Landolt-Bornstein
Numerical Data and Functional Relationships in Science and Technology
New Series / Editor in Chief: W. Martienssen

Group VIII: Advanced Materials and Technologies
Volume 1

Laser Physics
and Applications

Subvolume A: Laser Fundamentals

Part 1

Editors: H. Weber, G. Herziger, R. Poprawe

Authors:

H.J. Eichler, B. Eppich, J. Fischer, R. Giither, G.G. Gurzadyan,

A. Hermerschmidt, A. Laubereau, V.A. Lopota, O. Mehl, C.R. Vidal,
H. Weber, B. Wende

@ Springer



ISSN 1619-4802 (Advanced Materials and Technologies)

ISBN-10 3-540-44379-7 Springer Berlin Heidelberg New York
ISBN-13 978-3-540-44379-7 Springer Berlin Heidelberg New York

Library of Congress Cataloging in Publication Data:

Landolt-Bornstein: Numerical Data and Functional Relationships in Science and Technology, New Series.
Editor in Chief: W. Martienssen.

Group VIII, Volume 1: Laser Physics and Applications. Subvolume A: Laser Fundamentals. Part 1.
Edited by H. Weber, G. Herziger, R. Poprawe.

Springer-Verlag, Berlin, Heidelberg, New York 2004.

Includes bibliographies.

1. Physics - Tables. 2. Chemistry - Tables. 3. Engineering - Tables.

1. Bornstein, Richard (1852-1913). II. Landolt, Hans (1831-1910).

QC61.23 502'.12 62-53136

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is concerned, specifically the rights of translation,
reprinting, reuse of illustrations, recitation, broadcasting, reproduction on microfilm or in other ways, and storage in data banks. Duplication of this
publication or parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965, in its current version, and
permission for use must always be obtained from Springer-Verlag. Violations are liable for prosecution act under German Copyright Law.

Springer is a part of Springer Science+Business Media.
springeronline.com

© Springer-Verlag Berlin Heidelberg 2005

Printed in Germany

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply, even in the absence of a specific statement,
that such names are exempt from the relevant protective laws and regulations and therefore free for general use.

Product Liability: The data and other information in this handbook have been carefully extracted and evaluated by experts from the original literature.
Furthermore, they have been checked for correctness by authors and the editorial staff before printing. Nevertheless, the publisher can give no
guarantee for the correctness of the data and information provided. In any individual case of application, the respective user must check the
correctness by consulting other relevant sources of information.

Cover layout: Erich Kirchner, Heidelberg
Typesetting: Authors and Redaktion Landolt-Bérnstein, Darmstadt
Printing and Binding: AZ Druck, Kempten (Allgdu)

SPIN: 1050 7868 63/3020-5 4 3 2 1 0- Printed on acid-free paper



Editors

‘Weber, Horst
Technische Universitat Berlin, Optisches Institut, Berlin, Germany

Herziger, Gerd
Rheinisch-Westfalische Technische Hochschule, Aachen, Germany

Poprawe, Reinhart
Fraunhofer-Institut fiir Lasertechnik (ILT), Aachen, Germany

Authors

Eichler, Hans Joachim
Technische Universitat Berlin, Optisches Institut, Berlin, Germany

Eppich, Bernd
Technische Universitat Berlin, Optisches Institut, Berlin, Germany

Fischer, Joachim
Physikalisch-Technische Bundesanstalt, Abteilung Temperatur und Synchrotronstrahlung, Berlin,
Germany

Giither, Reiner
Ferdinand-Braun-Institut fiir Hochstfrequenztechnik, Berlin, Germany

Gurzadyan, Gagik
Technische Universitdt Miinchen, Institut fiir Physikalische und Theoretische Chemie, Garching,
Germany

Hermerschmidt, Andreas
Technische Universitat Berlin, Optisches Institut, Berlin, Germany

Laubereau, Alfred
Technische Universitat Miinchen, Physik Department E11, Miinchen, Germany

Lopota, Vitalyi A., member of Russian Academy of Sciences
Central R & D Institute of Robotics and Technical Cybernetics, Saint Petersburg, Russian Feder-
ation

Mehl, Oliver
Technische Universitat Berlin, Optisches Institut, Berlin, Germany

Vidal, Carl Rudolf
Max-Planck Institut fiir Extraterrestrische Physik, Garching, Germany

Weber, Horst
Technische Universitat Berlin, Optisches Institut, Berlin, Germany

Wende, Burkhard
Physikalisch-Technische Bundesanstalt, Abteilung Temperatur und Synchrotronstrahlung, Berlin,
Germany



Landolt-Bornstein

Editorial Office
Gagernstrafle 8

D-64283 Darmstadt, Germany
fax: +49 (6151) 171760
e-mail: 1b@springer-sbm.com

Internet
http://www.landolt-boernstein.com



Preface

The three volumes VIII/1A, B, C document the state of the art of “Laser Physics and Applica-
tions”. Scientific trends and related technological aspects are considered by compiling results and
conclusions from phenomenology, observation and experience. Reliable data, physical fundamentals
and detailed references are presented.

In the recent decades the laser source matured to a universal tool common to scientific research
as well as to industrial use. Today a technical goal is the generation of optical power towards shorter
wavelengths, shorter pulses and higher power for application in science and industry. Tailoring the
optical energy in wavelength, space and time is a requirement for the investigation of laser-induced
processes, i.e. excitation, non-linear amplification, storage of optical energy, etc. According to the
actual trends in laser research and development, Vol. VIII/1 is split into three parts: Vol. VIII/1A
with its two subvolumes 1A1 and 1A2 covers laser fundamentals, Vol. VIII/1B deals with laser
systems and Vol. VIII/1C gives an overview on laser applications.

In Vol. VIII/1A1 the following topics are treated in detail:

Part 1: Fundamentals of light-matter interaction

This part compiles the basic elements of classical electromagnetic wave theory, non-relativistic
quantum mechanics of the two-level system and its interaction with the non-quantized radiation
field. The relevant relations with their approximations and range of validity are discussed. It
starts with Maxwell’s equations, wave equation and SVE-approximations, presents the Schrodinger
equations, the field/atom interaction including the Einstein coefficients and cross-sections. The
main parameters characterizing the two-level system with typical numbers are given in several
tables. Finally, the coherent interaction is briefly discussed. This semiclassical approach is sufficient
for most applications in laser technology. The fully quantized theory is offered in Vol. VIII/1A2,
Chap. 5.

Part 2: Radiometry

In the first section the definitions of the radiometric quantities and their measurement are sum-
marized. In the second part the main elements of laser beam characterization are compiled with a
detailed discussion of the theoretical background. The experimental determination of the essential
quantities according to the ISO-normalizations is given.

Part 3: Linear optics

The design of optical resonators and beam handling requires a broad knowledge in optics. In this
part the fundamentals of beam propagation, Gaussian beams, diffraction, refraction, lens design
and crystal optics are presented. The extensive references give access to detailed information.



VIII Preface

Part 4: Nonlinear optics

Nonlinear effects are widely used in laser technology to generate new wavelengths or to improve
beam quality.In four sections the essential nonlinear optical effects are discussed: frequency con-
version in crystals, frequency conversion in gases and liquids, stimulated scattering and phase
conjugation. In extensive tables the coefficients of the nonlinear processes are compiled.

August 2005 The Editors
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1.1 Fundamentals of the semiclassical laser theory

V.A. LorpoTA, H. WEBER

A rigorous description of light—matter interaction requires a fully quantized system of field equa-
tions, which is the content of quantum optics [70Hakl [05Wall [07Scul [95Manl, [01Vog]. This theory
is well developed and the results are confirmed perfectly by many experiments (see Chap. 5.1).
But most problems of laser design and laser technology can be solved in a satisfactory way by
applying the semiclassical theory. This means a non-relativistic quantum-mechanical approach for
the electronic system and a non-quantized, classical electromagnetic field.

Non-relativistic means that the velocity of the interacting electrons is small compared with the
velocity of light. This holds for the outer shell electrons of the atoms and molecules, which are
relevant in laser physics. It is not true for the free-electron laser and for the interaction of strong
fields with plasmas, which demand a relativistic treatment.

A non-quantized electromagnetic field implies that the photon is neglected. In laser technology
the photon flux in most applications is extremely high and the granulation of light beams is of
no importance. It is of significance for metrology, where the lower limit of detectability is partly
given by photon statistics. There are some other effects, which are not covered by the semiclassical
theory:

— Planck’s law, related to photon statistics,
— squeezed states,

— entangled photons,

— zero-point energy effects,

— spontaneous emission,

and some spectral line shifts (Lamb-shift [47Lam]), of minor importance for laser technology,
although of great experimental interest for the confirmation of the fundamental theory. The spon-
taneous emission of excited atoms/molecules is responsible for the lower limit of laser line width
and for the on-set of laser oscillation. Therefore, spontaneous emission has to be
included in the semiclassical theory by a phenomenological term as shown in Fig. 1.1.1.

It is the intention of this chapter to compile the relevant relations of laser dynamics, their
application in laser design and to discuss the limitations and approximations. The mathematical
derivations can be taken from the references.

1.1.1 The laser oscillator

The laser oscillator is based on the principle of the feed-back amplifier, a principle invented by
A. Meissner 1913 and patented 1919 . All coherent electromagnetic waves are generated by
such self-sustained oscillators, from radio frequencies to microwaves and finally lasers. Basov and
Prokhorov published 1954 a theoretical paper on masers [54Bas], Schawlow and Townes in 1958
a theoretical paper discussing the possibility of masers in the visible range of the spectrum,
and Maiman realized 1960 the first laser [60Mail.
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4 1.1.1 The laser oscillator [Ref. p. 40

Radiation field E
classical field, no photons, Maxwell’s equations, mainly in the SVE-approximation |-g——
of the wave equation

Optical resonator/amplifier

The field interacts with the electronic system (atoms or molecules) inside an optical
resonator or amplifier.

Atoms/ molecules
are approximated by a two-level system, interacting with the field in the dipole
approximation. Schrédinger’s equation delivers a macroscopic polarization P.

Polarization P
is the source of a new coherent electromagnetic field.

self-consistent in steady state

Spontaneous emission
is introduced phenomenologically and produces a stochastic field which is added to
the coherent field.

Fig. 1.1.1. The semiclassical laser theory (SVE-approximation: Slowly Varying Envelope approximation,
see Sect. 1.1.2.2.3).

pump power

- >l | ==

output power

Fig. 1.1.2. Schematic set-up of
a laser oscillator.

G(), V
The principle set-up of a laser oscillator is plotted in Fig. 1.1.2. Light is amplified by induced
emission in an active medium (gas discharge, doped crystals or liquids, pn-transitions). The active
medium is characterized by an intensity- and frequency-dependent gain factor G(J) (with J: inten-
sity). The beam bounces forth and back between the two mirrors of an optical resonator. On-set
of laser oscillation requires a gain factor exceeding the total losses per round trip:

GoRV >1 (threshold condition) (1.1.1)
with

Gy: small-signal gain factor for the intensities,
R = /Ry Ry: average reflection factor of the mirrors,
V. internal loss factor of the resonator.

With increasing intensity J the gain decreases due to saturation of the amplifier
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Ref. p. 40] 1.1 Fundamentals of the semiclassical laser theory 5

G(J)<Gy.
In steady state the gain has to compensate the losses:
G(J)RV =1 (steady-state condition) . (1.1.2)

If the relation G(J) is known, depending on the specific amplifier, (1.1.2) gives the internal
intensity of the laser system in steady state.

The wavelength of the field is determined by the resonance condition. After one round trip the
phase shift Ay of the field must be

Ap=2np, p=1,2,3,... (resonance condition) , (1.1.3)

otherwise the field would be reduced by destructive interference. The resonator is mainly responsible
for the mode structure of the output field and can be described by a non-quantized field. Details
are given in Chap. 8.1. For the interaction field—amplifier a plane wave is assumed and diffraction
is neglected.

1.1.2 The electromagnetic field

Light is a special case of propagating electromagnetic waves, as was predicted by Maxwell 1856
and confirmed experimentally by Hertz [88Her]. The electromagnetic field is characterized
by the electric/magnetic vector fields E, H. In this section the propagation of quasi-monochromatic
waves with frequency w and wavelength X is investigated. The wavelength range from the infrared
(A = some 10 pym) to the UV (A = 0.1 pm) is normally called light.

1.1.2.1 Maxwell’s equations

The electromagnetic field is used in the classical representation, neglecting the quantization. The
materials equations, based on guantum mechanics, are introduced phenomenologically. The final
result is a wave equation, describing the propagation of electromagnetic waves.

The classical electromagnetic field is completely described by Maxwell’s equations:

OB
|E=——— 1.14
cur 5 ( )
oD .
curl H = E—'_J , (1.1.5)
divD =p, (1.1.6)
div B =0 (1.1.7)

with

E: electric field (SI-unit: V/m),

H: magnetic field (ST-unit: A/m),

D: electric displacement (SI-unit: As/m?),

B: magnetic induction (SI-unit: Vs/m?),

j: current density (SI-unit: A/m?),

p: density of electric charges (SI-unit: As/m3).
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6 1.1.2 The electromagnetic field [Ref. p. 40

For all quantities the complex notation is used , the real quantities are Q,ea1 = %(Q—l—Q*)
The relations between D, E and B, H are given by the material equations. Under the action of
an external electric/magnetic field atomic or molecular electric/magnetic dipoles are generated in
matter. The dipole moment per unit volume is called the electric or magnetic polarization P(E, H)
or J(E, H), respectively. The resulting material quantities are the electric displacement D and
the magnetic induction B given as:

D=¢E+PEH)=¢ce(E,H) E, (1.1.8)
B=uyH+JEH)=puE H)-H (1.1.9)
with

P =¢yx.(E, H)E : electric polarization (SI-unit: As/m?),
J = poxm(E, H)H : magnetic polarization (SI-unit: Vs/m?),
Xe(E, H), xm(E,H) : electric/magnetic susceptibility, in general a tensor and a function of

the fields,
€ =14 Xe, # = 1 + Xm : permittivity /permeability number, in general tensors, 1: unit tensor,

g0 = 8.8542 x 10712 As/Vm: electric constant,
o = 47t x 107 Vs/Am: magnetic constant.

The current inside a medium is caused by the electric field and Ohm’s law holds
j=o.FE (1.1.10)

with
oe: electric conductivity, in general a tensor and function of the field, (SI-unit: A/Vm).

Electric and magnetic polarization depend in general on both generating fields, E and H. In
many cases this relation is linear, but quite often a very complicated relation occurs, as in non-
linear optics, ferro-magnetism or ferro-electricity. The material equations can only be evaluated
by quantum mechanics. In the following non-conducting (o, = 0), charge-free (p = 0) and non-
magnetic (xm = 0, # = 1) media are assumed, which holds for dielectrics. The magnetic field can
be eliminated and a wave equation results from Maxwell’s equations:

. 1 02 1
grad leE*AE‘F%@ (EJrEOP) =0, (1.1.11)
divD =0 (1.1.12)
with
co = 2.99792458 x 10® m/s : vacuum velocity of light .

EoMo

Equation (1.1.11) is the fundamental equation, describing the propagation of optical fields. It
includes diffraction as well as amplification of light and non-linear effects. It has now to be adapted
and simplified for the different applications in optics and laser technology.

1.1.2.2 Homogeneous, isotropic, linear dielectrics

The propagation of light in homogeneous media as gases, liquids, glasses or cubic crystals is in-
vestigated. These materials are assumed to be homogeneous (permittivity  does not depend on the
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Ref. p. 40] 1.1 Fundamentals of the semiclassical laser theory 7

spatial coordinates), isotropic (¢ does not depend on the polarization of light), and linear (¢ does
not depend on the intensity of the field). The last assumption holds for low-intensity fields only.

The permittivity € is a scalar and (1.1.11)/(1.1.12) reduces to the standard wave equation:

¢ O’°F
AE—%W—O, (1.1.13)

divE=0. (1.1.14)

Simple solutions are the plane and the spherical waves.

1.1.2.2.1 The plane wave

The infinite, monochromatic wave with a plane phase front and constant amplitude reads:

E = E expli(wt — nkor)] , (1.1.15)
H = H, expli(wt — nkor)] ; (1.1.16)
[ko X lgd
H, = Zox 2ol
0 koZ

It is a transversely polarized field with E 1 H 1 kg, as plotted in Fig. 1.1.3.
n=+e=1+/14xe : the refractive index of the medium, in general complex, (1.1.17)

ko = 21/ A : wave number in vacuum,
kq: wave vector, direction of propagation,
Ao: wavelength in vacuum,

Z = 1/M :  impedance, Zy= Ho _ 3767 Q: vacuum impedance.
€€ €0

The Poynting vector or energy flux is a real quantity with

S = [Ercal X Hycal]  (ST-unit: W/m2).

Fig. 1.1.3. The plane wave in a homogeneous,
isotropic medium.
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8 1.1.2 The electromagnetic field [Ref. p. 40

Table 1.1.1. Values of refractive index n, and absorption coefficient o at wavelength Ao [85Pall ,
78Dril.

Material Ao [pm] Ny a [m™]
Fused quartz 0.54 1.46 very small
Sapphire 0.50 1.765/1.764 very small
Water 0.54 1.332 0.8

Water 1 1.328 80
Copper 0.54 0.7 11.6 x 10°
Gold 0.54 0.3 11.1 x 10°
Iron 0.54 2.4 16.4 x 10°

The intensity is the time average over one period T' = 27t/w and results in:

J=(S)p = i (; + Zl> (EoE}) . (1.1.18)

For dielectrics without losses (¢ = 1, n = n, is real), (1.1.18) reduces to
1 2
J = §Conr€0 |E0| (1.1.19)

with both quantities, Fy and J, inside the medium. For vacuum applies

Jwme = 133 % 1072 | Eg vym|” s |Eovym| = 274/ Jew jme -

For a homogeneous dielectric, low-absorbing medium the complex refractive index is given by

[99Bor} p. 739]:

@
n=mn, —i— a<k 1.1.20
T 2k 0 ( )
with

n,: real part of the refractive index,

«: absorption coefficient, in general the non-resonant broad-band absorption.

For a field propagating in z-direction (1.1.15)/(1.1.20) deliver an exponentially damped ampli-
tude:
E(z,t) = Eq exp |i(wt — nekgz) — %}

Some numbers of n,, o are compiled in Table 1.1.1.

(1.1.21)

1.1.2.2.2 The spherical wave
One solution of the wave equation (1.1.13) in spherical coordinates is the quasi-spherical wave,
generated by an oscillating dipole (Hertz’s dipole), see Fig. 1.1.4. The far field reads [99Jad|:

4k
exp [i (wt — nkor)]sind , |Ey|= m‘eﬁ , > Ao
0

E(r,9,t) = MoEBy
'

with p the dipole moment and ¢ the angle between the dipole axis and beam propagation k.
In the paraxial approach (9 = 7t/2 , 0 <« 1) the well-known spherical wave, useful for applying
Huygens’ principle, results:

E(z,t) = % Epexpli(wt —nker)] , 6«1, (1.1.22)

where F is approximately parallel to the dipole axis.
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Fig. 1.1.4. A quasi-spherical wave, emitted by an
oscillating dipole.

1.1.2.2.3 The slowly varying envelope (SVE) approximation

In the Slowly Varying Envelope approximation (1.1.11) is solved approximately with the ansatz of
a quasi-monochromatic, quasi-plane wave

E = Ey(z,y, z,t) expli(wt — nykoz)], P = Py(z,y, 2 t)expli(wt —n.koz)] . (1.1.23)

The wave propagates mainly in z-direction and the amplitude is slowly varying with z, y, z, t,
which means:

— slowly varying in time (quasi-monochromatic): 9|Eg|/0t < w|Ey|, or spectral bandwidth
Aw < w,

— slowly varying in space (quasi-plane wave): 9| E|/0z < ko|Eg|, which means low divergence of
the beam Af <« 1 (paraxial approach), and a smooth transverse profile,

— slowly varying polarization 0| Pg|/0t < w|Py,

— slowly varying electric susceptibility 0|x.|/0t < w|xe| and |grad x.| < kol|xel-

Then second order terms can be neglected and the SVE-approximations are obtained [84She} p. 47],

|66 War] [86Sie].
1.1.2.2.4 The SVE-approximation for diffraction
Steady-state propagation in vacuum means 0|Ey|/0t = 0 and P = 0. Equation (1.1.11) delivers

with the ansatz (1.1.23) and neglecting 9% E /0t? the SVE-approximation used in diffraction theory,
also called the Schrodinger equation of optics:

0
<Atr — 2ikoa> Ey=0, divE=0. (1.1.24a)
z
Ay, is the transverse delta-operator, which in rectangular coordinates reads
0? 02
Ay = =5+ =—5 .
" 9a2 + Oy?

The field in (1.1.24a) is a vector field, and the A-operator in cylinder coordinates is rather
complicated, because the unit-vectors are no longer constant [99Jac], especially for non-uniform
polarization in circular birefringent media 82Fer|, 93Wit|. In most cases (except birefringence) the
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10 1.1.2 The electromagnetic field [Ref. p. 40

scalar version of the SVE-approximation is sufficient. It reads in rectangular/cylindrical coordi-
nates

02 0? 0

9 L9 e 9\ = 1.1.24
(525 + 30z~ 2oy ) Bo =0, (1.1.24D)
02 10 1 02 0

o9 P 5 YYE 1.1.24
(5‘r2 +rar+r2 0p? lkoaz) 0=0 ( ©

This is the fundamental equation in paraxial diffraction optics. It gives the Fresnel-integral and
the eigenmodes of free propagation (Gauss-Hermite/Gauss-Laguerre polynomials, see Chaps. 3.1
and 8.1). Equations (1.1.24a)/(1.1.24b)/(1.1.24c) hold for a homogeneous medium, but can be
extended to quadratic index media

1.1.2.3 Propagation in doped media

The active medium of a laser amplifier consists of a host material, doped with the active atoms
(molecules). Host and doping interact di erently with the laser radiation.

A plane wave without transverse structure interacts with active atoms or molecules and induces a
polarization P 4. In most cases the active atoms are embedded in a host medium (glass, crystal,
liquid, gas), which is also polarized by the field, generating an additional polarization Py. The
total polarization is:

P =P+ Py = (Pao + Puo) expli(wt — nrkoz)] . (1.1.25)

The response of the host medium is in most cases very fast (10712 ... 107! s), no transient
behavior occurs and nonlinear effects are assumed to be small. Then the host polarization is
proportional to the applied field:

Py =¢oxunk .

xu is the complex susceptibility of the host material and is related to the refractive index n, and
the loss coefficient o according to (1.1.17)/(1.1.20) [99Ber]:

= (n2—1)—i TZ“ L a<k. (1.1.26)
0

The imaginary part of g is called extinction coefficient. Some values of refractive indices n, and
absorption coefficients « are given in Table 1.1.1. For the polarization of the active atoms one has

Py =coxa(Eo)E, (1.1.27)

where ya depends on the field and has to be evaluated quantum-mechanically. Neglecting first and
second order derivations of Pay and second order derivations of Eq, the SVE-approximation for
the interaction is obtained, assuming a plane wave without transverse structure:

5 18 « ko
I T N N Py (E div E = 1.1.2
(82+08t+2) 0= g D0 (Bo) v E=0 S

(SVE-approximation for the amplitude of a plane wave in an active medium)

with ¢ = ¢p/n, the phase velocity of the wave in the host medium. The above equation describes
the amplification/attenuation of cw-fields and pulsed radiation by an active medium. It provides
also the widely used rate-equation approach, as will be shown in Sect. 1.1.5.1. It fails for fields
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Ref. p. 40] 1.1 Fundamentals of the semiclassical laser theory 11

with amplitudes varying very rapidly in time or space (fs-pulses). If the intensity J (1.1.19) and
the susceptibility of the active medium (1.1.27) are introduced, (1.1.28) reduces to:

0 10 ko
Z 42\ N | J=0. 1.1.29
<82+cat> * <a Ny XA ( )

The active atoms enhance or reduce the losses of the medium, depending on the sign of the
imaginary part Im y of the susceptibility, which is a function of the intensity. In steady state and

for constant ya, which holds for low intensities, (1.1.29) can be integrated and delivers for the
intensity

J(2) = J(0) exp {—oz + %Im (XA)} 2.

The amplifying factor is called the small-signal gain factor Gy of the medium and the exponent
the small-signal gain coefficient go:

ko

ki
Go = exp {no Im(XA)z] =explgoz] , go= o Im (xa) - (1.1.30)

Some typical values of gy are compiled in Table 1.1.4.

1.1.3 Interaction with two-level systems

Most quantum systems as atoms or molecules have an infinite number of energy levels. To demon-
strate the essential features of light—-matter interaction, a simplified model with only two levels is
presented.

1.1.3.1 The two-level system

The relevant parameters are the energy di erence AE of the two levels, the inversion An, the
dipole moment p, and the polarization P,.

The two-level system can be part of an atom, ion, molecule, or something more complicated. A
monochromatic electric field E of frequency w in the SVE-approximation according to (1.1.23) acts
via the Coulomb force on the bound electrons of the active medium. In linear systems (parabolic
potential) the negative electrons will oscillate sinusoidally, whereas the heavy positive nucleus
remains more or less at rest. An oscillating dipole is induced with a dipole moment p(t), which is
given by

u=—ex (1.1.31)

with

e: electron charge,
x: displacement of the electron.

The dipole moment per volume is the macroscopic polarization P of the active medium. As
all single dipoles are aligned by the electric field, the resulting polarization reads:
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12 1.1.3 Interaction with two-level systems [Ref. p. 40

A

4 E2 — ], ¢2> , Cy
w
>
S
GC) h W
L

A 4
£ E1 — n,, ¢I> , C4
Fig. 1.1.5. The two-level system.
Pa =nop (1.1.32)
with

no: dipole density (m~3),
w: expectation value of the dipole moment (Asm).

In this section the induced dipole moment will be evaluated quantum-mechanically, which
requires some simplifications. It is not the intention to discuss in detail the mathematics, but
only to summarize briefly the main results of interest for laser technology and to emphasize the
approximations and the range of validity. A consistent presentation of the interaction light—matter,
starting from first principles, is given in many textbooks |[61Mes) [68Sch| [77Cohl [95Man].

From the infinite number of energy levels of an electronic system only two, E; and FEs, are
taken into account for the interaction [75Alll [89Yar] |69Are|, see Fig. 1.1.5. This is a reasonable
approach if the field is nearly resonant with the transition from F; to FEs. In this case the other
levels of the system will not or only very weakly interact with the field.

It applies

|wA — w| < Awp

with
wa: resonance frequency of the transition,
Awya: bandwidth of the transition,

w: frequency of the radiation field,
h = 1.0546 x 1073* Ws?: Planck’s constant.

1.1.3.2 The dipole approximation

The oscillating electric field E deforms the electron cloud of the two-level system and generates
a complicated, oscillating charge distribution. A first order approximation is an oscillating dipole.
The interaction of this dipole with a monochromatic wave is evaluated quantum-mechanically.

1.1.3.2.1 Inversion density and polarization

The interaction of an electromagnetic field with a two-level system was first investigated by Bloch
[46Blo] and extensively discussed by Allen and Eberly [75All]. It is characterized by its dipole
moment and the population densities in the two levels:
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n1, ny : density of states (atoms, molecules) in the lower/upper level,
An = ng — ny : inversion density,
ng = ni + ng : total density, const.

The following assumptions are made:

— Non-relativistic interaction. The velocity of the electrons is small compared with the velocity
of light. This does not hold for inner-shell electrons, hot plasmas and free-electron lasers.

— The wavelength of the light is large compared with the diameter of the atoms/molecules. It
means that in the domain of the atomic wave function the electromagnetic field is locally
constant. Bohr’s radius with rg = 5.3 x 10™° pm is a typical atomic dimension. The wavelength
in the visible range of the spectrum is about 0.5 um, thus this condition is fulfilled in the visible
and UV-part of the spectrum. It is called the dipole approximation .

— The permanent dipole moments of the two-level system p1; = oo are zero. Even if larger
molecules have a permanent dipole moment, their response to the high-frequency field is small.
Ounly for very strong fields are the permanent dipole moments of importance (see Part 4 on
nonlinear optics). A dipole moment exists only for the transition from level 1 to 2 and vice
versa. Non-degenerated levels are assumed with g = p12 = po3.

The two-level system is completely described by its state vector |¢), which in general is time-
dependent:

Eqt

) =ca(®)lon) exp (=1 500) + cat) o) exp (i) (1139

with |¢1), |¢2) the eigenfunctions and Fy, Fs the energy eigenstates. The eigenfunctions are nor-
malized, orthogonal and depend on the position vector r:

/@f%‘dr = (p1p2) = dij - (1.1.34)
The state vector has to fulfill the time-dependent Schrodinger equation:

0
lh# = (Ho+ Hint) |<p> , (1.1.35)

with Hy the Hamilton operator of the undisturbed system (Hi,, = 0) and Hi, the interaction
energy. For the undisturbed system holds [89Yar]:

Holgi) = Eilgi) , i=1,2, (1.1.36)

which follows directly from (1.1.35) by replacing |¢) by |¢i)exp (—iE;t/h). The parameters of
interest, the inversion density An = ny — ny and the macroscopic polarization

Pxr=nop (1.1.37)

are determined by the coefficients ¢1, c2. The probability of the system to be in the lower/upper
state is given by \cl|2 , |02|2 , respectively, which requires:

ler? 4+ ea? = 1. (1.1.38)
The number of atoms in the lower/upper level is then given by:

2 2
ny=mnolel|”, na=mngle|”, ni+ng=mng

and hence the inversion density :
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14 1.1.3 Interaction with two-level systems [Ref. p. 40

An = ng (\02\2 - \01\2) . (1.1.39)

The expectation value of the dipole moment (p) = —e (pr¢p) is obtained from (1.1.33). Using
the afore mentioned assumptions:

(m11) = —e{p1r1) =0,  (H22) = —e{@arps) =0
one obtains finally for the polarization from (1.1.33), (1.1.34), (1.1.38)
Py =ng{(p12) cjeco exp (—iwat) + (p21) c1¢5 exp (+iwat)} (1.1.40)

with (p12), (to1) the dipole moment of the transition Ey <+ E3 and vice versa. For non-degenerated
transitions one has (p12) = (1) = pa. In the following only pa will be used, which is a charac-
teristic parameter of the specific transition:

pa = —e{p17rpa) . (1.1.41)

1.1.3.2.2 The interaction with a monochromatic field

The interaction Hamiltonian for a non-quantized real field E .., corresponds to the classical energy
of an electric dipole in an electric field. It reads [97Scul:
(E+ E¥)

— -

Substitution of (1.1.42) into (1.1.35), using the orthogonality (1.1.34) and (1.1.41) provides two
differential equations for the coefficients ¢y, co of the state vector:

Hint = NAEreal = KA (1142)

d i E + FE*
d i E+ FE*
g = %cl exp (+iwat) NA% . (1.1.43)

The time dependence of inversion density and polarization is obtained from (1.1.39), (1.1.40) by
differentiating and applying (1.1.43). After some simple mathematics the following two equations
for the macroscopic parameters of the two-level-system result are obtained:

OAn i . y
aPA s HA *
= l{wAPA + 5 (ua (B + BY)) An} . (1.1.44b)

For E and P, the SVE-approximations of (1.1.23), (1.1.25) are used. Then in (1.1.44a),
(1.1.44b) terms with the frequency 2w appear, which are neglected. This approach is called the
rotating-wave approximation [97Scul [72Cou|. The above equations simplify to

0An i . .
o = Th{EoPAO*EOPAO} , (1.1.45a)
p .
88:0 - —icSPAOJrWTA(uAEo}An, §=w—wa (1.1.45b)
(rotating-wave approximation)

with

pa: electric dipole moment of the transition,

w: frequency of the interacting field,

wa: resonance frequency of the two-level system,
h = 1.0546 x 10~3* Ws?: Planck’s constant.

Some typical values of dipole moments are given in Table 1.1.2.
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Table 1.1.2. Typical values of dipole moments [01Men]|.

Transition lpal [As m]
Bohr’s radius x electron charge 1072°
Hydrogen 1s — 2p Ao =121 nm 0.8 x107%°
4f — 5g o = 4053 nm 8.3 x 1072
Chromium ions in ruby 4A,(3/2) — E levels Ao = 694 nm 10720

1.1.3.3 The Maxwell-Bloch equations

The idealized rotating-wave approximation is adapted to the real situation and combined with the
SVE wave equation. Incoherent perturbations by the environment are taken into account.

So far the interaction of the two-level system with the electromagnetic field is purely coherent, no
perturbations by external influences on the system are considered. Stochastic processes will modify
the interaction considerably. Here only a very basic description is presented. A detailed analysis of

these statistical processes is given in [70Hakl [97Scul.

1.1.3.3.1 Decay time T of the upper level (energy relaxation)

Three incoherent processes reduce or increase the upper-level population and have to be considered
in (1.1.45a), (1.1.45b):

— spontaneous emission,
— interaction with the host material (collisions, lattice vibrations),
— increase of the population by pumping (light, electron collisions, or other processes).

1.1.3.3.1.1 Spontaneous emission

The two-level system is coupled to the modes of the optical resonator or to the free-space modes.
Spontaneous emission into these modes reduces the upper-level population. Moreover, by each
spontaneous emission process the phase relation between the field and the two-level eigenfunction
is destroyed. If the dimensions of the resonator are large compared with the wavelength, the decay
is given by Ong /0t = —ng /Ty, , with Agy = 1/Ty, , the Einstein coefficient of spontaneous emission.
If the resonator dimensions are comparable with the wavelength, spontaneous emission is strongly
influenced by the resonator geometry, it can be enhanced or reduced (see Chap. 8.1).

1.1.3.3.1.2 Interaction with the host material

This interaction reduces the population density. Energy is transferred to the host material
and converted into heat. A simple approach for this decay is again an exponential ansatz
Ong /0t = —ng /Ty . This decay time together with the spontaneous decay time delivers a re-
sulting decay T3 of the upper-level population, also called energy relaxation time or longitudinal
relaxation time.
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16 1.1.3 Interaction with two-level systems [Ref. p. 40

1.1.3.3.1.3 Pumping process

The dynamics of upper-level excitation depend on the special pumping scheme and are discussed
in Sect. 1.1.5.3 and in Vol. VIII/1B, “Solid-state laser systems”. In any case the pump produces
in steady state and without a coherent field (Ey = 0) an inversion density Ang.

These three processes are included into (1.1.45a) by the term:

O0An _ An — Ang

o = T (1.1.46)

with

T7: the resulting time constant.

1.1.3.3.2 Decay time T, of the polarization (entropy relaxation)

An external field F induces dipoles, which generate the macroscopic polarization P 4. If the external
field is switched off, the polarization will disappear for several reasons:

The energy of the two-level system decays with 77, which means that the polarization disappears
at least with the same time constant.

Due to incoherent interaction with the host material (collisions), the single dipoles are disori-
ented in their direction or dephased. The resulting polarization becomes zero, although the single
dipole still exists. This process can be much faster than T; (see Table 1.1.6) and is characterized by
a time constant 75. This decay strongly depends on the interaction process. The simplest approach
is :

OPro _ Pao
ot T

(1.1.47)

and (1.1.45b) has to be completed by (1.1.47). Ty is called the transverse relaxation time, the
entropy time constant or the dephasing time. Finally, the two-level equations together with the
SVE-approximation, (1.1.28), of the wave equation read:

0An i . . An — Ang
W = 7% (EOPAO — EOPAO> — T ; (1148&)
OP o . 1 A (uaEp)
= — — | P — X A =w — 1.1.4
5t <1(5+T2> A0 +1 - n, d=w-—wa, ( 8b)
a 1 8 « . k()
— + -4+ = | Eyg=— P 1.1.4
<8z * c ot * 2) 0 126071r A0 ( 8¢)

(Maxwell-Bloch equations).

They describe the propagation of radiation in two-level systems and are called Maxwell-Bloch
equations. Equation (1.1.48c¢) holds, if the transition frequency wa for all two-level atoms is the
same (homogeneous system). In inhomogeneous systems (see Sect. 1.1.6.3, Fig. 1.1.13) different
groups of atoms exist with center frequencies wp of each group and a center frequency wg of the
ensemble. Therefore (1.1.48¢) has to be replaced by [81Ver|:

a 10 . ko
(82: + c&t) Ey = o /h(wA,WR)PAO(EO,WA)de : (1.1.48d)

h(w,wa) is the spectral density of atoms with the transition frequency wa according to (1.1.92)/
(1.1.93). For the solution of these equations, three different regimes are distinguished:
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Steady-state equations
0An 0P ap

The temporal variations of the radiation field are slow — =0 =0
. ot ot
compared with T7.
Adiabatic equations
0A oP
no transient effects of the atom, Tb < T7. a—tn #0 TAO =0
Coherent equations
A P
The width 7 of the interacting pulses is short compared aa—tn 9 (‘3:0 #0

with Ty, T; (1.1.45a), (1.1.45b) can be applied.

1.1.4 Steady-state solutions

In steady state inversion density Ang, polarization P g, and intensity J of the field are constant
in time, but may depend on the spatial coordinates.

1.1.4.1 Inversion density and polarization

The stationary solutions of (1.1.48a), (1.1.48b) are obtained immediately:

Ano . R -
An=——————— (inversion density, homogeneously broadened), 1.1.49
neo [w—wa . -
= A susceptibilit 1.1.50
Xa = {AwA/Q—i_l] n (susceptibility), (1.1.50)
Pao =ceoxaEo (polarization) (1.1.51)
with
1
J= B gocone|Eo|*> (intensity of the field), (1.1.52)
hwa .. . "

s = (saturation intensity of the two-level transition), (1.1.53)

20'QT1
o =o0of(w,wa) (frequency-dependent cross section of the transition), (1.1.54)

| pal®waTo
09p = ————— (cross section in resonance), (1.1.55)
goConch
Awy /2)?
frlw,wa) = ( ;)A/ ) 5 (spectral line shape, Lorentzian), (1.1.56)
(wa —w)” 4+ (Awa /2)

Awp =2/T>  (line width of the transition), (1.1.57)
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Angoof(w,wa)
1+ (J/Js) f(w,wa)

gh(w,wa) =Ano = (gain coeflicient, homogeneously

broadened),
A ngog Aw

A
ginh(wa WR) = \/ﬁh(w, wR)T

(gain coefficient, inhomogeneously

broadened, see Sect. 1.1.6.3).

(1.1.58a)

(1.1.58b)

In Table 1.1.3 some numbers of relevant laser transitions are compiled, in Table 1.1.4 some
typical values of the small-signal gain coefficient in resonance are given. The susceptibility strongly
depends on the frequency as shown in Fig. 1.1.6. According to (1.1.26) the real part of xa produces

an additional refractive index, and the imaginary part absorption or amplification:

ReXA:nf—lznrJ (W_WA)ATL7

]410 AwA/Z
Im xya = —nyaky = nrJAn .
ko
The steady-state propagation of the electric field is obtained from (1.1.48c):
dE, a oAn W — WA
= icA E
& {2+2+””AMA]°’

where A n is a function of the field or the intensity.

(1.1.59a)

(1.1.59b)

(1.1.60)

Table 1.1.3. Examples of resonance wavelength Ao, resonance cross section g, upper-level lifetime 77 and
saturation intensity Js. The simple relation (1.1.53) for the saturation intensity holds for two-level systems

only and is not applicable in general .

A() g0 T1 Js

(pm] [m?] [s] [W/m?]
Amplifiers
CO3-gas (1300 Pa) 10.6 10720 107° 2 x 10°
Neodymium-ion in glass 1.06 4 %1072 3x 1074 8...12x 107
Neodymium-ion in YAG 1.06 5x 10723 2x 1074 2 x 107
Chromium-ion in AlyO3 0.69 2x 107 3x1073 2.4 % 107
(ruby, T = 300 K)
Neon (25 Pa) 0.63 3 x 10717 1078 5.3 x 10°
Rhodamine 6G in ethanol 0.57 4% 10720 5x107° 10°
Absorbers
SFe 10.6 8 x 10722 4x107* 2.5 x 10°
KODAK dye 9860 1.06 4 %1072 ~ 1071 5.6 x 10!
KODAK dye 9740 1.06 6 x 10720 ~ 1071 4 x 101
Cryptocyanine-dye 0.7 5x 10720 5x 10710 2 x 10*°

in methanol

Table 1.1.4. Typical values of the small-signal gain coefficient go = Anooo in resonance. The exact values

depend on pumping, doping, and other parameters of operation [01Men|.

System Ao [nm)] go [m™1]
He/Ne laser 632.8 0.1
Nd-doped glass 1060 5
Nd-doped YAG 1060 50
GaAs-diode 880 4% 10°
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/ '\ Imy,~gain

: - Re y,~phase shift
R .0
- / S N .h.-
',.0‘ :. 1 —_—
"...“.' “n Frequency @ Fig. 1.1.6. Real and imaginary part of

the susceptibility vs. frequency.

1.1.4.2 Small-signal solutions

The solutions for low intensities are discussed. Low means that the intensity J is small compared
with the characteristic parameter J; of the system (see Table 1.1.3).

At low intensities J < Js, the inversion density is not affected by the intensity,

An = Ang ,
and (1.1.60) can be integrated. Together with (1.1.23), the complete field is obtained:

E(z) = Ey(0) expli(wt — nikoz) — %(a — Ango)z] (1.1.61)
with a total refractive index n;

oAng w — wa
=n, (1 . 1.1.62
Nt n ( -+ ’r'[,r]{O AWA ) ( 6 )

The active atoms of the two-level system cause an additional phase shift or refractive index
and an additional absorption or amplification, depending on the sign of Ang. The small-signal gain
factor according to (1.1.30)/(1.1.50) is:

Go = explo(w)Angz] . (1.1.63)

Amplification, Gy > 1, requires inversion Ang > 0. The complex amplitude transmission factor A
is defined as the ratio of the monochromatic field amplitudes and can be written:

Eo(Z) ,O‘QAno A(UA/Q

A= = exp |i— @ —on) 1 8wn/2 z.

~ E(0)

(1.1.64)

It depends on the frequency of the field, which means dispersion. Time-dependent fields and espe-
cially short pulses are distorted by the amplifying system, pulse broadening and chirping occur.

1.1.4.3 Strong-signal solutions

The steady-state solutions are discussed for intensities which saturate the inversion, see Fig. 1.1.7.

The inversion now depends on the intensity. For the propagation of the intensity, (1.1.48c) gives
in steady state
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dJ
(gD =a) J 1.1.65
= (g~ a) T, (1.1.65)
where g(J) is the saturated gain coeflicient of (1.1.58a), (1.1.58b). For a homogeneously broadened
transition and without losses (v = 0) this equation can be can be integrated and provides a
transcendental relation for the gain factor G:

Go J(0)

e = exp T fw) (G-1) (1.1.66)

with Gy the small-signal gain factor of (1.1.62) and G the ratio of output/input intensities
G=J(z)/J(0).

For inhomogeneously broadened transitions a more complicated relation is obtained [81Ver].

I [ [ I
0 1 2 3 4

 » JO)s

Fig. 1.1.7. Saturation of the gain factor G for a homogeneously and inhomogeneously broadened transition.
1: G():l, 2: G0:4, 3 GO:6

1.1.5 Adiabatic equations

If the polarization is in equilibrium with the applied field, without transient oscillations of the
electronic system, the interaction is called adiabatic.

1.1.5.1 Rate equations

The field is replaced by the intensity, most spectral e ects are neglected and the rate equations are
obtained. They represent an energy balance.

T is the time constant, which characterizes the transient behavior of the polarization. In most cases
(see Table 1.1.6) T3 is much smaller than T3, and the transient oscillations of the electrons can be
neglected. In (1.1.48a) the polarization is replaced by its steady-state value (1.1.50)/(1.1.51) and
the rate equations are obtained. They have to be completed by the time-dependent pump term, here
labeled as A ng. It depends on the specific pump scheme (see Sect. 1.1.5.3). The rate equations are
widely used in laser design to evaluate output power, spiking behavior and Q-switching dynamics.
The spontaneous emission contributes to the intensity of the interacting field, but only with a very
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small amount and is neglected here. Nevertheless it is important, because the laser is started by
spontaneous emission and in the lower limit it determines the laser band width (Chap. 5.1).

With these approximations the field equations (1.1.48a)/(1.1.48b)/(1.1.48¢c) for the interaction
with a monochromatic field reduce to one equation for the inversion density and a transport
equation for the intensity:

0An  J f(w) (An — Any)

o= An - 7 , (1.1.67)
0 10

(82 + c8t> J=(Anaof(w)) J (1.1.68)

(rate equations for a homogeneously broadened two-level system and a plane monochromatic wave)
with
J(z,t): local intensity,

Js: saturation intensity, depends on the level system (2,3, or 4 levels), see Sects. 1.1.4.1/1.1.5.3,
An(z,t): local inversion density.

1.1.5.2 Thermodynamic considerations

So far the interaction with a monochromatic field of intensity J(w) was discussed. Now the in-
tensity is replaced by the spectral energy density p,, of black-body radiation, providing the Einstein
coe cients of spontaneous and induced emission.

Einstein published in 1917 his famous work on the quantum theory of radiation, where for
the first time induced emission was introduced, the cornerstone of laser physics. He discussed the
two-level system in equilibrium with thermal radiation of spectral energy density p,, (energy per
volume and spectral range dw). The density is given by Planck’s law [61Mor]:

(1.1.69)

hwd 1 [VASQ]
Pu

T n2c exp [hw/kT] — 1 m?

with
k= 1.38 x 10723 VAs/K: Boltzmann’s constant.
In thermal equilibrium the levels |¢1), |¢2) are populated according to Boltzmann’s law [61Mor]:
"2 _ exp[~hwa/KT] . (1.1.70)

ny

These two fundamental laws can only be fulfilled, if induced emission is introduced, and Einstein
postulated the following equation in steady state for the interaction of thermal radiation with a
two-level system:

Bi2 pwni1 = Bai pun2 + Ao n2 (1.1.71)

(absorption = induced emission + spontaneous emission)

with
Bio, Bo1, Asq: Einstein coefficients of induced and spontaneous emission.

The transition of atoms from the lower level to the upper level by absorption of radiation must be
balanced by induced emission and spontaneous emission from the upper level. This equation was
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derived by thermodynamical considerations. The quantum-mechanical equation (1.1.67) delivers
in steady state, replacing An by no — ni and ng by ni + no, and furthermore taking into account

that for steady state without interaction holds Ang = —ng:
o o no
J—n1=J— — 1.1.72
thnl thn2+ Tl ( )

This equation has the same structure as the Einstein equation. If the monochromatic intensity J(w)
is replaced by the spectral density p, and integration over the full spectral range is performed, a
relation between the Einstein coefficients and the atomic parameters is obtained. These relations
read in general for degenerated levels with weighting factors g1, go (degeneracies)
[00Daw]:

2
g2 |pal
By = —/— 1.1.7
27 127 RPeey ( 38)
2
g1 |pal
By = — 1.1.73b
27 121 h2egy ( )
1 a5 s wh
Ay = — == _— 1.1.74
21 T 3 MA| reeohcd ( )
A = H12 = M21 ,
)\2
Ugl(w) = ZAglh(W) s (1175)
o12(w) = Lon(w) (1.1.76)
g1
X T A2
oo (wa)=2-2< 2 (holds for Lorentzian line shape), (1.1.77)
Ar T, = 4
Bi2g1 = B2192 , (1.1.78)
A21 2hwf’\
_ . 1.1.79
B e ( )

The above relations were derived for isotropic media. Anisotropic media are discussed in [86Sie].
Equation (1.1.80) holds for all dipole transitions, as long as the quantum system is coupled to
a large number of modes (free space or a resonator with dimensions large compared with the
wavelength). With these equations the gain coefficient can be related to the Einstein coefficient of
spontaneous emission [92Koe]:
A? g2
9(w) = 7 hw,wa) [na - Z=ny | Ay (1.1.80)
g1
with

h(w,wya): the spectral line shape, depending on the type of broadening (see Sect. 1.1.6).

1.1.5.3 Pumping schemes and complete rate equations

The fundamental methods to obtain inversion are presented, discussing the idealized 3- and 4-level
system.

Till now a two-level system was discussed, assuming a steady-state inversion A ng, which is always
negative. To obtain positive inversion An = ny —n; > 0 and gain, additional levels are necessary.
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An > 0 is a state of non-equilibrium. To support this state, energy has to be pumped into the
system. This pumping energy can be incoherent light, kinetic energy of electrons/ions, chemical
energy or electric energy. The pumping schemes can become very complicated, and in most cases
many energy levels are involved. To understand the principal process for the generation of inversion,
two idealized pumping schemes will be discussed.

1.1.5.3.1 The three-level system

The simplified diagram of the three-level system is shown in Fig. 1.1.8. The level Ej3 is excited by
absorption of light or by electron collisions, depending on the specific system. The decay from Fs
to Es, the upper laser level, is very fast. Nearly all excited atoms are transferred into this level,
which has a very long life time. If the pumping power is sufficiently high to overcome the decay of
level Es, atoms will be accumulated and finally ns is larger than n,. The adiabatic rate equations
give for the upper-level population without induced emission between the two levels (J = 0):

dng
dt

n

=W (ng —ng) — — . (1.1.81)
T

W is the pumping rate, the product of the cross-section 13 and the specific pump parameters. T}

is the upper laser-level lifetime. This holds under the assumption that the population of level Fs

is zero and that n; + ns = ng. Equation (1.1.81) reads with the inversion density An = ny —nq:

dAn ng—An
— =W —Anp)—- ———— 1.1.82
=W g = Am) = P (1.1.82)
and in steady state one obtains:
A Ngtea WT —1
lsteady,3 _ 77 "1 (1.1.83)

no S WTy 41

The relation between the inversion density and the pump rate is shown in Fig. 1.1.9. Inversion
occurs for WTp > 1. With increasing pump rate the inversion increases also and approaches finally
one, all atoms are in the upper level. To obtain A ngteady,3 > 0 requires at least 50 % of the active
atoms to be pumped into the upper level, high pump rates are necessary and the efficiency is low.
Equation (1.1.82) has to be completed by the coherent interaction term of (1.1.67). The complete
rate equation for the three-level system with pump rate W, interacting with a monochromatic field
of intensity J is given in (1.1.84). For the intensity (1.1.48c¢), (1.1.48d) hold, depending on the type
of line-broadening (Sect. 1.1.6).

Three-level system Four-level system
E;, ng=0 E;, ng=0
A
E,, n, \— E,, n,
pump pump laser
laser L e E, n=0
Fo I o= 1y

Fig. 1.1.8. The idealized three- and four-level system.
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Four-level system

steady T~ +1

Three-level system

wrt, —*

-1 -1 Fig. 1.1.9. Inversion density vs. pump
rate for a three- and four-level system.

0An if(w)

_ _ ot An
ot Js Ty

T

An+W(ng—An) (1.1.84)

(rate equation of a three-level system).

1.1.5.3.2 The four-level system

The commonly used pump scheme, due to its high efficiency, is the four-level system as shown in
Fig. 1.1.8. The two laser levels are E5 and E7, where the lower level F; has a very short lifetime
and its population ny is nearly zero. This requires that the energy E; — Ey is much larger than
the thermal energy xT'. The pump level E3 decays very rapidly to the upper laser level Fy and its
population is again nearly zero. The inversion density now is An = ny — ny = ng. Then the rate
equation for the pump process reads:

0An An

with the steady-state solution (without coherent interaction):

A Nsteady,4 _ WTl
no 1+WT

(1.1.86)

Inversion is reached now at very small pump-power levels as shown in Fig. 1.1.9. The efficiency of
such systems is much higher than of three-level systems. The complete rate equation for pumping
and interaction with a field of intensity J is obtained by taking into account the corresponding
term of (1.1.67). It has to be considered that ny; = 0, and therefore the saturation intensity is
higher by a factor of 2.

oAn __J f(w)An +W(ng—An) — an (1.1.87)

ot Ja T

(rate equation of a four-level system)
with

h
Js4: “A

)

saturation intensity of the four-level system.
OoTl
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1.1.5.4 Adiabatic pulse amplification

The amplification and shaping of light pulses by saturable two-level systems is presented.

The pulse is adiabatic if its width 7 is small compared with T} and large compared with T5. Then
the variation of the upper-level population due to spontaneous emission and pump can be neglected
and this term can be neglected. If such a pulse travels through an active medium of length ¢, it
depletes the upper level, is amplified and shaped as depicted in Fig. 1.1.10. The initial conditions
at t = —oo are:

Inversion density: An(z) =Ang, 0<z<1?.
Input intensity: Jo z=0.
Input energy: E, z=0.

The equations (1.1.67)/(1.1.68) can be solved for a loss-free-medium (« = 0) with a four-level
system and yield for the output intensity [63Fral:

Jout (t) = Jin(t — £/c) Go p— (1.1.88)
Go — (Go — 1) exp fEis / Jin (¢")dt’
The total output energy density E,,t of the pulse is
Eout = Estn[l + Go (exp (Ein/Es) — 1)] (1.1.89)
with the two limiting cases
GoEiy , E, < E;,
oue = { B + B fnGy = By, + 2M050es g5 g (1.1.90)

with

Gy : small-signal gain factor, (1.1.63),
Ey = Js 4T : saturation energy density,
Ein out : Input/output energy density.

Equations (1.1.88)—(1.1.90) also hold for saturable absorbers with Gy < 1. The pulse will be
shaped in any case and the peak velocity will differ from the phase- and group velocities.

GyJ:
J 0vin
J out
input pulse J;, output pulse J,(t)
Jin amplifier 4
absorber— "
— T—> ]
0 Fig. 1.1.10. Pulse amplification
¢ and shaping by a saturable ampli-

fier /absorber.
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1.1.5.5 Rate equations for steady-state laser oscillators

In the oscillator system, two counter-propagating traveling waves J+, J~ appear, see Fig. 1.1.11,
which are amplified by an intensity- and z-dependent gain coefficient according to (1.1.58a),
(1.1.58b):

dJ+

o= [g(J) —a] J*T, (1.1.91a)
% =—[9(J)—a] J~. (1.1.91b)

For the two traveling waves the boundary conditions at the mirrors are:
Jt(z=0)=J (z=0)R; ,

J (z=0)=J"(2=0R,.
The combination of (1.1.91a) and (1.1.91b) yields [81Ver]:

JT(2)J~(2) = const. ,

a useful relation for analytical solutions. The gain coefficient is saturated by both waves. In steady
state (1.1.84)/(1.1.87) hold with J = J™ + J~, depending on the level system and on the type
of broadening. For homogeneous broadening a solution is given in n general, numerical
calculations are necessary. For optimization a diagram is offered in [92Koe]. The intensity rate
equations are very useful for laser design and optimization, but deliver no spectral effects such as
line width [58Schl [74Sar] [95Man|, mode competition [86Siel [00Dav], mode hopping
74Sar|, or intensity-dependent frequency shifts (Lamb dip) 64Lam|. Multimode oscillation can be
described by rate equations with restrictions 164Stal (63 Tan) 93Sve].

. Mirror R, Mirror R,
= %/ :%@VA = Jouz
mh————— V- it wo souner propagaing
z

waves.

1.1.6 Line shape and line broadening

Shape and width of the spectral response of the two-level system depend on the special stochastic
perturbation processes, in detail discussed by [81Ver] [86Eas]. An easy-to-read introduction is given
by [86Sie, 00Dav].
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1.1.6.1 Normalized shape functions

Normalized line shapes are introduced, which determine the relative strength of interaction.

The line shape depends on the specific interaction process. Two standard line shapes, easy to
handle, are the Lorentzian and the Gaussian profiles [92Koe|, shown in Fig. 1.1.12. They can be
normalized differently.

.. Gaussian
/ L?ntzian

-4 4
0— Wy
Fig. 1.1.12. Gaussian and
Aw S
Lorentzian line shape.
1.1.6.1.1 Lorentzian line shape
(Awa/2)”
W, wa) = , hr(w,wp) = w,wa) . 1.1.92
fu(w,wa) PRI Lw,wa) = A fulw,wa) (1.1.92)
1.1.6.1.2 Gaussian line shape
W — WA 2 In2 2
= — In2 h =4/— . 1.1.
fo(w) =exp (AwA/2> n 1 , c(w) =14/ - AwAfG(w) (1.1.93)
1.1.6.1.3 Normalization of line shapes
+o0o
fG,L(w =wp)=1, fG7L(w =wpa +Awp/2) =05, / hG7L(w,wA)dw =1. (1.1.94)
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1.1.6.2 Mechanisms of line broadening

1.1.6.2.1 Spontaneous emission

The spontaneous emission decay time T, of quantum dot lasers can be influenced by the geometry
, but for all macroscopic laser systems it is equal to the free-atom decay and related to the
dipole moment (see Sect. 1.1.5.2). The line width of the power spectrum is Aw = 1/T, . The line
shape is Lorentzian for undisturbed systems.

1.1.6.2.2 Doppler broadening

In thermal equilibrium the particles in a gas have a Maxwellian velocity distribution of the veloc-
ity o:

h(v) = \/E exp {—W] (1.1.95)

with

my : atomic mass,
kT : thermal energy of the particles.

The resonance frequency of a transition is shifted by the Doppler effect
Aw=warv/cy .

Replacing the velocity in (1.1.76) by the frequency, delivers for the resulting spectral distribution
a Gaussian line shape (1.1.74) with the width

A 8 kT In 2
b 2 (1.1.96)
WA macC

Some numbers are compiled in Table 1.1.5.

Table 1.1.5. Doppler and collision broadening for a thermal energy of KT = 1 eV. The Doppler broadening
refers to wa = 10'® s™', the collision broadening holds for a pressure of p = 133 Pa (1 torr) [81Verl [01Men].

Gas Doppler broadening Collision broadening
Awp [10" 571 Awc [107 s7Y

Ho 5.6 2.8

He 4 1.3

Ne 1.8 0.8

CO2 1.2 1.2

Ar 1.5 9

1.1.6.2.3 Collision or pressure broadening

Elastic collisions between radiating atoms imply no energy loss, but a discontinuous jump in the
phase of the emitted field. The average temporal length of the wave trains, in the undisturbed case
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given by the spontaneous life time Ty, is reduced to the collision time 7. The Fourier transform
of these shortened waves gives a Lorentzian line shape with the spectral width Awe = 2/7 or

320cp
Awc = ——— 1.1.97
¢ VTTMA w1 ( )
with

oc : collision cross section of the atom,
p: pressure of the gas.

The collision broadening is proportional to the gas pressure. Some numbers are given in Table 1.1.5.

1.1.6.2.4 Saturation broadening

A strong field of intensity J, comparable with the saturation intensity J, depletes the upper laser
level. The gain is reduced according to (1.1.58a), (1.1.58b) and the gain profile becomes flatter and
broader with the spectral width (see Fig. 1.1.13) [81Ver]:

Awg ZAu}A\/l—‘rJ/JS.

1.1.6.3 Types of broadening

The interaction of the field depends strongly on the type of broadening. Two idealized cases are
the homogeneous and the inhomogeneous broadening [00Dav].

1.1.6.3.1 Homogeneous broadening

All transitions have the same resonance frequency wa. The gain is saturated for all atoms in the
same way as given by (1.1.58a) and shown in Fig. 1.1.13. Examples for this type of broadening are:

— spontaneous emission,

— collision broadening,

— saturation broadening,

— thermal broadening in crystals by interaction with the lattice vibrations.

g(w)
Homogeneously Inhomogeneously

1
0 wg

A

Frequency of the radiation field @

Fig. 1.1.13. Saturation of homogeneously and inhomogeneously broadened systems by a radiation field
of frequency w.
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1.1.6.3.2 Inhomogeneous broadening

Groups of atoms with spectral density h(wgr,wa) and different frequencies wa produce a resulting
line profile with center frequency wr and width A wg as shown in Fig. 1.1.14. A strong monochro-
matic field of frequency w interacts mainly with the group ws = w and saturates this particular
group. A dip appears in the profile, which is called spectral hole-burning. Examples of inhomoge-
neous broadening are:

— Doppler broadening,
— Stark broadening in crystals due to statistical local crystalline fields.

Wp  OR
—_—

Frequency o

Fig. 1.1.14. An inhomogeneously broadened profile.

The resulting line profile is a convolution of the individual group profiles and the broadening pro-
cess, which results in complicated integrals. The saturation process for inhomogeneously broadened
lines is quite different, as will be shown by a simple example. In this case (1.1.58a) holds only for
one group of atoms with the spectral density h(wa,wr). Integration over all groups results in the
total gain coefficient gjp:

+oo
Yinh (W, wR) = / fw,wa)h(wa,wr)dwa (1.1.98)
—00
If the width A w, is much smaller than the total width Awg, the function h(wa,wr) can be taken

outside of the integral at wa = w. Assuming a Lorentzian profile for the single group, (1.1.98)
becomes:

f(wawA)
inh (W) = Angogh(w,w / w
) = Anogohlron) [ 407 Flaran) T4
and can be integrated:
AN0T0_ b ) TOWA _ 21000 ¢ NAWA (1.1.99)

inh (W) = —F——=
G () NI 2 VI+J/J " Awr

The gain saturates slower than in the case of homogeneous broadening, but the maximum gain
is lower by the ratio of the line widths. Inhomogeneous gain profiles can also be caused by spatial
hole burning in solid-state laser systems. The standing waves between the mirrors produce an
inversion grating and holes in the spectral gain profile .

The spectral characteristics of lasers depend strongly on the type of broadening, see Fig. 1.1.15.
In steady state the gain compensates losses and the gain profile saturates to fulfill the condition
GRV = 1. A homogeneously broadened gain profile saturates till the steady-state condition is ful-
filled for the central frequency. The bandwidth A wr, j, is very small and depends on the thermal and
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Homogeneous broadening Inhomogeneous broadening

Aw| AW L inh

I
N

Total gain factor GRV

—_— wRr

Frequency w

Fig. 1.1.15. Spectrum of an inhomogeneously and homogeneously broadened laser transition in steady
state. Total gain factor GRV vs. frequency of the radiation field.

mechanical fluctuations . In the case of solid-state lasers spatial hole burning will influence
the spectral behavior and can produce even for homogeneous transitions multi-mode oscillation
. In the case of inhomogeneous broadening each spectral group of atoms saturates
separately and many modes will oscillate, which produces a large lasing bandwidth A wr, jnn. If
single-mode operation is enforced by suitable frequency selecting elements, the left — right and
the right — left traveling waves produce two symmetric holes, due to the Doppler effect. This effect

can be used for frequency stabilization (Lamb dip [64Laml).

1.1.6.4 Time constants

The line profile of a real laser transition is in most cases a mixture of homogeneous and inhomoge-
neous profiles, depending on the temperature and the pressure. The following time constants are
used in literature:

Tsp: spontaneous life time,

Ty : upper-laser-level life time (energy relaxation time, longitudinal relaxation time),

Ty : Stochastic processes broaden the line homogeneously. The inverse of the line width is the
dephasing time T .

T5: The line is broadened inhomogeneously. The inverse of this line width Awg is the de-
phasing time T3 .

T>: For the resulting dephasing time (transverse relaxation time, entropy time constant),
approximately holds (depends on the line profiles):

Some examples of decay times are given in Table 1.1.6.

1.1.7 Coherent interaction

Radiation field and two-level system are two coupled oscillators. Without stochastic perturbations
the stored energy is permanently exchanged between these two systems.

If the interaction time of the radiation field with the two-level system is small compared with
all relaxation times, including the pump term, the stochastic processes can be neglected and
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Table 1.1.6. Spontaneous life time Ty, upper-laser-level life time T4, transverse relaxation time 7%,
homogeneous relaxation time 7, and inhomogeneous relaxation time T3 [01Iff][92Koel [86Sie], [01Men|
Chap. 6].

Tep [s] Ty [s] T, [s] T [s] T3 [s]
Neon-atom (He/Ne-laser), 1078 1078 3x107° 1078 4x107°
Ao = 632.8 nm, He (p = 130 Pa),
Ne (p = 25 Pa)
Chromion-ion, A\g = 694.3 nm,
Ri-transition in ruby
T =300 K 3x 1073 3x 1073 10712 10712 2x1077
T=4K 4% 1073 4% 1073 2x1077 3x107° 2x1077
SFg-molecule, Ao = 10.5 pm, 1073 1073 6 x 107° 7x1076 6 x107°
p=04Pa
Rhodamin-molecule in ethanol, 5x107° 5x107° 10712 10712 -
singlet-transition, Ao = 570.0 nm
Neodymium-ion in YAG-crystal, 5x107* 23x107* 7x10712 - -

Ao = 1060 nm, T = 300 K

(1.1.45a)/(1.1.45b) hold. This kind of coherent interaction is of strong interest in nonlinear spec-
troscopy [84Shel [86Sie| [71Laml| [72Coul, [01Menl Chap. 7] and confirmed by many experiments.
Examples of nonlinear coherent interaction are transient response of atoms, optical nutation, pho-
ton echoes, n m-pulses and quantum beats. Here only some very simple examples will be presented.
A more detailed treatment is given in [95Man].

1.1.7.1 The Feynman representation of interaction

Feynman introduced a very elegant representation of interaction, which enables an easy-to-under-
stand visualization.

A very compact description of the two-level interaction was given by Feynman |[57Fey|. The real
electric field is

1
Eical = 3 {Epexpi(wt — kz)] + Ejexp [—i (wt — kz)]} .
Tt generates a real polarization, (1.1.23), shifted in phase against the field:

1 . x .
P rea = 3 {Pagexp [i(wt — kz)] + P}, exp [—i(wt — k2)]}
C cos (wt — kz) + S sin (wt — kz) (1.1.100)

with C, S real vectors:

1. N
C = (PA()—I—ID?,;O)7 Szil(PAO_PAO)'

N |

In the following an isotropic medium is assumed. Then ps, Pa and E are parallel and can be
treated as scalars. With these new real quantities the equations of interaction (1.1.45a), (1.1.45b)
become:
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R;= pAn, inversion

R
R,, sin-polarization
R;, cos-polarization

Fig. 1.1.16. In the case of coherent
interaction, the system is characterized
by its R-vector which rotates in the
polarization/inversion space with con-
stant length.

oC A—A*

oS A4 A%

= =60 — up - A , 1.1.101b

“ yn - An ( ' ) ( )

0An A—A* A+ A*
= i 1.1.101
pA =y 1C< 5 )+S< 5 ), ( 0lc)
where A is a complex quantity. Its modulus is called the Rabi frequency:
E
Az, t) = MAh 9. |4] : Rabi frequency . (1.1.102)

Two vectors R, F' are introduced:

A+ A* i/1—/1*
2 2

R:(C,S,MAAH):(Rl,R27R3), F = ( 75) :(F17F2,F3).

The R-vector characterizes the state of the two-level system and can be depicted in an inver-
sion/polarization space, as shown in Fig. 1.1.16. R corresponds to the Bloch vector of the spin-1/2
system [46Blo]. The equations (1.1.101a), (1.1.101b) of interaction can be condensed to:

OR
rT [F x R] (coherent interaction) . (1.1.103)

Scalar multiplication of this equation with R results in:

<R8R>: (R[FxR])=0,

ot
which means that the length of the vector is constant during interaction:
ICI? + (S + [pa Anf* = |Ro|? . (1.1.104)

The tip of the vector moves on a sphere in the inversion/polarization space with complicated
trajectories [69McC| [74Sar} |69Ics]. The incoherent relaxation and pumping of the system can be
included in (1.1.103) by an additional relaxation term [72Cou].

1.1.7.2 Constant local electric field

If the amplitude E of the electric field is assumed to be constant, a very simple solution of the
rotating-wave equations is obtained with one main parameter, the Rabi frequency A.
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‘5-., . InversionAn .= Polarization P,,
“
‘.“
% Time ¢
‘e, Fig. 1.1.17. Oscillation of inver-
< sion density An and polarization

amplitude Pao in resonance for a
constant local electric field.

For a constant electric field at a fixed position z the rotating-wave approximation has a periodic
solution. Inversion and polarization with the initial condition ¢t = 0, An = ng, Pag = 0 are:

An 62+ |A] cos Bt waEo

—_— = N="—— 1.1.105

no 52 ) h ) ( )
Ao

PAOZno% B(l_COS at)+ isinat| , [=+02+]A2. (1.1.106)

In resonance w = wp, § = 0, the inversion density A n and the amplitude P g of the polarization
oscillate with this frequency, see Fig. 1.1.17. The real polarization P year of (1.1.100) contains the
frequencies wa + |A|. Some values of dipole moments are given in Table 1.1.2 to estimate |A|.
Off resonance the temporal behavior of inversion and polarization is more complicated (optical
nutation) . If at t = 0 all atoms are in the lower level (Ang = —ng) a complete inversion
is produced at ¢t = 7t/|A| by a coherent field. It is called pulse inversion . At t =2/|4], all
atoms are again in the lower level, no energy transfer has taken place.

1.1.7.3 Propagation of resonant coherent pulses

For short pulses, 7 < T, the perturbations can be neglected. The solution of the complete interaction
equations (1.1.101a)—-(1.1.101c) for a propagating resonant pulse is rather simple.

The propagation of pulses in a two-level system is described by the rotating-wave approximation,
(1.1.45a)/(1.1.45b), and by the wave equation in the SVE approximation (1.1.28). The set of these
three non-linear equations is difficult to solve, only special cases will be discussed here. At ¢t = 0
the electric field Ej is assumed to be real, A = A*. In case of resonance, 6 = 0, (1.1.101a) delivers
C =0, R; = 0. The interaction equations (1.1.101b), (1.1.101c) reduce to

R =0,

OR>

2 Yy

8t RB,
OR3

—2 =AR,.
ot Rz

The R-vector moves in the Ro-R3-plane, see Fig. 1.1.18. If the angle 6§ with the Rj3-axis is intro-
duced, one solution of the above equations is:

RQ = Ro sin 9,
R3 = —Rg cos 0
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v

Fig. 1.1.18. In resonance, 6 = 0, the R-vector of the two-
level system rotates in the Ra-Rs-plane.

4)‘9 /IA E
/] — —

ot h

(1.1.107)

Ry is given by the initial conditions at t = 0. The SVE-approximation of (1.1.28) then becomes:

0? 1 02 adld v 1A ko
1 g— _29% T p Gno _ Hafo 1.1.1
<8t62+06t2> s T fosinl, y=0"0 (1.1.108)

From 6 the amplitude Ey of the electric field can be calculated with (1.1.107)/(1.1.105).

1.1.7.3.1 Steady-state propagation of nm-pulses

Steady state means that a pulse is propagating with velocity v and constant pulse envelope
E(t,z) = Eo(t — z/v). The amplitude depends on one parameter w only:

w=t—2z/v
and (1.1.108) becomes:

c\ d?0  acdd ¥

1_7)7 e ¢TI Rysing. 1.1.109

( v dw2+2dw €y fos ( )

This equation is equivalent to the equation of the pendulum with friction in a gravitational
field. In the following examples two different initial conditions are assumed:

>0 (amplifier) ,

Ro = pa Ang { <0 (absorber) ,

which corresponds to the pendulum up or down at ¢ = 0.

1.1.7.3.1.1 27m-pulse in a loss-free medium

A medium without losses (o = 0) interacts with a coherent pulse in resonance (6 = 0). The initial
condition is Ang(t = —o0) = +Ang (Ang < 0, absorber). One steady-state solution is the 27-
pulse, see Fig. 1.1.19, which corresponds to a local field of duration 7 = 27t/ A. The leading edge
of the pulse produces an inversion and energy is transferred to the atomic system, the amplitude
is reduced. The trailing part of the pulse is then amplified by this inversion. In total the pulse
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2n — pulse

)
[—— | [ |
WS e - Cenen

Fig. 1.1.19. Propagation of 27- and 7-pulses in a two-level system.

has lost no energy, but is delayed in time. Such a pulse is only stable, if the broadband losses are
negligible and if the initial inversion is negative. The steady-state solution is:

expliw (t — z/c)]

E = Eyea field) , 1.1.110
peak oosh [(t —z/v) /7] (field) ( )
By = 2V, |— 210 (heak amplitude) (1.1.111)
peak — 50(1 — C/’U) p p ) che
2hwA
Jpeak = 16176/7200 (peak intensity) , (1.1.112)
1-— T
Ton =27 =2 A=¢/v)T (pulse duration) , (1.1.113)
goc
v = WCTWZ& (pulse peak velocity) (1.1.114)
with

go = Ango < 0: small-signal absorption coefficient,
c: phase velocity in the medium,
v : pulse peak velocity.

This two-level system is the most simple model of a saturable absorber, which in the case of
incoherent interaction absorbs the radiation. But the coherent 27-pulse transmits the absorber
without losing energy. Therefore this effect is called self-induced transparency . The pulse is
characterized by three parameters: peak velocity v, peak amplitude Epcakx and the width 75,. One of
these parameters can be chosen arbitrarily, the other two result from (1.1.112)/(1.1.113)/(1.1.114).
But the interaction is coherent only as long as To, < T5.

1.1.7.3.1.2 m-pulse in an amplifying medium

A steady-state solution in an amplifying medium, initial condition An(t = —00) = Ang > 0, with
broadband losses (a # 0) is the 7-pulse [74Loy], see Fig. 1.1.19:

B exp [iw (t — z/c)]
= Epear o [(t—z/c)/7)]

E (field) (1.1.115)

h
Epeak = — (peak amplitude) , (1.1.116)
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A 2
Jpeak = 2000;2 [%} (peak intensity) , (1.1.117)
Tr=27=21T e (pulse duration) . (1.1.118)
9o

The pulse propagates approximately with ¢, depletes at each position the upper level, and converts
this energy via the broadband losses o into heat. The saturated gain just compensates the losses.
The pulse is only stable for a > 0 and gg > 0.

So far solutions of the steady-state SVE-equation were presented, assuming resonance and
a homogeneously broadened two-level system. Off-resonance interaction and inhomogeneously
broadened systems are much more complicated and are discussed in detail in the literature
[74Sar] |691cs| [72Cou]. Moreover, the stability of the pulses with respect to small perturbations
was not yet mentioned. It is controlled by the area theorem .

1.1.7.3.2 Superradiance

The spontaneous emission was neglected in the coherent interaction. An initial state,
R = (0,0, u An), complete inversion, without external field F' would be stable according to the
interaction equations (1.1.103). But due to spontaneous emission and amplified spontaneous emis-
sion, the R-vector will be pushed a bit out of equilibrium and decay into the stable position
R = (0,0, —p A n). This phenomenon is called superradiance and discussed in detail in Chap. 6.2.

1.1.8 Notations

Symbol Unit Meaning

A g1 Einstein coefficient of spontaneous emission
B Vs/m? magnetic induction

Bia, Ba m?/VAs? Einstein coefficient of induced emission
c As/m? component of the Feynman vector R
co m/s vacuum velocity of a plane wave

c m/s phase velocity of light in a medium
€12 - coefficients of the eigenvector

D As/m? electric displacement

E V/m electric field

E, V/m electric-field amplitude

Ei2 VAs energy eigenstates of the two-level system
Ei VAs amplifier input energy

Eout VAs amplifier output energy

Eg VAs/m? amplifier saturation energy density
f(w,wa) - line shape factor

G - gain factor

Gy - small-signal gain factor

g m~! gain coefficient

90 m~! small-signal gain coefficient

91,2 - degeneracies of lower/upper laser level
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Jh m~! gain coefficient of a homogeneously broadened
transition

Jinh m~! gain coefficient of an inhomogeneously broadened
transition

H A/m magnetic field

H, A/m magnetic-field amplitude

H, VAs Hamilton operator of the undisturbed transition

Hint VAs Hamilton operator of interaction

h(w,wa) s line shape factor

j A/m? current density

J Vs,/m? magnetic polarization

J VA /m? intensity

Jr,J VA /m? intensity inside the resonator

Js, Jsa VA /m? saturation intensity of 2-; 3- and 4-level system

k m~? wave number

k m~! wave vector inside the medium

ko m~! wave vector in vacuum

{ m geometrical length of the active medium

n — complex refractive index

Ty - real refractive index

no m™3 density of active atoms

n1,2 m—3 density of lower/upper population

Py real As/m? real polarization of the active atoms

P As/m? complex polarization of the active atoms

Ppy As/m? amplitude of the complex polarization

Py As/m? complex polarization of the host material

R As/m? Feynman vector

R - = +/R1 Ry, average mirror reflectivity

Ry - reflectivity of mirror 1, 2

T m position vector

S VA /m? Poynting vector

T S upper-laser-level life time

T/ S dephasing time due to homogeneous broadening

Ty S dephasing time due to inhomogeneous broadening

Ts S resulting dephasing time

Tsp S spontaneous decay time

Tr, Tox S pulse duration of 7-, 2 7-pulses

\% - resonator loss factor per transit

v m/s pulse peak velocity

Z V/A impedance

Zy V/A vacuum impedance

« m~! absorption coefficient

XA - susceptibility of the active atoms

Xe - electric susceptibility

XH — susceptibility of the host material

Xm - magnetic susceptibility

) 5! detuning

An m~3 inversion density

Ay m™2 transverse delta-operator

Awa s™! line width of homogeneous broadening

A wc 51 line width of collision broadening
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AwR
A wg g1
Awpinn, Awrpp 87

c _
€0 8.8542 x 10712 As/Vm
o) -

|<P1,2> -

K 1.38 x 10723 VAs2/K
/\0 m

A s7!

[ _

Lo 47tx 1077 Vs/Am
H12, po1 Asm

HA Asm

0 _

Pw VAs? /m?

o(w) m?

Oe A/Vm

ao m2

T s

w s7!

WA g1

WR g1

Landolt-Bérnstein
New Series VIII/1A1

line width of inhomogeneous broadening

line width of saturation broadening

lasing bandwidth of inhomogeneous/homogeneous
transitions

permittivity

electric constant

state vector of the two-level system
eigenfunctions of the two-level system
Boltzmann’s constant

vacuum wavelength

Rabi frequency

permeability

magnetic constant

= pa, dipole moment of the two-level transition
dipole moment of the two-level transition

beam divergence, slope of the Feynman vector
spectral energy density (per dw)

cross section of the two-level system

electric conductivity

cross section of the two-level system in resonance
pulse width

frequency of the radiation field

resonance frequency of the homogeneously
broadened transition

resonance frequency of the inhomogeneously
broadened transition
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2.1 Definition and measurement of radiometric
quantities

B. WENDE, J. FISCHER

2.1.1 Introduction

Radiometry is the science and technology of the measurement of electromagnetic energy. Here we
confine ourselves on the subfield of optical radiometry which covers the measurement of electromag-
netic radiation in the wavelength range from about 0.01 um to 1000 um. Radiometric quantities
are derived from the quantity energy. The corresponding photometric quantities on the other hand
involve the additional evaluation of the radiant energy in terms of a defined weighting function,
usually the standard photometric observer. In the following only the definitions of the radiometric
quantities are explained in detail. Starting from the radiant energy the other fundamental radio-
metric quantities radiant power, radiant excitance, irradiance, radiant intensity, and radiance are
derived by considering the additional physical quantities time, area, and solid angle.

The radiometric quantities defined in abstract terms are practically embodied by radiometric
standards. Radiometry is based on primary detector standards and primary source standards. Pri-
mary detector standards are mostly electrical-substitution thermal detectors whereas for primary
source standards the emitted radiant power is accurately calculable. For the radiometric measure-
ment of cw laser emission radiation detectors or radiometers calibrated against primary detector
standards are the preferred secondary standards. The detection principle of the radiometers could
be thermal (thermopiles, bolometers, and pyroelectric detectors) or photoelectric (semiconduc-
tors). As secondary standards for pulsed laser radiation mostly thermally absorbing glass-disk
calorimeters are used. These standards are derived from the cw standards using accurately mea-
sured shuttering of the laser radiation to produce pulses of known radiant energy.

2.1.2 Definition of radiometric quantities

Radiometric and photometric quantities are represented by the same principal symbol and may
be distinguished by their subscripts. While radiometric quantities either have the subscript “e” or
no subscript (as in the whole Chap. 2.1), photometric quantities have the subscript “v”, where
“e” stands for “energetic” and “v” for “visible”. The most frequently used radiometric quantities
are listed in Table 2.1.1 together with their symbols, defining equations, and units. The additional
physical quantities applied in Table 2.1.1 are the time ¢, the element of solid angle dw, and the
angle 0 between the line of sight and the normal of the radiating or receiving surface with the area
element dA, see Fig.2.1.1.

In the case that the quantities are functions of wavelength their designations must be preceded
by the adjective “spectral”. For example, the symbol for spectral radiance is L(A). This has to be
well distinguished from the convention for the spectral concentration of a quantity, which is also
preceded by the adjective “spectral”. In that case, however, the symbol has the subscript A, i.e.
dL/d\ = Ly.
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Table 2.1.1. Radiometric quantities, their defining equations and units.

Quantity Symbol Defining equation Unit
Radiant energy Q J
Radiant power P & =dQ/dt W
Radiant excitance M M=do/dA W m™2
Irradiance E E=do/dA W m™2
Radiant intensity 1 I=do/dw Wosr!
Radiance L L=d%>%/(cos HdAdw) Wm™2sr!
n
A dA,
0

! dw

1

1
dA |

1

1 >

1

I

1

(p I

Fig. 2.1.1. Geometry for definition of the radiance.

To explain the defining equations given in Table 2.1.1 a radiation source of finite extent is
considered. If we surround the radiation source with a closed surface and calculate the radiant
energy () penetrating the surface per unit time we get the total radiant power @ emitted by the
source. For clarity, the above mentioned symbols for the spectral properties of the radiation are
omitted in this chapter. The radiant power per unit area of the radiation source associated with
the emission into the hemispheric space above dA is defined as the radiant excitance M. At this
point it is appropriate to introduce the radiation incident from all directions in the hemispheric
space above the surface of a detector. The irradiance F is defined as the radiant power incident on
a surface per unit area of the surface. The irradiance represents also the energy which propagates
per unit time through the unit area perpendicular to the direction of energy transport. This is
known as the density of energy flow identical to the magnitude of the Poynting vector averaged
over time.

Coming back to the source-based radiometric quantities we consider now the radiant power
proceeding from a point source per unit solid angle dw in a specified direction. The corresponding
quantity appropriate especially for nearly point-shaped sources is denoted as radiant intensity I.
If we generalize and consider again a source of finite extent the directional nature of radiation has
to be taken into account accurately. From Fig. 2.1.1 we formally define as radiance L the radiant
power emitted in the (6, ) direction, per unit area of the surface normal to this direction and
per unit solid angle. Note that the area dA, used to define the radiance is the component of dA
perpendicular to the direction of the radiation. This projected area is equal to cosfdA and in
effect, this is how dA would appear to an observer situated on the surface in the (6, ¢) direction.

Although the directional distribution of surface emission varies according to the nature of the
surface, there is a special case which provides a reasonable approximation for many surfaces. For
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an isotropically diffuse emitter the radiance is independent of direction:
LO,p)=1L. (2.1.1)

Such an emitter is denoted as a lambertian radiator which emits in accordance with Lambert’s
cosine law:

I(0) = 1(0) cos 0 . (2.1.2)

The radiant intensity of a perfectly diffuse surface element in any direction varies as the cosine
of the angle between that direction and the normal to the surface element. It is noted that this
law is consistent with the definitions of radiance and radiant intensity given in Table 2.1.1. It
may be helpful to derive the relationship between radiance and radiant excitance for a lambertian
radiator. The radiant excitance into the hemispheric space above dA is calculated from the radiance
by integration over the solid angle dw = sin 6 df dy:

27
0

By removing L(0, ) from the integrand according to (2.1.1) and performing the integration we
get

L(6,¢) cosf sinfdfdyp . (2.1.3)

o &
:J@

o\%

M=nL. (2.1.4)

Note that the constant appearing in the above expression is 7t, not 27, and has the unit steradian

(sr).

2.1.3 Radiometric standards

2.1.3.1 Primary standards

Depending on the application primary source and primary detector standards are used to establish
radiometric scales. Black-body radiators of known temperature with calculable spectral radiance
are operated as primary source standards at temperatures up to about 3200 K . Due to
the steep decrease of their Planckian radiation spectrum in the UV spectral range radiometry with
black-body radiators is limited to wavelengths above 200 nm. In comparison with a black-body
radiator, the maximum of the synchrotron radiation spectrum emitted by an electron storage ring is
shifted to shorter wavelengths by several orders of magnitude . In a storage ring electrons
move with nearly the velocity of light along a circular trajectory and emit a calculable radiant
power through an aperture stop situated near the orbital plane. Radiometry can thus be extended
into the X-ray region up to photon energies of 100 keV.

Electrical-substitution thermal detectors operated at ambient temperature have been the most
frequently used primary detector standards. However, their performance is limited by the thermal
properties of materials at room temperature resulting in complicated corrections that have to be
applied. Hence, their uncertainties remain near 0.1 % to 0.3 % . Cryogenic radiome-
ters have been developed to satisfy the increasing demands for more accurate detector standards
from users especially in new and expanding fields of optical fibers, laser technology, and space sci-
ence. Today, these instruments with absorption cavities at nearly the temperature of liquid helium

Landolt-Bérnstein
New Series VIII/1A1



48 2.1.3 Radiometric standards [Ref. p. 51

Helium reservoir
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Quadrant diodes

Brewster window

Photodiode Tzr == Fig. 2.1.2. Cryogenic radiometer for the calibration

. i Monitor of photodiodes. The stabilized laser beam enters the
Laser Stabilizer ~ Spatial filter . . . .

| | : _| cryostat via a Brewster window and is aligned by

| H I I L ! J quadrant photodiodes. In the cavity the laser radia-
Mirror tion is absorbed and electrically substituted.

are the most accurate among all primary standards, with relative uncertainties of less than 0.01 %
. The principle of operation of both the cryogenic radiometers and the instruments
at ambient temperature is that a thermometer measures the temperature rise of an absorption cav-
ity, relative to a constant-temperature heat sink, during radiant and electrical heating cycles. By
adjusting the electrical power so that the absorption cavity temperature rise is the same for both
types of heating, the radiant power can be equated to the easily measured quantity of electrical
power. For cryogenic radiometers the corrections due to the limited absorptance of the cavity, the
lead heating of electrical connections, the radiative heat loss, and the background radiation can be
made sufficiently small to reach very accurate equivalence of optical and electrical heating [96Fox].
Today, high-precision calibrations of laser radiometry secondary standards are mostly traceable
to cryogenic radiometers. In Fig. 2.1.2 a typical experimental arrangement for the calibration of
transfer photodiodes is shown .

2.1.3.2 Secondary standards

Secondary standards serve to disseminate a metrologic scale or quantity to the user in science
and industry. In this section, first, the common detectors used in the secondary standards for laser
radiometry are shortly described, and second, some examples for laser radiometers and calorimeters
are given. The detection principle of the secondary standards is usually thermal or photoelectric.
The thermal detectors have the remarkable advantage of a flat spectral responsivity function which
makes the calibration for different laser wavelengths not necessary or at least easier compared to
that of photoelectric detectors. Among the thermal detectors we distinguish between thermopile
detectors, bolometric and pyroelectric detectors.

A thermopile consists of a number of thermocouples in series to provide a thermoelectric voltage
proportional to the temperature difference between the receiver and its thermal environment. Its
optimization in detector applications has received considerable attention [68Smil [58Schl [70Ste]. At
this point the term responsivity s is introduced which is the ratio of the detector output to the
detector input. Whereas the detector input is a radiometric quantity, the detector output is usually
an electrical quantity, for example current, voltage, or change in resistance. In order to optimize
the responsivity of a thermopile one has to maximize the Seebeck coefficient of the two materials
used for each thermocouple, the thermal resistance between the receiver and the environment, and
the absorptance of the surface. The materials used for thermocouples are either metals, alloys, or
semiconductors, for examples see .

A bolometer is a temperature transducer based on the change of electrical resistance with
temperature. The important quantity is the temperature difference between the receiver and its
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Fig. 2.1.3. Cross section of a cone-shaped laser ra-
diometer. 3: blackened cone, 6: aperture, 7: heat protec-
tion tube, 8: electrical heater, 9: electrical connections,
10: thermopile; 1, 2, 4, 5: parts of the heat sink.

thermal environment. Therefore one resistance element is needed to measure the temperature of
the receiver and one to measure that of the thermal environment. AC and DC bridge techniques
are applied for the comparison, the most common employing Wheatstone bridge configurations.
The second resistance element should be physically close to the radiation-measuring element to
compensate for convective disturbances, pressure fluctuations, changes in temperature of the hous-
ing, and instabilities in the bridge supply. The resistors are preferably made of metal wires or films
of nickel, platinum, or gold . Thermistors are also used which have a larger temperature
coefficient of the resistance. At lower operation temperatures the signal-to-noise ratio of bolometers
can be increased considerably .

Pyroelectric detectors produce a current proportional to the rate of temperature change. The
detection mechanism is based on the temperature dependence of the electrical polarization in
ferroelectric crystals. Since pyroelectric detectors respond to modulated radiant power only, their
use in laser radiometers for measuring cw radiation requires chopping of the incident beam. This can
provide considerable drift immunity and allows for the use of drift-free AC amplification techniques
[70Put} [75Tif].

Beside the thermal detectors also photoelectric devices or quantum detectors are used in laser
radiometry. Photoelectric detectors for laser radiometric applications are either photoconductors
or photodiodes. In a photoconductor made of a thin film of a semiconductor material the inci-
dent radiation generates additional carriers. These intrinsic band-to-band transitions or extrinsic
transitions involving forbidden-gap energy levels result in an increase of conductivity . For
sensitive infrared detection, the photoconductor must be cooled in order to reduce thermal ioniza-
tion of the energy levels. In photodiodes the carriers are mainly generated in the depletion layer
of the diode junction. The electron-hole pairs separated by an internal or external electric field
recombine by driving an external current. Photodiodes are operated in two different modes: In
the photovoltaic mode no bias voltage is applied and the photodiode can be considered as current
source. In contrast, in the reverse-bias mode the photocurrent generates a voltage drop at an ex-
ternal load resistance which is used as measuring quantity. The reverse-bias mode is preferred for
the detection of pulsed laser radiation.

A practical example of a radiometer for cw laser radiation is shown in Fig. 2.1.3. It measures
radiant power in the range from 1 mW to 10 W, whereas the lower limit is set by detector and am-
plifier noise and the upper by the load limit of the electrical heater . The radiation absorber
is a polished hollow cone electro-plated with a nearly specular reflecting black nickel layer. The
temperature difference between the absorber cone and the heat sink is measured by a thermopile.
The electric heater for moderate-accuracy in-situ calibrations of the instrument is wound around
the cone. Another design of a thermopile-type radiometer with an integral alignment module can
be found in . Further similar systems are described in . A commercial version
of a laser radiometer based on a pyroelectric lithium tantalate crystal is described in . For
higher radiant power levels of up to 1 kW cavity absorbers cooled by a surrounding jacket of flowing
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water are employed. The difference in temperature between the outflowing and inflowing water is
measured and serves as quantity for the absorbed laser radiant power . A special design of
the surface geometry of the cavity reduces the irradiance of the laser beam, thus improving the
protection from damaging the surface.

The preferred instruments for pulsed laser radiation are thermally absorbing devices such as
calorimeters. The receiver element is often a glass-disk, where the radiation is absorbed in the
volume instead of on the surface. The absorptance exhibits an excellent stability under chemical
and mechanical stress. This type of calorimeter is described in . The radiative
load can be reduced by using glass with a low absorption coefficient which increases the length of
the absorption path. On the other hand the heat capacity increases linearly with the thickness of
the glass-disk which, in conjunction with the poor thermal conductivity of glass, results in long
response and cooling times of these detectors. The radiometric scale for laser radiant energy is
usually derived from the scale for cw laser radiant power. In [91Moe| a fast electromechanical
shutter is used to produce pulses of known laser radiant energy of up to 5 J. The influence of
the pulse duration has to be corrected in the calibration procedure. A laser energy meter not
depending on a cw laser radiant power scale is described in . In this instrument the light
pressure of the laser beam sensed by two mirrors is converted by a moving coil to an electrical
signal. The main advantages of this system are fast response and no interruption of the laser beam.
The device has been investigated for single laser pulses of radiant energies between 10 mJ and 6 J.
Another method not interrupting the laser beam is the photoacoustic calorimetry [86Kim]. There,
the radiant energy incident upon a mirror is absorbed at the mirror surface. The absorbed energy
generates elastic strain waves which propagate through the mirror substrate. The strain waves
eventually pass through a piezoelectric transducer attached to the back of the mirror substrate.
The voltage of the piezoelectric crystal gives a direct indication of the amount of energy absorbed
at the mirror surface. Since a priori the absorptance of the mirror is not known the instrument has
to be calibrated against a standard energy meter.

2.1.4 Outlook — State of the art and trends

Although optical radiometry has been developed for 100 years, measurements of the various ra-
diometric quantities only recently have achieved the required small uncertainties. Today the most
accurate detector-based primary radiometric standard is the electrically calibrated cryogenic ra-
diometer. In this instrument the radiant power of — preferably — a laser beam is measured by sub-
stituting the absorbed optical power of the laser beam by the electrical power of a heating system.
Cryogenic radiometers operate at liquid helium temperatures and have a measurement uncertainty
of a few parts in 10, a significant improvement over earlier room-temperature radiometers.
Accurate characterization of laser sources is crucial to the effective development and use of
industrial technologies such as light-wave telecommunications, laser-based medical instrumenta-
tion, materials processing, photolithography, data storage, and laser safety equipment. Traceable
measurement standards are essential both for users to have confidence in their measurements and
to support quality assurance in the manufacture of lasers and laser systems. Because lasers present
a potential safety hazard, it is also important to have measurement standards to satisfy nation-
ally and internationally agreed safety limits. The traceability for laser radiometric measurements
in Germany is maintained by the Physikalisch-Technische Bundesanstalt. It meets the require-
ments for calibration and testing laboratories, certification and accreditation bodies defined in the
ISO/IEC Guide 17025 and the DIN/EN 45000 and DIN/EN/ISO 9000 series of standards, see
http://www.ptb.de/en/org/q/q3/933/_index.htm.
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2.2 Beam characterization

B. EppricH

2.2.1 Introduction

The success of almost any laser application depends mainly on the power density distributions in a
certain area of the laser beam, usually the focal region. It is the aim of laser beam characterization
to describe and predict the profiles a beam takes on under free-space propagation or behind optical
systems.

The attributes of a power density distribution in a plane transverse to the direction of prop-
agation can be divided into size and shape. Under free-space propagation the size of the power
density profile is always changing with the distance from the source, whereas the shape of the
profile may vary or not. Examples for shape-invariant laser beams are the well-known Gaussian,
Laguerre-Gaussian, Hermite—Gaussian, and Gauss-Schell model beams.

A complete characterization of laser beams would allow the prediction of power density distri-
butions, including size and shape, behind arbitrary optical systems as far as they are sufficiently
known. Admittedly for such detailed characterization a huge amount of data and sophisticated
measurement procedures are necessary. But for many applications the knowledge and prediction of
the transverse extent of the laser beam profile might be sufficient. Restriction to nearly aberration-
free optical systems then enables beam characterization by only ten or less parameters.

In the following the validity of the paraxial approximation will be presumed. In practical this
means that the full divergence angle of the beam should not exceed 30 degrees. Furthermore,
any polarization effects are neglected. Beam characterization methods based on the considerations
presented in this chapter have recently become an international standard, published as ISO 11146

1991S0).

2.2.2 The Wigner distribution

A complete description of partially coherent radiation fields (within the restrictions stated above)
can be given by a two-point-correlation integral of the field in a transverse plane at location z

199Box]:

to+T

Flrim,zm) =1 / E*(r1,2,8) B (rg, 2, +7) dt (2.2.1)
to

where E (r,z,t) is the electrical field, z the coordinate along the direction of propagation,

r = (z,y)" a transverse spatial vector (see Fig. 2.2.1), and T the integration time which shall

be large enough to ensure that the integration results are independent of the starting time ¢y. The

temporal Fourier transform of this correlation integral is known as the cross-spectral density or

the (mutual) power spectrum:
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Fig. 2.2.1. Spatial coordinates r; and 72 of a pair of points in a
plane transverse to the direction of propagation.

W xy.uv)

z
X
Fig. 2.2.2. The phase space coordinates of the Wigner distribu-
tion. x and y are spatial transverse coordinates, u and v are the
corresponding angular coordinates.
I'(ry,re,2,w) = /f(rl,rg,z,ﬂ') evYTdr. (2.2.2)

Since laser beams in general can be considered as quasi-monochromatic, the frequency depen-
dency will be dropped in the following:

I'(r1,72,2,w0) = I'(71,72,2) . (2.2.3)

From the cross-spectral density in a transverse plane at location z the power density in that
plane can easily be obtained by

I(r,2)=T(r,r,2) . (2.2.4)

Given the cross-spectral density at an entry plane the further propagation through arbitrary,
but well-defined optical systems can be calculated by several methods and hence the power density
distribution in the output plane of the systems predicted .

The Wigner distribution W (r, g, z) of partially coherent beams is defined as the Fourier trans-
form of the cross spectral density with respect to the separation vector s :

W (r,q,z) :/F(r—i—%s,r— 1s,2) e has s (2.2.5)
The Wigner distribution contains the same information as the cross-spectral density, but in a
different, more descriptive manner. Considering q = (u,v)T as an angular vector with respect to
the z-axis (Fig. 2.2.2), the Wigner distribution gives the part (amount) of the radiation power
which passes the plane at z through the point 7 in the direction given by g. Within this picture

the Wigner distribution might be considered as a generalization of the geometric optical radiance,
although this analogy is limited. E.g. the Wigner distribution may take on negative values.
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The power density distribution in a transverse plane is obtained by integration over the angles
of direction,

I(r,z)= /W (r.q,2) dgq , (2.2.6)

and the far-field power density distribution by integration over the spatial coordinates,

Ir (q) = /W(r,q,z) dr . (2.2.7)

The Wigner distribution represents the beam in a transverse plane at location z. As the beam
propagates in free space or through an optical system the Wigner distribution changes. This is
reflected in the z-dependency of the Wigner distribution in the equations above. In the following
equations this z-dependency will be dropped wherever appropriate.

The propagation of the Wigner distribution through aberration-free first-order optical sys-
tems (combinations of parabolic elements and free-space propagation) is very similar to that of
geometric-optical rays. Such rays are specified by their position r and direction q. After prop-
agation through an aberration-free optical system position and direction will change according

to
(1) =5 (). 229
qout qin

where S is a 4 x 4-matrix representing the optical system, the system matrix (see Chap. 3.1). Con-
sidering the Wigner distribution as a density distribution of geometric optical rays, its propagation

law is given by ray tracing [78Bas]:

. Tin — Tou
Wout (rout; qout) = Wiy (T'in) qin) with ( > =S L. ( t) . (229)

in qout

2.2.3 The second-order moments of the Wigner distribution

From the Wigner distribution smaller sets of data can be derived, which can be associated to
certain physical properties of the beams. These sets of data are the so-called moments of the

Wigner distribution [86Bas]:

B J W (z,y,u,v) zF ytu™ o™ dz dy dudo

k,l, m,n
(ytumot) = JW (z,y,u,v) dedydudv

with k,0,m,n>0, (2.2.10)

where

T

W (z,y,u,0) =W (r,q) with 7= (z,9)" , q=(u0) (2.2.11)

The order of the moments is defined by the sum of the exponents, &k + ¢ + m + n. There are
four first-order moments, (x), (y), (u), and (v), which together specify position and direction of
propagation of the beam profile’s centroids within the given coordinate system.

The centered moments of the Wigner distribution are defined to be independent of the coordi-
nate system:

k,t, m,n

<x yu"v >C:

JW (@ y,u,0) (@ = (@)" (y— @) (w— ()™ (v— ()" dvdydudv
JW (z,y,u,v) dzdydudv '

(2.2.12)
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There are ten centered second-order moments, specified by k + £ + m + n = 2. Three pure spatial
moments, <x2>c , <y2>c, (xy). , three pure angular moments, <u2>c , <1)2>C , (uv),. , and four mixed
moments, (zu),, (yv)., (xv),, and (yu).. The centered second-order moments are associated
to the beam extents in the near and far field and to the propagation of beam widths as will be
discussed in the next section.

Only the three pure spatial moments can directly be measured since they can be obtained from
the power density distribution in the observation plane by

(4= [ 1) @) = ) drdy 2213)
with

() = %/I(ﬂc,y) zdzdy, (2.2.14)

(y) = %/I(ﬂc,y) ydzdy, (2.2.15)
and

P= /I(ac,y) dzdy . (2.2.16)

As the beam propagates through optical systems the Wigner distribution changes and conse-
quently the moments change, too. A simple propagation law for the centered second-order moments
through aberration-free optical systems can be derived from the propagation law of the Wigner
distribution (2.2.9). Combining the ten moments in a symmetric 4 x 4-matrix, the variance matrix

§x2§c éx:gic Exuic Exvic
_ | Y. Y7 )e yu) . Yvu).
P = <IU>C <yu>c <u2>c <U’U>C b (2217)
(o). () (ww), (0%,
delivers the propagation law
Pout =S Pin ' ST ’ (2218)

where P;, and P, are the variance matrices in the input and output planes of the optical system,
respectively, and S is the system matrix.

2.2.4 The second-order moments and related physical
properties

In this section the relations between the centered second-order moments and some more physical
properties are discussed.

2.2.4.1 Near field

The three spatial-centered second-order moments are related to the spatial extent of the power
density in the reference plane as can be derived from (2.2.13). For example, the centered second-
order moments <x2>c, defined by
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a?) = %/I(%y) (z — (2))* dzdy , (2.2.19)

can be considered as the intensity-weighted average of the squared distances in z-direction of all
points in the plane from the beam-profile center. Obviously, this quantity increases with increasing
beam extent in z-direction. A beam width in z-direction can be defined as

dy = 44/ (22). . (2.2.20)

The factor of 4 in this equation has been chosen by convention to adapt this beam-width definition
to the former 1/e2-definition for the beam radius of Gaussian beams. For an aligned elliptical
Gaussian beam profile,

w2
I(z,y) xe Yz .e Ty, (2.2.21)
where w, and w, are the 1 /e*-beam radii in 2- and y-direction, respectively, the relation
dy = 2w,

holds. Similar, a beam width in y-direction can be defined as

dy = 4/ (2, - (2.2.22)

The beam width along an arbitrary azimuthal direction enclosing an angle of o with the z-axis
can be derived from a rotation of the coordinate system delivering

dy, = 4\/<x2>c cos? o + 2 (zy) sinacosa + (y2)_ sin® a . (2.2.23)

In general, the beam width considered as a function of the azimuthal direction o has unique
maximum and minimum. The related directions are orthogonal to each other and define the prin-
cipal axes of the beam. The signed angle between the x-axis and that principal axis which is closer
to the z-axis is given by

= 1zau an 72 <a:y>c
= 3 t <<332>c — <y2>c) . (2.2.24)

The beam width along that principal axis which is closer to the z-axis is determined by

d! = 2\/5{(<x2>c+<y2>c) +e [((:c Y= (1) )7 + 4 (zy) ]é}é (2.2.25)
with

€ = sgn (<x2>c — <y2>c) . (2.2.26)

Correspondingly, the beam width along the principal axis closer to the y-axis is given by

dy =23 { (), + 67— [ - )+ aand] ) (2.2.27)

Hence, the three spatial-centered second-order moments define the size and orientation of the
so-called variance ellipse as the representation of a beam profile’s extent (Fig. 2.2.3).

Beam profiles having approximately equal beam widths in both principal planes, d, ~ d, , may
be considered as circular and a beam diameter may be defined by

d=2V2/({22) + (y2) . (2.2.28)

Sometimes this is an useful definition even for non-circular beam profiles, denoted then as “gener-
alized beam diameter”.
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Fig. 2.2.3. Widths and variance ellipse of a power density profile. Left: widths d, and d, along the
coordinate axes, middle: width d, along an arbitrary direction, right: widths d, and d, along the principal
axes.

2.2.4.2 Far field

The three angular-centered second-order moments are related to the beam-profile extent in the
far field, far away from the reference plane, or in the focal plane of a focusing lens. From the
propagation law of the second-order moments, (2.2.18), the dependency of the spatial moments on
the propagation distance z from the reference plane can be derived:

<x2>c (2) = <x2>C70 +22 (wu), o+ 22 <u2>C70 ,
(zy). (2) = (2Y) o + 2 (<~W>c,o + (yu>0,0> + 22 (uv)e g s (2.2.29)
() (2) = (U)o + 22 (yo)eg +2° (V) -

For large distances z the spatial moments depend only on the angular moments in the reference
plane:

(2%). (2) = 2* (%) ,
(zy), (2) = 22 (w) , (2.2.30)
<y2>c (2) = 22 <v2> .
The azimuthal angle ¢ of that principal axis in the far field, which is closer to the xz-axis is then
obtained by

Y 2 (zy), (2) 1 2 (uv),
e = tim g (S ) = g () (2231)

and the (full) divergence angles along the principal axes of the far field might be defined as

6/ = im =) o3 {(<u2>c+<v2>c)+n[(<u2>c—<v2>c)2+4<uv>ﬂé}2 L (223

z—00 z

oy = tim 22— ava{ (), + () - [(0), - ) vl ) 2
with
n=sgn ((z*) - (y°).) - (2.2.34)

The generalized beam divergence angle might be defined as
0=2v2,/(u?) + (v2), . (2.2.35)

The azimuthal orientation of the far field may differ from the orientation of the near field.
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2.2.4.3 Phase paraboloid and twist

The four mixed moments (zu),_ , (zv). , (yu)., and (yv), are closely related to the phase properties
of the beam in the reference plane. Together with the three spatial moments they determine the
radii of curvature and azimuthal orientation of the best-fitting phase paraboloid. Although the
phase properties of partially coherent beams might be quite complicated, it is always possible to
find a best-fitting phase function being quadratic (bilinear) in z and y:

@ (z,y) =k (az®+2bzy+cy?) . (2.2.36)

The best-fitting parameters a, b, ¢ are defined by minimizing the generalized divergence angle,
(2.2.35), if a phase function according to (2.2.36) would be subtracted from the actual phase
distribution in the reference plane (e.g. by introducing a cylindrical lens) resulting in

(v?) (wu) (&%) + (1)) — (ay)” (2u) — (o) — (xy) (*) ({2v) + (yu))

. : , (2.2.37)
((@2) + (2)) ((@2) (y2) — ()’
y _ (22 ) (o) + (yw) — (zy) ((22) (o) 2+ W) ew) (2.2.38)
(@) + () (@) ) = (ay)’)
. (2?) (yv) ((2®) + (y*)) + (@y)® ((zu) — (yv)) — (zy) (22) () + (yw) . (2.2.39)

() + () ((22) () = (@n)°)

A phase distribution as given in (2.2.36) can be considered as a rotated phase paraboloid, with

1 2b
vp =3 atan ( > (2.2.40)

a—cC

as the signed angle between the z-axis and that principal axis of the phase paraboloid, which is
closer to the z-axis, and with

R, = 2 (2.2.41)
(a+c)+pur/(a—c) +4b?
and
2
R, = - (2.2.42)
(a+c¢)—pr/(a—c)” +4b?
with
w=sgn (a—c) (2.2.43)

as the radii of curvature along that principal axis of the phase paraboloid, which is closer to the
x- and y-axis, respectively. The radii of curvature R, and R) independently may be positive or
negative or infinite, the later indicating a plane phase front along that azimuthal direction. The
azimuthal orientation of the phase paraboloid’s principal axes may differ from the orientation of
the near field and/or far field.

If the radii of phase curvature along both principal axes are approximately equal, R, R; ,a
generalized phase curvature of the best-fitting rotational symmetric phase paraboloid is defined by

$2 2
R= m . (2.2.44)
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Another phase-related parameter is the so-called twist, defined as
tw = (xv) — (yu) . (2.2.45)

The twist parameter is proportional to the orbital angular momentum transferred by the beam

193Sim].

2.2.4.4 Invariants

From the ten centered second-order moments two basic quantities can be derived, that are invariant
under propagation through aberration-free first-order optics [03Nem).
The effective beam propagation ratio is defined as

Bl

M?

off = ;(det(P)) >1 (2.2.46)

and can be considered as a measure of the focusability of a beam. The lower limit holds only for
coherent Gaussian beams.
The intrinsic astigmatism a, given by

o= T2 (&), (1), = @u)?) + (), (%), — w0
2 {aey), (wn), — (av), (), )] — (M%) 20, (2.2.47)

is related to the visible and hidden astigmatism of the beam (see below).

2.2.4.5 Propagation of beam widths and beam propagation ratios

Under free-space propagation any directional beam width d,, as well as the generalized beam
diameter d, obeys an hyperbolic propagation law:

do (2) = do o \/1 + ( ) \/d +02 (2 —20.0)°, (2.2.48)

where zp,o is the z-position of the smallest width, the waist position, dy . is the waist width, 0,
the divergence angle, and 2R  the Rayleigh length, i.e. the distance from the waist position, where
the width has grown by factor of v/2. For the width along the z-direction, a@ = 0, see Fig. 2.2.4,
the parameters can be obtained by

0= (2.2.49)
do = 41/ (x2) _ (au. (2.2.50)
o e <u2>c 7 o
and
2 zu)?
= éuzic _ iu2;§ _ (2.2.51)
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Fig. 2.2.4. Free-space propagation of beam widths
with the beam waist position zp, the beam waist
width dp, the Rayleigh length zgr, and the full di-
vergence angle 6.

NY

For other azimuthal directions a the same equations apply with the following substitutions:
<sc2>c — <x2>c cos? o + 2 (zy), cosasina + <y2>c sin o,
(zu), — (vu), cos® a + 2 ({zv), + (yu),) cosasina + (yv), sin’ a , (2.2.52)
(u?)_ = (u?)_cos® a + 2 (uv), cosasinar + (v*)_sin® v .

For the generalized diameter d the propagation parameters are obtained by

(zu), + {yo),

R (2.2.53)

zZ0 — —

2

e+ (0?),
do =2 \/§\/(<m2>c +(y2)) — (zw)e + (yo))” ’ (2.2.54)
and

(W) + (v?).

= \/<ﬂc2>c + (%) (<M>c + <yv>c>2 . (2.2.55)

(W) + (02 \(u?) + (%),

It should be noted that beam widths along the principal axes, d, and dé, do not obey the hyperbolic
propagation law in the case of a general astigmatic beam with rotating variance ellipse (see next
section).

The product of the (directional) beam waist diameter d, d, and the corresponding far-field
divergence angle 0, 6, is called the beam parameter product. Due to diffraction the beam parameter
product has a lower limit given by

d2 A d? A
do-0=="L>42 dyg 0, = 2% >42 (2.2.56)
2R u ZR,a T

Normalization to this lower limit delivers the so-called beam parameter ratios
T do - 0 5 T doo-0a

a0 MeExT

The beam parameter ratios M2 and M2 are invariant in stigmatic aberration-free first-order optical

systems (combinations of perfect spherical lenses). In contrast to the effective beam parameter ratio
M?Z; | they may change under propagation through cylindrical lenses.

2.2.5 Beam classification

Lasers beams can be classified according to their propagation behavior. The classification is based
on the discrimination between circular and non-circular power density profiles and the azimuthal
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orientation of the non-circular profiles. A beam profile is considered circular if the beam widths
along both principal axes are approximately equal, or, in practice, if

zs Yy

max (d;, d;)

min (d' d')
VTN 0.87. (2.2.58)

In this sense a homogeneous profile with square footprint is regarded circular, see Fig. 2.2.5.

Fig. 2.2.5. Within the concept of second-order-moment beam char-
acterization a square top-hat profile is considered circular: Its width
is independent of the azimuthal direction.

2.2.5.1 Stigmatic beams

A laser beam is considered stigmatic if all its profiles under free-space propagation are circular and
if all non-circular profiles behind an arbitrary cylindrical lens, inserted somewhere in the beam,
have the same azimuthal orientation as the lens. The system matrix Py of a perfectly stigmatic
beam has only three independent parameters:

(x%), ( O> (zu), < O>
0 x? 0 TU),

Pst = <.T'U,>C 0 <u2>c 0 . (2259)
0 (zu), 0 <u2>c

Physical parameters of a stigmatic beam are the beam diameter in the reference plane
d=4./(x?), (2.2.60)
and the full divergence angle
0 =4+/{u?). (2.2.61)

Since the properties of a stigmatic beam are independent of the azimuthal direction, it has a unique
waist position

(wu),
. (2.2.62)

with a waist diameter of

zZ0 — —
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e (2.2.63)

do =4 <{E2>C —

The Rayleigh length 2R is the distance from the waist position where the diameter has grown by
a factor of v/2, given by

= =1/ 1) <u2>§. (2.2.64)

R &) (2.2.65)

2.2.5.2 Simple astigmatic beams

A laser beam is classified as simple astigmatic if at least some of the power density profiles the beam
takes on under free-space propagation are non-circular, but all non-circular profiles have the same
azimuthal orientation. In practice, the orientations of two non-circular beam profiles are regarded
as equal, if the azimuthal angles differ by less than 10 degrees. A simple astigmatic beam whose
principal axes are parallel to the z- and y-axis is called aligned simple astigmatic. The variance
matrix P.s, of a perfect aligned simple astigmatic beam has six independent parameters:

<x2>c 0 (wu), 0

o ), o (yv),
Pasa = (2, 0 (w2, 0 : (2.2.66)

0 o). 0 (%),

All the physical parameters given for stigmatic beams can be assigned separately for each principal
axis of a simple astigmatic beam. The diameters in z- and y-direction are

dp = 44/(22), , dy =4/(2), (2.2.67)

and the according full divergence angle

0, =4/ (W2, 0,=402). (2.2.68)

Aligned simple astigmatic beams have in general two different waist positions for each principal
axis:

_ w0 (2.2.69)

dow = 44/ (2?), — <u2>c do,y =4 3 (2.2.70)
Similarly, two Rayleigh lengths are defined by
{2, <mu
ZRx = (). — <u2 , 2Ry = v2 (2.2.71)
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and the radii of phase curvature are

@ 5 _ W) (2.2.72)

o), T (),

The propagation laws for the beam diameters along both principal axes are:

dI(z):do,w\/H( ) \/d +02(z—20,)° (2.2.73)

and

d, (2) = do, \/ 1+ ( ZU*’) = \Jd3, 03 (=~ 20,)° - (2.2.74)

For non-aligned simple astigmatic beams similar relations hold.

2.2.5.3 General astigmatic beams

All other beams are classified as general astigmatic. Usually all ten second-order moments are
necessary to describe a general astigmatic beam.

2.2.5.4 Pseudo-symmetric beams

Pseudo-symmetric beams are general astigmatic but “look like” stigmatic or simple astigmatic
under free-space propagation. They possess an inner astigmatism which is hidden under free prop-
agation and propagation through stigmatic (isotropic) optical systems (i.e. combinations of spher-
ical lenses). Pseudo-symmetric beams differ from real stigmatic or simple astigmatic beams by a
non-vanishing twist parameter, ¢y # 0.

The variance matrix Ppg of pseudo-stigmatic beams is therefore

<:c2>c 0 (wu), %
0 <x2>c —% (zu),
Ppst - <117’U,>C 7% <u2>c O (2275)

|
®

we 0 (u?),

Under free-space propagation there is no difference between a real stigmatic beam, t,, = 0, and the
corresponding pseudo-stigmatic one, ty, # 0, (2.2.29). The difference can be uncovered by inserting
an arbitrary cylindrical lens somewhere in the beam path. The stigmatic beam is converted into a
simple astigmatic beam with non-rotating variance ellipse while the pseudo-stigmatic one is turned
into a general astigmatic beam with rotating variance ellipse. Figure 2.2.6 illustrates the different
behaviors.

The variance matrix Ppg, of aligned pseudo-simple astigmatic beams is given by

(@), 0 (ww), 3

(2.2.76)
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Fig. 2.2.6. Propagation of a stigmatic (top) and pseudo-stigmatic (bottom) laser beam. In free-space
propagation both beams are indistinguishable. But a cylindrical lens transforms the stigmatic beam into
a simple astigmatic one, whereas the pseudo-stigmatic beam becomes general astigmatic with rotating
variance ellipse.

Again, under free-space propagation there is no difference between a real simple astigmatic beam,
tw = 0, and the corresponding pseudo-simple astigmatic one, ty, # 0, (2.2.29). Inserting an aligned
cylindrical lens somewhere in the beam pass unveils the difference. The simple astigmatic beam
keeps being simple astigmatic while the pseudo-simple astigmatic one is turned into a general
astigmatic beam with rotating variance ellipse. Figure 2.2.7 illustrates the different behaviors.

2.2.5.5 Intrinsic astigmatism and beam conversion

Applying astigmatic (anisotropic) optical systems (including cylindrical lenses) may convert beams
from one class to another. But only beams with vanishing intrinsic astigmatism a, (2.2.47), can be
converted into stigmatic ones \\ In practice, beams with

— <0.039 (2.2.77)
( eff

are considered intrinsic stigmatic, all others intrinsic astigmatic (the limit of 0.039 is a consequence
of (2.2.58)). Intrinsic astigmatic beams can always be converted into pseudo-stigmatic or simple
astigmatic ones.
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I die
T i

Fig. 2.2.7. Propagation of a simple astigmatic (top) and a pseudo-simple astigmatic (bottom) laser beam.
In free-space propagation both beams are indistinguishable. But an aligned cylindrical lens transforms the
simple astigmatic beam into a simple astigmatic one, whereas the pseudo-simple astigmatic beam becomes
general astigmatic with rotating variance ellipse.

2.2.6 Measurement procedures

Only the three pure spatial moments out of the ten second-order moments are accessible for direct
measurement. The other seven moments are retrieved indirectly based on the propagation law of
the spatial moments (2.2.29).

The measurement method is based on the acquisition of a couple of power density profiles at
different z-locations near the generalized beam waist, (2.2.53), e.g. by means of CCD cameras or
similar devices (Fig. 2.2.8, left). From the measured profiles the spatial moments at each measure-
ment plane are calculated. Fitting parabolas with three free parameters to the curve of each spa-
tial moment delivers nine independent quantities: the moments <172>C’0 ATY) e <y2>c)0 {2u) g s

YV <u2>c 0 (U)o, <112>C o and the sum of the crossed mixed moments (zv)., + (yu). o If
the waist of the beam is not acéessible, an artificial waist has to be created by inserting an almost
aberration-free focusing lens into the beam path. Approximately half of the profiles should be
acquired close to the waist within one generalized Rayleigh length, the rest outside two Rayleigh
lengths. This ensures balanced accuracy for all parameters of the fitting process.

Fig. 2.2.8. Determination of the ten second-order moments in three steps. First step is a z-scan measure-
ment (left), in the second step the CCD camera is placed in the focal plane behind a horizontally oriented
cylindrical lens (middle), in the third step the lens is rotated by 90 degrees (right).
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At least one cylindrical lens is needed for the measurement of the missing difference of the
crossed mixed moments (zv)co — (Yu)co. To retrieve it, a cylindrical lens with focal length f
is inserted into the beam path at an arbitrary position in the beam waist region. Firstly, this
cylindrical lens shall be aligned with the z-axis and the spatial moment (zy), is measured in the
focal distance behind the lens (Fig. 2.2.8, middle). Next, the lens is rotated by 90 degrees and the
spatial moment (zy), is again measured in the focal distance from the lens (Fig. 2.2.8, right). The
missing difference of the crossed mixed moments of the reference plane is then given by

(2v) o = (Yu)eo = w : (2.2.78)

2.2.7 Beam positional stability

2.2.7.1 Absolute fluctuations

For various reasons a laser beam may fluctuate in position and/or direction. The positional fluc-
tuations in a transverse plane may be measured by the variance of the first-order spatial moments
of the beam profile:

1 < 1 & ’
(%), = 5 2 ()i - (N > <x>i> : (2.2.79)

i=1

(o) = 3 2 (o) )= 5 2o @) 3 Dol (2:2.80)

o m (195 Y
W) =y 2 W= F 2] (2.2.81)

where (z), and (y), are the first-order moments determined in N individual measurements and

N N

N N
== 231 (x);, 9=+ 231 (y), define the long-term average beam position. Obviously, the positional
1= 1=

fluctuations are different from plane to plane. It can be shown that, under some reasonable assump-
tions, the positional fluctuations can be characterized closely analogous to the characterization of
the beam extent based on the second-order moments of the Wigner distribution .
Within this concept, the fluctuation properties of a laser beam are completely determined by ten
different parameters, arranged in a symmetric 4 x 4 matrix

Ex?s ga:;gis Exuis Exvis

_ TY)s Y~ ) yu) YU)

= e, Gy, () (), | (2.2.82)
(zv)  (yv),  (w)y (0%,

obeying the same simple propagation law as the centered second-order moments:
Ps,out =S- Ps,in : ST . (2283)

The elements of the beam fluctuation matrix may be considered as the centered second-order
moments of a probability distribution p (z,y, u, v) giving the probability that the fluctuation beam
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Fig. 2.2.9. Centroid coordinates of fluctuating
< X) [au] beam and corresponding variance ellipse character-
! izing the fluctuations.

has a position (z,y) and direction (u,v) at a random measurement. Similar to the second-order
moments of the Wigner distribution, only the three spatial moments are directly measurable. The
complete set can be obtained from a z-scan measurement as described in the section above, by
acquiring a couple of power density distributions in any measurement plane, calculating the first-
order spatial moments from each profile, derive the three variances according to (2.2.79)—(2.2.81),
and obtaining the second-order fluctuation moments in the reference plane from a fitting process.
Again, measurements behind a cylindrical lens are necessary to achieve all ten parameters.

Fluctuation widths can be derived from the second-order fluctuation moments. In analogy to
the beam width definitions, the fluctuation widths are

Al =22 {(<x2>s + <y2>s) + 7 [(<x2>s — <y2>s)2 +4 (xy}f] %}2 , (2.2.84)

A =2 V2 {(<CCQ>q + (%)) -7 [(<:132>q — <y2>s)2 +4 (xy}ﬂ %}2 (2.2.85)
with
7= sgn ((«*), = (s),) (2.2.86)

where A/ and A; are the beam fluctuation widths along the principal axes of the beam positional
fluctuations and where

L en (22w,
f=ga (<x2>s— <y2>s> (2.2.87)

is the signed angle between the z-axis and that principal axis of the beam fluctuation which is
closer to the z-axis (Fig. 2.2.9). The principal axes of the beam positional fluctuations may not
coincide with the principal axes of the power density distribution.

The width of the positional fluctuations along an arbitrary direction, given by the azimuthal
angle «a, is given by

A, =4 \/<x2>s cos? a + 2 (zy), sina cosa + (y2)_sin’ a . (2.2.88)
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2.2.7.2 Relative fluctuations

For many applications the widths of the positional fluctuations compared to the momentary beam
profile width might be more relevant than the absolute fluctuation widths. The relative fluctuation
along an arbitrary direction, given by the azimuthal angle «, is defined by

Ay — (x2), cos? a + 2 <xy>ss?noz cos o + (y?), si.nZa . (2.2.89)
’ (x2), cos? a4+ 2 (zy), sina cos o + (y?)  sin” «
The effective relative fluctuation may by specified by
2 2
Aer = 1| 1= ) ), (2.2.90)

2.2.7.3 Effective long-term beam widths

For applications with response times much longer than the typical fluctuation durations the time-
averaged intensity distribution rather than the momentary beam profile determines the process
results:
to+T
- 1
I(z,y) = T / I(z,y,t)dt. (2.2.91)

to

The effective width of the time-averaged power density profile along an azimuthal direction enclos-
ing an angle of o with the z-axis can be obtained from the widths of the momentary beam profile
and the fluctuation width by

defr.o = /@2 + AZ . (2.2.92)
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3.1 Linear optics

R. GUTHER

The propagation of light and its interaction with matter is completely described by Maxwell’s
equations (1.1.4)—(1.1.7) and the material equations (1.1.8) and (1.1.9), see Chap. 1.1.

In this chapter the propagation of light in dielectric homogeneous and nonmagnetic media is
discussed. Furthermore, monochromatic waves are assumed and linear interaction. The implications
thereof for the medium are:

— Relative permittivity: e, (¢(E, H) in (1.1.8)) is a complex tensor, which in most cases depends
on the frequency only, but in special cases also on the spatial coordinate.

— Relative permeability: u, = 1 (u(E, H) in (1.1.9)).

— Electrical charge density: p = 0.

— Current density: j = 0.

3.1.1 Wave equations

Maxwell’s equations together with the material equations and the above assumptions result in the
time-dependent wave equation for the electric field

g, 02
0

with
co = 2.99792458 x 10® m/s: vacuum velocity of light,

02 0? 9?

delta operator.

An identical equation holds for the magnetic field H(r,t).
For the following discussion we assume monochromatic fields, so that

E(r,t) = E(r) e'“? (3.1.2)
with
w: angular temporal frequency.

The magnetic field is related to E by the corresponding Maxwell equation (1.1.7)
curl E(r) = —iwpuoH(r) . (3.1.3)
Together with the ansatz (3.1.2), for isotropic media (e, is a complex scalar) (3.1.1) results in

AE(r)+k2a?E(r) =0 (wave equation) (3.1.4)
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with

ko = 21/ \o : wave number,
Ao : wavelength in vacuum,
f: complex refractive index, see (1.1.20).

For isotropic media and fields with uniform polarization the vector property of the field can be
neglected. This results in

AE(r)+kin* E(r) =0 (Helmholtz equation). (3.1.5)
In most cases the field can be approximated by a quasiplane wave, propagating in z-direction
E = Ey(r)el@t-kon2) (3.1.6)

Remark: There are different conventions for writing the complex wave (3.1.6):

1. Electrical engineering and most books on quantum electronics:

E x exp(iwt —ikon z),

for example [96Yar| [86Siel [66Kog2| [84Haul [91Sall [98Sve] [96Die| and this chapter, Chap. 3.1.
2. Physical optics:

E xexp(ikonz —iwt),

for example [99Bor] [92Lanl [75Jacl [05Hod} [98Hed, [70Col].
94Fel| discusses both cases.

Consequences of the convention: shape of results on phases of wave propagation, diffraction, interferences,

Jones matrix, Collins integral, Gaussian beam propagation, absorption, and gain.
With
OFE

kon E
5, < ko Eg|

(3.1.4) can be reduced to

E . .
AvEg + 2ikgn 88 0 -9 (Slowly Varying Envelope (SVE) equation) , (3.1.7)
z
with
02 0?
Ay = —= 4+ = : transverse delta operator (rectangular symmetry),
0x?2  0y?

see Chap. 1.1, (1.1.24a). Other names for SVE are: paraxial wave equation [86Sie|, paraxial
Helmholtz equation [96Ped| [78Gra).

The analogue approximation with respect to time ¢ instead of the spatial coordinate z is used

in ultrashort laser pulse physics \ .
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3.1.2 Polarization

Restriction of (3.1.2) to a plane wave along the z-axis, see Fig. 3.1.1, results in
E,| | Eoycos(wt—kz+dy)
E,| | Eoycos(wt—kz+dy)

{gg:’ Ezgg gy” expli(wt —k2)] = By Jexpli(wt — kz)] . (3.1.8)

Fig. 3.1.1. Electric field of a linear polarized wave
with propagation along the z-axis.

Definitions:

Ey = ,/Egm—i—Egy,

1 [ Ey, exp(i 59c):| :

J=— . normalized) Jones vector ,
Ey | Eoy exp(idy) ( )

0y and §, : phase angles,

= : transition to the complex representation ,

eonco E3JJ*/2 :  light intensity [W/m?] .

Different conventions for right-hand polarization:

1. Looking against the direction of light propagation the light vector moves clockwise in the x-y-plane of
Fig. 3.1.1 (|99Bor} [91Sall [96Ped| [98Hec] [88Klel [87Naul).

2. The clockwise case occurs looking with the propagation direction (right-hand screw, elementary particle
physics) (|84 Yar] [88Yehl [05Hod| and in this chapter).

Remark: J without normalization is also called Jones vector in [84Yar] [88Yehl [00Ro€ [77Az7] [86S0ll,

Vol. II, Chap. 27].
Jones Calculus [41Jonl [97Hual [88Yeh! [90Ro€l, [75Ger]:

Jo =My (3.1.9)
with

J1 : Jones matrix for the initial polarization state,
M : Jones matrix describing an optical element or system,
Jo : Jones matrix of the polarization state after light has passed the element or system.

In Table 3.1.1 the characterization of the polarization states of light with the Jones vector is given,
in Table 3.1.2 the characterization of optical elements with the Jones matrix.
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Table 3.1.1. Characterization of the polarization states of light with the Jones vector.

Jones vector J

vili]

[al;l} and a® +b2 =1

State of polarization

Linear polarization

Left circular polarization

Right circular polarization

Right elliptical polarization

Projection of the vector E Y / y

onto the x-y-plane viewed

along the propagation X X 7 %

direction z

Table 3.1.2. Characterization of optical elements with the Jones matriz.

Opt. Element Polarizer along Polarizer along Quarter-wave Half-wave Brewster-angle- Faraday rotator Coordinate rotation
the z-direction the y-direction plate tilted plate: by an angle a:

index n

M(a)

Jones Matrix {é 8}

o)

cos 3 —sin 3

cos v sin«
—sina cos «

Rotated element:
M(a) M M(—a)

9.

uoryezLIR[oJ ¢'1°¢

1e1 d Joy]
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Example 3.1.1.
M= Mgz My My, (3.1.10)

M : Jones matrix of the system which consists of elements with the matrices My, My, M3. Light
passes first the element with M; and last the element with Ms.

IR B N o o |10 right
Example 3.1.2. J; = 7 [1 (linear 45°-polarization), M = 0 4 ( loft quarter-wave plate),
o 1 1 right . . .
Jo=M-J; = 7 [j:i ( Joft circular polarization).

Development: Any Jones vector can be developed into a superposition of two orthogonal Jones
vectors:

J=a1J1 +axJs (3111)
with  J1J5=0.

Example 3.1.3. linearly polarized light = left polarized light + right polarized light .

Partially polarized light: If parts of both coefficients of the E-vector are uncorrelated, there is a
mixing of polarized and nonpolarized light. It is described by the four components of the Stokes
vector {so, s1, S2, 83}, using (...) to signify averaging by detection:

so = (E2) + (E) = Eg +Eg,, (3.1.12)

s1=(E7) — (Ey) = Bg, — By, (3.1.13)

sg =2(E E, cos[d, —d,;]) = 2Eu,Eoy cos(dy — ) , (3.1.14)

s3=2(E,Ey, sin[d, —d,;]) = 2Eo,Eoy sin(dy — d,) (3.1.15)
with

sg > 8T+ 85+ 53 = si=s1+s5+s5, (3.1.16)

where = means the transition from partially polarized light to completely polarized light, shown
with the terms of Fig. 3.1.1.

Meaning of the s; :
sp: power flux,
/8% + 83+ 53/so:  degree of polarization,
/52 +53/sg: degree of linear polarization,
s3/so: degree of circular polarization.

Mueller calculus ([75Ger] [77Azz [90Roe| [95Bas]): extension of the Jones calculus for partial-
coherent light, where the four dimensional Stokes vector replaces the Jones vector and the real
4 x 4 Mueller matrices the complex 2 x 2 Jones matrices. The Jones calculus is usually sufficient
to describe coherent laser radiation.

Measurement of the polarization state:

~ Partially polarized light: [87Nau|, {76Jen, Chap. 27.6), Chap. 3], Sect. 14-25],
[95Bas, Vol. 2, Chap. 22.15], [75Ger]. Result: Stokes vector.
— Pure coherent light: see [05Hod|]. There are commercial systems for this task.

Eigenstates of polarized light are those two polarization states (Jones vectors) which reproduce
themselves, multiplied with a complex factor (eigenvalue), if monochromatic light passes an optical
element or system.

Calculation: see [97Hua) , application: decoupling of the polarization mixing during round
trips in resonators [74Jun].
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3.1.3 Solutions of the wave equation in free space

Following (3.1.2), each of the wave solutions given in this section must be multiplied with the factor
e!“! to obtain the propagating wave of (3.1.1).

3.1.3.1 Wave equation

The solutions of the wave equation (3.1.4) are vector fields.

3.1.3.1.1 Monochromatic plane wave

E =Eqexp{-ikoner+ip}, (3.1.17)
H = (e x Eg) exp{—ikoner+ip} (3.1.18)
Coto
with

T : position vector,

e: unit vector normal to the wave fronts,
ko = 27/ \ : wave number,

n: complex refractive index,

@ : phase.

For the phase velocity and the wave group velocity see Sect. 3.1.5.3.

3.1.3.1.2 Cylindrical vector wave

E = Eye. H (kop) (3.1.19)
E

H=i2 (ez x p> HP (kop) (p> \) (3.1.20)
Cotto P

for time-harmonic electric source current density on the z-axis of a cylindrical coordinate system
with the coordinates (p, ¢, z) : (radial distance, azimuthal angle, z-axis) [94Fel] Chap. 5].

H? . m*™ order Hankel function of the second kind [T0Ab1];

the change of convention in Sect. 3.1.1 includes: H,(f) = H,(,P [94Fell p. 487];
p: radial position vector,
e : unit vector along the z-axis.

3.1.3.1.3 Spherical vector wave

exp(—ikonr)

E=Ey (nxp)xn . SPW0nNT (3.1.21)
T
E ko
H= 20 (. SRERAT ) (3.1.22)
Colho r
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is the far field (1/r? and higher inverse power terms < 1/r-term) of an oscillating electric dipole
([99Bor} |94Leh! [75Jac]) with

Ey : amplitude [V],

p: unit vector of the dipole moment,

7 : unit vector pointing from dipole to spatial position,
r: radial distance.

3.1.3.2 Helmholtz equation

The approximative transition from the vectorial wave equation (3.1.4) to the Helmholtz equation
(3.1.5) (|99Bor]) results in scalar solutions. E is called: “field” [72Mar|, “complex displacement”

or “scalar wave function” [99Bor|, “disturbance” Vol. I].

3.1.3.2.1 Plane wave

E=FEjexp {—-ikoner+ip.} (3.1.23)
For the parameters see (3.1.18).

3.1.3.2.2 Cylindrical wave

E=E HP (konip) (p> o) (3.1.24)

is the diverging field of a homogeneous line source [41Str) Chap. IV], [94Fell Chap. 5]. For the
parameters see (3.1.19).

3.1.3.2.3 Spherical wave

exp(—ikonr)

E=E,- (r>Xo), (3.1.25)

r

parameters see (3.1.21).

3.1.3.2.4 Diffraction-free beams

3.1.3.2.4.1 Diffraction-free Bessel beams

Diffraction-free Bessel beams without transversal limitation are discussed in [05Hodl [91Niel [R8Mil].

E(z,y,z) = Eo - Jo(ap) - exp{—i cos (0p) koz} (3.1.26)

with
Ey : amplitude vector [V/m],
Jo : zero-order Bessel function of the first kind [70Abr]|; higher-order Bessel beams see [96Hall;

p = +/x2 + y2: radial distance from the z-axis,
a = ko sin O [m~1],
Ogp : convergence angle of the conus of the plane wave normal to the z-axis, see Fig. 3.1.2.
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3.1.3.2.4.2 Real Bessel beams

Real Bessel beams are limited by a finite aperture D of the optical elements needed or Gaussian
beam illumination (Gaussian Bessel beams [87Gor]).

Methods of generation: axicons (Fig. 3.1.2), annular aperture in the focus of a lens
91Nie], holographic or diffractive elements. Because of finite aperture

diffraction the latter display approximately the shape of (3.1.26) with cutoff at a geometric de-
termined radius 7y, which includes N maxima (Fig. 3.1.3) and different amplitude patterns in
dependence on z.

il
R
0 \\/ \,/\\/

0 2 4 6 8 10 12
Radius r

Intensity (normalized to maximum)
o
o~
——

Fig. 3.1.2. Generation of a Bessel beam with help Fig. 3.1.3. Transversal intensity structure of a
of an axicon A by a conus of plane-waves propaga-  Bessel beam (o< J3(r)).
tion directions.

Advantage of Bessel beams: Large depth of focus 2 zgp between P1 and P2 in Fig. 3.1.2 (thin
“needle of light”) for measurement purposes.

Disadvantage: Every maximum in Fig. 3.1.3 contains in the corresponding circular ring nearly
the same power as the central peak. High power loss occurs if the central part is used only [05Hod].

3.1.3.2.4.3 Vectorial Bessel beams

Vectorial Bessel beams are discussed in [96Hal|.

3.1.3.3 Solutions of the slowly varying envelope equation

Gaussian beams are solutions of the SVE-equation (3.1.7) [91Sall [96Ped|, [86Siel [78Gral, which is
equivalent to paraxial approximation or Fresnel’s approximation, see Sect. 3.1.4.

The transition from SVE-approximated Gaussian beams towards an exact solution of the wave
equation in the non-paraxial range is given in a Lax-Wiinsche series [75Lax]| [7T9Agr] |92Wue|. For
contour plots of the relative errors in the Gaussian beam volume see [97For 97Zen|.

The vectorial field of Gaussian beams is discussed in [79Dav] [95Gou], containing a Lax-Wiinsche
series; Gaussian beam in elliptical cylinder coordinates are given in [94Soil [00Gou].
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3.1.3.3.1 Gauss-Hermite beams (rectangular symmetry)

Elliptical higher-order Gauss-Hermite beam:

Epn(z,y,2) = EgUp (2, 2) Up(y, 2) exp{—ikoz} , (3.1.27)
Won x z2 i x? )
Un(x,2) = w;éz) H,, <u\)i§(z)> exp {wQ(z) —i 2];%0(2)} exp {ipm(2)} , (3.1.28)
Un(y,2) = Un=nlz =y, 2) (3.1.29)
with

wWog - the 1 /e2-intensity waist radius,

205 = 7”)‘\’03: : the Rayleigh distance (half depth of focus),
22 9 . . .
Wy (2) = wozq 1+ ol the Egp-beam 1/e*-intensity radius,
0

R.(z) = z4/1+ = : the radius of curvature of the wavefront at position z,
20

z

om(z) = (% + m) arctan (%) : Gouy’s phase, changing sign for the transition through z = 0,

wy(2)

2
H,, <f> : the Hermite polynomial of order m [70Abr],

Ho(&) =1, Hi(§) =2¢&, Hy(&) =462 -2, H3(¢) =8&°—12¢, Hy(€) = 16£* —48¢%+12, ...,

7 exp (—52/2) exp (—52/2) _
4 df {\/WHW(@} {\/WHH(@} - 5mn 5

1 form=n . .
Omn = {0 for m % n} (orthogonality relation) . (3.1.30)
Example 3.1.4. Rotational symmetrical Gaussian fundamental mode (Gaussian beam):
Specialization of (3.1.27): m =n =0, woy = woy = wo, r = /22 +y2.
2

kr? 1
Eyo(r,2z) = Ey wu(jz) exp {_wg(z) -1 25;2) } exp {i 3 arctan ZZO} exp{—ikz} , (3.1.31)

(2) 142 R() \/1+Zg
w2 ) = w, - Z)=Z - .
0 22’ 22

Properties of Eyy (fundamental mode): The shape of the Gaussian FEyg-beam is depicted in
Fig. 3.1.4. Parameters of Eyg in Fig. 3.1.4 are:

C': curves with constant amplitude decrease as E(r,z) = E(0, z)/e
or constant intensity decrease as I(r,z) = I(0,2)/e?,
P: phase fronts with radius of curvature R(z),
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Fig. 3.1.4. Shape of the Gaussian Fyo-beam.

—_
(e}

—_

o

_ o® P TP TP
S 08 = 2 3 4
= s 0.8
= =
= (s
= 06 5 0.6 /
= 2
a \Pj 8 'D1
£ 04 2 04
e \ S
< 02 v 02
>

= b P Py k=

: I

0 0.5 1.0 1.5 20 25 0 0.5 1.0 15 20 25
a Relative radial coordinate r/w b Relative radial coordinate r/w

Fig. 3.1.5. (a) Cross section of a Gaussian beam perpendicular to the z-axis. (b) Power transmitted by
a circular aperture with the relative radius r/w in a cross section.

Table 3.1.3. Characteristic points in Fig. 3.1.5.

Point in Relative abscissa Relative intensity, Relative transmission, Characterization
Fig. 3.1.5a, b r/w Fig. 3.1.5a Fig. 3.1.5b

Py 0.588 0.5 0.5 FWHM *

Py 1 0.135 0.865 1/e%int. P

Ps 1.57 0.01 0.99 trunc. ©

Py 2.3 0.001 0.999 trunc. ¢

# Full width half maximum/2.

P 1/e*-intensity or 1/e-amplitude.

¢ Diffraction of Ego-beam by circular aperture = 17 % intensity ripple p. 667].

4 Diffraction of Ego-beam by circular aperture = 1 % intensity ripple p. 667]
(no essential effect of truncation).

wp : beam waist,

zo: Rayleigh distance, half of the confocal parameter b = 2z, (similarly to depth of focus in
usual optics), that z-value, where the cross section 7twl%L = 2ntw} of the Gaussian beam
has doubled in comparison with the waist,

Og = \/(mwp) : 1/e?-intensity divergence angle toward the asymptotes A.

In Fig. 3.1.5a the cross section of a Gaussian beam perpendicular to the z-axis is given, in
Fig. 3.1.5b the power transmitted by a circular aperture with the relative radius r/w in a cross
section. Characteristic points in Fig. 3.1.5 are listed in Table 3.1.3.

Astigmatic and general astigmatic generalizations of the elliptical Gaussian beam: see Sect. 3.1.7.
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3.1.3.3.2 Gauss-Laguerre beams (circular symmetry)

! 2
Biy(r1,2) = Eo exp {1 [kz — g (2)]} <ﬂ> 4 ()

w(z) \ w(z)
B r? _ k x* cos (l1))
<on{ =5~ 7m0 { it (313

with
z : propagation direction,
r,¢ @ polar coordinates in the plane L z-axis,
mwd

2= the Rayleigh distance (half depth of focus),

2
w(z) =wo |1+ (Z> : the Egg-beam 1/e*-intensity radius,
20

2
R(z)==z {1 + (Z—O) } : the radius of curvature of the wavefront at position z,
z

wip = (2p+ 1+ 1) arctan <Z> : Gouy’s phase,
20

L. : .
L, : Laguerre polynomial of degree p and order [ [7T0Abr]:

Lh©) =1, LiE=0+1)—-¢, L= W

- (+2)E- 3¢,

LL(e) = (l+3)(lz2)(l+1) B (l+3)2(l+2)er (ZJ;:&) gziég‘g .
/d 1 1 Ly _ 5 U+D)! ; ;

§ & exp(—&) L, (&) Ly(§) = 6pq o (orthogonality relation) , (3.1.33)
0

p!: the factorial p.

— Two degenerate mode patterns are formed by the cos- and sin-terms in (3.1.32).

— I =p =0 means the rotational symmetrical Gaussian beam F.

— The symmetry determines what system of Gauss-Laguerre polynomials or Gauss-Hermite poly-
nomials is more appropriate for a wave field development.

3.1.3.3.3 Cross-sectional shapes of the Gaussian modes

In Fig. 3.1.6 intensity distributions of Gauss-Hermite modes E,,,, are given (rectangular symmetry),
in Fig. 3.1.7 intensity distributions of Gauss-Laguerre modes E,,; (circular symmetry).
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Rectangular symmetry (Gauss-Hermite modes)

Fig. 3.1.6. Intensity distributions of Gauss-Hermite modes E,,,. The two digits at each distribution are
m and n.

Circular symmetry (Gauss-Laguerre modes)

00 10 30
01 11 31
03 13 33

Fig. 3.1.7. Intensity distributions of Gauss-Laguerre modes E,;. The two digits at each distribution are
pandl. .

3.1.4 Diffraction

Diffraction of light by aperture rims or amplitude and phase modifications inside the aperture:

— Solutions of Maxwell’s equations taking into account the material properties of the aperture:

— special cases: exact solutions \ 36Stal,

— mostly: numerical solutions.

— Starting with a field near the aperture with reasonable assumptions for this field or its mea-
surement: large variety of methods for different ranges of validity [99Bor] |86Stal |61Hoe].
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3.1.4.1 Vector theory of diffraction

— Vectorial generalization of Kirchhoff’s theory: Given E and H in an aperture = FE and H in
the volume by Stratton-Chu Green’s function representation [23Kotl 41Str] [86Soll [91Tsh].

— Two-dimensional problem and meridional incidence of light [61Hoe|: Separation of the polar-
izations FE parallel and E perpendicular to the plane of incidence for half plane , slit

[99Bor|, gratings [80Pet|, and volume gratings [69Kog] |81Sol, [81Rus].

3.1.4.2 Scalar diffraction theory

Two sources of scalar diffraction theory are:

— Transition from vectorial theory to scalar theory: [86Soll. The information about the
polarization is lost.

— Mathematical formulation and generalization of Huygens’ principle: Each point on a wavefront
may be regarded as a source of secondary waves, and the position of the wavefront at a later
time is determined by the envelope of these secondary waves.

In Table 3.1.4 di raction formulae with fields given near the diffraction aperture are listed. Fig-
ures 3.1.8 and 3.1.9 are related to Table 3.1.4.

Remarks on the formulae of Table 3.1.4:

(3.1.37): Approximation of (3.1.34): Huygens’ principle with an additional directional factor (Fres-
nel).

(3.1.38): Approximation of (3.1.36): Huygens’ principle with a modified directional factor.

(3.1.39): Fresnel’s approximation (= paraxial approximation). The approximation conditions from
(3.1.34) to (3.1.39) resp. (3.1.40) are explained in [96For| [86Stal [87Ree].

Fresnel’s approximation: The condition Np(a/d)?/4 < 1 [91Sal| is valid for sharp-edged aper-
tures A, but it is weakened for the transmission of Gaussian-beam-like fields p. 635] or
Gaussian-like soft apertures. Fresnel’s approximation describes the propagation of the field from
plane z = 0 to plane z = z. This transformation can be cascaded to describe complex systems and
is an often used tool in paraxial propagation of radiation (Sect. 3.1.4.5.2).

Opaque screen

I

vector n W
/

/ Fig. 3.1.8. Diffraction at an aperture A with source
/ terms E(z’,y’,0) and/or %E(m',y/,z)L:O, re-
A S L X spectively, and a or b the maximum radial distances
Diffracted field  of source S or image point P, respectively. p; sym-
Eboy,2) bolizes different plane waves for (3.1.41)—(3.1.43).
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Table 3.1.4. Diffraction formulae with fields given near the diffraction aperture (rsp : see Fig. 3.1.8).

Integrals Formula Restrictions Ref.
Rayleigh- 9 [ exp(—ikr rsp > Ao, [©9Bo1]]
Sommerfeld Ersi(z,y,2) = _*//E z',y',0) ai ( p( - SP)) dz'dy’ (3.1.34)  plane aperture [B6Sta]
of 1% kind
Rayleigh- OE(z 7y z') exp(—ikrsp) sp > Ao,
Sommerfeld Ersa(z,y,2) = // { ] ) Top dz'dy’ (3.1.35) plane aperture
of 2°¢ kind ¢

1 rsp > Ao,
Fresnel-Kirchhoff Erk (1"7 Y, Z) = E [ERSl (1"7 Y, Z) + Ers2 (l‘, Y, Z)] (3136) curved aperture
Rayleigh- _
Sommerfeld Ersta(z,y,2) = //E y' eXp(rlkTSP) cos (n,rsp)dz’dy’ (3.1.37) s> Ao

SP
1%* kind approx.
Fresnel-Kirchhoff —i 1
approximation Erka(®,y,2) = //E v’ exp(rlkrsp) - 0052(n, rsr) daz’dy’ (3.1.38) 7sp > Ao
’ SP
refers to
Fig. 3.1.8
H9Bof
Fresnel’s Ere(z.9.2) i exp (—ikz) / E(z',y’,0) exp{ o ')+ (y-y')° } dz’dy’ (3.1.39) 2> A {QGF(?I]]
1 1 Fre b b - x5 ) ) - b

st i = o b
Fig. 3.1.8 [BTReq]

=

(continued)
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Table 3.1.4 continued.

Integrals Formula Restrictions Ref.
Fraunhofer iexp(—ikz)p L zz +yy’ a? [99Boﬂ
far-field Epra(z,y,2) = % // E(z',y’,0) exp {127IT}dx/dy' (3.1.40) g < 1 [68God]
approximation, A [D6For|
refers to . . [B7For|
Fig. 3.1.8 with the additional phase term . B6Sta
1 for & <1
_ z
b= . x2 + y2 .
exp § —i7=—— otherwise
Plane-wave 2-D Fourier transform (see remark on (3.1.40)) of the source distribution Es in plane z = 0: TSP > Ao [01Sa
representation S [IF8Loh]
(also: Ao(fa, fy) = / / Ei(z',y',0)exp {i27n(faz' + fyy')} dz’dy’, (3.1.41) [B6Stal
angular-spectrum Ao [D7For|
representation), [09Bo1]
refers to propagation of plane waves with the spatial frequencies f; and f, along the z-direction by distance z:
Figs. 3.1.8
and 3.1.9 exp{—i27r(fzm—|—fyy}éexp{—iZﬂ(fzx—i—fyy—ﬁ—\/1//\2—f§—fy2 z)} , (3.1.42)
addition of plane waves at distance z:
By = [ [t fyen{-ion (Lot fus JUN - 2o f32)fanas, Gy
F2Hf2<1/A2
equivalent to (3.1.34) [}
Far field in e oo d,f> A b1sal
the focal plane Ep(z,y) = p / / Es(z’,y") exp {i27’t (ix'—i—iy')}dx'dy' , (3.1.44)
of a lens, /\f_oo . Af A
refers to 5 2 (4
Fig. 3.1.9 p=exp (m—(m Hij)”?( _f)) (3.1.45)

[1e1 "d 1oy

sorpdo 1eouIT T'Q
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88 3.1.4 Diffraction [Ref. p. 131

X Plane wave Field £5(xy) Lens XA

N

p ¥y

A=, [ S z

Fig. 3.1.9. (a) Spatial frequencies of a plane wave with propagation direction @, with respect to the
plane = 0 (and ©, analogously) are f, and f, with O, = sin™'(Afs) = Afs and O, = sin™'(Af,) =~ \f,
(~: paraxial approximation). (b) Generation of the far field in the focal plane of a lens: The Fourier
transformation (d = f) is changed by an additional phase term for d # f with d: distance, f: focal length.

(3.1.40): Fraunhofer’s approximation

—  Fresnel number:
Np =a?/\z. (3.1.46)

— Validity of Fraunhofer’s approximation: Ng < 1.
p # 1 (parabolic phase): the intensity of diffracted light is the square of the modulus of the
Fourier transform of E(z,y,0) only.

— Additional condition with second Fresnel number Ngp/ = b*/\z < 1:
E(x,y,z) is the Fourier transform of E(z,y,0) in dependence on the spatial frequencies
o= (2/2)/A = Oy /X and f, = (y/2)/ A = Oy/X.

— Di erent conventions on the spatial Fourier transform F(f,) of a spatial distribution f(z):

— The convention of the plane-wave structure exp(ikz — iwt) is connected with the determi-
nation of F'(f,) by

F(fw) = / df]jf(x)e—iQT(fmz

[68Gool, [68Papl, [7T8Lohl [78Gasl [93Stol [05Hod].
— The plane-wave structure exp(iw ¢ — i kz) can be combined with

oo

F(f,) = / di f(z) ei2nfsm

—0o0

[71Coll [73Menl, [92Lug], but

oo

F(f,) = / da f(z)ei2nte

— 00

is defined also in [88Kle| [91Sall [95Will [06Ped].
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— Di erent approximations in (3.1.37) and (3.1.38):

2x€ — €2 + 2yn — n?
2’[“0

rsp = 1o +

[99Bor} [68Papl [78Gra] with ro from Fig. 3.1.8 versus

2px! — :E’2 + ny/ _ y/2
2z

(references on lasers: , optoelectronics: [68Gool [72Mar}, (91Sal|) for grating di rac-
tion: The sine of the diffraction angle sin ©, = x/r¢ is derived from principle and not by a
postpositive reasoning of the paraxial range x/z = tan 6, & sin ©,. /2 should be “translated”
into sin ©, for better approximation.

rsp ~ z -+

(3.1.41)—(3.1.43): Plane-wave spectrum or angular-spectrum representation (also Rayleigh-
Sommerfeld-Debye diffraction theory) [78Loh| [99Pau| is the plane-wave formulation of (3.1.34)
[78Lohl [97For|. Application: see Fourier optics [68Gool |83Stel, [93Sto].

(3.1.44), (3.1.45): Generation of the far field in the focal plane of a lens: d # f (object is outside
the object-side focal plane) = additional phase term p to the pure (inverse) Fourier transform
(d = f), similarly to (3.1.40).

Applications: generation of the spectrum of a function, possibility of mathematical operations
in the Fourier-space with complex filtering masks, correlation and convolution.

Another important diffraction theory

Diffraction theory after Young, Maggi, Rubinowicz : The light in point P of
Fig. 3.1.8 results from the unperturbed light and local waves, which are emitted by the edge
of the aperture A. Therefore, a line integral is to be calculated [99Pau]. There is an equivalence
with Fresnel-Kirchhoff’s theory.

3.1.4.3 Time-dependent diffraction theory

Two formulations of the time-dependent treatment of diffraction are possible:

1. A general Fresnel-Kirchhoff’s integral formula exists for time-dependent source functions in the
aperture A, see 99B01"L 99Pay.

2. Used more often now |[96Diel [99Paul: The time-dependent source functions are decomposed into
a superposition of monochromatic fields. The diffracted field is calculated for every monochro-
matic component by the stationary diffraction given above. The superposition of all diffracted
monochromatic components yields the time-dependent diffracted field.

3.1.4.4 Fraunhofer diffraction patterns

3.1.4.4.1 Rectangular aperture with dimensions 2a x 2b

In Fig. 3.1.10 the geometry of the diffraction from a rectangular aperture 2a x 2b is shown. The
x-part of the diffraction pattern in Fig. 3.1.10 is given in Fig. 3.1.11. In Table 3.1.5 the zeros and
maxima of the intensity distribution are listed.
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, 1.0 \
X .
/ ¥ 08 \
=
%/ /y« £ 06 —\>
S Normalized intensit
4 / X /y( S 04 \ . y
/Lé X 6 2 \ Normalized field
7 = ;
| 7 & 0.2 % i
/’b Opaque screen — E . . .
5 of-FwHMN - A
% Rectangular Diffraction -0.2 -
pattern
aperture A 0 0.5 1.0 15 2.0
xa/(Ad)

Fig. 3.1.10. Geometry of the diffraction from a
rectangular aperture 2a X 2b.

Fig. 3.1.11. z-part of the diffraction pattern in
Fig. 3.1.10. This is the diffraction pattern of a slit.
For more exact electromagnetic solutions of a slit

see |[61Hoel p. 266].

Table 3.1.5. Zeros and maxima of the intensity distribution.

Number n za/A\z I./1o
0 0 1
FWHM 2 x0.221 0.5
1 0.5 0
1 0.715 0.0472
2 1 0
2 1.230 0.0168
3 1.5 0
3 1.735 0.0083
4 2 0
4 2.239 0.0050
Field distribution:
dab 242 27 27h
E(z,y,z) = & Ey exp {—ik (z—l— x;tj)} sinc { )\ax} sinc { )\zy} (3.1.47)
G sin x . .

with sinc(z) = and Ey the electric-field amplitude .

Intensity:
2m 27h
I(x,y,2) =1(0,0, z) sinc? { ax} sinc? { 3 y} . (3.1.48)
z

If the Fraunhofer diffraction is observed in the focal plane, z has to be replaced by f.

3.1.4.4.2 Circular aperture with radius a

The circular aperture with radius a is discussed in p. 453]. In Fig. 3.1.12 diffraction by a
circular aperture is shown. In Fig. 3.1.13a the diffracted field and intensity and in Fig. 3.1.13b the
encircled energy in the diffraction plane with a circular screen are given. The zeros and maxima of
intensity for diffraction by a circular aperture are listed in Table 3.1.6.
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X
y
% 4
a /!
?1 g~ sind { y
d g
Opaque screen / z
Diffraction
Circular pattern
aperture A
Fig. 3.1.12. Diffraction by a circular aperture.

1.0 \ 1.0
s‘ 4
2 08\, 5 08 s
206 =
S _ B 06
2 04 " Normalized intensity = Tst | 2nd | 3rd
2 ‘ S darkring
S0 " ‘ Normalized field g 04
£ p l E
E . E
2 ol FWHiM \ 502
-0.2 - 0
0 02 04 06 08 10 12 14 16 0 02 04 06 08 10 12 14 16
a ra/(Ad) b ra/(Ad)

Fig. 3.1.13. (a) Diffracted field and intensity. (b) Encircled energy in the diffraction plane with a circular
screen.

Table 3.1.6. Zeros and maxima of intensity for diffraction by a circular aperture.

Number n rna/(Ad) I,/1o

0 0 1
FWHM 2 x 0.257 0.5

1 0.610 0

1 0.817 0.0175
2 1.117 0

2 1.340 0.00415
3 1.619 0

3 1.849 0.00160
4 2.121 0

4 2.355 0.00078

Field distribution:

E(r,z) = % Eq exp {—ik <z—|— Zj)} {2 ‘W} (3.1.49)

with Ey the electric-field amplitude and r the radius in the far-field plane.

Intensity:

2
I(r) = 1(0, 2) {2 W} : (3.1.50)
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92 3.1.4 Diffraction [Ref. p. 131

3.1.4.4.2.1 Applications
Airy’s disc:
1 Airy = 0.610\/sin o , (3.1.51)

1% minimum radius of the intensity distribution in the focal plane of an aberration-free lens (Lom-
mel 1885, Debye 1909, [99Bor]): Substitute in (3.1.50) a/z = sin o (numerical aperture =
sinus of the intersection angle o with optical axis in the focal point, generally: image point) and
T =11 Airy as above.

Annular aperture: obscuration of the central part in the circular aperture A of Fig. 3.1.12:

— Reduction of the central diffraction maximum width by ~ 20 %.
— Increase of secondary maximum by factor ~ 7.

— See Bessel beams, Sect. 3.1.3.2.4, [05Hod]|.

3.1.4.4.3 Gratings
Grating equation:
. . A
sin a+sin f=m — (3.1.52)
g

with

a: angle of incidence (see Fig. 3.1.14),

0 : diffraction angle,

g: grating constant (grating period, groove distance),

m: order of diffraction. Convention p. 25] often used: If the diffraction order is on
the same side with the zero order (m = 0) as the grating normal: m > 0, otherwise m < 0. In
Fig. 3.1.14, the directions of the +1st transmitted order and the grating normal (dashed and dotted
lines) are on the same side of the Oth transmitted order. Therefore m =1 > 0.

Slit factor: represents the diffraction by a single slit of the grating. Its form regulates the energy
distribution between the different orders m [82Hutl [99Bor]. For the real phase and reflection grat-
ings, it is substituted by the di raction e ciency curves in dependence on « or A. There is an

extreme diversity of cases. Catalogs of such curves: see [80Petl, [97Loe].

Theoretical spectral resolution of a grating:

Riheor = A/ (AXN) =m N =W (sin a + sin §)/A (3.1.53)

A
Focused

0th B
1 st g e ¢\> \ =1st
Reflected Transmitted V777 () th

orders |_ orders

Fig. 3.1.14. Reflected and transmitted orders of
a grating, here with N = 4 slits. The far-field dis-

Incident —— f Subsidiary tribution is wvisualized after focusing by an ideal
plane wave A maximum lens. Between the main maxima occur N — 2 sub-
Grating Lens Focal sidiary maxima. The dashed envelope is the slit

plane factor.
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with

N : number of grooves of the grating,
W : width of the grating,
a, (3 see (3.1.52).

Real resolution contains theoretical resolution and the aberrations of the optical elements for
collimation and focusing of the grating-diffracted plane waves or by the aberrations of the concave

gratings with imaging properties. [87Chr| |82Hut].

Holographical gratings |82Hut| show lower disturbations than mechanically produced gratings (ap-
plication: external laser resonators).

Blazed gratings diffract light into an order m wanted with more than 60-90 % over one octave of
wavelengths [80Pet| [82Hut| [97Loe].

Volume gratings: [81Soll, [81Rus].
Mountings of spectral devices: [82Hut].

3.1.4.5 Fresnel’s diffraction figures

Fresnel’s approximation is given in (3.1.39) in Table 3.1.4.

3.1.4.5.1 Fresnel’s diffraction on a slit

In Fig. 3.1.15 Fresnel’s diffraction pattern of a slit with width 2a is shown.

J Np=05 ] Np=35
—————————— 1 . 7
I ] I A—ﬁ&d
11 L1 1 [ - ]
J Ne=10 I Ny =40
I e J 571
| ] | | f 1 I
i AR R BT Fig. 3.1.15. Fresnel’s diffraction

pattern of a slit with width 2a
(see Fig. 3.1.10 with b = o00).
Fresnel’s number Np = a®/(\z)
is the essential parameter to char-
acterize the transition from far-
field (Fraunhofer) approximation
(Ng < 0.2...0.5) to near-field
(Fresnel) approximation (Np >
0.5). Nr = 0.5: one central maxi-
mum only, Nr = 3: three maxima,
Nr = N: N maxima. Hard-edge
diffraction results in a ripple in the
near field, which can be avoided
by soft apertures, for instance

Gaussian-like \\ (apodization
in optics [99Bor]). Figure after
86Sie} p. 721].
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94 3.1.4 Diffraction [Ref. p. 131

3.1.4.5.2 Fresnel’s diffraction through lens systems (paraxial diffraction)

Given: a system of lenses and the field distribution E(z,y) to be propagated.
The sequence of steps easily taken is:

— Given: E(z,y) in the plane z = 0. Required: the field in the plane z = 2. Solution: (3.1.39).
— Given: E(z,y) in the plane z = 0 and near to this plane a lens. Required the field in the plane
z = z. Solution: modification of (3.1.39) by an additional factor L(z’,y’) to:

Epm(x,y,Z):leXp{_lkz} //E z',y’,0) L(z',y")

xexp{iﬂ (xfx ) ;(y*y i } dz'dy’ (3.1.54)
i 12 2
L(z',y") =plz',y") exp{—ikntp} exp{W} (3.1.55)

with
n: refractive index of the lens,
t1, : thickness of the lens,

f: focal length of the lens,
p(x’,y’) : amplitude part, which can describe a marginal aperture or a Gaussian apodization.

A general complex function L(z’,y’) can model diffractive optical elements.
Cases of integration:

— No transversal limitations (without stops) and quadratic arguments of the exponential functions
due to analytical results. The Collins integral is the closed form of such a calculation (see
Sect. 3.1.7.4).

~ One stop (finite integration limits): The result includes the error function [7T0Abr].

— Two and more finite integration limits are not useful. Then, (commercial) numerical field prop-
agation programs through systems should be consulted.

Examples: [68Goo}, [91Sall [71Col, [851iz, [92Lug} |[68Pap].

The Beam Propagation Method (BPM) in integrated optics (many “infinitely thin lenses”) is the
generalization of this method [95Mael [91Spll [99Laul (98Hec].

3.1.4.6 Fourier optics and diffractive optics

Fourier optics results from the transformation of the temporal frequency methods of electrical
engineering to spatial frequency methods in optics, see Figs. 3.1.9, 3.1.10 and (3.1.41), (3.1.43),
(3.1.44).

References: principles of Fourier optics: [68Gool [78Lohl [83Ste, [851iz, [89Ars, [93Stol 98Hed|

99Laul, filtering: [92Lug]|, filtering in connection with holography: [96Har |[71Col], noise suppression:
91Wyr].

Example 3.1.5. Spatial spectral filtering

In Fig. 3.1.16 low-pass filtering of a laser beam with a four- f-setup is shown.
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Incident beam Low-pass Filtered beam

filter
Lens High Lens

Fig. 3.1.16. Low-pass filtering of a laser beam with
TIZ\WH‘/A*\ a four- f-setup . The mask is a low-pass filter,
which transmits a zero mode only and suppresses
s &71/ H \\l / the higher modes. The incident beam can also be
-— ¢ ‘ ¢ modified by a transmission element which changes

amplitude and phase.

Di ractive optical elements influence the propagation of light with help of amplitude- and/or phase-
changing microstructures whose dimensions are of the order of the wavelength mostly. They extend
the classical means of optical design. References: [67Lohl |84Schl, [07Tur] [00Tur} (00Mey} [01Jah].

Example 3.1.6.

— Gratings generated by mechanical or interference ruling on either plane or con-
cave substrates for the combination of dispersive properties with imaging 87Chi].

— Fresnel’s zone plates acting as microoptic lenses of [97Her].

— Mode transformation optics (“modane”) for transformation and filtering of modes of a laser
[94Soil.

— Generation of theoretical ideal wavefronts for optical testing with interferometrical methods

[95Bas| Vol. I1, Chap. 31].

— Mode-discriminating and emission-forming elements in resonators 194Leg] (97Leg] (99Zeil.

For pure imaging applications, refracting surfaces are still preferred, even in the micro-range
. Tasks with special dispersion requirements and special optical field transformations are
the main application of the diffractive elements with increasing share.

The technology of dispersion compensation and weight reduction in large optical systems by
special diffractive elements is partially solved, now.

3.1.5 Optical materials

Medium with absorption:
£ = i’ (3.1.56)

with

€ : complex relative dielectric constant (or tensor),
7v: complex refractive index,

weakly absorbing isotropic medium:

a <L ko ﬁ:n—ike:n—inn:n—ii, (3.1.57)
2ko

damped plane wave (unity field amplitude):
exp{—ikz} =exp{—iko(n —ik)z} exp {—iko (n —1i 201:5> z}
0

= exp {—ikoz - %z} : (3.1.58)
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96 3.1.5 Optical materials [Ref. p. 131

intensity:
I(z) =I(0) exp{—az} (Lambert-Beer-Bouguer’s law ) , (3.1.59)
amplification in pumped media:

I(z) = I(0) exp{g 2} (3.1.60)
with
o [m~']: (linear) absorption constant (standard definition [95Bas, Vol. IT, Chap. 35],
199Bor}, [91Sall [96Yar] |05H0d]]) or extinction constant or attenuation coefficient,
[m~1] : gain,

g
ke [m~1']: [88Yehl |95Bas| (or x [m~']: [99Bor} 04Ber|) extinction coe cient, attenuation index.

Different convention after (3.1.6): «, g, ke and x are defined with other signs, for example 7 = n (1 +ik)
if the other time separation (1% convention) is used [99Bor] Chap. 13], [95Bas| Vol. I, Chap. 9].

Measurement of «: see [85Koh| [04Ber] |82Brul, [90Roe, p. 34], Vol. II, Chap. 35].

3.1.5.1 Dielectric media

In Fig. 3.1.17 the real- and imaginary part of the refractive index in the vicinity of a resonance in
the UV are shown.

Single-resonance model for low-density media [99Bor] 96Ped]:

) 14 Ne¢?
= — 1 =
nen ¢ 2eom (Wi — w2 +iyw)
N é?~ (wg — w? Ne?
=91+ 27( ) —i e (3.1.61)
2eom (Wi — w?)? + 42 w?] 2eom (Wi — w?)? + 42 w?]

with

e = —1.602 x 107! C: elementary charge,

m = 9.109 x 103! kg : mass of the electron,

w =27 [s71]: circular frequency of the light,

wo [s7Y: circular resonant frequency of the electron,

4 A
= Visible
S |t range
| = \
S|E! \
= % : \
2| El b IR-
Sl Kt l \ resonances
E ! ) \ -
&£ ! / Resorlwance\
H v
Ao
Wavelength A Fig. 3.1.17. Real- and imaginary part of the refractive in-
I dex in the vicinity of a resonance in the UV. The principal
- @o shape is explained by the classical oscillator model after
Circular frequency o J.J. Thomson, P. Drude, and H.A. Lorentz [99Bor} [88Yeh].
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v [s71]: damping coefficient,
N [m~3]: density of molecules,
g0 = 8.8542 x 10712 As/Vm: electric permittivity of vacuum.

Examples see [96Ped| [88Kle], generalization to dense media see [96Ped| 88Kle| (99Bor].
The Kramers-Kronig relation connects n(w) with k(w) [88Yeh].

3.1.5.2 Optical glasses

Dispersion formula |\ :

By \? By\? B3\’
2(\) =1 ! 2 < limeier’s formula) . 1.62
n2(\) =1+ JE R ARy S g s ox (Sellmeier’s formula) (3.1.62)

The dimensions of the constants are given in example 3.1.7. The available wavelength range is
given by the transmission limits, usually.

Example 3.1.7. [96Sch]: Glass N-BK7: A [um], B; = 1.03961212, By = 2.31792344 x 10!, By =
1.01046945, Cy = 6.00069867 x 10~3 [um?], C5 = 2.00179144 x 10~2 [um?], C3 = 1.03560653 x 102
[um?], n(0.6328 um) = 1.51509, n(1.06 um) = 1.50669.

Other interpolation formulae for n(\) are given in [95Bac|, [95Bas, Vol. II, Chap. 32], [05Grol

p. 121].

Further information is available from glass catalogs (see Sect. 3.1.5.10) and from subroutines in
commercial optical design programs:

. . . -1
— relative dispersive power or Abbe’s number v4 = M7 with nq(587.56 nm = yellow He-
ng —

ng
line), np(486.13 nm = blue H-line), nc(656.27 nm = red H-line) |[95Bac| [80Sch|; application:
h

achromatic correction of systems |84Haf|,
— spectral range of transmission,
— temperature coe cients of n and vy,
— photoelastical coe cients,
— Faraday’s e ect (Verdet’s constant),
— chemical resistance, thermal conductivity, micro hardness etc.

nection with laser irradiation damage is presented in | |. Specific values of laser glasses are

Sellmeier-like formulae for crystals are available in [95Bas| Vol. II, Chap. 32]. Information in con-
given in tables in [O1Iff].

3.1.5.3 Dispersion characteristics for short-pulse propagation

The parameters can be calculated from the dispersion interpolation (3.1.62) [91Sal, [96Die]:

Bv) =n(v) 22[—1/ (propagation constant [m~1]) , (3.1.63)
0
_ % ; —1
Cph = ) (phase velocity [m s™']) , (3.1.64)
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I\
|
—_

v="% =755 (group velocity [m s~1]), (3.1.65)
dv dw
1 423 dz 3 d /1 L .
D, = At 27 12 = dv <U> (group velocity dispersion (GVD)) (3.1.66)
with

v: frequency of light,
co : velocity of light in vacuum.

Application: Temporal pulse forming by the GVD of dispersive optical elements [96Die} [01Ben).

3.1.5.4 Optics of metals and semiconductors

The refractive index of metals is characterized by free-electron contributions (wy = 0 in (3.1.61)).
One obtains from [67Sok},[72Woo|, [905Bas| Vol. II, Chap. 35] with a plasma resonance (here collision-
free: v = 0):

n2w)=1— (@)2 (3.1.67)

w
with
—1 . . .
wp [87']: plasma frequency, depending on free-electron density [88Kle].
From (3.1.67) follows

- n(w) <1 for w > wp, which means A < A\, (example: A, = 209 nm for Na): transparency,
— pure imaginary n(w) for w < wp, A, < A.

Other effects change the ideal case (3.1.67) [88Kle].
The complex refractive index of semiconductors is determined by transitions of electrons bet-
ween or within the energy bands and by photon interaction with the crystal lattice (reststrahlen

wavelength region). It depends strongly on the wavelength and is modified by heterostructures and
dopands |71Pan| [95K1i|, [95Bas, Vol. II, Chap. 36].

3.1.5.5 Fresnel’s formulae

Fresnel’s formulae describe the transmission and reflection of plane light waves at a plane interface
between

— homogeneous isotropic media: and other textbooks on optics,

— homogeneous isotropic medium and anisotropic medium: special cases and other
textbooks on optics,

— general case of anisotropic media: [58Fed],

— modification by photonic crystals: [95Joal [01Sak].

Fresnel’s formulae for the amplitude (field) reflection and transmission coe cients are listed in
Table 3.1.7.

Plane of incidence: plane, containing the wave number vector k of the light and the normal vector
n on the interface.

Landolt-Bérnstein
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Table 3.1.7. Fresnel’s formulae for the amplitude (field) reflection and transmission coefficients.

Case The four values Using the angles sin @' is eliminated
0,0’ A, and 1’ © and ©' only ,
are considered A=
n
Reflection
o E! fL cos©® — ' cosO' _sin(@ - 6’) cosO — /72 —sin2 O (3.1.68)
s = = 5 51 / B / L.
E. n cos©@ +n' cos© sin(@ + ©/) 05O + V/i? —sin2 0
Reflection
E/ f' cos® — i cosO' tan(@ — O') 72c0sO — /72 —sin2 O (3.1.69)
Tp = /—/— = N o o ’ / .1
» =, A’ cosO + i cos O tan(@ + O7) 72 c0s O + /72 — sin2 O
Transmission
E! 2h cos @ 2 ¢in®’ cos® 2 cos©@ (3.1.70)
b= B, A’ cos®+n cos O’ sin(6 + 6) cos @ + /72 —sin? O -
Transmission
B! 2h cos @ 2 sin®’' cos@ 27, cos @ (3.1.71)
tp:Fp: A’ cos & + fi cos O sin(6 + 6©') cos(© —O) cos © + 72 y/n2 — sin? O .
Application Mostly used for In a stack of films, the See remark
of cases pure dielectric media. angles to the axis were in Sect. 3.1.5.5.

calculated previously.

[1e1 "d 1oy

sorpdo reoury 1°¢

66
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Ly X4
k” H// k”
K ’ E K
1 E/ H
E . 7
0" \H 0 0’
z 0 Z
k k
E
£ H
H

a Index 1 Index 0’ b Index n Index n’

Fig. 3.1.18. Refraction at an interface, represented in the plane of incidence: (a) FEs-case, (b) Ep-case.
The commonly used convention is shown for the orientation of the relevant vectors (k: the wave number
vector, E: the electrical field, and H: the magnetic field) ensuring that k, E, and H are a right-handed
system in every case. The E-field is important for the action on a nonmagnetic material.

Polarization:

~ E perpendicular to the plane of incidence: s-polarization (TE-case or o-case [88Kle]), the cor-
responding E-component is called £ or Eg (s: “senkrecht” (German) which means
“perpendicular”) or index E |97Hual or index x |[90Roé, [77Azzl [91Sal].

— FE parallel to the plane of incidence: p-polarization (TM-case or m-case [88Kle]), the corre-
sponding E-component is called E) or I, or index M [97Hua] or index y
[90Ro¢} [77Azz, [91Sal].

Snell’s law:
f sin® =n' sinO’ (3.1.72)

with

n, 7’ : refractive indices of both media, respectively,
O, ©': see Fig. 3.1.18.

Other convention than Fig. 3.1.18b [58Mac, [89Ghal, [91Ish| (electrical engineering) on the orientation of
the E-vectors: E and E” point into the same direction for ® — 0, H changes sign; application: E-

interferences.
Remark:

— fis real and 7’ is complex (absorption [76Fed! [77Azz| or gain [88Boil).
~ 7
— nand n’ are real and i = nf < 1and (72 —sin? ©) < 0 (total reflection). Then /72 — sin? @ =
0
iy/sin? @ — a2 yields for (3.1.68) and (3.1.69) rs = exp (id;) and r, = exp (id,) (modulus = 1,

5 W 5 W
all energy reflected) and tan 53 = —SHéTQn and tan ?p = —S;;Tsen .

The intensities in the media are calculated with help of the z-component of Poynting’s vector
[88Kle] [90R o€} [76Fed].

Reflectance (reflected part of intensity):

Rep = |rspl” - (3.1.73)
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Transmittance (transmitted part of intensity):

Re (' cos @)

2
Re (7 cos @) 7! (3.174)

Tsp =

with
Re: real part.

Energy conservation:

Tsp+Rsp=1.

3.1.5.6 Special cases of refraction

3.1.5.6.1 Two dielectric isotropic homogeneous media (7. and 7’ are real)

!
o= (3.1.75)

n+n’

The negative sign of r, results from the convention of Fig. 3.1.18 that FE, is diffracted into —E.").
p P P

n—n'
n+n'

2
R, =R, = ( ) and T,=T,=1-R,. (3.1.76)

Example 3.1.8. n =1, n’ = 1.5 (glass): Ry = 0.04.

3.1.5.6.2 Variation of the angle of incidence
3.1.5.6.2.1 External reflection (n <n’)

Brewster’s angle (angle of polarization) O :
li

Op+64=90°, R,=0, tanOp= % . (3.1.77)

Example 3.1.9. n =1, n’ = 1.5, O = 56.3°. See Fig. 3.1.19.

3.1.5.6.2.2 Internal reflection (n > n')

Critical angle of total reflection:

,n/

sin O¢ = r (3.1.78)

Total reflection: © > O¢ with |rg| = |rp| = 1 and the phases of the reflected waves: rs = exp (1 Ps)
and rp, = exp (1Pp) .
Brewster’s angle:

/

tan Op = % . (3.1.79)
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1.0 1.0
0.8
0.6 0.8
2 04
:5 0.2 D:g 0.6 /
% \\ rp et I
g 0 5
s N < / /
= N =
% 0.2 \\\ B L 04 / /
-04
- \\ V
-06 AN 0.2 e
. N A
o \ [ — /
-10 0 —
0 10 20 30 40 50 60 70 8 90 0 10 20 30 40 50 60 70 80 90
a Angle of incidence ©[°] b Angle of incidence @ []

Fig. 3.1.19. (a) Reflection coefficients 7, and 75 and (b) reflectances R, and Rs for n =1 and n’ = 1.5.

1.0 T 1.0
08 A
|
0.6 < 0.8
w/ YAV
Z 04 <
o fS / / /¢S i o
g 02 = / <06
T o g
N/
£ -02 - / / < 0.4
2 P
< -04
06 —~ 0.2 /
e N — :
N AL
-0.8 N i
-1.0 0 0 \J
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
a Angle of incidence @[°] b Angle of incidence @ []

Fig. 3.1.20. Internal reflection (n = 1.5, n’ = 1). (a) Reflection coefficients r, and rs for © < O¢ and
phases @, and & for © > O¢. (b) Reflectances R, and Rs (=1 for © > O¢).

Example 3.1.10. n = 1.5, n’ = 1, O¢ = 41.8°, O = 33.7°. See Fig. 3.1.20.

Penetration depth in Fig. 3.1.21 [88Kle| p. 67]:
Ao

dpen = . (3.1.80)
: 27/ n2sin? @ — n’?
Goos-Hanchen shift [88Yeh| p. 74], see Fig. 3.1.22:
do
da._H.sp = 2P .1.81
G.—H.;s,p d@ (3 8 )

with @, and &, from Fig. 3.1.20. For a more precise treatment of the Goos-Hénchen shift for

Gaussian beams see [05Grol} p. 100].
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XA

NY

Fig. 3.1.21. Total reflection of plane waves with
an inhomogeneous wave in the medium with the
refractive index n’ (dpen : amplitude = 1/e).

XA

~NY

Fig. 3.1.22. Goos—Hénchen shift of a total re-
flected beam with finite (exaggerated small) cross
section (RP: effective reflection plane).

3.1.5.6.3 Reflection at media with complex refractive index

(Case i=1and 2’ =n'+ik’)

In Fig. 3.1.23 the refractive index n and the attenuation index k of gold (Au) is shown, in Fig. 3.1.24
the reflectance for both polarization cases of gold is given.

Au

yd

\

e

Refractive index n
Attenuation index k

y
\_\//

R

0
300 400 500 600 700 800 900
Wavelength A [nm]

No

Fig. 3.1.23. Refractive index n and attenuation
index k of gold (Au).

Landolt-Bérnstein
New Series VIII/1A1

10
Au
A =400nm
038
RS
< 06
Y
E /
RP
0.2 »
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Fig. 3.1.24. Reflectance for both polarization cases
of gold (Au). There is a minimum of R, which is
connected with a pseudo Brewster angle.
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Planes of

constant

amplitude
0

T

n n-ik'
Planes of . ) ) ) ) )
constant Fig. 3.1.25. Refraction at a medium with absorption: generation
phase of an inhomogeneous wave.

Inhomogeneous wave (Fig. 3.1.25): Snell’s refraction law is modified:

sin O = — sin O (3.1.82)
nr

with

2n2 =n'? —k'? + n?sin? O + \/(n’2 —k'2 — n2sin? (9)2 +4n’2k’2  (Ketteler’s formula) .

The effective refractive index nr determines the direction angle @1 of planes of constant phase in

Fig. 3.1.25 via (3.1.82) [88Kle, p. 78], [41Str, p. 503], [99Bor} p. 740]. The full inhomogeneous wave
can be calculated using [99Bor} p. 740].

Example 3.1.11. © = 45°, Au: A = 800 nm, n’ = 0.19, k' = 4.9, np = 0.73, Op = 75.1° (see
28Koel p. 209]).

Intensity attenuation in the case © = 0°:

I'=Iyexp{-2 (w/c)k'z} . (3.1.83)

Example 3.1.12. © = 0°, Au: A = 800 nm, n’ = 0.19, k' = 4.9, [ = Iyexp (—7.7 X 104z[mm]) ,
1/e — depth = 13 nm.

Il
||
can be measured. The complex refractive index of a material results [77Azz [90Roe]. Application:
Measurements for the optical constants of metals, semiconductors, and thin-film systems.

Ellipsometry: 6, —ds and moduli of the reflected light 7, = |rp| exp (i) and rg = 15| exp (ids)

3.1.5.7 Crystal optics

3.1.5.7.1 Classification

The dielectric tensor €, = ¢;; in (1.1.8) is symmetrical and real in the case of a nonabsorbing
medium.

In Fig. 3.1.26 vectors connected with wave propagation in crystal optics are depicted. In Ta-
ble 3.1.8 optical crystals are listed. In Table 3.1.9 three of the eight surfaces for visualization of
wave propagation in crystals are presented.
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Table 3.1.8. Optical crystals.

Fig. 3.1.26. Vectors connected with wave propagation in
crystal optics [99Bor]: s: ray direction unit vector || Poynt-
ing vector E X H, n: unit vector in the normal direction
| k and L phase planes, orthogonalities: B,H L E, D n,s;

Els;D.1ln.

Classification: Refractive index Optical type Example Values of the
system (syngony) in the main axis of crystal refractive index
of crystal system for A = 589.3 nm
triclinic, Ng # Ny # Nz # Ny biaxial crystal, no NaNOsg ng = 1.344
monoclinic, ordinary waves ny = 1.411,
orthorhombic n, = 1.651
trigonal, Nz = Ny = No positive uniaxial SiOs no = 1.544,
tetragonal, (ordinary crystal: no < me (quartz) ne = 1.553
hexagonal index)
Ng £ Ny = Ne negative uniaxial CaCO3 no = 1.658,
(extraordinary crystal: no > ne (calcite) ne = 1.486
index)
cubic Ng =Ny =N =N isotropic crystal NaCl n = 1.544

Table 3.1.9. Three of the eight surfaces for visualization of wave propagation in crystals.

Surface

Given

Found by construction are the

Index ellipsoid (indicatrix)

(one-shell surface)

Index surface, wave vector

surface (two-shell surface)

Ray surface, wave surface, representing

Huygens’ elementary wave for both
polarization cases (two-shell surface)

normal direction n

normal direction n

D-vectors for the two polarization cases

and the two refractive indices for phase
propagation

ray directions s, which are perpendicular

to the surface for both polarization cases

ray direction s

to the surface

normal direction n, which is perpendicular

Main feature of crystal optics: s is not parallel with n for wave propagation, mostly.

— s is essential for description of the energy propagation (edges of bundles, rays),

— n is essential for description of the interferences of infinite broad waves.

References: [28Szil [54Bell [58Shul, [f1Raml [76Fed| [79Wahl |84 Yar| [04Ber] [09Paul [99Bor|. A de-

tailed comparison between that surfaces is given in [28Szi|.
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3.1.5.7.2 Birefringence (example: uniaxial crystals)

Uniaxial crystals in the plane of incidence:

— Refraction of the normal direction n of wavefronts: The wavevector surface is shown in
Fig. 3.1.27.

sin @, = 2 sine (ordinary wave (k,)) (3.1.84)

No

(no does not depend on the angle of incidence),

n
sin®, = —————— sin©® (extraordinary wave (k. 3.1.85
THCECH MG e (k) (3159

(ne depends on the angle of incidence).
— Refraction of rays (Poynting vector): s, and s, are given by tangent construction in Fig. 3.1.28.
— Algorithm for the calculation of k, (]|s,), ke, Se of Fig. 3.1.28 with n, n,, ne, 1, 6 of Fig. 3.1.29

[86Haf]:
A n?(n?2 —n?2)?sin? O sin?(2n)
B 2 B2

2 _ 12)2 ¢in O sin (2 2 _ n2)2 ¢in2(2 A
n n(no ne) ;111 Sln( 77) > \/712 Sin29 [(no nZ)BZSln ( Ti) 1|+ E (3.1.86)

(refractive index for the extraordinary wave)

with
A= (n? —n2)n?sin® O cos (2n) — nZn?

B =n?2+ (n? —n?) sin’n,

where the decision on the 4 sign in (3.1.86) can be made by controlling the satisfaction of

w3, [n2 -+ (n2 = n2) sin(s + 6)] = n .

The resulting angles are:

O, = arcsin(n sin O /n,) , (3.1.87)
X
Optical axis
. TE

N

N

Polarization
TEand ™M Fig. 3.1.27. Construction of wavefront birefringence with
the wavevector surface: The wavefronts show no transversal

Index n Indices 1o and e limitation
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Elementary
waves X
Se ks,
Rays j Optical axis P
0 < RN ¢
SN = s
P Wavefronts % 0 .
S| . A
5 0
\ P Ordinary \ v o
SRS N z
\\ - 0 \\\ 77
/ Optical ™~ A
axis AN %
klis
Index n Indices ny and ne Index n )
Index n Indices n, and n,

Fig. 3.1.28. Huygens’ tangent construction of bire-
fringence in a crystal slab for transversal-limited
beams.

Fig. 3.1.29. Refraction for normal and ray direc-
tions. n: angle between z-axis and optical axis.

O, = arcsin (n sinO/ne.) , (3.1.88)
tann — C
ew - t T~ L .1.
& arctan 7——~ tan (3.1.89)
with
n2  \/nd.—n2sin® O tann + n sin O
C=-=2x

5 .
n 2 242 _ :
e 4/ng,—n?sin“©@ —nsinO tann

Application: &, O,, n,, and ng. = phase differences (interferences) and reflection coefficient,
O, and O, = ray separation in a crystal.

Example 3.1.13. Calcite: n, = 1.658, n, = 1.486, n = 45°: #1: © = 0°: C' = 1.244822, ng ., = 1.565,
By = O = 0°, Opyy = —6.224°; #2: O = 45°: ng = 1.636, C = 0.438329, O, = 25.23°, 6, = 25.6°,
Oew = 21.33°.

General formulation of (3.1.85)—(3.1.89): see |[76Fed] Table 9.1] for more detailed discussions.

3.1.5.8 Photonic crystals

Starting with the forbidden (stop) bands in case of multi-layer Bragg reflection p. 123] a
material class is under development which stops light propagation along as many directions and for
as many wavelengths as possible. This suppresses the spontaneous emission for laser applications
and opens new possibilities in the micro- and nano-optics [95Joal [01Sakl [04Bus|. Photonic crystal

fibers [04Bus| can be designed for special light propagation properties and high-power fiber lasers
03Wad|
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3.1.5.9 Negative-refractive-index materials

The common excitation of electrical dipoles and magnetical dipoles by light in a medium can
result in a negative dielectric permittivity Re(¢) < 0 in combination with a negative magnetic
permeability Re (1) < 0. Then, in Snell’s law (3.1.72) an effective index 7" < 0 is possible [68Ves
which results in imaging by a slab of this material without curved surfaces [00Pen| and other
interesting effects . Such metamaterials can be generated by microtechnology, now for
mm- and terahertz-waves, but with the trend towards visible radiation [05Ele].

3.1.5.10 References to data of linear optics

|62Lan| contains optical constants, only. In later editions, the optical constants are listed together
with other properties of substances. An overview is given in the content volume [96Lan].

Optical glass: Chap. 283], [97Nik], 95Bas, Vol. 2, Chap. 33], cat-
alogs of producers: 196Schl, [98Hoy! 960hal [92Cor], and com-
mercial optical design programs.

Infrared materials: 198Pall 91Klo], [96Sch| infrared glasses], commercial optical
design programs.

Crystals: [62Lan|, Chap. 282], [95Bas| Vol. 2, Chap. 33], [97Nik]
8

1Kam)|.
Photonic crystals: 95Joa|, ()ISakL |04Bus||.
Negative-refractive-index materials: [05Ram].
Polymeric materials: 62Lan, Chap. 283], [95Bas, Vol. 2, Chap. 34], [97Nik].
Metals: 62Lan, Chap. 281], [98Pal|, [95Bas| Vol. 2, Chap. 35].
Semiconductors: 96Lan| [98Pall [87EMI], [95Bas| Vol. 2, Chap. 36).
Solid state laser materials: [011fF, [07Nik], |81 Kam].
Liquids: 62Lan} Chaps. 284, 285], [97Nik].
Gases: 62Lan, Chap. 286].

3.1.6 Geometrical optics

Geometrical optics represents the limit of the wave optics for A = 0 .

The development sino = 0 — 3;6° 4+ 4;0° — ... with o the angle in Snell’s law characterizes the
different approaches of geometrical optics. Table 3.1.10 gives an overview of different approxima-
tions of geometrical optics.

3.1.6.1 Gaussian imaging (paraxial range)

The signs of the parameters determined in |[03DIN] [96Ped| are applied in Sect. 3.1.6.1.1, later on
f=f'1is used.
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Table 3.1.10. Different approximations of geometrical optics.

Problem to be treated Algorithm for solving

Given: object point O in the paraxial range, -
asked: image point O in the parazial range
approximation: sino ~ o . -

Gaussian collineation and Listing’s construction:
see Sect. 3.1.6.1.

Gaussian matrix formalism (ABCD-matrix): see
Sect. 3.1.6.2,

ref.: [04Ber} [99Bor].

Formulae for Seidels aberrations: see Sect. 3.1.6.3,
ref.: [70Ber] |80Hof] [84Hafl [84Rus| [R6Hafl [91Mahl.

Imaging in Seidel’s range,
asked: imaging quality

approximation: sino = o — 503 .
General image formation. (Commercial) raytracing programs with geometric

and wave optical merit functions and tolerancing,

ref.: [84Hafl [B6Ha].

3.1.6.1.1 Single spherical interface

Figure 3.1.30 shows the imaging by a spherical interface in the paraxial range (small x, ', h).

Gaussian imaging equation:

1 1 1 1 / [
n _ — — :n/ _ — — or £:E+n TL' (3190)
r s r s’ s! s T
.- . 1 1Y, . .
Abbe’s invariant n < — ) is a constant on both sides of the interface.
r s
Object-space focal length:
nr
= 3.1.91
/ n’' —n ( )
Image-side focal length:
n'r
=, 3.1.92
/ n’ —n ( )

Remark: The symbol f means outside this section, Sect. 3.1.6.1, the positive focal length for a positive
(converging) lens.

Newton’s imaging equation:

2z =ff. (3.1.93)

Fig. 3.1.30. Imaging by a spherical interface in the
paraxial range (small = [object height], =’ [image
height], h [zonal height]). Full line: axial imaging,
¥ dashed line: off-axis imaging, dotted line: focusing to
p image side F''. Sign conventions: s,s’ > 0, if they
point to the right-hand side of the vertex V., r > 0,

Landolt-Bérnstein
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if the center of curvature of the interface is on the

F \——““—:};_wzﬁ': __'/—'_ x’] Z  right-hand side in comparison with V. Here: s < 0,

S I\ e =0’ s’ >0, r > 0. M : center of curvature of the sphere.

f__ | ,51 - The left-hand-side-directed arrows symbolize nega-
-~ — f — 7' tive values for the corresponding parameters here.
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Lagrange’s invariant:
z'n's'=zns
with

n: object-space refractive index,

n’: image-space refractive index,

s: object distance,

s’ image distance,

r: radius of curvature of the interface,
x: height of the object point,

x': height of the image point,

z: focus-related object distance,

z': focus-related image distance.

(3.1.94)

Imaging through an optical system: concatenation of the imaging of the spherical surfaces in suc-

cession via (3.1.90) by using Stollowing surface = S
and (3.1.94) for an object height = # 0.

3.1.6.1.2 Imaging with a thick lens

!/
prior surface

—d, d: the distance between the surfaces,

Figure 3.1.31 shows the axial imaging with a thick lens, Fig. 3.1.32 depicts Listing’s construction
for thick-lens imaging of a finite-height object point O to image point O'.

Thick-lens imaging equation:

Lol (Lo,
aa’_f’_n ry T

Radius r, Radius r,

)
N e R
4" X—x \\“%\x—>
0 F H H F’ 0" z

S s’

. f t 1z /

—Sy— sy a

Fig. 3.1.31. Axial imaging with a thick lens. Car-
dinal planes and points are: object-space principal
plane with object principal point H on axis, tmage-
space principal plane with image principal point H’
on axis, object-space focal point F, image-space fo-
cal point F''. Nodal points are equal
to the principal points if O and O’ are embedded
in media with equal refractive index as here. Then
f = —f'. The sign convention used here means:
Parameters characterized by an arrow pointing to
the left (right) hand side show a negative (positive)
sign . The dashed line shows the use

of H' for simplifying the plot for a ray focusing.

t(n' —1)2
n'riry

(3.1.95)

Radius r, Radius r,

n=1

Fig. 3.1.32. Listing’s construction for thick-lens
imaging of a finite-height object point O to image
point O’. Scheme of construction: Ray 1 (parallel
with axis) is sharply bent at plane H' towards F'.
Ray 3 towards H is continued at H' with the angle
o' = o. Ray 5 through F is bent sharply parallel
with axis at H-plane. The magnification z'/z =
a’/a can be calculated by elimination of a’ from

(3.1.95) =z’
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Position of the principal point H:

ol (3.1.96)

SH = — 7
n

T2
Position of the principal point H':

n' -1,
t. 3.1.97
1 (3.1.97)

Sgr = —

Distance between the principal planes:

n' —1 1 1
= (1t (Lo L)) 3199
1 T2

Thin lens: t = 0: (3.1.95) = “Lens maker’s formula”.

3.1.6.2 Gaussian matrix (ABCD-matrix, ray-transfer matrix) formalism
for paraxial optics

Three tasks can be treated with the help of the ray-transfer matrix:

1. full description of paraxial optics (this section, Sect. 3.1.6.2),

2. Gaussian beam propagation (coherent radiation) by combination with a special beam calcula-
tion algorithm (see Sect. 3.1.7 on beam propagation),

3. propagation of the second-order moments of the radiation field (inclusion of partial coherent
radiation) (see Chap. 2.2 on beam characterization).

The optical system can be the separating distance in an optical medium, a single spherical
optical surface or a true, more complicated optical system.

There are di erent definitions for the ABCD-matrices:

Here: The slope components of the input and output rays are the real angles without any
relation to the refractive indices at input and output spaces of Fig. 3.1.33 [66Kogll [66Kog2l [84Haul
[91Sall [95Basl [96Pedl [96Yar] [98Hed, 988V6L|011H,|05G1"01|, 05Hod|. Then, the determinant of the
matrix M: |[M|| = n’/n with n the index of the medium of the input plane and n’ the index of the
medium of the output plane.

Other authors [75Ger] [86Sie] [88Klel [04Ber| use:
slope parameter = (angle) x (related refractive index). Then the equation |[M|| = 1 applies.

In Fig. 3.1.34 the concatenation of different ray-transfer matrices for different types of sub-
systems is shown.

Input plane Output plane
X X
dx
LA, el
}( %
L i N
—- z - . ? Fig. 3.1.33. Transfer of the input height ;1 and slope
In);()ut | Optical system | Otj}put a; into the output height o and slope a2 with the ray-
ag [Xz ] _ [A B] [X1 ] azz transfer matrix M. The sign of slope «a is positive in this
) CDJle figure. The German standard DIN 1335 uses a different
[Xz]: M [X1] sign with change of some signs in the ABCD matrices
% @ [96Ped].
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Element 1 Element 2 Element 3 Following

elements

Air distance System

il \

>
N
B
o
=
)
s
S I
:X
Qv
=

-~ M, M, ? M;
Input plane Output plane Output plane
of element 1
=input plane
of element 2 M=M,_;... M;M, M,

Fig. 3.1.34. Concatenation of different ray-transfer matrices for different types of sub-systems. Matrices
known for systems before can be used to construct the matrix for a larger system containing the known
systems. The sequence of the matrices is shown at the bottom of the figure.

3.1.6.2.1 Simple interfaces and optical elements with rotational symmetry

In Table 3.1.11 ABCD-matrices for simple interfaces and optical elements with rotational symmetry
are listed.

3.1.6.2.2 Non-symmetrical optical systems

Rotational symmetry lacks and the axis is tilted due to the non-symmetrical optical system. In such
a system, the central ray of imaging is called the basic ray. The optics in a narrow region around
the basic ray is called parabasal Opt Vol. 1, p. 1.47] as analogon to paraxial optics. For
treatment of astigmatic pencils see [72Stal.

A special case of the non-symmetrical optical system is a system without torsion: Two ortho-
gonal cases do not mix during propagation. Examples are different setups of spectroscopy and laser
physics (ring resonators).

In Table 3.1.12 ABCD-matrices for non-symmetrical optical elements without torsion are listed.

3.1.6.2.3 Properties of a system

Properties of a system included in its ABCD-matrix are discussed in [75Ger] [96Ped| [05Hod| 05Gro1].
In Table 3.1.13 distances between cardinal elements of an optical system are listed, in Ta-
ble 3.1.14 the meaning of the vanishing of different elements of the ABCD-matrix is depicted.

3.1.6.2.4 General parabolic systems without rotational symmetry

The generalization of the two-dimensional ray transfer after Fig. 3.1.33 to three dimensions
is shown in Fig. 3.1.35. The ray in the input plane is characterized by two coordinates x1 and ¥
of the piercing point P and two small (paraxial range) angles a; and f .

The matrix S relates these parameters to the corresponding parameters in the output plane
like in Fig. 3.1.33:
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Table 3.1.11. ABCD-matrices for simple interfaces and optical elements with rotational symmetry.

Effect Figure ABCD-matrix Remark
Propagation M1d The rays propagate from I to O
p— 0 1] within the same medium.
I 0
Spherical T 0 Sign: » > 0 for convex surface seen
surface i % ny —na nl] by the propagating light.
Am L ner neo
10
Plane Corresponds to a spherical surface

0
Planar plate
17

Thin lens

Thick lens

in air

Spherical

mirror substituted

by

Gradient-

i)r;dex lens ‘., /
thermal ;
lens | 0

10
1
—-1
f
s d
1f "
SH
- 1428
f
10
2
r
A B
CD
n=mno(l—~y2%);
v > 0: higher

index on axis

with r = o00.

Contains two refractions.

fom

air:rni =1.

T1 T2

1_n27n1{1 o 1:|

1 1 1 (n—1)%t

e (n—1) | - |

f (n—1) [ﬁ '7'2:|+ nryre

su = =Dt , see (3.1.96),
nro

Sgr = —M , see (3.1.97),
nmnr

H, H': principal planes.

Unfolding of the mirror;
sign(r) > 0, if the incident light sees
a concave mirror surface.

A=cos (V271);

B =n sin (v27t) / (nov27);

C =— (V27 no/m1) sin (vV271);

D =cos (v271);

development of the trigonometric
functions for /27 t < 1 = simpli-
fications

Gradient optics:

see [02Goml [05Grol].
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Table 3.1.11 continued.

Effect Figure ABCD-matrix Remark

Gaussian 1 0 The amplitude transmission function
apodization, |: ila } between I and O is

usable for “on 1 exp (—az?/2),

g-parameter x: transverse coordinate

transfer A: wavelength [86Siel p. 787]

(Table 3.1.18) 1 0

of light

Remark: Other treatments of the mirror see [86Siel [98Svel [75Ger].

Table 3.1.12. ABCD-matrices for non-symmetrical optical elements without torsion.

Effect ABCD-matrix Remark
Refraction cos (61) n1 sin (61) = ny sin (62)
at a sphere cos (62)
Any macos (62) (Snell’s law)

Tangential T No T COS (01)
(meridional) An, = 12.Co8 (62) — n1 cos (61)
plane ’ cos (601) cos (02)
Sagittal 1 0 Ang = ng cos (02) — n1 cos (61)
plane Ang ni

TN2 N2
Rowland A B Grating equation (3.1.52):
concave cDl|° N
grating sin (A1) +sin (f2) =m — ,
(unfolded) __cos (61) 9

" cos (0
Tangential Radius of curvature r (62) __2r cos® (02)

. B=0; cos (01) + cos (62)
(meridional)
plane o _ 2 cos (02)
r¢ cos (01)
D=A
Sagittal 1 0 - 27
plane [_2 1} " cos(01) +cos (62)
Ts
general corrected holographical
gratings: see [81Gue]
Spherical Specialization of the
concave Rowland grating to
mirror g = 00,
01 =105.
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Table 3.1.13. Distances between cardinal elements of an optical system: F', F'' : object- and image-space
focal points, respectively; H, H': object- and image-space principal points, respectively; I, O: input and
output plane, respectively. The order of points determines the signs.

Distance between A, B,C,and D
two points for n1 = no

_ D

IF ?

-

OF' —?

HF' -

Table 3.1.14. The meaning of the vanishing of different elements of the ABCD-matrix.

Element Figure Remark
A=0 j: 0B > To = B (e %1
— {c D} ]
Focusing of collimated light into the
image-side focal plane.
/ 0
B=0 2= Az

The input plane is imaged to the
output plane (conjugated planes).
/ 0 A: magnification of imaging;

appl.: calculation of image plane.

C=0 /{AB}g as = Doy
0D Transformation of collimated light

into collimated light.
/ 0 D : angular magnification;
telescope (afocal system).

D=0 as=Cux

T
T

Collimation of divergent pencil of
rays.

! 0 C': power of the element or system.
T2 Aa::r Azy Bzz Bazy Z1
Y2 | _ | Ays Ayy Bya Byy Y1 ro| _|AB 1| 1
= or = =S 3.1.99
Q2 Cx;v Cmy wa Dwy g Y2 CD Y1 Y1 ( )
B2 Cyw ny Dy Dy, b1

with the matrices A, B, C, D, and S given by comparison with the more detailed representations.
Identities between the matrices, characteristic for the symplectic geometry (see Sect. 3.1.6.2.6),

!/
are: ADT — BCT = I; ABT = BAT; CD" = DCT, and det /ég — % where T means the
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i

N N\ - - mmmm e

Fig. 3.1.35. Three-dimensional ray in the input plane I.

transposition of the matrix and | the identity matrix SGSieI, 05Hod|. The matrix S contains at
most 10 independent parameters [7T6Arnl, [86Sie] (05Hod].
In Table 3.1.15 general ray-transfer matrices are given.

3.1.6.2.5 General astigmatic system

A general astigmatic system can be generated by two cylindrical lenses with their axes non-parallel
and non-orthogonal, separated by a distance L: Sga = R™! Sey1,1 RSL Seyl2 -

3.1.6.2.6 Symplectic optical system

Symplectic optical systems in the paraxial range can be described by the formalism of the symplectic
geometry . They can be generated by a finite number of cylindrical and spherical lenses
separated by free spaces. The mathematical formulation is connected with the matrix properties
given in Sect. 3.1.6.2.4. For theoretical foundation and practical calculations see p. 216],
[83Mac] [85Sud) [86Sie} [99Gaol, [05Groll 05Hod].

3.1.6.2.7 Misalignments

The geometric optical calculations of misalignments with matrix techniques require, generally,
higher dimensional matrices [05Grol} p. 51], for example 3 x 3-matrices [86Sie] or 4 x 4-matrices
[85Wan| for two-dimensional problems or 6 x 6-matrices for three-dimensional problems [76Arn)].
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Table 3.1.15. General ray-transfer matrices [99Gao] [05Hod].

Effect of the matrix Matrix
Free propagation, z
. 10— 0
index no, length 2 no
S, = 010 o
001 O
00 0 O
Aligned spherical thin lens, 1 000
focal length f 0 100
-1
Ssph - — 0 10
f -1
0 — 01
/
Aligned cylindrical thin lens 1 000
0 100
Scyl - -1
— 010
fx
0 001
Cylindrical telescope, mO0 0 0
m and n are the magnifications On 0 0
along z- and y-axis, respectively Sm = 00m-' 0
00 0 nt

Rotation of the z-y-plane by the angle 6:
given a system matrix S, then the rotated
system matrix

Siot =R ()S (0 =0)R(0)

with R™* (§) = R(—6) = R" (6)

cos O sin 6 0 0

—sinfcosf O 0
0 0 cos 0 sin 6
0 0 —sin # cos @

R =

3.1.6.3 Lens aberrations

Corrections beyond the paraxial range are required by large object-space aperture light sources like
semiconductor lasers (large vertical far-field angles) or large image-space aperture laser focusing

optics like CD-optics.
Shape factor of a lens:

ro + 11
To —T1 ’

(3.1.100)

Shape factor and spherical aberration for focusing of light:

— Minimum of spherical aberration:

ri_n@2n-1)-4
ro  n@n4+1)
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Plane
Fig. 3.1.36. Focusing of incident collimated light by (a) a
general lens with curvature radii r1 and r2, (b) a plano-convex
lens with shape factor ¢ = 1.
. ! 1
— Refractive index n =1.5 = — = ~5 =q=0.7.
T2
r 1
L g = 1 (plano-convex lens), spherical aberration near to minimum.
T2 (0.9]

In Fig. 3.1.36 the focusing of incident collimated light by (a) a general lens with curvature radii
r1 and ro and (b) a plano-convex lens with shape factor ¢ = 1 is shown.

In Table 3.1.16 the third-order spherical aberration and coma for a thin plano-convex lens is
given in comparison with the diffraction-limited resolution for a plane wave or Gaussian illumina-
tion.

Remark 1: Third-order formulae for finite object distance: see [88Kle , more general:
96Ped] [99Bor].

Remark 2: About further third-order aberrations as astigmatism, field curvature, image distortion: see
[76Jenl, [78Dril [80Hof| [86Haf [88Klel [96Ped] [99Bor].

Remark 3: The third-order aberrations are not exactly valid for higher apertures. Example: The third-order
spherical aberration deviates for 2h/f = 1/5 by &~ 2% from the ray-tracing values (the limit, recommended
in for estimations), h/f = 3/10: ~ 15% deviation [76Jen]. Therefore, the ray tracing should be
preferred for larger deviations from the paraxial case. It is the base of modern commercial optical design
programs.

Example 3.1.14. Given: a plano-convex lens after Fig. 3.1.36b with the radius of the spherical
surface r1 = 5 mm, n = 1.5, collimated light with wavelength A\ = 1 wm, stop with a height
h = 1.5 mm, and a fiber with core diameter 27 = 100 um and numerical aperture N.A. = 0.2.
Required: a geometric-optical estimation on the hits of the core of the fiber by the rays in the
paraxial focal point and in the point of least confusion (Fig. 3.1.37). From (3.1.101)—(3.1.105):
f =10 mm, As/ = —262 um, |As/| = 39 pm, As/, = —210 um, |As/,| = 16 pm, As/, =4 um,
and Ast/g = 2.1 pm. In the paraxial focal plane as well as in the plane of least confusion, the
hits of the fiber core by rays are closer than 50 um to the optical axis and the angles of the rays
with the optical axis are < 0.15 within the fiber aperture. Therefore, all rays are accepted by a
step-index fiber. About the analog task for Gaussian beams see references in Sect. 3.1.7.5.4 and
commercial optical design programs, which show in this case, that a large part of radiation is
coupled in higher-order modes.
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Table 3.1.16. Third-order spherical aberration and coma for a thin plano-convex lens [76Jenl p. 152],
88Klel p. 185], [87Naul p. 109] in comparison with the diffraction-limited resolution for a plane wave or

Gaussian illumination.

Figures

Formulae

\ f
Fig. 3.1.37. Spherical aberration at a plano-convex
lens. IP: paraxial image plane, LC: least confusion.

Lens equation (3.1.95) with ¢t =0,
a= —c0, 12 = —00, f=f',
which is modified outside Sect. 3.1.6.1:

1

1
i (n—1)E, (3.1.101)
As| n—2n2+2 (K>

T T \f) (3.1.102)
As{ = As{; , (3.1.103)

plane of least confusion [87Naul [99Paul [99Bor],
011fF) p. 214]:
Asi. ~ 0.8 As{ (3.1.104)

Asi. ~ 0.4 As, . (3.1.105)

Gaussian weights of the illumination change the geo-
metric optical position of least confusion |[01Mabh)].

Fig. 3.1.39. Diffraction-limited resolution for (a) a
Gaussian beam with waist h (1/e*-intensity level)
in the object-side focal plane, (b) a plane wave at
circular stop with radius h.

' =0f, (3.1.106)
a n2—n—-1 (h\>
with
0 : angle of incidence.
As!, = # (3.1.108)
B mnmea(h/f) o
Asfy = 0.61 #’
Nmed SiN O
A
~ 0.6 ————= 3.1.109
Honea (/) (3.1.109)
with

A: wavelength [m],

h: zonal height [m],

f: focal length [m],

Nmed © refractive index of the image space.
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3.1.7 Beam propagation in optical systems

Paraxial propagation of light in a system given by its ABCD-matrix can be calculated

— for (coherent) Gaussian beams by g-parameter propagation (Sect. 3.1.7.2),

— for general field distributions by Collins integral (Sect. 3.1.7.4),

— for second-order moments of the electric field by propagation of the Wigner distribution in
Chap. 2.2 (beam characterization).

3.1.7.1 Beam classification

In Table 3.1.17 various types of beams are listed.

3.1.7.2 Gaussian beam: complex g-parameter and its
ABCD-transformation

3.1.7.2.1 Stigmatic and simple astigmatic beams
3.1.7.2.1.1 Fundamental Mode

— Stigmatic beam and rotational-symmetric system:
= both longitudinal cross sections are treated equally,
— Simple astigmatic beam and elements with a symmetry plane:
= two different sets of ABCD-matrices for the tangential and sagittal cut (see Table 3.1.12).

The introduction of the complex g-parameter |[66Kogl] 66Kog2)

LIRS iA (3.1.110)
0:(2)  Ro(2) mwe(2)? o
formalizes the x-part of the fundamental-mode equation (3.1.31)
2 2
Woz x . kx
U _ _ _ 3.1.111
o) = [t or{ o i) i
to the simple complex shape
1 ka?
Up(x,2) = ——=exp {—i x} . (3.1.112)
1+iz 4x(2)

In Fig. 3.1.40 the transfer of a field distribution by an optical system given by its ABCD-matrix
is shown. In Table 3.1.18 the g-parameter transfer for stigmatic and simple astigmatic beams is
given.
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Table 3.1.17. Types of beams.

Beam

[59Arn] p5Hod

Generated by

Beam type is characterized
by the shape of the matrix S
(3.1.99)

Examples

References with practical
example calculations

Stigmatic

Simple astigmatic
X

2, 7 N g
y

General astigmatic

Fundamental-mode laser

Semiconductor lasers
or:

Anamorphic optical system
(f.e. cylindrical lens) in com-
bination with a stigmatic
beam

General rotation of an
anamorphic optics in
relation with a simple
astigmatic beam

Age = Ayy;
Apy = Ayz =0,
and the same for B, C, D

Azz # Ayy;

Ayz = Agy =0

(no mixing of both orthogo-
nal planes),

and the analog for B, C, D

General case

TE00-mode handling in laser
applications

— ring lasers,

— lasers, including dispersive
elements (dye-lasers),

— tolerance calculations for

resonators and  beam-
guiding optics
Transformation of higher-

order radiation modes

[75Ger| B6Siel D1Sal],
[96 Yar [01T1T] D5Hod],

see Sect. 3.1.7.2.1

[D5Hod| P9Gao) w],

see Sect. 3.1.7.2.1

[b5tod] poGad),

see Sect. 3.1.7.2.2

[1e1 "d 1oy

sorpdo IeauUIT T°¢

1¢T
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E Optical system E
Field i characterized by its iFieId
Y i [A B]-matrix v o

! CcD E

i E Fig. 3.1.40. Transfer of a field distribution by an optical system
Input plane Output plane  given by its ABCD-matrix.

Table 3.1.18. g-parameter transfer for stigmatic and simple astigmatic beams.

Given Propagated field
— Gaussian beam in the input plane: — Transformation of the g-parameter:
2 AqI:L‘ + B
= —i = ———— . 3.1.114
ui(z, z) exp{ i 2q11} . (3.1.113) q0 Cqiat D ( )
— ABCD-matrix of the optical system — Field in the output plane:
(see Tables 3.1.11 and 3.1.12). o
— Starting point: uo(z,z) = exp {fi } (3.1.115)
2(] Oz

Rr=1/Re(1/q1), with the real parameters of the output beam [96Grd:

wi =1/y/—nIm (1/q1)/X. —  beam radius:

AB \? B \?
r = T A s 111
vorm \/(m%) (arqn) @10

— curvature radius of the wavefront:

B \? AB \?2
(1) + (o)
ROzi Lo Lz

- B D AB \2

(3.1.117)

Example 3.1.15. Given: the waist of a Gaussian beam

B 22 B ka2
up = exp 7w78 = exp 71%

with ¢; =1z in comparison with (3.1.110).

Asked: free-space propagation along the distance z with the ABCD-matrix [(1) i] .

Solution:
= 7Aq1+B =z41iz
q2 Cq+D 0
and

B\ /2 ka? 2\ 2 ka?
Uo = A+> ex {—i}:<1+_> ex {—i,}.
© < q1 P 2¢o iz P 2(z +1z2p)
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3.1.7.2.1.2 Higher-order Hermite-Gaussian beams in simple astigmatic beams

Treatment of the z- or y-component of Hermite-Gaussian-beams after (3.1.27): The complex ¢-
parameter transformation is treated as above, the fundamental mode part is given as above, the
new beam radius for the Hermite polynom of order m, H,,(v/2 x/w1,) is calculated from the new
g-parameter and the phase is derived from it, too [70Col|.

For complex Hermite-Gaussian beams: see [86Sie].

3.1.7.2.2 General astigmatic beam

In Table 3.1.19 the Q~!-matrix transfer for general astigmatic beams is given. The matrix Q! is
the matrix scheme of inverses of ¢g-parameters and no inverted matrix [96Gro].

Table 3.1.19. Q '-matrix transfer for general astigmatic beams.

Given Propagated field
— General Gaussian beam in the input plane:  —  Transformation of the Q7 '-matrix to its output value:
Ul(r):exp{_igrQ;%} ., (3.1.118) Qo = (C+DQTY) (A+BQ;1)*1 , (3.1.121)

see [88Siml [96Gro} [05Hod].
— Field in the output plane:

r ~ (z,y) the transverse position vector
perpendicular to the propagation axis z.

-1 .
— -matrix:
@ X Uo(r):exp{—ig'r'Q_olr} . (3.1.122)
1
Q' = q”f q”f’ (3.1.119)
ey Quy

with ¢ee, @zy, @yy complex terms describ-
ing the general amplitude- and phase-
distribution of Uy, and

2 2
rQilr = ;— +2 L Y (3.1.120)

TT qzy Qyy

— S-matrix of the optical system (see Ta-
ble 3.1.15) with

(23

after (3.1.99).

Example 3.1.16. Transformation of a simple astigmatic Gaussian beam (no mixing between z and y)

1
with a #-rotated cylindrical lens to a general astigmatic beam: We start with Q;l = q(’)“” 1 ] .

Ty
The rotation of an z-aligned cylindrical lens, given as Scy1 in Table 3.1.15, is performed by multi-

plying first S¢y1 with the rotation matrix R of Table 3.1.15, and then the product with the inverse
of R is:
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_ AB
Srotated cyl. = R ! SCyl R= I:C D:|

with

|10 |00 [ —cos?0/f, —sinf cosf/f, |10
A{ ] B{oo}’ C[sin@cos@/f_t —sin®0/f, ] D{m]

and

Qo = — 08?0/ fr+1/qus —sinf cos/f,
o - —sin6 cosf/ f, —Siﬂ29/fx+1/qyy

Therefore, the output field

wo (r) = e { ik: {( cos29+ 1 )sc2 2sin90059w +( Sin29+ 1 ) 2}}
= ex —1 — — —_— — —_— —
© P 2 fa Qrx fa Y fa Qyy 4

is a general astigmatic Gaussian beam with a mixing term between the coordinates = and .

3.1.7.3 Waist transformation

Often, the transfer of the beam waist is required for instance for focusing of laser light. Then, the
following algorithms are much more simple than the g-parameter algorithm.

3.1.7.3.1 General system (fundamental mode)

In Table 3.1.20 the waist transformation for a general system is given.

3.1.7.3.2 Thin lens (fundamental mode)

The formulae (3.1.123)—(3.1.126) are further simplified using the focal length f for the thin lens
only, see Table 3.1.21.

Remark: Discussion of equation (3.1.127):

The right-hand-side term of (3.1.127) containing zo represents the modification introduced by the Gaussian
beam optics to the thin-lens equation ((3.1.95), ¢ = 0) shown in Fig. 3.1.42.

In Fig. 3.1.43 the relation of the Gaussian waist transfer to the thin-lens equation of geometrical optics
for different influences of diffraction is shown.

Main modifications of the geometrical optics:

— No “image distance” is at infinity.

— For z = f (point P) the image is at z’ = f (transfer of the object-side focal plane to the image-side
focal plane after (3.1.130), not = 00).

— If a target z’-position is given, then two starting z-positions are possible.

Ezample 3.1.17. Given for Fig. 3.1.42: z = 1179 mm, wo = 0.22 mm, A = 1.06 um; it follows 2z’ = 109 mm,
wg = 0.02 mm, ' = 0.96°, and z; = 1.21 mm. The second right-hand term of (3.1.127) translates the
Gaussian waist image by 0.16 mm in comparison with the geometrical optical image towards the lens.
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Table 3.1.20. Waist transformation for a general system.
Given Solution
— ABCD-matrix of the system, —(Az + B)(Cz+ D) — AC%
i ) 5 for C #0,
- waist wo, 2 = C"zy + (Cz+ D)
—  wavelength ), including zo = mwd /X, _Az+ B for C =0
. . D - )
— distance z to the input plane of the system.
(3.1.123)
o, Cz' +A] 20
Optical system 0" Cz+D| 222+ (Cz+ D)2’
characterized by its (3.1.124)
AB| . N2/
[C D} matrix w = %0 (3.1.125)
s
A
6f = Mﬂ - (3.1.126)
Fig. 3.1.41. Waist transformation by an optical %o
system.
The beam parameter product is invariant:
Asked: Waist w{ and distance 2z’ to the output plane
of the system including zg . wo O = wo O = A/
Table 3.1.21. Waist transformation by a thin lens.
Given Solution
— Focal length f of the lens, 1 1 1 22
— wavelength A, T T7 + TP (3.1.127)
—  waist wo , including zp = mws /A, )
— distance z to the input plane of the system. see Fig. 3.1.42,
wo = wo / , (3.1.128)
| 2%+ (2= f)?
~ W(I) Vo
""" T 2 = Lﬁo (3.1.129)
Image point
of paraxial optics If z= f, then
z z' ’ ’ wOf
Fig. 3.1.42. Waist transformation by a thin lens. z'=f and wp= 0 (3.1.130)

Asked: Waist wg and distance 2z’ to the output plane
of the system and 2§ .
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4 T - -
1 Geometrical optics
3k v
5L 7,/f=3
o 1
=
O —
Tt b zy/f=02
-2r Geometrical optics /‘\‘ Fig. 3.1.43. Relation of the Gaussian waist transfer (full
3 . . L . . lines) to the thin-lens equation (dashed) of geometrical
-3 -2 -1 0 1 2 3 4 optics for different influences of diffraction (wavelength A

z/f respectively zo).

3.1.7.4 Collins integral

For Fresnel’s approximation of diffraction in paraxial systems see [68Gool [71Coll [78Lohl, [94Roe].
It was generalized to the propagation of field distributions in ABCD-described systems by |[70Coll
[76Arn| 05Gro2} 05Hod].

3.1.7.4.1 Two-dimensional propagation

In Table 3.1.22 the propagation in rotational symmetric systems and simple astigmatic systems is
given.

Table 3.1.22. Propagation in rotational symmetric systems and simple astigmatic systems.

Given Solution

— ABCD-matrix of the optical Field Uo(z2
system (see Tables 3.1.11

~

in the output plane (Collins integral):

and 3.1.12), Uo(zs) = {/ — e L

— field distribution in the in- AB
put plane Ui (z), v ok

~ path length along the opti- X / dz1 Ur(z1) exp {—1 5B [Aa:? — 2129 + Dm%}} . (3.1.131)
cal axis L. —oo

Example 3.1.18. The waist of a Gaussian beam is given with Uy(z1) = exp (—2%/w?) in the input
plane. The system consists of a thin lens with the focal length f followed by a free-space propagation
by distance z. The ABCD-matrix is calculated from Fig. 3.1.34 and Table 3.1.11:

ol =[]

L kL a? .k .2 2
Uo(z2) = Vi / dz; exp —2 ) epy g 1—? x] — 2x129 + 25 .
i

— 00
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The result is an output Gaussian intensity distribution with the waist radius

wi
wo = )

Tw 2
1+ (5%)

. oy TTwWwo wi
the waist position z = zyaist = f <

ASf
For inclusion of displacements and misalignments in Collins Integral see [96Tov].

2
) ,and zo = mw% /A

3.1.7.4.2 Three-dimensional propagation

In Table 3.1.23 the propagation in in general astigmatic systems is given.

Table 3.1.23. Propagation in general astigmatic systems.

Given Solution

— S: matrix of the optical sys- Field Uo(rz2) in the output plane (Collins integral):
tem, see Table 3.1.15 and

. —i exp —ikL) /
3.1.99) with Uo(r driUs (r
( ) o(r2) = W i 1U1 (1)
AB Lk 1 -1 -1
S = col x expq—ig [riB ™ Ar; —2r1 B ra+ 72 DB o] ¢ (3.1.132)

— field distribution in the input with det B the determinant and B! the inverse of the matrix B.
plane: Ur(ry), where 7, is the Examples in [70Col, [05Gro2} [05Hod].
position vector in the input
plane.

3.1.7.5 Gaussian beams in optical systems with stops, aberrations, and
waveguide coupling

3.1.7.5.1 Field distributions in the waist region of Gaussian beams including stops
and wave aberrations by optical system

Classical cases of optical system design are given in [99Bor] [80Hof} |86Haf]. [82Wag [95Gae| use the
calculation of the field distribution in the image by a stop and wave aberrations in the exit pupil.
The analog is modeled for Gaussian beams on the exit pupil in the following references:

— focused Gaussian beams with aberrations and stops: see [69Cam) [71Sch],
— obscuration of a rotationally symmetrical Gaussian beam including longitudinal focal shift: see

[82Cau [86Stal,

— extended systematic discussion of diffraction with stops, obscuration, and aberrations: see

[86Mahl |01 Mah|,
— spherical aberration: see \|
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3.1.7.5.2 Mode matching for beam coupling into waveguides

The calculation of the excitation coefficient of an eigenmode in a waveguide (output mode) by the
incident mode (input mode) at the surface of the waveguide is described in Table 3.1.24.

This task occurs

— if a laser beam is formed by an optical system and coupled afterwards into an optical fiber,
— if a laser beam of a master oscillator is to be coupled into a power amplifier,
— in the case of waveguide-waveguide coupling especially fiber-fiber coupling or coupling between

semiconductor lasers.

Solutions are available in commercial optical design programs.

Table 3.1.24. Definitions for waveguide coupling.

Given

Solution

— Incident beam (emitted by a laser
(and) transformed by an optical system):
Eillput (CIT, y) .

— Waveguide with an eigenmode field the
coupling to which is asked: Foutput (Z,y) -

Plane of mode
matching

Waveguide
Fig. 3.1.44. Mode matching.
Asked: Part of power transmitted into the

waveguide (fiber, laser, integrated optical
waveguide).

Coupling coefficient (power relation):

_ 010 O10
NiNo

Overlap integral:

oo

OIO: /da: dyEI(mzy)EB(x7y)

—0o0 — 00

Normalization:
Ni= /dx/dyEI(w,y)E“f(x,y%

Normalization:

oo

No = /dx dyEo(z,y) Eo(z,y) .

—o0 —o0

(3.1.133)

(3.1.134)

(3.1.135)

(3.1.136)

Effective antireflection layers are assumed to be on the

waveguide.

3.1.7.5.3 Free-space coupling of Gaussian modes

For the case that a Gaussian output waist of a source waveguide and a Gaussian input waist of
a receiver waveguide are separated by air, the coupling of both waveguides is generally treated in
. Higher-order modes are also included. The approximation of small misalignments (offset
and tilt) is given in Table 3.1.25, large offsets and tilts are treated in .
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Table 3.1.25. Coupling of waveguides .

Given Solution
— Source WG1 (laser, waveguide) which 4
emits a Hermite-Gaussian beam, 700—00 = 5 5
— receiver WG2 (laser, waveguide) which can (ﬂ i wfo) n (an wo )2 (i B L)
accept Hermite-Gaussian eigenmodes: wo w1 A R1  Ro
2 2 12
Plane of coupling _8 (WQOIWOC;A? kY (w% n w20) '
(w1 +who) 2
(3.1.137)

Fig. 3.1.45. Coupling of Gaussian beams.
wo1 and woo: beam waist radii for WG1 and
WG2, respectively; w1 and wo: beam radii
in the coupling plane; R1 and Ro: curvature
radii of the beam wavefronts in the coupling
plane; k = 27/ ; A: the wavelength of light;
A x: the lateral offset between the waveguides;
1 : the tilt of the axis.

Asked: The efficiency of the excitation of
the modes in WG2, here the fundamental
mode 00.

noo—o0 = 1 for Ax = ¢ = 0 and the exact beam radii
and curvature fitting wi = wo and R1 = Ro, otherwise
Noo—oo < 1.

Equation (3.1.137) contains the approximations:

— Gaussian beams (paraxial optics).
— Right-hand side of (3.1.137): 2°¢ and 3" term < 1%
term.

About coupling coefficients for higher-order modes and
without the approximation: see [64Kog|; on couplings with
Hermite-Gaussian modes and Laguerre-Gaussian modes:

see [94Kril [B0Gral.

3.1.7.5.4 Laser fiber coupling

Methods of treatment:

— Launching of fundamental-mode laser radiation into the fundamental mode of a single-mode

fiber:

— Calculation of the overlap integral (3.1.134) for a Gaussian mode and the mode field for
different fiber cross sections: see p. 179], [80Gral.

— Approximation of the exact fiber fundamental modes by a Gaussian field distribution (see
pp. 68]) and the application of the waist transformation from laser via an optical
system with the methods of Sects. 3.1.7.2-3.1.7.4 and calculation of the overlap integral
equation (3.1.134) or mode-coupling equation (3.1.137) [91Wul.

— Launching of fundamental-mode laser radiation or multimode laser radiation or incoherent light

sources into multimode fibers:

— Opverlap integral techniques in the framework of partial coherence theory: see [87Hil|.
—  Geometric optical methods (ray tracing and phase space techniques): see

[91Gral, [91Wul|011f] |
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— Inclusion of the aberrations and stops of the optical system used:

— Monomodal and partial coherent case: calculation of the wave aberrations of the optical
system by ray-tracing methods and inclusion of these aberrations into the overlap integral:
see [82Wagl [05Gae] [89Hill [99Gue].

— Ray-tracing methods are adequate for stops and aberrations, but not reliable for a few mode
waveguides: rough design the spot diagram of the ray tracing in the fiber facet should
be within the core area and the angles of incidence should be smaller then the aperture angle

[88Neu] of the fiber.
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4.1 Frequency conversion in crystals

G.G. GURZADYAN

4.1.1 Introduction

4.1.1.1 Symbols and abbreviations

4.1.1.1.1 Symbols

n conversion efficiency

n (energy) energy conversion efficiency

n (power) power conversion efficiency

7 (quantum) quantum conversion efficiency
Tpy T pulse duration

« angle between interacting beams
A A wavelength bandwidth

Av frequency bandwidth

A6 angular bandwidth

E energy

f laser pulse repetition rate

Iy pump intensity

Tine threshold intensity

©pm phase-matching angle in the XY plane from X axis
L crystal length

A wavelength

n refractive index

No ordinary refractive index

Ne extraordinary refractive index

v wave number, frequency

P power

Opm phase-matching angle from Z axis
P birefringence (walk-off) angle

T, Tom crystal temperature

Type 1 o+o0o—e or e+e—o

Type 11 o+e—e or o+e—o

ooe oO+o—+e or e —>0+0

eeo ete—o0 or o—»>ete

eoe eto—>e or e—>e+o

0€o oO+e—o0 or o—e+o
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4.1.1.1.2 Abbreviations

av average

cw continuous wave

DFG difference frequency generation

DROPO doubly resonant OPO

ERR external ring resonator

FIHG fifth harmonic generation

FOHG fourth harmonic generation

ICDFG intracavity difference frequency generation

ICSHG intracavity second harmonic generation

IR infrared

mid IR middle infrared

NC noncollinear

NCSHG noncollinear second harmonic generation

OPA optical parametric amplifier

OPO optical parametric oscillator

SFG sum frequency generation

SH second harmonic

SHG second harmonic generation

SIHG sixth harmonic generation

SP OPO synchronously pumped OPO

SROPO singly resonant OPO

SRS stimulated Raman scattering

THG third harmonic generation

TROPO triply resonant OPO

TWOPO traveling-wave OPO

uv ultraviolet

4.1.1.1.3 Crystals

Chemical formula Symbol Crystal name

Ag3AsS; Proustite

AgGaSs Silver Thiogallate

AgGaSes Silver Gallium Selenide

AgsSbSs Pyrargyrite

BasNaNbsOq5 Barium Sodium Niobate (Banana)
[F—BaBs0y BBO Beta-Barium Borate

CdGeAs,y Cadmium Germanium Arsenide
CdSe Cadmium Selenide

CsB30s5 CBO Cesium Borate

CsH2AsOy CDA Cesium Dihydrogen Arsenate
CsLiBgO19 CLBO Cesium Lithium Borate
CsHgN5O3 POM 3-Methyl-4-Nitro-Pyridine-1-Oxide
CsHgOs3 MHBA 4-Hydroxy-3-Methoxy-Benzaldehyde (Vanillin)
C10H11N3504 MAP Methyl N-(2,4-Dinitrophenyl)-L-Alaninate
C10H13N303 DAN N-[2-(Dimethylamino)-5-Nitrophenyl]-Acetamide
C11H14N,O4 NPP N-(4-Nitrophenyl)-(L)-Propinol
CsDyAsOy DCDA Cesium Dideuterium Arsenate
GaSe Gallium Selenide
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HgGagSy Mercury Thiogallate

a—HIO3 a—Iodic Acid

KB50g 4D50O DKB5 Potassium Pentaborate Tetradeuterate
KB50g 4H5,0 KB5 Potassium Pentaborate Tetrahydrate
KD5AsOy4 DKDA Potassium Dideuterium Arsenate
KD>POy4 DKDP Potassium Dideuterium Phosphate
KH>POy4 KDP Potassium Dihydrogen Phosphate
KNbO3 Potassium Niobate

KTiOAsO, KTA Potassium Titanyl Arsenate
KTiOPOy4 KTP Potassium Titanyl Phosphate
LiB3Os5 LBO Lithium Triborate

LiCOOH H,0O LFM Lithium Fomate

LiIO3 Lithium Iodate

LiNbO3 Lithium Niobate

LiNbO3:MgO Mg:O-doped Lithium Niobate
(NH3)2.CO Urea

NH; H>AsO4 ADA Ammonium Dihydrogen Arsenate
NH4H>PO, ADP Ammonium Dihydrogen Phosphate
NO,CgH4NH, mNA meta-Nitroaniline

RbH5AsO4 RDA Rubidium Dihydrogen Arsenate
RbH;PO4 RDP Rubidium Dihydrogen Phosphate
RbTiOAsO4 RTA Rubidium Titanyl Arsenate

Te Tellurium

Tl3AsSes Thallium Arsenic Selenide

ZnGePy Zinc Germanium Phosphide

4.1.1.2 Historical layout

The pioneering work of Franken et al. on second harmonic generation of ruby laser radiation
in quartz and invention of the phase-matching concept generated a new direction in
the freshly born field of nonlinear optics: frequency conversion in crystals. Sum frequency generation
by mixing the outputs of two ruby lasers in quartz was already realized in 1962 .
Zernike and Berman were the first to demonstrate difference frequency mixing. Optical
parametric oscillation was experimentally realized in 1965 by Giordmaine and Miller |[65Gio]. First
monographs on nonlinear optics by Akhmanov and Khokhlov and Bloembergen [65Blo
greatly stimulated development of the nonlinear frequency converters. At present the conversion of
laser radiation in nonlinear crystals is a powerful method for generating widely tunable radiation
in the ultraviolet, visible, near, mid, and far IR regions.

For theoretical and experimental details of nonlinear frequency conversions in crystals, see
monographs by Zernike and Midwinter [73Zex|, Danelyus, Piskarskas et al. [83Dan|, Dmitriev and
Tarasov [87Dmil, Shen [84She|, Handbook of nonlinear optical crystals (by Dmitriev, Gurzadyan,
Nikogosyan) [91Dmil [99Dmi|, Handbook of nonlinear optics (by Sutherland) [96Sut]. For frequency
conversion of femtosecond laser pulses, see also [88Akh]. For linear and nonlinear optical properties
of the crystals, see 77Nik|, 79Kur] 84Jer] [87Nik| [87Chel [06Sut] [99Dmil [00Chal, [00Sas]. For related
nonlinear phenomena, see |[96Sut|. For the historical perspective of the nonlinear frequency con-
version over the first forty years, see . In the following section, Sect. 4.1.2, we present some
basic equations which may be useful for simple calculations of frequency converters.
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4.1.2 Fundamentals

4.1.2.1 Three-wave interactions

Dielectric polarization P (dipole moment of unit volume of the substance) is related to the field E

by the material equation of the medium [64Akhl [65Blo| (Chap. 1.1):
PE)=cc XVE+xPE? +x® E3 +..) (4.1.1)

with

g0 = 8.854 x 10712 CV~Im~!: dielectric permittivity of free space,
X =n? —1: the linear, and y@ , x(® etc.: the nonlinear dielectric susceptibilities.

In the present chapter, Chap. 4.1, we consider only three-wave interactions in crystals with
square nonlinearity (X(Q) # 0). The following nonlinear frequency conversion processes are consid-
ered:

Second Harmonic Generation (SHG):

wtw=2uw, (4.1.2)
Sum-Frequency Generation (SFG) or up-conversion:

w1 + wy = wg (4.1.3)
Difference-Frequency Generation (DFG) or down-conversion:

w3 —wz = w1, (4.1.4)
Optical Parametric Oscillation (OPO):

w3 = wo + w1 . (4.1.5)
For efficient frequency conversion phase matching should be fulfilled:

ki+ ko =k; (4.1.6)

with
k; : the wave vectors for w; , wo , w3, respectively.

Two types of phase matching are introduced:

typel: o4+0—e or et+e—o0,
type II: o+e—e or o+e— o0,

or with shortened notations:

ooe: o+0—>e€e or e—~>0+o0,
eeo: e+e—0 or o—~e—+e,
eoe: e+0—e€ or e—e—+o,
oeo: o+e—o0 or o —>e+o0.

In the shortened notation (ooe, eoe, ...) applies: w; < we < ws, i.e. the first symbol refers to the
longest-wavelength radiation, and the latter to the shortest-wavelength radiation. Here, o-beam,
or ordinary beam, is the beam with polarization normal to the principal plane of the crystal, i.e.
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the plane containing the wave vector k and crystallophysical axis Z (or optical axis, for uniaxial
crystals). The e-beam, or extraordinary beam, is the beam with polarization in the principal plane.

The methods of angular and temperature phase-matching tuning are used in frequency con-
verters. Angular tuning is rather simple and more rapid than temperature tuning. Temperature
tuning is generally used in the case of 90 ° phase matching, i.e., when the birefringence angle is zero.
This method is mainly used in crystals with a strong temperature dependence of phase matching:
LiNbOgs, LBO, KNbOj3, and BagNaNbsO15.

4.1.2.2 Uniaxial crystals

For uniaxial crystals the difference between the refractive indices of the ordinary and extraordinary
beams, birefringence An , is zero along the optical axis (crystallophysical axis Z) and maximum in
the normal direction. The refractive index of the ordinary beam does not depend on the direction
of propagation, however, the refractive index of the extraordinary beam nq(#) is a function of the
polar angle 6 between the Z axis and the vector k (but not of the azimuthal angle ¢) (Fig. 4.1.1):

2

1+ tan? 6

2
1+ (no) tan2 0
Ne

where n, and n. are the refractive indices of the ordinary and extraordinary beams in the plane
normal to the Z axis and termed as corresponding principal values. Note that if n, > n, the
crystal is negative, and if n, < ne, it is positive. For an o-beam the indicatrix of the refractive
indices is a sphere with radius n,, and an ellipsoid of rotation with semiaxes n, and n, for an
e-beam (Fig. 4.1.2). In the crystal the beam, in general, is divided into two beams with orthogonal
polarizations; the angle between these beams p is the birefringence (or walk-off ) angle.
Equations for calculating phase-matching angles in uniaxial crystals are given in Table 4.1.1

86Nk} [99Dmil.

ne (0) = ne (4.1.7)

Fig. 4.1.1. Polar coordinate system for description of refraction properties of uniaxial crystals (k is the
light propagation direction, Z is the optic axis, § and ¢ are the coordinate angles).

4.1.2.3 Biaxial crystals

For biaxial crystals the optical indicatrix has a bilayer surface with four points of interlayer contact
which correspond to the directions of two optical axis. In the simple case of light propagation in
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z z
No > Ne Mo Ne > Ng
No ne (6)
0 z
0 0
No ne X(Y)

Fig. 4.1.2. Dependence of refractive index on light propagation direction and polarization (index surface)
in uniaxial crystals: (a) negative: n, > ne and (b) positive: ne > no .

Table 4.1.1. Equations for calculating phase-matching angles in uniaxial crystals [86Nik| [99Dmil.

Negative uniaxial crystals Positive uniaxial crystals

tan® 0950 = (1 - U)/(W — 1) tan® 0555 ~ (1 — U)/(U - S)
tan® 050 ~ (1 — U) /(W — R) tan? 0250 = (1 —V)/(V = Y)
tan® 0%e° ~ (1 — U) /(W — Q) tan® 0590 = (1 —T)/(T — Z)

Notations:

U= (A+B)?/C*; W= (A+B)?/F?; R=(A+ B)*/(D+ B)?;
Q=(A+B)?/(A+E)?; S=(A+B)*/(D+E)*; V=B*/(C— A);
Y = B?*/E?*; T = A%/(C — B)*; Z = A®/D?;

A=no1/M; B=nc2/A2; C =no3/A3;

Dzne1/)\1; E:’I’Leg/)\z; FI’I’Leg/)\3.

These expressions can be generalized to noncollinear phase matching. In this case, for example,

the phase-matching angle 0,57 is determined from the above presented equation using the new coefficients

U and W:
U= (A>+B®>+2ABcos v)/C*, W = (A®> + B> + 2ABcos v)/F?,

where ~ is the angle between the wave vectors k1 and ks .

the principal planes XY, YZ, and XZ the dependencies of refractive indices on the direction
of light propagation represent a combination of an ellipse and a circle (Fig. 4.1.3). Thus in the
principal planes a biaxial crystal can be considered as a uniaxial crystal, e.g. a biaxial crystal with
nz > ny > nx in the XY plane is similar to a negative uniaxial crystal with n, = nz and

1 + tan? ?
ne (¢) = ny o . (4.1.8)
1+ (ny/nx)” tan® ¢
The angle V; between the optical axis and Z axis for the case ny > ny > nx can be found from:
1
2 2\ 2
sin Vy = -2 (”g";{) (4.1.9)
ny \ny —n%
and for the case nx > ny > nyz:
1
2 _ 2\ 2
cos Vy = = (M) . (4.1.10)
ny \ng —ny
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Optic axis

Optic axis

Fig. 4.1.3. Dependence of refractive index on light propagation direction and polarization (index surface)
in biaxial crystals: (a) nx < ny <ngz, (b) nx >ny >nz.

For a positive biaxial crystal the bisectrix of the acute angle between optical axes coincides with
Nmax and for a negative one the bisectrix coincides with nyiy, -
Equations for calculating phase-matching angles upon propagation in principal planes of biaxial

crystals are given in Table 4.1.2 [87Nikl (99D mi].

4.1.2.4 Effective nonlinearity

Miller delta formulation [64Mil|:
€0Ei(w3) = (5ijkPj(w1)Pk(w2) s (4.1.11)
where the Miller coefficient,

1 X (ws)

20 P (wr) ¥ (ws2) X (ws)

Sij = (4.1.12)

has small dispersion and is almost constant for a wide range of crystals.
For anisotropic media the coefficients x() and x(? are, in general, the second- and third-rank
tensors, respectively. In practice, the tensor

1
dijk = 5 Xiik (4.1.13)
is used instead of x;ji . Usually, the “plane” representation of d;;; in the form d; is used, the

relation between [ and jk is:

ik !
11
22
33
23 or 32

31 or 13
12 or 21

rrreee
O T W N =
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Table 4.1.2. Equations for calculating phase-matching angles in biaxial crystals upon light propagation in the principal planes [ ]

(a) nx <ny <nz

Principal Type of Equations Notations
plane interaction
1-U A+ B\’ A+ B\’ .
ooe tan290: — + . — + A:% B—% :% 1-7‘7717)(3
w-1 U ( C )’W ( F ’ A w 0T A3
1-U A+ B\? A+ B\’ A+ B\? n n n n n
XY eoe tan® ¢ ~ — . — . p— A1 p_NtZ22 s W3 PX1p  DX3
W —R v C ’W F ’R D+ B ’ A1 ’ A2 ’ A3 ’ A1 ’ A3
1-U A+ B\? A+ B\? A+ B\?
oee tan® ¢ ~ _ + LW — + e A=zl p_ W2 4 NYs. p X2 5 X3
WﬁQ v ( C ) ’W ( F ’Q A+ FE ’ )\17 )\270 )\3’ A2 ’ A3
1-U A+ B\ A+ B\*
eeo tan? 0 ~ — + .o + A= Y1 p Y2 _nxs. . p_ntzar p_Nz2
v-s Y < C ) 39 (D+E> ’ A A2 O Az A Az
-V B ? B\? n n nx: n
Y7 0€eo tan® 6 = — y=(2) a1, p_™2 »_DX3. p_ 22
vy V=lg-a)’ E) "’ A WO A2
€00 tan20:1_T T — A Q.Z_ A ’ A=Wl p_ TX2 _ nxs . nzi
r-z “\Cc-B) 7 \D) T X7 N As A
1-U A+ B\’ A+ B\*® n n n n
Xz ooe tan® 0 = — LW — 4= vz ~_Pxs nzs
w-1 U C W F A= S A Vel R W
2 1-U A+ B\’ A+ B\? A+ B\? n n n n n
o<V, eoe tan” 0 ~ — W= - Mo p_ w2 M. p_nta.p_ Nz
z w-r U ( C ) W ( F > R <D+B> ’ PV X As PV X3
1-U A+ B\? A+ B\*® A+ B\
oee tan? 0 ~ — + W — + _ + i p_ Px2 _nxs. . p_"Nz2 p_ Nz3
W_Q v < C ) ’W ( F > ’Q <A+E ’ A1 ’ A2 ’C A3 ’ A2 ’ A3
1-vu A+ B\’ A+ B\’ n n n n n
Xz eeo tan’ 0 ~ — . g A=D1, . p_ X2 3. p_ Izt _ tzz2
U-S v C ’S D+ FE ’ A17 A2 ’C )\3’ )\3’ A2
2 -V B 2 B\’ n n n n
0>V, 0€o tan” 0 = — NV g i g X2 — ny¥s _ b2z
z vey |V (C—A) Y (E) A= VR v R W
€00 tan29:1_T T — A 2'Z* A ’ A="x1. . p_Ty2 o _TNvs 5 _TNz1
T-2 “\C-B) 7 \D) T M T T T T,
(continued)
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Table 4.1.2 continued.
(b) nx >ny >nz

Principal Type of Equations Notations
plane interaction
1-U A+ B\? A4 B\?
eeo tan? ¢ ~ - + . g = A=Y p_ Ty2 _Nz3s p_"NXx1. p_ X2
v-s U < C )’S (D+E>’ A AQ’C Az At Az
1-V B 2 B\? n n nz: n
XY 0€eo tan® ¢ = — y=(2 A=z, p_ N2 - 4. p X2
vey Y (C—A) ’ E)’ A N OIS A2
1-T A \?2 A\? .
€00 tan® ¢ = T — g (2) 41, p_N2z2 _nzs p_nxi
T-Z7 (C—B) ’ D ’ )\1’ )\2’ )\37 )\1
1-U A+ B\ A+ B\
ooe tan® 0 = _ (4t w= (AT LA DXL g TX2 o _NY3. o Tz3
w-1 U ( G )7W ( 7 >,A N B= NP,
1-U A+ B 2 A+ B 2 A+ B 2 n n n n n
VA eoe tan’ 0 ~ — . _ N - A g X2 AWy P21 23
w-r U C W F H={prB) A N CT N A A3
1-U A+ B\’ A+ B\’ A+ B\’
oee tan? 0 ~ — + W — + L O — + A=D1 p W2 A NYV3, o NZ2 5 23
W_Q v < C ) ’W ( F ) ’Q <A+E ’ A1 ’ A2 ’ A3 ’ A2 ’ A3
1-U A+ B\? A+ B\? n n n n n
X7 eeo tan® 0 ~ _ Lo A= DXL . p_Nx2 ~_ T3 5 NzL o Nz2
U-8 v C ’S D+ FE ’ A A2 ’C )\3’ A A2
2 1-V B 2 B\? n n n n
0 <V, 0eo tan” 0 = - y=(2 =Xl . p_X2. o . p_ T2
: vy V=(ota) v =(3) A= Rip= o=t p=
1-T A 2 A\?2
€00 tan? 6§ = — A e _rxa L N T - R s L2}
-z T (CfB) 2 (D) A= N OT A
1-U A+ B\? A+ B\? n n nx: n
Xz ooe tanZ 6 = _ . _ A= YL. p_""W2. .~ TIX3 p 1Z3
W -1 U C W F ’ A Ao ;¢ Az A3
2 1-U A+ B\? A+ B\? A+ B\? n n n n n
0>V eoe tan” 6 ~ — . — . A_"X1. p_ W2 o NX3 Nzl o TZ3
U A+ B\? A+ B\? A+ BY\?
oee tan? 0 ~ _ + W — + _ + A= YL p_ NX2 _Dx3s p_TNz2 p_ Nz
7Q U ( C )7W ( Fal )7Q <A+E ) )\17 >\2,C )\37 )\2’ )\3
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150 4.1.2 Fundamentals [Ref. p. 187

Kleinman symmetry conditions : doy = dig, dog = dszo, d31 = di5, di3 = d35, dig =
dsg, dos = di1a = dog, dzz = dog are valid in the case of non-dispersion of electron nonlinear
polarizability. The equations for calculating the conversion efficiency include the effective nonlinear
coefficients deg , which comprise all summation operations along the polarization directions of the
interacting waves and thus reduce the calculation to one dimension. Effective nonlinearities dog
for different crystal point groups under valid Kleinman symmetry conditions are presented in
Table 4.1.3.

The conversion factors for SI and CGS-esu systems are given in Table 4.1.4.

Table 4.1.3. Expressions for deg in nonlinear crystals when Kleinman symmetry relations are valid.

(a) Uniaxial crystals

Point group Type of interaction
00€, 0eo, €00 eeo, eoe, oee
4, 4mm dis sin 0
6, 6mm dis sin 0
6m2 da2 cos 0 sin (3¢) da2 cos® @ cos
3m dis sin 6 — da2 cos 0 sin (3p) das cos? 0 cos (3¢)
6 (d11 cos (3¢) — da2 sin (3¢)) cosf (d11 sin (3g) + daz cos (3p)) cos? @
3 (d11 cos (3p) — da2 sin (3¢)) cosf + dis sin@  (di1 sin (3p) + daz cos (3p)) cos? §
32 d11 cos O cos (3p) d11 cos? 0 sin (3¢)
4 (d14 sin (2¢) + di5 cos (2¢)) sin 6 (d1a cos (2¢) — dis sin (2¢)) sin (20)
42m dse sin 6 sin (2¢p) dse sin (26) cos (2¢p)

(b) Biaxial crystals (assignments of crystallophysical and crystallographic axes: for mm2 and 222
point groups: X,Y,Z — a,b,c; for 2 and m point groups: ¥ — b)

Point  Principal Type of interaction

group plane 00€e, 0€0, €00 eeo, eoe, oee
2 XY das cos dse sin (2¢)
YZ da1 cos @ dse sin (20)
XZ 0 da1 cos? 0 + das sin? @ — dsg sin (20)
m XY di3 sing ds1 sin? @+ ds2 cos? %)
YZ dsz1 sinf di3 sin2 0+ dio COS2 0
X7 d12 cos @ — d3z sin 0 0
mm2 XY 0 ds1 sin? © + ds2 cos? ©
YZ d31 sin9 0
XZ d32 sin 6 0
222 XY 0 dse sin (2¢)
XZ 0 d36 sin (20)
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Ref. p. 187] 4.1 Frequency conversion in crystals 151

Table 4.1.4. Units and conversion factors.

Nonlinear coefficient MKS or SI units CGS or electrostatic units
ngl') 1 (SI, dimensionless) = i (esu, dimensionless)
3 x 10*
d;; or X’E?I)C 1V lm = ZT[ (erg71 cmS)%
47 1
—1._2 _ —1 . 3\2
0ij 1C 7 'm = 3% 10° (erg™" cm”)2

Note that in SI units P = g x™E™ (with P™ expressed in C m~?), whereas in CGS or esu
units P™ = x™WE™ (with P™ expressed in esu).

4.1.2.5 Frequency conversion efficiency

4.1.2.5.1 General approach

The conversion efficiency of a three-wave interaction process for the case of square nonlinearity

P, =co P E? (4.1.14)

can be determined from the wave equation derived from Maxwell’s equations |[64Akhl [65Blol [73Zer]

99Dmi, see also (1.1.4)—(1.1.7),

(1+xD) PE 1 9°Py
c? o2 gpc? Ot2

VxVxFE+

(4.1.15)

with the initial and boundary conditions for the electric field E .

An exact calculation of the nonlinear conversion efficiency for SHG, SFG, and DFG generally
requires a numerical calculation. In some simple cases analytical expressions are available. In order
to choose the proper method, the contribution of different effects in the nonlinear mixing process
should be determined. For this purpose the following approach is introduced :

— Consider the effective lengths of the interaction process:
1. Aperture length L,:

L,=dop ', (4.1.16)

where dg is the beam diameter.
2. Quasistatic interaction length L:

Lys=10"", (4.1.17)
where 7 is the radiation pulse width and v is the mismatch of reverse group velocities. For
SHG

v=uy'—uyl, (4.1.18)

where u,, and usg, are the group velocities of the corresponding waves w and 2w .
3. Diffraction length Lg;¢:

Lais = kd3 . (4.1.19)
4. Dispersion-spreading length Lgs:

Las=T72g7", (4.1.20)
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152 4.1.2 Fundamentals [Ref. p. 187

where ¢ is the dispersion-spreading coefficient

g:% (52k> _ (4.1.21)

0 w?
5. Nonlinear interaction length L:
Lo = (cag) " . (4.1.22)

Here o is the nonlinear coupling coefficient:

01,2 = 47k1 2075 dest (4.1.23)
o3 =2mk3ng” defr (4.1.24)
and
1
ag = (af (0) + a3 (0) + a3 (0))* (4.1.25)

where a,,(0) are the wave amplitudes of interacting waves A;, Ay, and A3 at the input
surface of the crystal.
— The length of the crystal L should be compared with L.g from above equations. If L < Leg the
respective effect can be neglected.

4.1.2.5.2 Plane-wave fixed-field approximation
When the conditions L < L, and L < L.g are fulfilled, the so-called fixed-field approximation is

realized. For SHG, w + w = 2w and Ak = 2k, — ks, , the conversion efficiency 7 is determined by
the equation:

2m2d2. L?P, |Ak| L
= PUJ Pw = # 5 2 . 41.26
n=Fa/ gocnng, A3 A ( 2 ) ( )
For SFG, wy + wy = w3 and Ak = k1 + ko — k3, the conversion efficiency 7 is:
8m2d2. L?P, |Ak| L
=P;/P = off inc? : 4.1.27
1 3/ ! Eoc’nlngng)\%A ( 2 > ( )
For DFG, wy = w3 — wy and Ak = ky + ko — k3, the conversion efficiency 7 is:
8m2d2. L% Py |Ak| L
=P, /P;= off inc? . 4.1.28
" 1/ 3 6067117?,2713)\%14 ! ( 2 ) ( )

Note that all the above equations are for the SI system, i.e. [deg] = m/V; [P] = W; [L] = m;
Al =m; [A =m?; g9 =8.854 x 10712 As/(Vm); c =3 x 108 m/s.

When the powers of the mixing waves are almost equal, the conversion efficiency is for THG,
wH+2w=3w:

P3w

% . (4.1.29)
(P2wa) 2

77:
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for FOHG in the case of w + 3w = 4w :

Py,
n=—2 _ (4.1.30)
(PSu;Pw)E
or for 2w +2w =4w:
P4w
= = . 4.1.31
n=7p, ( )
for SFG, wy + wy = w3 :
P.
po 13 (4.1.32)
(P1P2)?
for DFG, w; = w3 —ws :
P
n=—1_. (4.1.33)
(PaP3)?

In some cases (mentioned additionally) the conversion efficiency is calculated from the power
(energy) of fundamental radiation, e.g. for fifth harmonic generation, w + 4w = 5w

P5w

. 4.1.34
. (4.1.34)

’[7 =
Corresponding equations are valid for energy conversion efliciencies by substituting the pulse energy
instead of power in the above equations.

The efficiency n in the case of OPO is calculated by the equation

E
y = Loro (4.1.35)

Ey 7

where Eopo is the total OPO radiation energy (signal + idler) and Ejy is the energy of the pump
radiation. Conversion efficiency can also be determined in terms of pump depletion:

Eunc
E Y

pump

n=1- (4.1.36)
where Fyy is the energy of unconverted pumping beam after the OPO crystals. Pump depletions
are usually significantly greater than the ordinary n values.

The quantum conversion efficiency (for the ratio of converted and mixing quanta) in the case
of exact phase-matching (A k = 0) for sum-frequency generation, w; + ws = ws, is determined by
the following equation (SI system):

n= Bsds 2 (mdeﬂL\/ 20 ) , (4.1.37)

B Pl/\l EpCN1 N N3 )\1 >\3A

and for difference-frequency generation, w; = w3 — ws:

n= Pid e (2ndeﬁL\/ 25 ) . (4.1.38)

_Pg)\g 600711712713)\1)\314

In the presence of linear absorption all the above equations for conversion efficiencies should be
multiplied by the factor

exp(—al)~1—alL, (4.1.39)

where « is the linear absorption coefficient of the crystal.
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154 4.1.3 Selection of data [Ref. p. 187

4.1.2.5.3 SHG in “nonlinear regime” (fundamental wave depletion)

Analytical equation for SHG power conversion efficiency for the case of fundamental power de-
pletion in the plane-wave approximation and for exact phase matching (Ak = 0) is given below

99D mij:

Py, L
n=—2% = tanh? (L> : (4.1.40)
nl

In order to calculate
L= (0’ Cl(])_l (4141)

one should determine ag [V em™]:

1
2P, 2
= |— 4.1.42
o {71(271] ( )

from input radiation power P, [W] and the characteristic radius of the beam ¢ [cm], and the
parameter o [V 1]

87‘(2deff
o= —"

b

4.1.43
ny ( )

where A; is in m, deg in mV 1.

4.1.3 Selection of data

Literature up to the end of 1998 is compiled in this chapter. Attempts were made to select the
most reliable and recent data.

Tables in Sect. 4.1.4-4.1.8 present data on second, third, fourth, fifth, and sixth harmonic
generation of Nd:YAG laser (including intracavity and in external resonant cavities), harmonic
generation of iodine, ruby, Ti:sapphire, semiconductor, dye, argon, He-Ne, NH3, CO, and CO2
lasers, sum-frequency mixing (including up-conversion of IR radiation into the visible), difference-
frequency generation, optical parametric oscillation (cw, nanosecond, picosecond, and femtosecond
in the UV, visible, near and mid IR regions) and picosecond continuum generation.

Second harmonic generation of Nd:YAG laser was realized with conversion efficiency of n = 80 %
in KDP and KTP, THG with n = 80 % in KDP, FOHG with 77 = 80 — 90 % (calculated from SH)
in ADP and KDP, FIHG in KDP, ADP (upon cooling) and BBO and urea (at room temperature).
Second harmonic generation of Ti:sapphire laser with n = 75 % was achieved in LBO, minimum
pulse durations for SH were as short as 10-16 fs (BBO, LBO). Third and fourth harmonics of
Ti:sapphire laser were generated in BBO, thus covering the range of wavelengths 193-285 nm.
Second harmonic of CO4 laser with 7 = 50 % was obtained in ZnGePs.

Sum-frequency generation (mixing) is used, in particular, for extending the range of generating
radiation into the ultraviolet. By use of SFG the shortest wavelengths in VUV were achieved with
KB5 crystal (166 nm), LBO (172.7 nm), CBO, CLBO (185 nm), BBO, KDP and ADP (189,
190, and 208 nm, respectively). At present, A = 166 nm is the minimum wavelength achieved
by frequency conversion in crystals. Sum-frequency generation is also used for up-conversion of
near IR (1-5 pm) and COg laser radiation into the visible. Maximum conversion efficiencies up to
40-60 % were obtained for the latter case in AgGaS,, CdSe, and HgGayS, crystals.
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Difference-frequency generation makes it possible to produce IR radiation in the near IR (up
to 7.7 um, in LilOj3), mid IR (up to 18-23 um, in AgGaSes, GaSe, CdSe, AgzAsS;) and far IR
(0.05-30 mm, in LiNbO3 and GaP).

Optical parametric oscillation is a powerful method for generating continuously tunable radia-
tion in the UV (up to 314-330 nm, in LBO and urea), visible, and IR regions (up to 16-18 pm, in
CdSe and GaSe). Singly resonant OPO, or SROPO, uses resonant feedback at only the signal or
idler frequency. Doubly resonant OPO, or DROPOQO, uses resonant feedback of both signal and idler
frequencies. Exotic triply resonant OPO, or TROPO, with resonant feedback also at pump fre-
quency, and quadruply resonant OPO, or QROPO, with SHG inside the OPO cavity and resonant
feedback also at the second harmonic, are used very seldom.

Different OPO schemes and their energetic, temporal, spectral, and spatial characteristics are
considered in detail in [73Zer} [78Dmil [83Danl [87Dmil and in the three special issues of the Journal
of the Optical Society of America B (Vol. 10, No. 9 and 11, 1993 and Vol. 12, No. 11, 1995) devoted
to optical parametric oscillators. In Tables 4.1.30-4.1.33 we list only the main OPO parameters
realized in practice: pump wavelengths, phase-matching angles, pump thresholds (peak intensity
and/or average power), tuning ranges, OPO pulse durations, and conversion efficiencies for OPO
experiments in the UV, visible, and near IR spectral ranges. The column headed notes gives data
on the OPO type, pump intensities, crystal lengths, phase-matching temperatures, and output
characteristics of OPO radiation (energy, power, bandwidth).

High conversion efficiencies were obtained with resonant schemes of cw OPO (n = 40 — 80 %
with LiNbO3:MgO crystal), nanosecond (n = 60 % with BBO), traveling-wave and synchronously
pumped picosecond OPO (n = 45—75 % with KDP, KTP, KTA, BBO), and synchronously pumped
femtosecond OPO (n = 50 % with BBO). Minimum pulse durations were 13 fs in SP OPO with
BBO crystal, pumped by the second harmonic of a Ti:sapphire laser. Very low power thresholds
(0.4 mW) were achieved with LiNbO3:MgO containing quadruply resonant OPO. In general, in the
case of OPO the total conversion efficiencies to both, idler and signal wavelengths, are presented.
In most cases the conversion efficiency corresponds to the maximum for the range of wavelengths.

The picosecond continuum, first detected in media with cubic nonlinearity (D20, HyO, etc.),
was also observed in crystals with square nonlinearity (KDP, LilO3, LiNbO3, etc.).

We don’t pretend to comprehend all directions of frequency conversion in crystals. Some special
aspects, e.g. second harmonic generation in layers and films, waveguides and fibers, periodically
poled crystals, liquid crystals, as well as different design configurations of frequency converters
have been beyond our consideration. For “justification” we refer to Artur L. Schawlow’s famous
saying: “To do successful research, you don’t need to know everything. You just need to know of
one thing that isn’t known”.
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4.1.4 Harmonic generation (second, third, fourth, fifth, and sixth)

[Ref. p. 187

4.1.4 Harmonic generation (second, third, fourth, fifth, and

sixth)

Table 4.1.5. Second harmonic generation of Nd:YAG laser radiation (1.064 — 0.532 pm).

Crystal Type of Opm Iy o L Conversion Ref. Notes
inter- [deg] [Wcm™]  [ns] [mm] efficiency
action (%]
KDP ooe 41 10° 0.15 25 32 (energy) T5Att
ooe 41 - 0.05 25 60 76Att
ooe 41 8 x 10° 0.03 14 82 (energy) 78Mat
ooe 41 7 x 10° 0.03 20 81 (energy) 78Mat;
ooe 4135 - 0.1ms 40 0.38 (energy) 93Dim| A =946 nm
DKDP  eoe 53.5  10° 18 30 50 (power) 76Mac
eoe 53.5 3 x 10° 025 40 70 (power) T6Mac
eoe 53.5  8x 107 20 30 50 (energy) 78Kog] P, =10W
ooe 36.6 3 x 10® 8 20 40 (energy) 91Borl
eoe 53.7 3 x 108 8 20 50 (energy) 91Borl
CDA ooe 90 2 x 108 10 17.5 57 (power) [74Kat2] T =48°C
ooe 90 4 % 10° 0.007 13 25 (energy) [72Rab!
DCDA  ooe 90 8 x 107 20 21 40 (energy) [78Kog] T =
90...100 °C
ooe 90 3 x 10® 20 16 40 (energy) [78Ko, Py =10 W
ooe 90 2 x 10® 10 13.,5 45 (power) [74Kat2] T =112°C
ooe 90 9 x 107 - 29 50 (power) [74Amm|
ooe 90 - 15 20 57 _76H0n| P, =6 W
RDA ooe 50 - 10 - 34 (power) [75Kat2] T =25°C
RDP ooe 50.8 2 x 108 10 15.3 36 (power) [74Kat5]
LilO3 ooe 30 7 x 107 - 18 44 (power) [73Dmi
ooe 30 3 x 10° 004 5 50 [84Van|
LiNbO3  ooe 90 3.7x107 10 20 40 [B1Bye] T =120°C
ooe ™ 90 9-30 50 [B8Amm| P, =1W
LFM ooe 55.1 2 x 10® - 15 36 [75And]
KTP eoe 26" - 10 - 22 [78Har]
eoe 26— 004 5 18 83Joh|
eoe 25.2° -~ 007 7.2 52 85Ale
eoe 25°  25x10° 15 4 60 85Bel
eoe 30 2x107 35 9 40 (energy) 86Dril multimode
eoe 30° 9% 107 35 4 45 (energy) 86Dri multimode
eoe 30° 10® 30 5.1 60 (energy) 86Dri two-pass
eoe 30° 10® 30 8 50 (energy) 86Dri Gaussian
eoe 26> - 0.2 5 55 87Mool] Es., =0.19J
eoe 23> 25x10° 10 3 30 [86Lav]
eoe 23 P 32x10° 85 4.5 55 (power) 93Bol
(continued)
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Table 4.1.5 continued.

Crystal Type of 6pm Iy Tp L Conversion Ref. Notes
inter- [deg] [Wecm™2] [ns] [mm] efficiency
action (%]
KTP eoe - 8 7 80 (energy) [92Bro|  E.. =0.72 7],
T =55°C
eoe — 9 x 107 17 10 97 (energy) [97Coo]  Multistage

system with
3 SHG crystals,

Fru =027
KNbO3  ooe 19 47 %107 11 4.8 40 (energy) [92See] Nd:YLF
(1.047 pm)
BBO ooe - 1.9x10° 14 6 47 87Adh| P, =45 W
ooe - 1.67 x 108 14 6 38 87Adh| Py, =85 W
ooe - 253 x 108 14 6 37 87Adh| P, =36 W
ooe 21 2 x 10° 1 6.8 68 (energy) 36Che]
ooe 21 2.5x10% 8 6.8 58 (energy) 86Che
ooe 22.8  14x10° - 7 32 (power) [90Bha2
ooe 22.8 1.6 x 108 8 7.5 55-60 (energy) [91Borl
LBO ooe 0P 10° 0.035 15 65 (energy) T =148.5
4+0.5 °C
ooe 0P 5 x 10® 10 125 60 (energy) [ooLin2] T =149°C
ooe 12° (5-28) 9 14 70 (energy) [91Xie
x 108
0oe 12 1.4x10® 8 17 55-60 (energy) [91Borl]
CLBO  ooe 294 10" 0.0015 7 53 (energy) 96Sh
type I~ 41.9 3 x 108 7 12 55 (energy) 98Yap FEs, =1.5517]

& LiNbOgs grown from congruent melt.
$pm-

Table 4.1.6. Second harmonic generation of Nd:YAG laser radiation in organic crystals.

Crystal Type of degr / Opm Ppm n Ref. Notes
inter- d3s(KDP)  [deg] [deg]  [%]
action
POM eeo 13.6 18.1 (1.32 90 50 [88Jos] L =7mm, 7, = 160 ps
pm)
MAP eoe 38.3 2.2 0 30 770ud L=1mm
MAP 0€eo 37.7 11 90 40 770ud| L =1.7mm
mNA ooe 37.7 90 55 15 [74Dav| L =25mm, A6 =29 mrad
mNA ooe 6.8 90 8.5 85 |80Kat3 NCSHG in the XY plane,
L =3 mm
DAN — - 40 0 20 |87Nor| L =2 mm
MHBA - 30 — - 59 193Zha2 L =3 mm
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Table 4.1.7. Intracavity SHG of Nd:YAG laser radiation (1.064 — 0.532 pm).
Crystal  6pm L Mode of Nd:YAG laser operation P, n Ref
[deg] (mm] W] (7]
LilO3 29 - Q-switched 0.3 100 169Des
29 20 cw 4 40 (0.12%) [81Dmi
29 - Continuous pump, mode-locked, 5 40 (0.13 %) [82Gol
7 = 800 ps
29 15 7 =180 us, f =50 Hz 100 (peak) 0.06* 180Koe
34 4 Diode-laser pumped cw NdA:YAG 0.52 - 197Kel
laser, A = 946 nm
LiNbOs 90 - Continuous pump, Q-switched 0.31 100 72Dmi
90 1 7 =60 ns, f =400 Hz 100 (peak) - 68Smi
Banana 90 3 cw 1.1 100 68Geu
90 - Continuous pump, Q-switched 0.016 100 70Che
90 5 - 0.3...05 - [74Gul
KTP 26 3.5 Q-switched 5.6 — 84Liu
- 4.6 Acoustooptic modulation, 28 54 (0.6%*)  |87Per
f=4...25 kHz
- — Diode-laser pumped cw Nd:YAG laser 0.03...0.1 6°? 92Ant
- 15 Diode-laser pumped mode-locked 3 56 (1.3%)  [92Mar
Nd:YAG laser, 7 = 120 ps,
f =160 MHz
- 15 Diode-laser pumped cw Nd:YAG laser 2.8 47 (0.94?%) [|92Mar
90 4.4 Q-switched Nd:YalO3 laser, 15 - |186Gar|
A =1.08 um
- 5 Diode-laser pumped Nd:YVOy laser  0.07 9.1% 94 Tai
KNbOs 90 5 cw 0.366 90 |77TFuk]
60 3.7 Diode-laser pumped cw Nd:YAG 0.0031 0.74 2 [89Ris
laser, A = 946 nm
0 6.2 Diode-laser pumped cw Nd:YAG laser  0.002 12 89Bia;
90 1.3 Ti-sapphire laser pumped Nd:YalOs 0.015 - 95Zar]
laser, A = 946 nm
BBO 25 4 Diode-laser pumped cw Nd:YAG 0.55 - 97Kell
laser, A = 946 nm
LBO =114 9 Diode-laser  pumped  Q-switched 4 10* 94Han|

Nd:YAG laser, 7 = 60 ns

¢ Conversion efficiency calculated with respect to the energy of pumping flash lamps or diode lasers.
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Table 4.1.8. Second harmonic generation of Nd:YAG laser radiation (1.064 — 0.532 pum) in external
resonant cavities.

Crystal Opm Tom L Mode of laser operation P, n Ref
deg] [C]  [mm] W (%
LiNbO3:MgO 90 - 12.5 Diode-laser pumped, cw 0.03 56 ‘SSKOZI
90 110 12 Diode-laser pumped, cw 0.2 65 91Ger
(monolithic ring frequency doubler)
90 107 — Diode-laser pumped, cw 0.005 50 193Fie]
(monolithic ring frequency doubler)
90 110 7.5 Diode-laser pumped, cw 0.1 82 [94Pas]
(monolithic ring frequency doubler)
LiNbO3 90 233.7 10 Injection-locked Nd:YAG laser 1.6 69 [91Jun]
KTP 90 63 10 cw YAIO3:Nd laser (A = 1.08 pum) 0.6 85 1920u]
LBO 90 (A), 149.5 6 Injection-locked cw Nd:YAG laser 6.5 36 [91Yan]
0 (»)
90 167 12 Diode-laser pumped mode-locked 0.75 54 192Mal]

Nd:YLF laser (A = 1.047 um,
T =12 ps, f = 225 MHz)

Table 4.1.9. Third harmonic generation of Nd:YAG laser radiation (1.064 — 0.355 pm).

Crystal Type of Opm o L n Ref. Notes

inter- [deg] [ns] [mm)] (%)

action
KDP eoe 58 0.15 12 32 (energy) [75Att] In=1GWcm™2
KDP eoe ? 58 25 - 6 (energy) [79Andl] P =40 MW
KDP eoe 58 0.05 - 10 (energy) [72Kun
DKDP eoe 59.5 8 20 17 (energy) 91Borl I =0.25 GW cm ™2
RDA ooe 66.2 8 14.8 12 (power) 75Kat2] A6L=1.0mrad cm
RDP ooe 61.2 - 15.3 44 (power) 74Kats] o = 0.2 GW cm™?
RDP ooe 61.2 8 15.3 21 (power) 74Katl
LiIOs ooe 47 0.8 8 0.7 (power) 85Bog Py = 4.5 mW
LiIOs ooe 47.5 - 4 4 (power) 710kay
BBO eoe 64 8 5.5 23 (energy) 86Che I =0.25 GW cm™?
BBO ooe 31.3 8 7.5 20 (energy) [91Borl In=0.19 GW cm™2
BBO ooe 31.3 9 6 35 (quantum)  [93Wul Intracavity THG,

P=02W

CBO type 11 40.3" 0.035 5 80 ¢ o7wWu Io =5 GW cm™2
LBO type I 38.1° 8 12.2 22 (energy) [91Bor1 Ip =0.19 GW cm ™2
LBO type 11 41 8 12.6 60 (energy) [89Wul

# Neodymium silicate glass laser.

b
Ppm-
¢ Conversion efficiency from 0.532 pm.
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Table 4.1.10. Fourth harmonic generation of Nd:YAG laser radiation (1.064 — 0.266 pm).
Crystal Type of 6pm Io Tp L Conversion Ref. Notes
inter- [deg] [Wcecm™2] [ns] [mm] efficiency
action (from
532 nm) [%]
KDP  ooe 78 - 7 - 30 ...35 [77Abal
DKDP  ooe 90 8 x 10° 0.03 4 75 77Rei
DKDP  ooe 90 5 x 107 25 20 40 76Liu T =60 °C,
P =25MW
DKDP  ooe 90 - 600 50 3.4 T =498 °C,
P, =05W
ADP ooe 90 8 x 10° 0.03 4 85 [77Rei
ADP ooe 90 - 8 30 15? [75Kat3] T =51.2 °C,
P =5W
BBO ooe 48 - 5 - 16 88Lag| F =80 mlJ
BBO ooe 48 1.6 x 10° 1 5 52 86Che
BBO ooe 57.8 - 80 us 6.6 0.17 193Dim| Nd:YAG laser cooled
to 253 K, A = 946 nm
CBO®  ooe 52.3 4 x 107 0.035 10 60 [97Wu
CLBO ooe 62 - 10 9 30 [95Morl] E =110 mJ
CLBO  ooe 61.6 - 7 10 50 196Ya E =500 mJ
CLBO  ooe 62.5 10 1.5ps 10 24 [96Sha
CLBO - - 0.014 6 38 [97Sri
CLBO  ooe 1.7 x 105 46 15 20 [01Koj] T =140 °C,
Py =205 W
LixB4O7 ooe 66 - 10 35 20 [07Kom| E =160 mJ

@ Efficiency of conversion from 1.064 pm.

> 1.064 + 0.355 — 0.266 pm; conversion efficiency from 0.355 pm.

Landolt-Bérnstein
New Series VIII/1A1



Ref. p. 187] 4.1 Frequency conversion in crystals 161

Table 4.1.11. Fifth harmonic (1.064 — 0.2128 pm) and sixth harmonic generation (1.064 — 0.1774 pm)
of Nd:YAG laser radiation.

Crystal Opm Type of Crystal Output o Ref
[deg] interaction  temperature parameters [ns]
[°Cl

KDP 90 ooe * —170 E=01mJ - [69Akm
KDP 90 ooe —-35 P,y = 2.6 mW, 30 |78Mas

f =120 kHz
KDP 90 ooe —40 P, =2 mW, 30

f =6 kHz
KDP 84 ooe? 20 E =0.45mJ 0.015 [88Garl [89Aru]
ADP 90 ooe —40 Pw=5...7TmW, 10 |76Mas1

f =10 Hz
ADP 90 ooe ¢ —67.5 E=201J] 0.5 |88Be
KB5 53+ 1(p) eeo 20 E=0.7m] 6 76Katl
KB5 53+ 1(p) eeo 20 E=0.1mJ 0.02 82 Tan
KB5 52.1(p) eeo 20 E=03mJ 0.03 80Aru
Urea 72 eeo 20 E =30 mJ 10 80Kat1
BBO 55 ooe 20 E=20m] 5 86Chel [88La,
CLBO - ooe 20 E=35mJ 10 [95Morl
CLBO 67.3 ooe 20 E =230 mJ 7 196Ya
Li2sB4O~r 80 ooe 20 E =70 mlJ 10 97Kom
KB5 ¢ 90(9), 68.5(¢)  eeo 20 Poy = 6 mW 6 96Ume
KB5 ¢ 80(8), 90(¢) ooe 20 6 96Ume
# Neodymium silicate glass laser.
P Nd:YAIOj laser.
¢ Nd:YLF laser.
4 Sixth harmonic generation, w + 5w = 6w .
Table 4.1.12. Generation of harmonics of Nd:YAG laser radiation with A = 1.318 um.
Number A Crystal  Oooe L o Output Energy Ref.
of [nm)] [deg] [mm)] [ns] parameters conversion
harmonic efficiency

(2]

2 659.4  LiNbOs 44.67 16 40 85 kW 10 81 Akm|
3 439.6 KDP 42.05 30 40 3.4 kW 0.4 81 Akm|
4 329.7 KDP 53.47 30 40 6 kW 0.6 81Akm|
52 263.8 KDP 55.33 30 30 0.2 kW 0.02 81Akm
6P 219.3 KB5 78 (eeo) 15 45 3 kW 0.5 [87Arul
2 659.4 DCDA  70.38 13.5 25 1.4 MW 40 |7T6Kat2
2°¢ 659.4  LilOgs 22 10 30 1 W (av.) 100 81Kaz
2 659.4  LiNbOs 90 (T = 300 °C) 19 50 60 mJ 48 R3Kaz
2 659.4  LiNbOs 90 20 50 10 mJ 21 83Kaz
2¢d 659 LBO 0 =37 - 2 0.3 W (av.) - [94Lin]
24 659 LBO along Z axis 16 76 0.85 mJ 40 95Mor2
3 439.6 KDP 42.05 (T'= 300 °C) 40 50 1.4 mJ 3 33Kaz
3 439.6  LilOs - 8 50 1.4 mJ 1.2 33Kaz

fwtdw=5w.
P3w+3w=6w.
¢ Intracavity SHG.
4 Nd:YLF laser.
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Table 4.1.13. Generation of harmonics of high-power Nd:glass laser radiation in KDP crystals.

Fundamental radiation Second harmonic Third and fourth harmonics Ref.
A Io [10° o A Type of 7 Crystal E [J] A Type of 7 Crystal FE
[wm] Wem™2]  [ns] [wm] inter- (%] length [wm] inter- (%] length  [J]
action [mm] action [mm]

1.054 2.5 0.14 0.53 eoe * 67 12 9 0.35 eoe 80 12 11 [BOSek]
1.054 3.5 0.7 0.53 eoe 67 12 25 0.35 eoe 80 12 30 [BOSeK]
1.064 2.5 0.1 0.532 eoe 67 8 17 0.266 ooe 30 7 4 [BOLoft]
1.064 9.5 0.7 0.532 ooe 83 10 346 [B2Lin
1.064 2.0 0.7 0.532 eoe 67 12 - 0.355 eoe 55 10 41 [B2Lin|
1.064 1.2 0.7 0.532 ooe - 10 - 0.266 ooe 51 10 50 [B2Lin)|
1.06 0.2 25 0.53 ooe 80 40 60 [B2Ibi
1.06 2.7 0.5 0.53 ooe 90 30 20 [B3Gul]
1.06 2.7 0.5 0.53 eoe ® 67 18 - 0.35 eoe 81 18 10...20 [B3Gul|
1.053 1.5 0.6 0.53 eoe 70 16 80 0.26 ooe 46 7 53 [B5Bru]
1.054 5 0.5 0.53 eoe 87 17.5 - 0.264 ooe 92° 10 - [B8Beg
# The angle between the polarization vector of the fundamental radiation and o-ray is 35° .
> Conversion efficiency from 0.527 wm.
Table 4.1.14. Generation of harmonics of iodine laser radiation: A = 1.315 um (7, = 1 ns) [BOFil| R1Wit) B3Fill E3Br§].

SHG THG FOHG FIHG SIHG

wHw=2w w+2w=3w 2w+2w=4w 2w4+3w=5w Jw+3w=06w
Wavelength [nm)] 657.6 438.4 328.8 263.0 219.2
Crystal DKDP KDP KDP DKDP KDP KDP KDP KB5
Crystal length [mm] 19 20 10 20 10 40 - 10
Type of interaction eoe eoe ooe eoe * ooe ooe ooe eeo
Opm [deg] 51.3 61.4 44.3 48 42.2 53.6 74 80.5 (¢pm)
Conversion efficiency [%)] at
Io=(1...1.5) x 10° W cm™2 30 16 12 30 6 15 - -
Ip =3 x10° W cm™? 70 - - 50 - 30 9 3

91
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Table 4.1.15. Second harmonic generation of ruby laser radiation (694.3 — 347.1 nm).

Crystal  Type of  6pm Iy L Power Ref. Notes
inter- [deg] [W em™2) [cm] conversion
action efficiency
(7]
RDA ooe 80.3 (90) 1.5 x 10® 1.45 58 [74Kat3] T =20°C (90 °C),
L A6 =4.37mrad cm
RDP ooe 67 1.8 x 108 1.0 37 [74Katd] T =20°C,
LA6G =24 mrad cm
LilO3 ooe 52 1.3 x 10® 1.1 40 [70Nat] L A6 =0.2mrad cm

Table 4.1.16. Harmonic generation of Ti:sapphire (Ti:Al;O3) laser radiation.

(a) Second harmonic generation.

Crystal A2 T Opm L [mm] Output 7 Ref. Notes
[nm)] [deg] power (%]
P2 w
[mW]

KDP 390 150 fs 43 3...40 300 50 95Kry,
LilO3 360 ...425 1.5 ps 43 10 700 50 91Neb
BBO 360 ...425 1.5 ps 30 8 450 27 91Neb)
BBO 430 54 fs 27.5 0.055 230 75 (5.2%) [92El] ICSHG
BBO 383 ...407 - ooe 5 170 74% 93Poi ICSHG
BBO 425 16 fs 28 0.1...1 40 - [95Ash|
BBO 438 10 fs 26.7; ooe 0.04 3.6 1 983Stel
BBO 400 150 fs ooe 0.5 150 38 98Zha
LBO 400 150 fs - 3 130 32 98Zha
LBO  350...450 12...251s 90 (6), 22 ...40 (¢) 5 25mJ 30 91Ski]
LBO 360 ...425 1.5 ps 90 (0), 32 (¢) 8 350 20 91Neb
LBO 410 cw 90 (6), 31.8 () 10.7 410 21.6 93Bou] ERR
LBO 416 14 fs 90 (0), 29 (¢) 0.1 30 - 94Bac] ICSHG
LBO 400 1.5 ps type I 10 1280 75 [04Wat] ERR
LBO 398 cw 90 (6), 31.7 () 8 650 70 [95Zhd, ICSHG

[96Zho
KNbOs 430 ...470 35 ns along a axis 7.9 78kW 45(2%) [90Wu| ICSHG
KNbO3 430 cw - 6 650 48 [91Pol] ERR
& Total conversion efficiency from the pump source.
(b) Third harmonic generation: w + 2w = 3w.
Crystal Az T Opm L Output n Ref. Notes

[nm)] [deg] [mm)] power (%]
P3w [mW]

BBO 240 ...285 1.8 ps 50, ooe 6.5...12 150 30 91Neb| [92Neb] f = 82 MHz
LBO 266 ...283 1 ps 90 (0), 70 () T 35 10 91Neb f =82 MHz
BBO 252 ...267 180 fs 58, eoe 0.3 18 6 _93Rin| f=1kHz
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(¢) Fourth harmonic generation.
Crystal A4y T Opm L Output n Ref. Notes

[nm] [deg] [mm]  power (%]

P4w [mW]

BBO?* 205...213 1 ps ooe 8 10 4 91Neb| f =82 MHz
BBO® 193...210 1...2 ps 75, ooe 6.9 10 4 92Neb| f =82 MHz
BBO® 193...210 165 fs 65, ooe 0.1 6 3 98Rot| f =82 MHz
BBO® 193...210 340 fs 65, ooe 0.3 15 - 98Rot| f =82 MHz
BBOP 189...200 180fs 71, ooe 0.1 4 1 93Rin] NC, f = 1 kHz
BBO® 186 10 ns 81 (0), 30 (¢), ooe 5 0.008 - [99Kou] T =91 K

fw42w=4w.
Puw43w=4w.

Table 4.1.17. Second harmonic generation of semiconductor laser radiation in KNbOs.

Aw Phase-matching L Py, n Ref. Notes

[nm]  conditions [mm]  [mW] (%]

842 T=-23°C 5 24 14 89Gol|  external resonator

865 along a axis 5 0.215 1.7 89Dix|  External Ring Resonator (ERR)

842 along a axis 5 6.7 0.57 90Hem| ERR, cw

856 along a axis, T =15°C 7 41 39 90Koz| external resonator

972 along b axis 5 1.2 4.8 92Zim| distributed Bragg reflection semi-
conductor laser

858 - 124 62 1.1 93Gol

858 - 12.4 80 - 95Gol] THG in LBO, 90 (0), 31.8 (¢);
15 mm, A = 286 nm, 0.05 mW

972  along b axis 6.5 156 - [95Zim] ERR, FOHG in BBO (14 mm) in
ERR, A =243 nm, 2.1 mW

860 along a axis 10 50 60 97Lod

858 along a axis 10 90 - 98Mat| FOHG in BBO (0 =71°):

A =214.5 nm, 0.1 mW

Table 4.1.18. Second harmonic generation of dye laser radiation.

Crystal A2 Parameters of output radiation Ref. Notes
[nm)] (energy, power, pulse duration);
conversion efficiency
KDP 267.5-310 0.1 kW (peak), n =1% [76Str]
KDP 280-310 50 mJ 77Hir
KDP 280 90 mW, n =10 % 95Nie] L = 55 mm, external cavity
ADP 280-310 50 mJ, n=84% 77 Hir!
ADP? 290-315 up to 1 mW, n = 0.03 % 72Gab
ADP*® 250-260 120 pW 80Web|  0ooe = 90°, T'=200...280 K
ADP*® 293 0.13 mW, n=0.08%, 7 =3 ps 80Yam| L =3 mm
ADP*® 295 n=10"* 1=3...4ps [BOWel] L=1...3 mm
RDP 313.8-3185 3.6 MW, 7=8ns,n=52% 75Katl] 6=90°,T7=20...98°C,
in power Ip =36 MW cm ™2, L = 25 mm
RDP 310-335 3.2 MW, 7 =10 ns, f =10 Hz, [77TKat2] 6 =90°

n=36%

(continued)
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Table 4.1.18 continued.

Crystal A2 Parameters of output radiation Ref. Notes
[nm)] (energy, power, pulse duration);
conversion efficiency
ADA 292-302 30 mW 77Fer] 0=90°
ADA® 285-315 400 mW (single-mode regime), 76EFrol 0 = 90°, temperature tuning,
50 mW (multimode regime) L =30 mm
DKDA  310-355 0.8...3.2 MW, 7 = 10 ns, [77Kat2] 6 =90°, L = 15 mm
f=10Hz,n1=9...36%
LiIO$ 295 n=10"% 7=21ps 80Wel] L =0.3 mm
LiIO3 293-312 0.37 mW, cw regime 86Bue] L =10 mm
LilO3 293-330 15 mW, cw regime 83Majl L =1mm
LilO3 293 3kW, n=30% 76Str] L =6 mm
LilOs 293-310 4 mW, cw regime, n = 0.4 % 75Bet L =6 mm, AX=0.03 nm
LilOg 293-310 21 mW, cw regime, n = 2% 75Bet] L =6 mm, Av =30 MHz
BBO 204.8-215 100 kW, 7=8ns,n=4...17% S6Kat 0 =70°...90°
BBO 205-310 50 kW, 7 =9 ...22 ns, 86Miy] L =6 and 8 mm
n=1...36%
BBO? 315 20 mW, 7 =43 fs 88Ede] 6 =138° ¢=90° L =55um
BBO 230-303 0.02...0.18 mJ, 7 =17 ns 90Mue| fooe =40...60 °, L =7 mm
BBO ?# 243 30 mW, cw regime 91Kal Oooe = 55 °, L = 8 mm,
Av =200 Hz
KB5 217.3-234.5 03kW,7=7Tns,n=1% 75Dew| XY plane, eeo
KB5 217.1-240 5...6 wJ, 7=3...4ns,1=10% [76Dew| XY plane, Oooe =90...0°
KB5 217.1-315.0 5...6 wJ, 5 ns, 10% 76Dew| XY plane, Yeco = 90...31°,
L =10 mm
KB5 217-250 01...5u),n=02...5% 76Zac XY plane, peco = 90...65 °
DKB5 216.15 2ul, 7=3ns,n=5% 78Pai 0=90°,o=90°
LFM 230-300 n=2% 73Dun| XZ plane, ooe = 35...45°,
L =10 mm
LFM?*  290-315 n=10"" [72Gab] X Z plane, 0o00 = 45 ° (590 nm)
LFM ? 238-249 70 wJ (244 nm), cw regime [80Bas| X Z plane, fooe = 39 ° (486 nm)
LFM 237.5-260 20 W, nanosecond regime, 765t
n=0.7%
LFM # 243 1.4 mW, cw regime 84F00 Oooe = 36.8°, L = 15 mm
LFM 285-310 4 wJ, cw regime 75Bet]
KNbO3  425-468 400 kW, n =43% 79Kat| angular tuning in XY and
Y Z planes, temperature tuning
(20...220 °C) along the a axis
KNbOs  419-475 12 uW, cw regime, n = 0.065 % [83Bau| along the a axis, T from —36 °C
to +180 °C, L = 9 mm
KNbO#  425-435 21 mW, cw regime, n = 1.1% [85Bau]  along the a axis, T =0...50 °C,
L =9 mm
Urea 238-300 — 79Hal Occo = 90...45°, L = 2 mm
Urea 298-370 - 79Hal Ocoo =90...50°, L =2 mm

# Intracavity SHG.
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Table 4.1.19. Second harmonic generation of gas laser radiation.

Type of laser Crystal A Opm T Ref.
] [deg] K

Argon laser KDP* 0.5145 90 —13.7 67Lab|
ADP 0.4965 90 —93.2 73Jai
ADP 0.5017 90 —68.4 73Jai
ADP 0.5145 90 —10.2 73Jai
ADP*® 0.5145 90 -10 82Ber]
KB5 0.4579 67.2 (¢pm) 20 76Che
KB5 0.4765 60.2 (Ypm) 20 76Che
KB5 0.4880 56.6 (Ppm) 20 76Che
KB5 0.5145 50.2 (¢pm) 20 76Che
BBO 0.5145 49.5 20 86Xin
BBO 0.4965 52.5 20 86Xin
BBO 0.4880 54.5 20 86 Xin
BBO 0.4765 57.0 20 86Xin
BBO* 0.4880 55 20 |89Zim]
BBO? 0.5145 - 20 [92Tail

He-Ne laser LilOg 1.152 ...1.198 25 20 83Kac
LiNbO3 1.152 90 169 74Ant
LiNbOs3 1.152 90 281 75K us
AgGaS, 3.39 33 20 75Bad

NH; laser Te 12.8 - - ‘%
CdGeAs; 11.7 35.7 - 187And3

CO laser ZnCePs 5.2...6.3 475 -

& Intracavity SHG.

Table 4.1.20. Harmonic generation of CO3 laser radiation.

Crystal A Nonli- Type of Io L n Ref.
[nm] near interaction, [W em™2] [mm] (power)
process  Opm [deg] (%]
AgsAsSs 10.6 SHG ooe, 22.5 1.1 x 107 4.4 2.2 75Nik2
AgGaSes 10.6 SHG ooe, 57.5 1.7 x 10° 15.3 2.7 74Bye
AgGaSes 10.25 SHG ooe, 52.7 < 107 21 35 85Ec
AgGaSes 10.6 SHG ooe, 53 - 20 0.1* 197Stol
ZnGePo 9.19 ...9.7; SHG eeo, 76 - — 5 |84And
10.15...10.8
ZnGeP2 8.6 SHG eeo, 55.8 - - 10.1 37And4
ZnGeP2 10.6 SHG eeo, 76 10° 3 49 87And1
ZnGePo 10.26 ...10.61 SHG eeo 4.4 % 107 7.2 11.3 .93Bar2|
ZnGeP» 9.6 SHG eeo, 70 5.5 x 107 10 8.1 [94Mas|
ZnGeP, 10.78 SHG eeo, 90 - 10 - 197K at
CdGeAs; 10.6 SHG oeo, 48.4 1.4 x 107 9 15 74Kl
CdGeAs; 10.6 SHG eeo, 32.5 - 13 21 76Men
CdGeAss 10.6 SHG eeo, 32.5 - 13 0.44 2 76Men|
(continued)
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Table 4.1.20 continued.

Crystal A Nonli- Type of Io L n Ref.
[nm] near interaction, [W em™2) [mm] (power)
process  Opm [deg] (%]
TI3AsSes 9.6 SHG - - 3.7 10.9 |87Pas
T13AsSes 9.6 SHG ooe, 19 107 5...6 28 S9Auy]
TlsAsSes  10.6 SHG ooe 6.3x10° 457 57 91Subl
TlzAsSes  9.25 SHG ooe, 19 2 x 107 46 20 96Suh|
GaSe 9.3...10.6 SHG ooe, 12.8 ...14.4 2 x 107 6.5 9 I89Abd|
GaSe 9.2...11.0 SHG ooe, 13 - 2.5 95Bha)
CdGeAs: - THG oeo, 45 - 4.5 1.5 [79Men/
Tl3AsSes 9.6 THG ooe, 21 107 5...6 [89Auy
ZnGeP: 10.6 FOHG  eeo, 475 - 10 14° 87And1
ZnGeP» - FOHG eeo, 47.5 - 5 2 [185And
7ZnGePs 10.6 FOHG eeo, 47.8 - 10 97Sto| #
ZnGeP» 9.55 FOHG  eeo, 49 - 10 10 98Cho|
TlsAsSes 9.6 FOHG  ooe, 27 107 5...6  27° 89Auy!
Tl3AsSes 9.6 FIHG ooe, 28 107 5...6  45°¢ 89Auy
# Continuous-wave regime.
> Conversion efficiency from 2w .
¢ Conversion efficiency from 4w .
4.1.5 Sum frequency generation
Table 4.1.21. Sum frequency generation of UV radiation in KDP.
AsF Sources of interacting radiation Tp Conversion Ref.
[nm)] [ns] efficiency,
power, energy
190-212 SRS of 1.064 um + sum frequency radiation 0.02 20-40 wJ
(220-250 nm) |83 Tak]
215-223 2w of dye laser + Nd:YAG laser 10 10 kW [76Mas1]
215-245 SRS of 266 nm (4w of Nd:YAG laser) + OPO 0.02 100 pJ [83Taki
(0.9-1.4 pm)
217-275 2w of dye laser + Nd:YAG laser (1.064 pum) 25-30 50-55 %, 10
mW (average)
217-226  OPO (1.1-1.5 um) + 4w of Nd:YAG laser (266 nm)  0.02 100 kW 82Tan!
218244 (269315 nm) + Nd:YAG laser 0.03 0.1 mJ 79An
239 Nd:YAG laser (1.064 um) + XeCl laser (308 nm) 0.7 50% 81Lyul
240-242 2w of ruby laser (347 nm) + dye laser 30 1 MW 78Sti3
257-320 Dye laser + argon laser cw regime 0.2 mW 77Bli
269-315 SRS of 532 nm (2w of Nd:YAG laser) + 532 nm 0.03 1-3 mJ 79An,
269-287  OPO (1.29-3.6 um) + 3w of Nd:YAG laser (355 nm) 0.02 100 kW 82Tan!
271 Two copper vapor lasers (511 and 578 nm) 35 1.5%, 100 mW [89Coul
(average)
288-393* OPO (0.63-1.5 pm) + 2w of Nd:YAG laser (0.532 nm) 0.02 100 kW 82Tan
360-415  Dye laser + Nd:YAG laser 25-30 60-70% 79Dud
362-432 Dye laser + Nd:YAG laser 0.03 20% 76Moo

# DKDP crystal was used.
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Table 4.1.22. Sum frequency generation of UV radiation in ADP.

ASF Sources of interacting radiation o Conversion Ref.
[nm)] [ns] efficiency,
power, energy
208-214 2w of dye laser + Nd:YAG laser, 10 1.7 uwJ
0=90°,T=-120°...0°C
222-235 2w of dye laser + Nd:YAG laser 10 10% [76Mas1
240-248 Dye laser + 2w of ruby laser, § = 90 °, 30 4%, 1 MW |78Sti3
T=-20...480°C
243-247% Dye laser + argon laser (363.8 nm) cw regime 4 mW I91KalL
83Cou
243 * Dye laser + argon laser (351 nm), # =90°, T =8 °C cw regime 0.3 mW [83Hem1
247.5 Dye laser + krypton laser (413.1 nm), 6 = 90 °, cw regime — [79Mar
T=-103°C
246-259  Dye laser + 2w of Nd:YAG laser, 6 = 90 °, 10 1%, 3 uJ
T=-120...0°C
252-268 * Dye laser + argon laser (477, 488, 497 nm), fooe = 90 °  cw regime 8 mW |182Liu
270-307  Dye laser + 2w of Nd:YAG laser, 0o0e = 81 ° ps regime — |76Moo
% ADP crystal was placed in an external resonator.
Table 4.1.23. Sum frequency generation of UV radiation in BBO.
AsF Sources of interacting radiation Tp Conversion Ref.
[nm)] [ns] efficiency,
power, energy
188.9-197  Dye laser (780-950 nm) + 2w of another dye laser 10 up to 0.1 mJ  [88Mue]
(248.5 nm)
190.8-196.1 Ti:sapphire laser (738-825 nm) + 2w of Ar laser - tens of nW 91 Wat|
(257 nm)
193 Dye laser + KrF laser (248.5 nm) 9 0.2%, 2 uJ
193 Dye laser (707 nm) + 4w of Nd:YAG laser 90-250 fs 10 pJ (250 fs)
193.3 Dye laser (724 nm, 5 ps) + 4w of Nd:YLF laser 0.01 1.7%, 4 uJ
(263 nm, 25 ps) (2.5 mJ)*
193.4 FOHG of dye laser radiation (774 nm, 300 fs), 800 fs 0.5 uJ
w+3w=4w (1.5mJ)*
194 Ti:sapphire laser + 2w of Ar laser (257 nm), three — 0.016 mJ
crystal configuration with external cavity
194 Diode laser (792 nm) + 2w of Ar laser (257 nm) W 2 mW
195.3 THG of dye laser (T [crystal] = 95 K) 17 5%, 8 uJ
196-205 Dye laser + 2w of another dye laser 5 0.1 mJ
197.7-202 THG of dye laser 0.008 1%, 1-4 mW
198-204 THG of dye laser 5 20%, 1.7 mJ |
271 Two copper vapor lasers (511 and 578 nm) 35 0.9%, 64 mW |
362.6-436.4 Dye laser + Nd:YAG laser, noncollinear SFG - 1%, 0.065 mJ
(NCSFG), o« = 4.8...21.3°
369 Diode laser (1310 nm) + Ar laser (515 nm) - 1.3 pW 91Su
370.6 Dye laser (568.6 nm) + Nd:YAG laser, NCSFG, - 8-18% 92Bha;

a=26.3°

& After amplification in an ArF excimer gain module.
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Table 4.1.24. Sum frequency generation of UV radiation in LBO.
ASF Sources of interacting radiation o Conversion Ref.
[nm)] [ns] efficiency,
power, energy
170-185%  OPO (1.6-2.5 pm) + 4w of Ti-sapphire laser 100 fs 4
(189-210 nm), 8 = 66-90 °, ooe
172.7-187  OPO (1.65-2.15 um) + 4w of Ti-sapphire laser 130 fs 50 nJ
(190-203.75 nm), § =90 °, ¢ = 73 °, ooe
185-187.5® OPO + 5w of Nd:YAG laser (212.8 nm), - -
0 =62-74°
194 ° OPO + 5w of Nd:YAG laser (212.8 nm), § = 51.2°, 5 2.2% 00K ag]
»=90°
185 ¢ OPO + 5w of Nd:YAG laser (212.8 nm), § = 64 ° - - [97Ume
194 ° OPO + 5w of Nd:YAG laser (212.8 nm), § = 53°, 5 1% 00Ka
p=0°
195-210¢  Nd:YAG laser + 2w of dye laser, 10 14 %
226-265 2w or 3w of dye laser
188-195 OPO (1.6-2.3 pm) + 5w of Nd:YAG laser (212.8 nm), 6 0.2-2%, [91Bor2]
0 =90°, p=90-52°, ooe 2-40 wJ
187.7-195.2 OPO (1.591-2.394 wm) + 5w of Nd:YAG laser, 8 3 kW (peak)
0 =90 °, p =88-50°, ooe
191.4 SRS in Hz (1.908 um) + 5w of Nd:YAG laser, 8 10%, 67 kW
0 =90 °, p =88-50°, ooe (peak), 2 mW
(average)
218-242 OPO (1.2-2.6 pm) + 4w of Nd:YAG laser (266 nm), 6 0.2-2%,
0 =90 °, p =90-33°, ooe 20-400 pJ
232.5-238 Nd:YAG laser + 2w of dye laser 10 — 90Kat
240-255 Nd:YAG laser + 2w of dye laser, NCSFG 10 8%, 0.12 mJ  [93Bhaj
# LisB4O7 crystal was used.
> CBO crystal was used.
¢ CLBO crystal was used.
Table 4.1.25. Sum frequency generation of UV radiation in KB5.
ASF Sources of interacting radiation o Conversion Ref.
[nm] [ns] efficiency,
power, energy
208-217 Two dye lasers, § =90 °, ¢ =90 °, eeo 10 0.025%, 1 W [76Dunl
196.6 Dye laser 4+ 2w of Nd:YAG 8 0.1%, 0.5 mJ [77Katl
207.3-217.4 Ruby laser (694.3 nm) + 2w of dye laser 3 0.3%, 0.8 mJ |77Kat2
201-212 Nd:YAG + 2w of dye laser 20 10%, 2-10 nJ  |77Sti
185-200 Dye laser (740-910 nm) + 2w of dye laser (237 nm), 30 10 %, up to 78Sti2
0 =90 °, eeo 10 uJ
211-216 Dye laser + Ar laser (351.1 nm) cw regime 107¢, [78Stil]
50-100 nW
196.7-226  OPO + 3w and 4w of Nd:YAG laser, 6 = 90 °, 0.02 20 kW [82Tan|
@ =065°, eeo
194.1-194.3 Dye laser + 2w of Ar laser (257 nm) cw regime 2 pW [83Hem2
200222 OPO + 3w and 4w of Nd:YAG laser 0.045 2x1075, 1 uJ [83Pet
166-172 OPO (1.15-1.6 um) + 4w of Ti-sapphire laser, 200 fs 0.05-0.4 MW  [98Pet2

0=90°, p=090°, eeo
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Table 4.1.26. Up-conversion of near IR radiation into the visible.

Crystal Ar [pm] Pump source n [%] Ref.
LilOg 3.39 0.694 pwm, mode-locked ruby laser 100 73Gur
3.2...5 1.064 um, Nd:YAG laser 0.001 74Gur
2.38 0.488 um, argon laser 4%x10°8 75Mal2
1.98, 2.22, 2.67 0.694 pwm, mode-locked ruby laser 0.14 ...0.28 75Mall
3.39 0.5145 pm, argon laser 2.4 x 1072 |80See
1...2 0.694 pum, ruby laser 18 |71Cam
LiNbOs3 1.69 ...1.71 0.694 pm, Q-switched ruby laser 1 67Mid
1.6 ...3.0 0.694 pum, Q-switched ruby laser 100 75Aru
1.6 0.694 um, ruby laser 1073 6SMid
3.3913 0.633 pm, cw He-Ne laser 107° 67Mil
3.3922 0.633 pm, cw He-Ne laser 5x 1075 73Bai
KTP 1.064 0.809 wm, diode laser 68 193Ke
1.54 0.78 pum, diode laser 7x107* [93Wan1
1.064 0.824 pum, dye laser (intracavity SFG) 0.26 190Ben
1.064 0.809 pm, diode laser 55 192Ris
1.064 0.805 wm, diode laser 24 192Ke
1.319; 1.338 0.532 um, 2w of Q-switched Nd:YAG laser 10 |89Stof

# The angle between the polarization vector of the fundamental radiation and o-ray is 35 °.
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Table 4.1.27. Up-conversion of CO; laser radiation by sum-frequency generation.

Crystal Pump source Apump Type of Opm Io L n Ref.
[wm] interaction [deg] [W em™2) [mm] (%]

AgsAsSs ns Nd:YAG laser, 740 W 1.064 eoe 20 - 6 0.84

Ruby laser, 1 ms 0.694 — - 10% 10 0.14

ns Nd:YAG laser 1.064 eoe 20 400 6 0.5

Nd:YAG laser 1.064 eoe 20 - 14 1.5

Ruby laser, 25 ps 0.694 ooe 25.2 108 5 10.7

ns Nd:YAG laser 1.064 eoe 20 - - 30*

ns Nd:YAG laser 1.064 eoe 20 (0.5...1.2) x 10° - 8P
AgGaS, Nd:YAG laser 1.064 oee 40 6 x 10° 3 40°

Dye laser, 3 ns 0.598 ooe 90 - 5 40

Ruby laser, 30 ns 0.694 eoe 55 - 3.3 9

ns Nd:YAG laser 1.064 oee 40 - 30

ns Nd:YAG laser 1.064 oee 40 (0.5...1.2) x 10° - 14°
HgGazSa ns Nd:YAG laser 1.064 ooe 41.6 (0.5...1.2) x 10° 3.6 60 (20) ®
ZnGeP2 Nd:YAG laser 1.064 0€o 82...89 - 10 1.4

ns Nd:YAG laser 1.064 oeo 82.9 (0.5...1.2) x 10° - 6P

Nd:YAG laser, 30 ns 1.064 0€eo 82.5 3 x 10 3 5
CdSe Nd:YAG laser 1.833 0eo 7 2.4 x 107 10 352

HF laser, 250 ns 2.72 0€eo 70.5 6 x 10° 30 40

# Power-conversion efficiency.

® Power-conversion efficiency for two cascades:

10.6 + 1.064 — 0.967 pm,
0.967 + 1.064 — 0.507 pm.
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4.1.6 Difference frequency generation

Table 4.1.28. Generation of IR radiation by DFG.

(a) Crystal: LilO3

A Sources of interacting radiations, Conversion efficiency, Ref

[wm] crystal parameters energy, power, Tp

4.1-5.2 Dye laser 4 ruby laser, ICDFG, L = 12 mm 100 W (peak) 72Mel

1.25-1.60; Dye laser + Q-switched Nd:YAG laser 0.5-70 W (peak), 75Gol

3.40-5.65  (1.064 and 0.532 pm), ICDFG, fooe = 21-28.5 ° Av=0.1cm™', 60 ns

2.6-7.7 Dye laser + 2w of Nd:YAG laser, 0ooc = 22 ° 2 nJ-50 wJ, 10 ns 195Cha2

2.3-4.6 Dye laser + argon laser (514 and 488 nm) 0.5-4 uW, cw |76 Wel

4.3-5.3 Dye laser + 2w of Nd:YAG laser, 0ooc = 24.3 ° — |77Dob

0.7-2.2 Dye laser + nitrogen laser, o0 = 51-31 ° 3 ns |78Koe

3.8-6.0 Dye laser + copper vapor laser (511 nm), 6. = 21-24 °  10-100 uW, 20 ns |82Ata;

3.5-5.4 Dye laser + 2w of Nd:YAG laser, 0o0c = 20 ° 0.8 mJ, 10 ns 33Man

1.2-1.6 Two dye lasers, 00 = 29 ° 1.5-5 ps R4Cot,

4.4-5.7 Dye laser + Nd:YAG laser, 00 = 20-22 ° 550 kW, 8 ns 35Kat

~5 Two dye lasers, o0e = 20 °, L = 3 mm 10 %, 10 nJ, 400 fs 191Els

2.5-5.3 Signal and idler pulses of OPO, 0o = 21 ° 0.2 mW, f = 82 MHzgz, 94Loh

200 fs

6.8-7.7 Dye laser + 2w of Nd:YAG laser, § = 28-29 ° 100 mW (peak) 95Chal]

(b) Crystal: LiNbO3

A Sources of interacting radiations, Conversion efficiency, Ref

[nm] crystal parameters energy, power, Tp

34 Dye laser + ruby laser 1%, 6 kW 71Dew

2.2-4.2 Dye laser + argon laser 1 uW, cw 74Pin|

2-4.5 Dye laser (1.2 ps) + argon laser (100 ps), 6 = 90 °, 25 uW (average), 84Rud
T = 200...400 °C 12ps, f=138 MHz  [85Ree

2-4 Dye laser + Nd:YAG laser, 00 = 46...57 ° 60 %, 1.6 MW 180K at2

2.04 Two dye lasers, 00 = 90 ° 50 %, AX =0.03 nm .7786%

1.7-4.0 CPM dye laser 4+ subpicosecond continuum, 10 kW (peak), 0.2 ps, 187Moo2
f.=55° L=1mm Av =100 cm~!

4.043 Two Nd:YAG lasers (1.064 and 1.444 um), L = 25 mm  5.5%, 30 mJ, 14 ns .94W0n|

1.6-4.8 Nd:glass laser + OPO 6%, 30 uJ, 1-3 ps 95DiT)

(¢) Crystal: BBO

A Sources of interacting radiations, Conversion efficiency, Ref

[rm] crystal parameters energy, power, Tp

2.5 Dye laser (620 nm) + picosecond continuum (825 nm), 5%, 4 uJ, 0.5 ps
Oooe = 20.3°, L =5 mm

0.9-1.5 Dye laser + Nd:YAG laser, fooc = 20.5-24.5 °, 23%, 4.5 mJ, 8 ns
L =10 mm

2.04-3.42  Two dye lasers, NCDFG, 050 = 12-17 °, L = 6 mm 300400 W (peak) 191Bha

1.23-1.76  Dye laser + Ti:sapphire laser 10 uW (average), 93Sei

150 fs, f = 80 MHz
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(d) Crystal: KTP
A Sources of interacting radiations, Conversion efficiency, Ref.
[nm] crystal parameters energy, power, Tp
1.4-1.6 Dye laser + Nd:YAG laser, oo = 76-78°, 0 =0 ° 8.4 kW, f = 76 MHz, 75Bri]
94 fs
1.35-1.75  Dye laser + 2w of Ti:sapphire laser, ICDFG 10 W (peak), 1.6 ps 194Pet
2.8-3.6 Ti:sapphire laser + OPO, fe0e = 90 °, @ =47 ° 40-150 uW, 90-350 fs,  [|95Gall
f =82 MHz
1.2-2.2 Nd:YAG laser + dye laser, fcoe = 90 °, ¢ =31 ° 36 % (quantum), 1 mJ 95Cha3
1.05-2.8 Two Ti:sapphire lasers, dye laser 4+ Ti:sapphire laser 20 uW, cw 96Mom|
1.14-1.23  Dye laser (550-570 nm) + Nd:YAG laser, 22 % (quantum), 3.3 mJ [|96Bha
Oceo =82-90°, p=0°
(e) Crystal: KTA
A Sources of interacting radiations, Conversion efficiency, Ref.
[nm] crystal parameters energy, power, Tp
2.66-5.25  Ti:sapphire laser + Nd:YAG laser, fcoe =40 °, 0 =0° 60 % (quantum),
1-15 mJ, 2 ns
(f) Crystal: AgsAsSs
A Sources of interacting radiations, Conversion efficiency, Ref.
[nm] crystal parameters energy, power, Tp
11-23 Two dye lasers 3 W (peak), 30 ns [76Hoc
3.7-10.2 OPO (1.06-1.67 um) + 2w of phosphate glass laser 25-50 uJ, 10 ps 80Barl
(527 nm)
(g) Crystal: AgGaS2
A Sources of interacting radiations, Conversion efficiency, Ref.
[Hm] crystal parameters energy, power, Tp
5.5-18.3 Two dye lasers, § = 90 ° 4 W, 4 ns |76Se
5-11 Dye laser + Nd:YAG laser, Ocoe = 38-52 ° 180 kW, 12 ns |84Kat;
3.9-94 Dye laser + Nd:YAG laser 1%, 8 ps |I85Els
4-11 OPO (2-4 pm) + radiation at A = 1.4-2.13 pm 1 kW, 8 ns 36Bet,
8.7-11.6 Two dye lasers, fo0e = 65-85 ° 0.1 mW, 500 ns 74Han
4.6-12 Two dye lasers, 0y0e = 4583 °© 300 mW, 10 ns 73Han|
79 Dye laser 4+ Ti:sapphire laser, 00 = 90 ° 1 uW, cw, 92Canl
Av =0.5 MHz
4.76-6.45 Dye laser 4+ Ti:sapphire laser, fpoe =90 °, L =45 mm 20 uW, cw, [92Hie]
Av=1MHz
~ 4.26 GaAlAs laser (858 nm) + Ti:sapphire laser (715 nm), 47 uW (cw), 93Sim2]
Oooe = 90 ° 89 uW (50 ps)
4.73; 5.12  Diode laser + Ti:sapphire laser, 0,0 = 90 ° 1 uW, cw 193Sim1
5.2-6.4 Nd:YAG laser + near IR (DFG in LilOs3) 35%, 23 ps [88Spe
3.4-7.0 Dye laser + Nd:YAG laser, 6. = 53.2 ° 17 uW (average), 91Yod
2.16 ps, f =76 MHz
4-10 Dye laser (1.1-1.4 pm) + Nd:glass laser (1.053 pm) 2%,10nJ ...1 uwJ, 1 ps |93Dah]
(continued)
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Table 4.1.28 (g) continued.

A Sources of interacting radiations, Conversion efficiency, Ref.
[nm] crystal parameters energy, power, Tp
4.5-11.5 Dye laser (870-1000 nm) + Ti:sapphire laser (815 nm), 10 nJ, f =1 kHz, 400 fs [93Ham|
0. =45°, L =1mm
9 Ti:sapphire laser with dual wavelength output 0.03 pJ, f =85 MHz 193Barl|
(50-70 fs), O = 44 °, L = 1 mm
3.1-4.4 Ti:sapphire laser + Nd:YAG laser, ICDFG, 6, = 74 ° 0.3 mW, cw 195Can
2.5-5.5 Signal and idler pulses of OPO, 6 = 40 ° 0.5 mW, f = 82 MHz, .94L0h|
200 fs
6.2-9.7 Two Ti:sapphire lasers (696-804 nm and 766-910 nm) 3 wJ, 0.08 %, 13 ns [96Ak:
6.8-12.5 Two diode lasers (766-786 nm and 830-868 nm) 1 uW, cw 98Pet1
2.4-12 Signal and idler waves of BBO based OPA 2.5 mW, 50 fs 98Gol
5-12 Signal and idler waves of LINbO3 based OPO 0.1 mJ, 6 ns 99Hai
(1.8-2.7 pm)
~ 5 Two diode lasers, § =90 °, L = 30 mm 0.2 uW, cw 96Sch)
(h) Crystal: AgGaSez
A Sources of interacting radiations, Conversion efficiency, Ref.
[nm] crystal parameters energy, power, Tp
7-15 OPO (1.5-1.7 pm) + Nd:YAG laser (1.32 um), 1.2% 74Bye]
Oooe = 90-57 °
12.2-13 CO laser (5.67-5.85 um) + CO2 laser, § = 61 ° 0.2 uW, cw |73Kil
8-18 Idler and signal waves of OPO 0.1 mJ, 3-6 ns 193Bos
5-18 Idler and signal waves of OPO, 00 = 51 ° 0.2 mJ, 8 ns 198Abe
(i) Crystal: CdGeAsz
A Sources of interacting radiations, Conversion efficiency, Ref.
[wm] crystal parameters energy, power, Tp
11.4-16.8  CO laser + CO3 laser 4 uW, cw 74Kil|
(j) Crystal: GaSe
A Sources of interacting radiations, Conversion efficiency, Ref.
[nm] crystal parameters energy, power, Tp
9.5-18 Dye laser + ruby laser 300 W, 20 ns [76Abd
4-12 Idler and signal waves of OPO 60 W |78Bia
7-16 Nd:YAG laser + laser on F,— colour centers, 0.1-1 kW, 10 ns 180Gus
Booe = 13-15 °, feoe = 12-16 °
6-18 Dye laser (1.1-1.4 pm) + Nd:glass laser (1.053 pm) 10nJ ...1nJ, 1 ps 193Dah
5.2-18 Idler and signal waves of OPO, L = 1 mm 2 mW, 3.3%, 98Ehr
f =176 MHz, 120 fs
(k) Crystal: CdSe
A Sources of interacting radiations, Conversion efficiency, Ref.
[Hm] crystal parameters energy, power, Tp
16 OPO signal wave (1.995 um) + OPO idler wave 0.5 kW, 20 Hz, 10 ns 77And2|
(2.28 pm), 6 = 62.22 °
9-22 OPO (24 pm) + radiation at A = 1.4-2.13 pm 10-100 W, 8 ns 36Bet,
10-20 OPO signal and idler waves, § = 70 °, eoco 50 % (quantum), 95Dhi;
5-40 wJ, 10 ps
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(1) Crystal: Te

A Sources of interacting radiations, Conversion efficiency, Ref.

[nm] crystal parameters energy, power, Tp

10.9-11.1  COq laser (10.2 pm) + cw spin-flip laser (5.3 pm), 10 uyW 75Bri|

geeo =14°

Table 4.1.29. Difference frequency generation in the far IR region.

Pump sources Crystal vem™' X [mm] Power, energy Ref.

Nd:glass (1.06 pm) LiNbOs3 100 0.1 - 65Zer!

Ruby laser (0.694 pm) LiNbO3 29 0.33 - 69Yaj

Two ruby lasers (0.694 pm), 1 MW, Quartz, 1.2-8.0 1.25-8.33 20 mW |[69Far

30 ns LiNbO3

Nd:glass (1.06 um), 50 mJ, 10 ps ZnTe, 8-30 0.33-1.25 20 mW/em™' [71Yaj]
LiNbOs3

Nd:glass (1.06 pm), 10 ps LiIO3 - - - 72Tak

Dye laser (0.73-0.93 pm), ZnTe, ZnSe, 5-30 0.33-2.00 1 W (ZnTe) 73Mat,

11-15 ns, 4-13 MW LiNbOs3

Nd:glass (1.064 um), 10 ps LiNbOs3 0.4-2.5 4-25 60 W 76Ave

Two ruby lasers (0.694 pm), 20 ns LiNbO3 1-3.3 3-10 0.5 W 79Ave

Ruby laser (0.694 pm) LiNbO3 1.67-3.3 3-6 - [80Mak

Two dye lasers: LiNbO3 20-200 0.05-0.5 3nJ |85Ber

71 = 1-2 ps, A1 = 589 nm,

FE1 =0.2mJ; 72 = 20 ns,

A2 = 590-596 nm, E> = 20 mJ

Nd:YAG laser (45 ps) + OPO (35 ps) LiNbOg 10-200 0.05-1 10 kW 95Qiul

COzq laser at two frequencies GaAs 2-100 0.1-5.0 - 85Rvyal

Two CO2 lasers ZnGeP, 70-110 0.09-0.14 1.7 yW 72Boy|

Two CO; lasers ZnGeP»> 99-100 0.1-0.11 3.6 uJ 96Apo

Nd:YAG (1.064 pum), 30 ns GaP 0.33-1 10-30 1 mW [87Len
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4.1.7 Optical parametric oscillation

Table 4.1.30. Continuous wave (cw) and nanosecond OPO in the UV, visible, and near IR regions.

Crystal Opm, type of Apump Tinr AOPO o n Ref. Notes
interaction [wm] MW cm™2] [um] [ns] (%)
KDP eoe 0.532 10002000 — — 40-42?* [R6Baif] TWOPO, Ly =4cm, Ly =6cm, E=21J
eoe 0.35 1000 0.45-0.6 0.5 41* 87Beg] TWOPO, Ly = 2 cm, Ly = 6 cm, E = 0.35 J,
Ip = 6-8 GW c¢cm ™2
ADP - 0.527 1500 093-121 - 372 TWOPO, E = 2.3 J, Iy = 10 GW cm 2
ooe 0.266 - 0.42-0.73 2 25 TWOPO, T = 50-105 °C
ooe 0.266 250 - 14 30 L=6cm, [y =1GW cm™2
LilO3 Oooe = 24 ° 1.06 50 2.5-3.2 40 15 SROPO, L=6cm, E=0.1J
Oooe = 23.1-22.4 ° 0.694 5 1.15-1.9 20 50 # DROPO, L =0.85 cm, P = 10 kW
Oooe = 25-30 ° 0.53 10 0.68-2.4 15 8 SROPO, L =1.6 cm
0o0e = 23-30 ° 0.532 10 0.63-3.35 30 20 SROPO
LiNbO3 Oooe = 90 ° 1.06 - 2.13 100 8 DROPO, L = 3 mm
Oooe = 90 ° 1.06 — 1.4-4.45 20 15 SROPO, I = 10 MW cm ™2
43.3° 0.93 8 mJ 1.48-1.8; 16 9.7 SROPO, L = 50 mm, broad spectral bandwidth
1.95-2.55 (A X = 320 nm)
0ooe =90 ° 0.473-0.659 — 0.55-3.65 130-700 46 (67%) [fOWal] SROPO, T = 110-430 °C, P,y = 105 mW
LiNbO3:MgO  0ooe = 90 ° 1.06 0.4 mW 1-1.14 cw - [93SCH Quadruply resonant OPO
Oooe = 90 ° 0.532 35 mW 1.01-1.13 CcwW 40 (60%) [B9Ko4] DROPO, T = 107-110 °C
Oooe = 90 ° 0.532 12 mW 1.007-1.129 cw 34 (78%) [B9Nah] DROPO, T =107-111 °C, P = 8.15 mW
Oooe = 90 ° 0.532 13 mW 0.966-1.185 cw 38 (73*) [93Ger] DROPO, T'=113-126 °C, L = 15 mm,
P =100 mW
#=90° 0.532 28 mW 1.0-1.12 cw 81 [95Br: DROPO, P =105 mW, L = 7.5 mm
Oooe = 90 ° 0.532 80 mW 0.788-1.640 cw - B8Tsu] DROPO, T =80-180 °C, L = 15 mm

(continued)
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Table 4.1.30 continued.

Crystal Opm, type of Apump Tinr AOPO o n Ref. Notes
interaction [wm] [MW cm™2] [um] [ns] (%]
BBO Oooe = 21.7-21.9 ° 0.532 278 0.94-1.22 12 10 [89Fa SROPO, L =9 mm, £ =1mlJ
ooe 0.355 130 0.45-1.68 8 9.4 [B8Chd] SROPO, L =11.5 mm, £ =15 mJ
Oooe = 24-33 ° 0.355 20 0.412-2.55 2.5 24 [B8Fan] SROPO, L = 12 mm, P,, = 140 mW
ooe 0.355 27 0.42-2.3 8 32 89Bo: SROPO, L; =11.5 mm, Ly = 9.5 mm,
A X =0.03 nm
Oooe = 33.7-44.4 ° 0.355 38 0.48-0.63; 8 12 SROPO, L; = 17 mm, Ly = 10 mm,
0.81-1.36 A X =0.05-0.3 nm
Oooe = 23-33 ° 0.355 2040 0.402-3.036 7 40-61 SROPO, L =15 mm, £ =0.1-0.2
0 =28° 0.355 - 0.453-2.3 6 7-9 SROPO, Av =0.2 Cm717 E =100 mJ, SHG in
KDP and BBO (220-450 nm)
0 =23-33° 0.355 20 0.465-1.5 10 40 B4Gld]
0 =33° 0.355 3.2 mJ 0.44-1.76 10 37 070i SROPO, L = 12 mm, collinear and noncollinear
geometries
0 =359° 0.355 - 0.5-0.7 10 - [97Wan| Broad spectral bandwidth OPO (A A > 100 nm)
with noncollinear geometry, L = 18 mm
0ooe = 35.5-37°  0.308 150 0.422-0.477 8 10 [SSKOH} SROPO, L =7 mm, E = 0.26 mJ
ooe 0.308 18 0.354-2.37 17 64 ° B1RoY] SROPO, L =20 mm, E = 20 mJ
ooe 0.308 - 0.4-0.56 17 15 93RoH] SROPO, L = 20 mm, Av = 0.07 cm™ " (with
intracavity etalon)
Oooe = 30-48 ° 0.266 - 0.302-2.248 7 6.3 [O1Fi SROPO
Oooe = 38.3 ° 0.266 58 0.3-2.34 4.5 15 [00Kon] L =14 mm
LBO 0=90° o=0° 0.78-0.81 360 mW 1.49-1.70 cw 40* B4Coll] DROPO, L =2cm, T = 130-185 °C, P = 30 mW
0=90°,o=0° 0.5235 700 0.924-1.208 12 45 [B3Hal2] DROPO, L =12 mm, T = 156-166 °C
0=90° o=0° 0.5145 50 mW 0.966-1.105 cw 10 3Coll] TROPO, L =20 mm, T = (183 +3) °C,
P =90 mW
0=0°¢e=0° 05145 1W 0.93-0.946 cw 15 B4Rob2] SROPO, P =0.5 W, L = 25 mm
0=0°¢=90° 0.364 115 mW 0.494-0.502; cw 9.4 [©3Col2] SROPO and DROPO, L = 20 mm, T = 18-86 °C,
1.32-1.38 4Col P =103 mW
0=90°, 0.355 14 0.435-1.922 10 22 [p1Wan] DROPO, Iy = 40 MW cm™ 2, E = 2.7 mJ
o =24-42°

(continued)
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Table 4.1.30 continued.

Crystal Opm, type of Apump Tine AOPO o n Ref. Notes
interaction [wm] [MW cm™2] [wm] [ns] (%]
LBO #=0°p=0° 0355 15 0.48-0.457; 12 27 SROPO, T = 20-200 °C
1.355-1.59
6 =90°, 0.355 60 0.455-0.655; 10 352 SROPO, L = 16 mm
@ =27-42° 0.76-1.62
6 =190°, 0.355 50 0.414-247 5 45 SROPO, L = 15 mm
¢ =20.142.1°
0 =90°, 0.308 26 0.355-0.497; 17 28-40 * SROPO, L = 15 mm
¢ =2652° 0.809-2.34
type [lin XZ  0.308 30 0.381-0.387; 5 35 L=16 mm, Ip = 0.1 GW cm™>
and Y Z planes, 1.5-1.6
§=029°
9=0°9p=0° 0266 10 0.314; 1.74 10 10 B2Ta] SROPO, L =16 mm, T = 20 °C
0 =90°, 0.266 - 0.307-0.325 4 - [P4Sch] SROPO, L = 15 mm
@ =37-47°
KTP 6 = 5058 °, 1.064 - 1.8-2.4 10 10 BoLinl] DROPO, E = 0.1-0.5 mJ
=0°
0 =90° ¢ =53° 1.064 80 3.2 10 5 BiKatl] SROPO, L =15 mm, P = 0.2 W
9 =90° ©=0° 106 - 1.61 15 47 (66 *) [p3Marl] Diode-pumped Nd:YAG laser
- 1.047 0.5 mJ 1.54; 3.28 18 20 [D4Te
=634° ¢ =0°1047 0.6 mJ 1.58-1.84 10 40 [O7Tan] NC SROPO, L = 25 mm
§=90°0=0° 07095 70 1.04-1.38; 10 20 2Kaf] SROPO, L = 15 mm
2.15-3.09
9 =90° 0.7-0.9 - 1.03-1.28; 20 55 PaZer] E =49 mJ, L =15 mm
2.18-3.03
0 =90° ©=0° 0.769 6 mW 11,254 cw - B5Scl]  TROPO, L = 12 mm
§=54°0=0° 0.73-080 - 1.38-1.67  cw 0.001  [p3Wand] L = 10 mm, P = 2 uW
9 =90° ©=0° 0532 14 W, 1.039; 1.09  cw 35 3Yan1l] SROPO and DROPO, L = 10 mm, P = 1.07 W
SROPO; E3Yang]
30 mW,
DROPO

(continued)
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Table 4.1.30 continued.

Crystal Opm, type of Apump Line AoPO o Notes
interaction [nm] [MW cm™2] [um] [ns]
KTP p=0° 0.532 80 0.7-0.9; 3.5 L=15mm, E=3mJ, Av=0.02cm™!
1.3-2.2
0=69° o=0° 0.532 - 0.75-1.04 4-6 OPO-OPA, L1 = Ly =10 mm, E =45 mJ
0=60°,o=0° 0.532 - 0.75-0.87; 4 A v =200 MHz (with Fabry-Perot etalon),
1.83-1.37 E=06mJ, L =16 mm
0=90° o=0° 0.532 4.3 W 1.09; 1.039 cw SROPO, P=19 W, L =15 mm
0=90°, 0.531 40 mW 1.0617 cwW DROPO, L =8 mm
p=253°
0=69° o=0° 0.532 7 0.76-1.04 6 L =15 mm, ICSHG in BBO with
n =40 % (380-520 nm)
KTA 0 =53° p=0° 0.773-0.792 - 1.45; 1.7 300 0.3 2Ja DROPO, L =7 mm
type 11 - - 1.11-1.20; cw 90 98Edw] Intracavity (Ti:Sa) SROPO, P =1.46 W,
2.44-2.86 L =115 mm
RTA 0=90° o=0° 0.77-0.83 70 mW 1.21-1.26; cw - SROPO, L =12mm, P =84 mW, Av < 10 MHz
2.1-2.4
Banana Oooe = 90 ° 0.532 - 0.75-1.82 10 5 SROPO, T = 80-220 °C
KNbO3 along the b axis  0.532 3.5 0.88-1.35 10 32 DROPO, T = 180-200 °C, P = 12 MW
Urea Ooeo = 81-90 ° 0.355 55 (45 mW) 0.5-0.51; 7 20 SROPO, L = 12.7 mm, Iy = 90 MW cm 2
1.17-1.22
Ooco = 50-90 ° 0.355 - 0.5-1.23 7 23 SROPO, L =23 mm
Ooco = 64-90 ° 0.308 16-20 0.537-0.72 46 37 L =15 mm
NPP eeo 0.266 - 0.33-0.42 7 —
0 =9.5-13°, 0.5927 30 0.9-1.7 1 5 L =19 mm
p=0°
0=30° 0.583-0.59 0.5 1-1.5 7 —

& Pump depletion.
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Table 4.1.31. Picosecond OPO in the UV, visible, and near IR regions.

Crystal Opm, type of Apump Tinr AOPO o n Ref. Notes
interaction [wm] [MW cm™2] [um] [ps] (%]
KDP eoe 0.532 - 0.8-1.67 40 25 TWOPO, E=1mJ, L1 = Ly =4 cm
eoe 0.532 - 0.9-1.3 30 51 TWOPO, AvAT=0.7, L, =4 cm, L = 6 cm,
Iy = 15-20 GW cm™?
eoe 0.527 - 0.82-1.3 0.3-05 2 SP OPO, E =20 pJ
eoe 0.355 - 0.45-0.64, 45 15 TWOPO, Ly = Ly =4 cm
0.79-1.69
ADP Oooe = 90 ° 0.266 - 0.44-0.68 10 10 TWOPO, T = 50-110 °C, L1 = Ly = 5 cm
CDA fooe = 90 ° 0.532 - 0.854-1.41 10 3060 [74Mad] L =3 cm, T =50-70°C,
Ip = 0.3 GW cm ™2
Booe = 90 ° 0.53 1000 0.8-1.3 10 12.5 SP OPO, L =4 cm, Ip = 3 GW cm ™2
LilO; ooe 0.532 - 0.61-4.25 6 4 TWOPO, L1 = 1 cm, Ly = 2.5 cm,
Ip =2 GW cm™?
Oooe = 25-30°  0.53 3000 0.68-2.4 - 5 TWOPO, Ly = Ly =4 cm, Ip = 6 GW cm ™2
LiNbO3 ooe 1.06 - 1.4-4.0 3.5 10 TWOPO, Av =6.5 cm™ !,
Ip=1GW cm™?
45-51° 1.064 - 1.37-4.83 40 17 TWOPO
47° 1.054 100 1.35-2.11 05 15 SP OPO, L = 18 mm, Iy = 0.14 GW cm 2
84° 0.53 - 0.66-2.7 40 17 TWOPO, T = 46-360 °C
90 ° 0.532 - 0.68-0.76 20 9 SP OPO
90 ° 0.532 8 0.85-1.4 15 17.5 SROPO, P =30 kW, f = 10 kHz
90 ° 0.532 <30 0.65-3.0 10 7.2 SP OPO, L = 25 mm
LiNbO3:MgO 0 = 48.5° 0.75-0.84 4000 2.6-4.5 2-3 18 L1 = Lo = 20 mm
Oooe = 60-84°  0.532 - 0.7-2.2 30 5.4 TWOPO, AX = 0.3 nm (0.7 pm) and 1.4 nm

(2 pm)

(continued)
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Table 4.1.31 continued.

Crystal Opm, type of Apump Tine AOPO o n Ref. Notes
interaction [wm] [MW cm™2] [wm] [ps] (%]
BBO fooe = 20.7-22.8 ° 0.532 - 0.67-2.58 18 13 B2Zhd] TWOPO, L, = Lo = 9 mm,
In=2538GW cm 2, E=0.1-0.5 mJ
ooe 0.53 - 0.63-3.2 1.3 25 B3Dar] TWOPO-OPA, L1 = L = 8 mm
ooe 0.36 500 0.406-3.17 20 30 [90Bu§| SP OPO, L =12 mm, Iy =2 GW cm ™2,
E=3mJ, AXA=0.24 nm
fooe = 26-33°  0.355 - 0.4-2.0 15 30 BOHud] OPO-OPA, L; = 12 mm, Ly = 6 mm,
Ly=15mm, Iy =3 GW cm ™2, AX = 0.3 nm
ooe 0.355 - 04286 24 6.5 PoSul] TWOPO, L; = Lo = Ly = 8 mm,
In=5GWem 2 Av=10cm™*!
ooe 0.355 - 0.43-2.1 15 30 [93Zhal] Injection seeding, L = 15 mm
Bo0e = 33 ° 0.3547 - 0.42-2.8 30 61 [04Hud] OPO-OPA, P = 51 MW
LBO ooe, # =90°, 08 700 115226 1-2.2 27 (48°) [p5Ebrl] SP OPO, P = 325 mW, L = 30 mm,
©=0° (400 mW) T = 120-230 °C
ooe, # =90°, 08 320 1.374-1.53;  0.52 7.5 B5Ebrd] SP OPO, P = 90 mW, L = 16 mm
©=0° 1.676-1.828
type I 0.77-0.8 350 1.16-2.26 1 34 b6Frd]  SP SROPO, P =580 mW, L = 16 mm
0=81° p=5° 0.57-0.63 - 1.2-1.5 0.58 10 [91Ba; Injection seeding by 1.08 pm
0 =85°%p=9° 0.57-0.63 - 1.2-1.5 0.4 25 [92AkL] Injection seeding by 1.08 pm (40 ps), L = 9 mm,
In=1TW cm™2
0 =90° o=0° 0.532 - 0.75-1.8 35 20 [91Hug] Injection seeding OPO, T' = 106.5-148.5 °C
0 =90°, ooe 0.53 - 0.65-2.5 15 24 P1Lin] OPA, angle (¢ = 8.7-15.9°) and temperature
tuning (7' = 103-210 °C), £ = 0.45 mJ
0=90° p=0° 0532 1500 0.77-1.7 100 30 B3Zhd] SP SROPO, L = 15 mm, T = 105-137 °C,
AX=0.14 nm
0oe, 0 =90°,  0.532 - 0.68-2.44 25 8 B5Lid]  Li= Lo =15 mm
p=115°
0=0°¢=0° 0.532 - 0.75-1.8 15 20 D5Wall P =200 mW, L = 15 mm
0=90° o=0° 0.5235 2500 0.652-2.65 12 13 02Ebr2] SROPO, L = 12 mm, T = 125-190 °C
(10 mW) P3Ebr
H3Hall|

(continued)
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Table 4.1.31 continued.

Crystal Opm, type of Apump Line AopPo o n Ref. Notes
interaction [nm] [MW cm™2] [um] [ps] (%]
LBO 0=90° o=0° 05235 1100 0.909-1.235 33 50 DROPO, T = 167-180 °C
(4.5 mW) 2Ebrl]]
0=90° p=0° 05235 15 (30 mW) 0.65-2.65 1.7 50 03Hall] DROPO, L =12 mm, P =021 W
ooe, # =90°,  0.5235 47 mW 0.839-1.392 1.8 70 [p4Robl] SP SROPO, P =88 mW, L = 3 mm
p=0°
ooe, §=90°,  0.5235 170 MW 0.65-27 163 75 [B5Buf] SP OPO, P =210 mW, L = 15 mm
p=0°
0=90° 0=0° 0.523 100 0.72-1.91 1 34 B3McC1) SP SROPO, L = 13 mm, T = 125-175 °C,
Py =89 mW
6=90° o=0° 0.523 80 (70 mW) 0.8-1.5 1.2-15 27 (75%) [p3Buf] SROPO, L = 12 mm, P,, = 78 mW
0=90°, 0.355 - 0.46-1.6 15 30 91Zha] Injection seeding from OPO, L = 16 mm,
p=27-43° Ip=28GWecm 2 FE=0.3mJ
6 =90°, 0.355 - 0.403-2.58 12 28 P2Krd) TWOPO, Li = Ly = 15 mm, Iy = 5 GW cm™ 2,
o =18-42° E=01-1mJ
0=0°o=0° 0.355 2300 0.4159— 30 38 TWOPO, L = 10 mm, T = 21-450 °C,
0.4826 Ip =18 GW cm™2, A\ =0.15 nm
6 =90°, 0.355 1000 0.452-1.65 9 26 DROPO, L = 10.5 mm, E = 0.15 mJ
p =30-42°
KTP 0 = 82-90 °, 1.064 0.8 W 157-1.59; 23 15 [D3Chd] SROPO, L = 10 mm, f = 75 MHz,
©=0° 3.21-3.30 AX=15nmm
- 1.064 2.128 100 25 b3Lof] SP OPO with 6 KTP (total length 58 mm),
P=14W
6 =81-90°, 1.053 5.8 W 1.55-1.56; 12 21 B3Grd) SP OPO, L =6 mm, P =2 W
©=0° 3.22-3.28
0 =40.6-452°, 0.8 - 1.02-1.16; 2.6 - P5Gra] OPA, E = 0.04 mJ
»=0°, oeo 2.6-3.7
§=53°¢=0° 07208 08W 144-1.64 1.1 20 b6Qid) SP SROPO, P =200 mW, L = 7 mm

oeo

(continued)
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Table 4.1.31 continued.

Crystal Opm, type of Apump Tinr AOPO S n Ref. Notes
interaction [nm] [MW cm™2] [um] [ps] (%]
KTP 0=90° ©=0° 0720853 150 1.052-1.214; 1.2 42 B3Nel] SP OPO, L =6 mm, P = 0.7 W
2.286-2.871
0 =54° ¢ =0° 0532 250 0.614-4.16  0.39 12 B4UmY] L =14 mm
€00
eoe, 0 =90°,  0.527 0.9 W 0.851-0.938; 2.4-32 13 B5Chdl SROPO, P = 80-280 mW, L = 5 mm
p=235° 1.2-1.381
6 = 40-70 °, 0.526 - 0.6-2.0 30 L =20 mm
p=090°
6 = 40-80 °, 0.526 - 0.6-4.3 30 L =20 mm
=0°
6 =90°, 0.523 57 (61 mW) 1.002-1.096 2.2 SP OPO, L =5 mm, P = 42 mW
¢ =1035°
- 0.5235 1000 0.946-1.02; 8 SP SROPO, L = 5 mm, P = 2 mW
(2mW)  1.075-1.172
6 =90° 0.523 60 (61 mW) 0.938-1.184 1-2 SROPO, L = 5 mm, f = 125 MHz, P = 40 mW
9 =190°, 0.526 0.5 W 1.01-1.1 14 SP OPO, L =6 mm, P = 0.58 W
¢=0-33°
KTA §=90° o=0° 1064 - 1.54;347 7 SP OPO, L =15 mm
Banana Oooe =90 ° 0.532 5 0.8-1.6 10 SP OPO
fooe = 90 ° 0.53 50 0.65-3 10 SP OPO, Iy = 250 MW cm ™2
fooe = 90 ° 0.532 7-9 0.672-2.56  15-45 SP SROPO, L = 10 mm, f = 139 MHz,
OPi§] T =75350°C
a—HIO3 eoe 0.532 - 0.7-2.2 30-45 10-12 [77Da TWOPO, L1 = Ly =2 cm, Iy = 4-5 GW cm ™2
eoe 0.527 60 - 56 10 [BOBarg] SP OPO, AvAT=0.7

# Pump depletion.
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Table 4.1.32. Femtosecond OPO in the UV, visible, and near IR regions.

Crystal Opm, type of Apump Liny AoPoO o n Ref. Notes
interaction [nm] [MW cm™2] [um] [fs] (%]
BBO Oeoe = 28 °© 0.78 - 1.1-2.6 60 35 TWOPO, L1 = Ly =4.8 mm, £ = 0.15 mJ
Oooe =20 ° 0.8 - 1.2-1.3 70 5 TWOPO, L =4 mm
ooe 0.62 — 0.45-2.8 200 15 TWOPO, L1 =5 mm, Ly =7 mm, £ =20 uJ
ooe, eoe 0.6 - 0.75-3.1 180-250 23 TWOPO-OPA, L1 = Lz = 8 mm,
I =70 GW c¢cm~?
Oooe = 19.5-21°  0.53 2200 0.68-2.4 75 30 SP SROPO, L = 7.2 mm, Iy = 2.2 GW cm 2,
E=2mlJ
ooe 0.527 - 0.7-1.8 65-260 3 SP SROPO, L = 5.8 mm
ooe 0.527 - 1.04-1.07 70 - OPA with gain ratio 2 x 10*
Oooe = 32° 0.4 - 0.566-0.676 30 10 SP OPO, P =100 mW
ooe 0.4 - 0.59-0.666 13 50 SP OPO, P =130 mW
ooe 0.395 - 0.55-0.69 14 - NC OPA, seeding with white light continuum
Oooe = 32° 0.39 - 0.5-0.7 11 — OPA, seeding with white light continuum,
L=1mm
LBO - 0.8 - 1.1-2.4 40 38 B5Kaf] SP OPO, L =6 mm, P = 550 mW
- 0.77-0.8 320 1.374-1.530; 720 7.5 B5Ebr2] SP OPO, P =90 mW
1.676-1.828
0=090° =0° 0.605 - 0.85-0.97; 200 10-15 TWOPO, L, = Ly = L3 = 15 mm,
1.6-2.1 93Bar] T = 30-85°C, Iy = 25 GW cm ™2
KTP 0=43°, 0p=0°, 0.83 325 mW 1.05-1.16; 175 15* I d] SP OPO, L =2 mm
€00 2.9-4.0
=90°, o=0° 0.816 - 2.5-2.9 160 552 [] SP OPO-OPA, L1 = L = 0.9 mm, E = 0.55 nJ
€00
©=0° 0.765-0.815 — 1.22-1.37;  57-135  55°  [02Pell L =1.15mm, f = 90 MHz, P = 340 mW (135 fs)
1.82-2.15 and 115 mW (57 fs)

(continued)
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Table 4.1.32 continued.

Crystal Opm, type of Apump Tinr AOPO T n Ref. Notes
interaction [wm] [MW cm™2] [um] [fs] (%]
KTP 6=67°0=0° 0.765 40000; 1.2-1.34; 62 - [D2Fd]  SP OPO, L = 1.5 mm, f = 76 MHz, P = 175 mW
(180 mW)  1.78-2.1
- 0.745 100 mW  0.53-0.585 200 29 7Kai] SP OPO with ICSHG (self-doubling OPO)
0=45°, 0 =0° 0.68 - 1.16-2.2; 57 60*  [p3Powl] L =1.5 mm, P = 0.68 W, ICSHG in BBO
0.58-0.657 (L = 47 pm)
©=0° 0.645 110 mW  1.2-1.34 220 13 b2Mak| SP OPO, P = 30 mW
0=53°p=0° 0.61 - 0.755-1.04; 105-120 - [B0Wac{ SP OPO in CPM dye laser cavity, L = 1.4 mm
1.5-3.2 H1Wad
0=62° ©=0° 0.524 2000 1.2-1.6 260 10 [b5Rau] SP OPO, L = 3 mm
€00
§=162° 9=0° 05235 - 1.2-1.7 300 - B8Lad] SP OPO, L = 6 mm, E = 10 nJ
KTA v =0°, oeo 0.78 - 1.29-1.44;  85-150 10-15 [93Pow2] L = 1.47 mm, P = 75 mW
1.83-1.91
RTA §=53°0=0° 07608 1.03-1.3; 58 25 b4Pow] SP SROPO, L = 1.8 mm, P = 250 mW
€00 2.15-3.65
§=90° o=0° 078086 50mW  1.33 70 32 B5Ref L =2 mm, P =185 mW
€00
- Ti:Sa - 1.25,2.25 78 33 B7Refl  SP OPO, f =344 MHz, P = 0.6 W
KNbO3 0 =38° ©=090° 0.78 - 2.3-5.2 6090 23 05Spe] L =1 mm, P =170-300 mW
96Spe]
NPP - 0.62 - 08-1.6 150-290 R6Led] L =1.5 mm

# Pump depletion.
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4.1.8 Picosecond continuum generation

[Ref. p. 187

Table 4.1.33. Optical parametric oscillation in the mid IR region.

Crystal Apump AOPO T Conversion Ref

[wm] [m] efficiency [%]
AgsAsSs 1.065 1.82-2.56 26 ns 1 [72Han

1.064 1.2-8 8 ps 0.01-1 [83Els]
AgGaSs 1.064 1.2-10 8 ps 0.1-10 [84Els

1.06 1.4-4.0 18 ns 16 84Fan

1.064 4.5-8.7 15-20 ps 5.4 91Bak

1.064 1.16-12.9 19 ps 25 93Kr

1.064 1.319; 5.505 45-80 ps 632 94Che

1.047 2.6-7 05-2.6 ps - 98Lac]

0.845 1.267; 2.535 cw 2 98Doul

0.74-0.85  3.3-10 160 fs 20 94Sei2
AgGaSes 2.05 2.65-9.02 30 ns > 18 86Eck

2.06 ~ 4.1 ~ 30 ns 23 93Bud

1.57 6-14 6 ns 20 97Chal

1.34 1.6-1.7; 6.7-6.9 30 ns > 18 |S6ECK]
ZnGePo 2.94 5.51-5.38; 80 ps 5.3 I85Vod

6.29-6.46

2.94 5-5.3; 5.9-6.3 150 ps 17 ’7Vod

2.79 5.3; 5.9 ~ 100 ps 10 93Vod2

2.8; 2.94 4-10 ~ 100 ps 1-18 91Vod| [93Vod1l [95Vod2]
GaSe 2.8;2.94 3.5-18 ~ 100 ps 1 [91Vodl [93Vodil [95Vod1]
CdSe 1.833 9.8-10.4; 2.26-2.23 300 ns 40 [72Her!

2.36 7.9-13.7 40 ns 15 [72Dav

2.87 4.3-4.5;8.1-8.3 140 ns 15 [74Wei

2.87 14.1-16.4 - - [76Wen|

# Pump depletion.

4.1.8 Picosecond continuum generation

Table 4.1.34. Picosecond continuum generation in crystals.

Crystal

Apump Tyump Acont n Cut angle Ref.

[pm] [10° W cm™2] [nm] % | of crystals
KDP 1.054 50 0.3-1.1 10 0 =49° [83Mur
KDP 0.527 30-40 0.84-1.4 15 0=42° 82Bar]
LilOs 0.355 - 0.46-1.55 - 0=90° 85Pok
LilO3 0.532 0.3 0.67-2.58 0=90° 85Pok|
LiIOs 1.064 - 1.72-3.0 - 0=90° 85Poki
LiNbOs3 1.064 - 1.92-2.38 3 0=44.7° [75Cam
GaAs 9.3 100 3-14 - 185Cor

Landolt-Bérnstein
New Series VIII/1A1
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4.2 Frequency conversion in gases and liquids

C.R. VIDAL

4.2.1 Fundamentals of nonlinear optics in gases and liquids

This chapter covers the properties of a nonlinear medium having spherical symmetry like gases
and liquids. They therefore clearly differ from the properties of most solids (see Chap. 4.1).

Lasers have become so powerful these days that one can easily generate various kinds of optical
overtones

Wo =Y ni witky Wesg >0, (4.2.1)
,q

where n; and k, are some integer (including n; = 0 or k, = 0), using a suitable nonlinear medium
with eigenfrequencies wyes ¢ and an incident laser frequency w; (conservation of energy).

In case of frequency conversion in gases one generally has k; = 0 and deals with sum or
difference frequency mixing

ws = w; = ij >0 (4.2.2)
J

which may be enhanced by exploiting suitable resonances of the atomic or molecular gas.

In case of stimulated scattering one generally has n; = 1. Then wyes 4 is a suitable manifold
of atomic or molecular (rotational or vibrational) resonances of the gaseous or liquid scattering
medium numbered by the index ¢. Like in classical spectroscopy the plus sign stands for Stokes
processes, whereas the minus sign is responsible for Anti-Stokes processes.

4.2.1.1 Linear and nonlinear susceptibilities

Linear and nonlinear susceptibilities are discussed in [87Vid].
The complex linear susceptibility is given by

_ .. 1 |thag|*
1) — o) 1) — = __\ragl 4.2.3
X W +iy W Ea Qg — ) (4.2.3)

with the complex transition frequency
249 = wag —114g (4.2.4)

and the dipole moment matrix elements p,, between the states |a) and |g) . The nonlinear polar-
ization is

pPN-=3%"pm. (4.2.5)

n=2

Landolt-Bérnstein
New Series VIII/1A1



206 4.2.1 Fundamentals of nonlinear optics in gases and liquids [Ref. p. 212

The definition of the electric field amplitude is given by

E(r,t) Ze] r,wj)exp(ik;r —iw;t) + cec., (4.2.6)

resulting in the definition of the total polarization

P(r,t) = Zej r,wj)exp(—iw;t) + cc., (4.2.7)

where the n th-order polarization is given by
pr )(r ws) = St €0 Z Xasa1 a, (Fwsiwi . wp) Eg (rywr) . Eo, (r,wn) (4.2.8)

The oy are the unit vectors of the spatial coordinates, which may be cartesian, cylindrical, or
spherical. The polarization can be expressed in terms of the density matrix [71Han]

(P(t)) =N Tr [p Nmen L (4.2.9)

whose elements are given by ih pp, = [H, pl,,, , where the Hamiltonian H = H® + H' contains
H' = —pE(t) . From a perturbation approach one obtains

ng),ozz...a (7"‘)5;“‘]1 . 'wn) =
1 (glesp|by) (bi]e1pa|b2) - . (bn|enptlg)
4.2.10
n! i qbgbn PL9) (2pg—w1— - —wp) (g —wa — - —wp) e on.n. (24,9 — wn) ( )

4.2.1.2 Third-order nonlinear susceptibilities

These processes are responsible for the lowest-order frequency conversion in gases such as sum or
difference frequency mixing, stimulated scattering processes and photorefraction. For the degenerate
case the dominant terms in a system of spherical symmetry are |[71Han|:

3) . e 3 X (glespla)(aleip|b) (bleap|c){c|esp|g)
X(-3ww, w, w) = Bw)=h" , (4.2.11)
%; (a9 — w)({2pg — 2w)(£2eg — 3w)
where the index T stands for the third harmonic generation.
For the nondegenerate case we have the general third-order nonlinear susceptibility [62Arml

[71Han|

X331),a2,a3,()/;( wg;u.)l,WQ,Wg) =
S by (b
6h3 S o _g\e l_tla><_\elu|!;< Iizul z<0|€dl;2|9> (4.2.12)
Jabe ag w1 — W2 ws)( bg — W2 w3)( UJ3)

obeying the conservation of energy

Ws = w1 +wo + w3 . (4.2.13)
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4.2.1.3 Fundamental equations of nonlinear optics

Maxwell’s equations in SI units [62Jac} [87Vid| are given by (1.1.4)-(1.1.7) and the material equa-
tions (1.1.8) and (1.1.9), see Chap. 1.1.
With the following three approximations

1. magnetization M =0: yo H =B - pu=1,
2. source-free medium: p =0,
3. currentless medium: 5 =0

we get the simplified Maxwell equations

OH

VXE=—puy—— 4.2.14
X Ho ot ( )
OE 0P
H = 22 97 4.2.15
Vo H =g+, (4.2.15)
resulting in the wave equation
1 0°E 1 0%P
AE — — = — 4.2.16
2 Ot? €oc? Ot? ( )
with the polarization P = PY + PN This gives the driven wave equation
2 2E 2E 1 2P NL
AL 2E 9B 1 0PT (4.2.17)
2 Ot? 2 Ot? €gc?  Ot2

With the plane-wave approximation E(r, w) = E(z,w) and the slow-amplitude approximation

IE; . OE; .
—Z E;, 2 <kE; 4.2.18
ot <whi, 0z < g ( )
we get the fundamental equations of nonlinear optics
d Ej —i Wj
dz 2epcny

PN exp(—ik;z) — %EJ (4.2.19)

where & is the absorption coeflicient and where the total derivative is given by the partial derivatives

dz 9z ¢ ot (4.2.20)

and Ej is a slowly-varying-envelope function in space and time.

4.2.1.4 Small-signal limit

In this case the only nonlinear polarization for a medium of density NV is given by
P& (ws) = gEONXSpB)(—ws;wh wa, w3) E1En By . (4.2.21)

Within the plane-wave approximation one obtains

dE,  3mws
=127 N D) BroBagEygexp | (TR a2 (4.2.22)
dz Cng 2
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where the wave-vector mismatch is given by the conservation of momenta
Ak=ks—k —ko—ks. (4.2.23)

The wave vector k; of the jth wave is given by the refractive index n;
k= L0 (4.2.24)
c

With the optical depth 7; = k;L = aél)(wj) NL and the length L of the nonlinear medium we
have

-
r- 3 3 xp (_7) s
By(L) =i " NL oy’ Ero B Exo 2 exp | =10 _iAkL| -1V
cng s _AEL 2
(4.2.25)
where the total optical depth 79 = 7 + 75 + 73 . With the intensity
o, =2 Zﬂ‘ 1B, (4.2.26)
the intensity conversion is given by
o, [6 % B0 Dy
— = #NLX’(I?)(_OJNWM w2, OJ3):| MF(A]CL7T0’TS) ) (4227)
Ng C Mg ninaNng

containing the general phase-matching factor

exp (—7o) + exp (—7s) — 2exp <—T0_2|—TS> cos (AkL)
F(ARL,mo,7) = <1. (4.2.28)

(T52T0>2+(AkL)2

4.2.1.5 Phase-matching condition

Maximum conversion efficiency is achieved for conservation of momenta k; where Ak =0
w1 N1+ wyNg + w3nNg = Ws N - (4.2.29)

In case of the third harmonic generation this gives ny = ng . Frequency mixing in a two-component
system results in

3
ws X5 (ws) — ;wj 3 (wj)
_ = , (4.2.30)

3
(1 —(1
) 06 (@) — we x (we)
]:

Ny

For the third harmonic generation in a two-component system we have:

N, 0P Bw) - (w)

Na _ . (4.2.31)
No o 3P (@) — xi (3w)
The frequency mixing in a one-component system is given by:
3
ws XM (ws) =Y w;i xW(wy) . (4.2.32)
j=1
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4.2.2 Frequency conversion in gases

The following conditions have to be met for large conversion efficiencies:

1. a large nonlinear susceptibility X(; ) which may be enhanced by a proper two-photon resonance,

2. large column densities with a proper phase matching,
3. small optical depths for the incident and generated waves to avoid reabsorption.

4.2.2.1 Metal-vapor inert gas mixtures

Metal-vapor inert gas mixtures are generally generated in concentric heat pipes because for efficient
frequency mixing the phase matching can be accurately and independently adjusted through the
partial pressures in the heat pipe [71Vid} [87Vid} [96Vid].

Tables of the multi-wave mixing experiments in different gaseous nonlinear media are arranged
according to the elements, Table 4.2.1. For every element the wavelength is given together with
the method of generation. The method of generation is indicated where (w; + w1)ReS + wsq, for
example, indicates a two-photon resonance of w; in the particular atomic or molecular medium
and the additional wave wy can make the resulting radiation tunable.

4.2.2.2 Mixtures of different metal vapors

The modified concentric heat pipe [71Vidl [87Vid] [06Vid| is used for phase matching with small
partial pressures avoiding strong homogeneous broadening.
In Table 4.2.2 mixtures of different metal vapors are listed.

4.2.2.3 Mixtures of gaseous media

For A > 106 nm one prefers gas cells with lithium fluoride windows [87Vid|. For A < 106 nm one
should use either pulsed nozzle beams \\ without windows or gas cells with a fast shutter

[85Bon].

In Table 4.2.3 mixtures of gaseous media are given.
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Table 4.2.1. Metal-vapor inert gas mixtures.

Vapor  Wavelength [nm] Method Ref.

Na 354.7 3-wi 75Blo1} [75Blo2} [760ha)

Na 330.5 (W1 + wW1)Res + w2 74Blo|

Na 268 (cw) (W1 + wa)ges + wa 84Bol!

Na 231 (w1 + wa)ges + ws 76Bjo!

Na 151.4 7w 77Gro2| [7T9Mit,

Na 117.7 9w 77Grol| [79Mit

Rb 354.7 3w 71Youl [75Blol} [76Puel

[760hal

Cs 213.4 (W1 + W1)ges + w1 74Leul [75War]

Be 121-123 (w1 4 w1)ges + w2 79Mah|

Mg 173.5 2w t+wi +wr 85Hut

Mg 140-160 w1+ w1 )ge. + w2 76 Wall [80Jun [96Ste]

Mg 143.6 (cw) (W1 + w1)Res + w1 [83Tim|

Mg 115, 121.2, 127 (W1 + W1)Res + w2 81Car} [85Car]

Mg 121-129 (W1 + W1)ges T W2 78McK

Mg* 123.6 (w1 + W1)geg + w2 85Leb|

Ca 200 3w 76Fer

Ca™t 127.8 (W1 + w1)ges + w2 75Sor

Zn 106-140 (W1 + wW1)Res + w2 32Jam

Cd 118.2, 152, 177.3 (W1 + W1)ges +w2; 3 w1 [T2Kun

Cd 128.7-135.3 (W1 + w1)ges + w2 S4Miy|

Cd 145.3-171.1 (W1 + W1)Res — W2 36 Miy

Sr 155.3, 166.7, 169.7, 173.5, 183.5 (cw) (W1 + wa)ges + wa 90Noll

Sr 184.6, 185.7, 192.0, 195.8, 208.8, 217.9 (cw) (w1 + wa)p,. + ws 90Nol1

Sr 171.2, 168.3, 169.7, 190 (cw) (w1 + w2)geq + w3 77Bjol, [78Fre]
(W1 + W1)Res + w2 90Nol2

Ca 153.0, 159.5, 161.3, 163.3, 167.0 (cw) (W1 + w2) gy, + ws 90Nol1

Ca 169.7, 170.9, 172.3, 173.1, 176.9 (cw) (w1 + wa)ges + ws 90Nol1!

Zn 134.5-141.6 (cw) (W1 + wa)ges + wa 90Noll

Cd 138.1-140.3 (W1 + w1)ges + w2 [88Sch

Sr 177.8-195.7 (W1 + wW1)Res + w2 74Hod| [75So1] [76Sor]

Sr 165-166 (W1 + wa)ges + wa 78Eco

Sr 192.3 (w1 + w1)ges + w1 80Puel [81Egg]

Sr 171.2 (w1 =+ wl)Res =+ wa 80Eco

Ba 190-200 (w1 + w1)gee + w2 80Hei|

Hg 109-196 (W1 + w1)ges £ w2 83Hil2

Hg 184.9, 143.5, 140.1, 130.7, 125.9, 125.0 (W1 + wi) g, + w2 81Bok

Hg 125.1, 183.3, 208.5 (W1 + W1)Res T w2 81 Tom

Hg 124.7-125.5, 122.8-123.5, 117.4-122 (Wi 4 wi) gy, + wo 82Mah, R2Tom]

Hg 120.3 (W1 + W1)Res + w2 [76Hsu

Hg 87.5-105, 99.1-126.8 (W1 + w1)gee + w2 [85Her}

Hg 89.6 (w1 + wl)Res =+ w1 7881

Hg 132-185 (W1 + wW1)Res + w2 R6Hil2

T1 195.1 (W1 + W1)Res + w1 75Wan!

Eu, Yb 185.5, 194 (W1 + W1)geg + w2 75Sor}, [76Sor]

Table 4.2.2. Mixtures of different metal vapors.

Mixture Wavelength [nm)] Method Ref.

Na+ K 2-25 pm (W1 — W2)Res — W3 [74Wyn

Na + Mg 354.7 3w _75B102|
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Table 4.2.3. Mixtures of gaseous media.

Gas Wavelength [nm)] Method Ref

He, Ne, Ar, Kr, Xe 231.4 3w 67Newl [69War]|

He 53.2 5w 76Rei, [77Reil [77She
78Rei2

He 38 7 w1 77Reil [7T8Rei2]

He 82.8, 50, 35.5 3-wi; b wi; 7w 33Bok

He, Ne 106.4 (W1 + W1)Res + w2 78Rei2

He, Ne 88.7 3w 78Rei2l [7T8Reil

He, Ne 76, 70.9, 62.6, 59.1 4wy £ ws [77She| [78Rei2

He, Xe 49.7, 35.5 5-w1; 7w |83B0k|

Ne 53.2, 118.2 5 w1; (W1 + wi)ges + w2 i

Ne 72.05-73.58, 74.3-74.36 3w

Ar 120.4 (W1 +W1)ges +3 w1 .

Ar 85.7-87.0, 97.4-104.8 3w 83Hil3| [83Mar]

Ar 106.7 (W1 + W1)Res + w1 S2Mil

Ar 102.6-102.8 3w 79Rei, [SO0Reil

Ar, Kr 61.6, 53.2 5w 78Rei2l [81Reli

Ar 57 (W1 + W1)Res + w1 76Hut

Kr 131.2, 92.3, 92.8, 94.2 (W1 + W1)ges T w2 35Bon

Kr 121.6 3 w1 ill [80Lanl [81Bat]

Kr 123.6 (W1 + W1)ges + w1

Kr 112.4, 120.3-123.6 (W1 + W1)geg + w2 79Cot2]

Kr 131.2 (wl + wl)l’{es — W2

Kr 72.5-83.5; 127-180 (Wi 4 w1) gy, + wo

Kr 121-200 (W1 + W1)ges — W2

Kr, Xe 71-92 (W1 + W1)Res + w2

Kr, Xe 110210 (W1 + W1)Res T w2

Xe 84.6-109.5, 155-220 (W1 + W1)gee W2 82Hill |82Hag] [83Hil1]

Xe 155 (W1 + W1)Res — W2 |83Hut!

Xe 147 (W1 + W1)Res + w1 |82Mil

Xe 140.3-146.9 3 wi; (w1 + wi)ge + w2 S1Hill |83Val

Xe 74.8, 75, 75.2 (W1 + wW1)Res + w1 82Muil

Xe 125.4, 125.9, 126.1 (w1 + wl)ReS — w2 82Muil

Xe 101.5, 101.8, 13.0 (W1 + w1)ges + w2 S2Mui

Xe 163.1-194.6 (W1 + w1 g, T wo 74Kun

Xe 118.2 3w 83Kun| [76Kun| [82Gan|

Ar, Kr, Xe, CO, Ny 72; 90.4-102.5 3w

Ne, Ar, Kr, Xe, Hg 60—-200 (W1 + W1)Res T w2

Ar, Xe, CO

74.2, 80.4, 95.1, 98.2, 100.1,
116.5, 117.8, 123.6

w1 + w1 +wz2; 3w
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4.3 Stimulated scattering

A. LAUBEREAU

4.3.1 Introduction

The first example of stimulated scattering was incidentally discovered in 1962 as a “new laser line
in the emission of a ruby laser” . The phenomenon occurred when the laser was equipped
with a nitrobenzene cell for Q-switching operation. The emitted frequency component was iden-
tified as an amazingly intense Raman line due to stimulated Raman scattering predicted
theoretically in 1931 . Hundreds of papers appeared since then on the novel phenomenon.
Compared to the wealth of experimental evidence full quantitative information about the indi-
vidual scattering processes however is rather scarce since many publications confine themselves to
reported frequency shifts. A quantitative analysis is also often impeded by competing nonlinear
effects and by the not too well known properties of the applied laser pulses. Three cases were
investigated in detail: Stimulated Raman Scattering (SRS), Stimulated Brillouin Scattering (SBS),
and stimulated Rayleigh scattering.

This chapter, Chap. 4.3, follows the discussions given by Maier and Kaiser , by Maier
, and by Penzkofer et al. . Circular frequencies are denoted in the following by w;
while the corresponding frequency values are represented by v; = w;/27. The term “circular” is
often omitted in context with the w;’s.

4.3.1.1 Spontaneous scattering processes

Fluctuations of the molecular polarizability and of the number density of atoms or molecules give
rise to various scattering processes when light passes a transparent medium. The scattering is
characterized by the frequency vy of the scattered light relative to the incident laser frequency vy, ,
the linewidth dv, its polarization properties, and the scattering intensity. Here we introduce the
scattering cross section do/df2 relating the power Py of the light scattered into a solid angle A(2
to the incident laser power P, :

do
Po.= N2 0P, AR 4.3.1
an’ ' r (4.3.1)

with number density N of the (quasi-)particles generating the scattering. The interaction length
is denoted by £. do/d{?2 is the differential cross section with respect to solid angle but integrated
over the spectral lineshape. The spectrum of four scattering processes is depicted schematically in
Fig. 4.3.1a. Two unshifted components are indicated: the narrow Rayleigh line scattered from non-
propagating entropy (temperature) fluctuations and the broader Rayleigh-wing line due to orienta-
tion fluctuations of anisotropic molecules. The lines are accompanied by the Brillouin doublet rep-
resenting scattering from propagating isentropic density fluctuations. In the quantum-mechanical
approach the Brillouin lines are related to the annihilation (frequency up-shifted anti-Stokes com-
ponent) and creation (down-shifted Stokes line) of acoustic phonons with conservation of quantum
energy and (pseudo-)momentum:
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Rayleigh
; Brillouin  Brillouin
é Stokes Anti - Stokes
g
8
§ Raman Raman
a
Fig. 4.3.1. (a) Schematic of the spectral in-
tensity distribution of spontaneous light scatter-
> ing in condensed matter with unshifted Rayleigh
‘% and Rayleigh-wing lines (quasi-elastic scatter-
= ing) as well as Stokes- and anti-Stokes-shifted
3 Brillouin and Raman lines (inelastic light scat-
v, tering). (b) Frequency dependence of the cor-
responding gain factors of stimulated scattering
b Frequency v (see text).
hv, =hvse £ hu, , (4.3.2)
hky, = hks £ hko (4.3.3)

with Planck’s constant h and wavevector k, i = h/27. Subscript “o” refers to the material

excitation, i.e. acoustic phonons. The positive sign in (4.3.2) and (4.3.3) corresponds to the Stokes
process (sc = S), while the negative sign applies for anti-Stokes scattering (sc = A). Due to the
dispersion relation of acoustic phonons (phase velocity v of sound waves) the frequency shift is
given by

vk vin . (0
Vo = 2—7(; =20 LT sin (2> . (4.3.4)

Here ¢/n denotes the speed of light in the medium; 6 is the scattering angle between wave vectors
kr, and kg (kse = k1, since v, < v, ). Equation (4.3.4) refers to isotropic media, e.g. gases and
liquids. For anisotropic solids three Brillouin doublets occur in the general case and (4.3.4) has
to be modified according to the considered transverse or longitudinal acoustic phonon branch and
the respective orientation-dependent sound velocity in the crystal. As a consequence of (4.3.3),
ko < 2k, , so that only acoustic phonons close to the center of the first Brillouin zone are involved
(note kr, ~ 10° cm™1).

Figure 4.3.1a also schematically shows the Stokes and anti-Stokes line of Raman scattering
off a molecular vibration or off an optical phonon branch, displaying a larger frequency shift. As
before, only phonons of relatively small k, are involved. Polyatomic molecules display a variety of
such vibrational Raman lines. In gases many vibration-rotation Raman lines occur in addition and
also rotational lines with small frequency shifts. In ionic crystals the relevant material excitation
is of mixed phonon-photon character and termed polariton. Since the excited states of molecular
vibrations and optical phonons are weakly populated, the anti-Stokes line intensity is also small
compared to the corresponding Stokes line.

A further unshifted scattering component in liquids, the Mountain line 7 is only men-
tioned here since it was not yet observed in stimulated scattering because of its weakness and broad
width. Typical values for the frequency shift v, /c and the linewidth dv/c (FWHM) in wavenumber
units of the various processes are given in Tables 4.3.1-4.3.5. Some scattering cross sections for the
Raman interaction are listed in Table 4.3.2. The scattered light intensity is small. Even for the large
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number density of condensed matter of ~ 10?2 cm™2 a small fraction < 107> of the incident light
is distributed into the whole solid angle 4 7t per cm interaction length by spontaneous scattering.

4.3.1.2 Relationship between stimulated Stokes scattering and
spontaneous scattering

The elementary interaction for Stokes scattering is illustrated in Fig. 4.3.2a (solid arrows). The
process involves a transition from an initial to a final energy level of the medium (horizontal lines).
The relationship between the stimulated and the spontaneous process is close and originates from
the Boson character of photons, i.e. the analogy of the eigenmodes of the electromagnetic field with
the harmonic oscillator, the transition probability of which increases with occupation number. As
a result the rate of photons scattered into an eigenmode of the Stokes field (subscript “S”) depends
on the occupation number ng of this mode. Under steady-state conditions we have:

d
% = const. ny, (1 + ng) . (4.3.5)

The first term in the bracket on the right-hand side of (4.3.5) represents spontaneous scattering
depending linearly on incident photon number nj, or laser power, compare (4.3.1), as long as
ng < 1, i.e. a negligible number of scattered photons per mode of the radiation field is present.
The second term on the right-hand side of (4.3.5) describes stimulated scattering that dominates
for ng > 1 and requires sufficiently high laser intensities. In this regime an avalanche build-up of
scattered photons can occur.

Wi L OA Fig. 4.3.2. (a) Schematic of the elementary scattering
: process of spontaneous scattering involving two energy lev-
els (horizontal bars) of the medium with transition fre-
quency wo; the Stokes (full arrows) and anti-Stokes (dashed
arrows) processes are indicated. Corresponding diagrams
for (b) stimulated Stokes scattering and (c) stimulated
Stokes—anti-Stokes coupling in the stimulated scattering.
Vertical arrows represent photons that are annihilated (up-
wards) or generated (downwards) in the interaction. The k-

k. vector geometries of the stimulated processes are depicted
a b c in the lower part of the figure (see text).

(,l)L Wgq . ' Q)L (U a)La)

4.3.2 General properties of stimulated scattering

4.3.2.1 Exponential gain by stimulated Stokes scattering

Integration of (4.3.5) yields exponential growth of Stokes-scattered photons, ng o exp (const. ny, ),
or equivalently for forward scattering in the z-direction:
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Is(z) = Is(0) exp (g I 2) . (4.3.6)

Here we have replaced in the argument of the exponential the product “const.nr, t” by a more
familiar term with laser intensity Ir,, the gain factor g for stimulated Stokes scattering, and the
interaction length z. Equation (4.3.6) indicates exponential amplification of an initial signal I5(0)
that may be supplied by spontaneous scattering or by an additional input beam. The exponential
growth of the scattered light is only limited by the energy conservation of (4.3.2), since for every
scattered photon one incident laser photon has to be annihilated. The corresponding laser depletion
leads to gain saturation not included in (4.3.6). Conversion efficiencies above 50 % have been
observed for stimulated scattering in a number of cases. Equation (4.3.6) refers to steady state.

The gain factor g is an important material parameter for stimulated scattering. The dependence
of g on the frequency shift of the scattering is indicated in Fig. 4.3.1b. Maximum gain occurs in the
center of the down-shifted Brillouin and Raman lines (Stokes process). For stimulated Rayleigh
scattering the peak gain occurs for a Stokes shift equal to half of the full width, dv/2, of the
respective line. The negative gain values in Fig. 4.3.1b indicate loss via stimulated scattering on
the anti-Stokes side.

Typical values of the peak gain factors are listed in Tables 4.3.2-4.3.5. Under steady-state
conditions stimulated Brillouin scattering often represents the dominant interaction. In absorbing
media additional mechanisms occur. The corresponding processes, stimulated thermal Brillouin
and stimulated thermal Rayleigh scattering, are discussed below.

4.3.2.2 Experimental observation

Stimulated scattering was studied using the following three different experimental approaches:

1. generator setup,
2. oscillator setup,
3. stimulated amplification setup.

4.3.2.2.1 Generator setup

Here only an intense laser beam is directed into the sample. The kind of stimulated scattering is
selected by the material and laser beam properties. As a general rule, a large gain of g I, z = 30 is
required under steady-state conditions for the traveling-wave situation with a single pass through
the medium (length z), in order to observe the respective stimulated process. The scattering oc-
curs in forward and/or backward direction because of a simple geometrical argument (maximum
interaction length in these directions). The process builds up from an equivalent noise input Is(0),
see (4.3.6), that can be estimated from zero point fluctuations of the electromagnetic field
The growth of the Stokes component is finally limited by the simultaneous decrease of incident
laser radiation. The observations are difficult to analyze because of the competition of nonlinear
interactions including optical self-focusing. The latter is often involved in liquid media. The ob-
served frequency shift of the stimulated process may slightly deviate from the value known from
spontaneous scattering (up to a few cm~! in SRS) because of simultaneous self-phase modulation
in the medium.

4.3.2.2.2 Oscillator setup

An optical resonator made up by mirrors or reflecting surfaces can provide feedback of the stim-
ulated Stokes radiation so that the effective interaction length is increased by multiple passes
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through the medium. As a result the laser intensity requirements are lowered. The scattering angle
is controlled by the cavity axis, so that off-axis emission is possible relative to the laser beam.
The frequency-dependent feedback and the lower intensity level of the setup can be sufficient to
select a specific stimulated scattering process. Among different Raman transitions only the one
with largest gain factor g shows up in SRS in general.

4.3.2.2.3 Stimulated amplification setup

Two well defined beams representing the laser component and the incident Stokes radiation are
directed into the scattering medium. Scattering angle and mechanism are determined by the direc-
tion and frequency shift of the incident Stokes beam. A second tunable laser is used for the latter
in general. The pump intensity I, is smaller by one or more orders of magnitude compared to
the generator case, so that self-focusing and other competing effects including secondary scattering
processes can be avoided. Quantitative information on the amplitude and/or frequency dependence
of the gain factor g(vs) may be deduced from careful measurements of the amplification factor.

An example for the technique is Raman gain spectroscopy that is often applied in the low-
intensity limit g It, 2 < 1. An alternative is Raman loss spectroscopy of the transmitted laser
component, since the production of Stokes photons corresponds to the annihilation of the same
number of laser photons.

4.3.2.3 Four-wave interactions

4.3.2.3.1 Third-order nonlinear susceptibility

Stimulated Stokes scattering can be treated as a four-photon (or four-wave) interaction involving
the third-order nonlinear susceptibility x*)(—ws;wr, —wr,,ws). The interaction is illustrated by
the energy level scheme of Fig. 4.3.2b. The two waves are resonantly coupled via a difference
frequency resonance, wy, — ws = w,, to the relevant material excitation. The latter is enhanced by
the scattering thus increasing the coupling strength. The photons at frequencies wy, and ws enter
the process twice (see Fig. 4.3.2a). Stimulated amplification is provided in the resonant case by
the imaginary part x4 of x(*), while the real part leads to frequency modulation. The gain factor
is related to the imaginary part by:

g o< Ixg? - (4.3.7)

Outside difference frequency resonances the real part of x®) is also important for stimulated
amplification. The general case of stimulated 4-photon amplification is treated in . The
(fourth-rank) tensor character of x®) is omitted here for brevity considering only parallel polar-
ization of the light field components.

The corresponding wave-vector diagram is shown in the lower part of Fig. 4.3.2b. The general
case with off-axis geometry is considered. The scattering couples to a material excitation with wave
vector ko. The effective scattering angle is strongly influenced by interaction-length arguments.
Because of the maximum interaction length, geometries with approximate forward and backward
scattering are most important. In cases where the corresponding frequency shift w, vanishes, e.g.
SBS, stimulated scattering exactly in forward direction is not possible. For backward scattering
of short pulses, e.g. SRS of a picosecond laser, the interaction length ¢ may be governed by the
duration t, (FWHM of intensity envelope) of the incident laser pulse setting an upper limit of
0 = t,/2vs (vg: group velocity). In forward direction a less stringent limitation is set by group
velocity dispersion between laser and Stokes pulses, £ = t, A(1/vg). As a result SRS of picosecond
pulses preferentially occurs in forward direction.
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4.3.2.3.2 Stokes—anti-Stokes coupling

The stimulated Stokes scattering can be impeded by simultaneous anti-Stokes scattering,
wA = wy, + W, - The anti-Stokes process is depicted in Fig. 4.3.2a (dashed arrows) and “consumes”
material excitation, so that (4.3.6) is not applicable. The corresponding four-wave interaction via
x® (—wa;wr,wr, —ws) is termed Stokes—anti-Stokes coupling and depicted in Fig. 4.3.2c. The sig-
nificance of the process is determined by its wave vector mismatch Ak, , depicted in the lower part
of Fig. 4.3.2¢, and the initial intensity ratio I5(0)/Is(0) (I : anti-Stokes intensity). Aka is gov-
erned by the scattering angle and the color dispersion of the refractive index n(w) of the medium
since
wj

ki = n(w;) — (i=A,L,8S). (4.3.8)

For a collinear geometry we simply have Aka = ka + ks — 2kr, . For Aka =0 and Ip/Is =1,
the inverse process of anti-Stokes scattering fully inhibits stimulated Stokes scattering. An ex-
ample in this context is exact forward scattering in gases, where Akya is small, so that the ob-
served weakness of SRS in exact forward direction is explained in this way. For a large mismatch,
|Aka| > 3 g1, on the other hand, the Stokes—anti-Stokes coupling is negligible. This condition is
always fulfilled for backward scattering so that simultaneous anti-Stokes scattering cannot perturb
the stimulated Stokes process notably. For 5 < Ig, the perturbation of Stokes scattering by anti-
Stokes production is negligible, too. In this case the process of Fig. 4.3.2¢ is also called Coherent
Anti-Stokes Raman Scattering, CARS, an important nonlinear spectroscopy (preferentially applied
for phase-matching geometries, Ak =2 0).

Outside Raman resonances the properties of Stokes—anti-Stokes coupling differ notably from
the near-resonant case considered here.

4.3.2.3.3 Higher-order Stokes and anti-Stokes emission

For high conversion efficiency of the stimulated scattering the Stokes intensity Ig becomes com-
parable to the incident radiation Iy, , and the material excitation is significant. As a consequence
secondary processes show up, generating a cascade of higher-order Stokes and anti-Stokes lines
with relative frequency shift w, and decreasing intensity levels. Two mechanisms are relevant here:

1. stimulated Stokes scattering where the intense first-order Stokes component serves as the pump
radiation for generating the second-order line and so forth;

2. coherent Stokes or anti-Stokes scattering off the material excitation generated by the primary
Stokes scattering producing new frequency-shifted lines. The mechanism is effected by wavevec-
tor mismatches of the individual processes.

The Stokes—anti-Stokes coupling discussed above is responsible for the generation of the first-
order anti-Stokes component. Higher-order Stokes scattering limits the energy conversion efficiency
of first-order Stokes production. The higher-order stimulated scattering should be distinguished
from higher-order spontaneous scattering since only a fundamental material transition is involved
in the former case.

4.3.2.4 Transient stimulated scattering

The build-up of a material excitation in stimulated scattering involves the response time Ty (de-
phasing time) of the medium. When the pulse duration ¢, of the incident laser is comparable to or
smaller than T3 , the interaction becomes less efficient and the actual gain of the stimulated Stokes
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process is smaller than in the steady state. Equation (4.3.6) for the stationary case is not valid for
t,/T> < 10. The smaller transient gain for a given input situation may be overcome experimentally
by increased pump intensities. For details the reader is referred to the literature [78Lau. Here only
three remarks are given:

1. For homogeneous broadening of the material transition w, involved in the stimulated scattering
the relaxation time can be simply derived from the linewidth v (FWHM)

Ty = (mév)~ ! = L (4.3.9)
r
For inhomogeneous broadening (4.3.9) may be also used to estimate an effective T3 from the line
broadening that may be sufficient for a semi-quantitative discussion of the transient scattering.
For the competition among different Raman transitions in transient SRS both gain factor g
and dephasing time 75 are relevant.

2. For frequency-modulated laser pulses the temporal behavior is not fully described by the du-
ration ¢, of the pulse envelope. Because of intensity fluctuations the effective duration of the
pulse can be estimated to be ¢ = (2 dvy,) ™! < ¢, (61, : frequency width (FWHM) of the laser
pulse). To ascertain steady-state conditions the condition

*

P

T > 10 (4.3.10)
should be fulfilled.

3. Choice of a short ¢, may allow to suppress stimulated scattering of transitions with longer 75
that would have to occur in a less favorable transient situation. An example is SRS in liquids in
forward direction with picosecond pulses that is observed in spite of the larger stationary gain
factor of SBS. Here the different interaction lengths of forward (SRS) and backward scattering
(SBS) also play a role.

4.3.3 Individual scattering processes

4.3.3.1 Stimulated Raman scattering (SRS)

The gain constant for stimulated amplification of the first Stokes component (4.3.6) at resonance,
ws = WL, — W, is given by

47 N (0a/8q)? ws

gs
nyng 2 mwe I

(4.3.11)
Here N denotes the molecular number density. A highly polarized vibrational Raman line with
halfwidth I" (HWHM, isotropic scattering component) is considered. (0a/9q) is the isotropic part
of the Raman polarizability (derivative of the molecular polarizability with respect to the vibra-
tional coordinate ¢ of transition w,). m represents the reduced mass of the molecular vibration.
n; (i =L, S) is the refractive index at frequency w;. (9ar/dq) is connected to the Raman scattering
cross section by the relation:

do (0a/9q)* wd hng

4.3.12
dn 4t mwyny, ( )

The frequency dependence of the gain factor is given by:
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gs I
ws —wp twe)2 4+ 172"

glws) = ( (4.3.13)

A Lorentzian lineshape is assumed in (4.3.13) that holds well in gases at sufficiently high pres-
sure, weakly associated liquids and solids. SRS of notably depolarized Raman lines is discussed
in . Frequency shifts observed for SRS in the generator setup are compiled in Table 4.3.1.
A list of gain factors gs and other parameters is presented in Table 4.3.2. The relaxation time 7%
in condensed matter is in the range 10712 to 10719 s

Table 4.3.1. Frequency shifts (in wavenumber units) observed in stimulated Raman scattering of various
materials.

(a) Liquids

Medium Stokes shift Excitation Reference
vo/c [em™!] wavelength [nm]
Acetic acid 2944 84Krul
Acetone 2925 527 68Brel, [69Col]
Aniline 997 694 66Eck
Benzaldehyde 1001 694 66Bar]
Benzene 992 527 67Shal [68Brel [69Coll [TOALf]
Benzene 3064 694 66Fck
Benzene-dg 944 694 67Blo;
Benzonitrile 2229 694 66 Eck
Bromobenzene 998, 1000 527, 694 66Eck| [67Shal
Bromopropane 2962 694 66Bar]
2-Bromopropane 2920 694 66Bar]
1-Bromopropane 2935 694 66Bar]
Butyl-benzene (tert.) 1000 694 66Bar|
Carbondisulfide 656 527 67Shal [68Bre} [69Coll [TOAL]
Carbontetrachloride 460 694 66Eck
Chlorobenzene 1002 527 67Shal, [69Col|
Chloromethylbutane 2927 694 66Bar
Chloroform 663 694 66Eck
Cyclohexane 2825 34Krul
Cyclohexanone 2683 694 66Eck
1,3-Dibromobenzene 992 694 66Bar]
1,2-Dichloroethane 2958 34Krul
Dichloromethane 2989 75Lau
2,2-Dichlorodiethylether 2938 527 83Tell
1,2-Diethylbenzene 2934 694 66Bar
1,2-Dimethylcyclohexane 2853, 2921 694 66Bar
1,4-Dimethylcyclohexane 2876 694 66Bar|
Dimethylhexadiene 2910 694 66Bar
1,4-Dioxane 2967 84K rul
DMSO, dimethylsulfoxide 2911 195Go
Ethanol 2928 527 69Col} [71Lin
Ethyl-Benzene 1002 694 66Eck
1-Fluoro-2-chlorobenzene 1034 694 66Bar]
Fluorobenzene 1009 694 66 Eck
Fluoromethane 2970 694 78Map|
Isopropanol 2882 527 69Col
Methanol 2835 527 69Coll [T0ALf)
Methanol-d4 2200 527 73Lau
3-Methylbutadiene 1638 694 66Eck

(continued)
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Table 4.3.1a continued.

Medium Stokes shift Excitation Reference

vo/c [em™!] wavelength [nm]
Nitrobenzene 1344 527, 694 [67Blo} [67Shal [69Coll
2-Nitropropane 2945 694 66Bar]
Nitrogen (7' = 77 K) 2326 527 74Lau
1,3-Pentadiene 1655 694 66Eck
Piperidine 2933 694 66Eck
Pyridine 992 694 66Eck
Siliciumtetrachloride 425 527 71Lau
Styrene 1315, 1631, 3056 694 66 Eck
Tintetrabromide 221 527 78Lau
Tintetrachloride 368 527 78Lau
Tetrachloroethane 2984 694 66Eck
Tetrachloroethylene 448, 2939 527 [69Coll [72Laul [66Bar
Tetrahydrofuran 2849 694 66 Eck
Toluene 1004 527, 694 67Blo} |67Sha]
Water 3450 527 68Brel, [69Col| [69Rah
m-Xylene 2933 694 66Ec
o-Xylene 2913 694 66Eck
p-Xylene 2998 694 66Eck
(b) Solids
Medium Stokes shift Excitation Reference

vo/c [em™!] wavelength [nm]
Al, O3 416 532 [97Kam2
1-Bromonaphthalene 1363 694 [66Eck
Calcite 1086 527 69Col
1-Chloronaphthalene 1368 694 66Eck
Diamond 1332 527 71Lau
2-Ethylnaphthalene 1382 694 |66Bar]
Gd2(MoOy)s 960 532 [97Kam1
LiHCOO - H20 104, 1372 694 [90Lai
NaClO3 936 532 [97TKam3
Naphthalene 1380 694 66Eck
Polydiacetylene 1200 94Yos
Sulfur 216, 470 694 66 Eck
(c) Gases
Medium Stokes shift Excitation Reference

vo/c [em™!] wavelength [nm)]
Ammonia 3339 72Car
Barium vapor 11395 552 33Sapl| [87Glo]
Ethylene (55 atm) 1344 694 70Mac
Butane (90 atm) 2920 694 70Mac
Carbondioxide (20-50 atm) 1385 694 70Mac] [78Map)]
Carbonmonoxide 2145 694 [72Car

(continued)
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Table 4.3.1c continued.

Medium Stokes shift Excitation Reference
vo/c [em™!] wavelength [nm]

Cesium vapor 14597 84Har
Chlorine 556 694 72Car} [78Map]|
Deuterium 2991 694 67Blo
Hydrogen 4160 694 67Blol [75Chal
Hydrogenbromide (20 atm) 2558 694 70Mac| [78Map
Hydrogenchloride (35 atm) 2883 694 70Mac} [78Map
Methane (10 atm) 2917 70Mac
Nitrogen (55-100 atm) 2330 694 7T0Mac| |75Cha
N2O (50 atm) 774 694 70Mac} [7T8Map
NO 1877 694 72Car]
Oxygen (50-100 atm) 1550 694 70Mac

SF¢ (15-20 atm ) 1551 694 70Mac

SF¢ (18 atm) 775 694 [72Car

Table 4.3.2. Gain factor and other parameters of stimulated Raman scattering.

(a) Liquids

Medium Stokes shift Scattering Linewidth Gain factor Excitation Ref.
vo/c coefficient dv/c gs wavelength
[em™?) N x do/d2 [em™?) [10'2 m/W] [nm]
(10" m™! sr™Y]

Acetone 2925 17.4 12 530 69Col
Benzene 992 2.2 28 694 72Mai
Bromobenzene 1000 15 1.9 15 694 72Mai
Carbondisulfide 655 75 0.50 240 694 72Mai
Chlorobenzene 1002 15 1.6 19 694 72Mai
Ethanol 2928 174 51 530 69Col
Isopropanol 2882 26.7 9.2 530 69Col;
Methanol 2834 18.7 23 530 69Col;
Methanol 2944 26.5 18 530 69Col
Nitrogen 2326 2.9 0.067 170 694 72Mai
Nitrobenzene 1345 64 6.6 21 694 72Mai
Oxygen 1552 4.8 0.117 140 694 72Mail
Tetrachloroethylene 447 17 598 76Mai
Toluene 1003 11 1.9 12 694 72Mai
1,1,1-Trichloroethane 2939 5.2 51 530 69Col:
Water 3450 430 14 530 69Col
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(b) Solids
Medium Stokes shift Linewidth Gain factor Excitation Ref.
vo/c ov/e gs wavelength
[em™!] [em™!] (10" m/W] [nm)]

BasNaNbsO15 650 67 694 72Mai
Calcite 1086 1.1 1.4 530 69Col
CuAlS2 314 21,000 514 97Bai
GaP 403 19,000 632 97Bai
SLiNbO3 256 180 694 72Mai
"LiNbO3 256 89 694 72Mai
8LiTaO3 600 43 694 72Mai
Quartz 467 0.15 527 67Wig
(c) Gases

Medium Stokes shift Differential Dephasing  Gain factor Excitation  Ref.

vo/c scattering time Th gs wavelength
[em™1) cross section [ps] (10" m/W] [nm]
do/ds2
[10%¢ m? sr™ 7]

Ha, Q(1) 4155 1.2 208 9.7 1064 R6Han
Ha, Q(1) 4155 79 208 27.6 532 86Han
D2, Q(2) 2987 2.0 150 3.7 1064 86Han
D2, Q(2) 2987 8.0 150 10 532 86Han
Methane, Q 2917 7.0 16 3.3 1064 86Han
Methane, Q 2917 270 16 8.6 532 86Han

4.3.3.2 Stimulated Brillouin scattering (SBS) and stimulated thermal
Brillouin scattering (STBS)

Stimulated Brillouin scattering was extensively studied in liquids, solids, and gases. In many sub-
stances it is the dominant process under stationary conditions and occurs generally in backward
direction. The scattering originates from two coupling mechanisms between the electromagnetic
field and the medium: electrostriction and absorption. In transparent media only electrostriction
is relevant. In absorbing media the second contribution called Stimulated Thermal Brillouin Scat-
tering (STBS) is caused by absorption-induced local temperature changes leading to propagating
density waves. The frequency dependencies of the gain factors for the two mechanisms are different.
The peak values of stimulated gain are given by:

(ag/ap)% wg Po

e — 4.3.14
e 2c3ngvlp ( )
for the electrostrictive contribution (superscript “e”), and by
a (02/0p)r ws Pr
a _ 4.3.15
9B dengCp I ( )

for STBS. Here (0¢/0p)r is the change of the relative dielectric constant with mass density p
at constant temperature T'. p, is the equilibrium density value. v denotes the sound velocity at
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frequency w, = wr, —ws (see (4.3.4) for backward scattering, # = 180° ). The parameters in (4.3.15)
are the absorption coefficient of the laser intensity o and the relative volume expansion coefficient
Br. The half-width I'y = 7 dv of the corresponding spontaneous Brillouin line that displays an
approximately quadratic frequency dependence also enters the expressions above. For liquids one

can write:
4 + 1 1 n
r_ 3" Cv_G) " (4.3.16)
w2 2 po V2 ’ o

where ng and 7v, respectively, denote the shear and volume viscosity; the latter is to some extent
frequency-dependent via relaxation phenomena. A is the thermal conductivity. Cy and C), are
the specific heat per unit mass at constant volume and pressure, respectively. The phonon life-
time 7 of the involved acoustic phonons with circular frequency w, is related to the linewidth by
7=1T5/2=1/(2I). The peak gain value g& increases proportional to o and is of same order of
magnitude as gp for a ~ 1 cm ™!

The total frequency-dependent gain factor for the (first-order) Stokes component of SBS in-
cluding STBS is given by

95 I 9321 (ws —wr +wo)
ws —wr, +wo)?2+IE  (ws—wr+wo)?+ 15

glws) = ( (4.3.17)

The maximum contribution of STBS is red-shifted relative to the Brillouin line and occurs at
wg = wr, —Wo — I 3 . In the blue wing of the Brillouin Stokes line the mechanism produces stimulated
loss. Equation (4.3.17) states that the Stokes shift observed in the stimulated Brillouin scattering
of absorbing media in the generator or oscillator setup — occurring at the peak value of g(ws) — is
modified compared to the spontaneous Brillouin line.

A list of frequency shifts observed in SBS of transparent media is presented in Table 4.3.3 where
values for the Brillouin linewidth év and the gain parameters g3/« and g¢§ are also compiled. The
relaxation time 75 (= 1/7t §v) in condensed matter is in the order of 1079 s so that SBS is close to
steady state for giant laser pulses with ¢, ~2 1078 s (if self-focusing is avoided), but is of transient
character in the subnanosecond time domain.

4.3.3.3 Stimulated Rayleigh scattering processes, SRLS, STRS, and
SRWS

Three mechanisms can be distinguished:

1. Stimulated Rayleigh Line Scattering in transparent substances, SRLS, by electrostrictive cou-
pling to non-propagating density changes,

2. Stimulated Thermal Rayleigh Scattering, STRS, by absorptive coupling similar to the STBS
case, and

3. Stimulated Rayleigh Wing Scattering, SRWS, in liquids by orientational changes of anisotropic
molecules.

The frequency shifts of the Stokes component of the first two cases are considerably smaller
than for SBS. SRLS is difficult to observe because of the small gain factor and the relatively long
relaxation time Ty ~ 10~% s for backward scattering leading to transient scattering for nanosecond
pulses.
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Table 4.3.3. Stimulated Brillouin scattering in backward direction: frequency shift, linewidth, and gain
factor.

Medium Stokes shift Linewidth Gain Gain factor Gain factor Ref.
vo/c ov coefficient  g¢§ 9B
[em™!] [MHz] 9B/ (calculated) (measured)
(calculated) [cm / MW] [cm / MW]
[em? / MW)]

Acetic acid 0.152 167Wi
Acetone 0.154 180 0.022 0.017 0.020 70Poh;
Aniline 0.259 67 Wig
Benzaldehyde 0.224 67Wig
Benzene 0.211 0.024 0.024 0.018 68Den|
Bromobenzene 0.188 67Wig
Carbondisulfide 0.194 75 0.213 0.197 0.068 97J0]
Carbontetrachloride ~ 0.146 650 0.0134 0.0084 0.006 68Denl [70Poh|
Chloroform 0.148 67 Wig
Cyclohexane 0.180 0.007 0.0068 68Den|
p-Dichlorobenzene 0.184 67Wig
Ethanol 0.152 0.010 0.012 72Mai
Fluorinert FC 72 0.006 97Yos
Fluorinert FC 75 0.005 97Yos
Glass BSC-2 0.866 67 Wig
Glass DF-3 0.638 67Wig
Glycerol 0.386 67Wi
n-Hexane 220 0.027 0.026 68Den|, [70Poh|
InSb 95Lim
Methanol 0.142 0.013 0.013 0.013 68Denl [70Poh|
Methylodide 0.166 67Wig
Nitrobenzene 0.228 67Wig]
m-Nitrotoluene 0.229 67Wigl
n-Nitrotoluene 0.217 67Wig
Octanol 0.194 67Wig
Pyridine 0.226 67Wig
Quartz 1.16 0.005 89Agr
Sulfurhexafluoride 0.0015 93Fil, [97J0
(20 atm)
Tetrabromomethane 0.173 67Wi
Toluene 0.193 480 0.013 0.013 68Denl, [70Pohl
Water 0.197 0.0008 0.0066 0.0048 68Den|, [77Rys

94 Yos|
p-Xylene 0.199 67Wig|

1. and 2. The peak value of the stimulated gain for SRLS is given by:

e (0¢/0p)F wspo (v — 1)
9gRrL — 4 02 ’I’L% U2 9 (4318)

where v = C},/Cy . It is interesting to notice that gg; does not depend on scattering angle
(ws = wr, ). A finite optical absorption coefficient « of the medium gives rise to a second con-
tribution with peak value:

o _ (92/0p)r ws Br
JRL = QCnSchRL ’

(4.3.19)
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Table 4.3.4. Stimulated Rayleigh scattering: gain factors and linewidth values.

Medium Gain factor Gain coefficient Linewidth Reference
gRL gir(max.) /o ov
[cm/MW] [cm? /MW] [MHz]
Acetone 2 0.47 21 70Rot
Benzene 2.2 0.57 24 70Rot
Carbondisulfide 6 0.62 36 70Rot
Ethanol 0.38 18 70Rot
Methanol 8.4 0.32 20 70Rot
Tetrachloromethane 2.6 x 107* 0.82 17 70Rot
Water 0.02 0.019 27.5 70Rot

Here I'gy, = 7 0v is the halfwidth (HWHM) of the spontaneous Rayleigh line in circular frequency
units that originates from the damping of entropy changes via thermal conductivity A :

4 k% A sin® (0/2)

. 4.3.20
Po Cp ( )

I'rp =
Via I'ry, the gain constant gfi;, strongly depends on scattering angle. The frequency dependencies
of SRLS and STRS have opposite sign, leading to the total gain factor:

(95 — 955) 2 IRe(wr — ws)
(wr, —ws)? + I3

g(ws) = (4.3.21)
For dominant coupling via electrostriction positive gain occurs on the Stokes side, wg < wry, . Small
absorption values, a > 1072 cm ™!, can be sufficient for dominant STRS that produces gain on the
anti-Stokes side. For zero frequency shift, wg = wr,, the gain factor vanishes in the steady state,
(4.3.21), but not in the transient case. Stimulated scattering in forward scattering is particularly
delicate since I'rr, — 0, (4.3.20), and Stokes—anti-Stokes coupling has to be included. Values for g
and év are listed in Table 4.3.4.

3. Stimulated Rayleigh wing scattering is connected with the overdamped rotational motion of
liquid molecules in combination with an anisotropic polarizability tensor. The latter is also involved
in the optical Kerr effect enhancing the nonlinear refractive index of the medium (optical self-
focusing, self-phase modulation). The maximum steady-state gain factor for SRWS is given by:

16 7'[2 Nws (OéH — OtL)z
45 kg T, c* n

grRW = (4.3.22)

The difference of the molecular polarizability parallel and perpendicular to the (assumed) molecular
axis of rotational symmetry is denoted by a — i . kg is the Boltzmann constant, T;, the sample
temperature. The frequency dependence of the gain factor is analogous to the previous cases:

_ grw 2 [rw (wr, — ws)
(wL —ws)? + IRy

g(ws) (4.3.23)

Maximum gain of SRWS occurs for wg = wy, — Igw . The halfwidth I'gw of the Rayleigh wing line
may be taken from spontaneous scattering observations or from the reorientational time 7., . The
latter can be derived from spontaneous Raman spectroscopy, NMR, or time-resolved spectroscopy,
e.g. transient optical Kerr effect observations: 7o, = To rw = 1/I'rw . An estimate of the halfwidth
may be computed from shear viscosity and the size of the molecules using the Debye theory:

3kpTs

=280 4.3.24
8RS ( )

IRrw
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Here R denotes an effective mean radius of the molecule. The proportionality I'rw o 7ns was
demonstrated experimentally for numerous examples.

Equations (4.3.6), (4.3.22), and (4.3.23) hold for large scattering angles where Stokes—anti-
Stokes coupling can be neglected. Close to forward direction simultaneous anti-Stokes scattering
enhances the stimulated Stokes scattering, in contrast to SRS. Including the Stokes—anti-Stokes
coupling maximum gain is predicted for an optimum scattering angle

1

2 grw I ¢\ ?

9opt<gRWLc) . (4.3.25)
ny wL

The corresponding gain factor for stimulated amplification in the scattering direction 0,p¢ without
frequency shift, wg = wa = wr, , amounts to:

Jopt = 2 gRW (4.3.26)

where grw is given by (4.3.22). For more general cases the reader is referred to the literature, e.g.
[72Mail. Frequency shift and gain factor numbers are compiled in Table 4.3.5.

Table 4.3.5. Frequency shift and gain factor of stimulated Rayleigh wing scattering.

Medium Frequency shift x c ! Gain factor Grw Reference
[em™?) [10'2 m/W]

Azoxybenzene 0.036 |68Fol
Benzene 6 72Mai;
Benzonitrol 0.198 68Fol
Benzoylchloride 0.184 68Fol
Benzylidenaniline 0.065 68Fol
Bromobenzene 14 [72Mai
1-Bromonaphthalene 0.076 68Fol
Carbondisulfide 30 72Mai;
Chlorobenzene 10 72Mai
Chloronaphthalene 0.100 68Fol
1,4-Dimethylnitrobenzene 0.090 68Fol
m-Dinitrobenzene 0.116 68Fol
2,4-Dinitrotoluene 0.098 68Fol
Naphthalene 0.5 68F0l
Nitroacetophenone 0.105 68Fol!
o-Nitroaniline 0.107 68Fol
p-Nitroanisol 0.075 68F0l
Nitrobenzaldehyde 0.101 68Fol
Nitrobenzene 0.111 76 72Mail
o-Nitrophenol 0.078 68Fol
m-Nitrotoluene 0.097 68Fol
o-Nitrotoluene 0.133 68Fol
p-Nitrotoluene 0.145 68Fol
Styrene 0.4 68Fol
Toluene 20 [72Mai
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4.4 Phase conjugation

H.J. EICHLER, A. HERMERSCHMIDT, O. MEHL

4.4.1 Introduction

Phase conjugation is a nonlinear optical process which generates a light beam having the same
wavefronts as an incoming light beam but opposite propagation direction, see Fig. 4.4.1. Therefore
phase conjugation is also called wavefront reversal. A nonlinear optical device generating a phase-
conjugated wave is called a phase conjugator or Phase-Conjugate Mirror (PCM).

Q190 (i90) Qi oi0 )
=)> <« =)> <«

‘N
j |/ Fig. 4.4.1. Wavefront reflection at a conven-

tional mirror and at a phase-conjugate mirror
Conventional mirror Phase-conjugate mirror (PCM).

In Fig. 4.4.2 we consider the conjugation property of a PCM on a probe wave emanating from
a point source. A diverging beam, after “reflection” from an ideal PCM, gives rise to a converging
conjugate wave that precisely retraces the path of the incident probe wave, and therefore propagates
in a time-reversed sense back to the same initial point source.

Fig. 4.4.2. Beam propagation
after reflection at a conventional
mirror and a PCM, both illumi-
nated by a point source.

Conventional mirror Phase-conjugate mirror

A phase conjugator reflects light, mostly laser beams, only if the incident power is high enough
(self-pumped phase conjugator) or if the nonlinear material in the phase conjugator is pumped by
additional laser beams, e.g. two additional beams in a degenerate four-wave mixing arrangement.
In principle phase conjugation could be achieved also by a deformable mirror which is controlled
by a wavefront sensor adapting the local mirror curvature to the incoming wavefront. Instead of
a deformable mirror also a 2-dimensional phase modulator could be used. However, deformable
mirrors and other phase modulators up to now are more complicated set-ups with longer reac-
tion periods than nonlinear optical phase conjugators to solve practical problems requiring phase
conjugation.
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4.4.2 Basic mathematical description

The incoming wave Eji, is given by (4.4.1) with frequency f, where the amplitude Ey and phase @
are combined to the complex amplitude A. The complex conjugate is denoted by c.c.

1 . .
Ein(2,y,2,1) = 5 Eo(w,y, 2) 2T P00 4 e = Az, y,2) €' +cc. (4.4.1)
1 .
A(x7yuz) = iEO(x7yvz) e27rl¢('£,y,z) . (442)

The phase-conjugated wave exhibits the same wavefronts, however the sign of the phase @ is
inverted due to the inverted propagation direction. Thus, the phase-conjugated wave Fp. can be
written as (4.4.3):

1 . .
Epe(z,y,2,t) = B Eo(x,y,2) 2™ IUt=2@u2) L co = A (2,y,2) ¥t +cc. (4.4.3)

1 .
Ape(@,y,2) = 5 Bo(,y,2) e 2T = A%z, 2) . (4.4.4)

As can be seen A, equals the complex-conjugated A*, which explains the term phase conjugation.
From (4.4.1) and (4.4.3) we derive that the incident and phase-conjugated wave are also related to
each other by

Ein(z,y,2,—t) = Epe(x,y, 2, 1) . (4.4.5)

Thus, the phase-conjugate wave E},. propagates as if one would reverse the temporal evolution
of the incident wave FEj, . Therefore the term “time-reversed replica” is sometimes used to describe
the phase-conjugate wave.

An ideal PCM also maintains the polarization state of an incident wave after phase conjugation.
As an example, a probe wave that is Right-Handed Circularly Polarized (RHCP) will result in a
RHCP-reflected wave after conjugation. This is in contrast to a conventional mirror, which reflects
an incident RHCP field to yield a Left-Handed Circularly Polarized (LHCP) wave [82Pep].

One should realize that an ideal phase-conjugated wave exhibits the same frequency f as the
incident wave and reveals the same polarization state. Often, real phase conjugators do not have
these properties. However, if an PCM maintains the polarization state it is called a “vector phase
conjugator”.

The nonlinear optical process which comes closest to yielding an ideal phase-conjugate wave
is the backward-going, degenerate four-wave mixing interaction. Other classes of interaction (e.g.
stimulated effects) result in nonideal conjugate waves due to frequency shifts, nonconjugated field
polarization, etc. Although the application of stimulated effects, especially Stimulated Brillouin
Scattering (SBS), yields to nonideal phase-conjugate mirrors they are used the most to solve
practical problems requiring phase conjugation (e.g. compensation of phase distortions in high

average power laser systems [99Eic]).

4.4.3 Phase conjugation by degenerate four-wave mixing

Four-wave mixing can be understood as a real-time holographic process, which facilitates phase
conjugation. If the frequencies of the incoming wave, the two additionally required pump waves,
and the phase-conjugated or reflected wave are equal the process is called Degenerate Four- Wave
Mizing (DFWM).
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/

Signal wave /Jhase—ccnjugate wave Fig. 4.4.3. Setup for phase conjugation by four-wave mix-
ing.

In Fig. 4.4.3 the setup for phase conjugation by four-wave mixing is shown.

Interference of the incoming wave Fi,(z,y, z,t) with the pump wave P;(z,y, z,t) results in a
spatially periodic intensity pattern which modulates the absorption coefficient or refractive index of
the optical material resulting in a dynamic or transient amplitude or phase grating. The other pump
Py(x,y, z,t) is diffracted at this grating producing the phase-conjugated wave. This corresponds
to the conventional holographic process where the read-out wave is replaced by the second pump
wave counterpropagating to the first pump or reference wave.

Recording of a hologram is the first step in phase conjugation and leads to a transmission func-
tion ¢ in the hologram plane (variables will not be noted furthermore to simplify the readability):

toc |PL+ Ew|> == |Pi|* + PLES, + P{Ew + |Ewl|* . (4.4.6)

mn

During the read-out the phase-conjugate wave can be generated. Therefore, the hologram is illu-
minated with a second pump wave P,, propagating in the opposite direction to P;. This is in
contrast to standard holography. Since P, precisely retraces the path of P; in the opposite propa-
gation direction, P, equals P; . This means, that the two pump beams should be phase-conjugated
to each other, so that their spatial phases cancel and do not influence the phases of the reflected
beam.

In the hologram plane we obtain a field strength distribution as follows:

Pyt =Pt o< Py P + |PL Ef, + (P})? Em + P |Ewl® . (4.4.7)

The second term |P; |2 E? corresponds to the phase-conjugate wave of E;, . The other expressions
lead to three additional waves which are not of interest here. They can be suppressed in thick
nonlinear media in case of Bragg diffraction.

Common dynamic grating materials for phase conjugation are:

— photorefractive crystals (LiNbOs, BaTiOs, ... ),

— liquid crystals (molecular reorientation effects),

— laser crystals (spatial hole-burning, excited-state absorption),
— saturable absorbers,

— absorbing gases and liquids (thermal gratings),

— semiconductors (Si, GaAs, ...).

The disadvantage of phase conjugation by four-wave mixing is the requirement of two addi-
tional pump waves for the nonlinear medium. However, this facilitates amplification of the phase-
conjugate wave in the nonlinear medium at the same time. Vector phase conjugation is not achieved
by this simple DFWM scheme, but requires polarization-dependant interactions.

4.4.4 Self-pumped phase conjugation

Self-pumped phase conjugation of continuous-wave laser beams in the lower power range
(mW ... W) can be realized in Four-Wave Mixing (FWM) loop arrangements using photore-
fractive media, see Sect. 4.4.6 for detailed discussion.
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Table 4.4.1. Brillouin gain coefficient g and phonon lifetime 7 for different SBS media.

SBS medium Brillouin gain coefficient g [cm/GW] Phonon lifetime 7 [ns]
SFs (20 bar) 25 15

Xe (50 bar) 90 33

C2Fg (30 bar) 60 10

CSs 130 5.2

CCly 6 0.6

Acetone 20 2.1

Quartz 2.4 5

For pulsed lasers, self-pumped phase conjugation is achieved by stimulated scattering. For
practical application, stimulated Brillouin scattering |[72Kai| in

— gases (SFg, Xe, CoFg, CHy, Ny, ... ) under high pressure,
— liquids (CSq, CCly, acetone, freon, GeCly, methanol, ...), and
— solids (bulk quartz glass, glass fibers)

is used.

Table 4.4.1 shows the Brillouin gain coefficient g and the phonon lifetime 7 for different gaseous,
liquid, and solid-state SBS media.

A phase-conjugate mirror consists simply of a gas or liquid cell or a fiber piece. The incoming
wave is focused into the material where an oppositely traveling wave is generated initially by
spontaneous scattering. This wave interferes with the incoming wave and induces a sound wave
or another type of phase grating reflecting the incoming beam similarly as a dielectric multilayer
mirror. The induced density variations have the frequency of the initial sound wave, which is
amplified therefore and reinforces the backscattering. A detailed discussion of stimulated Brillouin
scattering is given in Sect. 4.3.3.2.

The amplification depends strongly on the extension of the interference area. Therefore the
phase-conjugated backscattered part dominates, leading to an exponential rise of the reflected
phase-conjugated signal. The wavefronts of the sound-wave grating match the wavefronts of the
incoming beam. Any disturbance of the incident wavefront will result in a self-adapted mirror
curvature with response times in the ns range.

For applications the “threshold”, reflectivity, and conjugation fidelity are the most important
parameters that characterize the performance of a Brillouin-scattering phase-conjugate mirror.
A sharply defined threshold does not exist for the nonlinear SBS process. However, after exceeding
a certain input energy a steep increase of reflectivity can be observed. Often this is called the
energy threshold of the phase-conjugate medium. For long pulses as compared to the phonon
lifetime (typically several ns) the SBS is expected to become stationary. In this case the energy
threshold can be substituted by a power threshold. Well above this threshold, the reflectivity is
not stationary but exhibits statistical fluctuations because SBS starts from noise.

It is important to emphasize that the power and not the intensity determines the “threshold”
in case of strongly monochromatic input waves. Slight focusing leads to lower intensity, but also to
a longer Rayleigh length and a larger interaction area. Stronger focusing reduces the interaction
length, but results in stronger refractive-index modulation. Both effects compensate each other if
the interaction length is not limited by the coherence length.

Practically, for most laser sources the coherence length is rather short. Here the interaction
length should be short compared to the coherence length. This requires adequate focusing of the
beam into the SBS medium. Focal length and scattering material have to be chosen suitable to
achieve a high SBS reflectivity and a good reproduction of the wavefront. Side effects in the material
like absorption, optical breakdown, or other scattering processes have to be avoided. Figure 4.4.4
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100 Pulse width: 12 ns
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Fig. 4.4.4. Commonly used carbon disulfide (CS2)
0 0.5 1.0 15 20 25 shows an SBS threshold of about 18 kW (pulse peak
Input power [MW] power) under stationary conditions.

Table 4.4.2. SBS threshold, max. reflectivity, far-field fidelity, M?-limit, and power limit for different
fiber phase conjugators, coherence length 1.5 m. The reflectivity is corrected with respect to Fresnel and
coupling losses.

Core diameter ~ SBS threshold ~ Maximum reflectivity — Far-field fidelity ~— MZ2-limit Power limit

(1] (kW] (%] [%] (kW]
200 17 80 93 63 160
100 6.4 80 91 31 40
50 2.0 88 70 16 10
25 0.3 86 - 8 2.5

shows the energy reflectivity of carbon disulfide as a function of the input power at 1 um wavelength.
Carbon disulphide shows one of the smallest power thresholds for liquids of about 18 kW. Applying
gases as SBS media, the power thresholds are about one order of magnitude higher. A saturation
of energy reflectivity close to 80 % is a typical value for liquid SBS media, although reflectivities
up to 96 % had been demonstrated [91Cro].

For high-power input pulses bulk solid-state media like quartz are investigated as SBS media,
too . To reduce the power threshold of SBS a waveguide geometry can be applied .
The beam intensity inside the waveguide is high within a long interaction length resulting in low
power thresholds. To avoid toxic liquids and gases under high pressure multimode quartz fibers
can be used . The lower Brillouin gain of quartz glass compared to suitable SBS gases and
liquids can be overcome using fibers with lengths of several meters resulting in SBS thresholds
down to 200 W peak power .

The power threshold P, can be estimated from (4.4.8), where A.g is the effective mode field
area inside the fiber core, Leg the effective interaction length, which depends on the coherence
length, and g is the Brillouin gain coefficient; for quartz g is about 2.4 cm/GW .

Py = . (4.4.8)

Table 4.4.2 shows the power threshold, the maximum energy reflectivity, the far-field fidelity,
the M?2-limit (see below), and an approximated power limit of fiber phase conjugators with different
core diameters. The used quartz-quartz fibers had a step-index geometry and a numerical aperture
of 0.22. They were investigated with an Nd:YAG oscillator amplifier system generating pulses of
30 ns (FWHM) at 1.06 pm wavelength. Regarding applications it is important to couple also
spatially aberrated beams into the fiber. The upper limit for the beam parameter product is due to
the finite numerical aperture and the core diameter of the fiber. This can by expressed by a “times
diffraction limit value” M2, see Chap. 2.2 for further information about beam characterization.
The upper power limit is approximated assuming a damage threshold above 500 MW /cm? for
ns pulses.
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An important feature of a fiber phase conjugator is the threshold behavior for different M?2-
values of the incoming beam. In case of a fiber the SBS threshold is nearly independent of the
incoming beam quality. This is caused by mode conversion inside the fiber resulting in homo-
geneous illumination and therefore in constant SBS reflectivity. In case of a Brillouin cell the
reflectivity depends on the far-field distribution of the incoming beam. Here phase distortions re-
sult in amplitude fluctuations in the focal region. A comparison between a diffraction-limited beam
(M? = 1.0) and a highly distorted beam (M? = 10) showed an increase of the SBS threshold of
300 % in case of the Brillouin cell. For the fiber phase conjugator no remarkable changes of the
power threshold were observed [97Eid].

Practically, the reproduction of the initial wavefront is not perfect after phase conjugation. To
characterize the deviation with respect to the reference wave the term fidelity F' is introduced
[77Zel]:

~ [ Ew E; 27|
C [1Balar [|E [ 2

(4.4.9)

The fidelity equals unity in case of perfect wavefront reproduction and is smaller than unity for
practical cases. To calculate the fidelity, the electric field distribution of the incident signal F;, and
the not perfectly phase-conjugated wave E, — the perfectly phase-conjugated wave is denoted Eyc
in Sect. 4.4.2 — has to be known. The determination requires sophisticated measurement equipment.
In contrary, the far-field fidelity can be measured with less effort and is therefore often used. The
transmission through an aperture of the phase-conjugate signal is compared with the transmission
of the input signal. The ratio is called far-field fidelity, because the aperture is placed in the focal
plane of a focusing lens.

4.4.5 Applications of SBS phase conjugation

Phase conjugation generates a wave which retraces the incoming wave in a time-reversed way.
Thereby it is possible to eliminate phase distortions in optical systems. For example, in a solid-
state laser amplifier, the incoming beam is not only amplified but suffers also from phase distortions
due to thermal refractive-index changes in the laser crystal. After passing this amplifier crystal, the
beam is reflected by a phase conjugator and passes the crystal a second time. As the wavefronts are
inverted with respect to the propagation direction, the refractive-index changes reduce the phase
distortions and after the second passage, these distortions disappear so that the beam quality of
the incoming wave is reproduced. In Fig. 4.4.5 a double-pass scheme with phase-conjugate mirror
to compensate for phase distortions is shown.

Typically, phase conjugators are applied in Master Oscillator Power Amplifier (MOPA) setups,
where a nearly diffraction-limited master oscillator beam is increased in power within an amplifier

Amplifier Conventional
mirror

= <« = &
HHDE@ Fig. 4.4.5. Double-pass scheme with phase-

conjugate mirror to compensate for phase distor-
Amplifier PCM tions
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Amplifier -

Rotator Fig. 4.4.6. Master oscillator power amplifier

Polarizer (MOPA) setup with phase-conjugate mirror.

Oscillator output Distorted beam after single Reconstructed beam
pass through amplifier after double pass

Fig. 4.4.7. Far-field intensity distributions of the oscillator beam, the distorted beam after single-pass
amplification, and the highly amplified beam after double-pass amplification with phase conjugation.

arrangement, see Fig. 4.4.6. After the first amplification pass the beam quality is reduced due to
thermally induced phase distortions. The spatial-distorted beam enters the SBS mirror and becomes
phase-conjugated. The initial beam quality of the master oscillator can be roughly reproduced after
the second amplification pass. The amplified beam is extracted with an optical isolation, which
consists in this case of a Faraday rotator and a polarizer.

Figure 4.4.6 shows a MOPA system producing up to 210 W average output power at 2 kHz
average repetition rate (1.08 wm wavelength). The system is part of an advanced setup yielding
up to 520 W average output power . The oscillator beam has a nearly diffraction-limited
beam quality (M? < 1.2) which is already reduced in front of the first amplifier (M? = 1.5). This
results from optical components between oscillator and amplifier which introduce phase distortions.
After single-pass amplification the beam quality decreases to M? = 5 due to phase distortions
introduced by both pumped amplifier rods at 6.5 kW pumping power for each amplifier. After
phase conjugation and double-pass amplification the initial beam quality can be nearly reproduced
(M? < 1.9). Differences between the initial and final beam quality are caused by a fidelity smaller
than unity and diffraction at several apertures in the amplifier chain.

The performance of the phase-conjugate mirror can be illustrated by far-field intensity profiles
recorded at different positions in the setup. In Fig. 4.4.7 the oscillator output beam exhibits a
smooth Gaussian profile corresponding to the nearly diffraction-limited beam quality. After single-
pass amplification the reduction of beam quality is confirmed by a strongly aberrated far-field
profile. After phase conjugation and double-pass amplification the initial intensity distribution can
be nearly reproduced. In this example the average power of the master oscillator beam (approx.
1 W) was increased to 130 W after double-pass amplification.

Presently, phase distortion elimination in double or multipass laser amplifiers is the most often
application of phase conjugation. In addition phase conjugators are useful as mirrors in laser
oscillators replacing one of the conventional mirrors. Again, the phase conjugator eliminates phase
distortions in the laser medium induced by optical or discharge pumping. For recent advances and
applications of SBS-phase-conjugation see [02Eic} [03Rie| [04Rie].
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4.4.6 Photorefraction

The photorefractive effect belongs to the nonlinear optical effects with the highest sensitivity for
operation at low optical intensity levels. Photorefractive phase conjugators are able to operate using
intensities of only mW /cm?. The price paid of the low intensity performance is diminished speed.
The response times of recent photorefractive phase conjugators span in the range of milliseconds
to several minutes.

The photorefractive effect describes light-induced refractive-index changes in the material when
the incident light is spatially nonuniform [88Guel [93Yehl [95Noll [96Sol|. The spatial nonuniformity
distinguishes the photorefractive effect from other common nonlinear optical effects that occur
under spatial uniform intensity. The maximum refractive-index change induced in a photorefractive
material does not occur necessarily locally where the light intensity is a maximum. The nonlocal
response occurs because electric charges move and are stored inside the material. In case of classical
nonorganic bulk photorefractive materials, such as ferroelectric oxides (BaTiO3, LiNbO3, KNbO3),
sillenites (Bi12510499, Bi1aTiO20, BijaGeOsqg) or semi-insulating semiconductors (GaAs, InP, CdTe),
electrons (or holes) are photoexcited from localized impurity centers or defect sites, which are
energetically located deep in the band gap of the material, into the conduction (or valence) band.

The energy of the exciting photons is smaller than the band-gap energy. Free carriers excited
in bright crystal regions move due to diffusion and drift into dark crystal regions where they
are trapped by empty defect sites, see Fig. 4.4.8. As a consequence of separated and trapped
electric charges the formation of space-charge electric fields occurs. These electric fields change the
refractive index of the material by electrooptics effects, usually the Pockels effect.

Nonuniform illumination occurs when two coherent laser beams interfere in the crystal. The
intersecting beams create a periodical interference pattern. The formation of a photorefractive
index grating due to a sinusoidal intensity pattern is shown in Fig. 4.4.9. When diffusion is the
main effect for the transport of the excited charge carriers (there is no external electric field
applied on the crystal) the electric-field maxima are shifted by a quarter fringe spacing relative to
the intensity maxima. This 71/2 phase shift of the induced index grating plays a fundamental role
in photorefractive non-linear optical wave mixing. It allows for an energy transfer between the two
beams writing the grating in a process called two-wave mixing. One of the beams (called signal
beam) is amplified at the expense of the other beam (called pump beam).

A phase-conjugate beam can be created by four-wave mixing processes. In this case the two-wave
mixing arrangement is extended with a second pump beam which counterpropagates with respect
to the first pump beam, see Fig. 4.4.3. In case of external pump beams, the phase-conjugation

Light
- Diffusion, drift
e e > e
CB A L
|
AV l
—L'E -
Trap
VB
E Fig. 4.4.8. Band transport model of photorefrac-

tion.
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Fig. 4.4.9. Formation of a photorefractive index
grating due to a sinusoidal intensity pattern.

—» C axis
Fig. 4.4.10. Scheme of photorefractive total-
internal-reflection phase conjugator (cat conjuga-
tor), left. The light propagation in the crystal can
be seen due to scattering, right.

process may be highly efficient leading to large reflectivities well above 100 % in relation to the
incoming power.

Self-pumped phase conjugators require only a single incident beam and because of their sim-
plicity they are more advantageous for practical applications. The operation of photorefractive
self-pumped phase conjugators is based on a non-linear optical process called beam fanning. When
a single beam is incident on a photorefractive crystal, some light is scattered inside the crystal. This
scattered light forms a set of gratings with the incident light and is amplified by two-wave mix-
ing. This process was named fanning because a broad fan of scattered amplified light is generated
emerging from the crystal.

Perhaps the most commonly used photorefractive self-pumped phase conjugator type is the so-
called cat conjugator . In this case the first pump beam is generated from the incident beam
by fanning, the second pump beam by backreflection on the crystal corner. Figure 4.4.10 shows a
rhodium-doped barium titanate crystal which acts as a cat conjugator for an incident beam of 5 mW
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Array Al2- Spatial FP-
A=810nm wave plate filter etalon

BaTiOy:Rh

\J Output:P=230 mW

Fig. 4.4.11. Coherent diode laser array coupled by a phase-conjugating BaTiO3:Rh crystal [98Lob|.

optical power at 808 nm wavelength. The formed internal phase-conjugation loops can be observed
in the lower right-hand corner of the crystal. Self-pumped phase-conjugate reflectivities as high as
60-80 % have been reported for visible and near-infrared wavelengths by numerous investigators
using photorefractive crystals in various arrangements 185Guel [86Pepl (95Mul [94Wecl [97Huo].

The efficient operation of photorefractive phase conjugators at low and moderate power levels
makes this type of device attractive especially for diode-laser applications. Free-running high-power
diode laser arrays emit laser beams of poor spatial and spectral quality. Optical phase-conjugate
feedback can increase both the spatial and the temporal coherence of the radiation. Figure 4.4.11
shows an external-cavity diode laser system comprising a photorefractive BaTiOg3 crystal as phase
conjugator, a Fabry-Perot etalon, and a spatial filter forcing the laser diode array to operate in a
single spatial and a single longitudinal mode . The coherence length of the phase-conjugate
laser system has been increased by a factor of 70 and the output has become almost diffraction-
limited. The output power is reduced from 440 mW to 230 mW.
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10507868_9
10507868_5
10507868_8
10507868_5
10507868_8
10507868_8
10507868_5
10507868_8
10507868_7
10507868_2
10507868_2
10507868_4
10507868_2
10507868_5
10507868_2
10507868_5
10507868_2
10507868_5
10507868_2
10507868_5
10507868_8
10507868_4
10507868_2
10507868_4
10507868_2
10507868_2
10507868_2
10507868_2
10507868_5
10507868_2
10507868_7
10507868_8
10507868_8
10507868_5
10507868_7
10507868_2
10507868_9
10507868_6
10507868_9
10507868_6
10507868_5
10507868_5
10507868_7
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Index

optics of
vapor
inert gas mixture
mixture of different
Methane [226
Methane, Q
Methanol

Methanol-ds [224]
Methyl N-(2,4-Dinitrophenyl)-L-Alaninate |[142
Methylodide [229
Mg
Mgt 210
Mg:0-doped Lithium Niobate [143]
MHBA
Mid IR region

optical parametric oscillation in
Miller

coefficient

delta formulation |147
Mirror

concave

spherical [114

phase-conjugate [235

self-adapted

spherical |113]

concave m

Misalignment [116
Mixed moment

&

Mixing
frequency 208
two-wave [242
Mixture
metal-vapor inert gas
of different metal vapors
of gaseous media
mNA
Mode
competition
hopping

matching

Model
Gauss—Schell
Moment

angular
centered
dipole
mixed
second-order
determination of
radiation field, propagation of
spatial
Momentum
conservation of
Monoclinic [105)
MOPA (Master Oscillator Power Amplifier) [240
Mueller calculus

Multimode oscillation
Mutual power spectrum

nm-pulse

N2O

N-(4-Nitrophenyl)-(L)-Propinol |142

N-[2-(Dimethylamino)-5-Nitrophenyl]-Acetamide
142

n-Hexane

n-Nitrotoluene |229
Na m
NaClOs 225
Nanosecond optical parametric oscillation [176
Naphthalene
Nd:glass high-power laser radiation
generation of harmonics |[162
harmonics [162
Nd:YAG laser radiation
fifth harmonic generation of |161
fourth harmonic generation of |160
harmonics of
intracavity second harmonic generation of [158
second harmonic generation of
second harmonic generation, intracavity, of
sixth harmonic generation of
third harmonic generation of [159

Ne [211
Near field
Near IR
radiation
up-conversion of
region

cw optical parametric oscillation in
femtosecond optical parametric oscillation in
184
nanosecond optical parametric oscillation in
176
picosecond optical parametric oscillation in
180
Negative
refractive index material, data of
uniaxial crystal
(NH2),CO 143
NHj laser |166
NH4H2ASO4 143
NH4H2PO4 (143
Nitroacetophenone 231
Nitrobenzaldehyde
Nltrobenzene ----
Nitrogen -
NO
NO2C¢H4NH2 [143
Nodal point [110
Noise input
Non-symmetrical optical system |112
Noncollinear phase matching
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10507868_5
10507868_2
10507868_4
10507868_7
10507868_7
10507868_2
10507868_7
10507868_7
10507868_7
10507868_9
10507868_8
10507868_8
10507868_8
10507868_6
10507868_8
10507868_8
10507868_8
10507868_8
10507868_9
10507868_8
10507868_6
10507868_6
10507868_8
10507868_8
10507868_8
10507868_7
10507868_7
10507868_7
10507868_8
10507868_6
10507868_6
10507868_6
10507868_6
10507868_8
10507868_8
10507868_6
10507868_6
10507868_6
10507868_6
10507868_6
10507868_6
10507868_6
10507868_6
10507868_5
10507868_6
10507868_9
10507868_6
10507868_6
10507868_6
10507868_9
10507868_6
10507868_5
10507868_6
10507868_5
10507868_6
10507868_5
10507868_7
10507868_4
10507868_4
10507868_7
10507868_9
10507868_6
10507868_7
10507868_7
10507868_6
10507868_7
10507868_7
10507868_7
10507868_7
10507868_6
10507868_6
10507868_6
10507868_6
10507868_2
10507868_2
10507868_6
10507868_5
10507868_5
10507868_4
10507868_5
10507868_6
10507868_6
10507868_4
10507868_6
10507868_4
10507868_6
10507868_2
10507868_2
10507868_6
10507868_4
10507868_8
10507868_4
10507868_8
10507868_4
10507868_8
10507868_8
10507868_8
10507868_8
10507868_5
10507868_8
10507868_8
10507868_4
10507868_8
10507868_6
10507868_7
10507868_5
10507868_5
10507868_8
10507868_9
10507868_5
10507868_6
10507868_5

Index 257

Nonlinear Oscillating dipole
coefficient Oscillation
effective |150 multimode
interaction length optical parametric
optics continuous wave [176
fundamental equations of femtosecond
regime in the mid IR region [186
second harmonic generation in nanosecond
susceptibility |205 picosecond
third-order Oscillator
Nonlinearity self-sustained
effective (147 Oxide
Normalization ferroelectric [242
of line shapes Oxygen m
Normalized
line shape p-Dichlorobenzene
shape function p-Nitroanisol [231
Notation p-Nitrotoluene |231
complex [6] p-Xylene
NPP Parabolic system, general
Number Paraboloid
Abbe’s phase
Fresnel Paraxial range [108
Partially
o-Nitroaniline [231 coherent beam
o-Nitrophenol [231 polarized light
o-Nitrotoluene 231 PCM (Phase-Conjugate Mirror) [235
o-Xylene 225 Penetration depth
Octanol Permeability
Optical Permittivity B]
crystal 105 Perturbation approach
glass [@ Phase
data of -conjugate mirror [235)
indicatrix |145 conjugation
material self-pumped [237
parametric oscillation conjugator |235)
continuous wave m fiber 240
femtosecond photorefractive [242
in the mid IR region |186 self-pumped
nanosecond vector  [236]
picosecond  [180) curvature, generalized
radiometry matching
self-focusing 220 condition m
system noncollinear |146
non-symmetrical [112 paraboloid
symplectic [116 Phonons
Optics acoustic [217
crystal |[104 Photoacoustic calorimetry
diffractive Photoconductor
Fourier Photodiode
geometrical [108 Photometric quantities
linear Photonic crystals, data of
nonlinear, fundamental equations of Photorefraction m
of metals Photorefractive
of semiconductors crystal
Ordinary beam [145 material [242
Orthorhombic (105 phase conjugator [242
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10507868_2
10507868_2
10507868_6
10507868_6
10507868_6
10507868_6
10507868_6
10507868_6
10507868_6
10507868_7
10507868_6
10507868_6
10507868_6
10507868_6
10507868_7
10507868_7
10507868_8
10507868_2
10507868_6
10507868_9
10507868_8
10507868_2
10507868_8
10507868_2
10507868_8
10507868_2
10507868_8
10507868_8
10507868_8
10507868_2
10507868_5
10507868_6
10507868_6
10507868_6
10507868_4
10507868_5
10507868_5
10507868_5
10507868_4
10507868_8
10507868_5
10507868_8
10507868_9
10507868_8
10507868_5
10507868_8
10507868_2
10507868_8
10507868_2
10507868_7
10507868_5
10507868_5
10507868_9
10507868_5
10507868_9
10507868_6
10507868_9
10507868_5
10507868_9
10507868_6
10507868_6
10507868_6
10507868_9
10507868_6
10507868_9
10507868_6
10507868_9
10507868_9
10507868_6
10507868_9
10507868_6
10507868_4
10507868_6
10507868_6
10507868_3
10507868_7
10507868_8
10507868_6
10507868_4
10507868_5
10507868_5
10507868_8
10507868_3
10507868_5
10507868_3
10507868_5
10507868_3
10507868_5
10507868_3
10507868_5
10507868_5
10507868_5
10507868_9
10507868_7
10507868_5
10507868_9
10507868_5
10507868_9
10507868_6
10507868_9
10507868_5
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Picosecond Pressure
continuum generation |186 broadening
in crystals [186) light
optical parametric oscillation [180 Primary standards
Pipe Principal
heat axis
Piperidine |225 of the beam
Planar plate [113 value [145
Planck’s law Principle
Planckian radiation Huygens’
Plane [113 Process
cardinal [110 pumping
wave Prokhoroy
approximation |[152 Propagation
representation beam m
Plate Gaussian
Brewster-angle-tilted free-space
half-wave in doped media
law
planar [113 .
quarter-wave hyperbolic
Point of the second-order moments of the radiation
cardinal [110 field
group [150 short-pulse
nodal [110 three-dimensional |127]
Polarization two—fhmenswnal 126
Proustite |142
degree of .
electric 6] Pseudo-symmetric beam
magnetic Pulse
Polarized 2m-

partially amplification, adiabatic
: nm-

light -

resonant coherent
short, propagation of

Polydiacetylene [225
Polymeric materials, data of
Polynomial

Pumping
Laguerre process
POM [142} schemes
P031t}on Pyrargyrite [142
walst .

Pyridine

Positional stability Pyroelectric detector

beam

Posmv.e uma.)ﬂal cr}fstal g-parameter, complex [120]
Potassium Dideuterium Arsenate [143 Quantities
Potassium Dideuterium Phosphate |143 photometric
Potassium Dihydrogen Phosphate [143 radiometric
Potassium Niobate [143 Quantum
Potassium Pentaborate Tetradeuterate |143 conversion efficiency
Potassium Pentaborate Tetrahydrate [143 detector
Potassium Titanyl Arsenate [143 Quarter-wave plate
Potassium Titanyl Phosphate [143 Quartz ----
Power Quasistatic interaction length
density distribution
radiant Rabi frequency
spectrum Radiance
mutual geometric-optical
Poynting vector spectral
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10507868_2
10507868_6
10507868_3
10507868_6
10507868_3
10507868_6
10507868_4
10507868_7
10507868_4
10507868_8
10507868_6
10507868_5
10507868_2
10507868_2
10507868_5
10507868_3
10507868_5
10507868_2
10507868_5
10507868_2
10507868_2
10507868_5
10507868_4
10507868_6
10507868_5
10507868_5
10507868_5
10507868_4
10507868_5
10507868_2
10507868_5
10507868_5
10507868_4
10507868_5
10507868_5
10507868_5
10507868_5
10507868_6
10507868_5
10507868_5
10507868_5
10507868_2
10507868_2
10507868_5
10507868_6
10507868_5
10507868_4
10507868_2
10507868_2
10507868_2
10507868_2
10507868_2
10507868_5
10507868_2
10507868_8
10507868_2
10507868_5
10507868_5
10507868_5
10507868_2
10507868_6
10507868_6
10507868_2
10507868_6
10507868_4
10507868_8
10507868_8
10507868_3
10507868_4
10507868_5
10507868_6
10507868_5
10507868_6
10507868_6
10507868_3
10507868_6
10507868_3
10507868_6
10507868_6
10507868_6
10507868_6
10507868_3
10507868_6
10507868_5
10507868_6
10507868_6
10507868_8
10507868_8
10507868_9
10507868_6
10507868_4
10507868_3
10507868_2
10507868_4
10507868_3
10507868_4
10507868_4
10507868_2
10507868_3
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Radiant

energy
excitance
intensity

power
Radiation
field

propagation of the second-order moments

Planckian
synchrotron
Radiator
black-body
lambertian

Radiometer
cryogenic
Radiometric

quantities
standards
Radiometry
optical
Raman
line
vibration-rotation m
vibrational
parameters
gases |[227]
liquids [226)
solids
scattering
cross section [223
gases [225
liquids  [224]
solids [225
stimulated
Range
paraxial [108
Seidel’s |109
Rate equations
Ray
surface
tracing
transfer matrix |[111
general |117
Rayleigh
distance
length
line scattering
stimulated [228
scattering
line |217]
line, stimulated |228
stimulated
stimulated, thermal
wing
wing, stimulated

Landolt-Bérnstein
New Series VIII/1A1

—Sommerfeld

approximation

—Debye diffraction theory
wing scattering

wing scattering, stimulated 228 ,

Rb [210]
RbH,AsO4 [143]
RbH2PO4 [143
RbTiOAsO4 |143
RDA
RDP
Real Bessel beam
Rectangular aperture
Reflection
external |101
internal |101
total |101
Refraction (101
at a sphere |[114
Refractive index
change, light-induced [242
complex
Region
X-ray
Relation
Kramers—Kronig [@
Relaxation
energy
entropy
Replica
time-reversed
Representation
angular-spectrum
plane-wave
Resonance condition
Resonant coherent pulses
Responsivity
Rotating wave approximation
Rotator
Faraday
Rowland concave grating
RTA
Rubidium Dihydrogen Arsenate
Rubidium Dihydrogen Phosphate
Rubidium Titanyl Arsenate |[143
Ruby laser radiation
second harmonic generation of

Saturable absorber 237
Saturation

broadening
intensity

of the two-level transition

143
143

SBS (stimulated Brillouin scattering)

threshold [238][239]
Scalar diffraction theory

2271236


10507868_5
10507868_3
10507868_3
10507868_5
10507868_3
10507868_8
10507868_3
10507868_8
10507868_8
10507868_8
10507868_3
10507868_7
10507868_6
10507868_6
10507868_5
10507868_6
10507868_3
10507868_6
10507868_6
10507868_6
10507868_6
10507868_3
10507868_6
10507868_6
10507868_6
10507868_6
10507868_6
10507868_5
10507868_3
10507868_5
10507868_3
10507868_5
10507868_3
10507868_3
10507868_5
10507868_5
10507868_3
10507868_5
10507868_3
10507868_5
10507868_3
10507868_3
10507868_9
10507868_2
10507868_5
10507868_8
10507868_3
10507868_8
10507868_8
10507868_5
10507868_8
10507868_8
10507868_2
10507868_8
10507868_2
10507868_8
10507868_9
10507868_8
10507868_8
10507868_5
10507868_8
10507868_5
10507868_8
10507868_8
10507868_8
10507868_2
10507868_2
10507868_5
10507868_3
10507868_5
10507868_2
10507868_2
10507868_5
10507868_5
10507868_5
10507868_4
10507868_6
10507868_6
10507868_6
10507868_5
10507868_6
10507868_5
10507868_6
10507868_6
10507868_5
10507868_4
10507868_6
10507868_8
10507868_8
10507868_9
10507868_8
10507868_2
10507868_8
10507868_2
10507868_8
10507868_8
10507868_8
10507868_2
10507868_8
10507868_8
10507868_8
10507868_9
10507868_8
10507868_9
10507868_9
10507868_5
10507868_8
10507868_8
10507868_8
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Index

Scattering
anti-Stokes [222
anti-Stokes Raman, coherent
Brillouin
stimulated
stimulated, thermal
coefficient
coherent
anti-Stokes Raman m
cross section m
differential [227
Raman m
Raman
cross section m
gases [225
liquids [224
solids  [225
stimulated
Rayleigh
line |[217]
line, stimulated |[228
stimulated
stimulated, thermal

wing
wing, stimulated
spontaneous
Stokes [219

stimulated
Brillouin
Brillouin, thermal
Raman
Rayleigh 28
Rayleigh, line [228
Rayleigh, thermal
Rayleigh, wing

Stokes |219
transient 222
Stokes

spontaneous [219
stimulated
Schawlow
Schrédinger equation
of optics @]
Second harmonic generation
in “nonlinear regime” |154
of dye laser radiation |164
of gas laser radiation [166
of Nd:YAG laser radiation
of Nd:YAG laser radiation, intracavity
of ruby laser radiation m
of semiconductor laser radiation [164
of Ti:sapphire laser radiation |163
Second-order moment
determination of
radiation field

propagation of

Secondary standards
Seebeck coefficient
Seidel’s range |109
Self-adapted mirror |[238
Self-focusing
optical [220
Self-pumped
phase conjugation m
phase conjugator
Self-sustained oscillator
Sellmeier’s formula
Semiclassical laser theory
Semiconductor
data of
laser radiation
second harmonic generation of
optics of
SFs
Shape
factor of a lens |[117
function, normalized
line
Shift
Goos—Hénchen |103
Stokes [224H227
Short-pulse propagation
Siliciumtetrachloride |225
Sillenites [242
Silver Gallium Selenide [142
Silver Thiogallate |142
Simple astigmatic beam
Sixth harmonic generation [156
of Nd:YAG laser radiation |[161
Slit factor
Slowly varying envelope (SVE) [9]
approximation
for diffraction @]
equation
Small signal
gain factor
solutions
Solid
Raman
parameters |227|
scattering [225)
scattering
Raman
-state laser material, data of
Solutions
small-signal
steady-state
strong-signal
Spatial
frequency
hole-burning
moment
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10507868_3
10507868_8
10507868_3
10507868_8
10507868_5
10507868_9
10507868_8
10507868_8
10507868_8
10507868_9
10507868_8
10507868_8
10507868_8
10507868_8
10507868_9
10507868_8
10507868_9
10507868_9
10507868_8
10507868_2
10507868_8
10507868_5
10507868_8
10507868_2
10507868_8
10507868_5
10507868_8
10507868_8
10507868_6
10507868_8
10507868_5
10507868_8
10507868_9
10507868_8
10507868_8
10507868_8
10507868_5
10507868_8
10507868_2
10507868_8
10507868_2
10507868_8
10507868_8
10507868_8
10507868_8
10507868_8
10507868_5
10507868_8
10507868_8
10507868_8
10507868_8
10507868_8
10507868_8
10507868_5
10507868_8
10507868_8
10507868_9
10507868_7
10507868_8
10507868_6
10507868_8
10507868_8
10507868_8
10507868_6
10507868_8
10507868_8
10507868_4
10507868_5
10507868_5
10507868_8
10507868_8
10507868_8
10507868_6
10507868_8
10507868_8
10507868_8
10507868_6
10507868_8
10507868_5
10507868_8
10507868_8
10507868_2
10507868_8
10507868_8
10507868_8
10507868_2
10507868_8
10507868_2
10507868_8
10507868_5
10507868_5
10507868_8
10507868_2
10507868_8
10507868_2
10507868_2
10507868_2
10507868_2
10507868_8
10507868_6
10507868_6
10507868_6
10507868_8
10507868_6
10507868_6
10507868_8
10507868_6
10507868_5
10507868_6
10507868_6
10507868_6
10507868_6
10507868_2
10507868_6
10507868_2
10507868_6
10507868_2
10507868_6
10507868_4
10507868_5
10507868_4
10507868_9
10507868_4
10507868_5
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261

Spectral
line shape
radiance

Spectrum

angular, representation
Sphere

refraction at
Spherical

aberration
third-order |119

concave mirror (114

mirror |113

surface (113

vector wave

wave

Spontaneous
emission

Einstein coefficient

scattering

Stokes [219

Stokes scattering
Sr [210

SRLS (stimulated Rayleigh line scattering) [228
SRS (stimulated Raman scattering) [223]

SRWS (stimulated Rayleigh wing scattering) [228]

2301 231]
Stability
positional
beam
Standards
primary
radiometric
secondary
STBS (stimulated thermal Brillouin scattering)
227]
Steady state
condition
solutions
Steradian
Stigmatic beam
Stimulated
amplification |221
Brillouin scattering
thermal
Raman scattering
Rayleigh scattering
line m
thermal
wing
scattering 217
Brillouin
Brillouin, thermal
Raman  [217[223) 226
Rayleigh 2
Rayleigh, line [228

Rayleigh, thermal [220]

Landolt-Bérnstein
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Rayleigh, wing
Stokes [219]
transient
Stokes scattering
thermal
Brillouin scattering
Rayleigh scattering
Stokes
—anti-Stokes coupling
emission
higher-order [222
line [218
scattering
spontaneous [219
stimulated
shift
spontaneous scattering [219
stimulated scattering [219

vector
Stop

Strong-signal solutions
STRS (stimulated thermal Rayleigh scattering)
228
Styrene
Sulfur |225
Sulfurhexafluoride |229
Sum frequency generation
of UV radiation |167H169
Superradiance
Surface
index
ray
spherical [113]
Susceptibility
complex
electric
linear |205
magnetic @
nonlinear [205
third-order
third-order
nonlinear [221
SVE (Slowly varying envelope) [9]
approximation
for diffraction [9]
SVE (slowly varying envelope)
equation
Symmetry conditions
Kleinman
Symplectic optical system |116
Synchrotron radiation

System
four-level
general

astigmatic [116]
parabolic [112


10507868_8
10507868_8
10507868_8
10507868_8
10507868_2
10507868_8
10507868_3
10507868_8
10507868_5
10507868_8
10507868_8
10507868_8
10507868_8
10507868_5
10507868_8
10507868_5
10507868_5
10507868_8
10507868_5
10507868_8
10507868_5
10507868_5
10507868_8
10507868_5
10507868_8
10507868_2
10507868_5
10507868_8
10507868_8
10507868_8
10507868_2
10507868_2
10507868_2
10507868_8
10507868_2
10507868_5
10507868_5
10507868_8
10507868_2
10507868_8
10507868_7
10507868_8
10507868_8
10507868_8
10507868_8
10507868_8
10507868_8
10507868_8
10507868_8
10507868_8
10507868_8
10507868_6
10507868_6
10507868_6
10507868_6
10507868_6
10507868_2
10507868_4
10507868_5
10507868_6
10507868_3
10507868_5
10507868_3
10507868_5
10507868_3
10507868_2
10507868_8
10507868_2
10507868_2
10507868_2
10507868_7
10507868_2
10507868_2
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