d
Ed =j(Weg —w)d+jQ - w (4.48)

d
= +jd +c.c (4.49)

4.1.4 Energy- and Phase-Relaxation

In reality it is extremely difficult to completely isolate an atom from its
environment. Indeed in the case of laser active media, we are interested
in radiating atoms, i.e. atoms that have a dipole interaction with the field.
These atoms do then not only interact with the driving field, but for example
also with all the electromagnetic modes of the environment. The environment
can be considered as a large box, the universe, which contains the atom. We
are interested in the equations of motion for the expectation value of the
dipole moment and the population inversion of an atom that interacts in an
uncontrolled fashion with the modes of the universe. Without derivation,
the quantum mechanical treatment of interaction of the atom with these free
space modes leads to spontaneous emission of photons into these modes, i.e.
energy decay in the two-level system.The coupling with the infinitely many
modes of the free field leads already to spontaneous emission, an irreversible
process. We could treat this process by using the Hamiltonian

H=H,+Hy+H, p. (4.50)

Here, H, is the Hamiltonian of the atom, Hp of the free field in thermal
equilibrium at temperature T, and H4_r describes the interaction between
them. A complete treatment along these lines would be straight forward
using the techniques we learned so far, however it is beyond the scope of this
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class. The result of this calculation leads to damping of inversion and with
it the polarization. For the case of a two-level atom in thermal equilibrium
with its electromagnetic envirionment there is a change in the excited state
population due to induced and spontaneous emission with the rate I'. and
an increase of excited states by absorption of thermal photons

d
%Ice(lt)l2 = —Telce(t)* + Taley (1) (4.51)
with the abbreviations
1
. = —(nyp+1), (4.52)
Tsp
1
I, = —nu. (4.53)
Top
see Figure 4.3.
E
Pe Eq
Iy I,
Pg
Eg

Figure 4.3: Two-level atom with transistion rates due to induced and spon-
taneous emission and absorption.

Here ny, is the number of thermally excited photons in the modes of the
free field with frequency wey, ny, = 1/(exp(hwey/kT) — 1), at temperature 7.

The total probability of being in the excited or the ground state has to
be maintained, that is

d 2 _ d 2 _ 2 2
Z1caOF = == lee(t)” = Tefee (1) — Laley (1) (4.54)

If the populations decay, the polarization does also decay, since d = c}c e .
It turns out that the polarization dynamics according to Eq.(4.48), besides
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the coherent oscillation, also aquires a decay process due to the finite lifetime
of the excited state

d Ie+T,
L =5 (e —w)d — T Layg (4.55)

dt— - 2
Thus the absorption as well as the emission processes are destructive to the
phase. Therefore, the corresponding rates add up in the phase decay rate.
In total the equation for the dipole moment d = d,. + jd; and the inversion
w can be written as

d = (] (Weg - W) - T)da (4.56)
2
w — Wy
o= e(t)]* = e ()P = — T (4.57)
1
with the time constants
1 2 24, + 1
_— = — = Fe Fa = 4.
7T + o (4.58)

and the equilibrium inversion wg, due to the thermal excitation of the atom
by the thermal field

r,-r -1 hw
S — tanh = ). 4.
O T, T 1 20 an (QkT) (4.59)

The time constant 77 denotes the energy relaxation in the two-level system
and T, the phase relaxation. T, is the correlation time between amplitudes
c. and ¢,. The coherence between the excited and the ground state described
by the dipole moment is destroyed by the interaction of the two -level system
with the environment.

In this basic model, the energy relaxation is half the phase relaxation rate
or

The atoms in a laser medium do not only interact with the electromagnetic
field, but also with phonons, i.e. acoustic vibrations of the host lattice in solid
state laser material. Atoms might collide with each other in a gas laser and so
on. All these processes must be considered when determining the energy and
phase relaxation rates. Thus it might be not only radiative transistions that
lead to a finite energy relaxation time 7). Some of the processes are elastic,
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i.e. there is no energy relaxation but only the phase is influenced during the
collision. Therefore, these processes reduce 175 but have no influence on T;.
In real systems the phase relaxation time is most often much shorter than
twice the energy relaxation time.

T, < 2T3. (4.61)

If the inversion deviates from its equilibrium value, wy, it relaxes back into
equilibrium with a time constant 7. Eq. (4.59) shows that for all tempera-
tures 7' > 0 the inversion is negative, i.e. the lower level is stronger populated
than the upper level. Thus with incoherent thermal light, inversion in a two-
level system cannot be achieved. Inversion can only be achieved by pumping
with incoherent light, if there are more levels and subsequent relaxation pro-
cesses into the upper laser level. Due to these relaxation processes the rate I',
deviates from the equilibrium expression (4.53), and it has to be replaced by
the pump rate A. If the pump rate A exceeds I',, the inversion corresponding
to Eq. (4.59) becomes positive,

A-T.
Wo = .
7 A+,

(4.62)

If we allow for artificial negative temperatures, we obtain with 7" < 0 for the
ratio of relaxation rates

Fe 1 n 'Weg

r, n

Thus the pumping of the two-level system drives the system far away from
thermal equilibrium. Now, we have a correct description of an ensemble of
atoms in thermal equilibrium with its environment, which is a much more
realistic description of media especially of typical laser media.

4.1.5 The Bloch Equations

Thus, the total dynamics of the two-level system including the pumping and
dephasing processes from Eqs.(4.56) and (4.57) is given by

. 1 Q,
d = (7 ~ il —w)d+i5 w (4.64)
W o= —w;w°+ﬂﬁd—ﬁhf. (4.65)

1
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These equations are called the Bloch Equations. They describe the dynamics
of a statistical ensemble of two-level atoms interacting with a classical electric
field. Together with the Maxwell-Equations, where the polarization of the
medium is related to the expectation value of the dipole moment of the
atomic ensemble these result in the Maxwell-Bloch Equations.

4.1.6 Dielectric Susceptibility and Saturation

The Bloch Equations are nonlinear. However, for moderate field strength
E,, i.e. the magnitude of the Rabi-frequency is much smaller than the optical
frequency, [€).| << w, the inversion does not change much within an optical
cycle of the field. We assume that the inversion w of the atom will only be
slowly changing and it adjusts itself to a steady state value w,. Similarly the
complexe slowly varying dipolmoment will reach the steady state

i (a)w,
d, = = E
= 201/ Ty + j(w — weg) "

Wo
w, = 0 . (4.67)
T 1T NP
L+ By o

(4.66)

We introduce the normalized lineshape function, which is in this case a
Lorentzian,
(1/1»)

(1/T2)? + (weg — w)?’
2

L(w) =

(4.68)

and connect the square of the field |E,|* to the intensity I of a propagating
plane wave, according to Eq. (2.35), I = ﬁ|ﬁ0|2,
1+ I—ISL(w)'

Thus the stationary inversion depends on the intensity of the incident light.

Therefore, wy is called the unsaturated inversion, w; the saturated inversion
and [, with

(4.69)

Wy

INToZp = o]
I = [T|M '€p|2 ) (470)

is the saturation intensity. The expectation value of the dipole operator
(4.14) is then given by

<a> = Mde*t + Mdre 5, (4.71)
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Multiplication with the number of atoms per unit volume, N, relates the
dipole moment of the atom to the polarization P . As the electric field, the
polarization can be written in terms of complex quantities, E of the medium,
and therefore to the susceptibility according to

Py = % (Bye + Pt ) (4.72)
= N(Mde“t + Md*e ) (4.73)
or
P, =2NMd, (4.74)
EO = €ox (w) &Ly (4.75)

From the definitions (4.74), (4.75) and Eq. (4.66) we obtain for the linear
susceptibility of the medium

yw) = i+ —

4.76
hGO 1/T2 +J(w weg) ( )

which is a tensor. In the following we assume that the direction of the
atom is random, i.e. the alignment of the atomic dipole moment, M , and the
electric field is random. Therefore, we have to average over the angle enclosed
between the electric field of the wave and the atomic dipole moment, which
results in

M,M, MM, M,M, MZ 0 0 .
MyM, M,M, MM, | ={ 0 M2 0 :§|M\2 1. (4.77)
MM, M.M, MM, 0 0 M2

Thus, for homogeneous and isotropic media the susceptibility tensor shrinks

to a scalar
y2ad >

hEO 1/T2 +J(w weg)
Real and imaginary part of the susceptibility

X(w) = X' (w) +jx"(w) (4.79)

(4.78)

()I
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are then given by

B |MPNw,T2(weg — w)

/ pu— L 4.

X() = (@), (450
) |M[2Nw,Ty
——— = L(w). 4.81
X'() L) (1.81)
If the incident radiation is weak, i.e.
I

Lw)) <1 (4.82)

I,

we obtain wy &~ wy. For optical transitions there is no thermal excitation of
the excited state and wy = —1. For an inverted system, wy > 0, the real and
imaginary parts of the susceptibility are shown in Fig. 4.4.

The shape of the susceptibility computed quantum mechanically com-
pares well with the classical susceptibility (2.42) derived from the harmonic
oscillator model close to the transistion frequency w,, for a transition with
reasonably high ) = Thw,,. Note, the quantum mechanical susceptibility is
identical to the complex Lorentzian introduced in Eq.(2.94). There is an
appreciable deviation, however, far away from resonance. Far off resonance
the rotating wave approximation should not be used.

The physical meaning of the real and imaginary part of the susceptibility
is of course identical to section 2.4.2. The propagation constant k of a TEM-
wave in such a medium is related to the susceptibility by

1
k= wy/poeo(1+ x(w)) ~ ko (1 + 5)((@1)) . with ko= w0 (4.83)

for |x| < 1. Under this assumption we obtain

k= ho(1+ %) + ko (4.84)
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Figure 4.4: Real and imaginary part of the complex susceptibility for an
inverted medium w, > 0. The positive imaginary susceptibility indicates
exponential growth of an electromagnetic wave propagating in the medium.

The real part of the susceptibility contributes to the refractive index n =
1+ x’/2. In the case of x” < 0, the imaginary part leads to an exponential
damping of the wave. For x” > 0 amplification takes place. Amplification of
the wave is possible for wy > 0, i.e. an inverted medium.

The phase relaxation rate 1/75 of the dipole moment determines the width
of the absorption line or the bandwidth of the amplifier. The amplification
can not occur forever, because the amplifier saturates when the intensity
reaches the saturation intensity. This is a strong deviation from the linear
susceptibility we derived from the classical oscillator model. The reason for
this saturation is two fold. First, the light can not extract more energy
from the atoms then there is energy stored in them, i.e. energy conservation
holds. Second the induced dipole moment in a two-level atom is limited by
the maximum value of the matrix element. In contrast the induced dipole
moment in a classical oscillator grows proportionally to the applied field
without limits.

4.1.7 Rate Equations and Cross Sections

In many cases the fastest process in the atom-field interaction dynamics is
the dephasing of the dipole moment, i. e. 75 — 0. For example, in semi-
conductors Ty < 50fs. In those cases the magnitude of the dipole moment
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relaxes instantaneously into the steady state and follows the slowly varying
field envelope Ey(t) electromagntic field, which evolves on a much slower time
scale. We obtain with the quasi steady state solution for the dipole moment
(4.66), which may now have a slow time dependence due to the slowly varying
field envelope Fy(t), for the time dependent inversion in the atomic system

, w(t) —we  w(t)
W= L(w)I(t), (4.85)

where I(t) = |Eo(t)|* /(2Zp) is the intensity of the electromagntic wave in-
teracting with the two-level atom. In this limit the Bloch Equations became
simple rate equations. We only take care of the counting of population dif-
ferences due to spontaneous and stimulated emissions.

The interaction of an atom with light at a given transition with the stream
of photons on resonance, i.e. w = w,, is often discribed by the mass action
law. That is, the number of induced transistions from the excited to the
ground state, is proportional to the product of the number of atoms in the
excited state and the photon flux density I, = I/hw,g

w
JAVE

I. (4.86)

w|induced = _ijph - -

This defines an interaction cross section ¢ that can be expressed in terms of
the saturation intensity as

Iweg

o = L (4.87)
— %uﬁ* L 8,|2. (4.88)
In this chapter, we have introduced the most important spectroscopic
quantities that characterize an atomic transition, which are the lifetime of
the excited state or often called upper-state lifetime or longitudinal lifetime
Ty, the phase relaxation time or transverse relaxation time 75 which is the
inverse half-width at half maximum of the line and the interaction cross-
section o that only depends on the dipole matrix element and the linewidth

of the transition.
The imaginary part of the suszeptibility, which indicates gain or loss is
proportional to the inversion in the atomic system, see Eq.(4.76), which also
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depends on the field strength or intensity according to the rate equation
(4.85)
dg(z,t)  g—go  |I(z1)]?

=— — . 4.89
8t TL g EL ( )

Here, £}, = I, is called the saturation fluence of the gain medium and 7,
the upper state life time of the gain medium.

4.2 Laser Rate Equations

After having derived the quantum mechanically correct expression for the
gain in an inverted atomic system, we can use the two-level model to study
the laser and its dynamics. After discussing the laser concept briefly we will
discuss the dynamics of lasers, threshold behavior, steady state behavior,
relaxation oscillations and Q-switching.

As we discussed before inversion can not be achieved in a two level system
by optical pumping. The coherent regime is typically inaccesible by typcial
optical pump sources. Inversion by optical pumping can only be achieved
when using a three or four-level system, see Figures 4.5 and 4.6

2 N 2 b)
Y 2 A N2
Rp Y21 VAV R Y21
p
l y l v l\/\/\/"
10 10
0 No 0 No

Figure 4.5: Three-level laser medium.
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Figure 4.6: Four-level laser medium.

If the medium is in thermal equilibrium, typically only the ground state is
occupied. By optical pumping with an intense lamp (flash lamp) or another
laser one can pump a significant fraction of the atoms from the ground state
with population Ny into the excited state N3 both for the three level laser
operating according to the scheme shown in figure 140 (a) or N, in the
case of the four level laser, see Figure 4.6. If the relaxation rate vy, is
very fast compared to 7,;, where the laser action should occur inversion can
be achieved, i.e. Ny > Nj. For the four level laser the relaxation rate 7ys,
should also be fast in comparison to 7,,. These systems are easy to analyze
in the rate equation approximation, where the dipole moments are already
adiabatically eliminated. For example, for the three level system in Figure
4.5 a). we obtain the rate equations of the three level system in analogy to
the two-level system

d

ENQ = —")/21N2 — 021 (N2 — Nl) ]ph + Rp (490)
d
%Nl = Y101 + 71 N2 + 021 (N2 = N1) Ly, (4.91)
d
%No = Y101 — Ry (4.92)

Here, 09, is the cross section for stimulated emission between the levels 2 and
1 and I, is the photon flux at the transition frequency f2;.In most cases,
there are any atoms available in the ground state such that optical pumping
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can never deplete the number of atoms in the ground state Ny. That is why
we can assume a constant pump rate R,. If the relaxation rate 7, is much
faster than ~,;, and the number of possible stimulated emission events that
can occur a1 (Ng — Ny) I, then we can set N; = 0 and obtain only a rate
equation for the upper laser level

d R
%NQ = —Y921 (N — ’)/_;i) — 0'21N2 . ]ph- (493)

This equation is identical to the equation for the inversion of the two-level
system, see Eq.(4.85). Here, f—; is the equilibrium upper state population in
the absence of photons, v, = % is the inverse upper state lifetime due to
radiative and non radiative processes.

Note, a similar analysis can be done for the three level laser operating
according to the scheme shown in Figure 4.5 (b). Then the relaxation rate
from level 3 to level 2, which is now the upper laser level has to be fast. But
in addition the optical pumping must be so strong that essentially all the
ground state levels are depleted. Undepleted groundstate populations will
lead to absorption of laser radiation.

For the following, we assume a homogenously broadend laser medium
(four level with depeleted lower laser level) and only one cavity mode is
able to lase. We want to derive the equations of motion for the population
inversion, or population in the upper laser level Eq.(4.93) and the photon
number in that mode, see Figure 4.7.

T
I=hf; 1y v,/2* 2 N2
T
1\ j/\/\/b Ape
V oy, PN

Figure 4.7: Rate equations for a laser with two-level atoms and a linear
resonator.
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The intensity I in a mode propagating at group velocity v, in one direction
with a mode volume V is related to the number of photons Ny, stored in the
mode with volume V' by

I = hfLQ‘]:[—‘I}Ug = %hanL’Ug, (494)
where hf; is the photon energy. 2* = 2 for a linear laser resonator (then
only half of the photons are going in one direction), and 2* = 1 for a ring
laser. In this first treatment we consider the case of space-independent rate
equations, i.e. we assume that the laser is oscillating on a single mode and
pumping and mode energy densities are uniform within the laser material.
With the interaction cross section o defined as

_ Wit
o

IsTL’

(4.95)

we rewrite the rate equation Eq. (4.93) for the inversion or upper state
population

Ny=-=2_29N,N, +R, (4.96)

Note, v,N,/V is the photon flux, thus o is the stimulated emission cross
section between the atoms and the photons. R, is the pumping rate into
the upper laser level. A similar rate equation can be derived for the photon
density

%NL - _% + (77“9N2 (Np +1) (4.97)
Here, 7, is the photon lifetime in the cavity or cavity decay time. The 1
in the term (N + 1) in Eq.(4.97) accounts for spontaneous emission which
is equivalent to stimulated emission induced by one photon occupying the
mode. For a laser cavity with a semi-transparent mirror with transmission
T, producing a small power loss 20 = —In(1—T") = T (for small T") per round-
trip in the cavity, the cavity decay time is 7, = T /21, if Tp = 2*L/v, is the
roundtrip-time in linear cavity with length 2L or a ring cavity with length L.
Internal losses can be treated in a similar way and contribute to the cavity
decay time. Note, the decay rate for the inversion in the absence of a field,
1/T}, is not only due to spontaneous emission, but is also a result of non
radiative decay processes. For a laser gain medium we usually denote T} as
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the upperstate lifetime 7,

d No

%NQ = —E — O'UgNgnL + Rp (498)
d NL ov

—N;, = —+ =EIN, (N, +1). 4.99
Tl Tp+v2(L+) (4.99)

Experimentally, the photon number and the inversion in a laser resonator are
not the quantities directly measured. We therefore introduce the circulating
intracavity power and the roundtrip gain

N,
P = J-Aeff:hfLT—L, (4.100)
R
agv
9 = 5Nl (4.101)

The intracavity power is directly proportional to the output power from the
laser
P,.=T-P. (4.102)

From Eqs.(4.98) and (4.99) for inversion and photon number, we obtain

d g—90 gP
—g = - — 4.103
dtg TL Esat ( )
d 1 29
—P = —P+ —(P+ P,.), 4.104
dt Tp + Tg (P+ ) ( )
with
hfLV 1
E.. = =—I.A, 4.105
¢ ovglp 2% [T ( )
Psat = Esat/TL (4106)
Pvac - hfL/TR (4107)
R
S — 4.1
90 24, oTL, (4.108)

Note, the factor of two in front of gain and loss is due to the fact, that
we defined ¢ and [ as gain and loss with respect to amplitude. Eq.(4.108)
elucidates that the figure of merit that characterizes the small signal gain
achievable in a laser connected with the spectroscopic parameters of the
laser gain medium is the o - 7 -product. The larger this product the larger
is the small signal gain gqg achievable with a certain laser material. Table 4.1
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Wave- Cross Upper-5St. Linewidth Refr.
Laser Medium | length Section Lifetime Afpwum | Typ | index

Ao(nm) o (cm?) | 711 (us) #(THz) n
Nd*+:YAG 1,064 4.1-1071 | 1,200 0.210 H 1.82
Nd**+:LSB 1,062 1.3-1071 | 87 1.2 H 1.47
Nd**:YLF 1,047 1.8-10719 | 450 0.390 H 1.82
Nd**:YVO, 1,064 2.5-10719 [ 50 0.300 H 2.19
Nd3*:glass 1,054 4-107% 350 3 H/T |15
Er3+*:glass 1,55 6-1072 10,000 4 H/T | 1.46
Ruby 694.3 2-107%0 1,000 0.06 H 1.76
Ti*t:Al, O3 660-1180 3-1071° 3 100 H 1.76
Cr3*:LiSAF 760-960 4.8-107% | 67 80 H 1.4
Cr’*:LiCAF 710-840 1.3-107%° | 170 65 H 1.4
Cr3™:LiISGAF | 740-930 3.3-107%0 | 88 80 H 14
He-Ne 632.8 1-10713 0.7 0.0015 I ~1
Art 515 3-1072 10.07 0.0035 I ~1
CO, 10,600 3-10718 2,900,000 0.000060 H ~1
Rhodamin-6G | 560-640 3-1071¢ 0.0033 5) H 1.33
semiconductors | 450-30,000 | ~ 10~ | ~ 0.002 25 H/T |3-4

Table 4.1: Wavelength range, cross-section for stimulated emission, upper-
state lifetime, linewidth, typ of lineshape (H=homogeneously broadened,
I=inhomogeneously broadened) and index for some often used solid-state
laser materials, and in comparison with semiconductor and dye lasers.

4.3 Built-up of Laser Oscillation and Contin-
uous Wave Operation

In many technical applications, where the dimensions of the laser is large
compared to the wavelength and P,,. < P < Py = Fsqi /71, We can neglect
the spontaneous emission, i.e. P,,.. If the laser power is initially small, on the
order of P,,., and the gain is unsaturated, g = go, we obtain from Eq.(4.104),

dP dt

— =2(go— 1) =— 4.109

5 =207 (4109
or

2(go—1) 7=
P(t) = P(0)e Tr . (4.110)
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The laser power builts up from vaccum fluctuations, once the small signal
gain surpasses the laser losses, go > g = [, see Figure 77, until it reaches
the saturation power. Saturation sets in within the built-up time

Tr Par T AcisTr
In = In .
go — l) Pvac 2 (90 - l) oTy,

Ta = 3 (4.111)

Some time after the built-up phase the laser reaches steady state, with the
saturated gain and steady state power resulting from Eqgs.(4.103-4.104), ne-
glecting in the following the spontaneous emission, and for % =0:

9o
= _ 4.112
g 14 A= ( )
P, = P (%—1), (4.113)

o
A

Ln(P/Psat)

Psat
-Ln(%)—

Figure 4.8: Built-up of laser power from spontaneous emission noise.

Figure 4.9 shows output power and gain as a function of small signal gain
go, which is proportional to the pump rate Rz,. Below threshold, the output
power is zero and the gain increases linearly with in crease pumping. After
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Output Power, Gain

0,=0,,= Small signal gain g,

Figure 4.9: Output power and gain of a laser as a function of pump power.

reaching threshold the gain stays clamped at the threshold value determined
by gain equal loss and the output power increases linearly. The threshold
condition is again

gn = 1, (4.114)

A,
Ry = —41 (4.115)

2*oT,

Thus the pump rate to reach threshold is proportional to the optical loss of
the mode per roundtrip, the mode cross section (in the gain medium) and
inverse proportional to the o - 7, —product.

4.4 Stability and Relaxation Oscillations

How does the laser reach steady state, once a perturbation has occured?

gs + Ag (4.116)
P = P,+AP (4.117)

NS



148 CHAPTER 4. LASER DYNAMICS

Substitution into Egs.(4.103-4.104) and linearization leads to

dAP P
— = $22A 4.118
= +25-Ag (4.118)
dAg gs 1
— = ——AP - A 4.119
dt Esat T stim g ( )
where — tl = % (1 + %) is the stimulated lifetime. The perturbations

decay or grow like

()-(3)-

which leads to the system of equations (using g, = I)

APQ —S 2% APO
A = R =0. 4.121
(50) ( ks )\ b .
There is only a solution, if the determinante of the coefficient matrix vanishes,
le.

1 P,
s ( + s> + =0, (4.122)
T stim EsatTp
which determines the relaxation rates or eigen frequencies of the linearized
system
1 1 \* P
=— + — : 4.123
51/2 2Tstim \/(sztim> EsatTp ( )
Introducing the pump parameter r = 1 + P}: =, which tells us how often we

pump the laser over threshold, the eigen frequencies can be rewritten as

1 . 4 (7" — ].) T stim
= — 1+ — —1 4.124
51/2 ST ( J\/ . - ) 7 ( )

r Cf(r=1) r\2
= — 4 — (4.125)
271, TLTp 271,

There are several conclusions to draw:

e (i): The stationary state (0, go) for go < [ and (Ps, gs) for go > [ are
always stable, i.e. Re{s;} < 0.
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(ii): For lasers pumped above threshold, » > 1, and long upper state
lifetimes, i.e. 7 < %, the relaxation rate becomes complex, i.e. there
are relaxation oscillations

81/2 = — :l:ij. (4126)

2Tstim

with frequency wg equal to the geometric mean of inverse stimulated
lifetime and photon life time

WR = A / L . (4127)
TstimTp

If the laser can be pumped strong enough, i.e. r can be made large
enough so that the stimulated lifetime becomes as short as the cavity
decay time, relaxation oscillations vanish.

The physical reason for relaxation oscillations and later instabilities is,
that the gain reacts to slow on the light field, i.e. the stimulated lifetime is
long in comparison with the cavity decay time.

Example: diode-pumped Nd:YAG-Laser

Ao

TL

1064 nm, 0 =4 - 10 *em?, App = m (100um x 150um) ,r = 50
= 1.2ms, [ = 1%, T = 10ns

From Eq.(4.95) we obtain:

h k
Iy = ﬁ = 39_W27 Py = [satAeff =138 VV, P, =91.5W
OTL cm
1
Tstim = 2 - 24”8, Tp = 1,US,CUR = =2 1058_1.
" TstimTp

Figure 4.10 shows the typically observed fluctuations of the output of a solid-
state laser with long upperstate life time of several 100 ps in the time and
frequency domain.
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One can also define a quality factor for the relaxation oscillations by the
ratio of imaginary to real part of the complex eigen frequencies 4.125

which can be as large a several thousand for solid-state lasers with long
upper-state lifetimes in the millisecond range.

Figure 4.10: Typically observed relaxation oscillations in time and frequency
domain.
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4.5 Laser Efficiency

An important measure for a laser is the efficiency with which pump power
is converted into laser output power. To determine the efficiency we must
review the important parameters of a laser and the limitations these param-
eters impose.

From Eq.(4.113) we found that the steady state intracavity power P, of
a laser is

Ps - Psat <% - 1) 5 (4128)

where 2¢, is the small signal round-trip power gain, P;,; the gain saturation
power and 2! is the power loss per round-trip. Both parameters are expressed
in Eqgs.(4.105)-(4.108) in terms of the fundamental pump parameter R, o7 -
product and mode cross section A.s of the gain medium. For this derivation
it was asummed that all pumped atoms are in the laser mode with constant
intensity over the beam cross section

2g0 = 27 Hy oTL, (4.129)
Acrs
hfL
Psa - Ae 4.1
¢ Srory el (4.130)

The power losses of lasers are due to the internal losses 2[;,; and the trans-
mission 7" through the output coupling mirror. The internal losses can be a
significant fraction of the total losses. The output power of the laser is

240
Py =T Py | m——= —1 4.131
T P (1) (4.131)

The pump power of the laser is given by
P,=R,hfp, (4.132)

where h fp is the energy of the pump photons. In discussing the efficiency of
a laser, we consider the overall efficiency

Pout
= 4.1
=7 (4.133)

p
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which approaches the differential efficiency 7, if the laser is pumped many
times over threshold, i.e. r = 2¢/2] — oo

ap out

np = ap, =n(r — o0) (4.134)
T 9
= P., 4.135
Wiy + T " Acprhfp’ - (4.135)
T
= hiL (4.136)

Ui +T hfp

Thus the efficiency of a laser is fundamentally limited by the ratio of output
coupling to total losses and the quantum defect in pumping. Therefore,
one would expect that the optimum output coupling is achieved with the
largest output coupler, however, this is not true as we considered the case of
operating many times above threshold.

4.6 Q-Switching

The energy stored in the laser medium can be released suddenly by increasing
the Q-value of the cavity so that the laser reaches threshold. This can be
done actively, for example by quickly moving one of the resonator mirrors in
place or passively by placing a saturable absorber in the resonator [5, 16].
Hellwarth was first to suggest this method only one year after the invention of
the laser. As a rough orientation for a solid-state laser, the following relation
for the relevant time scales is generally valid

7L > TR > 7). (4.137)
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High losses, laser is below threshold
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Losses

. Build-up of inversion by pumping
Gain

©

Losses

In active Q-switching, the losses are reduced,

Gain after the laser medium is pumped for as long as the
upper state lifetime. Then the loss is reduced rapidly
t and laser oscillation starts.
(d)
__|losses "Q-switched" Laserpuls
/

Gain Laser emission stops after the energy stored in
the gain medium is extracted.

7 t

-
Length of pump pulse

Figure 4.11: Gain and loss dynamics of a Q-switched laser.

Fig. 4.11 shows the principle dynamics of a Q-switched laser. The laser
is pumped by a pump pulse with a length on the order of the upper-state
lifetime, while the intracavity losses are kept high enough, so that the laser
can not reach threshold. Therefore, the laser medium acts as an energy
storage. The energy only relaxes by spontenous and nonradiative transitions.
Then suddenly the intracavity loss is reduced, for example by a rotating
cavity mirror or by sudden saturation of the intracavity losses. The laser is
pumped way above threshold and the light field builts up exponentially with
the net gain until the pulse energy comes close to the saturation energy of
the gain medium. The gain saturates and is extracted, so that the laser is
shut off by the pulse itself.

A typical Q-switched pulse is asymmetric: The rise time is proportional
to the net gain after the Q-value of the cavity is switches to a high value.
The light intensity growths proportional to 2¢go/Tr. When the gain is de-
pleted, the fall time mostly depends on the cavity decay time 7,. For short
Q-switched pulses a short cavity length, high gain and a large change in the
cavity Q is necessary. If the Q-switching is not fast, the pulse width may be
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limited by the speed of the switch. Typical switching times for electro-optical
and acousto-optical active switches are 10 ns and 50 ns, respectively

~294/Tq

Intensity

Cllig

0 4 8 12 16 20
Time (ns)

Figure 4.12: Asymmetric actively Q-switched pulse.

For example, with a diode-pumped Nd:YAG microchip laser [10] using an
electro-optical switch based on LiTaO3 Q-switched pulses as short as 270 ps
at repetition rates of 5 kHz, peak powers of 25 kW at an average power of
34 mW, and pulse energy of 6.8 pJ have been generated (Figure 77).
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Figure 4.13: Q-switched microchip laser using an electro-optic switch. The
pulse is measured with a sampling scope [12]

Similar results were achieved with Nd:YLF [11] and the corresponding
setup is shown in Fig. 4.14.

laser output
crystal AIO Q-switch  coupler

diode| :
laser T T
focussing acoustic ;
: T artiall
optics coating: transducer Eeflecti\)//e
HR - laser | )
i coating
HT- diode |

Figure 4.14: Set-up of an actively Q-switched laser.
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4.6.1 Single-Frequency Q-Switched Pulses

Q-switched lasers only deliver stable output if they oscillate single frequency.
Usually this is not automatically achieved. One method to achieve this is by
seeding with a single-frequency laser during Q-switched operation, so that
there is already a population in one of the longitudinal modes before the
pulse is building up. This mode will extract all the energy before the other

modes can do, see Figure 4.15

a) unseeded
2
'S
<
2
=
b) seeded

2

'S

[

2

=

1 1 1 L L L L L L 1
0 4 8 12 18 20

Time, ns

Figure 4.15: Output intenisity of a Q-switched laser without a) and with
seeding b).
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Figure 4.16: In a microchip laser the resonator can be so short, that there is
only one longitudinal mode within the gain bandwidth.

Another possibility to achieve single-mode output is either using an etalon
in the cavity or making the cavity so short, that only one longitudinal mode
is within the gain bandwidth (Figure 4.16). This is usually only the case if
the cavity length is on the order of a view millimeters or below.The microchip
laser [10][15][14] can be combined with an electro-optic modulator to achieve

very compact high peak power lasers with sub-nanosecond pulsewidth (Figure
?7).
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4.6.2 Active Q-Switching

We want to get some insight into the pulse built-up and decay of the actively
Q-switched pulse. We consider the ideal situation, where the loss of the laser
cavity can be instantaneously switched from a high value to a low value, i.e.
the quality factor is switched from a low value to a high value, respectively
(Figure: 4.17)

cavity loss Q-switch laser output pulse
N
g(t) < N(t) n(f) < P(t)
\_ | o< Nyft)
S
) pumping interval V:‘pulse output intervar

Figure 4.17: Active Q-Switching dynamics assuming an instantaneous
switching [16].

Pumping Interval:

During pumping with a constant pump rate R,, proportional to the small
signal gain gg, the inversion is built up. Since there is no field present, the
gain follows the simple equation:

d g— 9o
_ 97 % 4.1
779 (4.138)

or

g(t) = go(1 —e7"/7™), (4.139)
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Pulse Built-up-Phase:

Assuming an instantaneous switching of the cavity losses we look for an
approximate solution to the rate equations starting of with the initial gain
or inversion g; = hfrNai/(2Ea) = hfLNi/(2Esqt), we can savely leave the
index away since there is only an upper state population. We further assume
that during pulse built-up the stimulated emission rate is the dominate term
changing the inversion. Then the rate equations simplify to

%g _ _]git (4.140)
% _ 2<9T;l)p, (4.141)
resulting in

We use the following inital conditions for the intracavity power P(t = 0) =0
and initial gain g(t = 0) = ¢; = r - [. Note, » means how many times
the laser is pumped above threshold after the Q-switch is operated and the
intracavity losses have been reduced to [. Then 4.142 can be directly solved
and we obtain

o 2Esat

P(t) = T, (gi —g(t) + lln@> : (4.143)

)

From this equation we can deduce the maximum power of the pulse, since
the growth of the intracavity power will stop when the gain is reduced to the
losses, g(t)=l, (Figure 4.17)

2FE.,
Poax = —2(r—1—1Inr) (4.144)
Tg
ES(I
= =2 (r—1—1Inr). (4.145)
Tp

This is the first important quantity of the generated pulse and is shown
normalized in Figure 4.18.
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Figure 4.18: Peak power of emitted pulse as function of pump parameter.

Next, we can find the final gain gy, that is reached once the pulse emission
is completed, i.e. that is when the right side of (4.143) vanishes

(gz- — g7 +1In (%)) =0 (4.146)

Using the pump parameter r = g; /I, this gives as an expression for the ratio
between final and initial gain or between final and initial inversion

1
1-% 2y (g—f> — 0 (4.147)
Gi r gi
Ny 1, (N;\

which depends only on the pump parameter. Assuming further, that there
are no internal losses, then we can estimate the pulse energy generated by

Ep = (N; — Ny) hfy. (4.149)

This is also equal to the output coupled pulse energy since no internal losses
are assumed. Thus, if the final inversion gets small all the energy stored in
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Figure 4.19: Energy extraction efficiency as a function of pump power.

the gain medium can be extracted. We define the energy extraction efficiency

Ui
N — Ny

N;
that tells us how much of the initially stored energy can be extracted using
eq.(4.148)

(4.150)

1
N+~ (1 —n) =0, (4.151)

This efficiency is plotted in Figure 4.19.
Note, the energy extraction efficiency only depends on the pump param-
eter r. Now, the emitted pulse energy can be written as

and we can estimate the pulse width of the emitted pulse by the ratio between
pulse energy and peak power using (4.145) and (4.152)

] B 7' n(r) Nihfr
Pulse = 2Ppear. T(r—1—=1n7) 2By
|
Plr—1—1nr) 1
n(r)-r (4.153)

Tp(r—l—lnr)'
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Figure 4.20: Normalized pulse width as a function of pump parameter.

The pulse width normalized to the cavity decay time 7, is shown in Figure
4.20.

4.6.3 Passive Q-Switching

In the case of passive Q-switching the intracavity loss modulation is per-
formed by a saturable absorber, which introduces large losses for low inten-
sities of light and small losses for high intensity.

Relaxation oscillations are due to a periodic exchange of energy stored in
the laser medium by the inversion and the light field. Without the saturable
absorber these oscillations are damped. If for some reason there is two much
gain in the system, the light field can build up quickly. Especially for a low
gain cross section the backaction of the growing laser field on the inversion is
weak and it can grow further. This growth is favored in the presence of loss
that saturates with the intensity of the light. The laser becomes unstabile,
the field intensity grows as long as the gain does not saturate below the net
loss, see Fig.4.21.
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Loss

Pulse

/

Gain

Figure 4.21: Gain and loss dynamics of a passively Q-switched laser
Now, we want to show that the saturable absorber leads to a destabiliza-
tion of the relaxation oscillations resulting in the giant pulse laser.

We extend our laser model by a saturable absorber as shown in Fig. 4.22

- P~

, P-P=P
—_— P
g q S
1. E L A, EA
A eff L Aeff A

Figure 4.22: Simple laser model described by rate equations. We assume
small output coupling so that the laser power within one roundtrip can be
considered position independent. Neglecting standing wave effects in the
cavity, the field density is related to twice the circulating power P or P~.

Rate equations for a passively Q-switched laser

We make the following assumptions: First, the transverse relaxation times
of the equivalent two level models for the laser gain medium and for the
saturable absorber are much faster than any other dynamics in our system,
so that we can use rate equations to describe the laser dynamics. Second, we
assume that the changes in the laser intensity, gain and saturable absorption
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are small on a time scale on the order of the round-trip time 7% in the cavity,
(i.e. less than 20%). Then, we can use the rate equations of the laser as
derived above plus a corresponding equation for the saturable loss ¢ similar
to the equation for the gain.

dP

TR% = 2(g—1—¢q)P (4.154)
dg g—90 9gIrP

Tp—2 = — - 4.155
Rt T B ( )
dq q—q qIRrP

Th— = _— — 4.156
Rt T, E, ( )

where P denotes the laser power, g the amplitude gain per roundtrip, [ the
linear amplitude losses per roundtrip, gy the small signal gain per roundtrip
and ¢y the unsaturated but saturable losses per roundtrip. The quanti-
ties T, = 71/Tr and Ty = 74/Tr are the normalized upper-state life-
time of the gain medium and the absorber recovery time, normalized to
the round-trip time of the cavity. The energies £, = hvAcrs/2%0; and
Ey = hvAcspa/2°04 are the saturation energies of the gain and the ab-
sorber, respectively. .

For solid state lasers with gain relaxation times on the order of 7, &~ 100
ps or more, and cavity round-trip times T ~ 10 ns, we obtain 7} ~ 10%.
Furthermore, we assume absorbers with recovery times much shorter than
the round-trip time of the cavity, i.e. 74 ~ 1 — 100 ps, so that typically
T4 ~ 107* to 10~2. This is achievable in semiconductors and can be en-
gineered at will by low temperature growth of the semiconductor material
[24, 34]. As long as the laser is running cw and single mode, the absorber will
follow the instantaneous laser power. Then, the saturable absorption can be
adiabatically eliminated, by using eq.(4.156)

do ) E4
= th Py=— 4.157
1+P/PA Wi A ’7'A7 ( )

and back substitution into eq.(4.154). Here, P4 is the saturation power of
the absorber. At a certain amount of saturable absorption, the relaxation
oscillations become unstable and Q-switching occurs. To find the stability
criterion, we linearize the system

q

dP

Ter = 20g—1—q(P)P (4.158)
d - TP

TRy = L% IR (4.159)

dt 17 Eyr
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Stationary solution

As in the case for the cw-running laser the stationary operation point of the
laser is determined by the point of zero net gain

gs = l+Qs
Jo qo
—_ = |4+ — 4.160
1+ P/Py - 1+ P,/Py ( )

The graphical solution of this equation is shown in Fig. 4.23

I+0o

Figure 4.23: Graphical solution of the stationary operating point.

Stability of stationary operating point or the condition for Q-
switching

For the linearized system, the coefficient matrix corresponding to Eq.(4.121)
changes only by the saturable absorber [27]:

d [ AP, AP, . —24| P, 2P,
Tr— = A h A= dP |cw
" at ( Ago > ( Ago ) it ( R

Tstim

(4.161)
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The coefficient matrix A does have eigenvalues with negative real part, if and
only if its trace is negative and the determinante is positive, which results in
two conditions

dq r ) P Er,
—2P— — th =14+ = Pp=— 4.162
P < T with r + B and P, - (4.162)
and
dq r r—1
— | — 4 2g, . 4.1
iP|. T +2g 7 >0 (4.163)

After cancelation of 77, we end up with

‘ aq . (4.164)

dP

dgs
dP

cw cw

For a laser which starts oscillating on its own, relation 4.164 is automatically
fulfilled since the small signal gain is larger than the total losses, see Fig.
4.23. Inequality (4.162) has a simple physical explanation. The right hand
side of (4.162) is the relaxation time of the gain towards equilibrium, at a
given pump power and constant laser power. The left hand side is the decay
time of a power fluctuation of the laser at fixed gain. If the gain can not
react fast enough to fluctuations of the laser power, relaxation oscillations
grow and result in passive Q-switching of the laser.

As can be seen from Eq.(4.160) and Eq.(4.162), we obtain

P
d o P
o PLLl —oTpg—XP | < with y =2,  (4.165)
dP - P,
“ (1 + XPL) cw

where Y is an effective ”stiffness” of the absorber against cw saturation. The
stability relation (4.165) is visualized in Fig. 4.24.
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Figure 4.24: Graphical representation of cw-Q-switching stability relation for
different products 2qo77. The cw-stiffness used for the the plots is y = 100.

The tendency for a laser to Q-switch increases with the product ¢o77, and
decreases if the saturable absorber is hard to saturate, i.e. Y > 1. As can be
inferred from Fig. 4.24 and eq.(4.165), the laser can never Q-switch, i.e. the
left side of eq.(4.165) is always smaller than the right side, if the quantity

2q0TT,
X

MDF = <1 (4.166)

is less than 1. The abbreviation MDF stands for mode locking driving force,
despite the fact that the expression (4.166) governs the Q-switching instabil-
ity. We will see, in the next section, the connection of this parameter with
mode locking. For solid-state lasers with long upper state life times, already
very small amounts of saturable absorption, even a fraction of a percent,
may lead to a large enough mode locking driving force to drive the laser
into Q-switching. Figure 4.25 shows the regions in the y — P/PL, - plane
where Q-switching can occur for fixed MDF according to relation (4.165).
The area above the corresponding MDF-value is the Q-switching region. For
MDF < 1, cw-Q-switching can not occur. Thus, if a cw-Q-switched laser has
to be designed, one has to choose an absorber with a MDF >1. The fur-
ther the operation point is located in the cw-Q-switching domain the more
pronounced the cw-Q-switching will be. To understand the nature of the
instability we look at the eigen solution and eigenvalues of the linearized
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Figure 4.25: For a given value of the MDF, cw-Q-switching occurs in the area
above the corresponding curve. For a MDF-value less than 1 cw-Qswitching
can not occur.

equations of motion 4.161

d [ APy(t) APy(t)

- — 4.167

dt ( Agolt) "\ Ago(t) (4167)
which results in the eigenvalues

A+ Ay | Aus + A\
STR = ST + ]\/AHAQQ — A12A21 — <u) . (4168)

2 2

With the matrix elements according to eq.(4.161) we get

_2 4| p _ _1
s = et 4 g (4.169)
dq 1 2
2 dq r  r—1 —Tl d—p‘ Py — —
_ _ Ps o R cw Tstim 4170
WQ TR chw TL+TpTL ( 2 ( )

where the pump parameter is now defined as the ratio between small signal
gain the total losses in steady state, i.e. r = go/(l + ¢s). This somewhat
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lengthy expression clearly shows, that when the system becomes unstable,
-2 j—]‘i o P > L5 with 7, > 7,, there is a growing oscillation with fre-

quency stim
—1 1
wo ~ r ~ : (4.171)
TpTL TpT stim

That is, passive Q-switching can be understood as a destabilization of the
relaxation oscillations of the laser. If the system is only slightly in the instable
regime, the frequency of the Q-switching oscillation is close to the relaxation
oscillation frequency. If we define the growth rate v, introduced by the
saturable absorber as a prameter, the eigen values can be written as

1 2
1 1 , r r—1 7Q ~ .
= — — + — — stm ) 4.172
i 2 (/YQ Tstim) J fYQ TL * 7_pTL ( 2 > ( )

Figure 4.26 shows the root locus plot for a system with and without a sat-
urable absorber. The saturable absorber destabilizes the relaxation oscilla-
tions. The type of bifurcation is called a Hopf bifurcation and results in an
oscillation.

4 Im {s}
s-plane

b)

Yo=1/Tstim /

\

Figure 4.26: Root locus plot for the linearized rate equations. a) Without
saturable absorber as a function of the pump parameter r; b) With saturable
absorber as a function of 7, .
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As an example, we consider a laser with the following parameters: 7, =
250us, Tr = 4ns, 2lp = 0.1, 2go = 0.005, 299 = 2, Pr/P4 = 100. The rate
equations are solved numberically and shown in Figures4.27 and 4.28.

88

B

=11
(o)
100
L

8 8

Figure 4.27: Phase space plot of the rate equations. It takes several oscilla-
tions, until the steady state limit cycle is reached.

Figure 4.28: Solution for gain and output power as a function of time.



4.7. EXAMPLE: SINGLE MODE CW-Q-SWITCHED MICROCHIP LASERS171

4.7 Example: Single Mode CW-Q-Switched
Microchip Lasers

Q-switched microchip lasers are compact and simple solid-state lasers, which
can provide a high peak power with a diffraction limited output beam. Due to
the extremely short cavity length, typically less than 1 mm, single-frequency
Q-switched operation with pulse widths well below a ns can be achieved.
Pulse durations of 337 ps and 218 ps have been demonstrated with a passively
Q-switched microchip laser consisting of a Nd:YAG crystal bonded to a thin
piece of Cr*™:YAG [12, 13]. Semiconductor saturable absorbers were used to
passively Q-switch a monolithic Nd:YAG laser producing 100 ns pulses [42].

4.7.1 Set-up of the Passively Q-Switched Microchip
Laser

Figure 4.29(a) shows the experimental set-up of the passively Q-switched
microchip laser and Fig. 4.29(b) the structure of the semiconductor sat-
urable absorber [16, 17]. The saturable absorber structure is a so called anti-
resonant Fabry-Perot saturable absorber (A-FPSA), because in a microchip
laser the beam size is fixed by the thermal lens that builds up in the laser
crystal, when pumped with the diode laser. Thus, one can use the top reflec-
tor of the A-FPSA to scale the effective saturation intensity of the absorber
with respect to the intracavity power. The 200 or 220 pm thick Nd:YVO, or
Nd:LaSc3(BO3)4, (Nd:LSB) laser crystal [43] is sandwiched between a 10%
output coupler and the A-FPSA. The latter is coated for high reflection at
the pump wavelength of 808 nm and a predesigned reflectivity at the laser
wavelength of 1.062 p m, respectively. The laser crystals are pumped by a
semiconductor diode laser at 808 nm through a dichroic beamsplitter, that
transmits the pump light and reflects the output beam at 1.064 um for the
Nd:YVO, or 1.062 um for the Nd:LSB laser. To obtain short Q-switched
pulses, the cavity has to be as short as possible. The highly doped laser
crystals with a short absorption length of only about 100um lead to a short
but still efficient microchip laser [17]. The saturable absorber consists of a
dielectric top mirror and 18 pairs of GaAs/InGaAs Multiple Quantum Wells
(MQWs) grown on a GaAs/AlAs Bragg-mirror. The total optical thickness
of the absorber is on the order of 1 um. Therefore, the increase of the cavity
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Figure 4.29: (a) Experimental set-up of the cw-passively Q-switched
Nd:YVO, microchip-laser. (b) Structure of the anti-resonant Fabry-Perot
semiconductor saturable absorber [41].
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Figure 4.30: Single-Mode Q-switched pulse achieved with Nd:YVO, mi-
crochip laser.

length due to the absorber is negligible. For more details see [16, 17]. Pulses
as short as 56 ps, Fig. (4.30), have been achieved with Nd:LSB-crystals.

4.7.2 Dynamics of a Q-Switched Microchip Laser

The passively Q-switched microchip laser, shown in Fig. 4.29(a), is perfectly
modeled by the rate equations (4.154) to (4.156). To understand the basic
dependence of the cw-Q-switching dynamics on the absorber parameters, we
performed numerical simulations of the Nd:LSB microchip laser, as shown
in Fig. 4.29. The parameter set used is given in Table 4.2. For these
parameters, we obtain according to eq.(4.160) a mode locking driving force
of MDF = 685. This laser operates clearly in the cw-Q-switching regime as
soon as the laser is pumped above threshold. Note, the Q-switching condition
(4.166) has only limited validity for the microchip laser considered here,
because, the cavity length is much shorter than the absorber recovery time.
Thus the adiabatic elimination of the absorber dynamics is actually no longer
justified. Figures 4.31 and 4.32 show the numerical solution of the set of rate
equations (4.154) to (4.156) on a microsecond timescale and a picosecond
timescale close to one of the pulse emission events.

No analytic solution to the set of rate equations is known. Therefore,
optimization of Q-switched lasers has a long history [8, 9], which in general
results in complex design criteria [9], if the most general solution to the rate
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Table 4.2: Parameter set used for the simulation of the dynamics of the

CHAPTER 4.

‘ parameter H value

2 qo 0.03

21 0.14

Tr 2.7 ps
TL 87 us
TA 24 ps
Ep 20 pd
EA 7.7 nJ

Q-switched microchip laser.

(@ 20 — 0.20
15 — 0.18
7 @
= y / — 0.16 _%
;_ 10 //' ' //’ =~
= Vi / 7 — 014 &
o J 7 J
5 ! Power, P / ,
————— Gain, g 7 1012
------ Loss, q
0 i || i 0.10

LASER DYNAMICS
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Time, s

Figure 4.31: Dynamics of the Q-switched microchip laser by numerical solu-
tion of the rate equatioins on a microsecond timescale.
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Figure 4.32: Dynamics of the Q-switched microchip laser by numerical solu-
tion of the rate equatioins on a picosecond timescale.

equations is considered. However, a careful look at the simulation results
leads to a set of very simple design criteria, as we show in the following.
As seen from Fig. 4.31, the pulse repetition time 7., is many orders of
magnitude longer than the width of a Q-switched pulse. Thus, between two
pulse emissions, the gain increases due to pumping until the laser reaches
threshold. This is described by eq.(4.155), where the stimulated emission
term can be neglected. Therefore, the pulse repetition rate is determined by
the relation that the gain has to be pumped to threshold again g, = [ + qo,
if it is saturated to the value gy after pulse emission. In good approximation,
g =l —qo, as long as it is a positive quantity. If 7}, < 7, one can linearize
the exponential and we obtain

T’f‘e
gih — g5 = Go——= (4.173)
TL

9h— 95 2qo
— =7,
90 90
Figure 4.32 shows that the power increases because the absorber saturates
faster than the gain. To obtain a fast raise of the pulse, we assume an
absorber which saturates much easier than the gain, i.e. £y < Ep, and the

Trep =TL

(4.174)
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recovery times of gain and absorption shall be much longer than the pulse
width Tpuise; T4 > Tpuise- Since, we assume a slow gain and a slow absorber,
we can neglect the relaxation terms in egs.(4.155) and (4.156) during growth
and decay of the pulse. Then the equations for gain and loss as a function
of the unknown Q-switched pulse shape fg(t)

P(t) = Epfo(t) (4.175)

can be solved. The pulse shape fg(t) is again normalized, such that its
integral over time is one and Ep is, therefore, the pulse energy. Analogous to
the derivation for the Q-switched mode locking threshold in egs.(4.189) and
(4.190), we obtain

i) = wen |2 [ soya] (1176)
o0 = anew |- [ poye). (4177)

Substitution of these expressions into the eq.(4.154) for the laser power, and
integration over the pulse width, determines the extracted pulse energy. The
result is a balance between the total losses and the gain.

I+ qp(Ep) = gp(Ep) (4.178)
with
_ _Ep
Ep) = ! exp[ EA} 4179
qap(Ep) = q yors ; (4.179)
Ea
_ _LtpP
Ep) = ! eXp[ E} 4180
gp(Ep) = gu o : (4.180)
Er

Because, we assumed that the absorber is completely saturated, we can
set gp(Ep) =~ 0. Figure 4.33 shows the solution of eq.(4.178), which is the
pulse energy as a function of the ratio between saturable and nonsaturable
losses s = qp/l. Also approximate solutions for small and large s are shown
as the dashed curves. Thus, the larger the ratio between saturable and
nonsaturable losses is, the larger is the intracavity pulse energy, which is not
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Figure 4.33: (—) Intracavity pulse energy as a function of the ratio between
saturable and nonsaturable losses s. (- - -) Approximations for small and
large values for s.

surprising. Note, the extracted pulse energy is proportional to the output
coupling, which is 2] if no other losses are present. If we assume, s << 1,
then, we can use approximately the low energy approximation

Ep=2E,—2 (4.181)

[+ qo

The externally emitted pulse energy is then given by

4lqo
[+ qo

Ey =21Ep = Ey, . (4.182)
Thus, the total extracted pulse energy is completely symmetric in the sat-
urable and non saturable losses. For a given amount of saturable absorption,
the extracted pulse energy is maximum for an output coupling as large as
possible. Of course threshold must still be reached, i.e. | + g9 < go. Thus,
in the following, we assume [ > ¢y as in Fig. 4.32. The absorber is immedi-
atelly bleached, after the laser reaches threshold. The light field growth and
extracts some energy stored in the gain medium, until the gain is saturated
to the low loss value [. Then the light field decays again, because the gain
is below the loss. During decay the field can saturate the gain by a similar
amount as during build-up, as long as the saturable losses are smaller than
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the constant output coupler losses [, which we shall assume in the following.
Then the pulse shape is almost symmetric as can be seen from Fig. 4.32(b)
and is well approximated by a secant hyperbolicus square for reasons that
will become obvious in a moment. Thus, we assume

1 t

fo(t) = ——sech? (—) : (4.183)
2Tp Tp

With the assumption of an explicit pulse form, we can compute the pulse

width by substitution of this ansatz into eq.(4.154) and using (4.176), (4.177)

T t E t
B ianh (—) = gin €XP [——P (1 + tanh (—))} — 1. (4.184)
Tp Tp 2F; Tp

Again, we neglect the saturated absorption. If we expand this equation up
to first order in Ep/FE and compare coefficients, we find from the constant
term the energy (4.182), and from the tanh-term we obtain the following
simple expression for the pulse width

Tp = (4.185)
qo

For the FWHM pulse width of the resulting sech?-pulse we obtain

do
Thus, for optimium operation of a Q-switched microchip laser, with respect
to minimum pulse width and maximum extracted energy in the limits consid-
ered here, we obtain a very simple design criterium. If we have a maximum
small signal round-trip gain gq, we should design an absorber with ¢, some-
what smaller than gq/2 and an output coupler with ¢o < [ < go — qo, so that
the laser still fullfills the cw-Q-switching condition. It is this simple opti-
mization, that allowed us to reach the shortest pulses every generated from a
cw-Q-switched solid-state laser. Note, for a maximum saturable absorption
of 2 gy = 13%, a cavity roundtip time of T = 2.6 ps for the Nd:YVOy, laser,
one expects from (4.186) a pulse width of about 7p = 70ps, which is close
to what we observed in the experiment above. We achieved pulses between
56 and 90 ps [17]. The typical extracted pulse energies were on the order of
Ep =0.1-0.2 pJ for pulses of about 60ps [17]. Using a saturation energy of
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Figure 4.34: Laser output power as a function of time, when operating in the
Q-switched mode-locked regime.

about E7, = 30 pJ and an output coupler loss of 21 = 0.1, we expect, accord-
ing to (4.182), a maximum extracted pulse energy of F%" = 2 uJ. Thus, we
have a deviation of one order of magnitude, which clearly indicates that the
absorber still introduces too much of nonsaturable intracavity losses. Low-
ering of these losses should lead to pJ - 50 ps pulses from this type of a
very simple and cheap laser, when compared with any other pulse generation
technique.

4.8 Q-Switched Mode Locking

To understand the regime of Q-switched mode locking, we reconsider the rate
equations (4.154) to (4.156). Fig. 4.34 shows, that we can describe the laser
power on two time scales. One is on the order of the Q-switching envelope
and occurs on multiple round-trips in the laser cavity, T' = m/Tg. Therefore,
it is on the order of microseconds. The other time scale ¢ is a short time scale
on the order of the pulse width, i.e. picoseconds. Assuming a normalized
pulse shape f,(t) for the n-th pulse such that

Tr/2
/ Fult = nTp)dt =1, (4.187)
—Tr/2
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we can make the following ansatz for the laser power

P(T,t) = Ep(T) i fult — nTg). (4.188)

n=—oo

Here, Ep(T = mTg) is the pulse energy of the m-th pulse, which only changes
appreciably over many round-trips in the cavity. The shape of the m-th pulse,
fm(t), is not yet of further interest. For simplicity, we assume that the mode-
locked pulses are much shorter than the recovery time of the absorber. In
this case, the relaxation term of the absorber in Eq.(4.157) can be neglected
during the duration of the mode-locked pulses. Since the absorber recovery
time is assumed to be much shorter than the cavity round-trip time, the
absorber is unsaturated before the arrival of a pulse. Thus, for the saturation
of the absorber during one pulse, we obtain

o(T = mTh. 1) = go exp [— E’;AT) /_ . fm(t’)dt’] | (4.189)

Then, the loss in pulse energy per roundtrip can be written as

Tn/2 1—exp |~ 250
ap(T) = / Fl)a(T = mTi 1)t = o (4.190)
~Tr/2 TEa

Eq. (4.190) shows that the saturable absorber saturates with the pulse energy
and not with the average intensity of the laser, as in the case of cw-Q-
switching (4.157). Therefore, the absorber is much more strongly bleached
at the same average power. After averaging Eqs.(4.154) and (4.155) over one
round-trip, we obtain the following two equations for the dynamics of the
pulse energy and the gain on a coarse grained time scale 1"

dE
TRd_; = 2(9—1—qr(Ep))Ep, (4.191)
dg g—90 9gEp
Tp—2 = 2 N J7F 4.192
Rar T: E; (4.192)

This averaging is allowed, because the saturation of the gain medium within
one pulse is negligible, due to the small interaction cross section of the
solid-state laser material. Comparing Eqs.(4.154), (4.155) and (4.157) with
(4.189), (4.191) and (4.192), it becomes obvious that the stability criterion
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(4.158) also applies to Q-switched mode locking if we replace the formula for
cw-saturation of the absorber (4.157) by the formula for pulsed saturation
(4.190). Then, stability against Q-switched mode locking requires

dqp r
—2FEp— < — , 4.193
PdEP cw—mod TL cw—mod ( )
with
1 —exp|—Z2| (1+£
dor p -2 (1+ )
dEP cw—mod g_f:
When expressed in terms of the average power P = Ep/Tg, similar to
Eq.(4.165), we obtain
P P
d 1 —exp [— ] (1 + )
2T, Ep - — 2Tq0 Xl i) (4.195)
P | cw—mod xpPr

where xp = Xx74 describes an effective stiffness of the absorber compared
with the gain when the laser is cw-mode-locked at the same average power
as the cw laser. Thus, similar to the case of cw-Q-switching and mode locking
it is useful to introduce the driving force for Q-switched mode locking

20T
QMDF = ?L. (4.196)
P

Figure 4.35 shows the relation (4.193) for different absorber strength. In
going from Fig. 4.24 to Fig. 4.35, we used T4 = 0.1. We see, that the
short normalized recovery time essentially leads to a scaling of the abscissa,
when going from Fig. 4.24 to Fig. 4.35 while keeping all other parameters
constant. Comparing Eqs.(4.166) with (4.196), it follows that, in the case
of cw-mode locking, the absorber is more strongly saturated by a factor of
1/T4, which can easily be as large as 1000. Therefore, the Q-switched mode
locking driving force is much larger than the mode locking driving force,
MDF, Accordingly, the tendency for Q-switched mode locking is significantly
higher than for cw Q-switching. However, now, it is much easier to saturate
the absorber with an average power well below the damage threshold of the
absorber (Fig. 4.35). Therefore, one is able to leave the regime of Q-switched
mode locking at a large enough intracavity power.
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Figure 4.35: Visualization of the stability relations for Q-switched mode lock-
ing for different products 2¢y77,. The assumed stiffness for pulsed operation
is xp = 10, which corresponds to T4 = 0.1. The functional form of the
relations for cw Q-switching and Q-switched mode locking is very similar.
The change in the stiffness, when going from cw to pulsed saturation, thus
essentially rescales the x-axis. For low-temperature grown absorbers, Ty can
be as small as 1076
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We summarize our results for Q-switched mode locking in Fig. 4.36.
It shows the stability boundary for Q-switched mode locking according to
eq.(4.193), for different strengths of the saturable absorber, i.e. different
values 2¢yTr. One may also derive minimum critical mode locking driving
force for self-starting modelocking of the laser M D F,. due to various processes
in the laser [28][29][31][32]. Or, with the definition of the pulsed stiffness, we

obtain
2q0717,

<
Xpe = NIDE.

Thus, for a self-starting laser which shows pure cw-mode locking, we have to
design the absorber such that its MDF is greater than this critical value. Or
expressed differently, the pulsed stiffness has to be smaller than the critical
value Y, ., at a fixed value for the absorber strength go. There is always
a trade-off: On one hand, the mode locking driving force has to be large
enough for self-starting. On the other hand the saturable absorption has to
be small enough, so that the laser can be operated in a parameter regime
where it is stable against Q-switching mode locking, see Fig. (4.36).

Ty (4.197)

4.9 Summary

Starting from a simple two level laser and absorber model, we characterized
the dynamics of solid-state lasers mode-locked and Q-switched by a saturable
absorber. The unique properties of solid-state laser materials, i.e. their long
upper-state life time and their small cross sections for stimulated emission,
allow for a separation of the laser dynamics on at least two time scales.
One process is the energy build-up and decay, which occurs typically on a
time scale of the upper state lifetime or cavity decay time of the laser. The
other process is the pulse shaping, which occurs within several roundtrips
in the cavity. Separating these processes, we can distinguish between the
different laser dynamics called cw-Q-switching, Q-switched mode locking and
cw-mode locking. We found the stability boundaries of the different regimes,
which give us guidelines for the design of absorbers for a given solid state
laser to favour one of these regimes. Semiconductor absorbers are a good
choice for saturable absorbers to modelock lasers, since the carrier lifetime
can be engineered by low temperature growth [24]. When the pulses become
short enough, the laser pulse saturates the absorber much more efficiently,
which stabilizes the laser against undesired Q-switched mode locking. It has
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been demonstrated experimentally, that this technique can control the laser
dynamics of a large variety of solid-state lasers, such as Nd:YAG, Nd:YLF,
Nd:YVO0,, [22] in the picosecond regime.

With semiconductor devices and soliton formation due to negative GVD
and SPM, we can use similar semiconductor absorbers to modelock the lasers
in the femtosecond regime [39]. The stability criteria derived here can be ap-
plied to both picosecond and femtosecond lasers. However, the characteristics
of the absorber dynamics may change drastically when going from picosecond
to femtosecond pulses [40]. Especially, the saturation energy may depend not
only on excitation wavelength, but also on the pulsewidth. In addition there
may be additional loss mechanismes for the pulse, for example due to soliton
formation there are additional filter losses of the pulse which couple to the
energy of the pulse via the area theorem. This has to be taken into account,
before applying the theory to fs-laser systems, which will be discussed in
more detail later.
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Chapter 5

Active Mode Locking

For simplicity, we assume, that the laser operates in the transverse fundamen-
tal modes and, therefore, we only have to treat the longitudinal modes of the
laser similar to a simple plane parallel Fabry-Perot resonator (Figure: 5.1).
We consider one polarization of the field only, however, as we will say later
for some mode-locked laser polarization dynamics will become important.

The task of mode-locking is to get as many of the longitudinal modes
lasing in a phase synchronous fashion, such that the superposition of all
modes represents a pulse with a spatial extent much shorter than the cavity.
The pulse will then propagate at the group velocity corresponding to the
center frequency of the pulse.

A
\j

Cavity Length, L

Figure 5.1: Fabry-Perot resonator
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5.1 The Master Equation of Mode Locking

Lets consider for the moment the cold cavity (i.e. there is only a simple
linear medium in the cavity no lasing). The most general solution for the
intracavity field is a superpositon of left- and rightward running waves

[e.9]

Bl (2 t) = Re { Enej(g’”HK"Z)} , (5.1)

n=0

and

B9 (2. 1) = Re {Z Enef<9n”<nz>} . (5.2)
n=0

The possible values for the wavenumbers are K,, = nr/L, resulting from the
boundary conditions on metallic mirrors or periodicity after one roundtrip in
the cavity. If the mirrors are perfectly reflecting, the leftward and rightward
moving waves Egs.(5.1) and (5.2) contain the same information and it is
sufficient to treat only one of them. Usually one of the cavity mirrors is
not perfectly reflecting in order to couple out light, however, this can be
considered a perturbation to the ideal mode structure.

We consider the modes in Eq.(5.2) as a continuum and replace the sum
by an integral

, 1 S ,
BT (2, 1) = 5 fte {/ E(K)ej(Q(K)tKZ)dK} (5.3)
™

K=0

with R )
E(K,,) = E,2L. (5.4)

Eq.(5.3) is similar to the pulse propagation discussed in chapter 2 and de-
scribes the pulse propagation in the resonator. However, here it is rather
an initial value problem, rather than a boundary value problem. Note, the
wavenumbers of the modes are fixed, not the frequencies. To emphasize this
even more, we introduce a new time variable 7' = t and a local time frame
t' =t —z/v,, instead of the propagation distance z, where v, is the group
velocity at the central wave number K, of the pulse

(%)
k0 Oow

Ow

Ug70 = % (55)

w=0
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For introduction of a slowly varying envelope, we shift the frequency and

wavenumber by the center frequency wy = €2,, and center wave number
k() — Kno

k= K—K,,, (5.6)

w(k) = QKn, + k) = Oy, (5.7)

E(k) = E(Kn +k), (5.8)

The temporal evolution of the pulse is then determined by

—Kng——00

, 1 i ~
E(“fiht)(z,t)ZQ—Re{ / E(k)el k) dk} “otthos - (5.9)
™

Analogous to chapter 2, we define a slowly varying field envelope, that is
already normalized to the total power flow in the beam

ef k)t—kz)
A(z,t) = \| === 27 27r/ dk. (5.10)

With the retarded time ¢ and time 7', we obtain analogous to Eq. (?7).

AT ) =y 2?0 27r/ (Do TRl (5.11)

which can be written as

DA(T, )

T
BT

= Z D, ( 8t’)n A(T, 1), (5.12)

with the dispersion coefficients per resonator round-trip Ty = 2=
9,

(GDD)

2L 0"ty (k)

D, =
" n'U"ng okn—1

(5.13)

k=0

The dispersion coefficients (5.13) look somewhat suspicious, however, it is
not difficult to show, that they are equivalent to derivatives of the roundtrip

phase ¢(Q) = £n(Q)2L in the resonator at the center frequency

1 "¢ (9)

D p—
Tl o0n

: (5.14)

Q=wo
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Sofar, only the lossless resonator is treated. The gain and loss can be mod-
elled by adding a term like

DA(T, ')

T
B or

= —IA(T\t) (5.15)

(loss)

where [ is the amplitude loss per round-trip. In an analogous manner we can
write for the gain

DA(T, )

T
B ar

- (g(T) + Dga%> AT, ), (5.16)

(gain)

where ¢(7T') is the gain and and D, is the curvature of the gain at the maxi-
mum of the Lorentzian lineshape.

p, = 90 (5.17)

D, is the gain dispersion. ¢(7") is an average gain, which can be computed
from the rate equation valid for each unit cell in the resonator. The distrib-
uted gain obeys the equation

dg(zt) — g—g0  |AE D]

= — 5.18
875 TL g EL ’ ( )

where E, is the saturation energy E; = ;LULLAQ 7, Tr the upper state lifetime
and o the gain cross section. For typical solid-state lasers, the intracavity
pulse energy is much smaller than the saturation energy. Therefore, the gain
changes within one roundtrip are small. Furthermore, we assume that the
gain saturates spatially homogeneous, g(z,t') = ¢g(t'). Then, the equation for
the average gain ¢g(7T") can be found by averaging (5.18) over one round-trip

and we obtain
dg(T) g—g0 W()

= — — 5.19
8T TL g ELTR ’ ( )
where W(T) is the intracavity pulse energy at time ¢t = T'
Tr/2 00
W(T) = / AT, ) dt’ ~ / AT ). (5.20)
t'=—Tgr/2 —00
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High Output
Reflector Coupler

Gain AOM

Figure 5.2: Actively modelocked laser with an amplitude modulator
(Acousto-Optic-Modulator).

Taking all effects into account, the linear ones: loss, dispersion, gain and
gain dispersion, as well as the nonlinear ones like saturable absorption and
self-phase modulation, we end up with the master equation of modelocking

GATY) o
" ,
+ o(r) (14 g ) AT ) (5.21)

— (T, tA(T,t') — jo|A(T, t) 2 A(T,t").

To keep notation simple, we replace ¢’ by ¢ again. This equation was first
derived by Haus [4] under the assumption of small changes in pulse shape
per round-trip and per element passed within one round-trip.

5.2 Active Mode Locking by Loss Modula-
tion

Active mode locking was first investigated in 1970 by Kuizenga and Siegman
using a gaussian pulse analyses, which we want to delegate to the exercises
[3]. Later in 1975 Haus [4] introduced the master equation approach (5.21).
We follow the approach of Haus, because it also shows the stability of the
solution.

We introduce a loss modulator into the cavity, for example an acousto-
optic modulator, which periodically varies the intracavity loss according to
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1 d?
g(1+——)-|
Q7 dt?

’ Gain
Loss

- M(1-cos @,t)

Modulator

N

Figure 5.3: Schematic representation of the master equation for an actively
mode-locked laser.

q(t) = M (1 — cos(wpt)). The modulation frequency has to be very precisely
tuned to the resonator round-trip time, wy = 27 /Tg, see Fig.5.2. The
modelocking process is then described by the master equation

0A 0? A

3T g(T) + Dg@ — 1 — M (1 —cos(wnmt))| A. (5.22)
neglecting GDD and SPM. The equation can be interpreted as the total pulse
shaping due to gain, loss and modulator, see Fig.5.3.

If we fix the gain in Eq. (5.22) at its stationary value, what ever it might
be, Eq.(5.22) is a linear p.d.e, which can be solved by separation of variables.
The pulses, we expect, will have a width much shorter than the round-trip
time Tr. They will be located in the minimum of the loss modulation where
the cosine-function can be approximated by a parabola and we obtain

0A 0?

— = |g— 1+ D,— — M#*| A. 5.23

or — |77 g T (5:23)
M is the modulation strength, and corresponds to the curvature of the loss
modulation in the time domain at the minimum loss point

Tr

Tr

g
g
M 2

M, = 29 (5.25)

2



5.2. ACTIVE MODE LOCKING BY LOSS MODULATION 195

The differential operator on the right side of (5.23) corresponds to the Schrodinger-
Operator of the harmonic oscillator problem. Therefore, the eigen functions
of this operator are the Hermite-Gaussians

Ay (T t) = A,(t)eT/Tr, (5.26)
Wy

An(t) = Wﬂn(t/Ta){;g» (5.27)

where 7, defines the width of the Gaussian. The width is given by the fourth
root of the ratio between gain dispersion and modulator strength

Ta = {/Dy/M,. (5.28)

Note, from Eq. (5.26) we can follow, that the gain per round-trip of each

eigenmode is given by A, (or in general the real part of ), ), which are given
by

1
A = gn — 1 — 2M,72(n + 5). (5.29)
The corresponding saturated gain for each eigen solution is given by

1
1+ PZVTR

where W), is the energy of the corresponding solution and P, = Er /7 the
saturation power of the gain. Eq. (5.29) shows that for given ¢ the eigen
solution with n = 0, the ground mode, has the largest gain per roundtrip.
Thus, if there is initially a field distribution which is a superpostion of all
eigen solutions, the ground mode will grow fastest and will saturate the gain
to a value

gs = 1+ M2, (5.31)

such that Ay = 0 and consequently all other modes will decay since \,, < 0 for
n > 1. This also proves the stability of the ground mode solution [4]. Thus
active modelocking without detuning between resonator round-trip time and
modulator period leads to Gaussian steady state pulses with a FWHM pulse
width

AtFWHM =2In 27—a = 1.667’a. (532)
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The spectrum of the Gaussian pulse is given by

Ag(w) = / Ap(t)e™tdt (5.33)
wWTq 2
=\ SAWree SF, (5.34)
and its FWHM is
Af 166 (5.35)
FWHM =9 .
Therfore, the time-bandwidth product of the Gaussian is

The stationary pulse shape of the modelocked laser is due to the parabolic
loss modulation (pulse shortening) in the time domain and the parabolic
filtering (pulse stretching) due to the gain in the frequency domain, see Figs.
5.4 and 5.5. The stationary pulse is achieved when both effects balance.
Since external modulation is limited to electronic speed and the pulse width
does only scale with the inverse square root of the gain bandwidth actively
modelocking typically only results in pulse width in the range of 10-100ps.

@ 11— —T1 4
—
Pulse 3
5 8 a o
¢ ° 5
a o
= 6 AOM £
- . Loss .12 =
i 4 — 3 z-, _3
o ' o
o- =

-04 -02 0.0 02 04
Time, t/ Ty

Figure 5.4: (a) Loss modulation gives pulse shortening in each roundtrip
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Figure 5.5: (b) the finite gain bandwidth gives pulse broadening in each
roundtrip. For a certain pulse width there is balance between the two
processes.

For example: Nd:YAG; 2] = 2¢g = 10%, Q, = 7Afrwum = 0.65 THz,
M =0.2, f, =100 MHz, D, = 0.24 ps?*, My = 4-10'%s7, 7, ~ 99 ps.
With the pulse width (5.28), Eq.(5.31) can be rewritten in several ways

gs:l+MsTi:l+f—§:l+%MsTi+%f—g, (5.37)
which means that in steady state the saturated gain is lifted above the loss
level 1, so that many modes in the laser are maintained above threshold.
There is additional gain necessary to overcome the loss of the modulator due
to the finite temporal width of the pulse and the gain filter due to the finite
bandwidth of the pulse. Usually

gs—1 M2

z <, (5.38)

since the pulses are much shorter than the round-trip time and the stationary
pulse energy can therefore be computed from

90
1+ P%R
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Figure 5.6: Modelocking in the frequency domain: The modulator transvers
energy from each mode to its neighboring mode, thereby redistributing en-
ergy from the center to the wings of the spectrum. This process seeds and
injection locks neighboring modes.

The name modelocking originates from studying this pulse formation process
in the frequency domain. Note, the term

—M [1 — cos(wpt)] A
does generate sidebands on each cavity mode present according to

—M [1 — cos(wpt)] exp(Jwn,t)

. 1 . 1 .
= —-M [eXp(anot) -5 exp(j(Wnot — wut)) — 3 exp(J (Wnot + wMt))]

. 1 . 1 .
= M |:_ eXp(]wnot) + E eXp(jwno—lt) + 5 eXp(jwn0+1t):|

if the modulation frequency is the same as the cavity round-trip frequency.
The sidebands generated from each running mode is injected into the neigh-
boring modes which leads to synchronisation and locking of neighboring
modes, i.e. mode-locking, see Fig.5.6

5.3 Active Mode-Locking by Phase Modula-
tion

Side bands can also be generated by a phase modulator instead of an am-
plitude modulator. However, the generated sidebands are out of phase with
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the carrier, which leads to a chirp on the steady state pulse. We can again
use the master equation to study this type of modelocking. All that changes
is that the modulation becomes imaginary, i.e. we have to replace M by j M
in Eq.(5.22)

o4 (I')+ D > l—jM(1 (wut))| A (5.40)
— = — —— — cos(w ) )
or ~ Y oz~ M

The imaginary unit can be pulled through much of the calculation and we
arrive at the same Hermite Gaussian eigen solutions (5.26,5.27), however, the

parameter 7, becomes 7/, and is now complex and not quite the pulse width

7l = /=iy Do/ M. (5.41)

The ground mode or stationary solution is given by

[ W, 22 1 (144)
A()(t) = Wé’ 273 V2 ! s (542)

with 7, = /D,/M; as before. We end up with chirped pulses. How does
the pulse shortening actually work, because the modulator just puts a chirp
on the pulse, it does actually not shorten it? One can easily show, that if a
Gaussian pulse with chirp parameter 3

Tr

t2 1 .
Ao(t) ~ e 2ZvEHP) (5.43)

has a chirp # > 1, subsequent filtering is actually shortening the pulse.

5.4 Active Mode Locking with Additional SPM

Due to the strong focussing of the pulse in the gain medium also additional
self-phase modulation can become important. Lets consider the case of an
actively mode-locked laser with additional SPM, see Fig. 5.7. One can write
down the corresponding master equation

7,24 _ (T)+ D > | — Myt? — jo|A]*| A (5.44)
®ar — |7 9012 S ' '
Unfortunately, there is no analytic solution to this equation. But it is not

difficult to guess what will happen in this case. As long as the SPM is not
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Figure 5.7: Active mode-locking with SPM

excessive, the pulses will experience additional self-phase modulation, which
creates a chirp on the pulse. Thus one can make an ansatz with a chirped
Gaussian similar to (5.43) for the steady state solution of the master equation
(5.44)

Ao(t) _ Ae_ﬁ(l-FjB)‘Fj\I’T/TR (545)

Note, we allow for an additional phase shift per roundtrip ¥, because the
added SPM does not leave the phase invariant after one round-trip. This is
still a steady state solution for the intensity envelope. Substitution into the
master equation using the intermediate result

2
a Ta

g—;Ao(t) = {i—i (14 jB)* - 1 (1 +jﬁ)} Ap(t). (5.46)

leads to

i) = {o-1+0,[Sarior-Sasim) G

2
a Ta

M2 — |A|265_a} Ao(8).
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To find an approximate solution we expand the Gaussian in the bracket,
which is a consequency of the SPM to first order in the exponent.

. t? . 1 . . 12
Jj¥=g—-1+D, g(l +Jﬁ)2—;(1 +iB)| — Mt? — j5|A]? (1— ;) :
(5.48)

This has to be fulfilled for all times, so we can compare coefficients in front
of the constant terms and the quadratic terms, which leads to two complex
conditions. This leads to four equations for the unknown pulsewidth 7,
chirp 3, round-trip phase ¥ and the necessary excess gain g — [. With the
nonlinear peak phase shift due to SPM, ¢, = ¢ ]A|2. Real and Imaginary
parts of the quadratic terms lead to

D )

0 = T—§(1—5)—MS, (5.49)
D, ¢,

0 23 T; + =t (5.50)

and the constant terms give the excess gain and the additional round-trip
phase.

D
g—1 = =, (5.51)
T(l
1
v = D, _7'_36 — ¢p- (5.52)
The first two equations directly give the chirp and pulse width.
$oTa
= — 5.53
5= -5 (55
D
T, = ——. (5.54)
M, + fD);

However, one has to note, that this simple analysis does not give any hint
on the stability of these approximate solution. Indeed computer simulations
show, that after an additional pulse shorting of about a factor of 2 by SPM
beyond the pulse width already achieved by pure active mode-locking on its
own, the SPM drives the pulses unstable [5]. This is one of the reasons,
why very broadband laser media, like Ti:sapphire, can not simply generate
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Figure 5.8: Acitve mode-locking with additional soliton formation

femtosecond pulses via active modelocking. The SPM occuring in the gain
medium for very short pulses drives the modelocking unstable. Additional
stabilization measures have to be adopted. For example the addition of
negative group delay dispersion might lead to stable soliton formation in the
presence of the active modelocker.

5.5 Active Mode Locking with Soliton For-
mation

Experimental results with fiber lasers [8, 9, 11] and solid state lasers [10]
indicated that soliton shaping in the negative GDD regime leads to pulse
stabilization and considerable pulse shorting. With sufficient negative dis-
persion and self-phase modulation in the system and picosecond or even
femtosecond pulses, it is possible that the pulse shaping due to GDD and
SPM is much stronger than due to modulation and gain filtering, see Fig.
5.8. The resulting master equation for this case is

0A R o
Trgz = |94 (Dy = j1D]) 55 — L= M (1 = cos(wut)) = jo| AP | A. (5.55)
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For the case, that soliton formation takes over, the steady state solution a
soliton plus a continuum contribution
A(T,t) = (a(x)e™™ + a. (T, t)) e (5.56)
with
1 T
a(z) = Asech(z), and @ = ~(t+2D / p(TVT —t))  (557)
T 0
where a. is the continuum contribution. The phase is determined by
D [T/ 1
0(T)=00(T) — — —— —p(T)?) dT’ .
1) =00 - [ (s o) o ss)

whereby we always assume that the relation between the soliton energy and
soliton width is maintained (3.9)

D] _ SA(T)?

T(ryz 2

We also allow for a continuous change in the soliton amplitude A or energy

W = 2A%7 and the soliton variables phase 6, carrier frequency p and timing
to. ¢, is the soliton phase shift per roundtrip

o, = 2 (5.60)

T2

(5.59)

However, we assume that the changes in carrier frequency, timing and
phase stay small. Introducing (5.56) into (5.55) we obtain according to the

soliton perturbation theory developed in chapter 3.5

oa. n 8Wf n 8A9f9+ 8Apf n OAt
or or"  or or "  or
= ¢oL(a.+ Apf,) + R(a+ Apf, + a.) (5.61)

—Muwyy sin(wyrz) At ax)

Tr

f;

The last term arises because the active modelocker breaks the time invariance
of the system and leads to a restoring force pushing the soliton back to its
equilibrium position. L, R are the operators of the linearized NSE and of
the active mode locking scheme, respectively
1 02
R=yg(l+ =—=——
The vectors f,, fy, f, and f; describe the change in the soliton when the soliton
energy, phase, carrier frequency and timing varies.

) —1—M(1—cos(wyT)), (5.62)
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5.5.1 Stability Condition

We want to show, that a stable soliton can exist in the presence of the
modelocker and gain dispersion if the ratio between the negative GDD and
gain dispersion is sufficiently large. From (5.61) we obtain the equations of
motion for the soliton parameters and the continuum by carrying out the
scalar product with the corresponding adjoint functions. Specifically, for the
soliton energy we get

oW g 2

+ < fPRa, > .

We see that gain saturation does not lead to a coupling between the soliton
and the continuum to first order in the perturbation, because they are or-
thogonal to each other in the sense of the scalar product (3.37). This also
means that to first order the total field energy is contained in the soliton.

Thus to zero order the stationary soliton energy Wy = 2427 is determined
by the condition that the saturated gain is equal to the total loss due to the
linear loss [, gain filtering and modulator loss

m g
—l=—=Muw2,7? .64
g 21 M B0 (5:64)
with the saturated gain
9o
=— 5.65
I 1+ Wo/Er (5.65)

Linearization around this stationary value gives for the soliton perturbations
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T OAW of 9 Wo n 1
or T (1+Wo/Ep) \E, '~ 30272
2
+ %MM?WT2> AW+ < fiP|Ra, > (5.66)
Tg 5 = < f,”’|Ra, > (5.67)
0Ap 4q
Th——r = - A f)|Ra, .
R 5T 30277 p+ <f;”|Ra, > (5.68)
OAt ™o,
+ < fYRa. > (5.69)

and for the continuum we obtain

dq(k
TR% = j®o(k>+ 1)g(k)+ < £ |Ra, >

+< f,gﬂ]R(ao(x) +Awf, + Apf,) >
- < f,g+)|MwM sin(wyTx)ag(z) > At (5.70)

Thus the action of the active modelocker and gain dispersion has several
effects. First, the modelocker leads to a restoring force in the timing of the
soliton (5.69). Second, the gain dispersion and the active modelocker lead to
coupling between the perturbed soliton and the continuum which results in
a steady excitation of the continuum.

However, as we will see later, the pulse width of the soliton, which can be
stabilized by the modelocker, is not too far from the Gaussian pulse width
by only active mode locking. Then relation

wyT K 1<K Q7 (5.71)

is fulfilled. The weak gain dispersion and the weak active modelocker only
couples the soliton to the continuum, but to first order the continuum does
not couple back to the soliton. Neglecting higher order terms in the matrix
elements of eq.(5.70) [6] results in a decoupling of the soliton perturbations
from the continuum in (5.66) to (5.70). For a laser far above threshold, i.e.
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Wy/EL >> 1, gain saturation always stabilizes the amplitude perturbation
and eqs.(5.67) to (5.69) indicate for phase, frequency and timing fluctuations.
This is in contrast to the situation in a soliton storage ring where the laser
amplifier compensating for the loss in the ring is below threshold [14].

By inverse Fourier transformation of (5.70) and weak coupling, we obtain
for the associated function of the continuum

oG

Tr— =
Bor

g 0
0

[g — 1+ P+ =(1— ]Dn)ﬁ
—M (1 — cos(wpt)) ] G+ ]—"1{ < £9Ray(z) > (5.72)
- < f,§+)|MwM sin(wpyTx)ag(z) > At}

where D,, is the dispersion normalized to the gain dispersion
D, =|D|Q}/g. (5.73)

Note, that the homogeneous part of the equation of motion for the continuum,
which governs the decay of the continuum, is the same as the homogeneous
part of the equation for the noise in a soliton storage ring at the position
where no soliton or bit is present [14]. Thus the decay of the continuum is
not affected by the nonlinearity, but there is a continuous excitation of the
continuum by the soliton when the perturbing elements are passed by the
soliton. Thus under the above approximations the question of stability of
the soliton solution is completely governed by the stability of the continuum
(5.72). As we can see from (5.72) the evolution of the continuum obeys
the active mode locking equation with GVD but with a value for the gain
determined by (5.64). In the parabolic approximation of the cosine, we obtain
again the Hermite Gaussians as the eigensolutions for the evolution operator
but the width of these eigensolutions is now given by

Te =Ta/ (1 = jDy) (5.74)

and the associated eigenvalues are

1
A = j®o + g — 1 — Mw,m2\/(1 — jD,)(m + 5). (5.75)
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The gain is clamped to the steady state value given by condition (5.64) and
we obtain

@5ET e

—6+/(1 —jDy)(m + %)

, 1
)\m = +](I)O + g V Dng

Stability is achieved when all continuum modes see a net loss per roundtrip,
Re{\,,} <0 for m >0, i.e. we get from (5.76)

2

()L (_) < 3R/ T} (5.77)

T a

Relation (5.77) establishes a quadratic inequality for the pulse width reduc-
tion ratio & = (7,/7)?, which is a measure for the pulse width reduction due
to soliton formation

€2 —3Re{\/(1 — jD,)}¢ + %2 < 0. (5.78)

As has to be expected, this inequality can only be satisfied if we have a
minimum amount of negative normalized dispersion so that a soliton can be
formed at all

Dherit = 0.652. (5.79)

Therefore our perturbation ansatz gives only meaningful results beyond this
critical amount of negative dispersion. Since ¢ compares the width of a
Gaussian with that of a secant hyperbolic it is more relevant to compare the
full width half maximum of the intensity profiles of the corresponding pulses
which is given by

~1.66

= Ve (5.80)



208 CHAPTER 5. ACTIVE MODE LOCKING

12 —
10 —
8 -
6 -
4

Pulsewidth Reduction R

2 -

0 -

1 10 100 1000 10000
Normalized Dispersion D,

Figure 5.9: Pulsewidth reduction as a function of normalized dispersion.
Below D, .+ = 0.652 no stable soliton can be formed.

Figure 5.9 shows the maximum pulse width reduction R allowed by the
stability criterion (5.78) as a function of the normalized dispersion. The crit-
ical value for the pulse width reduction is R..; ~ 1.2. For large normalized
dispersion Fig. 1 shows that the soliton can be kept stable at a pulse width
reduced by up to a factor of 5 when the normalized dispersion can reach a
value of 200. Even at a moderate negative dispersion of D, = 5, we can
achieve a pulsewidth reduction by a factor of 2. For large normalized disper-
sion the stability criterion (5.78) approaches asymptotically the behavior

Dr e < L0 fOD
2 1.76 2

< (5.81)
Thus, the possible pulse-width reduction scales with the fourth root of the
normalized dispersion indicating the need of an excessive amount of disper-
sion necessary to maintain a stable soliton while suppressing the continuum.
The physical reason for this is that gain filtering and the active modelocker
continuously shed energy from the soliton into the continuum. For the soli-
ton the action of GVD and SPM is always in balance and maintains the
pulse shape. However, as can be seen from (5.72), the continuum, which can
be viewed as a weak background pulse, does not experience SPM once it is
generated and therefore gets spread by GVD. This is also the reason why
the eigenstates of the continuum consist of long chirped pulses that scale
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also with the fourth root of the dispersion (5.74). Then, the long continuum
pulses suffer a much higher loss in the active modulator in contrast to the
short soliton which suffers reduced gain when passing the gain medium due
to its broader spectrum. The soliton is stable as long as the continuum sees
less roundtrip gain than the soliton.

In principle by introducing a large amount of negative dispersion the
theory would predict arbitrarily short pulses. However, the master equation
(5.55) only describes the laser system properly when the nonlinear changes of
the pulse per pass are small. This gives an upper limit to the nonlinear phase
shift &, that the soliton can undergo during one roundtrip. A conservative
estimation of this upper limit is given with ®; = 0.1. Then the action of
the individual operators in (5.55) can still be considered as continuous. Even
if one considers larger values for the maximum phase shift allowed, since in
fiber lasers the action of GVD and SPM occurs simultaneously and therefore
eq.(5.55) may describe the laser properly even for large nonlinear phase shifts
per roundtrip, one will run into intrinsic soliton and sideband instabilities for
®, approaching 27 [29, 30]. Under the condition of a limited phase shift per
roundtrip we obtain

a_1ol
Do
Thus from (5.32), the definition of &, (5.81) and (5.82) we obtain for the
maximum possible reduction in pulsewidth

166 ,,/(99/2)?
Ry = 15 D, M. (5.83)

and therefore for the minimum pulsewidth

| 2D2

6 g
. , 84
Tmin =\ 9%, M, (5.84)

The necessary amount of normalized negative GVD is then given by

2,/(99,/2)?
Dy=j DL (5.85)

Eqgs.(5.83) to (5.85) constitute the main results of this paper, because they
allow us to compute the possible pulse width reduction and the necessary

(5.82)
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ain w . Ta,
meerial | T | M|t | | Mo () | e
Nd:YAG 0.06 0.2 250 0.7 2.5-1077 68
Nd:glass 4 0.2 250 1581079 | 2.5 -10°7 8.35
Cr:LiSAF 32 0.2 250 2.4.1076 | 2.5 .10~ 3
Ti:sapphire 43 0.01 100 1.4 1076 2.107° 8.5
galn Tmin, FWHM Ttrans
material Fomaz (ps) D " Tr
Nd:YAG 3 22.7 23.4 702
Nd:glass 6 1.4 385 | 11,538
Cr:LiSAF 8.6 0.35 1563 | 46,600
Ti:sapphire | 13.5 0.63 9367 | 281,000

Table 5.1: Maximum pulsewidth reduction and necessary normalized GVD
for different laser systems. In all cases we used for the saturated gain ¢ = 0.1
and the soliton phase shift per roundtrip &, = 0.1. For the broadband gain
materials the last column indicates rather long transient times which calls
for regenerative mode locking.
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negative GVD for a given laser system. Table (5.1) shows the evaluation of
these formulas for several gain media and typical laser parameters.

Table 5.1 shows that soliton formation in actively mode-locked lasers may
lead to considerable pulse shortening, up to a factor of 10 in Ti:sapphire. Due
to the 12th root in (5.83) the shortening depends mostly on the bandwidth
of the gain material which can change by several orders of magnitude for the
different laser materials. The amount of negative dispersion for achieving this
additional pulse shortening is in a range which can be achieved by gratings,
Gires-Tournois interferometers, or prisms.

Of course, in the experiment one has to stay away from these limits
to suppress the continuum sufficiently. However, as numerical simulations
show, the transition from stable to instable behaviour is remarkably sharp.
The reason for this can be understood from the structure of the eigenvalues
for the continuum (5.76). The time scale for the decay of transients is given
by the inverse of the real part of the fundamental continuum mode which
diverges at the transition to instability. Nevertheless, a good estimate for
this transient time is given by the leading term of the real part of (5.76)

Ttrans ]-

3
TR N Re{)\o} - \/mR2

This transient time is also shown in Table (5.1) for different laser systems.
Thus these transients decay, if not too close to the instability border, on time
scales from approximately 1,000 up to some 100,000 roundtrips, depending
strongly on the gain bandwidth and modulation strength. Consequently, to
first order the eigenvalues of the continuum modes, which are excited by the
right hand side of (5.72), are purely imaginary and independent of the mode
number, i.e. A\, &~ j®,. Therefore, as long as the continuum is stable, the
solution to (5.72) is given by

(5.86)

Gm::%r{<¢mmm>

At
—-M¥<$MM@>—} (5.87)
T

Thus, in steady state the continuum is on the order of

oDy Ao

|G<x)| ~ (b() 7_2 - Dn

(5.88)
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which demonstrates again the spreading of the continuum by the dispersion.
Equation (5.88) shows that the nonlinear phase shift of the solitary pulse
per round trip has to be chosen as large as possible. This also maximizes
the normalized dispersion, so that the radiation shed from the soliton into
the continuum changes the phase rapidly enough such that the continuum
in steady state stays small. Note that the size of the generated continuum
according to (5.88) is rather independent of the real part of the lowest eigen-
value of the continuum mode. Therefore, the border to instability is very
sharply defined. However, the time scale of the transients at the transition
to instability can become arbitrarily long. Therefore, numerical simulations
are only trustworthy if the time scales for transients in the system are known
from theoretical considerations as those derived above in (5.86). The simu-
lation time for a given laser should be at least of the order of 10 times T4 qns
or even longer, if operated close to the instability point, as we will see in the
next section.

5.5.2 Numerical simulations

Table 5.1 shows that soliton formation in actively mode-locked lasers may
lead to considerable pulse shortening, up to a factor of 10 in Ti:sapphire. We
want to illustrate that at the example of a Nd:YAG laser, which is chosen
due to its moderate gain bandwidth, and therefore, its large gain dispersion.
This will limit the pulsewidth reduction possible to about 3, but the decay
time of the continuum (5.86) (see also Table 5.1) is then in a range of 700
roundtrips so that the steady state of the mode-locked laser can be reached
with moderate computer time, while the approximations involved are still
satisfied. The system parameters used for the simulation are shown in table
5.2. For the simulation of eq.(5.55) we use the standard split-step Fourier
transform method. Here the discrete action of SPM and GDD per roundtrip
is included by choosing the integration step size for the 7" integration to be
the roundtrip time Tgr. We used a discretisation of 1024 points over the
bandwidth of 17T H z, which corresponds to a resolution in the time domain
of 1ps. The following figures, show only one tenth of the simulated window
in time and frequency.

Figure 5.10 shows the result of the simulation starting with a 68-ps-long
Gaussian pulse with a pulse energy of W = 40 nJ for D,, = 24, ie. D =-17
ps?. For the given SPM coefficient this should lead to stable pulse shortening
by a factor of R = 2.8. Thus after at least a few thousand roundtrips the
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Figure 5.10: Time evolution of the pulse intensity in a Nd:YAG laser for the
parameters in Table 5.2, D = —17ps?, for the first 1,000 roundtrips in the

laser cavity, starting with a 68ps long Gaussian pulse.
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laser should be in steady state again with a FWHM pulsewidth of 24 ps.
Fig. 5.10 shows the pulse evolution over the first thousand round-trips, i.e.
4us real time. The long Gaussian pulse at the start contains an appreciable
amount of continuum. The continuum part of the solution does not experi-
ence the nonlinear phase shift due to SPM in contrast to the soliton. Thus
the soliton interferes with the continuum periodically with the soliton period
of Tsoiton/Tr = 27/¢y = 20m. This is the reason for the oscillations of the
pulse amplitude seen in Fig. 5.10 which vanish with the decay of the con-
tinuum. Note also that the solitary pulse is rapidly formed, due to the large
nonlinear phase shift per roundtrip. Figure 5.11 shows the simulation in time
and frequency domain over 10,000 roundtrips. The laser reaches steady state
after about 4,000 roundtrips which corresponds to 6 X T.qns and the final
pulsewidth is 24 ps in exact agreement with the predictions of the analytic
formulas derived above.

Lower normalized dispersion of D,, = 15 or D = -10 ps? only allows for
a reduction in pulsewidth by R = 2.68. However, using the same amount of
SPM as before we leave the range of stable soliton generation.
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Figure 5.11: Time evolution of the intensity (a) and spectrum (b) for the
same parameters as Fig. 2 over 10,000 roundtrips. The laser reaches steady

state after about 4,000 rountrips.
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Figure 5.12: (a) Time evolution of the intensity in a Nd:YAG laser for the
parameters in Table 5.2 over the first 1,000 round-trips. The amount of
negative dispersion is reduced to D = —10ps?, starting again from a 68ps
long pulse. The continuum in this case does not decay as in Fig. 5.2 and 5.3

due to the insufficient dispersion. (b) Same simulation over 50,000 round-
trips.
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Figure 5.12(a) shows similar to Fig. 5.10 the first 1,000 roundtrips in
that case. Again the solitary pulse is rapidly formed out of the long Gaussian
initial pulse. But in contrast to the situation in Fig. 5.10, the continuum does
not any longer decay on this time scale. The dispersion is too low to spread
the continuum rapidly enough. The continuum then accumulates over many
roundtrips as can be seen from Fig. 5.12(b). After about 10,000 roundtrips
the continuum has grown so much that it extracts an appreciable amount of
energy from the soliton. But surprisingly the continuum modes stop growing
after about 30,000 roundtrips and a new quasi stationary state is reached.

5.5.3 Experimental Verification

The theory above explains very well the ps Ti:saphire experiments [10] in
the regime where the pulses are stabilized by the active modelocker alone.
Gires-Tournois interferometers were used to obtain large amounts of negative
GDD to operate the laser in the stable soliton regime derived above. Here
we want to discuss in more detail the experimental results obtained recently
with a regeneratively, actively mode-locked Nd:glass laser [7], resulting in 310
fs. If SPM and GVD could be neglected, the weak modelocker would produce
Gaussian pulses with a FWHM of 7, pwry = 10 ps. However, the strong
SPM prevents stable pulse formation. The negative dispersion available in
the experiment is too low to achieve stable soliton formation, because the
pulse width of the soliton at this power level is given by 7 = 4|D|/(6W) =
464 fs, for the example discussed. The normalized dispersion is not large
enough to allow for such a large pulse width reduction. Providing enough
negative dispersion results in a 310 fs perfectly sech-shaped soliton-like pulse
as shown in Fig. 5.13. A numerical simulation of this case would need millions
of roundtrips through the cavity until a stationary state is reached. That
means milliseconds of real time, but would necessitate days of computer
time. Also the transition to instable behaviour has been observed, which is
the characteristic occurence of a short solitary fs-pulse together with a long
ps-pulse due to the instable continuum as we have found in the numerical
simulation for the case of a Nd:YAG laser (see Fig. 5.12(b)). Figure 5.14
shows the signal of a fast detector diode on the sampling oscilloscope. The
detector has an overall bandwidth of 25G H 2z and therefore can not resolve
the fs-pulse, but can resolve the width of the following roughly 100ps long
pulse.
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Figure 5.13: Autocorrelation of the actively mode-locked pulse (solid line)
and corresponding sech? fit (dashed line) with additional soliton formation.
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Figure 5.14: Sampling signal of fast detector when the mode-locked laser
operates at the transition to instability. The short fs pulse can not be resolved
by the detector and therefore results in a sharp spike corresponding to the
detector response time. In advance of the fs-pulse travels a roughly 100ps
long pulse.
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5.6 Active Modelocking with Detuning

So far, we only considered the case of perfect synchronism between the round-
trip of the pulse in the cavity and the external modulator. Technically,
such perfect synchronism is not easy to achieve. One way would be to do
regenerative mode locking, i.e. a part of the output signal of the modelocked
laser is detected, the beatnote at the round-trip frequency is filtered out from
the detector, and sent to an amplifier, which drives the modulator. This
procedure enforces synchronism if the cavity length undergoes fluctuations
due to acoustic vibrations and thermal expansion.

Nevertheless, it is interesting to know how sensitive the system is against
detuning between the modulator and the resonator. It turns out that this
is a physically and mathematically rich situation, which applies to many
other phenomena occuring in externally driven systems, such as the transi-
tion from laminar to turbulent flow in hydrodynamics. This transition has
puzzled physicists for more than a hundred years [15]. During the last 5 to
10 years, a scenario for the transition to turbulence has been put forward
by Trefethen and others [16]. This model gives not only a quantitative de-
scription of the kind of instability that leads to a transition from laminar,
i.e. highly ordered dynamics, to turbulent flow, i.e. chaotic motion, but also
an intuitive physical picture why turbulence is occuring. Such a picture is
the basis for many laser instabilities especially in synchronized laser systems.
According to this theory, turbulence is due to strong transient growth of
deviations from a stable stationary point of the system together with a non-
linear feedback mechanism. The nonlinear feedback mechanism couples part
of the amplified perturbation back into the initial perturbation. Therefore,
the perturbation experiences strong growth repeatedly. Once the transient
growth is large enough, a slight perturbation from the stable stationary point
renders the system into turbulence. Small perturbations are always present
in real systems in the form of system intrinsic noise or environmental noise
and, in computer simulations, due to the finite precision. The predictions
of the linearized stability analysis become meaningless in such cases. The
detuned actively modelocked laser is an excellent example of such a system,
which in addition can be studied analytically. The detuned case has been
only studied experimentally [17][18] or numerically [19] so far. Here, we con-
sider an analytical approach. Note, that this type of instability can not be
detected by a linear stability analysis which is widely used in laser theories
and which we use in this course very often to prove stable pulse formation.
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One has to be aware that such situations may arise, where the results of a
linearized stability analysis have only very limited validity.

The equation of motion for the pulse envelope in an actively modelocked
laser with detuning can be writen as

QA(T,t) 0?
0

—M (1 — cos(wpt)) + Tdﬁ A(T\t).

Here, A(T,t) is the pulse envelope as before. There is the time 7" which is
coarse grained on the time scale of the resonator round-trip time T and
the time ¢, which resolves the resulting pulse shape. The saturated gain is
denoted by ¢g(7T') and left dynamical, because we no longer assume that the
gain and field dynamics reaches a steady state eventually. The curvature of
the intracavity losses in the frequency domain, which limit the bandwidth of
the laser, is given by Dy .and left fixed for simplicity. M is the depth of the
loss modulation introduced by the modulator with angular frequency wj; =
27 /T, where Ty is the modulator period. Note that Eq.(5.89) describes the
change in the pulse between one period of modulation. The detuning between
resonator round-trip time and the modulator period is T; = Ty — Tk.This
detuning means that the pulse hits the modulator with some temporal off-set
after one round-trip, which can be described by adding the term Td%A in the
master equation.The saturated gain g obeys a separate ordinary differential

equation
9(T) _ 9T)—g0  W(T)
o = - g P (5.90)

As before, gq is the small signal gain due to the pumping, P, the saturation
power of the gain medium, 7, the gain relaxation time and W(T) = [
|A(T,t)|* dt the total field energy stored in the cavity at time 7.

As before, we expect pulses with a pulse width much shorter than the
round-trip time in the cavity and we assume that they still will be placed
in time near the position where the modulator introduces low loss (Figure
5.15), so that we can still approximate the cosine by a parabola

0A 0? 0
5= |9 I+ Df@ — M2 +Ty—=| A. (5.91)

T
M ot
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Figure 5.15: Drifting pulse dynamics in a detuned actively modelocked laser
for the situation, where the modulator period is larger than the cavity round-
trip time. The displacement A is caused by the mismatch between the cavity
round-trip time and the modulator period. The displacement B is due to
unequal losses experienced by the front and the back of the pulse in the
modulator. The gain saturates to a level where a possible stationary pulse
experiences no net gain or loss, which opens up a net gain window following
the pulse. Perturbations within that window get amplified while drifting
towards the stationary pulse.

Here, M, = Mw?,/2 is the curvature of the loss modulation at the point
of minimum loss as before. The time t is now allowed to range from —oo to
+00, since the modulator losses make sure that only during the physically
allowed range —Tr/2 < t < Tg/2 radiation can build up.

In the case of vanishing detuning, i.e. T; = 0, the differential operator
on the right side of (5.91), which generates the dynamics and is usually
called a evolution operator L, correspondes to the Schrodinger operator of
the harmonic oscillator. Therefore, it is useful to introduce the creation and
annihilation operators

1 (71,0 t 1 TaO 1
AT [ v AT:_ _'a o
a \/§<8t +Ta>, a \/5< Y +7a>’ (5.92)
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with 7, = </Ds/Mjs. The evolution operator L is then given by

. 1
L=g—1-2DsM, (a*a+5> (5.93)

and the evolution equation (5.91) can be written as
Ty— = LA. (5.94)

Consequently, the eigensolutions of this evolution operator are the Hermite-
Gaussians, which we used already before

AT t) = up(t)er T/ (5.95)
W, il

w®) =\ Halt/Ta)e (5.96)

and 7, is the pulsewidth of the Gaussian.(see Figure 5.16a)
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Figure 5.16: Lower order eigenmodes of the linearized system for zero detun-
ing, A =0, (a) and for a detuning, A = 0.32, in (b).

The eigenmodes are orthogonal to each other because the evolution op-
erator is hermitian in this case.

The round-trip gain of the eigenmode w,(t) is given by its eigenvalue (or
in general by the real part of the eigenvalue) which is given by A\, = ¢, —

-1
1= 2/Dy M, (n +05) where g, = go (1+ %), with W, = [ Jun (6) dt.
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The eigenvalues prove that, for a given pulse energy, the mode with n = 0,
which we call the ground mode, experiences the largest gain. Consequently,
the ground mode will saturate the gain to a value such that Ay = 0 in steady
state and all other modes experience net loss, A\, < 0 for n > 0, as discussed
before. This is a stable situation as can be shown rigorously by a linearized
stability analysis [?]. Thus active modelocking with perfect synchronization
produces Gaussian pulses with a 1/e-half width of the intensity profile given
by 7,.

In the case of non zero detuning T}, the situation becomes more complex.
The evolution operator, (5.93), changes to

- 1
Lp=g—1-2y/DsM, |(af — A) (&+A)+(§+A2) (5.97)

with the normalized detuning
1 Ty
2 A/ 2Dst Ta

Introducing the shifted creation and annihilation operators, bt =af + A and
b= a+ A, respectively, we obtain

A= (5.98)

Lp=Ag—2 (bTb - 2Ab> (5.99)

with the excess gain

Ag=g—1-2/D;M, +A2 (5.100)

due to the detuning. Note, that the resulting evolution operator is not any
longer hermitian and even not normal, i.e. [A,AT] = 0, which causes the
eigenmodes to become nonnormal [21]. Nevertheless, it is an easy excercise
to compute the eigenvectors and eigenvalues of the new evolution operator in
terms of the eigenstates of b'b, |I) , which are the Hermite Gaussians centered
around A. The eigenvectors |p,,) to Lp are found by the ansatz

n
n—I
= ' |l), with ¢! | = ———=¢]".
|90n> §l|> 1+1 QA\/H-—ll
The new eigenvalues are \, = g, — | — 2,/D ;M (A? + n + 0.5). By inspec-
tion, it is again easy to see, that the new eigenstates form a complete basis in

(5.101)
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Lo (IR). However, the eigenvectors are no longer orthogonal to each other. The

eigensolutions as a function of time are given as a product of a Hermite Poly-
nomial and a shifted Gaussian u,(t) = (t |¢,,) ~ Hn(t/74) exp [—%%“)z].
Again, a linearized stability analysis shows that the ground mode, i.e.|¢,) , a
Gaussian, is a stable stationary solution. Surprisingly, the linearized analy-
sis predicts stability of the ground mode for all values of the detuning in
the parabolic modulation and gain approximation. This result is even inde-
pendent from the dynamics of the gain, i.e. the upper state lifetime of the
active medium, as long as there is enough gain to support the pulse. Only
the position of the maximum of the ground mode, v/2A - 7,, depends on the
normalized detuning.

Figure 5.15 summarizes the results obtained so far. In the case of de-
tuning, the center of the stationary Gaussian pulse is shifted away from the
position of minimum loss of the modulator. Since the net gain and loss within
one round-trip in the laser cavity has to be zero for a stationary pulse, there
is a long net gain window following the pulse in the case of detuning due
to the necessary excess gain. Figure 2 shows a few of the resulting lowest
order eigenfunctions for the case of a normalized detuning A =0 in (a) and
A = 0.32 in (b). These eigenfunctions are not orthogonal as a result of the
nonnormal evolution operator

5.6.1 Dynamics of the Detuned Actively Mode-locked
Laser

To get insight into the dynamics of the system, we look at computer simu-
lations for a Nd:YLF Laser with the parameters shown in Table 5.3 Figures

7L = 450 ps M, = 2.467 - 1017572
Qy=112THz Dy=2- 10726 52

Tr =4 ns To = 17 ps
[ =0.025 Ao = 1.047 pm
M =0.2

Table 5.3: Data used in the simulations of a Nd:YLF laser.

5.17 show the temporal evolution of the coefficient c¢,,,when the master equa-
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tion is decomposed into Hermite Gaussians centered at t=0 according to
Eq.(5.96).

AT ) =) ealT) un(t)
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Figure 5.17: Coefﬁcie%ts of ddt

a function of resonatoPround-{fips:—[Tie NOIMAalZgd AEGIING IS & = 3.0.
The simulation starts from the steady St?@%dﬂém%lﬂ%{mﬁgg- 1060 curve

starting at 1 is the ground mode. To describe a shifted pulse, many modes
are necessary.

Figure 5.18 and 5.19 shows the deviation from the steady state gain and
the pulse envelope in the time domain for a normalized detuning of A = 3.5.

Figure 5.18: Gain as a function of the number of roundtrips. It changes to a
higher level.
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Figures 5.20 to 5.22 show the same quantities for a slightly higher nor-
malized detuning of A = 4.

Figure 5.20: Temporal evolution of the coefficients in a Hermite-Gaussian
Basis at a normalized detuning of A = 4. Almost peridoically short in-
terrupting events of the otherwise regular motion can be easily recognized
(Intermittent Behavior). Over an extended period time between such events
the laser approaches almost a steady state.
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Figure 5.22: Time evolution of pulse envelope.

Figure 5.21: Temporal evolution of deviation from quasi steady state gain.

The pictures clearly show that the system does not approach a steady
state anymore, but rather stays turbulent, i.e. the dynamics is chaotic.

5.6.2 Nonnormal Systems and Transient (Gain

To get insight into the dynamics of a nonnormal time evolution, we consider
the following two-dimensional nonnormal system

du_

pri Au,  u(0) = ug, u(t) = e ug (5.102)
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Figure 5.23: Decomposition of an initial perturbation in the eigen basis.

with

_1l a 1 9 al a 1
(R )eae (20 (2 D)o
(5.103)

The parameter a scales the strength of the nonnormality, similar to the
detuning A in the case of a modelocked laser or the Reynolds number in
hydrodynamics, where the linearized Navier-Stokes Equations constitute a
nonnormal system.

The eigenvalues and vectors of the linear system are

1 1 1 a
/\1 - _57 U = ( 0 > ’ /\2 - _17 Vg = \/ﬁ ( -1 ) (5104)

The eigenvectors build a complete system and every initial vector can be
decomposed in this basis. However, for large a, the two eigenvectors become
more and more parallel, so that a decomposition of a small initial vector
almost orthogonal to the basis vectors needs large components (Figure 5.23)

The solution is

t/2 t

— —_ _ —_
u(t) = eAug = cqe Vi+cey e’ U

Since the eigenvalues are negative, both contributions decay, and the
system is stable. However, one eigen component decays twice as fast than
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the other one. Of importance to us is the transient gain that the system is
showing due to the fact of near parallel eigen vectors. Both coefficients c;
and cy are large. When one of the components decays, the other one is still
there and the resulting vector

u(t — 2) ~cre ™t 1.

can be much larger then the initial perturbation during this transient phase.
This is transient gain. It can become arbitrarily large for large a.

5.6.3 The Nonormal Behavior of the Detuned Laser

The nonnormality of the operator, [f} D, [AJE] ~ /A, increases with detuning.

Figure 5.24 shows the normalized scalar products between the eigenmodes
for different values of the detuning

(P |¥n) .
\/ (m |€m) (@0 €0)

(5.105)

The eigenmodes are orthogonal for zero detuning. The orthogonality van-
ishes with increased detuning. The recursion relation (5.101) tells us that the
overlap of the new eigenmodes with the ground mode increases for increasing
detuning. This corresponds to the parallelization of the eigenmodes of the
Lpt

linearzed problem which leads to large transient gain, He , in a nonnormal

situation [16]. Figure 5.24d shows the transient gain for an initial perturba-
tion from the stationary ground mode calculated by numerical simulations
of the linearized system using an expansion of the linearized system in terms
of Fock states to the operator b. A normalized detuning of A = 3 already
leads to transient gains for perturbations of the order of 10° within 20, 000
round-trips which lead to an enormous sensitivity of the system against per-
turbations. An analytical solution of the linearized system neglecting the
gain saturation shows that the transient gain scales with the detuning ac-
cording to exp(2A?). This strong super exponential growth with increasing
detuning determines the dynamics completely.
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Figure 5.24: Scalar products of eigenvectors as a function of the eigenvector
index for the cases A = 0 shown in (a), A =1 in (b) and A = 3 in (c). (d)
shows the transient gain as a funtion of time for these detunings computed
and for A = 2, from the linearized system dynamics.

Nd:YLF critical surface

critical detuning A

cav L

Figure 5.25: Critical detuning obtained from numerical simulations as a func-
tion of the normalized pumping rate and cavity decay time divided by the
upper-state lifetime. The crititcal detuning is almost independent of all laser
parameters shown. The mean critical detuning is A = 3.65.
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Figure 5.25 shows the surface of the transition to turbulence in the pa-
rameter space of a Nd:YLF laser, i.e. critical detuning A, the pumping rate
r = go/l and the ratio between the cavity decay time T.,, = Tr/l and the
upper state lifetime 7. In this model, we did not inlcude the spontaneous
emission.

The transition to turbulence always occurs at a normalized detuning of
about A & 3.7 which gives a transient gain exp(2A?) = 10'2. This means that
already uncertainties of the numerical integration algorithm are amplified to
a perturbation as large as the stationary state itself. To prove that the system
dynamics becomes really chaotic, one has to compute the Liapunov coefficient
[22]. The Liapunov coefficient describes how fast the phase space trajectores
separate from each other, if they start in close proximity. It is formally
defined in the following way. Two trajectories y(¢) and z(t) start in close
vicinity at t = tg

ly(to) — z(to)|| = = 107*. (5.106)

Then, the system is run for a certain time At and the logarithmic growth
rate, i.e. Liapunov coefficient, of the distance between both trajectories is
evaluated using

3

For the next iteration the trajectory z(t) is rescaled along the distance be-
tween y(to + At) and z(ty + At) according to

y(to + At) — z(to + At)
[y(to + At) — 2(to + At)||

The new points of the trajectories z(t; +At) and y(t, +At) = y(to+2At) are
calculated and a new estimate for the Liapunov coefficient \; is calculated
using Eq.(5.107) with new indices. This procedure is continued and the
Liapunov coefficient is defined as the average of all the approximations over
a long enough iteration, so that its changes are below a certain error bound
from iteration to iteration.

Z(tl) = y(to + At) + e

(5.108)

1 N
A=—3 "), 1
NZ; (5.109)

Figure 5.26 shows the Liapunov coefficient of the Nd:YLF laser discussed
above, as a function of the normlized detuning. When the Liapunov coef-
ficient becomes positive, i.e. the system becomes exponentially sensitive to
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small changes in the initial conditions, the system is called chaotic. The
graph clearly indicates that the dynamics is chaotic above a critical detuning
of about A, ~ 3.7.

[ 1
critical detuning A=3.7 =

turbulent area

stationary area

Liapunov coefficient, x 10
o

(

1t :
I

2+t I
I

I

-3 1

i i i | - i
0 1 2 3 4 5 6

detuning A

Figure 5.26: Liapunov coefficient over normalized detuning.

In the turbulent regime, the system does not reach a steady state, because
it is nonperiodically interrupted by a new pulse created out of the net gain
window, see Figure 5.15, following the pulse for positive detuning. This pulse
saturates the gain and the nearly formed steady state pulse is destroyed and
finally replaced by a new one. The gain saturation provides the nonlinear
feedback mechanism, which strongly perturbs the system again, once a strong
perturbation grows up due to the transient linear amplification mechanism.

The critical detuning becomes smaller if additional noise sources, such as
the spontaneous emission noise of the laser amplifier and technical noise
sources are taken into account. However, due to the super exponential
growth, the critical detuning will not depend strongly on the strength of
the noise sources. If the spontaneous emission noise is included in the sim-
ulation, we obtain the same shape for the critical detuning as in Fig. 5.25,
however the critical detuning is lowered to about A, ~ 2. Note that this crit-
ical detuning is very insensitive to any other changes in the parameters of the
system. Therefore, one can expect that actively mode-locked lasers without
regenerative feedback run unstable at a real detuning, see (5.98) given by

T, = 4\/2D; M,, (5.110)
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For the above Nd:YLF laser, using the values in Table 5.3 results in a relative
precision of the modulation frequency of

The derived value for the frequency stability can easily be achieved and
maintained with modern microwave synthesizers. However, this requires that
the cavity length of Nd:YLF laser is also stable to this limit. Note that the
thermal expansion coefficient for steel is 1.6 - 107° /K.

5.7 Summary

The main result of this section is, that pure active mode locking with an
amplitude modulator leads to Gaussian pulses. The width is inverse propor-
tional to the square root of the gain bandwdith. Mode locking can also be
achieved by a phase modulator which leads to chirped Gaussian pulses. A
soliton much shorter than the Gaussian pulse due to pure active mode locking
can be stabilized by an active modelocker. This finding also has an impor-
tant consequence for passive mode locking. It implies that a slow saturable
absorber, i.e. an absorber with a recovery time much longer than the width
of the soliton, is enough to stabilize the pulse, i.e. to modelock the laser.
Finally, we looked into the sensitivity of active mode locking on synchronizm
between the cavity rountrip frequency and the modulation frequency. This
dynamics is characterized by a transition to chaos which is governed by a
universal detuning parameter, which is typically on the order of 107°.
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Chapter 6

Passive Modelocking

As we have seen in chapter 5 the pulse width in an actively modelocked laser
is inverse proportional to the fourth root of the curvature in the loss modu-
lation. In active modelocking one is limited to the speed of electronic signal
generators. Therefore, this curvature can never be very strong. However, if
the pulse can modulate the absorption on its own, the curvature of the ab-
sorption modulationcan become large, or in other words the net gain window
generated by the pulse can be as short as the pulse itself. In this case, the
net gain window shortens with the pulse. Therefore, passively modelocked
lasers can generate much shorter pulses than actively modelocked lasers.

However, a suitable saturable absorber is required for passive modelock-
ing. Depending on the ratio between saturable absorber recovery time and fi-
nal pulse width, one may distinguish between the regimes of operation shown
in Figure 6.1, which depicts the final steady state pulse formation process.
In a solid state laser with intracavity pulse energies much lower than the sat-
uration energy of the gain medium, gain saturation can be neglected. Then
a fast saturable absorber must be present that opens and closes the net gain
window generated by the pulse immediately before and after the pulse. This
modelocking principle is called fast saturable absorber modelocking, see Fig-
ure 6.1 a).

In semiconductor and dye lasers usually the intracavity pulse energy ex-
ceeds the saturation energy of the gain medium and so the the gain medium
undergoes saturation. A short net gain window can still be created, almost
independent of the recovery time of the gain, if a similar but unpumped
medium is introduced into the cavity acting as an absorber with a somewhat
lower saturation energy then the gain medium. For example, this can be

237
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(b)

Figure 6.1: Pulse-shaping and stabilization mechanisms owing to gain and
loss dynamics in passively mode-locked lasers: (a) using only a fast saturable
absorber; (b) using a combination of gain and loss saturation; (c) using a
saturable absorber with a finite relaxation time and soliton formation.

arranged for by stronger focusing in the absorber medium than in the gain
medium. Then the absorber bleaches first and opens a net gain window,
that is closed by the pulse itself by bleaching the gain somewhat later, see
Figure 6.1 b). This principle of modelocking is called slow-saturable absorber
modelocking.

When modelocking of picosecond and femtosecond lasers with semicon-
ductor saturable absorbers has been developed it became obvious that even
with rather slow absorbers, showing recovery times of a few picoseconds, one
was able to generate sub-picosecond pulses resulting in a significant net gain
window after the pulse, see Figure 6.1 ¢). From our investigation of active
modelocking in the presence of soliton formation, we can expect that such a
situation may still be stable up to a certain limit in the presence of strong
soliton formation. This is the case and this modelocking regime is called
soliton modelocking, since solitary pulse formation due to SPM and GDD
shapes the pulse to a stable sech-shape despite the open net gain window
following the pulse.
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6.1 Slow Saturable Absorber Mode Locking

Due to the small cross section for stimulated emission in solid state lasers,
typical intracavity pulse energies are much smaller than the saturation energy
of the gain. Therefore, we neglected the effect of gain saturation due to one
pulse sofar, the gain only saturates with the average power. However, there
are gain media which have large gain cross sections like semiconductors and
dyes, see Table 4.1, and typical intracavity pulse energies may become large
enough to saturate the gain considerably in a single pass. In fact, it is this
effect, which made the mode-locked dye laser so sucessful. The model for the
slow saturable absorber mode locking has to take into account the change
of gain in the passage of one pulse [1, 2]. In the following, we consider a
modelocked laser, that experiences in one round-trip a saturable gain and a
slow saturable absorber. In the dye laser, both media are dyes with different
saturation intensities or with different focusing into the dye jets so that gain
and loss may show different saturation energies. The relaxation equation of
the gain, in the limit of a pulse short compared with its relaxation time, can
be approximated by

dg _ _ [AMP

a - TR

(6.1)

The coefficient Ej, is the saturation energy of the gain. Integration of the
equation shows, that the gain saturates with the pulse energy F()

B(t) - / dt|A()? (6.2)

—Tgry2

when passing the gain
g(t) = giexp [~ E(t)/ EL] (6.3)

where g; is the initial small signal gain just before the arrival of the pulse. A
similar equation holds for the loss of the saturable absorber whose response
(loss) is represented by ¢(¢)

q(t) = qoexp [~ E(t)/E4] (6.4)
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where F 4 is the saturation energy of the saturable absorber. If the back-
ground loss is denoted by /, the master equation of mode-locking becomes

0
TromA = gi(exp (—E(t)/EL)) A — lA—
oT
(6.5)
@ exp (—E(t)/Ea)] A+ gz gz A
Here, we have replaced the filtering action of the gain D, = Qifc as

produced by a separate fixed filter. An analytic solution to this integro-
differential equation can be obtained with one approximation: the exponen-
tials are expanded to second order. This is legitimate if the population deple-
tions of the gain and saturable absorber media are not excessive. Consider
one of these expansions:

wew (<EO/Ex) ~ a0 |1- (BO/E)+ 3 (EO/ES] . (60)

We only consider the saturable gain and loss and the finite gain bandwidth.
Than the master equation is given by
QA(T,t) 0>
TS = |ot0) —alt) ~ 1+ Dy Ao, (6.7)

The filter dispersion, Dy = 1/ Q?, effectively models the finite bandwidth
of the laser, that might not be only due to the finite gain bandwidth, but
includes all bandwidth limiting effects in a parabolic approximation. Sup-
pose the pulse is a symmetric function of time. Then the first power of the
integral gives an antisymmetric function of time, its square is symmetric.
An antisymmetric function acting on the pulse A(t) causes a displacement.
Hence, the steady state solution does not yield zero for the change per pass,
the derivative T—IR% must be equated to a time shift At of the pulse. When
this is done one can confirm easily that A(t) = A, sech(¢/7) is a solution of
(6.6) with constraints on its coefficients. Thus we, are looking for a "steady
state" solution A(t,T) = A, sech(% + aT—j;%).Note, that « is the fraction of
the pulsewidth, the pulse is shifted in each round-trip due to the shaping by

loss and gain. The constraints on its coefficients can be easily found using
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the following relations for the sech-pulse

t
E(t) = / AP =Y (1 + tanh(2 + a1)> (6.8)
_TR/2 2 T TR

w\? t T t T

2 _ s d Y 202 -
Et)* = ( 5 ) (2 + Ztanh(T + aTR) sech (T +aTR)> (6.9)

0 t T
1 02 1 5 1 T

substituting them into the master equation (6.5) and collecting the coeffi-
cients in front of the different temporal functions. The constant term gives

the necessary small signal gain
W W\’
l——+ |5
2F 4 2F 4

The constant in front of the odd tanh —function delivers the timing shift per

round-trip
W (I W (WY
2EL 2EL QEA 2EA

And finally the constant in front of the sech®-function determines the pulsewidth

2
1 QW Do _ 9 (6.14)
T2 8 E% E?

1

(6.12)

At
a=—=yg;
-

. (6.13)

These equations have important implications. Consider first the equation for
the inverse pulsewidth, (6.14). In order to get a real solution, the right hand
side has to be positive. This implies that qo/E% > ¢;/F%. The saturable
absorber must saturate more easily, and, therefore more strongly, than the
gain medium in order to open a net window of gain (Figure 6.2).

This was accomplished in a dye laser system by stronger focusing into
the saturable absorber-dye jet (Reducing the saturation energy for the sat-
urable absorber) than into the gain-dye jet (which was inverted, i.e. optically
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Figure 6.2: Dynamics of a laser mode-locked with a slow saturable absorber.
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pumped). Equation (6.12) makes a statement about the net gain before pas-
sage of the pulse. The net gain before passage of the pulse is

RPN S L w\?
Ji o N Q?ﬂa Ji 2EL 2EL
(6.15)
o | (Y
“©12E, " \2EL) |
Using condition (6.14) this can be expressed as
e Wy (w1 o1
9i — 4o = G 2E, qo 2E 9?7_2. ( )

This gain is negative since the effect of the saturable absorber is larger than
that of the gain. Since the pulse has the same exponential tail after passage
as before, one concludes that the net gain after passage of the pulse is the
same as before passage and thus also negative. The pulse is stable against
noise build-up both in its front and its back. This principle works if the
ratio between the saturation energies for the saturable absorber and gain
Xp = E4/Ep is very small. Then the shortest pulsewidth achievable with a

given system is
22 E, - V2
T = — :
Vaosfly W /qofYy

The greater sign comes from the fact that our theory is based on the ex-
pansion of the exponentials, which is only true for % < 1. Note that the
modelocking principle of the dye laser is a very fascinating one due to the
fact that actually non of the elements in the system are fast. It is the inter-
play between two media that opens a short window in time on the scale of
femtoseconds. The media themselves just have to be fast enough to recover
completely between one round trip, i.e. on a nanosecond timescale.

Over the last fifteen years, the dye laser has been largely replaced by
solid state lasers, which offer even more bandwidth than dyes and are on top
of that much easier to handle because they do not show degradation over
time. With it came the need for a different mode locking principle, since the
saturation energy of these broadband solid-state laser media are much higher
than the typical intracavity pulse energies. The absorber has to open and
close the net gain window.

(6.17)
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6.2 Fast Saturable Absorber Mode Locking

The dynamics of a laser modelocked with a fast saturable absorber is again
covered by the master equation (5.21) [3]. Now, the losses ¢ react instantly
on the intensity or power P(t) = |A(t)|? of the field
4q0
9(A) = — @ (6.18)
14+ 5=
Py
where P, is the saturation power of the absorber. There is no analytic
solution of the master equation (5.21) with the absorber response (6.18).
Therefore, we make expansions on the absorber response to get analytic
insight. If the absorber is not saturated, we can expand the response (6.18)
for small intensities
9(A) = g0 — A%, (6.19)
with the saturable absorber modulation coefficient v = g9/ P4. The constant
nonsaturated loss gy can be absorbed in the losses [y = [ 4+ qo. The resulting
master equation is, see also Fig. 6.3
0A(T,t)

0
TRa—T = lg—loJerﬁ

1 d?
g(1+——)-1
QZd?) "

2 82
AP + 5 Doz =S AP AT, ). (6.20)

Gain
02 (=] = 2
jD;F & = | vIAQ)
SPM
jSIAI?

Figure 6.3: Schematic representation of the master equation for a passively
modelocked laser with a fast saturable absorber.
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Eq. (6.20) is a generalized Ginzburg-Landau equation well known from
superconductivity with a rather complex solution manifold.

6.2.1 Without GDD and SPM

We consider first the situation without SPM and GDD, i.e. Dy= = 0
0A(T,t)
oT

Up to the imaginary unit, this equation is still very similar to the NSE. To
find the final pulse shape and width, we look for the stationary solution

OA,(T, 1)

82
Tk =|g—1Io+ Dfﬁ + 7| A A(T,1). (6.21)

Th—————= =0.
Bar 0
Since the equation is similar to the NSE, we try the following ansatz
AT, ) = A, (t) = Agsech (3) | (6.22)
T
Note, there is
d
d—sechx = —tanhx sechz, (6.23)
x
d2
——sechr = tanh®z sechr — sech®z,
dz?
= (sechz — 2 sech’z) . (6.24)

Substitution of the ansatz (6.22) into the master equation (6.21), assuming
steady state, results in

0 = {(g —lo) + % [1 — 2sech? (é)}

+] Ag|*sech? <£)1 - Agsech (E) : (6.25)
T

T

Comparison of the coefficients with the sech- and sech3-expressions results
in the conditions for the pulse peak intensity and pulse width 7 and for the
saturated gain

D 1

=L = 4|4 (6.26)

T2 2

g = lo—=L. (6.27)



246 CHAPTER 6. PASSIVE MODELOCKING

From Eq.(6.26) and with the pulse energy of a sech pulse, see Eq.(3.8), W =
2’140’27',

4Dy
=
Eq. (6.28) is rather similar to the soliton width with the exception that
the conservative pulse shaping effects GDD and SPM are replaced by gain
dispersion and saturable absorption. The soliton phase shift per roundtrip is
replaced by the difference between the saturated gain and loss in Eq.(6.28).
It is interesting to have a closer look on how the difference between gain and
loss % per round-trip comes about. From the master equation (6.21) we can
derive an equation of motion for the pulse energy according to

T

(6.28)

oWy .9 [~ )
T = Tas / LA(T, )2 dt (6.29)

—00

. / {A(T,t)*a%A(T,tHc.c. it (6.30)

= 2G(gs, W)W, (6.31)

where G is the net energy gain per roundtrip, which vanishes when steady
state is reached [3]. Substitution of the master equation into (6.30) with

/ (sech’z) dz = 2, (6.32)
(sech’z) dz = 3 (6.33)
e’} 2 oo 2
2
—/Oo sechx% (sechx)dxr = /Oo (%Sechx) de = 3 (6.34)
results in
_ Dy 2 2
Glgss W) = g5 —lo— 55 + 3714 (6.35)
1 D
= g —lo+ Al =g~ lo+ T—;” =0 (6.36)
with the saturated gain
9o
s(W) = ——— 6.37
2.00) = 25 (6.37)
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Figure 6.4: Gain and loss in a passively modelocked laser using a fast sat-
urable absorber on a normalized time scale z = ¢ /7. The absorber is assumed

to saturate linearly with intensity according to ¢(A) = qo ( — ‘:2—‘;) .
0

Equation (6.36) together with (6.28) determines the pulse energy

90 Df
W) = —2 =, - =L
g ( ) 1 ZVR 0 72
('Y” )2
== l - .
0 16D, (6 38)

Figure 6.4 shows the time dependent variation of gain and loss in a laser
modelocked with a fast saturable absorber on a normalized time scale. Here,
we assumed that the absorber saturates linearly with intensity up to a max-
imum value gy = yA32. If this maximum saturable absorption is completely
exploited see Figure 6.5.The minimum pulse width achievable with a given
saturable absorption ¢q results from Eq.(6.26)

D q
T—2f — 50 (6.39)

to be
2 1

- 6.40
o (6.40)

T =
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|
2 A

Figure 6.5: Saturation characteristic of an ideal saturable absorber

Note that in contrast to active modelocking, now the achievable pulse width
is scaling with the inverse gain bandwidth, which gives much shorter pulses.
Figure 6.4 can be interpreted as follows: In steady state, the saturated gain is
below loss, by about one half of the exploited saturable loss before and after
the pulse. This means, that there is net loss outside the pulse, which keeps
the pulse stable against growth of instabilities at the leading and trailing
edge of the pulse. If there is stable mode-locked operation, there must be
always net loss far away from the pulse, otherwise, a continuous wave signal
running at the peak of the gain would experience more gain than the pulse
and would break through. From Eq.(6.35) follows, that one third of the
exploited saturable loss is used up during saturation of the aborber and
actually only one sixth is used to overcome the filter losses due to the finite
gain bandwidth. Note, there is a limit to the mimium pulse width, which
comes about, because the saturated gain (6.27) is gs = [ + %qo and, therefore,
from Eq.(6.40), if we assume that the finite bandwidth of the laser is set by
the gain, i.e. Dy = D, = Qig we obtain for gy > [

1
Tmin — 7
Qg

(6.41)

for the linearly saturating absorber model. This corresponds to mode locking
over the full bandwidth of the gain medium, since for a sech-shaped pulse,
the time-bandwidth product is 0.315, and therefore,

0315  Q
1.76 - T~ 1.76 -7

Afrwam = (6.42)
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As an example, for Ti:sapphire this corresponds to €2, = 270 THz, 7y, = 3.7
fS, TFWHM — 6.5 fs.

6.2.2 With GDD and SPM

After understanding what happens without GDD and SPM, we look at the
solutions of the full master equation (6.20) with GDD and SPM. It turns out,
that there exist steady state solutions, which are chirped hyperbolic secant
functions [4]

(1+58)
Al(T,t) = A (sech (—)) eIV TR, (6.43)

-
= Agsech (;) exp {jﬁ In sech <£> +ij/TR] . (6.44)

Where 1) is the round-trip phase shift of the pulse, which we have to allow for.
Only the intensity of the pulse becomes stationary. There is still a phase-shift
per round-trip due to the difference between the group and phase velocity
(these effects have been already transformed away) and the nonlinear effects.
As in the last section, we can substitute this ansatz into the master equation
and compare coefficients. Using the following relations

d b d

o (@) = bf@) " (@) (6.45)

difv (SeChJU)(HjB) = —(1+jp)tanhz (sechx)(lﬂﬁ) : (6.46)
dd—; (sechaz) "7 — (1+jB)* — (2+ 38 — f?) sech’z)  (6.47)
(secha) 7. (6.48)

in the master equation and comparing the coefficients to the same functions
leads to two complex equations

LDy +iD) 24355 -5 = (v— o) | A, (6.49)

ﬁ
1+ j6)? : ,
lo — % (Df +jD3) = g—ji. (6.50)
These equations are extensions to Eqgs.(6.26) and (6.27) and are equivalent
to four real equations for the phase-shift per round-trip v, the pulse width
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7, the chirp 8 and the peak power |A4y|? or pulse energy. The imaginary
part of Eq.(6.50) determines the phase-shift only, which is most often not of

importance. The real part of Eq.(6.50) gives the saturated gain

1— B2 28Dy

g=lo——Ds+—— (6.51)
The real part and imaginary part of Eq.(6.49) give
1
= [Ds (2-5%) =38D,] = 1A, (6.52)
1
= [D2(2- B%) +38D;] = —6]Ao|*. (6.53)

We introduce the normalized dispersion, D,, = Ds/Dy, and the pulse width
of the system without GDD and SPM, i.e. the width of the purely saturable
absorber modelocked system, 7o = 4D/(yW). Dividing Eq.(6.53) by (6.52)
and introducing the normalized nonlinearity §,, = §/7, we obtain a quadratic
equation for the chirp,

D, (2—-5%) +38
) = _5717
(2— %) — 38D,
or after some reodering

3 4+t Dy
2— 3% —1+6,D,

1
—. (6.54)
X

Note that y depends only on the system parameters. Therefore, the chirp is
given by

3 3\’
B=—sx* (§x> +2. (6.55)

Knowing the chirp, we obtain from Eq.(6.52) the pulsewidth
= % (2 - 8% -38D,), (6.56)

which, with Eq.(6.54), can also be written as

r=""%(x~ D,) (657)
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In order to be physically meaningful the pulse width has to be a positive
number, i.e. the product S (x — D,,) has always to be greater than 0, which
determines the root in Eq.(6.55)

3 3.2
34/ (Bx) 42, f > D,
sl TV EY o X . (6.58)
X

Figure 6.6(a,b and d) shows the resulting chirp, pulse width and nonlinear
round-trip phase shift with regard to the system parameters [4][5]. A neces-
sary but not sufficient criterion for the stability of the pulses is, that there
must be net loss leading and following the pulse. From Eq.(6.51), we obtain

1-p? 28D
gs —1lo=— Tf Dy + 5722<0. (6.59)

If we define the stability parameter S

S=1-p*-28D, >0, (6.60)

S has to be greater than zero, as shown in Figure 6.6 (d).
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(© (d)

Figure 6.6: (a) Pulsewidth, (b) Chirp parameter, (c) Net gain following the
pulse, which is related to stability. (d) Phase shift per pass. [4]

Figure 6.6 (a-d) indicate that there are essentially three operating regimes.
First, without GDD and SPM, the pulses are always stable. Second, if there
is strong soliton-like pulse shaping, i.e. 4, > 1 and —D,, > 1 the chirp is
always much smaller than for positive dispersion and the pulses are soliton-
like. At last, the pulses are even chirp free, if the condition 9, = —D,, is
fulfilled. Then the solution is

T

A (T, t) = A (Sech (£>) VTR for 6, = —D,,. (6.61)

Note, for this discussion we always assumed a positive SPM-coefficient. In
this regime we also obtain the shortest pulses directly from the system, which
can be a factor 2-3 shorter than by pure saturable absorber modelocking.
Note that Figure 6.6 indicates even arbitrarily shorter pulses if the nonlinear
index, i.e. ¢, is further increased. However, this is only an artificat of
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the linear approximation of the saturable absorber, which can now become
arbitrarily large, compare (6.18) and (6.19). As we have found from the
analysis of the fast saturable absorber model, Figure 6.4, only one sixth of
the saturable absorption is used for overcoming the gain filtering. This is so,
because the saturable absorber has to shape and stabilize the pulse against
breakthrough of cw-radiation. With SPM and GDD this is relaxed. The
pulse shaping can be done by SPM and GDD alone, i.e. soliton formation
and the absorber only has to stabilize the pulse. But then all of the saturable
absorption can be used up for stability, i.e. six times as much, which allows
for additional pulse shorteing by a factor of about /6 = 2.5 in a parbolic
filter situation. Note, that for an experimentalist a factor of three is a large
number. This tells us that the 6.5 fs limit for Ti:sapphire derived above from
the saturable absorber model can be reduced to 2.6 fs including GDD and
SPM, which is about one optical cycle of 2.7 fs at a center wavelength of
800nm. At that point, all the approximations we have mode so far break
down. If the amount of negative dispersion is reduced too much, i.e. pulses
become to short, the absorber cannot keep them stable anymore.

If there is strong positive dispersion, the pulses again become stable and
long, but highly chirped. The pulse can then be compressed externally, how-
ever not completely to their transform limit, because these are nonlinearly
chirped pulses, see Eq.(6.43).

In the case of strong solitonlike pulse shaping, the absorber doesn’t have
to be really fast, because the pulse is shaped by GDD and SPM and the
absorber has only to stabilize the soliton against the continuum. This regime
has been called Soliton mode locking.

6.3 Soliton Mode Locking

If strong soliton formation is present in the system, the saturable absorber
doesn’t have to be fast [6][7][8], see Figure 6.7. The master equation describ-
ing the mode locking process is given by

OA(T,t 92 ‘
TR—a(T ) =|g—1l+(Ds+jD) e — jOJA(T, t)|2 — (T, t)} A(T, ).
(6.62)
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The saturable absorber obeys a separate differential equation that describes
the absorber response to the pulse in each round trip

9q(T,t)  q—q [|AT, 1))
T— T (6.63)

Where 7 4 is the absorber recovery time and E,4 the saturation energy. If the
soliton shaping effects are much larger than the pulse
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Figure 6.7: Response of a slow saturable absorber to a soliton-like pulse.
The pulse experiences loss during saturation of the absorber and filter losses.
The saturated gain is equal to these losses. The loss experienced by the
continuum, [, must be higher than the losses of the soliton to keep the soliton
stable.
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Figure 6.8: The continuum, that might grow in the opten net gain window
following the pulse is spread by dispersion into the regions of high absorption.

shaping due to the filter and the saturable absorber, the steady state
pulse will be a soliton and continuum contribution similar to the case of
active mode locking with strong soliton formation as discussed in section 5.5

A(T,t) = (A sech(L1) + a (T, t)> ¢ Ity (6.64)
T

1.2 ) | | B
. * soliton |

1.0 . - - continuum
0.8 1 — gain .
0.6 — —
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0.2 = —
0_01.......--.-.‘.]’-.- 2 I‘-- - -.1'.-.-......._.1.
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Figure 6.9: Normalized gain, soliton and continuum. The continuum is a
long pulse exploiting the peak of the gain
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The continuum can be viewed as a long pulse competing with the soliton
for the available gain. In the frequency domain, see Figure 6.9, the soliton
has a broad spectrum compared to the continuum. Therefore, the continuum
experiences the peak of the gain, whereas the soliton spectrum on average
experiences less gain. This advantage in gain of the continuum has to be
compensated for in the time domain by the saturable absorber response, see
Figure 6.8. Whereas for the soliton, there is a balance of the nonlinearity
and the dispersion, this is not so for the continuum. Therefore, the contin-
uum is spread by the dispersion into the regions of high absorption. This
mechanism has to clean up the gain window following the soliton and caused
by the slow recovery of the absorber. As in the case of active modelocking,
once the soliton is too short, i.e. a too long net-gain window arises, the loss
of the continuum may be lower than the loss of the soliton, see Figure 6.7
and the continuum may break through and destroy the single pulse soliton
solution. As a rule of thumb the absorber recovery time can be about 10
times longer than the soliton width. This modelocking principle is especially
important for modelocking of lasers with semiconductor saturable absorbers,
which show typical absorber recovery times that may range from 100fs-100
ps. Pulses as short as 13fs have been generated with semiconductor saturable
absorbers [11]. Figure 6.10 shows the measured spectra from a Ti:sapphire
laser modelocked with a saturable absorber for different values for the intra-
cavity dispersion. Lowering the dispersion, increases the bandwidth of the
soliton and therefore its loss, while lowering at the same time the loss for the
continuum. At some value of the dispersion the laser has to become unstabile
by break through of the continuum. In the example shown, this occurs at
a dispersion value of about D = —500fs?. The continuum break-through is
clearly visible by the additional spectral components showing up at the cen-
ter of the spectrum. Reducing the dispersion even further might lead again
to more stable but complicated spectra related to the formation of higher
order solitons. Note the spectra shown are time averaged spectra.
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Figure 6.10: Measured (—) and simulated (- - -) spectra from a semiconduc-
tor saturable absorber modelocked Ti:sapphire laser for various values of the
net intracavity dispersion.
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Figure 6.11: Measured (—-) and simulated (- - -) autocorrelations corre-

sponding to the spectra shown in Figure 6.10.

The continuum leads to a background pedestal in the intensity autocor-
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relation of the emitted pulse, see Figure 6.11. The details of the spectra and
autocorrelation may strongly depend on the detailed absorber response.

6.4 Dispersion Managed Soliton Formation

The nonlinear Schrédinger equation describes pulse propagation in a medium
with continuously distributed dispersion and self-phase-modulation. For
lasers generating pulses as short as 10 fs and below, it was first pointed out by
Spielmann et al. that large changes in the pulse occur within one roundtrip
and that the ordering of the pulse-shaping elements within the cavity has a
major effect on the pulse formation [9]. The discrete action of linear disper-
sion in the arms of the laser resonator and the discrete, but simultaneous,
action of positive SPM and positive GDD in the laser crystal cannot any
longer be neglected. The importance of strong dispersion variations for the
laser dynamics was first discovered in a fiber laser and called stretched pulse
modelocking [11]. The positive dispersion in the Er-doped fiber section of a
fiber ring laser was balanced by a negative dispersive passive fiber. The pulse
circulating in the ring was stretched and compressed by as much as a factor
of 20 in one roundtrip. One consequence of this behavior was a dramatic
decrease of the nonlinearity and thus increased stability against the SPM
induced instabilities. The sidebands, due to periodic perturbations of the
soliton, as discussed in section 3.6, are no longer observed (see Fig. 6.12).

Stretched
pulse

Arbitrary units

Soliton

1
1500 1570 1640
Wavelength (nm)

Figure 6.12: Spectra of mode-locked Er-doped fiber lasers operating in the
conventional soliton regime, i.e. net negative dispersion and in the stretched
pulse mode of operation at almost zero average dispersion [11].
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The energy of the output pulses could be increased 100 fold. The mini-
mum pulsewidth was 63 fs, with a bandwdith much broader than the erbium
gain bandwidth [12]. Figure 6.12 also shows the spectral enhancement of the
fiber laser in the dispersion managed regime. The generation of ultrashort
pulses from solid state lasers like Ti:sapphire has progressed over the past
decade and led to the generation of pulses as short as 5 fs directly from the
laser. At such short pulse lengths the pulse is streched up to a factor of ten
when propagating through the laser crystal creating a dispersion managed
soliton [10]. The spectra generated with these lasers are not of simple shape
for many reasons. Here, we want to consider the impact on the spectral
shape and laser dynamcis due to dispersion managed soliton formation.

b)
_D+AD [ 5 gpm| T |..B-AD
2 > ’ > 2
Left Right
Arm Laser Crystal Arm

Figure 6.13: (a) Schematic of a Kerr-lens mode-locked Ti:sapphire laser:
P’s, prisms; L, lens; DCM’s, double-chirped mirror; TiSa, Ti:sapphire. (b)
Correspondence with dispersion-managed fiber transmission.
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A mode-locked laser producing ultrashort pulses consists at least of a gain
medium (Ti:sapphire crystal) and dispersion balancing components (mirrors,
prism pairs), see Fig. 6.13 a. The system can be decomposed into the res-
onator arms and the crystal, see Fig. 6.13 b. To achieve ultrashort pulses,
the dispersion-balancing components should produce near-zero net dispersion
while the dispersion element(s) individually produce significant group delay
over the broad bandwidth of the laser pulse. This fact suggests an analogy
with dispersion-managed pulse propagation along a dispersion-managed fiber
transmission link [14]. A system with sufficient variation of dispersion can
support solitary waves. One can show that the Kerr nonlinearity produces
a self-consistent nonlinear scattering potential that permits formation of a
perodic solution with a simple phase factor in a system with zero net dis-
persion. The pulses are analogous to solitons in that they are self-consistent
solutions of the Hamiltonian (lossless) problem as the conventional solitons
discussed above. But they are not secant hyperbolic in shape. Figure 6.15
shows a numerical simulation of a self-consistent solution of the Hamiltonian
pulse-propagation problem in a linear medium of negative dispersion and
subsequent propagation in a nonlinear medium of positive dispersion and
positive self-phase modulation, following the equation
3A(z t) = D(z)a—QA(z t) — j6(2)| AP A(z,t) (6.65)
5, Y TIPSt T ’ '

In Fig. 6.15 the steady state intensity profiles are shown at the center of
the negative dispersion segment over 1000 roundtrips. It is clear that the solu-
tion repeats itself from period to period, i.e. there is a new solitary wave that
solves the piecewise nonlinear Schroedinger equation 6.65, dispersion man-
aged soliton. In contrast to the conventional soliton the dispersion mangaged
soliton of equation 6.65 (with no SAM and no filtering) resemble Gaussian
pulses down to about —10 dB from the peak, but then show rather compli-
cated structure, see Fig. 6.15.The dispersion map D(z) used is shown as an
inset in Figure 6.14. One can additionally include saturable gain, Lorentzian
gain filtering, and a fast saturable absorber. Figure 6.14 shows the behavior
in one period (one round trip through the resonator) including these effects.
The response of the absorber is q(A) = ¢,/(1+|AJ*/Pa), with ¢, = 0.01/mm
and Py =1 MW. The bandwidth-limited gain is modeled by the Lorentzian
profile with gain bandwidth 27 x 43 THz. The filtering and saturable absorp-
tion reduce the spectral and temporal side lobes of the Hamiltonian problem.
As can be inferred from Fig. 6.14, the steady state pulse formation can be
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Figure 6.14: Pulse shaping in one round trip. The negative segment has no
nonlinearity.

understood in the following way. By symmetry the pulses are chirp free in
the middle of the dispersion cells. A chirp free pulse starting in the center of
the gain crystal, i.e. nonlinear segment is spectrally broadened by the SPM
and disperses in time due to the GVD, which generates a rather linear chirp
over the pulse. After the pulse is leaving the crystal it experiences negative
GVD during propagation through the left or right resonator arm, which is
compressing the positively chirped pulse to its transform limit at the end of
the arm, where an output coupler can be placed. Back propagation towards
the crystal imposes a negative chirp, generating the time reversed solution of
the nonliner Schrédinger equation (6.65). Therefore, subsequent propagation
in the nonlinear crystal is compressing the pulse spectrally and temporally
to its initial shape in the center of the crystal. The spectrum is narrower in
the crystal than in the negative-dispersion sections, because it is negatively
prechirped before it enters the SPM section and spectral spreading occurs
again only after the pulse has been compressed. This result further explains
that in a laser with a linear cavity, for which the negative dispersion is lo-
cated in only one arm of the laser resonator (i.e. in the prism pair and no
use of chirped mirrors) the spectrum is widest in the arm that contains the
negative dispersion . In a laser with a linear cavity, for which the negative
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dispersion is equally distributed in both arms of the cavity, the pulse runs
through the dispersion map twice per roundtrip. The pulse is short at each
end of the cavity and, most importantly, the pulses are identical in each pass
through the crystal, which exploits the saturable absorber action (Kerr-Lens
Modelocking in this case, as will be discussed in the next chapter) twice
per roundtrip, in contrast to an asymmetric dispersion distribution in the
resonator arms. Thus a symmetric dispersion distribution leads to an effec-
tive saturable absorption that is twice as strong as an asymmetric dispersion
distribution resulting in substantially shorter pulses. Furthermore, the dis-
persion swing between the negative and positive dispersion sections is only
half, which allows for shorter dispersion-managed solitons operating at the
same average power level.
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Figure 6.15: Simulation of the Hamiltonian problem. Intensity profiles at
the center of the negatively dispersive segment are shown for successive
roundtrips. The total extent in 1000 roundtrips. D = D™ = 460 fs?/mm,
segment of crystal length L = 2 mm, 7pwgy = 5.5fs,0 =0for D <0, § =1
(MW mm)~* for D > 0. [10]

To further illustrate the efficiency of the dispersion managed soliton for-
mation, we present a series of simulations that start with a linear segment
of negative dispersion and a nonlinear segment of positive dispersion of the
same magnitude, saturable absorber action, and filtering.
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Figure 6.16: Sequence of pulse profiles in the center of the negatively dis-
persive segment for three magnitudes of SPM. ¢, = 3 fs, with solid curves
(5.5 fs) for 6 = 1 (MW mm)~!, dashed-dotted curve (7 fs) for § = 0.5 (MW
mm) !, and dashed cuves for no SPM of § = 0. The dispersion map is of
Fig. 6.14. The output coupler loss is 3%.[10]

The dashed curve in Figure 6.16 shows the pulse shape for gain, loss,
saturable absorption and gain filtering only. We obtained the other traces
by increasing the SPM while keeping the energy fixed through adjustment
of the gain. As one can see, increasing the SPM permits shorter pulses.
The shortest pulse can be approximately three times shorter than the pulse
without SPM. The parameters chosen for the simulations are listed in the
figure caption. In this respect, the behavior is similar to the fast saturable
absorber case with conventional soliton formation as discussed in the last
section.

A major difference in the dispersion managed soliton case is illustrated in
Fig. 6.17. The figure shows the parameter ranges for a dispersion-managed
soliton system (no gain, no loss, no filtering) that is unbalanced such as to
result in the net dispersion that serves as the abscissa of the figure. Each
curve gives the locus of energy versus net cavity dispersion for a stretching
ratio S = LD /73w (or pulse width with fixed crystal length L). One can
see that for pulse width longer than 8 fs with crystal length L = 2 mm,
no solution of finite energy exists in the dispersion managed system for zero
or positive net dispersion. Pulses of durations longer than 8 fs require net
negative dispersion. Hence one can reach the ultrashort dispersion managed
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soliton operation at zero net dispersion only by first providing the system
with negative dispersion. At the same energy, one can form a shorter pulse
by reducing the net dispersion, provided that the 8 fs threshold has been
passed. For a fixed dispersion swing +D, the stretching increases quadrat-
ically with the spectral width or the inverse pulse width. Long pulses with
no stretching have a sech shape. For stretching ratios of 3-10 the pulses are
Gaussian shaped. For even larger stretching ratios the pulse spectra become
increasingly more flat topped, as shown in Fig. 6.16.

0.3_ T T T

Sfs(L=2mm)

o
)
O

<
)

Energy [L(mm)/2mm]"2 (uJ)

0 L L N 1
-20 -15 -10 -5 0
Net dispersion (fs%/mm)

Figure 6.17: Energy of the pulse in the lossless dispersion-managed system
with stretching S = LD /T3y or for a fixed crystal length L and pulsewidth
as parameters; D = 60 fs?/mm for Ti:sapphire at 800 nm [10].

To gain insight into the laser dynamics and later on in their noise and
tuning behavior, it is advantageous to formulate also a master equation ap-
proach for the dispersion managed soliton case [16]. Care has to be taken of
the fact that the Kerr-phase shift is produced by a pulse of varying amplitude
and width as it circulates around the ring. The Kerr-phase shift for a pulse
of constant width, d]a|? had to be replaced by a phase profile that mimics

the average shape of the pulse, weighted by its intensity. Therefore, the SPM
action is replaced by

t2
SIAPE = 5, A, (1 _ u;) (6.66)
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where A, is the pulse amplitude at the position of minimum width. The
Kerr-phase profile is expanded to second order in ¢t. The coefficient J, and
i are evaluated variationally. The saturable absorber action is similarly
expanded. Finally, the net intracavity dispersion acting on average on the
pulse is replaced by the effective dispersion D, in the resonator within one
roundtrip. The master equation becomes

0 1 , 0?
TRG_TA = (g—DA+ (Q—? + JDnet) @A

(6.67)
) t?
+(’Yo - ]50)|A0|2 (1 - Mﬁ) A

This equation has Gaussian-pulse solutions. The master equation (6.67)
is a patchwork, it is not an ordinary differential equation. The coefficients in
the equation depend on the pulse solution and eventually have to be found
iteratively. Nevertheless, the equation accounts for the pulse shaping in the
system in an analytic fashion. It will allow us to extend the conventional
soliton perturbation theory to the case of dispersion managed solitons.

There is one more interesting property of the stretched pulse operation
that needs to be emphasized. Dispersion managed solitons may form even
when the net dispersion as seen by a linearly propagating pulse is zero or
slightly positive. This is a surprising result which was discovered in the
study of dispersion managed soliton propagation [14]. It turns out that the
stretched pulse changes its spectrum during propagation through the two
segments of fiber with opposite dispersion or in the case of a Ti:Sapphire
laser in the nonlinear crystal. The spectrum in the segment with normal
(positive) dispersion is narrower, than in the segment of anomalous (nega-
tive) dispersion, see Figure 6.14. The pulse sees an effective net negative
dispersion, provided that the positive D is not too large. In (6.67) the
Dyt is to be replaced by Deg which can be computed variationally. Thus,
dispersion managed soliton-like solutions can exist even when D, is zero.
However, they exist only if the stretching factor is large, see Figure 6.17.

A remarkable property of the dispersion managed solitons is that they do
not radiate (generate continuum) even though they propagate in a medium
with abrupt dispersion changes. This can be understood by the fact, that the
dispersion mangaged soliton is a solution of the underlaying dynamics incor-
porating already the periodic dispersion variations including the Kerr-effect.
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This is in contrast to the soliton in a continuously distributed dispersive en-
vironment, where periodic variations in dispersion and nonlinearity leads to

radiation.
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Chapter 7

Kerr-Lens and Additive Pulse
Mode Locking

There are many ways to generate saturable absorber action. One can use
real saturable absorbers, such as semiconductors or dyes and solid-state laser
media. One can also exploit artificial saturable absorbers. The two most
prominent artificial saturable absorber modelocking techniques are called
Kerr-Lens Mode Locking (KLM) and Additive Pulse Mode Locking (APM).
APM is sometimes also called Coupled-Cavity Mode Locking (CCM). KLM
was invented in the early 90’s [1][2][3][4][5][6][7], but was already predicted
to occur much earlier [8][9][10]-

7.1 Kerr-Lens Mode Locking (KLM)

The general principle behind Kerr-Lens Mode Locking is sketched in Fig. 7.1.
A pulse that builds up in a laser cavity containing a gain medium and a Kerr
medium experiences not only self-phase modulation but also self focussing,
that is nonlinear lensing of the laser beam, due to the nonlinear refractive in-
dex of the Kerr medium. A spatio-temporal laser pulse propagating through
the Kerr medium has a time dependent mode size as higher intensities ac-
quire stronger focussing. If a hard aperture is placed at the right position
in the cavity, it strips of the wings of the pulse, leading to a shortening of
the pulse. Such combined mechanism has the same effect as a saturable ab-
sorber. If the electronic Kerr effect with response time of a few femtoseconds
or less is used, a fast saturable absorber has been created. Instead of a sep-
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soft aperture hard aperture

gain Medium

self -
focusing

beam
waist Nmensiw
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AN\

artifical fast
saturable
absorber

Figure 7.1: Principle mechanism of KLM. The hard aperture can be also
replaced by the soft aperture due to the spatial variation of the gain in the
laser crystal.

arate Kerr medium and a hard aperture, the gain medium can act both as a
Kerr medium and as a soft aperture (i.e. increased gain instead of saturable
absorption). The sensitivity of the laser mode size on additional nonlinear
lensing is drastically enhanced if the cavity is operated close to the stability
boundary of the cavity. Therefore, it is of prime importance to understand
the stability ranges of laser resonators. Laser resonators are best understood
in terms of paraxial optics [11][12][14][13][15].

7.1.1 Review of Paraxial Optics and Laser Resonator
Design

The solutions to the paraxial wave equation, which keep their form during
propagation, are the Hermite-Gaussian beams. Since we consider only the
fundamental transverse modes, we are dealing with the Gaussian beam

U(r,z) = % exp l—jk2;ﬂ(22)} , (7.1)
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with the complex g-parameter ¢ = z + jb or its inverse

1 1 A
= —J : 7.2

@ FE ) 2
The Gaussian beam intensity I(z,7) = |U(r,z)|*> expressed in terms of the

power P carried by the beam is given by
) = 22 e -2 (7.3)

fr X —_ . .
’ Tw?(z) P w?(2)

The use of the g-parameter simplifies the description of Gaussian beam prop-
agation. In free space propagation from z; to zy, the variation of the beam
parameter ¢ is simply governed by

G2 = Q1 + 22 — 21, (7.4)

where ¢ and ¢; are the beam parameters at z; and z,. If the beam waist,
at which the beam has a minimum spot size wy and a planar wavefront
(R = 00), is located at z = 0, the variations of the beam spot size and the
radius of curvature are explicitly expressed as

1/2

w@pn%k+(2;f] , (7.5)
1+(?§YI (7.6)

The angular divergence of the beam is inversely proportional to the beam
waist. In the far field, the half angle divergence is given by,

and

R(z) ==z

[ — (7.7)

as illustrated in Figure 7.2.
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Figure 7.2: Gaussian beam and its characteristics.

Due to diffraction, the smaller the spot size at the beam waist, the larger
the divergence. The Rayleigh range is defined as the distance from the waist
over which the beam area doubles and can be expressed as

7TU)2

ZR = )\o. (78)

The confocal parameter of the Gaussian beam is defined as twice the Rayleigh
range

b=2ep = =2, (7.9)

and corresponds to the length over which the beam is focused. The propa-
gation of Hermite-Gaussian beams through paraxial optical systems can be
efficiently evaluated using the ABCD-law [11]

_ Aq+B

q2

where ¢; and ¢, are the beam parameters at the input and the output planes
of the optical system or component. The ABCD matrices of some optical
elements are summarized in Table 7.1. If a Gaussian beam with a waist wg;
is focused by a thin lens a distance z; away from the waist, there will be a
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new focus at a distance

32:f+ (Zl_f)f22 - (711)
(1= 2+ (752)
and a waist wps
1 1 2\> 1 /7wer\2
g (0F) = () (712)

Figure 7.3: Focusing of a Gaussian beam by a lens.

7.1.2 Two-Mirror Resonators

We consider the two mirror resonator shown in Figure 7.4.
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H Optical Element || ABCD-Matrix H
Free Space Distance L ( (1) ij )
Thin Lens with 1 0
focal length f -1 / f1

Mirror under Angle
0 to Axis and Radius R 9 Cosg )
Sagittal Plane

Mirror under Angle
0 to Axis and Radius R ( )
Reo

Tangential Plane

Brewster Plate under )
d
’fLS
')

Angle 0 to Axis and Thickness
Table 7.1: ABCD matrices for commonly used optical elements.

O =
—3

d, Sagittal Plane

Brewster Plate under

Angle 0 to Axis and Thickness
d, Tangential Plane

o =

A

)
Ro

[

M1 |\/|2 Z

L

Figure 7.4: Two-Mirror Resonator with curved mirrors with radii of curvature
Rl and Rg.

The resonator can be unfolded for an ABCD-matrix analysis, see Figure
7.5.
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I

Figure 7.5: Two-mirror resonator unfolded. Note, only one half of the fo-
cusing strength of mirror 1 belongs to a fundamental period describing one
resonator roundtrip.

The product of ABCD matrices describing one roundtrip according to
Figure 7.5 are then given by

(2 ) GG )R e

where f; = R1/2, and fy = Ry/2. To carry out this product and to formulate
the cavity stability criteria, it is convenient to use the cavity parameters
g =1—L/R;,i = 1,2. The resulting cavity roundtrip ABCD-matrix can be
written in the form

(20192 — 1) 2go L A B
M = = . 7.14
( 201 (9192 — 1) /L (20192 — 1) C D (7.14)
Resonator Stability

The ABCD matrices describe the dynamics of rays propagating inside the
resonator. An optical ray is characterized by the vector r= ;:, , where r

is the distance from the optical axis and r’ the slope of the ray to the optical
axis. The resonator is stable if no ray escapes after many round-trips, which
is the case when the eigenvalues of the matrix M are less than or equal to
one. Since we have a lossless resonator, i.e. det|M| = 1, the product of the
eigenvalues has to be 1 and, therefore, the stable resonator corresponds to
the case of a complex conjugate pair of eigenvalues with a magnitude of 1.
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The eigenvalue equation to M is given by

29192 — ].) — )\ 2g2L
det |M — X\ - 1| = det ( =0, (7.15
et| | = de ( 201 (192 — 1) /L (29192 —1) — A  (7.15)
A —2(2919o — DA +1=0. (7.16)
The eigenvalues are
Mg = (29190 — 1) + \/(29192 - 1)2 -1, (7.17)

_ { exp (£60),cosh = 2g,95 — 1, for |2g1go — 1| > 1 (7.18)

exp (1), cost = 2g1go — 1, for 29192 — 1| < 1
The case of a complex conjugate pair with a unit magnitude corresponds to
a stable resontor. Therfore, the stability criterion for a stable two mirror

resonator is
29192 — 1] < 1. (7.19)

The stable and unstable parameter ranges are given by

stable : 0<g-gp=95<1 (7.20)
unstable : ¢1go < 0; or g1go > 1. (7.21)

where S = g¢; - g9, is the stability parameter of the cavity. The stabil-
ity criterion can be easily interpreted geometrically. Of importance are
the distances between the mirror mid-points M; and cavity end points, i.e.

g; = (R; — L)/R; = —S;/R;, as shown in Figure 7.6.

R1 R
S2 S1 R
My My 4 z

L

r

Figure 7.6: The stability criterion involves distances between the mirror mid-
points M; and cavity end points. i.e. g; = (R; — L)/R; = —S;/R;.
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The following rules for a stable resonator can be derived from Figure 7.6
using the stability criterion expressed in terms of the distances 5;. Note, that
the distances and radii can be positive and negative

stable : 0 < 2152 <1. (7.22)

1412

The rules are:

e A resonator is stable, if the mirror radii, laid out along the optical axis,
overlap.

e A resonator is unstable, if the radii do not overlap or one lies within
the other.

Figure 7.7 shows stable and unstable resonator configurations.

Stable Unstable

SRR
N A

[ e [ R
G

by
)

Figure 7.7: Hllustration of stable and unstable resonator configurations.

For a two-mirror resonator with concave mirrors and R; < R,, we obtain
the general stability diagram as shown in Figure 7.8. There are two ranges
for the mirror distance L, within which the cavity is stable, 0 < L < R; and
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L
—>
0 Rl Ry Ry+R,

Figure 7.8: Stabile regions (black) for the two-mirror resonator.

Ry < L < Ry + Rs. It is interesting to investigate the spot size at the mirrors
and the minimum spot size in the cavity as a function of the mirror distance
L.

Resonator Mode Characteristics

The stable modes of the resonator reproduce themselves after one round-trip,
i.e. from Eq.(7.10) we find

_Aqp +B
Cq+D

The inverse g-parameter, which is directly related to the phase front curva-
ture and the spot size of the beam, is determined by

(7.23)

q1

1\> A-D(1\ 1-AD
- — | - = 0. 7.24
<Q> "B (Q) Bz (724
The solution is
1 A-D 5
- =— + A+ D) —1 7.25
(q) 1/2 2B 2|B] ( ) (7:25)
If we apply this formula to (7.15), we find the spot size on mirror 1
1 J 2 A
2) = A+ D —1=—j 7.26
(q) 1/2 2|B| ( ) Twi (7:26)
or
AL\’ gp 1
wi = <—> = 7.27
i el S —, (7.27)

AR\ Ry — L L
= i .2
( ™ ) Rl—L <R1+R2—L) (7 8)
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By symmetry, we find the spot size on mirror 3 via switching index 1 and 2:

2
wh = (QAL> n_ 1 (7.29)
T 921 — 9195
AR N2 R, — L L
_ . 7.30
(71') RQ—L(R1+R2—L) ( )

The intracavity focus can be found by transforming the focused Gaussian
beam with the propagation matrix

/1 =N/ 1 0\

to its e SR W RZ
O

Figure 7.9: Two-mirror resonator

A short calculation results in

w = 2= (7.32)

20192 — 91 — 92

L(L — Ry)
= 7.33
2L — Ry — Ry’ (7.33)
and, again, by symmetry
2 = [9e"D (7.34)
20192 — 1 — 92

_ _ME-R) 21. (7.35)

2L— Ry — Ry
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The spot size in the intracavity focus is

>

2
Wt (&) 9192 (1 — g192) (7.36)
(2019, — 91 — 92)?

(M L(R — L)(Ry — L)(R, + Ry — L)
B (_) (R, + Ry — 2L)? '

(7.37)

All these quantities for the two-mirror resonator are shown in Figure 7.11.
Note, that all resonators and the Gaussian beam are related to the confocal
resonator as shown in Figure 7.10.

General Resonator R

R4 / »

JINRNRRns; e

H_rk | | ]
A

- R
Confocal
Resonator

¥

Figure 7.10: Two-mirror resonator and its relationship with the confocal
resonator.
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Figure 7.11: From top to bottom: Cavity parameters, g1, g, S, wg, wy, wa,
z1 and zy for the two-mirror resonator with £, = 10 cm and Ry = 11 cm.



284CHAPTER 7. KERR-LENS AND ADDITIVE PULSE MODE LOCKING

7.1.3 Four-Mirror Resonators

More complex resonators, like the four-mirror resonator depicted in Figure

7.12 a) can be transformed to an equivalent two-mirror resonator as shown
in Figure 7.4 b) and ¢)

a)

H L1 XR1
n

932\2%’& L, H

b) f=Ry2  f=Ry/2

H L1 I Ly H
a=
i

v

4

Figure 7.12: a) Four-mirror resonator with gain medium of refractive index
n, and thickness t. Folding angles have to be adjusted for astigmatism com-
pensation. b) Equivalent lens cavity. Note that the new focal length do not
yet account for the different equivalent radii of curvature due to nonnormal
incidence on the mirrors. c¢) Equivalent two-mirror cavity with imaged end
mirrors.

Each of the resonator arms (end mirror,L;, R;) or (end mirror, Ly, Ry) is
equivalent to a new mirror with a new radius of curvature R} /2 positioned a
distance d; /o away from the old reference plane [12]. This follows simply from
the fact that each symmetric optical system is equivalent to a lens positioned
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at a distance d from the old reference plane

v (-GN e

d d
_ (1—7 d(2—7>>
=1 1—4
f f
with
A-1
d = 2= .
= (7.39)
-1
— -
f

The matrix of the resonator arm 1 is given by

y (1 0)(12L1)(1 0) 1- 2L,
- —2 —2 = —4 204 414
2 1) o0 1 21 R—1(1—R—1) 1 -4

(7.40)
from which we obtain
R, 1
d = ——2— - 41
! 21— R,/(2Ly)’ (7.41)
R\ ? 1
R = —(=2 . 7.42
1 (2) L1~ Ri/(2L) (7:42)

For arm lengths L, /, much larger than the radius of curvature, the new radius
of curvature is roughly by a factor of 4R—Lll smaller. Typical values are Ry = 10
cm and L; = 50 cm. Then the new radius of curvature is R) = 5 mm. The
analogous equations apply to the other resonator arm

Ry 1
. R\’ 1
oo _<7) Ly [1 = Ro/(2Ly)] (40

Note that the new mirror radii are negative for R;/L; < 1. The new distance
L’ between the equivalent mirrors is then also negative over the region where
the resonator is stable, see Fig.7.8. We obtain

Ry + Ry
2

L'=L+d +dy=1L— —5 (7.45)
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Rl 1 RQ 1
o= Dy L g ey 4
> | T= R /L) } T3 L ~ I/ (20) (7.46)
= — (R, +R5) (7.47)
o R+ R
L=——"_ (R +R)+1L (7.48)

2

From the discussion in section 7.1.2, we see that the stability ranges

cover at most a distance §. Figure 7.13 shows the resonator characteristics as

a function of the cavity length L for the following parameters R; = Ry = 10
cm and L; = 100 cm and Ly = 75 cm, which lead to

dy = —5.26 cm

Ry =—-0.26 cm ’ (7.49)

dy = —5.36 cm

R, =—0.36 cm ’ (7.50)
L' =L —10.62 cm (7.51)

Note, that the formulas (7.27) to (7.37) can be used with all quantities re-
placed by the corresponding primed quantities in Eq.(7.49) - (7.51). The
result is shown in Fig. 7.13. The transformation from L to L” transforms
the stability ranges according to Fig. 7.14. The confocal parameter of the
laser mode is approximately equal to the stability range.

Astigmatism Compensation

So far, we have considered the curved mirrors under normal incidence. In a
real cavity this is not the case and one has to analyze the cavity performance
for the tangential and sagittal beam separately. The gain medium, usually a
thin plate with a refractive index n and a thickness t, generates astigmatism.
Astigmatism means that the beam foci for sagittal and tangential plane are
not at the same position. Also, the stablity regions of the cavity are different
for the different planes and the output beam is elliptical. This is so, because
a beam entering a plate under an angle refracts differently in both planes, as
described by different ABCD matricies for tangential and sagittal plane, see
Table 7.1.Fortunately, one can balance the astigmatism of the beam due to
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Figure 7.13: From top to bottom: Cavity parameters, g1, g, S, wg, wy, Wa,
z1 and 2z for the four-mirror resonator with Ry = Ry = 10 cm, L; = 100 cm
and Ly = 75 cm.
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L
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Figure 7.14: Transformed stability range for the four mirror resonator with

the plate by the astigmatism introduced by the curved mirrors at a specific
incidence angle 6 on the mirrors [12]. The focal length of the curved mirrors
under an angle are given by

fs = [f/cosb

ft = [f-cosf

The propagation distance in a plate with thickness t under Brewster’s angle is
given by tv/n? 4+ 1/n. Thus, the equivalent traversing distances in the sagittal
and the tangential planes are (Table 7.1),

dy = tvVn?+1/n’
dy = tvn2+1/n!

The different distances have to compensate for the different focal lengths in
the sagittal and tangential planes. Assuming two idential mirrors R = R; =
R5, leads to the condition

(7.52)

(7.53)

dy —2f. = d, — 2. (7.54)

With f = R/2 we find

Rsinftanf = Nt, where N = vn? + 1

n?—1
. (7.55)

n

Note, that ¢ is the thickness of the plate as opposed to the path length of the
beam in the plate. The equation gives a quadratic equation for cosf

Nt
cos? 0 + = cosf—1=0 (7.56)
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Nt Nt\?
cos /o = ~5% +4/1+ (ﬁ) (7.57)

Since the angle is positive, the only solution is

Nt)2 Nt (7.58)

f = arccos 1+<ﬁ 3R

This concludes the design and analysis of the linear resonator.

7.1.4 The Kerr Lensing Effects

At high intensities, the refractive index in the gain medium becomes intensity
dependent

n =mng+ nal. (7.59)

The Gaussian intensity profile of the beam creates an intensity dependent
index profile

2 [ r } (7.60)

I(r)=—=exp —2(;)2 .

Tw?
In the center of the beam the index can be appoximated by a parabola

1
n(r) = ng (1—57273), where (7.61)
2P 1 [/8nyP
716 = TNy +ngm, Y= E n671' . (762)

A thin slice of a parabolic index medium is equivalent to a thin lens. If the
parabolic index medium has a thickness ¢, then the ABCD matrix describing
the ray propagation through the medium at normal incidence is [16]

cos vyt —L_sin vt
My = ( T ) (7.63)
—ngysmyt  cosyt

Note that, for small t, we recover the thin lens formula (¢t — 0, but njy*t =
1/f =const.). If the Kerr medium is placed under Brewster’s angle, we again
have to differentiate between the sagittal and tangential planes. For the
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sagittal plane, the beam size entering the medium remains the same, but for
the tangential plane, it opens up by a factor n;

w (7.64)

Ws

wy w - ng

The spotsize propotional to w? has to be replaced by w? =w,w;.Therefore,
under Brewster angle incidence, the two planes start to interact during prop-
agation as the gamma parameters are coupled together by

1 87’LQP

Vs = v \| niw (7.65)
1 87’LQP
T = wswy \| nyT (7.66)

Without proof (see [12]), we obtain the matrices listed in Table 7.2. For low

H Optical Element || ABCD-Matrix H

Kerr Medium Mo — ( cos vyt n%y sin yt )
Normal Incidence K —ngysinyt  cosyt

Kerr Medium Mo ( cos ,l nglvs siny,t )
Sagittal Plane K —npysSiny gt cosyt
Kerr Medium Mo — < cos Yt ﬁ sin y,t >
Tangential Plane Kt —nBy, siny,t cos vt

Table 7.2: ABCD matrices for Kerr media, modelled with a parabolic index
profile n(r) = nj (1—3~*r?) .

peak power P, the Kerr lensing effect can be neglected and the matrices in
Table 7.2 converge towards those for linear propagation. When the laser is
mode-locked, the peak power P rises by many orders of magnitude, roughly
the ratio of cavity round-trip time to the final pulse width, assuming a con-
stant pulse energy. For a 100 MHz, 10 fs laser, this is a factor of 105. With
the help of the matrix formulation of the Kerr effect, one can iteratively find
the steady state beam waists in the laser. Starting with the values for the
linear cavity, one can obtain a new resonator mode, which gives improved



7.1. KERR-LENS MODE LOCKING (KLM) 291

values for the beam waists by calculating a new cavity round-trip propaga-
tion matrix based on a given peak power P. This scheme can be iterated
until there is only a negligible change from iteration to iteration. Using such
a simulation, one can find the change in beam waist at a certain position in
the resonator between cw-operation and mode-locked operation, which can
be expressed in terms of the delta parameter

5. Lws (P, z) —ws (P =0,2)

T ws (P =0,2)
where p is the ratio between the peak power and the critical power for self-
focusing

(7.67)

p = P/P., with Py = A}/ (2mnang) . (7.68)

To gain insight into the sensitivity of a certain cavity configuration for KLM,
it is interesting to compute the normalized beam size variations ds; as a
function of the most critical cavity parameters. For the four-mirror cavity,
the natural parameters to choose are the distance between the crystal and the
pump mirror position, x, and the mirror distance L, see Figure 7.12. Figure
7.15 shows such a plot for the following cavity parameters Ry = Ry = 10 cm,
Ly =104 cm, Ly =86 cm, t = 2 mm, n = 1.76 and P = 200 kW.

—_———

|
’l

===

L[mm] 10t 4o X[mm]

Figure 7.15: Beam narrowing ratio d, for cavity parameters R = Ry = 10
cm, L1 = 104 cm, Ly = 8 cm, t = 2 mm, n = 1.76 and P = 200 kW
(Courtesy of Onur Kuzucu).
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The Kerr lensing effect can be exploited in different ways to achieve mode
locking.

Soft-Aperture KLM

In the case of soft-aperture KLM, the cavity is tuned in such a way that
the Kerr lensing effect leads to a shrinkage of the laser mode when mode-
locked. The non-saturated gain in a laser depends on the overlap of the pump
mode and the laser mode. From the rate equations for the radial photon
distribution N(r) and the inversion Np(r) of a laser, which are proportional
to the intensities of the pump beam and the laser beam, we obtain a gain,
that is proportional to the product of N(r) and Np(r).If we assume that the
focus of the laser mode and the pump mode are at the same position and
neglect the variation of both beams as a function of distance, we obtain

g ~ /OOON(T)*Np(r)rdT

/ *2Pp { 272 ] 2 { 2r? }
~ exp |——5 | —z exp |——5 | rdr
0 w

2 2 2

With the beam cross sections of the pump and the laser beam in the gain
medium, Ap = 7w$ and A, = Tw? ,we obtain

1

gNAp—FAL.

If the pump beam is much more strongly focused in the gain medium than the
laser beam, a shrinkage of the laser mode cross section in the gain medium
leads to an increased gain. When the laser operates in steady state, the
change in saturated gain would have to be used for the investigation. How-
ever, the general argument carries through even for this case. Figure 7.16
shows the variation of the laser mode size in and close to the crystal in a
soft-aperture KLM laser due to self-focusing.
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Figure 7.16: Variation of laser mode size in and close to the crystal in a soft
aperture KLM laser due to self-focussing.

Hard-Aperture KLM

In a hard-aperture KLM-Laser, one of the resonator arms contains (usually
close to the end mirrors) an aperture such that it cuts the beam slightly.
When Kerr lensing occurs and leads to a shrinkage of the beam at this posi-
tion, the losses of the beam are reduced. Note, that depending on whether
the aperture is positioned in the long or short arm of the resontor, the operat-
ing point of the cavity at which Kerr lensing favours or opposes mode-locking
may be quite different (see Figure 7.13).
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Figure 7.17: Principle mechanism of APM.

7.2 Additive Pulse Mode Locking

Like Kerr-Lens Mode Locking also Additive Pulse Mode Locking (APM) is an
artificial saturable absorber effect [17][18][19]]20][21][22]. Figure 7.17 shows
the general principle at work. A small fraction of the light emitted from the
main laser cavity is injected externally into a nonlinear fiber. In the fiber
strong SPM occurs and introduces a significant phase shift between the peak
and the wings of the pulse. In the case shown the phase shift is 7

A part of the modified and heavily distorted pulse is reinjected into the
cavity in an interferometrically stable way, such that the injected pulse inter-
feres constructively with the next cavity pulse in the center and destructively
in the wings. This superposition leads to a shorter intracavity pulse and the
pulse shaping generated by this process is identical to the one obtained from
a fast saturable absorber. Again, an artificial saturable absorber action is
generated.
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Figure 7.18: Schematic of nonlinear Mach-Zehnder interferometer.

Figure 7.18 shows a simple nonlinear interferometer. In practice, such
an interferometer can be realized in a self-stabilized way by the use of both
polarizations in an isotropic Kerr medium with polarizer and analyzer as
shown in Figure 7.19.

polarizer wave plate Kerr medium analyzer

DO ) O

A} l >\§¢
Figure 7.19: Nonlinear Mach-Zehnder interferometer using nonlinear polar-
ization rotation in a fiber [25].

The Kerr effect rotates the polarization ellipse and thus transforms phase
modulation into amplitude modulation. The operation is in one-to-one cor-
respondence with that of the nonlinear Mach-Zehnder interferometer of Fig.
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7.18. The system of Figure 7.18 can be analyzed rather simply and thus it
is worthwhile to look at the derivation and the implicit assumptions. The
couplers are described by the scattering matrices

R Ve
The outputs of the interferometer are then
by = [rPe 71— (1—1")e %] aq, (7.70)
by = j2rv1—r2exp {—j i —; ¢21 cos {% ; ¢1] a, (7.71)

¢, and ¢, are the phase shifts in the two arms composed of both linear "bias"
contributions ¢,; and the Kerr phase shifts ¢,

¢ = Gyt Pk (i=1,2), (7.72)
br: = wilal?, (i=1,2). (7.73)
The power in output port two is related to the linear and nonlinear losses
[ba” = 2% (1= 7®) (1 + cos [, — u]) |al’
= 2" (1= r?) {(1 + cos [ppy — Pp1]) — (7.74)
— sin ¢y, — Pyl (Pra — Px1)} |a]2,

where we linearized the cosine and assumed that the Kerr phase shifts are
small. Depending on the bias phase ¢, = ¢, — ¢;;, the amplitude loss is

[=7"(1—=7r%) (14 cosg,) lal?, (7.75)
and the y—parameter of the equivalent fast saturable absorber is
v = (k2 — k1) r* (1 = 7%) sin ¢, (7.76)

If the interferometer forms part of a resonant system, the frequency of the
system is affected by the phase shift of the interferometer and in turn affects
the phase.

When the resonant frequencies of the linear system (v = § = 0) without
the interferometer should remain the resonant frequencies with the interfer-
ometer, the net phase shift of the interferometer has to be chosen to be zero.
Since a small loss has been assumed and hence 72 > 1 — r?

Im [rPe 7?1 — (1 —r?) e 7%2] =Im [r*(1 — joy) — (1 —1%) e ?%2] =0
(7.77)
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or

Gp1 = (1=r?) sin ¢y, . (7.78)

r2

and cosg,; = 1. With this adjustment and ¢ = ¢,,, the response of the
interferometer becomes

by ~ a+Aa=a—(1—7*(1+cos¢) a
+(1 - 7“2) (Px2 — Px1)sing a (7.79)
—jr¢gr + J(1 = 1%)¢yep cos ¢ a.

This gives for the parameters of the master equation [, v and 0

I = (1—7*)(1+cosg), (7.80)
v = (ke — K1) (1 — 7"2) sin ¢, (7.81)
§ = mr? — ko(1—1?)cos ¢ (7.82)

Due to the special choice of the bias phase there is no contribution of the
nonlinear interferometer to the linear phase. This agrees with expressions
(7.75) and (7.76). The Kerr coefficients are

2 n
2 2
- — | —L errs .
K1 r ( 3 ) A K (7.83)
2T\ ne
Ko = 1—7? <_> ——Lgerr- (784)
=) A

Here, A is the free space wavelength of the optical field, A.ss is the effective
area of the mode, ns the intensity dependent refractive index, and L., is the
length of the Kerr medium. Figure 7.20 is the saturable absorber coefficient
~ normalized to the loss and Kerr effect (note that v goes to zero when the
loss goes to zero) as a function of r2.
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Figure 7.20: Normalized saturable absorber coefficient ~/ [(27”) A”jf Licerr l]

as a function of r? with loss [ as parameter [25].

Large saturable absorber coefficients can be achieved at moderate loss

values.
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Chapter 8

Semiconductor Saturable

Absorbers

Sofar we only considered artificial saturable absorbers, but there is of course
the possibility to use real absorbers for modelocking. A prominent candidate
for a saturable absorber is semiconductor material, which was pioneered by
Islam, Knox and Keller [1][2][3] The great advantage of using semiconductor
materials is that the wavelength range over which these absorbers operate
can be chosen by material composition and bandstructure engineering, if
semiconductor heterostructures are used (see Figure 8.1). Even though, the
basic physics of carrier dynamics in these structures is to a large extent well
understood [4], the actual development of semiconductor saturable absorbers
for mode locking is still very much ongoing.
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Figure 8.1: Energy Gap, corresponding wavelength and lattice constant for
various compound semiconductors. The dashed lines indicate indirect tran-
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Figure 8.2: Typical semiconductor saturable absorber structure. A semicon-
ductor heterostruture (here AlAs/GaAs) is grown on a GaAs-Wafer (20-40
pairs). The layer thicknesses are chosen to be quarter wave at the center
wavelength at which the laser operates. This structures acts as quarter-wave
Braggmirror. On top of the Bragg mirror a half-wave thick layer of the low
index material (here AlAs) is grown, which has a field-maximum in its center.
At the field maximum either a bulk layer of GaAlAs or a single-or multiple
Quantum Well (MQW) structure is embedded, which acts as saturable ab-
sorber for the operating wavelength of the laser.
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A typical semiconductor saturable absorber structure is shown in Figure
8.2. A semiconductor heterostruture (here AlAs/GaAs) is grown on a GaAs-
Wafer (20-40 pairs). The layer thicknesses are chosen to be quarter wave
at the center wavelength at which the laser operates. These structures act
as quarter-wave Bragg mirror. On top of the Bragg mirror, a half-wave
thick layer of the low index material (here AlAs) is grown, which has a
field-maximum in its center. At the field maximum, either a bulk layer of
a compound semiconductor or a single-or multiple Quantum Well (MQW)
structure is embedded, which acts as a saturable absorber for the operating
wavelength of the laser. The absorber mirror serves as one of the endmirrors
in the laser (see Figure 8.3).

Ti:S, 2.3 mm,
0.25%, Doping

Argon
M1 L M2 rump
OC S
FS
Prisms
M1-3: R=10 cm M3
Sem.
Sat. Abs.

Figure 8.3: The semiconductor saturable absorber, mounted on a heat sink,
is used as one of the cavity end mirrors. A curved mirror determines the
spot-size of the laser beam on the saturable absorber and, therefore, scales
the energy fluence on the absorber at a given intracavity energy.

8.1 Carrier Dynamics and Saturation Prop-
erties

There is a rich ultrafast carrier dynamics in these materials, which can be
favorably exploited for saturable absorber design. The carrier dynamics in
bulk semiconductors occurs on three major time scales (see Figure 8.4 [5]).
When electron-hole pairs are generated, this excitation can be considered
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as an equivalent two-level system if the interaction between the carriers is
neglected, which is a very rough assumption.

-

E
T

—
() e-LO ;_

| ‘

Figure 8.4: Carrier dynamics in a bulk semiconducotr material. Three time
scales can be distinguished. 1. Coherent carrier dynamics, which at room tem-
perature may last between 10-50 fs depending on excitation density. II. Ther-
malization between the carriers due to carrier-carrier scattering and cooling
to the lattice temperature by LO-Phonon emission. III. Carrier-trapping or
recombination [5].

There is a coherent regime (I) with a duration of 10-50 fs depending on
conditions and material. Then in phase (II), carrier-carrier scattering sets
in and leads to destruction of coherence and thermalization of the electron
and hole gas at a high temperature due to the excitation of the carriers high
in the conduction or valence band. This usually happens on a 60 - 100 fs
time scale. On a 300fs - 1ps time scale, the hot carrier gas interacts with
the lattice mainly by emitting LO-phonons (37 meV in GaAs). The carrier
gas cools down to lattice temperature. After the thermalization and cooling
processes, the carriers are at the bottom of the conduction and valence band,
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respectively. The carriers vanish (III) either by getting trapped in impurity
states, which can happen on a 100 fs - 100 ps time scale, or recombine over
recombination centers or by radiation on a nanosecond time-scale. Carrier-
lifetimes in ITI-VI semiconductors can reach several tens of nanoseconds and
in indirect semiconductors like silicon or germanium lifetimes can be in the
millisecond range. The carrier lifetime can be engineered over a large range
of values from 100 fs - 30ns, depending on the growth conditions and purity
of the material. Special low-temperature growth that leads to the formation
or trapping and recombination centers as well as ion-bombardment can result
in very short lifetimes [9]. Figure 8.5 shows a typical pump probe response
of a semiconductor saturable absorber when excited with a 100 fs long pulse.
The typical bi-temporal behavior stems from the fast thermalization (spectral
hole-burning)[7] and carrier cooling and the slow trapping and recombination
processes.
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Figure 8.5: Pump probe response of a semiconductor saturable absorber
mirror with a multiple-quantum well InGaAs saturable absorber grown at
low temperature [3].

With the formula for the saturation intensity of a two-level system Eq.
(4.70), we can estimate a typical value for the saturation fluence F4 (satura-
tion energy density) of a semiconductor absorber for interband transitions.
The saturation fluence F4, also related to the absorption cross-section o 4, is
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then given by

h h2
FA = —fZIATAzi_)z (81)
7A A
hn
= —O_,Q (8.2)
VA )M

The value for the dipole moment for interband transitions in III-V semicon-
ductors is about d = 0.5 nm with little variation for the different materials.
Together with a dephasing time on the order of T, = 20 fs and a linear
refractive index ng = 3, we obtain
h? J
Fy= e (8.3)

3Ty 7o | M cm

Figure 8.6 shows the saturation fluence measurement and pump probe trace
with 10 fs excitation pulses at 800 nm on a broadband GaAs semiconductor
saturable absorber based on a metal mirror shown in Figure 8.7 [11]. The
pump probe trace shows a 50 fs thermalization time and long time bleach-
ing of the absorption recovering on a 50 ps time scale due to trapping and
recombination.

0.96 = TTTTT] T T T T L= . FI thermalization
> 0.95—AR =38.5% — (:; - L 50 fs .
S 094-AR =5% *F Trapping
S 593 | e L Recombination
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T 0921 O
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Energy Density, pJ/cm

Figure 8.6: Saturation fluence and pump probe measurements with 10 fs
pulses on a broadband metal mirror based GaAs saturable absorber. The
dots are measured values and the solid line is the fit to a two-level saturation
characteristic [11].
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A typical value for the fluence at wich damage is observed on an absorber
is on the order of a few mJ/cm?. Saturating an absorber by a factor of
10 without damaging it is still possible. The damage threshold is strongly
dependent on the growth, design, fabrication and mounting (heat sinking) of
the absorber.
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Figure 8.7: GaAs saturable absorber grown an GaAs wafer and transfered
onto a metal mirror by post growth processing [10].

8.2 High Fluence Effects

To avoid Q-switched mode-locking caused by a semiconductor saturable ab-
sorber, the absorber very often is operated far above the saturation fluence
or enters this regime during Q-switched operation. Therefore it is also im-
portant to understand the nonlinear optical processes occuring at high exci-
tation levels [13]. Figure 8.8 shows differential pump probe measurements on
a semiconductor saturable absorber mirror similar to Figure 8.2 but adapted
to the 1.55 um range for the developement of pulsed laser sources for optical
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communication. The structure is a GaAs/AlAs-Bragg-mirror with an InP
half-wave layer and an embedded InGaAsP quantum well absorber with a
band edge at 1.530 gum. The mirror is matched to air with an Aly03 single-
layer Ar-coating. At low fluence (5.6 uJ) the bleaching dynamics of the
QWs are dominant. At higher fluences, two-photon absorption (TPA) and
free carrier absorption (FCA) in the InP half-wave layer develop and enven-
tually dominate [13].
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Figure 8.8: Differential reflectivity measurements of a semiconductor sat-
urable absorber mirror (GaAs/AlAs-Bragg-mirror and InP half-wave layer
with embedded InGaAsP quantum well absorber for the 1.55 pm range. The
mirror is matched to air with an Aly0ssingle-layer ar-coating). At low fluence
the bleaching dynamics of the QWs are dominant. At higher fluences, TPA
and FCA develop and enventually dominate [13].

The assumption that TPA and FCA are responsible for this behaviour has
been verified experimentally. Figure 8.9 shows differential reflectivity mea-
surements under high fluence excitation at 1.56 pum for a saturable absorber
mirror structure in which absorption bleaching is negligible (solid curve). The
quantum well was placed close to a null of the field. A strong TPA peak is
followed by induced FCA with a single ~ 5ps decay for FCA. Both of these
dynamics do not significantly depend on the wavelength of the excitation,
as long as the excitation remains below the band gap. The ~ 5ps decay is
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attributed to carrier diffusion across the InP half-wave layer [13] The dashed
curve shows the differential absorption of a ~ 350 um thick InP substrate in
which a standing-wave pattern is not formed and the ~ 5ps decay is absent.
The inset in Figure 8.9 shows the power dependence of TPA and FCA. As
expected, TPA and FCA vary linearly and quadratically, respectively, with
pump power.The pump-induced absorption of the probe (TPA) is linearly
dependent on the pump power. Since FCA is produced by carriers that are
generated by the pump alone via TPA, FCA scales with the square of the
pump power.
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Figure 8.9: Differential reflectivity measurements under high fluence excita-
tion at 1.56 pum for a saturable absorber mirror structure in which absorption
bleaching is negligible (solid cuve). The ~ 5 ps decay for FCA is attributed
to carrier diffusion across the InP half-wave layer. The dahed curve shows
the differential absorption of a ~ 350 pum thick InP substrate in which a
standing-wave pattern is not formed. (Inset) Linear and quadratic fluence
dependence of the TPA and FCA components, respectively.

These high fluence effects lead to strong modifications of the saturation
characteristics of a saturable absorber. The importance of the high fluence
effects was first recognized in resonant absorbers (see Figure 8.10). The field
inside the absorber is enhanced by adding a top reflector and a proper spacer
layer. This leads to an effective lower saturation fluence when viewed with
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respect to the intracavity fluence or intensity. Therefore, high fluenece effects
are already reached at low intracavity intensities (see Figure 8.9).
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Figure 8.10: A top reflector is added to the semiconductor saturable absorber
such that the field in the quantum well is resonantely enhanced by about a
factor of 10 in comparison to the non resonant case.
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Figure 8.11: Saturation fluence measurement (dots) of the resonant absorber
shown in Figure 8.10 with 150 fs pulses at 1.53 um. Fits are shown using
a fast or slow saturable absorber and TPA. Also the scaled saturation char-
acteristics of the absorber are shown when used in a laser with longer pulse
durations.

The roll-over of the saturation characteristics has positive and negative
consequences for mode locking. First, if the roll-over can be reached with the
available intracavity pulse energy, Q-switching can be suppressed. Second if
the roll-over occurs too early, the pulses break up into multiple pulses to
optimize the net gain for the overall pulse stream.

8.3 Break-up into Multiple Pulses

In the treatment of mode locking with fast and slow saturable absorbers we
only concentrated on stability against energy fluctuations (Q-switched mode
locking) and against break through of cw-radiation or continuum. Another
often observed instability is the break-up into multiple pulses. The existence
of such a mechanism is obvious if soliton pulse shaping processes are present.
If we assume that the pulse is completely shaped by the soliton—like pulse
shaping processes, the FWHM pulse width is given by

4|D
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where W denotes the pulse energy. Dy the negative disperison and 0 the self-
phase modulation coefficient. With increasing pulse energy, of course the
absorber becomes more strongly saturated, which leads to shorter pulses ac-
cording to the saturable absorber and the soliton formula. At a certain point,
the absorber will saturate and can not provide any further pulse stabiliza-
tion. However, the Kerr nonlinearity may not yet saturate and, therefore,
the soliton formula dictates an ever decreasing pulse width for increasing
pulse energy. Such a process continues, until either the continuum breaks
through, because the soliton loss becomes larger than the continuum loss, or
the pulse breaks up into two pulses. The pulses will have reduced energy
per pulse and each one will be longer and experiences a reduced loss due
to the finite gain bandwidth. Due to the reduced pulse energy, each of the
pulses will suffer increased losses in the absorber, since it is not any longer
as strongly saturated as before. However, once the absorber is already over
saturated by the single pulse solution, it will also be strongly saturated for
the double-pulse solution. The filter loss due to the finite gain bandwidth
is heavily reduced for the double-pulse solution. As a result, the pulse will
break up into double-pulses. To find the transition point where the break-up
into multiple pulses occurs, we write down the round-trip loss due to the gain
and filter losses and the saturable absorber according to 6.35

D
L. L+ q(W,), (8.5)

— 9.2
372,

where, ¢s(W,,) is the saturation loss experienced by the pulse when it prop-
agates through the saturable absorber. This saturation loss is given by

+o00
g (W) = % / o(T, )| AL () Pat. (8.6)

This expression can be easily evaluated for the case of a sech-shaped steady
state pulse in the fast saturable absorber model with

o Ey
B where Py—24
T AOE where Py -

Py

Qfast(t) = (8.7)

and the slow saturable absorber model, where the relaxation term can be
neglected because of 74 > 7.

0 =mes> | -5 [
slow = (o €XD EA

—0o0

t

|A(t) |2dt/] : (8.8)
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For the slow absorber 8.8 the absorber losses (8.6) can be evaluated indepen-
dent of pulse shape to be

1 —exp [—EKA]
QS,slow(W) =qo W . (89)

By

Thus for a slow absorber the losses depend only on pulse energy. In contrast,
for a fast absorber, the pulse shape must be taken into account and, for a
sech-shaped pulse, one obtaines [14]

1 o W
= R ——— hil i h = '1
s, rast (W) = qo 0T a)tan l, /—1 n a} , with a ST (8.10)

and the pulse energy of one pulse of the multiple pulse solution. The energy
is determined from the total gain loss balance

90

mWae,
1+ PLTR

— 1+ 1L, (8.11)

Most often, the saturable absorber losses are much smaller than the losses
due to the output coupler. In that case the total losses are fixed independent
of the absorber saturation and the filter losses. Then the average power does
not depend on the number of pulses in the cavity. If this is the case, one
pulse of the double pulse solution has about half of the energy of the single
pulse solution, and, therefore, the width of the double pulse is twice as large
as that of the single pulse according to (8.4). Then the filter and absorber
losses for the single and double pulse solution are given by

Dy
ll = 3—7_% + qs(Hl), (812)
Dy Wi
b= +as(). (8.13)

The single pulse solution is stable against break-up into double pulses as long
as

h <l (8.14)

is fulfilled. This is the case, if the difference in the filter losses between the
single and double pulse solution is smaller than the difference in the saturable
absorber losses D W
5 < AGW) = a:(5) = a:(W), (8.15)
1 2
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Figure 8.12 shows the difference in the saturable absorption for a single
pulse and a double pulse solution as a function of the ratio between the
single pulse peak power and saturation power for a fast absorber and as a
function of the ratio between the single pulse energy and saturation energy
for a slow absorber. Thus, for both cases the optimum saturation ratio, at
which the largest discrimination between single and double pulses occurs and,
therefore, the shortest pulse before break-up into multiple pulses occurs, is
about 3. Note, that to arrive at this absolute number, we assumed that the
amount of saturable absoption is neglegible in comparison with the other
intracavity losses, so that the saturated gain level and the gain and filter
dispersion are fixed.
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Figure 8.12: Difference in loss experienced by a sech-shaped pulse in a slow
(- - -) and a fast (—) saturable absorber for a given pulse energy or peak
power , respectively.

At this optimum operation point, the discrimination against multiple
break-up of a fast absorber is about 50% larger than the value of the slow ab-
sorber. Since the minimum pulsewidth scales with the square root of Ag,(W),
see Eq. (8.15), the minimum pulsewidth of the slow absorber is only about
22% longer than with an equally strong fast saturable absorber. Figure 8.12
also predicts that a laser modelocked by a fast saturable absorber is much
more stable against multiple pulse break-up than a slow saturable absorber if
it is oversaturated . This is due to the fact that a fast saturable absorber sat-
urates with the peak power of the pulse in comparison with a slow saturable
absorber, which saturates with the pulse energy. When the pulse breaks up
into a pulse twice as long with half energy in each, the peak power of the
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individual pulses changes by a factor of four. Therefore, the discrimination
between long and short pulses is larger in the case of a fast saturable ab-
sorber, especially for strong saturation. Note that Fig. 8.12 is based on the
simple saturation formulas for fast and slow saturable absorbers Egs. (8.9)
and (8.10). We compare these predictions with numerical simulations and
experimental observations made wiht a Nd:glass laser [15][16].

The Nd:glass laser described in ref. [15] was modelocked by a saturable
absorber which showed a fast recovery time of 74 = 200 fs, a modulation
depth of gy = 0.005 and a saturation energy of F4 = 17 n.J. The other laser
parameters can be found in [16]. Without the solitonlike pulse formation
(GDD and SPM is switched off), the laser is predicted to produce about
200 fs short pulses with a single pulse per round-trip, very similar to what
was discussed in the fast saturable absorber mode locking in Chapter 6. The
dynamics becomes very much different if the negative GDD and positive SPM
are included in the simulation, (see Figure 8.13)

x 10

N

Power / W
N

0.1
Small Signal Gain

Figure 8.13: Each trace shows the pulse intensity profile obtained after 20,000
cavity round-trips in a diode-pumped Nd:glass laser according to [15]. When
the laser reaches the double-pulse regime the multiple pulses are in constant
motion with respect to each other. The resulting pulse train is no longer
stationary.
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With increasing small signal gain, i. e. increasing pulse energy, the soliton
shortens to 80 fs due to the solitonlike pulse shaping, (Figure 8.13).

Small Signal Gain
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Figure 8.14: Steady state pulse width (®) and time-bandwidth product (o)
for a Nd:glass laser modelocked by a saturable absorber with a 200 fs recovery
time with GDD and SPM included, shown as a function of the intracavity
pulse energy. The time-bandwidth product is only meaningful in the single
pulse regime, where it is shown. The pulses are almost transform limited
sech-pulses. The pulse width in the multiple pulseing regime is only unique
in the parameter region where multiple pulses of similar height and width
are achieved. The pulses break up into multiple pulses when the absorber is
about three times saturated.

The pulse width follows nicely the soliton relation (8.4), (dash-dotted
line). The pulses become shorter, by about a factor of 2.5, than without
GDD and SPM before the pulse breaks up into longer double-pulses. The
pulse break-up into double-pulses occurs when the absorber is about two
times saturated, close to the point where the shortest pulse can be expected
according to the discussion above. Figures 8.13 shows, that the break-up
point for the double pulses is also very close to the instability for continuum
break-through. Indeed the first pulse train after break-up at a small signal
gain of gy = 0.09 shows the coexistance of a longer and a shorter pulse,
which indicates continuum break-through. But the following five traces are
double pulses of equal height and energy. For even stronger saturation of the
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absorber the double-pulses break-up into triple pulses and so on. Then the
dynamics becomes even more complex. This behavior has been observed in
detail in a Nd:glass laser [15], (see Figure 8.15), as well as in Crd+:YAG lasers
[17]. The simulations just discussed match the parameters of the Nd:glass
experiments.
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Figure 8.15: Pulsewidth in a Nd:glass laser [15] as a function of intracavity
stored energy, i.e. pulse energy for a single pulse per round-trip. Dots mea-
sured values and solid line fits for a single and double-pulse solitonlike pulse
stream.

Figure 8.15 clearly shows the scaling of the observed pulse width according
to the soliton formula until the pulses break up at a saturation ratio of about
2. Notice, that the absorber recovery time of 200 fs is not much shorter than
the pulse width achieved. Nevertheless, the optimum saturation ratio is close
to the expected one of about 3. The break-up into pure double and triple
pulses can be observed more clearly if the absorber recovery time is chosen to
be shorter, so that continuum break-through is avoided. Figure 8.16 shows
the final simulation results obtained after 20,000 round-trips in the cavity, if
we reduce the absorber recovery time from 200 fs to 100 fs, again for different
small signal gain, e.g. intracavity power levels and pulse energies. Now, we
observe a clean break-up of the single-pulse solution into double-pulses and
at even higher intracavity power levels the break-up into triple pulses without
continuum generation in between. Note that the spacing between the pulses
is very much different from what has been observed for the 200 fs response
time. This spacing will depend on the details of the absorber and may also
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be influenced by the dynamic gain saturation even if it is only a very small
effect in this case [17].
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Power / W

o

Figure 8.16: Each trace shows the pulse intensity profile obtained after 20,000
cavity round-trips for an absorber with a response time 74 = 100 fs for
different values of the small-signal gain. The simulations are always started
with a 1 ps initial pulse shown as the first trace. Note that only the single
pulse solutions are stationary.

8.4 Summary

Real absorbers do have the advantage of providing direct amplitude modula-
tion and do not exploit additional cavities or operation of the resonator close
to its stability boundary to achieve effective phase to amplitude conversion.
Especially in compact resonator designs, as necessary for high-repitition rate
lasers in the GHz range, semiconductor saturable absorbers with their low
saturation energies and compactness offer unique solutions to this important
technological challenge.
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Chapter 9

Pulse Characterization

Characterization of ultrashort laser pulses with pulse widths greater than
20 ps can be directly performed electronically using high speed photo detec-
tors and sampling scopes. Photo detectors with bandwidth of 100 GHz are
available. For shorter pulses usually some type of autocorrelation or cross-
correlation in the optical domain using nonlinear optical effects has to be
performed, i.e. the pulse itself has to be used to measure its width, because
there are no other controllable events available on such short time scales.

9.1 Intensity Autocorrelation

Pulse duration measurements using second-harmonic intensity autocorrela-
tion is a standard method for pulse characterisation. Figure 9.1 shows the
setup for a background free intensity autocorrelation. The input pulse is split
in two, and one of the pulses is delayed by 7. The two pulses are focussed
into a nonliner optical crystal in a non-colinear fashion. The nonlinear opti-
cal crystal is designed for efficient second harmonic generation over the full
bandwidth of the pulse, i.e. it has a large second order nonlinear optical
suszeptibility and is phase matched for the specific wavelength range. We
do not consider the z—dependence of the electric field and phase-matching
effects. To simplify notation, we omit normalization factors. The induced
nonlinear polarization is expressed as a convolution of two interfering electric—
fields FE4(t), Ex(t) with the nonlinear response function of the medium, the

323
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second order nonlinear susceptibility y(?).

PO (t) // XP(t —ty,t —ty) - By(ty) - Ey(ta)dtydty

T Osciloscope

Beam Splitter ‘_;k NL-Crystal
NN : 2

Input A ' 5= PMT —>

T

Figure 9.1: Setup for a background free intensity autocorrelation. To avoid
dispersion and pulse distortions in the autocorrelator reflective optics and
a thin crystal has to be used for measuring very short, typically sub-100 fs
pulses.

We assume the material response is instantaneous and replace y® (¢t —
t1,t — t3) by a Dirac delta—function x® - §(t — t;) - §(t — t5) which leads to

PO (t) oc By(t) - Eyt) (9.1)

Due to momentum conservation, see Figure 9.1, we may separate the product
E(t)- E(t—7) geometrically and suppress a possible background coming from
simple SHG of the individual pulses alone. The signal is zero if the pulses
don’t overlap.

PO () < E(t) - B(t — 7). (9.2)
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I(x) 7,
x=t/T TA
1. Rectangle:
1 el <12 N
I(z) = { 0, |z|>1/2
2. Parabola:
[ 1—2? 2| <1)2 0.8716 | /2
](I)_{ 0, |2|>1/2

|
ES

3. Sinc®
1(2) = Simc?(x) 0.7511 | 2.7833
4. Gaussialg 0.7071 | 2/In2
I(z)=e"

5. Triangle

[ 12|, 2l <1 0.6922 | 1
1(96)—{ 0, |z >1

6. Sech”

I(2) = Sock? () 0.6482 | 1.7627

7. Lorentzian

0.5 2
I(@) = 5z
8. Onesided Exponential
e, >0 0.5 In2
Iw) = { 0, <0
9. Twosided E}Egglnentlal 0.4130 | 12
I(z)=¢e

Table 10.1: Pulse shapes and its deconvolution factors
relating FWHM, 7, of the pulse to FWHM, 74, of the

intensity autocorrelationfunction.

The electric field of the second harmonic radiation is directly proportional to
the polarization, assuming a nondepleted fundamental radiation and the use
of thin crystals. Due to momentum conservation, see Figure 9.1, we find

Tac(T) o / h ‘A(t)A(t—T) "t (9.3)
x / T I — 1) dt, (9.4)
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with the complex envelope A(t) and intensity I(t) = | A(t)|” of the input pulse.
The photo detector integrates because its response is usually much slower
than the pulsewidth. Note, that the intenisty autocorrelation is symmetric
by construction

[AC(T) = IAC(—T). (95)
It is obvious from Eq.(9.3) that the intensity autocorrelation does not contain
full information about the electric field of the pulse, since the phase of the
pulse in the time domain is completely lost. However, if the pulse shape is
known the pulse width can be extracted by deconvolution of the correlation
function. Table 10.1 gives the deconvolution factors for some often used pulse
shapes.

9.2 Interferometric Autocorrelation (IAC)

A pulse characterization method, that also reveals the phase of the pulse
is the interferometric autocorrelation introduced by J. C. Diels [2], (Figure
9.2 a). The input beam is again split into two and one of them is delayed.
However, now the two pulses are sent colinearly into the nonlinear crystal.
Only the SHG component is detected after the filter.

Osciloscope

i ! T

1 Beam : NL-Crystal

1 Splitter 1 * A

1 1 “ 20 | 5
1

: O Filter T
1

1

b)

Figure 9.2: (a) Setup for an interferometric autocorrelation. (b) Delay stage,
so that both beams are reflected from the same air/medium interface impos-
ing the same phase shifts on both pulses.



9.2. INTERFEROMETRIC AUTOCORRELATION (IAC) 327

The total field E(t,7) after the Michelson-Interferometer is given by the
two identical pulses delayed by 7 with respect to each other

B(t7) = E(t+7)+E@®) (9:6)
Alt + T)ejwc(t+7)€j¢CE + A(t)ejwﬂtejd’CE ) (9.7)

A(t) is the complex amplitude, the term e/*<! describes the oscillation with
the carrier frequency w. and ¢qp is the carrier-envelope phase. Eq. (9.1)
writes

PA(t,7) (At + T)elwetHn) pider | A(zﬁ)ej“’ﬂ"/ejd’cE)2 (9.8)
This is only ideally the case if the paths for both beams are identical. If
for example dielectric or metal beamsplitters are used, there are different
reflections involved in the Michelson-Interferometer shown in Fig. 9.2 (a)
leading to a differential phase shift between the two pulses. This can be
avoided by an exactly symmetric delay stage as shown in Fig. 9.2 (b).
Again, the radiated second harmonic electric field is proportional to the
polarization

E(t,7) oc (A(t + )ee e A Werter)”. (9.9)

The photo—detector (or photomultiplier) integrates over the envelope of each
individual pulse

I(r) /00 ) (At + 7)edeltH7) 4 A(t)ej‘dct)2 lzdt.

s
x / )A2(t + T)ejng(tJrT)
+2A(t 4 7) A(t) e ) giwet
2
+ A2 (t)el et

(9.10)

Evaluation of the absolute square leads to the following expression

1) [ [l I+ A+ PARR + AW

+2A(t + 7)|A(t)PA* (t)e?™ + c.c.
+2A(1)|A(t + T)PA*(t +T)e 7“7 +c.c.

A2 4 ) (AN(E))2eiT c.c.] dt | (9.11)
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The carrier-envelope phase ¢ drops out since it is identical to both pulses.
The interferometric autocorrelation function is composed of the following
terms

I(T) - Iback + Iint<T) + Iw(T) + IQw(T) . (912)

Background signal Ijq.:

Lo :/OO (At +7)[* + [A@D)1Y) dt:2/oo 12(1) dt (9.13)

o0 —00

Intensity autocorrelation I;,:(7):

(e o]

Lo () :4/_00 At + )| A®) dt:4/ [+7)-I(0) dt (9.14)

[e.o] —00

Coherence term oscillating with w.: I,(7):

L(r) =4 /_ N ReKl(t) FI(t T)) A" (DAt + T)ejW] dt (9.15)

o

Coherence term oscillating with 2w,: I, (7):

Lu(r) =2 / " Re [A2(t)(A* (t+ T))%ﬂm} dt (9.16)

—00

Eq. (9.12) is often normalized relative to the background intensity Iy,
resulting in the interferometric autocorrelation trace

Iint(T) 4 ]w<7_) + IQw(T)'
I back I back I back

Irac(t) =1+ (9.17)

Eq. (9.17) is the final equation for the normalized interferometric auto-
correlation. The term I;,,,(7) is the intensity autocorrelation, measured by
non—colinear second harmonic generation as discussed before. Therefore, the
averaged interferometric autocorrelation results in the intensity autocorrela-
tion sitting on a background of 1.

Fig. 9.3 shows a calculated and measured IAC for a sech-shaped pulse.
As with the intensity autorcorrelation, by construction the interferometric
autocorrelation has to be also symmetric:

Itac(t) = I1ac(—7) (9.18)
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IAC
£
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8 T T I
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~—— experimental

LA
0 20 40

Delay, fs

Figure 9.3: Computed and measured interferometric autocorrelation traces
for a 10 fs long sech-shaped pulse.
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This is only true if the beam path between the two replicas in the setup are
completely identical, i.e. there is not even a phase shift between the two
pulses. A phase shift would lead to a shift in the fringe pattern, which shows
up very strongly in few-cycle long pulses. To avoid such a symmetry breaking,
one has to arrange the delay line as shown in Figure 9.2 b so that each pulse
travels through the same amount of substrate material and undergoes the
same reflections and transmissions.

At 7 =0, all integrals are identical
A / LAt

Tou(r = 0) = 2 / A2(1)[2dt = 4 / LAt = 2Ly
(9.19)
Lir=0)=2 / LA(DPA() A (t)de = 8 / LA dt = 4Ty

L(7 = 0) =2 / A2(8) (A2(t)*dt = 2 / LAt = Ty
Then, we obtain for the interferometric autocorrelation at zero time delay
I140(7)|max = Irac(0) =8
Itac(t — +0) =1 (9.20)
I740(7)|min — O
This is the important 1:8 ratio between the wings and the pick of the TAC,
which is a good guide for proper alignment of an interferometric autocorre-

lator. For a chirped pulse the envelope is not any longer real. A chirp in
the pulse results in nodes in the TAC. Figure 9.4 shows the IAC of a chirped

sech-pulse
t (1+58)
At) = (sech (—)>
Tp

for different chirps.
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10 fs Sech-pulse with Chirp fi=1 10 fs Sech-pulse with Chirp [1=2
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delay (fs) delay (fs)
10 fs Sech-pulse with Chirp [1=3 10 fs Sech-pulse with Chirp [i=4
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-gD 20 0 20 40 -gD 20 0 20 40
delay (fs) delay (fs)

Figure 9.4: Influence of increasing chirp on the IAC.

9.2.1 Interferometric Autocorrelation of an Unchirped
Sech-Pulse

Envelope of an unchirped sech-pulse
A(t) = sech(t/7,) (9.21)

Interferometric autocorrelation of a sech-pulse

" 3 <<é) cosh (é) — sinh (%)){922)
sinh® (%) '

cos(weT)

Itac(t) = 14{2+ cos(2w.T

3 (sinh (%) - (%))
sinh? (i)

+
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9.2.2 Interferometric Autocorrelation of a Chirped Gaussian
Pulse

Complex envelope of a Gaussian pulse

A@)z@ml—%(%)(l+j®}. (9.23)

p

Interferometric autocorrelation of a Gaussian pulse

Iac(r) = 1+ {24—6_%(%)2 cos(2wc7')}e_%(#) (9.24)

22 (2 (Y
+4e (%) cos (Z (T—p) ) cos (weT) .

9.2.3 Second Order Dispersion

It is fairly simple to compute in the Fourier domain what happens in the
presence of dispersion.

E(t) = A(t)e™ L B(w) (9.25)

After propagation through a dispersive medium we obtain in the Fourier
domain.

E’(w) = F(w)e ®®

and
E'(t) = A’(t)ej“’ct

Figure 9.5 shows the pulse amplitude before and after propagation through
a medium with second order dispersion. The pulse broadens due to the dis-
persion. If the dispersion is further increased the broadening increases and
the interferometric autocorrelation traces shown in Figure 9.5 develope a
characteristic pedestal due to the term I;,;. The width of the interferomet-
rically sensitive part remains the same and is more related to the coherence
time in the pulse, that is proportional to the inverse spectral width and does
not change.
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Intensity of Input and Output Pulse IAC after Dispersion
! i ~input
I —output

0 4]
delay (fs}

Figure 9.5: Effect of different amounts of second order dispersion on a trans-
form limited 10 fs Sech-pulse.

9.2.4 Third Order Dispersion

We expect, that third order dispersion affects the pulse significantly for
Dj
-3
which is for a 10fs sech-pulse D3 > (%)3 ~183 fs3. Figure 9.6 and 9.7 show
the impact on pulse shape and interferometric autocorrelation. The odd

dispersion term generates asymmetry in the pulse. The interferometric au-
tocorrelation developes characteristic nodes in the wings.

> 1
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Figure 9.6: Impact of 200 fs® third order dispersion on a 10 fs pulse at a
center wavelength of 800 nm.and its interferometric autocorrelation.

Intensity of Input and Qutput Pulse IAC after Dispersion

D3=100 s

D3=

50 0
delay (fsec)
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Figure 9.7: Changes due to increasing third order Dispersion from 100-1000
fs?on a 10 fs pulse at a center wavelength of 800 nm.
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9.2.5 Self-Phase Modulation

Self-phase modulation without compensation by proper negative dispersion
generates a phase over the pulse in the time domain. This phase is invisible
in the intensity autocorrelation, however it shows up clearly in the IAC, see
Figure 9.8 for a Gaussian pulse with a peak nonlinear phase shift ¢, = §A2 =
2 and Figure 9.8 for a nonlinear phase shift ¢, = 3.

10 fs Sech-pulse with Chirp =0 Spectrum of Input and Quiput Pulse
200

ey
A —gutput
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\

Input Pulse Amplitude

e

._éé‘;-
=
———
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——
?
6=
g

— T
Frequency (PHz)

After SPM LAC alter SPM

Pulse Amplitude after SPM
o
—_

20 o 20 20 @

L
delay (fs)

o 0 1
time (fs)

Figure 9.8: Change in pulse shape and interferometric autocorrelation in a
10 fs pulse at 800 nm subject to pure self-phase modulation leading to a
nonlinear phase shift of ¢, = 2.

From the expierence gained by looking at the above TAC-traces for pulses
undergoing second and third order dispersions as well as self-phase modula-
tion we conclude that it is in general impossible to predict purely by looking
at the TAC what phase perturbations a pulse might have. Therefore, it was
always a wish to reconstruct uniquely the electrical field with respect to am-
plitude and phase from the measured data. In fact one can show rigorously,
that amplitude and phase of a pulse can be derived uniquely from the TAC
and the measured spectrum up to a time reversal ambiguity [1]. Further-
more, it has been shown that a cross-correlation of the pulse with a replica
chirped in a known medium and the pulse spectrum is enough to reconstruct
the pulse [3]. Since the spectrum of the pulse is already given only the phase
has to be determined. If a certain phase is assumed, the electric field and
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the measured cross-correlation or IAC can be computed. Minimization of
the error between the measured cross-correlation or IAC will give the de-
sired spectral phase. This procedure has been dubbed PICASO (Phase and

Intensity from Cross Correlation and Spectrum Only).

10fs Sech-pulse with Chirp [i=0 Spectrum of Input and Output Pulse
00

~—nput
—oulpul

Input Pulse Amplitude

time (fs) T 3
Frequency (PHz)

After SPM I1AC after SPM

Pulse Amplitude after SPM

0 10 20
time (fs)

Figure 9.9: Change in pulse shape and interferometric autocorrelation in a
10 fs pulse at 800 nm subject to pure self-phase modulation leading to a
nonlinear phase shift of ¢, = 3.

Note, also instead of measuring the autocorrelation and interferometric
autocorrelation with SHG one can also use two-photon absorption or higher
order absorption in a semiconductor material (Laser or LED) [4].

However today, the two widely used pulse chracterization techniques are
Frequency Resolved Optical Gating (FROG) and Spectral Phase Interferom-
etry for Direct Electric Field Reconstruction (SPIDER)

9.3 Frequency Resolved Optical Gating (FROG)

We follow closely the book of Rick Trebino, who invented FROG. In frequency
resolved optical gating, the pulse to be characterized is gated by another
ultrashort pulse [5]. The gating is no simple linear sampling technique, but
the pulses are crossed in a medium with an instantaneous nonlinearity (y(?)
or x®¥) in the same way as in an autocorrelation measurement (Figures 9.1
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and 9.10). The FROG-signal is a convolution of the unknown electric-field
E(t) with the gating—field g(¢) (often a copy of the unknown pulse itself).
However, after the interaction of the pulse to be measured and the gate
pulse, the emitted nonlinear optical radiation is not put into a simple photo
detector, but is instead spectrally resolved detected. The general form of the
frequency-resolved intensity, or Spectrogram Sp(7,w) is given by

[e's) 2
S (7, w) o ’ / Et) - glt — T)e*"dt| (9.26)
—0o0
E(t)
E(t) contributes g(t-t) contributes
hase (i.e., color), f .
tg the signal pulse. only intensity, not
9 p phase (i.e., color),
\ to the signal pulse.
\ g(t-T)
E(t) g(t-7)
y/
0 T time

Figure 9.10: The spectrogram of a waveform E(t) tells the intensity and
frequency in a given time interval [5].

Representations of signals, or waveforms in general, by time-frequency
distributions has a long history. Most notabley musical scores are a temporal
sequence of tones giving its frequency and volume, see Fig. 9.11.
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Negatively chirped Unchirped pulse Positively chirped
pulse pulse

/

Frequency

Time

Frequency

Delay

Figure 9.12: Like a musical score, the spectrogram visually displays the fre-
quency vs. time [5].

Andante (Key of G) t o
W.B. -whole bow HYIT‘II’! oJ Y
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Figure 9.11: A musical score is a time-frequency representation of the signal
to be played.

Time-frequency representations are well known in the radar community,
signal processing and quantum mechanics [9] (Spectrogram, Wigner-Distribution,
Husimi-Distribution, ...), Figure 9.12 shows the spectrogram of differently
chirped pulses. Like a mucical score, (see Fig. 9.11) the spectrogram visu-
ally displays the frequency vs. time.

Note, that the gate pulse in the FROG measurement technique does not
to be very short. In fact if we have

g(t) =4(t) (9.27)

then
Sp(T,w) = |E(T)]2 (9.28)
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and the phase information is completely lost. There is no need for short
gate pulses. A gate length of the order of the pulse length is sufficient. It
temporally resolves the slow components and spectrally the fast components.

9.3.1 Polarization Gate FROG

Figure 9.13 shows the setup [6][7]. FROG is based on the generation of a
well defined gate pulse, eventually not yet known. This can be achieved
by using the pulse to be measured and an ultrafast nonlinear interaction.
For example the electronic Kerr effect can be used to induce an ultrafast
polarization modulation, that can gate the pulse with a copy of the same
pulse.

Pulse to be “Polarization-Gate” Geometry
measured
2
Y ... waepme  Esiglt) = E(t) [E(t=)
splitter  (45° rotation Camera
of polarization)
_>
j\ spectro l
E(t T) “ meter
S
P——
Variable
delay
Instantaneous nonlmear
optical medium Irroc(®,7) = | | Esig(t,) e-iot dt

Figure 9.13: Polarization Gate FROG setup. The instantaneous Kerr-effect
is used to rotate the polarization of the signal pulse £(t) during the presence
of the gate pulse E(t — 7) proportional to the intensity of the gate pulse [5].

The signal analyzed in the FROG trace is, see Figure 9.14,

Eyy(t,7) = E(t)|B(t — 1) (9.29)
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Esiglt,7) = E(t) |E(t-1)|?

Signal pulse
E(t) E(t-1)
" E(t) ((_:ontriblljte;s |E(t-1)[2 contributes
phase (i.e., color), . )
to the signal pulse. gﬂgsg‘t(?r;f"é’bﬂ,",t),
to the signal pulse.
|
\ \ | .
0 21/3 T time

Figure 9.14: The signal pulse reflects the color of the gated pulse at the time
27/3 [5]

The FROG traces generated from a PG-FROG for chirped pulses is iden-
tical to Fig. 9.12. Figure 9.15 shows FROG traces of more complicated
pulses

Self-phase- Cubic-spectral- Double pulse
modulated pulse phase pulse

Figure 9.15: FROG traces of more complicated pulses.
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9.3.2 FROG Inversion Algorithm

Spectrogram inversion algorithms need to know the gate function g(t — 7),
which in the given case is related to the yet unknown pulse. So how do we
get from the FROG trace to the pulse shape with respect to amplitude and
phase? If there is such an algorithm, which produces solutions, the question
of uniqueness of this solution arises. To get insight into these issues, we
realize, that the FROG trace can be written as

2

]FRog<T,CU) X ‘/ Esig<t,T)6_thdt (930)

Writing the signal field as a Fourier transform in the time variable, i.e.

ESig(tJ T) = / Esig(ta Q)eijQTdQ (931)

—00

yields
2

IrroG(T,w) ‘ / / Eyig(t, Q)e %27 dtdQ) (9.32)

This equation shows that the FROG-trace is the magnitude square of a two-
dimensional Fourier transform related to the signal field E;,(¢,€2). The in-
version of Eq.(9.32) is known as the 2D-phase retrival problem. Fortunately
algorithms for this inversion exist [8] and it is known that the magnitude (or
magnitude square) of a 2D-Fourier transform (FT) essentially uniquely de-
termines also its phase, if additional conditions, such as finite support or the
relationship (9.29) is given. Essentially unique means, that there are ambigu-
ities but they are not dense in the function space of possible 2D-transforms,
i.e. they have probability zero to occur.

Furthermore, the unknown pulse E(t) can be easily obtained from the
modified signal field El,(t, ) because

Elaig(t,Q) = / h Elig(t, 7)e? 7 dr (9.33)
_ / T B@)g(t — T)e 7 dr (9.34)
= E(t)G*(Q)e % (9.35)
with -
G(Q):/ g(T)e 7 dr. (9.36)
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Thus there is
E(t) o< Eyy(t,0). (9.37)

The only condition is that the gate function should be chosen such that
G() # 0. This is very powerful.

Fourier Transform Algorithm

The Fourier transform algorithm also commonly used in other phase retrieval
problems is schematically shown in Fig. 9.16

Start

‘ Generate

Signal
Es‘ig(t,r) — B (1) — E:;g(fﬂ)

Inverse FFT FFT with
with respect to respect to t

A
AR Esig (o,
Esig((ﬂv'f)= /\” (@7) (IFRUG ):/2 -

E.\'ig (U):T)

A
Eig (w,7)

Irroc

Figure 9.16: Fourier transform algorithm for FROG trace inversion. The
blue operations indicate the constraints due to the gating technique used
and the FROG data [5]

Generalized Projections

The signal field E;,(t, 7) has to fulfill two constraints, which define sets see
Fig. 9.17. The intersection between both sets results in yields F(t). Moving
to the closest point in one constraint set and then the other yields conver-
gence to the solution, if the two sets or convex. Unfortunately, the FROG
constraints are not convex. Nevertheless the algorithm works surprisingly
well. For more information consult with reference [5].
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Set of waveforms that satisfy

nonlinear-optical constraint:
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Initial guess
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Figure 9.17: Generalized Projections applied to FROG [5].

9.3.3 Second Harmonic FROG

So far we only discussed PG-FROG. However, if we choose a x? nonlinearity,
e.g. SHG, and set the gating—field equal to a copy of the pulse g(t) = E(t),
we are measuring in eq.(9.26) the spectrally resolved autocorrelation signal.
The marginals of the measured FROG-trace do have the following properties

/OO () dw o /OO E@) - gt — ) dt (9.38)

/: Sr(Tow) dr ox '/: E(w) - Glw = w)do| . (9.39)

For the case, where ¢(t) = E(t),we obtain

[o.9]

Sp(T,w) dw < Ixo(T). (9.40)

—

—00

2

/00 Sp(T,w) dr )ng(w) (9.41)

—00

The setup to measure the Frog-trace is identical with the setup to measure
the intensity autocorrelation function (Figure 9.1) only the photodector for
the second harmonic is replaced by a spectrometer (Figure 9.18).
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Figure 9.18: SHG-FROG setup.
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Figure 9.19: FROG measurement of a 4.5 fs laser pulse.

Since the intensity autocorrelation function and the integrated spectrum
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can be measured simultaneously, this gives redundancy to check the correct-
ness of all measurements via the marginals (9.38, 9.39). Figure 9.19 shows
the SHG-FROG trace of the shortest pulses measured sofar with FROG.

9.3.4 FROG Geometries

The Frog-signal F;,.can also be generated by a nonlinear interaction different

from SHG or PG, see table 9.20[5].

FROG geometries: Pros and Cons

Sensitivity Ambiguities

Second- ® Direction
harmonic SHG >ﬂ,<: ZAOJ 001 nJ oftime;
generation ® U P Rel. phase
$@ r of multiple
pulses
Third- Relative
harmonic THG ==y % 3¢ 1n phase of
generation 3) Pr multiple
X pulses
Transient- >§y "‘Ql-‘P x> o) N
. r n one
grating TG o) l
3
WP Pol
(o]
Polarization-  pg 0] ! —w? 100 nJ None
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346 CHAPTER 9. PULSE CHARACTERIZATION

9.4 Spectral Interferometry and SPIDER

Spectral Phase Interferometry for Direct Electric—Field Reconstruction (SPI-
DER) avoids iterative reconstruction of the phase profile. Iterative Fourier
transform algorithms do have the disadvantage of sometimes being rather
time consuming, preventing real-time pulse characterization. In addition,
for “pathological" pulse forms, reconstruction is difficult or even impossible.
It is mathematically not proven that the retrieval algorithms are unambigu-
ous especially in the presence of noise.

Spectral shearing interferometry provides an elegant method to overcome
these disadvantages. This technique has been first introduced by C. Iaconis
and I.A. Walmsley in 1999 [11] and called spectral phase interferometry for
direct electricfield reconstruction — SPIDER. Before we discuss SPIDER lets
look at spectral interferometry in general

9.4.1 Spectral Interferometry

The spectrum of a pulse can easily be measured with a spectrometer. The
pulse would be completely know, if we could determine the phase across
the spectrum. To determine this unknown phase spectral interferometry for
pulse measurement has been proposed early on by Froehly and others [12].
If we would have a well referenced pulse with field Fr(t), superimpose the
unknown electric field F¢(t) delayed with the reference pulse and interfere
them in a spectrometer, see Figure 9.21, we obtain for the spectrometer
output

Ef(t) = Eg(t)+ Es(t—7) (9.42)
S(w) = ‘ / ;OO Ef(t)e_j”tdt2: )ER(w)+ES(w)—J’W2 (9.43)
= Spe(w) + 8O (w)e™™ + S (w)e 7+ (9.44)
with
SP(w) = Epw)Es(w) (9.45)
S w) = S (w) (9.46)

Where (+) and (-) indicate as before, well separted positive and negative
"frequency" signals, where "frequency" is now related to 7 rather than w.
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Figure 9.21: Spectral Interferometery of a signal pulse with a reference pulse.

If 7 is chosen large enough, the inverse Fourier transformed spectrum
S(t) = F7{S(w)} results in well separated signals, see Figure 9.22.

S(t) = Spe(t) + SOt +7) + 5Bt —7) (9.47)

S |
' s [Pty

ﬂ “'h\ zﬂ‘ “fr

< V \(ﬁ; I i

Figure 9.22: Decomposition of SPIDER signal.

We can isolate either the positive or negative frequency term with a filter
in the time domain. Back transformation of the corresponding term to the
frequency domain and computation of the spectral phase of one of the terms
results in the spectral phase of the signal up to the known phase of the
reference pulse and a linear phase contribution from the delay.

O (w) = arg{ST (W)™} = pg(w) — W) +wr (9.48)
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Figure 9.23: The principle of operation of SPIDER.

9.4.2 SPIDER

What can we do if we don’t have a well characterized reference pulse? C.
Iaconis and I.A. Walmsley [11] came up with the idea of generating two up-
converted spectra slightly shifted in frequency and to investigate the spectral
interference of these two copies, see Figure 9.23. We use

Er(t) = E(t)e/vst (9.49)
Es(t) = E(t—71)elwstDt (9.50)
E/(t) = Eg(t)+ Es(t) (9.51)

where w, and w, + 2 are the two frequencies used for upconversion and 2
is called the spectral shear between the two pulses. FE(t) is the unknown
electric field with spectrum

A

E(w) = |E(w)| ¥ (9.52)

Spectral interferometry using these specially constructed signal and reference
pulses results in
2

= Spo(w)+ SO (w)e™ + S (w)e ™™ (9.53)

S(w) = ’ / +OO Er(t)e 7 dt

—00
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SH(w) = Ehw)Esw)=E*(w—w)Ew—w,—Q)  (9.54)
SOw) = SH*(w) (9.55)

The phase ¢(w) = arg[S™) (w)e 7] derived from the isolated positive spec-
tral component is

(W) = plw —ws = Q) —p(w —w) —wr. (9.56)

The linear phase wt can be substracted off after independent determination
of the time delay 7. It is obvious that the spectral shear €2 has to be small
compared to the spectral bandwidth Aw of the pulse, see Fig. 9.23. Then
the phase difference in Eq.(9.56) is proportional to the group delay in the
pulse, i.e.

de
Q== P(w), (9.57)
o(w) = —é /Oww(w’)dw/. (9.58)

Note, an error A7 in the calibration of the time delay 7 results in an error
in the chirp of the pulse
2

w

Ap(w) = 2QAT. (9.59)
Thus it is important to chose a spectral shear () that is not too small. How
small does it need to be? We essentially sample the phase with a sample
spacing 2. The Nyquist theorem states that we can uniquely resolve a pulse
in the time domain if it is only nonzero over a length [—7', T'|, where T' = 7 /).
On the other side the shear {2 has to be large enough so that the fringes in
the spectrum can be resolved with the available spectrometer.

SPIDER Setup

We follow the work of Gallmann et al. [?] that can be used for characteri-
zation of pulses only a few optical cycles in duration. The setup is shown in
Figure 9.24.
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Figure 9.24: SPIDER setup; SF10: 65mm glass block (GDD/z =~
160 fs?/ mm), BS: metallic beam splitters (= 200 ym, Cr-Ni coating 100 nm),
7: adjustable delay between the unchirped replica, Tggyg: delay between
unchirped pulses and strongly chirp pulse, RO: reflective objective (Ealing—
Coherent, x35, NA=0.5, f=5.4mm), TO: refractive objective , L: lens, spec-
trometer: Lot-Oriel MS260i, grating: 4001/mm, Blaze-angle 350 nm, CCD:
Andor DU420 CCI 010, 1024 x 255 pixels, 26 um/pixel [13].

Generation of two replica without additional chirp:

A Michelson—type interferometer generates two unchirped replicas. The
beam—splitters BS have to be broadband, not to distort the pulses. The
delay 7 between the two replica has to be properly chosen, i.e. in the setup
shown it was about 400-500 fs corresponding to 120-150 pm distance in space.
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Spectral shearing;:

The spectrally sheared copies of the pulse are generated by sum-frequency
generation (SFG) with quasi-monochromatic beams at frequencies w, and
ws + Q. These quasi monochromatic signals are generated by strong chirp-
ing of a third replica (cf. Fig. 9.24) of the signal pulse that propagates
through a strongly dispersive glass slab. For the current setup we estimate
for the broadening of a Gaussian pulse due to the glass dispersion from 5 fs
to approximately 6ps. Such a stretching of more than a factor of thou-
sand assures that SFG occurs within an optical bandwidth less than 1nm, a
quasi—-monochromatic signal. Adjustment of the temporal overlap 75y with
the two unchirped replica is possible by a second delay line. The streched
pulse can be computed by propagation of the signal pulse F(t) through the
strongly dispersive medium with transfer characteristic

Hglass(w) — e_nglass(w_Wc)2/2 (9.60)

neglecting linear group delay and higher order dispersion terms. We otain for
the analytic part of the electric field of the streched pulse leaving the glass
block by convolution with the transfer characteristic

+o00
Estretch(t) — /E(W)e_ngla'SS(w_w6)2/2€thdw — (9.61)
+oo
= i/ (Dylass) gievet / B (w)e I Patass (@=00)=t/Dass®) /24 9 62)
—00

If the spectrum of the pulse is smooth enough, the stationary phase method
can be applied for evaluation of the integral and we obtain

Estretch(t) o ejwc(t+t2/(2Dgzass)E'(w = w, + t/Dglass) (963)

Thus the field strength at the position where the instantaneous frequency is
d

Winst = %Wc(t + t2/(2Dglass) = We + ZLf/l)glass (964)

A

is given by the spectral amplitude at that frequency, E(w = w. + t/Dgiass)-
For large stretching, i.e.
|7/ Dyiass| < |€ (9.65)

the up-conversion can be assumed to be quasi monochromatic.
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SFG:

A BBO crystal (wedged 10-50 um) is used for type I phase-matched SFG.
Type II phase—matching would allow for higher acceptance bandwidths. The
pulses are focused into the BBO—crystal by a reflective objective composed of
curved mirrors. The signal is collimated by another objective. Due to SFG
with the chirped pulse the spectral shear is related to the delay between both
pulses, 7, determined by Eq.(9.64) to be

Q= _T/Dglass- (966)

Note, that conditions (9.65) and (9.66) are consistent with the fact that the
delay between the two pulses should be much larger than the pulse width
7, which also enables the separation of the spectra in Fig.9.22 to determine
the spectral phase using the Fourier transform method. For characterization
of sub-10fs pulses a crystal thickness around 30 um is a good compromise.
Efficiency is still high enough for common cooled CCD—cameras, dispersion
is already sufficiently low and the phase matching bandwidth large enough.

Signal detection and phase reconstruction:

An additional lens focuses the SPIDER signal into a spectrometer with a
CCD camera at the exit plane. Data registration and analysis is performed
with a computer. The initial search for a SPIDER signal is performed by
chopping and Lock—In detection.The chopper wheel is placed in a way that
the unchirped pulses are modulated by the external part of the wheel and the
chirped pulse by the inner part of the wheel. Outer and inner part have dif-
ferent slit frequencies. A SPIDER signal is then modulated by the difference
(and sum) frequency which is discriminated by the Lock-In amplifier. Once
a signal is measured, further optimization can be obtained by improving the
spatial and temporal overlap of the beams in the BBO—crystal.

One of the advantages of SPIDER is that only the missing phase informa-
tion is extracted from the measured data. Due to the limited phase-matching
bandwidth of the nonlinear crystal and the spectral response of grating and
CCD, the fundamental spectrum is not imaged in its original form but rather
with reduced intensity in the spectral wings. But as long as the interference
fringes are visible any damping in the spectral wings and deformation of
the spectrum does not impact the phase reconstruction process the SPIDER
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technique delivers the correct information. The SPIDER trace is then gen-
erated by detecting the spectral interference of the pulses

Er(t) = E(t)E(w,)e™s! (9.67)
Es(t) = E(t—71)E(w, + Q)el st (9.68)
Er(t) = Eg(t)+ Es(t) (9.69)

The positive and negative frequency components of the SIDER trace are then
according to Eqs.(77?,9.55)

§Pw) = Ehw)Esw) ) ) (9.70)
= F'(w—ws)E(w—ws —Q)E*(ws)E(ws — Q)
SO w) = SO (W) (9.71)

and the phase ¥(w) = arg[S™) (w)e 7] derived from the isolated positive
spectral component substraction already the linear phase off is

P(w) = p(w —ws — Q) — p(w — ws) + p(ws —2) — p(w,). (9.72)

Thus up to an additional constant it delivers the group delay within the pulse
to be characterized. A constant group delay is of no physical significance.

SPIDER-Calibration

This is the most critical part of the SPIDER measurement. There are three
quantities to be determined with high accuracy and reproducibility:

o delay 7
e shift wy
e shear (2

Delay 7
The delay 7 is the temporal shift between the unchirped pulses. It appears
as a frequency dependent phase term in the SPIDER phase, Egs. (9.56)
and leads to an error in the pulse chirp if not properly substracted out, see
Eq.(9.59).

A determination of 7 should preferentially be done with the pulses de-
tected by the spectrometer but without the spectral shear so that the ob-
served fringes are all exactly spaced by 1/7. Such an interferogram may
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be obtained by blocking the chirped pulse and overlapping of the individual
SHG signals from the two unchirped pulses. A Fourier transform of the inter-
ferogram delivers the desired delay 7.In practice, this technique might be dif-
ficult to use. Experiment and simulation show that already minor changes of
7 (£11£s) significantly alter the reconstructed pulse duration (= +1 — 10%).
Another way for determination of 7 is the following. As already men-
tioned, 7 is accessible by a differentiation of the SPIDER phase with respect
to w. The delay 7 therefore represents a constant GDD. An improper de-
termination of 7 is thus equivalent to a false GDD measurement. The real
physical GDD of the pulse can be minimized by a simultaneous IAC mea-
surement. Maximum signal level, respectively shortest IAC trace means an
average GDD of zero. The pulse duration is then only limited by higher
order dispersion not depending on 7. After the IAC measurement, the delay
7 is chosen such that the SPIDER measurement provides the shortest pulse
duration. This is justified because through the TAC we know that the pulse
duration is only limited by higher order dispersion and not by the GDD o 7.
The disadvantage of this method is that an additional IAC setup is needed.
Shift wy:
The SFG process shifts the original spectrum by a frequency w, ~ 300 THz
towards higher frequencies equivalent to about 450nm when Ti:sapphire
pulses are characterized. If the SPIDER setup is well adjusted, the square of
the SPIDER interferogram measured by the CCD is similar to the fundamen-
tal spectrum. A determination of the shift can be done by correlating both
spectra with each other. Determination of w, only influences the frequency
too which we assign a give phase value, which is not as critical.
Shear §2:
The spectral shear is uncritical and can be estimated by the glass dispersion
and the delay 7.

9.4.3 Characterization of Sub-Two-Cycle Ti:sapphire
Laser Pulses

The setup and the data registration and processing can be optimized such
that the SPIDER interferogram and the reconstructed phase, GDD and in-
tensity envelope are displayed on a screen with update rates in the range of
0.5-1s.

Real-time SPIDER measurements enabled the optimization of external
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dispersion compensation leading to 4.8 fs pulses directly from a laser [13], see
Figure 9.25.
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Figure 9.25: SPIDER measurement of a 4.8 fs Ti:sapphire laser pulse. (a)
SPIDER interferogram on a logarithmic scale. (b) Spectral power density and
spectral phase of the pulse. (c¢) Calculated GDD of the pulse. (d) Intensity
envelope and temporal phase curve [13].

Figure 9.25(a) shows the SPIDER interferogram as detected by the CCD
camera. The interferogram is modulated up to 90%, the resolutions limit
in the displayed graphic can not resolve this. The large number of interfer-
ence fringes assures reliable phase calculation. Figure (b) displays the laser
spectrum registered by the optical spectrum analyzer on a logarithmic scale.
The calculated spectral phase curve is added in this plot. The small slope of
the phase curve corresponds to a constant GD which is an unimportant time
shift. Fig. 9.25 (c) depicts the GDD obtained from the phase by two deriva-
tives with respect to the angular frequency w. The last Figure (d) shows the
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intensity envelope with a FWHM pulse duration of 4.8 fs together with the
temporal phase curve.

9.4.4 Pros and Cons of SPIDER

H Advantages H Disadvantages

direct analytical phase extraction complex experimental setup

no moving mirrors or other components || precise delay calibration necessary

possible real-time characterization “compact" spectrum necessary

(no zero-intensity intervals)

simple 1-D data acquisition need for expensive CCD—camera

minor dependence on spectral response

of nonlinear crystal and spectrometer

9.5 Two-Dimensional Spectral Shearing In-
terferometry

As in SPIDER, also in two-dimensional spectral shearing interferometry
(2DSI) one does upconvert two frequency components at w and w — € of
the pulse to a joint frequency, which then depends on the relative phase
of the two components ¢(w) — ¢p(w — Q). In 2DSI, two chirped (quasi-CW)
pulse copies are mixed with the short pulse to be measured in a type II phase
matched BBO crystal, see Fig. 9.26. [14]. As we will see, this technique does
not suffer from the calibration sensitivities of SPIDER nor the bandwidth
limitations of FROG or interferometric autocorrelation (IAC). The advan-
tage of type II upconversion with BBO is that the phase matching bandwidth
is large in one axis (well over an octave) and small in the other, a perfect
match for single-cycle pulse characterization. Furthermore, self-referenced
frequency shifting roughly halves the relative bandwidth of the final signal
allowing the measurement of pulses spanning 2 octaves from 650 nm to 2600
nm.
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Figure 9.26: Setup for two-dimensional spectral shearing interferometry.

The two up-converted pulses are sheared spectrally, but are collinear form-
ing a single pulse in time. The phase of one of the up-converted pulses is
scanned over several cycles by vibrating the corresponding mirror in the in-
terferometer over a few microns. The spectrum of the up-converted signal
is recorded as a function of phase delay and wavelength, yielding a 2-D in-
tensity function, see Fig. 9.27 (a) for a 5fs pulse and (b) for the same pulse
propagated through 1 mm of fused quartz.

Since only the relative fringe phase matters, the delay scan does not need
to be calibrated in any way, the only required calibration is for the shear a
relatively insensitive parameter as discussed already before. The intensity of
the upconverted signal is

I(w,Te) = [AW)]* +]A(w = Q" + [A(w)[*
+2A(w) A(w — Q) €08 [WewTew + (W) — dlw — Q)]

where
P(w) — d(w— Q) =7 Q40 [Q7].

Fig. 9.27 (c) and (d), shows the spectrum of the pulse along with the ex-
tracted spectral group delays. The chirp introduced by the glass plate is
reflected in the measurement with high precision demonstrating the high
quality of pulse reconstruction achieved with this method. Fig. 9.28 shows
the directly measured interferometric autocorrelation trace of a 5 fs pulse
together with the computed trace using the reconstructed electric field of the
pulse measured with 2DSI. The two traces agree very well with each other.
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Figure 9.27: Raw 2DSI data from (a) a 5 fs laser pulse and (b) a pulse
dispersed by 1 mm of fused silica. The spectrum is shown in (c) with the
extracted group delay (GD) curves shown in (d) alongside the measured and
Sellmeierderived glass group delay.
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Figure 9.28: Calculated interferometric autocorrelation trace from the re-
constructed electric field using 2DSI and directly measured interferometric
autocorrelation of a 5 fs pulse.
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Chapter 10

Femtosecond Laser Frequency

Combs

So far we only considered the deterministic steady state pulse formation in
ultrashort pulse laser systems due to the most important pulse shaping mech-
anisms prevailing in todays femtosecond lasers. Due to the recent interest
in using modelocked lasers for frequency metrology and high-resolution laser
spectroscopy as well as phase sensitive nonlinear optics the noise and tuning
properties of mode combs emitted by modelocked lasers is of much current
interest. Soliton-perturbation theory is well suited to successfully predict
the noise behavior of many solid-state and fiber laser systems [1] as well as
changes in group- and phase velocity in modelocked lasers due to intracavity
nonlinear effects [5]. We start off by reconsidering the derivation of the mas-
ter equation for describing the pulse shaping effects in a mode-locked laser.
We assume that in steady-state the laser generates at some position z = 0
(for example at the point of the output coupler) inside the laser a sequence
of pulses with the envelope a(T" = mTg,t). These envelopes are the solutions
of the corresponding master equation, where the dynamics per roundtrip is
described on a slow time scale T' = mTk. Then the pulse train emitted from
the laser including the carrier is

Alt) = f o(T = mT, t)e’ 2 (= 52mL)] (10.1)
=S = el T ] (g

m=—00
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with repetition rate fr = 1/Tx = v,/2L and center frequency w.. Both the
repetition rate and the carrier frequency are in general subject to slow drifts
due to mirror vibrations, changes in intracavity pulse energy that might be
further converted into phase and group velocity changes. Note, the center
frequency and repetition rate are only defined for times long compared to the
roundtrip time in the laser. Usually, they only change on a time scale three
orders of magnitude slower than the expectation value of the repetition rate.

10.1 The Mode Comb

Lets suppose the pulse envelope, repetition rate, and center frequency have
approached there stationary values and any perturbations and noise are ab-
sent. Then the corresponding time domain signal is sketched in Figure 10.1.

A

IA(H)]

\

| T r= 1

>

1fog

Figure 10.1: Pulse train emitted from a noise free mode-locked laser. The
pulses can have chirp. The intensity envelope repeats itself with repetition
rate fr. The electric field is only periodic with the rate fog if it is related to
the repetion rate by a rational number.

The pulse a(T = mTkg, t) is the steady state solution of the master equa-
tion describing the laser system, as studied in chapter 6. Let’s assume that
the steady state solution is a soliton
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a(t, T) = ay(t) e 7% 7% (10.3)
with
t—to
as(t) = Ag sech( ) (10.4)
T
and the soliton phase shift
1o D

Thus, there is a carrier envelope phase shift A¢-p from pulse to pulse due
to dispersion and self-phase modulation is given by

2L — ¢y + mod(27)  (10.6)

We

1 1
AﬁbCE,dispSPM = We <_ - _)

Vg Up

= wJr (1 - E) — ¢ + mod(27)

Up
The full expression for the laser electric field Eq.(10.2) is then, where we
keep the carrier-envelop phase shift A¢- 5 at the moment open to eventually
acquired additional contributions from other nonlinear processes and not just
the contribution due to dispersion and self-phase modulation

400
At) = Z as(t — mTg) ellwelt=mTr)tmAdcy] (10.7)

m=—0o0

The Fourier transform of the unperturbed pulse train is

+oo
A(w) - ds(w—wc) Z ej(A¢CE—wTR)m
+o0 ' socy
= &S(w—wc) Z eJmTR< T 7w>
~ A
= ds(w — we) n_Z@é( ( $§E+an)>‘ (108)

which is shown in Figure 10.2. Note, that here we used the identity for a
d-comb in time and frequency domain
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+o00 +o0
Z eI — Z d(x —2mn). (10.9)

Each comb line is shifted by the carrier-envelope offset frequency for = gf%f

from the origin

B | H L >

f,=fe+nfy

Figure 10.2: Optical mode comb of a mode-locked laser output.

To obtain self-consistent equations for variations in repetition rate and
center frequency and the other pulse parameters due to intracavity power
fluctions and noise, we employ soliton-perturbation theory. This is for ex-
ample justified for the case of fast saturable absorber modelocking in the
negative dispersion region, where the steady state pulse is close to a soliton
as discussed in chapter 6, especially, when the ratio of gain filtering to dis-
persion is equal to the ratio of SAM action to self-phase modulation, see Eq.
(6.61). Then the steady state solution of the master equation is a soliton-
like pulse, stabilized by the irreversible dynamics and subject to additional
perturbations due to the environment and noise

(10.10)

0
+(g—la+ Dygza+ Y]al*a + Lper
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Due to the irreversible processes and the perturbations, the solution to
(10.10) is a soliton like pulse with perturbations in amplitude, phase, fre-
quency and timing plus some continuum

at,T) = [as(t,T) + a.(T,?)]

10.11
=390/ Tr i AP(T)t ;=20 o1

with pulse energy wy = 2A4%7.

The perturbations cause fluctuations in amplitude, phase, center fre-
quency and timing of the soliton and generate background radiation, i.e.
continuum

AA(T,t) = Aw(T) fu(t) + A0(T) fo(t) + Ap(T) f,(1)

+AHT) fe(t) + ac(Tt).

(10.12)

where, we rewrote the amplitude perturbation as an energy perturbation.
Note, that the f; correspond to the first component of the vector in Eqs.(3.23)
- (3.26). The dynamics of the pulse parameters due to the perturbed Nonlin-
ear Schrodinger Equation (10.10) can be projected out from the perturbation
using the adjoint basis f; corresponding to the first component of the vector
in Egs.(3.45) - (3.48) and the new orthogonality relation, see Chapter 3.5.

+oo
Re { f;(t)fj(t)dt} = 0. (10.13)
We obtain
0 oo
S = —aAw + —Re {/ P (6) Lyen (T, t)dt} (10.14)
0 20, Aw 1 oo i
SA(T) = T—R o Re { / “(0) Lyent (T, £)dt } (10.15)
%) 1 .
8_TAp( ) == —T—pA + T—RRG{ - f ( ) pert(T7 t)dt} (1016)
) _ —2|D] 1 = .
a_TAt = TR A + T—RRQ { - ft (t)Lpert(Ta t)dt} (1017)

Note, that the irreversible dynamics does couple back the generated contin-
uum to the soliton parameters. Here, we assume that this coupling is small
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and neglect it in the following, see [1]. Due to gain saturation, gain filter-
ing and saturable absorber action, the pulse energy and center frequency
fluctuations are damped with normalized decay constants

1
— = (294 — 27A?), (10.18)

w

I 4 g9 1

Tp N §Q§T2T_R'

(10.19)

These perturbation equations and time constants can be drived similar to the
case of active modelocking with soliton formation as treated in section 5.5,
one only needs to replace the active modelocker by the saturable absorber.
Here, g, is the saturated gain and g, is related to the differential gain by

Yo

g = —2L (10.20)
1+ PrTR
dgs

gd = dg * Wo (10.21)

o

Note, in this model we assumed that the gain instantaneously follows the
intracavity average power or pulse energy, which is not true in general. How-
ever, it is straight forward to include the relaxation of the gain by adding a
dynamical gain model to the perturbation equations. For simplicity we shall
neglect this here. Since the system is autonomous, there is no retiming and
rephasing in the free running system.

10.2 Group- and Phase Velocity of Solitons

The Kerr-effect leads to a change of phase velocity of the pulse, resulting
in the self-phase shift of the soliton, ¢,, per round-trip. A change in group
velocity does not appear explicitly in the solution of the NLSE. However,
there should be an additional term added in the NLSE that also stems from
the Kerr-effect and is called self-steepening. Here, we treat it as perturbation
to the NLSE, (10.10)

_ 5 a 2
Lpert = —w—caﬂa(T, t)Fa(T,1)). (10.22)
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Usually the impact of this term on the pulse shape is small on the order of

1 Ty

w.r  2nT’

and, therefore, is only important for few-cycle pulses. However, it turns out
that this term alters the group velocity of the soliton like pulse as much or
as it turns out even twice as much as the nonlinear phase shift changes the
phase velocity of the soliton-like pulse. We take this term into account in the
form of a perturbation. This perturbation term is odd and real and therefore
only leads to a timing shift in the soliton-like pulse, when substituted into
Eq.(10.10).

OAH(T) 0 tee 0 s [t
Tg a |, T e A Re{ - fi (t)at sech - dt ¢10.23)
_ 0 e 29
= - A4=20 (10.24)

This timing shift or group delay per round-trip, together with the nonlinear
phase shift of the soliton leads to a phase change between carrier and envelope
per roundtrip due to the Kerr effect in total given by

1

0 1
A¢CE' Kerr — _¢0 + we TR_At(T> = 514(2] + (SAg = —6A(2)
7 or sel fsteep 2 2
(10.25)
The compound effect of this phase delay per round-trip in the carrier versus

envelope leads to a carrier-envelope frequency

A¢CE,Kerrf _ @

=2 fn. (10.26)

f CE,Kerr —
The group delay also changes the optical cavity length of the laser and there-
fore alters the repetition rate according to

Ir

We

Afr = —[RAUT)|

2
selfsteep —2¢y—fr = —%fCE, (10.27)

where my is the mode number of the carrier wave. Eq.(10.8), together with
the linear and nonlinear contributions to the carrier-envelope frequency ac-
cording to Eqs.(10.6), (10.26) and (10.27) determine the location of the m-th
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line of the optical comb f,, = fcr + mfr with the total carrier-envelope
frequency

A¢ 1S + AQS err
for = —Ed o CBKer g (10.28)
= W, (1 - E) + @f}z—kmod(fR)
Up 2T

The shift in fog due to an intracavity pulse energy modulation and a change
in cavity length is then

Afpy = Afcp kerr + MAfr = fer (1 - 2_m> aw _ mng. (10.29)
My /) Wo Lo

Specifically, Eq. (10.29) predicts, that the mode with number m = mg/2,
i.e. the mode at half the center frequency, does not change its frequency as
a function of intracavity pulse energy. Of course, one has to remember, that
this model is so far based on self-phase modulation and self-steepening as
the cause of a power dependent carrier-envelope offset frequency. There may
be other mechanisms that cause a power dependent carrier envelope offset
frequency. One such effect is the group delay caused by the laser gain medium
another one is the carrier-envelope phase change due to a change in carrier
frequency, which gives most likely a very strong additional dependence on
pump power. Nevertheless, the formula (10.29) can be used for the control of
the optical frequency comb of a femtosecond laser by controlling the cavity
length and the intracavity pulse energy, via the pump power.

10.3 Femtosecond Laser Frequency Combs

Nevertheless, the formula (10.29) can be used for the control of the optical
frequency comb of a femtosecond laser by controlling the cavity length and
the intracavity pulse energy, via the pump power. According to Fig. 10.2
every line of the optical comb determined by

fn = for +mfr. (10.30)

Note, if the femtosecond laser emits a spectrum covering more than one
octave, then one can frequency double part of the comb at low frequencies
and beat it with the corresponding high frequency part of the comb on a
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fo=2(fce+nfe)

A |7 SHG L

f =fe+nf;

Figure 10.3: f-to-2f interferometry to determine the carrier-envelope offset
frequency.
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Figure 10.4: Carrier-envelope phase stabilized 200 MHz octave-spanning
Ti:sapphire laser. The femtosecond laser itself is located inside the grey
area. AOM, acousto-optical modulator; S, silver end mirror; OC, output
coupling mirror; PBS, polarizing beam splitter cube; PMT, photomultiplier
tube; PD, digital phase detector; LF, loop filter; VSA, vector signal analyzer.
The carrier-envelope frequency is phase locked to 36 MHz.

photo detector, see Fig. 10.3. The result is a photodector beat signal that
consists of discrete lines at the beat frequencies

fe=kfr=* for (10.31)

This method for determining the carrier-envelope offset frequency is called
f-to-2f interferometry.The carrier-envelope offset frequency can be extracted
with filters and synchronized to a local oscillator or to a fraction of the
repetition rate of the laser, for example fr/4.

Figure 10.4 shows the setup of an octave spanning 200 MHz Ti:sapphire
laser where the carrier envelope offset frequency fog is locked to a local
oscillator at 36 MHz using the f-to-2f self-referencing method [6]

The spectral output of this laser is shown in Figure 10.5 The spectral com-
ponents at 1140 are properly delayed in a chirped mirror delay line against
the spectral components at 570 nm. The 1140 nm range is frequency doubled
in a lmm BBO-crystal and the frequency doubled light together with the fun-
damental at 570 nm is projected into the same polarization via a polarizing
beam splitter. The signal is then filtered through a 10nm wide filter and de-
tected with a photomultiplier tube (PMT). A typical signal from the PMT is
shown in Figure 10.6.Phase locking is achieved by a phase-locked loop (PLL)
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Figure 10.5: Output spectrum of the Ti:sapphire laser on a linear (black
curve) and on a logarithmic scale (grey curve). The wavelengths 570 and
1140 nm used for self-referencing are indicated by two dashed lines.
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Figure 10.6: Radio-frequency power spectrum measured with a 100 kHz res-
olution bandwidth (RBW). The peak at the carrier-envelope frequency offset
frequency exhibits a signal-to-noise ratio of ~35 dB.
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by feeding the error signal from a phase detector (mixer or digital phase de-
tector) to an AOM placed in the pump beam (see Fig. 10.4) which modulates
the pump power, which in turn changes the intracavity pulse energy, and thus
changes the carrier-envelope frequency via Eq.(10.29). A bandpass filter is
used to select the carrier-envelope beat signal at 170 MHz. This signal is
amplified, in in the case here, divided by 16 in frequency, and compared with
a reference frequency fro supplied by a signal generator (Agilent 33250A)
with the phase detector. The division of the carrier-envelope beat signal by
16 is to enhance the locking range of the PLL. The phase detector acts as
a frequency discriminator when the loop is open, the output is thus the dif-
ference frequency between the carrier-envelope frequency and the designated
locking frequency. The output signal is amplified in the loop filter, which in
our case is a proportional and integral controller, and fed back to the AOM,
closing the loop. The output of the phase detector is proportional to the
remaining jitter between the carrier-envelope phase evolution and the local
oscillator reduced by the division ratio 16. The power spectral density (PSD)
of the carrier-envelope phase fluctuations are measured with a low frequency
spectrum analyzer, in this case a vector signal analyzer (VSA) at the out-
put of the phase detector. After proper rescaling by the division factor the
phase error PSD is shown in Fig. 10.7. The measurement was taken in steps
with an equal amount of points per decade. The PSD of the carrier-envelope
phase fluctuations can be integrated to obtain the total phase error. In the
range above 1 MHz (see Fig. 10.7), the accuracy of this measurement is
limited by the noise floor of the vector signal analyzer. Here, an integrated
carrier-envelope phase jitter of about 0.1 radian over the measured frequency
range is obtained. The major contribution to the phase noise comes from low
frequency fluctuations around 10-50 kHz, where the gain of the loop is not
yet high enough. If in addition to the carrier-envelope frequency also the
repetition rate of the laser is locked to a frequency standard, such as for ex-
ample a Cesium clock, the femtosecond laser frequency comb in the optical
domain is completely determined with microwave precision and can be used
for optical frequency measurements [6].

10.4 Noise in Mode-Locked Lasers

Within the soliton perturbation theory framework the response of the laser to
noise can be easily included. All we need to do is assume know an additional
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Figure 10.7: Carrier-envelope phase noise power spectral density (left) and
integrated phase jitter (right) resulting in only 45 as accumulated carrier-
envelope timing jitter.

perturbation in the master equation (10.10) that describes the stochastic im-
pact of the noise sources in our system. In fact, there are many noise sources,
most importantly noise of the pump laser, acoustics, i.e. mirror vibrations,
air currents, if the laser is not properly covered and so on. However, even
if one eliminates all these technical noise sources by careful design and con-
trol there is a fundamental noise source left over that ensures that quantum
mechanical uncertainty relations are not violated, see [1]. Without going to
much into detail these fundamental noise sources are due to the losses and
the gain compensating the losses in the laser, which necessitates the intro-
duction of fluctuations (noise) into the system via the dissipation-fluctuation
theorem, which has a quantum mechanical analogon. From such considera-
tions follows that the amplifier causes spontaneous emission noise due to the
amplifying medium described by a saturated gain g,. This leads to additive
white noise in the perturbed master equation (10.10) with Ly = £(¢,T),
where £ is a white Gaussian noise source with autocorrelation function

(€, TYERT)) = TrPyo(t —)0(T — T') (10.32)
where the spontaneous emission noise energy P, - T with
24 hw.
P=0"%n, =06 (10.33)
TR Tph

is added to the pulse within each roundtrip in the laser. Note, the factor
O > 1 is called excess noise factor and describes how much worth the noise
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performance of a real amplifier is in contrast to an ideal amplifier with gain
gs. The factor of 2 in eq.(10.33) comes from the fact that both gain and loss,
which are equal for a steady state laser cause equal amounts of loss, becasue
both result from coupling of the field to a reservoir. In the case of the gain,
this is the amplifier mediuam in the case of loss this is the coupling of the
resontor modes to the outside world, for example via the output coupler.
Tph :2ng ~T2—; is the cavity decay time or photon lifetime in the cavity. Note,
that the noise is approximated by white noise, i.e. uncorrelated noise on
both time scales t,T. The noise between different round-trips is certainly
uncorrelated. However, white noise on the fast time scale t, assumes a flat
gain, which is an approximation. By projecting out the equations of motion
for the pulse parameters in the presence of this noise according to (10.12)—
(10.17), we obtain the additional noise sources which are driving the energy,
center frequency, timing and phase fluctuations in the mode-locked laser

aiTAw _ _%Aw+sw(T), (10.34)
%A@(T) = %if+se(T), (10.35)
FFAT) = ——Ap+5,(T). (10.36)

%At = %RD'AN&(T), (10.37)

with

(10.41)

Su(T) = TLRRe{ /_ :o f;;(t)g(T,t)dt}, (10.38)

S)(T) = TLRRe{ /_ :o g(t)§<T,t)dt}, (10.39)

S,(T) = TiRRe{ / :,o ‘;(t)g(T,t)dt}, (10.40)
{ }
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The new reduced noise sources obey the correlation functions

(Su(T")Su(T)) = 42106(T—T’), (10.42)
(So(T)So(T)) = g (1 + g) %5@ _7, (10.43)
SATIS,D) = 3,280 =T, (10.41)
(SU(T)S,T)) = g%é(T—T’), (10.45)
(S(T)S,(T)) = 0forij. (10.46)

The power spectra of amplitude, phase, frequency and timing fluctuations
are defined via the Fourier transforms of the autocorrelation functions

+o0o
|AD(Q)]* = / (AW(T + 7)AW(T))e ¥ dr, ete. (10.47)

—00

After a short calculation, the power spectra due to amplifier noise are

Ab(Q) P 4 P,

‘ o - TmrTe (10.48)
X 1[4 72\ P 16 > P,
AR = = |- (1+=)—2+—Folnl (104
AT = [3( +12) wo+(1/T%+92)T§w0]’ (10.49)

1 4P
APQT]? = —F 57— (10.50)
1/T§+§223w0
N 2

AL(D 1 [P, 1 44/DP P,

L) — Ty - |2 Ch (10.51)
T D23 w, (1/m2+Q%) 3Tz w,

These equations indicate, that energy and center frequency fluctuations be-
come stationary with mean square fluctuations

<<i}w>2> — QPZZ‘“ (10.52)

(Apr)?) = = (10.53)
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whereas the phase and timing undergo a random walk with variances
4 2\ P,
oa(T) = {((AO(T) — AJ(0))*) = = (1 + W—) — |7 (10.54)

3 12 ) w,
¢2 P 4 T T
Fon S Gl O R il
T2 w, Tw | &P Tw + Tw

2T <<At(T) - At(O)) > _ P (10.55)

T 3 w,

4MDP313( {\Tq \TD
+ Tolexp |—— | — 1+ —

Q2. 4, 'p
3THT* w, Tp Tp

+16

The phase noise causes the fundamental finite width of every line of the
mode-locked comb in the optical domain. The timing jitter leads to a fi-
nite linewidth of the detected microwave signal, which is equivalent to the
lasers fundamental fluctuations in repetition rate. In the strict sense, phase
and timing in a free running mode-locked laser (or autonomous oscillator)
are not anymore stationary processes. Nevertheless, since we know these
are Gaussian distributed variables, we can compute the amplitude spectra of
phasors undergoing phase diffusion processes rather easily. The phase differ-
ence ¢ = AJ(T) — AA(0) is a Gaussian distributed variable with variance o
and probability distribution

I &2 2
= e 20, with o = . 10.56
() Tore (¢*) (10.56)

Therefore, the expectation value of a phasor with phase ¢ is

+o00
() = ! e_%ej"”dgp (10.57)
V2o J-
_= 67%0

10.4.1 The Optical Spectrum

In the presence of noise the laser output changes from eq.(10.7) to a random
process. For simplicity, we treat here only the impact of the ever increasing
timing and phase fluctuations of the field, which explains the finite linewidth
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of the optical and microwave spectrum of the femtosecond laser frequecy
combs in the optical and microwave domain. It is straight forward, but
lengthy, to include also amplitude and carrier-frequency fluctuations. Ne-
glecting the background continuum as well as amplitude fluctuations and
carrier frequency fluctuations, we obtain:

(10.58)

= (t —mTp — At(mTR)>

T

ejAgbCEAmejwctefjAQ(mTR)

We assume a stationary process, so that the optical power spectrum can be
computed from averages of the signal truncated in time according to

1 X

Saa(w) = lim (A% (w)Ap(w)), (10.59)

T=2NTg—oo T
with the spectra related to a finite time interval

R ‘ . Adop
Ar(w) = [T AWedt = aglw —we) YNy ™ Tn (55 )
(10.60)

e—il(w—we)At(mTr)+A0(mTR))

where ag(w) is the Fourier transform of the pulse shape. If A(¢) would be
an electronic signal, Eq.(10.59) is exactly what a modern digital microwave
spectrum analyzer measures and computes. In this case

ag(w) = / Agsech (;) e Wtdt = Agmr sech (gUJT> (10.61)

[e.e]

With (10.59) the optical spectrum of the laser is given by

. ~ j $CE _ —m/
Saalw) = ]\}E}I;oms(w _ wc)|22N1TR Zﬁ/:d\[ an\f:iN e]TR< TR w)(m m’)

(e+l(—) (AHOMTR) At T)) ~ (O(mT)~0(m'T))] )
(10.62)

Note, that the difference between the phases and the timing only depends on
the difference k = m—m/. In the current model phase and timing fluctuations
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are uncorrelated. Therefore, for N — oo we obtain

. A
Saalw) = |as(w— WC)PT_lR 2202700 e]TR(%RE_w)k
(e H2m(—w) (A((m+R)Th) ~AHMTR)]) (o=i(A0((m+k)TR)=AB(MTR)) )

(10.63)
The expectation values are exactly of the type calculated in (10.57), which
leads to

[o.9]

Al 2
e

o~ 3 [(w=we)r)or (kTR)]

k=—00

Most often we are interested in the noise very close to the lines at frequency
offsets much smaller than the inverse energy and frequency relaxation times
7 and 7,. This is determined by the long term behavior of the variances,
which grow linearly in |T'|

4 71.2 2
oo(T) = 3 <1+ 12+16—w > |T| = 2Awy|T), (10.65)
o(T) = 3 <7r + T_% (ﬁ) ) w—O|T| = 2Aw;|T. (10.66)
with the rates
2 772 P
A = —(1 16= — 10.
1( , 72 /(D\? Pn
Awt = 6 (71' + T—I% (ﬁ) ) w—o. (1068)
From the Poisson formula
+o0 ) +o0
Z h[kle 3% = Z G(z + 2nm) (10.69)
k=—o00 n=-—oo
where e
G(z) = / hlkle % dk, (10.70)
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and Eqgs.(10.64) to (10.68) we finally arrive at the optical line spectrum of
the mode-locked laser

|ao(w — we)|? o 2Aw,,
Saalw) = T2 nzzoo (W — wn)? + Aw? (10.71)

which are Lorentzian lines at the mode comb positions

Wn = NWR + %, (10.72)
Tr

with a half width at half maximum of
Aw, = Awgy + [T(wn — we)2Aw;. (10.73)
Estimating the number of modes M included in the comb by

Tr

T

M = (10.74)
we see that the contribution of the timing fluctuations to the linewidth of
the comb lines in the center of the comb is negligible. Thus the linewidth of
the comb in the center is given by 10.67

2 2 O2g;
A = 1 16— 10.75
W¢ 3 ( + 12“‘ ¢ ) NOTR ( )
2 2 )
= 1 1 Tw 10.
3 ( + 12+ 6— qzﬁ ) Norom (10.76)

Wo

where No = 7%= is the number of photons in the cavity and 7,, = Tr/(2!) is
the photon lifetime in the cavity. Note that this result for the mode-locked
laser is closely related to the Schawlow-Towns linewidth of a continuous wave
laser which is Af, = %. For a solid-state laser at around 1um wave-
length with a typical intracavity pulse energy of 50 nJ corresponding to
Ny = 2.5 - 10" photons and 100 MHz repetition rate with a 10% output
coupler and an excess noise figure of © = 2, we obtain Af,~ m = 8uHz

without the amplitude to phase conversion term depending on the nonlinear
phase shift ¢,. These intrinsic linewidths are due to fluctuations happening
on a time scale faster than the round-trip time and, therefore, can not be
compensated by external servo control mechanisms. For sub-10 fs lasers, the
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spectra fill up the full gain bandwidth and the KLLM is rather strong, so that
the amplitude and center frequency relaxation times are on the order of 10-
100 cavity roundtrips. In very short pulse Ti:sapphire lasers nonlinear phase
shifts are on the order of 1 rad per roundtrip. Then most of the fluctuations
are due to amplitude fluctuations converted into phase jitter. This contribu-
tions can increase the linewidth by a factor of 100-10000, which may bring
the linewidth to the mHz and Hz level.

10.4.2 The Microwave Spectrum

Not only the optical spectrum is of interest also the spectrum of the photo
detected output of the laser is of interest. Simple photo detection can con-
vert the low jitter optical pulse stream into a comb of extremely low phase
noise microwave signals. The photo detector current is proportional to the
output power of the laser. Neglecting amplitude fluctuations, we find from
Eq.(10.58)

e

e
I(t) = n— AT = n— x (10.77)
“+o00o
— mTy — At(mT
. %sech2 (t mTr — A(m R))7
— T

where 7 is the quantum efficiency. We obtain for the Fourier transform of
the photo current

+N
~ ewy 9 .
[ — jw(mTR+At(mTR)) 1078
o) =l ) 3 ¢ , (1079
2 <1 2 —jwTx
lag|” (w) = §sech (x) e dx (10.79)
TWT
= — 10.80
sinh(Jwr)’ ( )
and its power spectrum according to Eq.(10.59)
g CmeNo? e, 2 s kTR | —ju(At(KTR)—AL(0))
(w) = TRHCM (W)’ k_E_OO: e <€ >7
(77€N0)2 2 = —jw —Ll(wr)?oy
= 5 ol (@) 0 et et tmol - o.81)

k=—o0
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Using the Poisson formula again results in

(77€N0)2 2 2 2AW1
_ , 10.82
SII(W) T12% ||a0| (CU)} n—z—:oo (w - nWR)2 + Aw%,n ( o )

with the linewidth Awy, of the n-th harmonic

2
Awr, = (QWHTLR> Awy

2mn

_ (WY Auw,. (10.83)

The fundamental line (n = 1) of the microwave spectrum has a width which
is M?—times smaller than the optical linewidth. For a 10-fs laser with 100
MHz repetition rate, the number of modes M is about a million.

10.4.3 Example: Er-fiber laser:

Figure 10.8 shows the schematic of a recently constructed soliton Er-fiber
laser. The noise behavior of such a laser has been discussed in [2][3][4].

SBR
EDF
output 10% 20.7cm Fou= 50ud/cm?
J/ R,=-20fs2/mm 6%, 2ps

measurement

Figure 10.8: Schematic of soliton fiber laser modelocked with a semiconductor
saturable Bragg reflector (SBR).

The timing jitter of the soliton laser shown in Figure 10.8 is computed in
Table 10.1.

The soliton perturbation theory used should describe this type of laser
very well, so it is intersting to see how well the theory describes the measure-
ment. In reality, these quantum limited (ASE) and rather small optical and
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Gain Half-Width Half Maximum | Q, = 27 - 22205001 ym= 19THz

(1.pm)*
Saturated gain g, =0.13
Pulse width Trwam = 180fs, 7 = Trpwmn /1.76 = 100fs
Pulse repetition time Tr = 2ns
Decay time for 1 4 g _ 005
center freq. fluctuations ™3TR TR
Intracavity power P =120mW

Intra cavity pulse energy

/ photon number w, = 240pJ, Ny =0.2-10"

Noise power spectral density P, = @2Tg; hw,
Amplifier excess noise factor 0=2
ASE noise L — 92 % =(0.13Hz
Wo RINQ
Dispersion —8240 f 5
,7_2
Frequency-to-timing conv. %MT—QPT—" =(2-16- 20)2 = (20)?
R
. . .o . £ 2 e 2
Timing jitter density @) = é;i—’; (1 + %42‘ (T,%/r,%iT;m))
Tlmlng Jlttel‘ [fmina fmax] y 2
for fiumn << 1/7,, At = T\/u.}mmi—’; (1 + %4‘51‘ ;—%) =2fs
fmin — 1OkHZ7

Table 10.1: Parameters for the soliton laser of Figure 10.8.

microwave linewidths are difficult to observe, because they are most often
swamped by technical noise such as fluctuations in pump power, which may
case gain fluctuations, or mirror vibrations, air-density fluctuations or ther-
mal drifts, which directly cause changes in the lasers repetition rate. Figure
10.9 shows the single-sideband phase noise spectrum L(f) of the N=4 har-
monic of the fundamental repetition rate, i.e 1.963 GHz, in the photo current
spectrum 10.82.

The phase of the N=4nd harmonic of the photocurrent 10.77 is directly
related to the timing jitter by

Ap(T) = 27N frAL(T) (10.84)

The single-sideband phase noise is the power spectral density of these phase
fluctuations defined in the same way as the power spectral density of the
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Figure 10.9: Timing jitter measurement of the output from the streched pulse
modelocked laser measured with a HP 5052 signal analyzer.

photocurrent itself, i.e.
L(f) = Sapae(w) (10.85)

The phase fluctuations in a certain frequency interval can then be easily
evaluated by

f max
Ap? =2 / L(f)df. (10.86)
f min
And the timing jitter is then
A 1 f max
= w2 / L, (10.87)

For the measurements shown in Figure 10.9 we obtain for the integrated
timing jitter from 10kHz to 20 MHz of 12 fs. This is somewhat larger than
the value calculated in table 10.1 of 2 fs. The discrepancy may have many
reasons. The most obvious one is the resolution limit of the measurement
instrument itself, which is on the order of 10 fs.
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Chapter 11

Short Pulse Amplification

The first part of this chapter follows to a large extent the presentation [1]. So
far only generation of short pulses directly from laser oscillators was consid-
ered, which typically leads to low energy pulses with energy values ranging
from few pJ to at most few p©J in long cavity lasers operating at large average
power levels.

103
Regen + multipass amplifiers
100
% 1-10 W average
2 103 / power
"; Regenerative amplifiers
5
a
10-® . .
Cayity-dumped oscillators
Oscillators
10-°

103 10° 103 106 10°

Repetition Rate, Pulses per Second

Figure 11.1: Schemes for generating high energy laser pulses.

Many applications require higher energy pulses. Today laser pulses with
up to Joule and in rare cased to the kJ and MJ energy level are generated. In

387
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the following, we want to understand how this can be accomplished. Figure
11.1 shows the different schemes to generate laser pulses with high pulse
energy. Today, the average power level of ultrashort pulsed laser sources is
in the range of 1-10 W and scaling to the 100 W and kW average power level
is pursued and rapidly progressing.

11.1 Cavity Dumping

One way to generate higher energy pulses than available directly from an
oscillator is to realize that the pulse energy inside an oscillator is actually
higher than outside, if the laser operates with a low output coupling ratio to
achieve lasing at all. Thus by simply opening the cavity, i.e. lowering the Q-
factor of the cavity rapidly, which is oposite to Q-switching, the intracavity
pulse energy can be dumped to the outside and used for experiments, see
Fig. 11.2

a) Eintracavity b) Eintracavity \

E
A
I = [
R=100% R=98%  R=100% Bragg- R=100%
e

Figure 11.2: a) Laser with low output coupling. Intracaivty pulse energy is
50-times higher than output coupled energy. b) Laser with Bragg cell for
cavity dumping of the high energy inctracavity laser pulse.[1]

A Bragg cell is an acousto-optic modulator, where a microwave pulse with
a given carrier-frequency imprints an index grating in the material that acts
as a Bragg reflector for the optical pulse. Another way to implement fast
optical switching for cavity dumping is by using a Pockels cell, see Fig, 11.3.
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| v . v = 0, Fhe pulse
Polarizer == polarization

== doesn’t change.

o u
L
—————— \ -------------- >

> If V =V, the pulse
polarization switches

to its orthogonal state.

Figure 11.3: Abruptly switching a Pockels cell from zero voltage to a high
voltage, V., results in a switching of the polarization from one state to
its orthogonal state and therefore redirecting the path of the beam via a
polarizer.[1]

The Pockels effect is the linear electro-optic effect, where an applied volt-
age, either orthogonal to the pulse propagation or longitudinal results in a
change of refractive index in the medium. If the input polarization is properly
chosen an applied voltage, V,,of a certain mangitude my induce a differen-
tial phase shift of 7 resulting in a switching between orthogonal polarizaiton
states, which redirects the beam at a polarizer. Typical rise and fall times
of Pockels cells are several nanoseconds and typical voltages V. are on the
order of kV for few millimeter diameter crystals. After the dumping of the
pulse, the switch returns into the initial position and the laser field builds
up again from whatever is left in the cavity — typically only 80-90% of the
intracavity energy is dumped. In this way 10-50 times higher energy pulses
at 10-50 times lower repetition rate can be generated.

11.2 Laser Amplifiers

A much more scalable way towards higher energy laser pulses is of course
continuous amplification of a single pulse selected from a pulse train emitted
from an oscillator or a cavity dumped oscillator to higher energy levels by
propagating the laser pulse through an inverted laser medium. Here, it is
of great advantage that the laser medium can store energy over a period of
time equal to the upper state lifetime. Thus it is possible to optically pump
the laser medium with a very high energy pump pulse, that is shorter than
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the upper state life time of the laser amplifier transition. Then the medium
is inverted and stores the energy of the pump pulse, see Fig. 11.4. The
seed pulse to be amplified should arrive at the laser medium in a time much
shorter than the upper state lifetime, propagate through the laser medium,
gets amplified and hopefully is able to extract as much energy as stored in the
medium minus the qunatum defect in the laser emission. Since upper state
lifetimes of typical solid-state laser media are in the range of us — ms high
energy pulses generated from Q-switched solid-state lasers, which typically
have 10-100 ns duration can be used as pump pulses.

T
Pump pulse

Amplified
pulse

Energy levels of
amplifier medium

Figure 11.4: Laser amplifier: Pump pulse should be shorter than upper state
lifetime. Signal pulse arrives at medium after pumping and well within the
upper state lifetime to extract the energy stored in the medium, before it is
lost due to energy relaxation.[1]

If the repetition rate of the pulses to be amplified is higher then the inverse
upper state lifetime, the amplifier medium can also be pumped continuously
without loosing efficiency.

11.2.1 Frantz-Nodvick Equation

From the treatment of laser matter interaction and laser oscillation in chapter
4, we found that the power gain, 2¢g, of a light beam with intensity I(z),
propagating through an inverted medium is proportional to the inversion,
w(z) or in an ideal four level laser amplifier medium to the upper state
population, and the interaction cross section cof the amplifier transition

2¢9(z) = ow(z). (11.1)
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The initial inversion or small signal gain is related to the absorbed pump
fluence F,,,,, per unit length see Fig. 11.5.

F
pump

A Amplifier medium
q FExt : Fsat q
F' FOUt

z=0 =L

Figure 11.5: Pumping, seeding and amplification in a laser amplifier.[1]

Assuming a pump quantum efficiency 7,,,,, for the transfer of pump
photons into inverted transistions the small signal gain is given by,

!

290(2) = awo(z)zanump (11.2)

h fp T/pump
Foms M
Fsat h fp pump?

(11.3)

where Fy,; = %, is the saturation fluence of the amplifier and fOL Fmp(2)dz =

Foump is the integrated pump fluence pumping the amplifier. A light beam
with intensity /(z) propagating in an amplifying medium with gain g(z) along
the z-direction obeys the equations of motion

dl(z,t)

dg(z,t) _ g(zt)  gl(z1)
I = — - — o (11.5)

In each slice of the medium with lenght dz, there is an inversion and therefore
a gain g(z,t). Typically, amplifier media with a long upperstate lifetime are
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chosen, such that the light pulse propagates through the gain medium in a
time much shorter than the upper state lifetime. Therefore, the relaxation
of the of the gain medium during the amplification process can be neglected.
Immediately before the arrival of the pulse to be amplified the medium is
pumped with a short and intense optical or electrical pulse that brings the
medium into the upper amplifier state resulting in a maximum initial gain
go(2) of the amplifier medium. Neglecting gain relaxation during the pulse
propagation and introducing the fluence or energy flux

F(z) = / e (11.6)

—00

Neglecting gain relaxation, the equation for the gain in each length element
dz along the propagation direction, Eq.(11.5), can be integrated

g(2) = go(2) exp {— F;t / ) dt’} | (11.7)

—00

Substitution of this result into Eq.(11.4) gives

dli;’ b _ 2g0(z) exp l— F:slat /OO 1(z,1) dt'} 1(z,1). (11.8)

This equation can by converted into an equation for the fluence by integration
over time ¢, over the pulse length
dF(z) 1 [
— = 2go(2) exp |— I(z,t") dt’
= e |~ [ 1)

—00

t=o00

. (1L9)

t=—00

= 2g0(2) (eXp l— FF(Z)} - 1) Fuut (11.10)

sat

This equation can be solved by separation of variables

dF
= 2go(2)dz ,
exp [— Fit} -1
dF F 1
exp { :| = 2g0(2’)d2 s
1 — exp [%ﬂt] Fsat Fsat
Ja F=Fyut L
In [exp { } - 1] = 2/ go(2)dz, (11.11)
Fsat F=F;, 0
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and finally gives the Frantz-Nodvick equation

exp [%} —1 L
oo ] -1 o

where (7 is the input to output small signal gain of the amplfiier, which can
be also expressed in terms of the total extractable energy fluence

fu

Fext = Fpumpf_pnpump- (1113)
according to Eq.(11.3)
F,
wlie] 1 (r
e ] exp {Fezt] ) (11.14)
sat

exp | £ | — 1

The Frantz-Nodvick equation takes a more transparent form when introduct-
ing the normalized fluences f = F'/F, for input, output and extractable flu-
ence. This equation shows the important relationship between energy gain
achieveable in an amplifier and extraction efficiency. This becomes more
obvious when computing the actual gain achieved in the overall amplifier

6 - el (e ) < (-1 G
1 efeact — G for f efext << 1
~ —_— . fext ~ 0, m
=~ f,m In [1 + f'me j| ~ { J}iit’ for finefext >> 1 (1115)

This equation simply states, that as long as the input energy, seed energy, is
so low that the amplifier does not saturate, the gain is the maximum total
small signal gain of the amplifier. As soon as the output energy approaches
saturation energy, the gain saturates and in the limit of total saturation
the maximum gain is the ratio of the maximum extractable energy to input
energy. The extraction efficiency showing how much of the extrable energy
got actually extracted from the amplifier is

fou 1 ] ext
L ln[1+(ef’”—1) el } :lnGo

TI = =
e/ fext fext
meferct — %G[)’ fOI' finefext << 1

. fex ex
o [1+ fine'™] { e 1, for finelest >> 1

1

In [1+ (/™ —1) Gy

&Q

(11.16)

ext
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This shows that one can not use the maximum gain and simultaneously
extract the maximum energy. As an example, Figure 11.6 shows the gain
and extraction efficiency for an amplifier with a small signal gain of 3. In
this case, for an input energy equal to the saturation energy one can extract
80% of the extractable energy with a gain of about 2.2, roughly doubling the
input energy.

2.6 1
24 GO:3/

c 2.2 » 0.8 -
Ll;_ x
3 2 I 06 &
c'u'p_ o | 04 't

1.6 .
1.4 : i
) | 0.2
1.2 I

1 . 0

0 1 2 3 4 5

1:in =|:in/Fsat

Figure 11.6: Gain and extraction efficiency of an amplifier for a small signal
gain of Gy = 3.[1]

Thus in a low gain amplifier one can only efficiently extract energy by
seeding already with the a pulse fluence equal to the saturation fluence. This
often needs amplification by many passes through the gain material in order
to reach saturation energy. This multipass arrangement can be achieved in
various ways. Figure 11.7 shows the two standard arrangements: a) multi-
pass amplifier and b) regenerative amplifier. In case a) the beam path is
arranged geometrically to pass the pumped gain region many times in such
a way that there is good overlap of all beams in the gain medium for efficient
gain extraction. Thermal distortions of the crystal and unsymmetric thermal
lenses in the crystal may lead to a distortions in the laser beam. Therfore, for
up to few mJ pulse energy most often the configuration b) is prefered. There
a pulse from the pulse train coming in from an oscillator is selcted and kept
in the laser cavity for a certain number of round-trips until it is amplified to
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large enough pulse energy extracting most of the available energy stored in
the crystal. Then the pulse is switched out and the energy in the gain medium
is replenished by receiving the next pump pulse, which prepares the system
for the next amplification cycle. Typical repetition rates for this process are
1-500 kHz repetition rate. Depending on the upper state lifetime of the gain
medium, the regenerative amplifier maybe pumped with a continuous wave
(cw) operating pump laser.

a) Multi-pass amplifier b) Regenerative amplifier
pump pump
) output
input
gain
input/output
gain
polarizer
Pockels cell

Figure 11.7: Multiple pass arrangements: a) Multi-pass amplifier, by re-
directing the beam through the pumped crystal several times. b) Multi-pass
amplification by switching a laser pulse in and out of a laser cavity after the
pulse has propagated through the crystal a given number of time.[1]

11.2.2 Regenerative Amplifiers

Figure 11.8 shows two different configurations for regenerative amplifiers.
Configuration (a) shows a regular

V-cavity Ti:sapphire laser with a Pockels cell placed in one arm, which will
flip the polarization in a double pass when activated. The polarization of the
input and intracavity beam is controlled by thinfilm polarizers (TFPs). In
configuration (b) the spotsize in the crystal is enlarged by the concave mirror
M1 to enable higher output pulse energies.
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P
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Figure 11.8: Different configurations for regenerative amplifiers. [1]

11.2.3 Multipass Amplifier

Figure 11.7 a) showed a multi-pass amplifier with only a few passes through
the crystal. The configuration shown in Figure 11.9 shows a slighlty missaligned
ring cavity such that the beam passes many times on slightly different passes
through the crystal. The pulse is selcted from a pulse stream by a pockels
cell.
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Figure 11.9: Multipass amplifier with many passes folded up many times in
a cavity with slightly missaligned mirrors. [1]

11.3 Chirped Pulse Amplification

The extraction of pulse energy from the crystal in the form of pico and fem-
tosecond pulses is rapidly limited by the nonlinearities of the amplifier crystal
occuring due to the high peak power of short amplified pulses. Most notably
self-focusing that occurs for peak power greater then the critical power for
self-focusing or small scale self-focusing [ref]. It was recognized by Strickland
and Mourou [2] that one can use chirping of the pulses and compression af-
ter the amplification to dramatically overcome those limitations and increase
the peak powers and withit peak intensities achievable by the stretching ratio
which can be as large as 10* — 10°, see Fig. 11.10.
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pulse before amplifying it,

and then compressing it later.
Pulse compressor

Stretching factors of up to 10,000 and recompression \
for 30fs pulses can be implemented.

Figure 11.10: Principle of chirped pulse amplification. [1]

The amplifiers used can be only a regenerative amplifier or a regenerative
amplifier folowed by one or two stages of multipass amplification.

11.4 Stretchers and Compressors

Large stretching of pulses requires physically a large group delay between
different spectral components. For femtosecond laser pulses with 10-50 fs
duration stretching to almost 1 ns duration is typically achieved with grating
pairs. The spatial dispersion of the different colors and with it the path length
of the different colors can be further enlarged with an objective. In the design
of these stretchers, one can start from the zero dispersion stretcher using the
standard 4-f imaging system shown in Fig. 11.11 for the case that d = f. If
d # f the dispersion is not any longer zero and can reach stretching ratios
as large as 10%.
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grating grating

o

Figure 11.11: Principle arrangement of a grating based stretcher. [1]

To acommodate large beam diameters, avoiding the chromatic abbera-
tions of lenses and utilizing only one grating such stretchers use reflective
optics and are aranged in a bac- folded geometry, see Fig. 11.12 as demon-

strated by Lawrence Livermore National Laboratories, realizing a stretching
ratio of 30,000.

Grating Short pulse in

>

Stretched pulse out
({vertically offset)

Curved mirror

Pulse stretcher characteristics:
Input pulse width: 18 fs

Output pulse duration: 600 ps
Bandwidth passed: >105 nm

Flat mirror Pulse energy out: ~0.5 nJ

Figure 11.12: Backfolded stretcher designed by Lawrence Livermore National
Laboratories. [1]
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Software for the design of stretchers and compressors has been developed
by Craig Siders and can be found under http://dom.creol.ucf.edu/. Figure
11.13 shows the typical fluences achievable from different laser materials due
to the saturation fluence, doping of the material and the damage threshold of
the material for various pulse lengths. Compression of the pulses enables to
generate femtosecond pulses at these high energy fluences. Large cross section
laser crystals of high optical quality are necessary to generate multiple 10 J
pulses from Ti:sapphire lasers enabling Petawatt lasers.

100
Alexandrite
10
“E Nd:Glass
\% 1 Ti:sapphire
3
s 0.1
>
e
0,01 Excimers
0,001
Dyes
0,0001 4 5 6
1 10 100 1000 10 10 10

Pulse Duration (fs)

Figure 11.13: Achieveable fluences using chirped pulse amplification for vari-
ous stretching ratios. Compression of the pulses enables femtosecond pulses.

1]

Figure 11.14 shows the necessary beam diameters for a Ti:sapphire am-
plifier to extract various pulse energies. Note, the saturation fluence for
Ti:sapphier is Fyr = hfr /o = 0.82 J/cm?. Therefore, the saturation energy
of a beam with diameter 1mm is about 6 mJ.
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Figure 11.14: Beam diameter for Ti:sapphire amplifiers pumped by 100W of
average power with a typical efficiency of 20% for various repetiton rates and
therefore extracted pulse energies after [1]

11.5 Gain Narrowing

For large amplification factors gain narrowing seriously restricts the achie-
veable amplifier bandwidth. The impact of this effect on a 10 fs pulse in
a Ti:sapphire amplifier is shown in Figure 11.15. Despite the large gain
bandwidth of Ti:sapphire supporting 10 fs pulses and below from oscillators,
amplifiers are typically Imited to 20-30 fs pulses depending on amplification

factor.

10-fs sech? pulse in
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Figure 11.15: Influence of gain narrowing in a Ti:sapphire amplifier on a 10

fs seed pulse [1]
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In fiber amplifieres, gain narrowing can be compensated by additional
nonlinear spectral broadening. In bulk amplifiers gain narrowing has been
partially compenstated by intracavity filters, that are flattening the overall
gain profile, see Fig. 11.16. Using dielectric filters for gain flattening sub-10
fs pulses from Ti:sapphire amplifiers have been demonstrated recently.

09 with
20% Gain 0.8 filter
Modu- 0.1
lation § 08
=
8 04
Q.
(%)) 0.4 i
03 WIthOUt e N
*9 filter
0.1
yo 700 750 800 850 900 9 ) 750 g 850 300
Wavelength (nanometers) Wavelength (nm)

Figure 11.16: Gain flattening by intracavity filter. [1]

11.6 Pulse Contrast

Amplified laser pulses often have pure contrast both on a short and long time
scale. Fig. 11.17 shows the pulse power as a function of time of a typical
amplified pulse. There are pre pulses on the time scale of the repetiton rate of
the oscillator due to the limited contrast of the pockels cell during switching.
This can be improved by using several pockels cells in sequence. Then there
may be a back ground due to ASE, which eventually needs to be cleaned
up between amplifier stages. Finally there can be a limited contrast due to
the residual spectral phase, i.e. higher order dispersion. This background
is a very serious problem for high intensity laser pulses where laser matter
interaction at 10%°TW/cm? may be pursued. Even a background of 1078 is
high enough to preionize material before the main laser pulse arrives at the
target.
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Figure 11.17: Contrast of amplified laser pulses. [1]

Figure 11.18 shows a typical third-order high resolution autocorrelation
of an amplified laser pulse.
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Figure 11.18: Typical high resolution autocorrelation of an amplified laser
pulse. [1]
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11.7 Scaling to Large Average Power by Cryo-
genic cooling

With increase of average power a thermal lens is building up in the laser crys-
tal where the residual pump energy both due to the qunatum defect and the
imperfect energy extraction is dissipated into heat. This is problematic both
in oscillators and amplifiers. In fiber lasers the thermal lensing is unprob-
lematic since the mode is usually guided by a much stronger refractive index
profile. Up to a certain extent this thermal lens can also be compensated in
bulk lasers by including it in the resonator design or beam path design. But
at a certain power level this is no longer possible. One way out of this dilema
is by cryogenic cooling of the crystal, see Fig. 11.19.
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Figure 11.19: Reduction in thermal lensing due to cooling of a Ti:sapphire
crystal.

It turns out, that it is a general feature of dielectric materials. Fig.
11.20 shows the thermal properties of YAG on which many very efficient
picosecond laser materials such as Nd:YAG and Yb:YAG are based. The
thermal lensing for a given heat load to the crystal is proportional to the
ratio between the temperature coefficient of the refractive index or thermal
expansion coeffiicient and the thermal conductivity. These ratios change by
a factor of 30 when the crystal is cooled from 300 K to 100 K, which can be
achieved using liquid nitrogen cooling.
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Figure 11.20: Thermal properties of undoped YAG as a function of temper-
ature. [3]

Figure 11.21 shows a cyrogenically cooled Yb:YAG power amplifier pro-
ducing 287 W of 5.5-ps pulses with an excellent beam quality [4].

(a) (b)
30-mW Yb-fiber
Chirped preamplifier
volume Bragg LN, Dewar YBIYAG crystals
grating (CVBG) CVBG Fiber-coupled
ump laser
stretcher com 1 12 owm oM L2 fl P
a3 >100ps | isolator l
@ — E0000000
PES E
Yo-flber | €T o™
oscillator 3 A4
(78 MHz)
10-W Yb-fiber
amplifier —_—
PBS: pol. beam splitter 287 W, 5.5 ps, 3.7 uJ@78 MHz
TFP: thin film polarizer w2
Ls: lens, DM: dichr. mirror i .
CM: curved mirror, /4, A/2: Yb.‘x_’AG amplifier
waveplates requires l>watt-1ew.fel se.ed power
FR: Faraday rotator 3/2" PBS for efficient amplification

Figure 11.21: (a) Fiber CPA chain generating a 6W picosecond seed source
for seeding of a 300W cryogenically cooled Yb:YAG power amplifier produc-
ing 287 W, average power 5.5-ps pulses.
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11.8 Optical Parametric Amplifiers and Os-
cillators

Advances in laser technology together with the discovery of high quality
nonlinear optical crystals have lead to the introduction of ultrafast opti-
cal parametric amplifiers as practical sources for femtosecond pulses tunable
across the visible, near and far infrared spectral ranges. Here, we give a brief
overview on ultrafast optical parametric amplifiers (OPA), giving the basic
design principles for different frequency ranges and in addition presenting
some advanced designs for the generation of ultrabroadband, few-optical-
cycle pulses. Finally, we also briefly discuss the possibility of applying para-
metric amplification schemes to large-scale, high energy systems using op-
tical parametric chirped pulse amplification (OPCPA). This chapter follows
closely the review paper of Cerullo et al. [5].

11.8.1 Optical Parametric Generation (OPG)

The principle of OPG is quite simple: In a suitable nonlinear crystal, a high
frequency and high intensity beam, called the pump beam, at frequency w,,
amplifies a lower frequency, lower intensity beam, called the signal beam, at
frequency wy; in addition a third beam, called the idler beam, at frequency
w; is generated[6]. In the OPG process, the signal and idler beams play
an interchangeable role. For simplicity, we assume in the following, that
the signal is at higher frequency, i.e. ws > w;. The nomenclature is again
taken from microwave engineering, where parametric amplifiers have been
greatly used at highest frequencies until the arrival of High Electron Mobility
Transistors (HEMTs) and GaAs-FET technology in the 80s. Parametric
interaction often occurs in lossless media and then energy conservation has
to be maintained, which enforces

hw, = hw, + huws. (11.17)

That is, a pump photon can be converted into a signal and an idler photon
under energy conservation. As we will see from the propagation equation
later, for the conversion to be effiicent also momentum conservation has to
be fulfilled, i.e. the process should be phase matched

hk, = hk, + hk;. (11.18)
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Thus for a given pump frequency the signal and idler frequency can range
from w, /2 < ws < w, and the corresponding idler ranges from w,/2 > w; > 0,
see Fig. 11.22. The case where signal and idler are both w,/2 is called
degenerate parametric amplification, which is a delicate process especially if
both the signal and idler beam occupy the same mode, i.e. they can not be
distinguished and are identical. This case will not be considered here.

®, o,

Figure 11.22: Optical parametric generation

Spectrum

Frequency

Optical parametric generation in short crystals — necessary for broadband
operation — is only possible with high efficiency at high intensities, typically
on the order of GW /cm? or even tens of GW/cm?. Such high intenisties can
easily be generated using pico- and femtosecond pulses at moderate pulse
energies of a few puJ.

pump

Signal and idler resonant

Figure 11.23: Schematic of a doubly resonat OPO. It is resonant for signal
and idler. In addition the cavity length also has to match the pump repetition
rate within a few micrometer, if the OPO is pulsed.

OPG can be exploited in two principle configurations. If the OPG crystal
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is enclosed in a suitable optical cavity and the parametric gain exceeds the
losses, the cavity starts oscillating like an ordinary laser and an optical para-
metric oscillator (OPO) is obtained. In this case either the signal and/or the
idler can be resonant, see Fig.11.23.The second way consists in amplifying a
weak signal beam, the so-called “seed” beam, thus obtaining an optical para-
metric amplifier (OPA). Like in a laser amplifier, amplification may occur in
several stages. Both schemes are employed with ultrashort pulses, as well
as in continuous wave (cw) and nanosecond pulse systems depending on the
application. OPOs can be pumped by a small-scale femtosecond oscillator,
and provide pulses at very high repetition rates, e.g. 100 MHz - 1 GHz.
As with lasers, at average power levels of 1 W output energies of OPOs are
low, typically a few nanojoules, and they require a cavity whose length is
matched to the repetiton rate of the pump laser within micrometers. Their
tunability is limited by the bandwidth of the mirror coatings, so that several
mirror sets may be required to span the whole tuning range. In contrast
to OPOs, which may operate at moderate single pass gains, OPAs require
high pump intensities, provided only by an amplified system, and operate at
lower repetition rates ~typically from 1 to 100 kHz. on the other hand, they
provide high output energies, broad frequency tunability and are simpler to
operate, since they do not require any cavity length stabilization. Therefore,
femtosecond OPOs and OPAs are complementary systems, used in different
types of applications.

In the following, we will focus on femtosecond OPAs, which have reached
a high level of stability and reliability. These systems are usually pumped
by amplified Ti:sapphire lasers, providing pulses with millijoule-level energy
depending on repetition rate and about 100 fs duration. Pumping can occur
either at the fundamental wavelength (FW) at 800 nm or at the second
harmonic (SH) at 400 nm of the laser beam. Femtosecond OPAs tunable
from the ultraviolet (UV) to the mid-infrared (IR) have been demonstrated
and produce pulse energies up to the 100 uJ level and higher if higher pump
pulse energies are available. Typical overall efficiencies are on the order
of 10%. In addition, femtosecond OPAs have the capability of generating
pulses significantly shorter than the pump pulses, exploiting the large gain
bandwidths available in the parametric interactions. They can therefore be
used as effective pulse compressors. Recently ultrabroadband pulses with
durations down to 5 fs in the visible and 10-15 fs in the near-IR have been
demonstrated containing only a few optical cycles of the carrier frequency.



11.8. OPTICAL PARAMETRIC AMPLIFIERS AND OSCILLATORS 409
11.8.2 Nonlinear Optical Suszeptibilities

The total electric field propagating in the amplifier crystal can be described
as a sum of pump, signal and idler field

Z Z { B ast Ra?) 4 c.c. } €;. (11.19)

we>0 1=1

where E;(w,) is the i-th cartesian component of the complex electric field
vector with polarization €;. As usual the term c.c. (complex conjugate) con-
tains the negative frequency components of the field £;(—w,) = E;(w,)*. The
nonlinear polarization is order with respect to powers of the electric field and
since the polarization needs to be real it can also be sorted into positive and
negative frequency components

=Y P"(t) (11.20)

with

P =Y Z { wp) et =R | c.c.} g, (11.21)

wp>0 =1
The i-th cartesian component of the n-th order nonlinear polarization with
frequency wy, defines the n-th order nonlinear dielectric suszeptibility-Tensor
via

Pz(n)<wb) - 2m 1 Z Z XZ] k Wy e, W )Ej(wl) U Ek(w”(}]'122)

P j.k
wy, = Y wiandk, =) ki (11.23)
=1 =1

Here, the summation P indicates summation over all permutations of wy, ...., w,,
leading to the same generated frequency wy and m is the number of all fields
with non vanishing frequency (no DC-fields). Here a few examples:

Py;(2) (ws) = &o Z xﬁ,l(wg P W1, W?)Ej (Wl)Ek(Wﬁ, (11.24)
jk
wy = wi+ws und ki = ky + k. (11.25)
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( — Sum Frequency Generation (SFG))

]%(2) (w3) = <o ZXEJQ»;Z;(W?) - Wi, —wz)Ej<W1)E; (w2), (11.26)
gk
W3 = W1 — W2 und kg = k1 - k2. (1127)

( — Difference Frequency Generation (DFG))

Pi(2) (w2) = eo Z XZ(-JQ-;)C(Wz W3, —Wl)Ej(Ws)EZ (w1), (11.28)
jk
we = wsz—w; und ki = ks —k;. (11.29)

( — Parametric Generation (OPG))

~ 6e - ~ .

FPwi) = =Y Xijn(wa  wiwn, —ws) Bj(wn) B (wn) Ef (w3 )(11.30)
jkl

W4 = Wy +Wwo— Ws und ki; = k1 + k2 — k3. (1131)

( — Four Wave Mixing (FWM))

Note, that the suszeptibilities are symmetric with respect to a permutation
of the frequencies {w;} together with the corresponding index, since it is
arbitrary, which of the frequencies is denoted as w1, e.g.

X'f.?k)f(w W1, Wa, ) = XEZ;(W LW, Wy, ) (1132)

In the following, we consider only the case of OPG.

11.8.3 Continuous Wave OPA

Optical parametric amplification occurs due to the nonlinear interaction of
the three waves: pump, signal and idler wave during propagation in the
nonlinear medium. We can derive these three coupled equations by starting
from the general wave equation (2.7), and adding to the linear polarization
of the medium P"(7, ) also the second order nonlinear contribution (11.28)

12N\ =~ 0 s 3
_ = 9 (por @ (7
(A >E o5 (P (7,t) + P (r,t)). (11.33)

2 02

The linear term will lead to a change in group and phase velocities of the
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three waves described by the dispersion relation of the medium k(w). Assum-
ing that the three waves are different in frequency and propoagating along
the z-direction, this equation can be separated in three equations for the
amplitudes E,, ;;(z) for each frequency component, where

Ep787i(z’ t) = Re {Ep,s,i(z) el Wp,s,il—Fp,s,i z)é’p’s’i} ) (11.34)

To do so, we also write the nonlinear polarization in its three contributions
oscillating at different frequencies

5C) (5 Q
P2 (2,t) = Re {P

p7S7Z

(2) & nnit=5,,.2) gp,w} _ (11.35)

and assuming the slowly-varying-envelope approximation d;SJE (2) /dz? <<
2k dE, (%) /dz, we obtain

8Epsi(z) jcgwpsi (2) fj<l<:' —k )z
k] = — = P\ pisi o pesyi) 11.36
Oz 2n(wp,s,i) p,s,z(z) € ( )

Here, ¢g is the speed of light in vacuum and n is the refractive index
at the correponding frequency of the wave amplitude considered. Equation
11.36 shows that the nonlinear polarization acts as a source term changeing
the amplitude of the corresponding wave. Introducing the phase mismatch
of the three waves

Ak = k(w,) — k(ws) — k(w,). (11.37)

and the effective nonlinearity and coupling coefficients

1
degs = §X’E_]2])€(wp W, Wi),  Kpsi = Wpisi defr/(Tp,s,iCo)- (11.38)
we obtain
E .
. 5)2(2) = —jhp Eo(2)Ei(2) 2% (11.39)
B — . BB (11.40)
E; ,
OB(2) = —jr; Ey(2)EX(2) e 2%, (11.41)
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Using the intensity in each beam I,,; = ZEF Ep,5,¢]2 and multiply each
0

equation in (11.39) to (11.41) with n,cog0l /2, and add the complex
conjugate to it, one finds with

LYy _ jovdest gy g i g,
wp dz 2 P

and similarly for the other equations, the Manley-Rowe relation

1 dI, 1 dI, 1 dI;
_—_Zpr_ - s -7 11.42
wp dz we dz w; dz ( )

This equation, which involves the change in photon flux at pump, signal
and idler, guarantees that for each pump photon a signal and idler pho-
ton is generated. Due to the scaling of photon energy with frequency the
corresponding intensities and with them the power flow has to scale propor-
tional to the frequencies. Note, this follows from energy conservation and
the Maxwell equations, no qunatum theory has been invoked.

11.8.4 Theory of Optical Parametric Amplification

Also, the parametric amplifier equations (11.39) to (11.41) can be solved ex-
actly and the solutions can be expressed in terms of Jacobi-Elliptic functions,
they do not give much insight at first. For the purpose here, we solve the
parametric amplifier equations in the undeplete pump approximation, i.e. we
assume the signal and idler fields are weak compared to the pump. Then the
pump amplitude can be assumed as fixed, £, = const., unchanged by signal
and idler

OE;(z)

5. = ks E,E}(z) e 38k, (11.43)
E; .
88’(2) = —jr; BB (2) e A (11.44)
z

Solution of these equations for initial conditions of a small input signal field,
E(z = 0) = E(0), and no idler, E;(z = 0) = 0 can be attempted using the
trial solutions E,(2) ~ E,(0) e9*772k2/2 and F;(z) ~ E;(0) e9*772%2/2 wwhere
g is the parametric gain in amplitude that follows from the determinatal
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condition .These equations look similar to coupled mode equations also not
exactly. Using
9g—J5 Jks By

Jki B 9+j%

: Ak
| 0

or

Ak\* [ e
g=4/I?— (7) , with T'= y/k; ks |E,[%. (11.45)

Here, I" is the maximum gain achieved under phase matching, i.e. Ak = 0,
which can be also expressed in terms of the pump intensity

w wz YARBR wz

I? = eff |E |

Nsn;Cca NpNsn;Ca eff [y | (11.46)
The general soluitons to Egs. (11.43) - (11.44 ) are
E,(2) = {E, (0) cosh gz + Bsinh gz} e 74%*/2 (11.47)
Ei(z) = {E; (0) cosh gz + Dsinh gz} e 74k2/2 (11.48)

where the missing constants B and D have to be matched to fulfill Egs.
(11.43) - (11.44 )

B=—j—F,(0)— j—=E,E* (0 11.49

50 B (0) = LB, (0) (11.49)
Ak/’ %)

D=—j—F; —J—E'FE* 11.
i3 B (0) =72 BB (0) (11.50)

For the case of our initial conditions, vanishing idler input, we obtain finally
for the intensities of signal and idler beam after a propagation distance L

F2
I(L) = I,0) {1+—281nhggL}, (11.51)
g
F2
L(L) = I,(0) 2= sinh?gL. (11.52)
ws g

For the case of perfect phase matchingl ¢ = I'" and the case of large gain
I'L >> 1, these equations simplify to
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1
I(L) = ZIs(o) e (11.53)
L(L) = iIS(O) Yi g2rL. (11.54)
Ws
The parametric gain is
I, (L) 1

growing exponentially with the crystal length L and gain I'. Note, that the
exponential growth of signal and idler waves along the crystal is qualitatively
different from the quadratic growth occurring in other second order nonlinear
phenomena, such as sum frequency generation or second harmonic genera-
tion. This difference can be understood intuitively in the following way: in
a strongpump field, the presence of a seed photon at the signal wavelength
stimulates the generation of an additional signal photon and of a photon at
the idler wavelength. Likewise, due to the symmetry of signal and idler, the
amplification of an idler photon stimulates the generation of a signal photon.
Therefore, the generation of the signal field reinforces the generation of the
idler field and vice versa, giving rise to a positivefeedback that is responsible
for the exponential growth of the waves. Equation (11.46) shows that the
gain coefficient I" depends on: (i) the pump intensity; (ii) the signal and
idler wavelengths; (iii) the nonlinear coefficient d.;; ; and (iv) the refractive
indexes at the three interacting wavelengths. To characterize a parametric
interaction and compare different nonlinear materials, one defines the follow-
ing figure of merit:

FOM = — et (11.56)
 AsAinpnsn;

In the following we discuss some examples of parametric gain calculation
relevant to ultrashort pulses, assuming perfect phase matching. Figure 11.24
shows a plot of the parametric gain in BBO, at the infrared pump wavelength
Ap = 0.8 pm and the signal wavelength Ay = 1.2 ym as a function of pump
intensity and for different crystal lengths. The gain scales as the exponential
of the square root of the pump intensity: G ~ exp(al,). At a pump intensity
I, =25 GW/cm?, a gain G ~ 6 is calculated for a crystal length L = 1 mm;
however, it rapidly increases to G' > 10° for L = 5 mm. The same gain can be
obtained with a 3 mm crystal increasing the pump intensity to 75 GW/cm?.
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Figure 11.24: Parametric gain for an OPA at the pump wavelength A\, = 0.8
pm and the signal wavelength A\ = 1.2 um, using type I phase matching in
BBO (d.f; =2 pm/V). [3

The same plot for BBO at the visible pump wavelength A, = 0.4 pm and
the signal wavelength A\s = 0.6 pm is shown in Fig. 2.
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Figure 11.25: Parametric gain for an OPA at the pump wavelength A\, = 0.4
pm and the signal wavelength A, = 0.6 um, using type I phase matching in
BBO (deff =2 pm/V) [5]

In this case, at a pump intensity [, = 25 GW/cm?, a gain G > 128 is
calculated for a crystal length L = 1 mm, about a factor of 20 larger than
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in the case of the infrared pump wavelength. The higher gain is due to
the smaller values of Ay and )\; , which increases the figure of merit of the
parametric interaction. Despite the improvement in figure of merit using a
visible pump, the group velocity mismatch between the interacting pulses,
as we will see later, prevents the use of long nonlinear crystals in this case.
We now address the problem of phase matching.

11.8.5 Phase Matching

To achieve maximum gain, we must satisfy the phase matching condition,
Ak = 0, which can be recast in the form
NsWs + MiW;
ny = Dae Mt (11.57)
Wp

It is easy to show that this condition cannot be fulfilled in bulk isotropic
materials in the normal dispersion region (n; < n, < n,). In some birefrin-
gent crystals, phase matching can be achieved by choosing for the higher
frequency pump wave the polarization direction giving the lower refractive
index. In the case, common in femtosecond OPAs, of negative uniaxial crys-

tals (ne < m,), the pump beam is polarized along the extraordinary direction,
see Fig. 11.26

Index: n A

A Ao A, Wavelength

Figure 11.26: Type I noncritical phase matching.

If both signal and idler beams have the same ordinary polarization (per-
pendicular to that of the pump beam, this scheme is called type I phase
matching (or o; + 0; — ¢,). If one of the two is polarized parallel to the
pump beam, we talk about type Il phase matching; in this case either the
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signal (es + 0; — e,) or the idler (os +e; — e,) can have the extraordinary
polarization [7]. Both types of phase matching can be used and have their
specific advantages according to the system under consideration. Usually the
phase matching condition is achieved by adjusting the angle 6 between the
wave vector of the propagating beams and the optical axis of the nonlinear
crystal, angular phase matching, see Figure 11.27

Index: n 4

A, Wavelength

Figure 11.27: Type I critical phase matching by adjusting the angle § between
wave vector of the propagating beam and the optical axis.

Alternatively, the refractive indices can be changed by adjusting the crys-
tal temperature (temperature phase matching). As an example, we consider
the case of a negative uniaxial crystal, for which type I phase matching is
achieved when

Nep(8)wp = Nosws + Noitw;

I sin?@  cos?6

Nep(0)? ngp ngp

which leads to

2 _ 2 (p
0= arcsin! Rep [Ty = 15 )]

nep(e) ngp - nzp

Figures 11.28 and 11.29 show the phase matching angles as a function of
wavelength for BBO types I and II OPAs at the pump wavelengths 0.8 and
0.4 pm.
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Figure 11.28: Angle tuning curves for a BBO OPA at the pump wavelength
Ap = 0.8 pm for type I phase matching (dotted line), type II (o5 +¢€; — €,
) phase matching (solid line), and type II (e; + 0; — €, ) phase matching

(dashed line).
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Figure 11.29: Angle tuning curves for a BBO OPA at the pump wavelength
Ap = 0.4 pm for type I phase matching (dotted line), type II (0 + e, — €,
) phase matching (solid line), and type II (e; + 0; — €, ) phase matching

(dashed line).

Note, that in general, the phase matching angle shows a less pronounced
wavelength dependence for type I with respect to type II phase matching.
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11.8.6 Quasi-Phase Matching

If in a given crystal, phase matching by using birefringents is not possible,
one can eventually perform quasi-phase matching. [8], see Fig. 11.30. By
periodic poling with a strong applied electric field, the nonlinear coeffecient
de.s¢ in a quasi phase matched material will be peridically modulated with a
period 20.=2m/Ak.

Ll 0 e
R —

Periodically poled crystal

Figure 11.30: Variation of d.fy in a quasi phase matched material as a
function of propagation distance.

The nonlinear coefficient can therefore be expanded into a taylor series

+oo
dep(2) = ) dye™ (11.58)

m=—00

with k = 27/ (20.)=Ak. It is obvious, that if this expression is substi-
tuted into equation (11.39), the term proportional to d_; can facilitate phase
matching.

11.8.7 Ultrashort Pulse Optical Parametric Amplifica-
tion
So far we have studied the interaction of three monochromatic waves, i.e.,

cw beams. Now, we consider the case, relevant for femtosecond OPAs, where
three pulses described by complex pulse envelopes

Ep,s,i(zy t) — Re {Ep7s7i(27 t) ej(wp,s,itfkp,s,i Z)€P7S7i} (11'59)

are considered. Each pulse envelope is now propagating at its group velocity
and the equations for the pulse envelope change from teh amplitude equations
(11.39) - (11.41) to
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0E, 10E,

St = i BE I (11.60)
p

oF, 1 0F, ) i

o T = it BpE; 0 (11.61)

OE, 10E, | y

o o — I BB e (11.62)

where v, ; = dk/ dw|wp7“_ are the corresponding group velocities of pump,
signal and idler. Note, it is straight forward to include other nonlinearities,
that might become important, like self phase modulation or higher order
dispersion terms. For numerical simulations, it is convenient to introduce
the retarded time t' = ¢t — z/v,, to take out the trival motion of the pump
pulse, which leads to

OF, -
a_zp = —jkp EE; eIRkE (11.63)
0B, (1 1)0E, , . ke
e (v__v_) 55 = i BE e (11.64)
s p
0B, (1 1) 0E, . .
2 (5-r) 5 - mBE e e
? p

Despite the many simplifications, these equations capture the main issues of
parametric amplification with ultrashort pulses, that are related to group ve-
locity mismatch (GVM) between the interacting pulses. In particular, GVM
between the pump and the amplified signal and idler pulses limits the inter-
action length over which parametric amplification takes place, while GVM
between the signal and the idler beams limits the phase matching bandwidth.
The useful interaction length for parametric interaction is quantified by the
pulse splitting length, which is defined as the propagation length after which
the signal (or the idler) pulse separates from the pump pulse in the absence
of gain, and is expressed as

11
0 = 5;, with 8, = (— - —) , (11.66)
Jp

Vi Up

where 7 is the pump pulse duration and ¢,, is the GVM between pump
and signal/idler. Note that the pulse splitting length becomes shorter for
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decreasing pulse duration and for increasing GVM. GVM depends on the
crystal type, pump wavelength, and type of phase matching. Figures 11.31
and 11.32 show examples of GVM curves for a BBO OPA pumped by 0.8
and 0.4 pm pulses, respectively. Note that, due to greater dispersion values
in the visible, GVM is in general larger in this wavelength range. For crystal
lengths shorter than the pulse splitting length, GVM effects can be neglected,
to a first approximation, and Eqgs. (11.45) and (11.46), valid for cw beams,
can be used for gain calculations. For crystals longer than or comparable to
the pulse splitting length, GVM plays a crucial role and Eqs.(11.63) - (11.65)
must be solved numerically to properly account for it.

There is a qualitatively significant difference between the cases in which
dsp and 0;, have the same or different signs.

50

. i e Type (o +e—~e) 8,
§ or TypeI,Slp
z /‘—'_———i
3 OIS, e
§ [ T
5 Type lo+e—~€) 5,
2 ;
S .
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-150 :' A N 1 i 1 " 1 " | L
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Figure 11.31: Pump-signal (ds,) and pump-idler (d;,) group velocity mis-
match curves for a BBO OPA at the pump wavelength \,=0.8 um for type
I phase matching (solid line) and type II (o5 + e; — e,) phase matching
(dashed line).
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Figure 11.32: Pump-signal (d,,) and pump-idler (6;,) group velocity mis-
match curves for a BBO OPA at the pump wavelength \,=0.4 ym for type
I phase matching (solid line) and type II (o5 + e; — e,) phase matching
(dashed line).

When 05,0, > 0, both the signal and the idler pulses walk away from the
pump in the same direction so that the gain rapidly decreases for propagation
distances longer than the pulse splitting length and eventually saturates. On
the other hand, when d,,0;, < 0 signal and idler pulses move in opposite
direction with respect to the pump; in this way the signal and idler pulses
tend to stay localized under the pump pulse and the gain grows exponentially
even for crystal lengths well in excess of the pulse splitting length. To try to
rationalize this effect, we can consider the situation in which the signal pulse
has moved slightly to the left and the idler pulse to the right of the pump
pulse: during the parametric process, the signal pulse generates idler photons,
which move to the right, i.e., towards the peak of the pump; on the other hand
the idler pulse will generate signal photons which in turnmove to the left,
again towards the peak of the pump. This concentration of photons under
the peak of the pump explainsthe exponential gain growth. In Fig. 11.33 we
show an example of solution of Egs. (11.63)-(11.65) for the case 0,0;, > 0;
we consider a type I BBO OPA pumped at 0.4 pm with signal wavelength
As = 0.7pum, with GVMs 0,,=167 fs/mm and J;, =220 fs/mm. We see that,
after an initial growth, the gain rapidly tends to saturate because both signal
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and idler pulsestemporally separate from the pump. Note that, because the
trailing edge of the pulse resides for a longer time in the amplification region,
there is a modest pulse shortening (20%-30%) and asymmetry.

3x10°
L1, =5 BBO type I
A= 04 ym
A, =0.7pm
“E2x10° F I =2x10" Wim’
E P
z2
g
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0

6 -4 -2
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Figure 11.33: Signal pulse evolution for a BBO type I OPA with A\, = 0.4
pum, A\s = 0.7um, for different lengths L of the nonlinear crystal. Pump
intensity is 20 GW/cm?. Time is normalized to the pump pulse duration
and the crystal length to the pump-signal pulse splitting length.[5]

The case d5,0;, < 0 is shown in Fig. 11.34; we consider a type II BBO
OPA pumped at 0.8 pm with signal wavelength \; = 0.8um, having group
velocity mismatches 05,=-47.5 fs/mm and §;, =34.6 fs/mm. Here we see that
the signal growth stays exponential for propagation distances well exceeding
the pulse splitting length and that the signal pulse tends to stay localized
under the pump.
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Figure 11.34: Signal pulse evolution for a BBO type II OPA with A\, = 0.8
pm, A = 1.5 pum, for different lengths L of the nonlinear crystal. Pump
intensity is 20 GW/cm?. Time is normalized to the pump pulse duration
and the crystal length to the pump-signal pulse splitting length.[5]

In the following, we will show that GVM between signal and idler pulses
determines the phase matching bandwidth for the parametric amplification
process. Let us assume that perfect phase matching is achieved for a given
signal frequency wy (and for the corresponding idler frequency w; = w, — w;
). If the signal frequency increases to w, + Aw energy conservation requires
that the idler frequency decreases to w; — Aw. The wave vector mismatch
can then be approximated to the first order as

dk, dk (1 1
Ak = — = Aw + 7 Aw = ( ) Aw, (11.67)

v; Vs

Within the large-gain approximation, the full width at half maximum (FWHM)
phase matching bandwidth can then be calculated as

Large GVM between signal and idler waves dramatically decreases the phase
matching bandwidth; large gain bandwidth can be expected when the OPA

. (11.68)

1
1 _ 1
V4 Vs
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approaches degeneracy, i.e.ws = wj;, in type I phase matching or in the case
of group velocity matching between signal and idler (vs = v;). Obviously, in
this case Eq. (e:opg.ubw) loses validity and the phase mismatch Ak must be
expanded to the second order, giving

2¢/In2 ,/T 1
Af = —— \E‘Cpks pe (11.69)

dw? + dw?

Figures 11.35 and 11.36 show typical plots of phase matching bandwidths for
BBO OPAs, pumped at 0.8 and 0.4 um, respectively.We see a remarkable
difference between types I and II phase matching: for type II interaction,
the bandwidth is smaller than in type I and stays more or less constant
over the tuning range, while for type I interaction, as previously said, the
bandwidth increases as the OPA approaches degeneracy. These features can
be exploited for different applications: type I phase matching is used to
achieve the shortest pulses, while type II phase matching allows to obtain
relatively narrow bandwidths over broad tuning ranges, which are required
for many spectroscopic investigations.
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Figure 11.35: Phase matching bandwidth for a BBO OPA at the pump
wavelength \,=0.8 um for type I phase matching (solid line) and type II
0s + e; — e, phase matching (dashed line). Crystal length is 4 mm and
pump intensity 50 GW /cm?.
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Figure 11.36: Phase matching bandwidth for a BBO OPA at the pump
wavelength \,=0.4 pm for type I phase matching (solid line) and type II
0s + e; — e, phase matching (dashed line). Crystal length is 2 mm and
pump intensity 100 GW /cm?.

So far we have only considered a collinear interaction, in which, once the
phase matching condition (Ak = 0) is achieved, the group velocities of signal
and idler, and thus the phase matching bandwidth, are set. Later, we will see
that in a noncollinear interaction there is an additional degree of freedom,
the pump-signal angle . Suitably selecting this angle, it is often possible to
achieve simultaneously phase matching and group velocity matching between
signal and idler, thus obtaining very broad gain bandwidths.

11.8.8 Optical Parametric Amplifier Designs

Before illustrating in detail some of the most common OPA designs, we will
try to present a very general description of the operating principles of an
OPA, according to the scheme shown in Fig. 11.37.Femtosecond OPAs are
in general pumped by amplified Ti:sapphire lasers: standard systems typ-
ically run at 1 kHz repetition rate and generate pulses at the wavelength
A>0.8 mm, with 0.5-1 mJ energy and duration ranging from 50 to 150 fs.
Also higher repetition rates using lower pulse enegies are possible. Pumping
can take place at the FW or at the SH of the Ti:sapphire laser, i.e., 800 or
400 nm. Since the optical parametric amplification process consists of the
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interaction of a weak signal beam with a strong pump beam, the first stage
of any OPA system is the generation of the initial signal beam, the so-called
seed beam. Since the seed beam is at a different frequency from the pump
beam, a nonlinear optical process is required for its generation. Two different
techniques have been used for the seed generation: parametric superfluores-
cence and white-light continuum generation. Parametric superfluorescence
is high gain parametric amplification of the vacuum or quantum noise. In
practice it is simply achieved by pumping a suitable nonlinear crystal, which
is often of the same types as the ones used in the subsequent OPA stages;
amplification will occur at those wavelengths for which the parametric in-
teraction is phase matched. The advantage of parametric superfluorescence
is the possibility of achieving large amplification and substantial seed pulse
energies; its disadvantages are the inherent fluctuations of a process starting
from quantum noise, and the poor spatial quality of the generated seed beam.

|
1 DL1 *
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I_| 4 / [ '-I ______ a
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—> :I zfl Y r-q COMP B
|-| ) :.: I
OPA1 OPAZ2
SEED

Figure 11.37: Scheme of an ultrafast optical parametric amplifier. SEED:
seed generation stage; DL1, DL2: delay lines; OPA1, OPA2 parametric am-
plification stages; COMP: compressor.

It is essentially a noise burst. White light generation occurs when an in-
tense ultrashort pulse is focused inside a transparent material, such as fused
silica or sapphire: as a result of the interplay between self-focusing and self-
phase modulation, a large spectral broadening takes place. Although the
processes occurring during the generation of white-light continuum are still
not fully understood, its properties are very good for generation of an OPA
seed pulse. When focusing 0.8 um, 100 fs pulses into a sapphire plate, with
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thickness ranging from 1 to 3 mm, the threshold for white-light generation
is around 1 pJ. The exact value depends on the focusing conditions. The
continuum spectrum extends throughout the visible down to 0.42 pym and
the near-IR up to 1.5 um, with an energy of approximately 10 pJ per nm
of bandwidth. Under the correct conditions (i.e., a single self-focused fila-
ment) the white light has an excellent spatial quality, with a circular gaussian
beam, and a very high pulse-to-pulse stability. When using materials with
high thermal conductivity and low UV absorption such as sapphire, no long-
term degradation of the material is experienced. Following generation of the
seed pulse, the pump and seed pulses are combined in a suitable nonlinear
crystal, in a first parametric amplification stage, preamplifier. To achieve
temporal overlap, their relative timing must be adjusted by a delay line. Of-
ten the pump spot size in the nonlinear crystal is set by a telescope and is
chosen to achieve the highest possible gain without causing optical damage of
the crystal, or inducing third-order nonlinear effects (self-focusing, selfphase
modulation, or white light generation) that would cause beam distortion or
breakup. In case of parametric superfluorescence seed, the preamplifier is
also used as a spatial filter, to improve the spatial coherence of the signal
beam by amplifying only those spatial components of the superfluorescence
that overlap the pump beam in the crystal. After the first amplification
stage, the signal beam can be further amplified in a second stage, power am-
plifier. Usually this stage is driven into saturation, i.e., with significant pump
depletion and conversion efficiency above 30%. In this regime, the amplified
energy is less sensitive to seed fluctuations, and high pulse stability can be
achieved. The purpose of using two amplification stages instead of one long
crystal is twofold: (i) the GVM between pump and signal pulses in the first
stage can be compensated by a delay line; and (ii) this scheme gives the flex-
ibility of separately adjusting the pump intensity, and thus the parametric
gain, in the two stages. After the power amplifier, signal and idler beams are
separated from the pump and from each other using dichroic filters or mir-
rors. Finally, in case of broadband amplification, a pulse compressor is used
to obtain transform-limited pulse duration. Figure 11.38 shows a specific
design for a near IR-OPA.
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Figure 11.38: Scheme of a near-IR. OPA DL: delay lines; WL: white light
generation stage; DF: dichroic filter.

11.8.9 Noncollinear Optical Parametric Amplifier (NOPA)

Until recently the shortest pulses achieved from OPAs have been in the 30—
50 fs range, limited either by the narrow phase matching bandwidths or by
the long pump pulse duration. In the following we discuss a OPA scheme
which overcome these difficulties and generate few-opticalcycle pulses with
microjoule-level energy in the visible as well as in the infrared. In the visible,
relatively long pump pulses (7100 fs) are used and the properties of non-
collinear phase matching are exploited to achieve broadband amplification of
the white-light seed; the amplified pulses are then compressed to sub-10 fs du-
ration using suitable dispersive delay lines. In the infrared, ultrabroadband
pulses can be generated using short (2040 fs) pump pulses and exploiting
nonlinear compression effects arising in the parametric amplification process
at high conversion efficiencies.

In an OPA using a collinear interaction geometry, the propagation direc-
tion in the nonlinear crystal is selected to satisfy, for a given signal wave-
length, the phase-matching condition Ak = 0. In this condition the signal
and idler group velocities are fixed and so the phase matching bandwidth
of the process, see Eq. (11.68). An additional degree of freedom can be
introduced using a noncollinear geometry, such as that shown in Fig. 11.39
a): pump and signal wave vectors form an angle o (independent of signal
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wavelength) and the idler is emitted at an angle 2 with respect to the signal.

e 2] [

----- Vgs Vgs

(a) (b) (©

Figure 11.39: a) Schematic of a noncollinear interaction geometry; b) repre-
sentation of signal and idler pulses in the case of collinear interaction; and
c) same as b) for noncollinear interaction.

In this case the phase matching condition becomes a vector equation,
which, projected on directions parallel and perpendicular to the signal wave
vector, becomes

Akper = kscosa — ks —k;jcosQ =0 (11.70)
Akperp = kssina —k;sinQQ=0 (11.71)

Note, that the angle € is not fixed, but depends on the signal wavelength. If
the signal frequency increases by Aw, the idler frequency decreases by Aw and

the wave vector mismatches along the two directions can be approximated,
to the first order, as

dk dk; cos ) Aw — k;sin 2 dY

K par o, w+ o, o w=0 (11.72)
dk; d)
Akperp = . sin Q Aw + k; cos Q) W‘Aw =0 (11.73)

To achieve broadband phase matching, both Ak,,-and Ak, must vanish.
Upon multiplying Eq. (11.72) by cos(f2) and Eq. (11.73) by sin(f2) and
adding the results, we get

dk; dk,
o, —cos o

=0 (11.74)
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which is equivalent to
v; —vs cosfl =0 (11.75)

This equation shows that broadband phase matching can be achieved for a
signal-idler angle €2 such that the signal group velocity equals the projection
of the idler group velocity along the signal direction. This effect is shown
pictorially in Fig. 11.39 for a collinear geometry [Fig. 16b], signal and idler
moving with different group velocities get quickly separated giving rise to
pulse lengthening and bandwidth reduction, while in the noncollinear case
[Fig. 16¢] the two pulsesmanage to stay effectively overlapped. Note, that Eq.
(11.75) can be satisfied only if v;>wvy; this is, however, always the case in the
commonly used type I phase matching in negative uniaxial crystals, where
both signal and idler see the ordinary refractive index. Equation (11.75)
allows to determine the signal-idler angle €2 required for broadband phase
matching; from a practical point of view, it is more useful to know the pump-
signal angle «, which is given by

ko

1—
1+ QUSTLSAI‘/UI‘TLZ‘AS + (ns)\i/ni)\s)2

=)

« = arcsin

(11.76)

As an example, in a type I BBO OPA pumped at A\,=0.4 ym for a signal
wavelength \;=0.6 um broadband phase matching is achieved for oo =53.7°.
To better illustrate the effect of noncollinear phase matching, in Fig. 11.40
we plot, for a type I BBO OPA pumped at 0.4 pym, the phase matching angle
0 as a function of signal wavelength for different values of pump-signal angle
a.For a collinear configuration (o« =0°) # shows a strong dependence on the
signal wavelength so that, for a fixed crystal orientation, phase matching
can be achieved only over a narrow signal frequency range. By going to a
noncollinear configuration and increasing «, the wavelength dependence of
0 becomes progressively weaker until, for the optimum value o = 3.7°, a
given crystal orientation (6 ~31.3°) allows to achieve simultaneously phase
matching over an ultrabroad bandwidth, extending from 0.5 to 0.75 pm.
Note that, in this configuration, the symmetry between signal and idler is
lost, because they propagate at different angles. This favorable property of
the noncollinear geometry for broadband parametric amplification was first
recognized by Gale et al.[9] and was exploited to build broadband OPOs
generating pulses as short as 13 fs. Over the last decade, the same concept
was extended by many research groups to OPAs seeded by the white-light
continuum.
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Figure 11.40: Phase-matching curves for a noncollinear type I BBO OPA
pumped atpumped at A\,=0.4 pm, as a function of the pump-signal angle a.
[5]

A schematic of a experimental setup for an ultrabroadband noncollinear
OPA (NOPA) is reported in Fig. 11.41
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Figure 11.41: Scheme of a noncollinear visible OPA. BS: beam splitter; VA:
variable attenuator; S: 1-mm-thick sapphire plate; DF: dichroic filter; M1
,M2 , M3 , spherical mirrors.[5]

The system is pumped by an amplified Ti:sapphire laser, generating 140
fs pulses at 0.78 pm and 1 kHz repetition rate with energy up to 500 uJ.
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The pump pulses ~0.39 pm wavelength, 10 pJ energy, 180 fs duration are
obtained by frequency doubling a fraction of the light in a 1-mm-thick lithium
triborate crystal. The seed pulses are generated by focusing another small
fraction of the FW beam, with energy of approximately 2 pJ, into a 1-mm-
thick sapphire plate; by carefully controlling the energy incident on the plate
(using a variable optical - density attenuator) and the position of the plate
around the focus, a highly stable single-filament white-light continuum is
generated. To avoid the introduction of additional chirp, reflective optics are
employed to guide the white light to the amplification stage. Parametric gain
is achieved in a 1-mm-thick BBO crystal, cut at ub32°, using a singlepass
configuration to increase the gain bandwidth. The chosen crystal length is
close to the pulse-splitting length for signal and pump in the wavelength range
of interest. The white light seed is imaged into the BBO crystal by spherical
mirror M2 , with a spot size nearly matching that of the pump beam. The
amplified pulses have energy of approximately 2 pJ, peak-to-peak fluctuations
of less than 7% and maintain a good TEMO00 beam quality. Higher energies,
up to 10 uJ, can be extracted by a second pass in the BBO crystal. After the
gain stage the amplified pulses are collimated by the spherical mirror M3 and
sent to the compressor. This design is quite similar to the OPAs reported
in the last section, the main differences being the noncollinear geometry and
the use of reflective optics to prevent pulse chirping.

The NOPA pulse bandwidth strongly depends on the system alignment
and on the chirp of the white-light seed. A typical spectrum obtained un-
der optimum alignment conditions is shown in Fig. 11.42 as a solid line: it
extends over a FWHM bandwidth of 180 THz and is virtually not tunable,
since it covers the maximum available gain bandwidth. Experimentally, this
condition can be easily achieved by adjusting the pump-signal angle to match
the apex angle of the strong parametric superfluorescence cone emitted by
the BBO crystal when illuminated by the pump pulse. Narrower gain band-
widths, which may be required for some experiments, can be simply achieved
by detuning the pump-seed angle from the optimum value and/or deliber-
ately increasing the white light chirp: in this case, the NOPA can be tuned
by slightly tilting the BBO crystal and/or varying the pump-seed delay. A
typical sequence of amplified pulse spectra obtained under these conditions
is shown in Fig. 11.42 as dashed lines.
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Figure 11.42: a) Solid line: NOPA spectrum under optimum alignment con-
ditions; dashed line: sequence of spectra obtained by increasing the white
light chirp; b) points: measured GD of the NOPA pulses; dashed line: GD
after ten bounces on the ultrabroadband chirped mirrors.

The group delay (GD) versus frequency characteristics of the pulses gen-
erated was measured by upconversion and is shown in Fig. 11.42 (b). The
measurement gives an overall GD of 400 fs between the red and the blue
components of the spectrum; the main contributions to the dispersion are
the sapphire plate, the BBO crystal, and the path 73.5 m in air. Accu-
rately correcting the phase over such broad bandwidths poses a challenge on
the compression system. The shortest pulses generated by the NOPA were
obtained by a prism-chirped mirror combination and have a nearly transform-
limited duration of 4.4 fs. Note the dramatic shortening of the pulsewidths
with respect to the pump pulse duration, which is in the 100 fs range. As
a matter of fact, using short pump pulses does not help in getting shorter
pulses from the OPA, but on the contrary could be detrimental to the broad-
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band amplification process, because of the reduced temporal overlap between
the pump pulses and the chirped white-light seed.As an example for an all
chirped mirror dispersion compensation, Fig. 11.42 (b) as a solid line the
opposite of the GD generated by ten bounces on chirped mirrors which were
custom designed to compensate for the NOPA dispersion: it can be seen
that it matches the required GD very accurately over the wavelength range
0.51-0.71 pm, with a root-mean-square deviation of only 1.8 fs.

For the pulses generated by the NOPA shown in Fig. 11.41 and com-
pressed by the chirped mirror compressor, a full amplitude and phase char-
acterization using the SPIDER technique resulted in the reconstructed pulse
amplitude profile shown in Fig. 11.43.
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Figure 11.43: Reconstructed temporal intensity of the compressed NOPA
pulse measured by the SPIDER technique. The inset shows the correspond-
ing pulse spectrum.[5]

11.8.10 Optical Parametric Chirped Pulse Amplifiers
OPCPA

Scaling to higher pulse energies and the use of high average power picosecond
pump lasers can be achieved by applying chirped pulse amplification to the
OPA concept. An example is given in Fig. 11.44.
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Figure 11.44: OPCPA system generating 200 ./, 20 f s pulses at 2 um. It con-
sists of a bradband Ti:sapphire laser. Seed pulses are generated via DFG in
a quasi-phase matched MgO:PPLN. The 1060 nm portion of the Ti:sapphire
spectrum is chirped in a fiber Bragg grating and seeds a Nd:YLF CPA gener-
ating 12-ps long 4 mJ pulses to pump a 3-stage OPCPA based on quasi-phase

matched PPLN at 2 pum. Pulse compression is achieved by a bulk suprasil
and a AOPDF.
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Chapter 13

High Harmonic Generation

High harmonic generation (HHG) is a technique for producing spatially and
temporally coherent extreme-ultraviolet (EUV) light, as well as light pulses
as short as hundred attoseconds (1 attosecond = 107!8 seconds). To sup-
port pulses at such short duration light with a frequency higher than the
inverse pulse duration is required corresponding to EUV wavlength of tenth
of nanometers and shorter. Construction of lasers at these wavelengths is
challenging and other means of producing significant EUV radiation, such as
synchrotrons and Free-Electron Lasers (FELs) are rather expensive. HHG
has the potential for generating significant coherent EUV radiation, even in
the form of ultrashort pulses with attosecond duration opening up the new
field of ultrafast x-ray spectroscopy.

HHG occurs when an intense pulsed laser beam is focused into a (noble)
gas jet or solid. The intensity of the laser light is chosen such that its elec-
tric field amplitude is comparable to the electric field in atoms. Such fields
are able to detach electrons from atoms by tunnel ionization, as opposed to
photo-ionization by a weak field with high enough photon energy. The de-
tached electron is accelerated in the field and under certain conditions has
significant probability to hit the ion left behind upon return. The "collision"
results in the emission of high energy photons. This description is called
three step model and depicted in Figure 13.1
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Figure 13.1: Three step model of High Order Harmonic Generation.

13.1 Atomic units

The dynamics of electrons in electric fields of atomic strength is most con-
veniently described in atomic units. Then typically atomic magnitudes are
numbers of order one, which is very convenient. Atomic units are used in
the vast majority of atomic physics literature, and in particular in the HHG
literature.

In atomic units Planck’s constant A, the electron mass, m, and the elec-
tron charge, q, are set to one. Mass, charge and angular momentum are
therefore measured relative to these magnitudes, and once three of them are
given, the atomic unit for every other physical magnitude can be defined.
In order to gain some intuition about atomic units, it is instructive to think
about the Bohr hydrogen atom, with the electron moving around the proton
in a circular orbit whose radius is the Bohr radius (see Fig. 13.2). Table 13.1
lists the definitions of some atomic units and conversion ratios to SI units:

For example, the hydrogen ionization energy is %au, and that of helium
is about 0.9au. Another example is the dielectric susceptibility of matter.
Ignoring for the moment tensorial and non-instantaneous effects we can write
for the polarization of a medium

P=c(xWE+yPE?+YWE + ) (13.1)

The nonlinear susceptibilities in SI units are of the order of 107! for
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Figure 13.2: Definitions of atomic units through the Bohr model of the hydrogen
atom.

and 10-2% for ®. When P and FE are expressed in atomic units, all the xy-s
are of order one, because the electric field is then expressed in units of the
electric field in an atom. We can argue that once the electric field reaches
atomic fields, all harmonics of the fundamental laser wave will be observed,
with intensities of similar orders of magnitude. Indeed HHG occurs only
when such intensities are reached.

A typical field amplitude for HHG in helium is 0.3 au ~ 1.7 x 109V /cm.
The corresponding intensity is 0.5 - E?/377Q0 ~ 4 x 10W/cm?. For a
Ti:sapphire beam (800 nm wavelength) focused to a 25um? spot and for
a pulse duration of 10 fs we find that the pulses should carry about 0.1 mJ
of energy.

13.2 The three step model

HHG photon energies achieved today reach up to 1.3 keV, which is about
50au. This high photon energy was achieved in helium. If we adopt the
familiar picture (see Fig. 13.1), according to which a photon at certain energy
is emitted when an electron “falls" from an excited state to the ground state,
we see that the electron must “fall" from a very highly excited free state
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Atomic unit of... | Definition In SI units
Electric charge The electron charge 1.602 x 107 C
Mass The electron mass 9.109 x 10~3'kg
Length The Bohr radius 5.2917 x 10~''m
Time 1/27 of the first Bohr orbit period | 24.189 asec
Energy The potential energy of the elec- | 27.21eV=

tron in the first Bohr orbit = 4.359 x 10718
Electric field The electric field at the first Bohr | 5.142 x 10''V/m

orbit

Table 13.1: Definitions of atomic units for some often used quantities and con-
version to the SI system.

(50 times the binding energy). Since the potential is negative, high energy
necessarily means high kinetic energy i. e. high velocity.

In order that a force of ~1au accelerates the electron to such high kinetic
energy, it should travel a long distance away from the atom. According to
the three step model, the electron is released from the atom by the laser
field, accelerated in the free field away from the atom, then accelerated back
towards the atom and collides with it. The energy lost in the collision shows
up as a UV photon. The sequence of tunnel ionization, acceleration in the
laser field and recollision is the called the three step model of HHG [2][3].

In order to estimate the energy acquired by the accelerating electron,
we consider a free electron in a harmonic field of amplitude £ and angular
frequency w. The time-averaged kinetic energy equals

4E \? E\?2

U, = <%) - (%> | (132)

where the first expression is in general units (¢ is the electron charge) and

the second one in atomic units. Note that this is a purely classical object

since it does not involve h. U, is commonly referred to as the ponderomotive
energy.

In order to achieve high ponderomotive energy, w must be a small number,

that is, the optical frequency of the laser pulses must be much slower than
atomic timescales.
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13.2.1 Ionization

There are three regimes of ionization of an atom by an optical field. We
consider here only fields of frequency w such that w < I, (hw < I, in general
units. /, is the ionization potential of the atom). Therefore photoionization
b

N

Figure 13.3: Ionization by n photons.

2. Tunnelling regime.

Tunnelling is the dominant regime when U, 2 I,, i.e. v < 1, but E is small
enough such that the barrier-suppression regime (the next one) is not yet
reached, see Figure 13.4 and 13.5. The electron is released through tunnelling.
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This regime is characterized by an exponential dependence of the ionization
rate on the instantaneous electric field [4]:

w(E) ~ exp (-2(2;7%)3/2) , (13.3)

where the ‘~’ sign : factor in £".

WH

Figure 13.4: Ionization by tunnelling. She shaded area is the barrier, the classi-
cally forbidden region. The rate of tunnel ionization is exponential in the “area"
under the barrier.

3. Barrier-suppression regime.

This regime is reached when the field is strong enough such that the there is
no energy barrier separating the electron from the free space (see Fig. 13.5).
The barrier suppression regime is characterized by a nearly linear dependence
of the ionization rate on the incident electric field.
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Figure 13.5: Ionization in the barrier-suppression regime.

When w < I, the two last regimes are well described by the quasi-static
approzimation. The reason for this terminology is that the variation of the
laser field is so slow that the instantaneous ionization rate coincides with a
static one. Let then w(E) be the static ionization rate as function of the
electric field. In the tunnelling and the barrier suppression regimes, with
w <K I,, we therefore have

()2 = exp | — / w(BE)d | (13.4)

where a(t) is the probability amplitude of finding the atom in the ground
state. Note, that for wt > 1 the ionization rate does not depend on w. This
is in contrast with the multiphoton regime, where the rate exponentially
decreases as w — 0.

The static ionization rate w(FE) is well described in the tunnelling regime
by the Ammosov-Delone-Krainov formula [4]. For hydrogen and helium w(E)
has been numerically calculated to high precision, and is shown in Fig. 13.6
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Figure 13.6: Static ionization rate for Hydrogen on a linear and logarithmic

scale.
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Figure 13.7: Static ionization rate for Helium on a linear and logarithmic

scale..

13.2.2 Propagation

According to the correspondence principle, at high energies quantum me-
chanics should resemble classical mechanics.

Indeed it turns out that the
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propagation of the freed electron can be very well described classically. Since
the Coulomb force exerted on the electron by the ion is negligible compared
to the laser field during most of the electron excursion, the motion of the
electron is well described by a free electron accelerated in the presence of the
electric field of the laser pulse. Since we expect that the electrons do not
reach relativistic speeds, we can neglect the Lorentz Force. It also turns out
that the right after the tunneling, the velocity of the electron vanishes, i.e.
the electron starts with zero velocity in the external field.

(t) = Fycoswt (13.5)
E E
i(t) = sinwt — — sinwty (13.6)
W W
E Ey . E
x(t) = _w_g coswt — (t — to)zo sin wto + w—s cos wty, (13.7)

see Figure 13.8. Here, t; is the time at which the electron was released from
the atom. It is assumed that the electron is released with zero initial velocity.
This assumption can be justified quantum mechanically. Since the electron
is a quantum particle, it is released at all possible times ¢, “together". Each
moment there is a probability amplitude to be released, depending (in the
quasi-static approximation) on the electric field at that moment.

Electron position
t
jes!
=
1
1
Y _-
’/
4
N,
\, y
’
’
\
A\ \»
-
L)

Most energetic trajector);

Time

Figure 13.8: The position of the electron as function of time for different “ioniza-
tion times" t3. The “most energetic trajectory” refers ro the solution where the
elctron encounters the nucleus with the maximal kinetic energy.
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According to the three step model, the energy lost by the electron when
it recollides with the nucleus is released as an HHG photon. We therefore
wish to know how much kinetic energy the electron has when it returns. To
this end we need to solve the Eq. (13.5) for z(¢) = 0 for some ¢ and compute
the kinetic energy 4%(t)/2 at that instant.

The solution cannot be expressed in terms of elementary functions. How-
ever, it can be easily found on a computer. It is easy to see that electrons
re-encounter the nucleus only if they are released when the magnitude of the
field is decreasing (see Fig. 13.8). The kinetic energy upon the first encounter
of the electron with the nucleus is plotted in Fig. 13.9 as function of the ion-
ization time ty. It reaches a maximum for wt ~ 0.31, and the maximum
approximately equals 3.17U,, whith the ponderomotive energy U, = (%)2
of an electron in the laser field..
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Figure 13.9: Kinetic energy upon return to the nucleus as function of the “ion-
ization time". The maximum is achieved about 0.31 radians after the peak of the
electric field. For that case, the kinetic energy upon return reaches 3.17U,. The
dashed curve is the electric field.

13.2.3 Recombination

A proper description of the recombination stage requires a quantum mechan-
ical treatment of the rescattering problem and the emission of radiation. We
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need to start from the Schroedinger equation of an electron bound to the
atom, later partially tunneling ionzied and accelerated. This is described by
the Schroedinger equation of a single active electron in dipole approximation

d
i W) = H[Y) - E(t)z (13.8)

with the atomic Hamiltonian

H= —%v V), (13.9)

where, V (7) is the effective atomic potential confining the electron to the
atom. Due to the interaction with the laser field we expect that the wave-
function of the electon, that is initially in the ground state |0) with energy
eigenvalue —I'p, where Ip is the ionization potential, evolves into a superpo-
sition state between the ground state with probability amplitude a(?) and a
wavefunction describing the freed electron

[9(t)) = a(t) |0) + | (1)) - (13.10)

The freed electron together with the remaining ion forms a dipole and the
expected value of the dipole moment is like for a a two level system atom

d(t) = (W0 F[$ (1)) - (13.11)

However, what acts as the source for electromagnetic radiation is not the
dipolmoment but rather the dipole acceleration. With the Ehrenfest The-
orem in Quantum Mechanics, which is simply the Heisenberg equation of
motion for the electrons kinetic momentum

7= —VV(F) + E(t). (13.12)

and neglecting the external field coming from the laser, since it doesn’t con-
tain Harmonics, the dipole acceleration contributing to HHG can be written
as
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duna(t) = — (@) VV (@) [0(1)) (13.13)
= —[a(®)]* (0| VV (7 |0) — a(t) {p(t)| VV(7)0)

a*(t)< OIVV () [0) = (e VV () [(t)) . (13.14)

—a*(t )( OIVV () 0) — a(t) (O] VV(7) (1)) (13.15)

= £t +E (@), with £(t) = —a” (1) (p(1)] VV(7) |0) (13.16)

The first term vanishes, because of inversion symmetry of the atomic ground

state and the last term is neglected, because it is expected to be small.
After some calculations, the result is [5]

R R (L I OV T ) e
0 = 2Pn G T o ey e

Here, the probability amplitudes of the ground state enter at the birthtime

tnp(t), and ¢, if ¢ is the recollision time of the trajectory. The recombination
t

matrix element d.. = (k(t)| VV(7)|0) and S,(t) = 3 / k(t')2dt + Ip(t —
tnb(t)

tas(t)) is the classical action, the electron picks up during acceleration. The

sum over n is the sum over all trajectories arriving at time ¢.

It is plausible that the energy released during recombination equals the
kinetic energy the electron acquired plus the ionization potential, since the
electron transitions from the continuum to a state with energy —1,. In par-
ticular, we can expect the maximal energy released in the collision to be

Whmax = I, + 3.170, (13.17)

Figure 13.10 shows the Fourier transform of the calculated dipole acceleration
for hydrogen excited by Ti:sapphire (800mn, corresponding to w = 0.057au)
pulses with an ideal sinusoidal single cycle pulse (F(t) = Epsinwt). The
field amplitude used is shown near each spectrum. (Wpmax = I, + 3.17U, in
atomic units). Remarkably Eq. (13.17), which is obtained from very simple
considerations, gives the correct prediction for the cutoff of the spectrum. No
harmonics above wymax are observed!, see Fig. 13.10. However, below the

!To be more precise, quantum mechanical analysis reveals that the cutoff formula
Whmax = 1.281, + 3.17U,.



13.2. THE THREE STEP MODEL 451

cutoff energy we observe oscillations in the high harmonic spectrum. This
results from interference of contributions from the long and short trajectories,
which contribute to the same frequency, energy, as can be seen from Fig. 13.8.

Photons per "pulse" per atom in 5% BW

0 50 100 150 200 250
Harmonic energy (eV)

Figure 13.10: Simulated HHG spectra for hydrogen excited by Ti:sapphire
(800mn, corresponding to w = 0.057au) pulses with an ideal sinusoidal single
cycle pulse (E(t) = Egsinwt). The field amplitude is denoted near each
spectrum.

Figure 13.11 shows the kinetic energy normailized to the pondermotive
potential that each trajectory contributes as a function of arrival time.
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Figure 13.11: Kinetic Energy of long and short trajectories as a function of
arrival time.
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Figure 13.12 shows the Fourier transform of the calculated dipole accel-
eration for hydrogen excited by Ti:sapphire pulses with a secant hyperbolic
pulses hape, 5fs FWHM duration and a maximal field amplitude of 0.12au.
The spectrum is the cummulative effect of several cycles
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Figure 13.12: Simulated HHG spectra for hydrogen excited by Ti:sapphire
(800mn, corresponding to w = 0.057au) pulses with a secant hyperbolic pulse
with 5fs FWHM duration and a maximal field amplitude of 0.12au.

The spectrum is the cummulative effect of several cycles, where in each
half cycle a small fraction of the atoms are ionized, see Fig. fch13 multicyclehhg
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Figure 13.13: High harmonic generation dynamics in a multicycle pulse.
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13.3 Attosecond pulses

The electron which acquires the largest amount of kinetic energy leaves the
atom 0.31w™! after each peak of the field and hits the nucleus back at time
4.4w™! (about 3/4 of a cycle) after that peak (see Figs. 13.8, 13.14). Electrons
that hit the nucleus later (short trajectories) or earlier (long trajectories)
have less kinetic energy upon return. Thus the HHG radiation emitted by
the recolliding electron has two contributions, one from the long and one
from the short trajectories, both of which are down or up chirped (see Fig.
13.15).

Electron position

Figure 13.14: A single cycle, with a single recollision, leading to an isolated
attosend pulse. Most energetic trajectory (dash dotted line).
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Figure 13.15: Neighborhood of the most energetic trajectory, which is re-
sponsible for the highest frequency radiation emitted.
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Figure 13.16: The same as Fig. 13.14a, before and after high-pass filtering.

There are several possibilities to select attosecond duration pulses, from
this emission. First it was proposed to select isolated attosecond pulses, by
using about two-cycle pulses and using high pass filtering of the emitted HHG
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radiation to select the cut-off spectrum produced by the highest field cycle.
Such a filtering is possible by using a multilayer MoSi-mirrors. Fig. 13.16
shows simulated electric field amplitude of the emitted HHG radiation before
and after high-pass filtering. At the output of the filter we observe isolated
pulses of several hundreds of attoseconds [7][9]. Other possibilities are to use
polarization gating to achieve HHG in a single cycle from a few-cycle pulse
and select the emission from the short or long trajectories and compression of
these chirped emission using material dispersion in thin metal films [8]. The
gating techniques have been further refined over the last years to a scheme
called double-optical gating where both polarization and second harmonic
field is used to further constrain HHG within a multicycle pulse.

13.3.1 The intensity challenge

HHG was discovered in 1987. Due to the progress in short pulse high energy
Ti:sapphire lasers (30fs, 1mJ) it became possible to expose atoms to very
high field strength before complete ionization and in 1997 EUV radiation
down to 2.5 nm wavelength was demonstrated using HHG [6]. The shortest
HHG wavelength demonstrated so far is 1nm (2005), however the efficiencies
are very small at these short wavelengths.

13.3.2 The necessity of short drive pulses

Short pulses are a necessity for HHG in order to avoid depletion of the ground
state during previous pulse maxima.

Fig. 13.17 shows the population of the ground state of Helium calculated
with Eq. (13.4). When the pulses are not short enough (50fs in that particular
example) most of the ground state is already depleted before the peak of the
pulse is reached. Therefore the HHG radiation is released by electric fields
of lower amplitude than the peak of the pulse, and most of the intensity of
the pulse is “wasted".

The shorter the pulses become, the higher will be the ground state pop-
ulation when the atom experiences the peak of the electric field. Therefore
short (few-cycle) pulses are a necessity for HHG, even when sufficient peak
power is available.
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Figure 13.17: Ionization of helium in the presence of a linearly polarized
electric field of a laser pulse with 800nm wavelength and a peak intensity
4 x 10W/ecm?: (a) electric field; (b) fraction of ionized electrons; (c) in-
stantaneous ionization rate. The thin and the thick lines represent pulses of
durations of 50fs and 5fs FWHM, respectively.[1]
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13.3.3 Quantum diffusion

The simple classical picture of the propagation stage gives the correct cutoff
law. However quantum mechanically the electron propagates along many
trajectories at the same time. In particular, there is an uncertainty in the
lateral initial velocity of the electron, and it therefore has returning electron
wave packet has components that miss the nucleus.

The above described behavior is called quantum diffusion: free electron
wavepackets expand as they propagate, just like a light pulse in a disper-
sive medium. The electron wavepacket expands as /7 (7 is the time of
propagation between ionization and recombination) in each spatial direction.
Therefore the amplitude in the center of the wavepacket decreases as 773/2.
The amplitude of the emitted HHG electric field therefore scales like 77%/2,
and the intensity — like 773. The travel time is about an optical cycle.

The intensity of the HHG radiation therefore cubically decreases with
increasing drive wavelength. However the spectral cutoff energy quadratically
increases with it and the ionization of the atom can be reduced. The question
what is the ideal drive wavelength to achieve maximum HHG for a desired
wavelength range is not yet resolved.

13.3.4 Propagation effects — phase matching

In order to achieve efficient HHG, the contributions from single atoms emit-
ting at different cycles and positions in the medium must interfere construc-
tively with one another. Just like in second harmonic generation or opti-
cal parametric generation, phase matching is required. Phase matching is
achieved, if the refractive index of the generated EUV radiation is equal to
the index experienced by the driver laser pulse in the gas. The EUV radia-
tion only weakly interacts with the gas and therefore propagates at the speed
of light. However, the drive laser pulse experiences the dispersion from the
gas, which increases the refractive index and the negative index of the free
electrons generated (plasma). Chosing the proper ionization level and gas
pressure is therefore important to achieve phase matching of the driver pulse
and the generated EUV radiation.

Because of the phase mismatch and also because the spatial profile of the
driver pulses, the pulse is distorted by the index profile of the free electrons,
i.e. plasma defocusing of the laser beam occurs. Another limitation on the
length comes from absorption: the longer the gas jet, the more it begins to
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absorb the HHG photons. These effects severely limit the HHG conversion
efficiency.
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