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1. Introduction to Optical Modeling with GLAD

Principles and Practice of Optical Modeling with GLAD

Program: General Laser Analysis and Design (GLAD)
Author: Dr. George N. Lawrence, Applied Optics Research, glad@aor.com

Objective:

Gain intuitive understanding of diffraction, optical propagation, laser gain, waveguides,
and selected nonlinear optics components.
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What you will learn in this course

B Basic concepts of physical optics modeling

B GLAD command language, macro files, and math expressions
B Hands-on experience with modeling problemsin GLAD

B Modeling selected topics

@® beam trains

@ lasers

@® waveguides

@ selected nonlinear optics

@ atmospheric and thermal effects (sel ected)

Course is not complete

B Not every GLAD feature covered

GLAD istheresult of about 40 man-years of development

B Thousands of commands forms (counting commands and modifiers)
B More than 500 hundred examples

GLAD Course 1. Introduction to Optical Modeling with GLAD



How to get help after the course

B AOR provides one year of warranty, technical support, and version upgrades
B Emall isthe best way to communicate

@ no extratyping or mistakes

@® AOR seesexact problem
@® AOR can email modified command files back to customer in ready-to-use form

B Download latest GLAD executable from demos/downloads: www.aor.com

GLAD Course 1. Introduction to Optical Modeling with GLAD



Milestonesin GLAD development

B All FFT's, no rays (1975)

B Physical optics code with user interface (1975)

B Memory management allows large array in small memory (1975)
B Atmospheric characterization by power spectrum in code (1980)

B Circular propagator, competitor with fast Hankle, worked on 48K, TRS 80 radio shack
computer (1983)

B Zonal propagation with defined pixel control for multiple beams (1983)
B Path independent propagation control algorithm (1983)

B Integrating geometrical and physical optics (1985)

B Propagation with tilted and warped surfaces and thick elements (1986)
B Damped least squares optimization in physical optics (1988)

B Zona model of adaptive optics (1988)

B Axiconsincluded (1988)

B Therma blooming (1988)

B Partial coherence (1989)

B Identification of problems with M”2 (1988)

B Incorporating rate equation gain (1991)

B \Waveguides with free space propagation (1991)

GLAD Course 1. Introduction to Optical Modeling with GLAD 10
CAOR)



Rapid calculation of optical parametric oscillator (1991)

Waveguide grating couplers, vector polarization effects (1991)

|nterferometery with moving elements (1990)

Special resonator command provides stable numerical calculations (1990 to present)
Rapid treatment of lens arrays (1990)

High NA vector diffraction (1991)

Transient Raman with complex medium polarization and growth from vacuum fluctua-
tions (1991)

Synthesis with phase retrieval incorporated (1991)
Synthesis with ssmulated annealing incorporated (1992)

Rate equation gain with Franz-Nodvik theory capable of transient and Q-switch model-
ing (1992)

B Finite e ement thermal blooming (1993)
Reflecting wall waveguides by aliasing model (1994)

B Michelson interferometer with speckle plates and limited spatial and spectral coherence
(1995)

B Nonlinear optics. Raman, doubling, limiting, sum-frequency generation, OPA, four-
wave (1990 to present)

B Gain: four-level, three-level, semi-conductor (1988 to present)
B Frustrated total internal reflection (TIR) in polygon resonators (1994)

GLAD Course 1. Introduction to Optical Modeling with GLAD 11
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Goos-Hanchen shift (1996)

Thermally induced stress birefringence (1998)

Excimer laser modeling (1999)

Partial coherence in photolithography

guide star from sodium layer in the upper atmosphere (2001)

Laser diode array side pumping (2002)

Command composer (2003)

Variable monitor (2002)

Partial coherence of a 3D object in broad band illumination

Treatment of manifolds of upper and lower level in three and four level gain (2004)
Sub-round-trip sampling (2006)

Pulse compression in a grating rhomb (2007)

Dynamic HTML output display using Javascript and SV G graphics (2007)
Zigzag amplifier with exact 3D pixel matching (2008)

External cavity mode competition (2009)

Coherent treatment of gain for short pulse, longitudinal modes, etc. (2012)

GLAD Course 1. Introduction to Optical Modeling with GLAD
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Why physical optics?

B Beam propagation method (BPM) is the technique of choice for:
@ general diffraction: near-field, far-field and in between
@ vector diffraction
@ l|asers
@ interferometry
@ diffractive elements
@ nonlinear optics
@ waveguides and optical fibers
@® most photonic applications
B Literature shows overwhelming preference for FFT-based BPM
B Systems may be modeled in modular fashion

B Geometrical optics may easily be incorporated within physical optics programs

GLAD Course 1. Introduction to Optical Modeling with GLAD
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Popular methods of deter mining laser system performance

Guessing
Msmple
Mno math or physics required
Qoften wrong for easy systems

Qusually wrong for complex systems

Ray tracing

B very easy
B no math or physics required

B simply define configuration in aCAD form

B “acomputer didisso it must beright”

Q rays can not analyze laser systems or waveguides (to be discussed)

A ray distributions have little (if any) relationship to actual distributions
A only “flashlight” systems

GLAD Course 1. Introduction to Optical Modeling with GLAD
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Popular methods of deter mining laser system perfor mance (cont’ d)

Diffraction analysisin ray trace codes

can see edge diffraction

fully coherent light only

can not model laser modes, speckle

no gain or nonlinear effects

NO resonators

no dynamic effects

A can only model systems that can be ray traced
A poor technical support from “ray benders’

Do O000U N

M-squared

B Dbetter than guessing
A only theoretically ideal Hermite-Gaussian modes

Q far-field second moment blows up with any aperture clipping, M? — oo
O excessive response to aberration
A not useful for system analysis

GLAD Course 1. Introduction to Optical Modeling with GLAD
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Evaluating optical modeling software

B Arethere examples of all the things you need to do?
(GLAD includes more than 500 examples)

B Documentation
@ derivations?
@ technica detalls?
@ limits of validity?
B Techical support
@® qualified to prove the models are correct?
@ willing to prove the models are correct?
@ call up and ask atechnical question before buying

GLAD Course 1. Introduction to Optical Modeling with GLAD
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Why GLAD?

B GLAD containsthe widest range of features of any code
@ full diffraction for all steps
@ rate equation laser gain
@® components and effects
@ atmospheric effects
@ selected nonlinear optics
@ programmable command language
B GLAD isthe most widely used physical optics program

Structure of the course

B Lectures
B Hands-on practice

GLAD Course 1. Introduction to Optical Modeling with GLAD
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Some types of optical codes

B Lensdesign codes. Zemax, Code-V
@® Propagation: Ray tracing, Snell’s Law, good 3D pictures
 Some near-field diffraction with FFT’s, no lasers or resonators
@® Applications: Complex geometrical optics systems. camera lenses, etc.
@® Form: Spread sheet, some programability

B LASCAD, highly specialized: diode pumped solid state laser (DPSSL)
@® Propagation: Hermite-Gaussian, stable cavity only. Low sampling.
@® Applications: laser welding for German automobile industry
@® Form: Speciaized GUI interface, no programability

B GLAD, full diffraction for all laser and physical optics calculations
@ Propagation: full diffraction with FFT in all steps, full 3D propogation
 some vector diffraction, waveguides, comlex resonators and beam trains

@® Applications: Sophisticated, high end systems, defense, laser fusion, excimers, com-
plex lasers

@® Form: Script files, highly programable, math expressions

B Chinese market?

GLAD Course 1. Introduction to Optical Modeling with GLAD 18
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Comparison of GLAD and LASCAD

GLAD Course

Table. 1.1. Comparison of GLAD and LASCAD

Feature LASCAD GLA
Stable cavity resonators ] ]
Unstable cavity resonators |
Stable-Unstable resonaors |
Coupled resonators, external cavity diode lasers A4 linear |
wavelength tuning configuration in mode-hop-free

external cavity diode laser with all-dielectric thin film

Fabry-Perot filter”, Xiao Xiao; CAS Shenzhen Inst of

Advanced Technology and G. Lawrence, AOR

Finite element thermal dN/dT and dL/dT |

Stress birefringence

4-level, rate equation gain |

3-level, rate equation gain

semiconductor rate equation gain

Franz-Nodvik gain technique

Spontaneous emission

Speckle effects and distributions

Beam trains

Spatial filters

Complex lens groups

Ray trace analysis of lens groups

Complex aberrations

Complex apertures and obscurations

1. Introduction to Optical Modeling with GLAD
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GLAD Course

Table. 1.1. Comparison of GLAD and LASCAD (Continued)

Feature

LASCAD

Q
-
>
»)

3D geometry and positioning

Full diffraction treatment with FFT’s

Automatic control of diffraction algorithms

High Fresnel numbers

Extreme sampling sizes 16384 x 16384 and above

Some vector diffraction

Axicons

Atmospheric turbulence aberrations

Atmospheric thermal blooming

Waveguides: 3D and slab

Adaptive optics

Optimization: damped least squares

Optimization: phase retrieval (Gerchberg-Saxton)

Optimization: simulated annealing

Coherent injection

Interferometry

Nonlinear optics: Raman scattering

Nonlinear optics: optical parametric amplification

Nonlinear optics: optical limiting

Nonlinear optics: sum frequency generation

Nonlinear optics: four-wave mixing

Nonlinear optics: frequency doubling

Lens arrays

Laser diode arrays

Dynamic mode competition

1. Introduction to Optical Modeling with GLAD
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Table. 1.1. Comparison of GLAD and LASCAD (Continued)

Feature LASCAD GLAD
Partial coherence ]
Excimer lasers H
Phase gratings, binary optics, volume holograms |
Programability and math expressions |
Expandability N
Examples: illustration and validation ? 500+
Documentation 61 pages | 1897 pages
Technical support ? |

GLAD Course 1. Introduction to Optical Modeling with GLAD
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L awrence background

» Night vision devices (Dragon, 1969-1970)

» Optical system design of laser guided smart bombs: optical testing, lasers
systems, laser diode banks, opticsfor TV systems, laboratory and field sys-
tem testing (TOW, early 1970’s)

» Optical design, aberration theory for Bob Shannon, Jm Wyant OSC, UoA
 Interferometry of large multiple mirror telescopes

» End-to-end, fully diffraction based system model for laser fusion program
(for Los Alamos National Laboratory)

o Star wars systems, beam expanders, chemical lasers (LODE, ALPHA, for
DARPA)

» Zonal model of adaptive optics (Air Force Weapons L ab)
» Raman system modeling

» Airborne laser laboratory testing (Air Force Weapons L ab)
* path-independent, general propagation method

* Integrating geometrical and physical optics

» Subaperture testing algorithm: applied to flats (DARPA), full spheres
(LANL), annular zones, atmospheric layers

GLAD Course 1. Introduction to Optical Modeling with GLAD
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L awrence background (cont’d)

L aser isotope separation (LANL, LLNL)

Free electron laser modeling (LANL)

Astronomy for planet detection (NASA)

Optical data storage: focusing grating couplers, polarization (UoA)
Optical design of binocular optics (Army)

Reverse optimization of off-axis, three mirror system (DARPA)

Teaching optical design, optical modeling, associate professor at Optical Sci-
ences Center, UOA

Hubble Space Telescope Review Panel (NASA)

Rate equation gain modeling

More laser fusion, lens arrays (U of Rochester) with Dr. Ying Lin

Phase retrieval (Gerchberg-Saxton) design synthesis (U. of Rochester, Lin)
Simulated annealing design synthesis (U. of Rochester, Lin)

Transient Raman modeling, QED (U. of Rochester, Lin)

GLAD: Franz-Nodvik rate equation method, stress birefringence, reflecting
wall waveguides, non-fourier methods, zig-zag resonator, optical parameteric
amplifier, excimer modeling, axicon systems,” resonator” command

GLAD Course 1. Introduction to Optical Modeling with GLAD
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General Laser Analysisand Design (GLAD) — Applied Optics Research

B Started 1975 for laser fusion program

B 1970'sthrough 1980's: high energy programs for laser fusion and Star Wars programs
B Program-of-choice for national laboratories and major corporate research programs

B 1985 began commercial salesfor PC's and workstations
GOALS:

B Mode every aspect of laser and physical optics systems
B Accurate, detailed analysis to match experiments precisely

aberration spatial filter

-
> 3 P v PA 2 photon

] process

-/

lens lens \

‘ { resonator/laser ) \

beam combiner
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Sructure of the program

B Computer calculations
Physical optics and laser calculations frequently require computer cal cul ations because

of the difficulty and complexity of the calculations

B Complex amplitude
The optical beam may be characterized by atwo-dimensional array of complex ampli-

tude points -- similar to intensity and phase
B Evolution of the beam

GLAD determines the state of any laser system or beam train by calculating the evolu-
tion of one or more complex amplitude arrays.

B Text-based command language
The enormous range of featuresis best supported by a text-based command language
formulation. Facilitates in-line equations, branching, looping. Greatly facilitates techni-

cal support.

GLAD Course 1. Introduction to Optical Modeling with GLAD 25
CAOR)



Proportions of development effort in GLAD

nonlinear optics: _ -
Raman, doubling, diffraction: FFT,

OPO, SFQG, etc. radial, vector memory
management
controls

finite element
thermal, stress ‘
birefringence user interface:
command
language, graphics
thermal blooming,
atmospheric effects

documentation,
short course

waveguides

examples: > 500,

: 1175
ray optics, lens pages

groups, lens arrays

resonator tools,
zigzag, multipass
rate equations, stimulated amplifiers

and spontaneous emission,

Franz-Nodvik

optimization: damped
least squares,
statistical methods

GLAD Course 1. Introduction to Optical Modeling with GLAD 26



Anchoring the model to theory

Experiment |

Modeling

Theory

Model

B Built on theory. (No theory. No model.)

B Anchored to theory.

B Model cannot be anchored to experiment.
Bl However, model can be invalidated by experiment.

GLAD Course 1. Introduction to Optical Modeling with GLAD
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Fiber optic laser with multiple cores

B Waveguide propagation in an optical fiber
B Four cores are doped to provide gain (rate equation theory)

B Mode structure varies with length

outer core
diode pump

single core multiple core

laser power

_ -

pump power

Outer core traps pump light.
Four inner cores lase.

GLAD Course 1. Introduction to Optical Modeling with GLAD
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Pump depletion vs. length in four-core fiber

B Pump diffracts and reflects from diagonal slice
wallsin outer core — .
B Pump is depleted by four inner cores - c‘?l‘ffﬁcﬁ’i%%

pump depl etes vs distance mode shape of depleted pump

, pump

6.32E+06

GLAD Course 1. Introduction to Optical Modeling with GLAD 29



L aser mode vs. distance

B Cores couple by diffraction

diagonal dlice
B Mode beatlng between cores o o pumpin
| " cladding
laser amplification vs distance mode shape of laser

GLAD Course 1. Introduction to Optical Modeling with GLAD
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Q-switched YAG modeling

B Beam starts from sponta-

Diagnostic system, PIB

NEous ernl SS on - aperture to sense energy inside specified
. C Ompl ex arnpl | tu d e pr Op' focusing lns in ﬁ—\\\ angle to determine the spatial coherence
agates through the system outcoupled beam
B Beam “cleansitself” dur- h | y electrically
i i fnear activated
I ng %/eral passes aS hlgh extended cube stronglink - ];tozasr(l)zer qutartetr- vertical roof
Spa“ aI freq uency I | ght IS corner reflector sh:tter waveplate g
removed by apertures y ‘{ | M _ 1 —
. . . s | ‘g |
B Beam quality varies with S =
tl me :li.gnrnent reﬂectspsome of
. . . Tisms s-polarization .
B Simple diagnostic system: urier, oo
@® focusing lensin out- | T /
cou pl ed beam YAG rod amplifier | 4

@ aperture at focal point
of lensforms ssimple
power-in-bucket measurement
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Beam quality varieswith timefor the Q-switch laser
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Zigzag amplifier

« Amplifier hasabout initial beam: double gaussian  beams after amplification
10,000,000 points e e

» About 70,000,000
coupled differential
eguations solved

o Takesafew sec-
onds on an ordinary

121_7.pit

growth of zigzagging double  depletion of population inver-
beam: 10 reflections sion

GLAD Course 1. Introduction to Optical Modeling with GLAD 33



Side pumping by banks of laser diodes

14 diode beams from three direc- Cumulative pumpind distribu-
tions: +120 degees shown tion from three directions
|100% |100%
92% 92%
85% 85%
78% 78%
21% 71%
64% 64%
| 57% 57%
50% 50%
42%, 42%
35% 35%
28% 28%
519 21%

14%
7%

14%
7%

GLAD Course 1. Introduction to Optical Modeling with GLAD



M easurement of excimer laser with Moirefringes

Moire fringes I

Gl G2

Excimer creates speckle pattern

excimer

Talbot distance

scanning slit —jp I

RESULT OF SLIT SCAN

25.00

20.00

< A= OZMAZ e~

Z
a

.00

N0 =

\ TR TR \ \
-0.500 ~0.250 0.00 g.250 0.500
X AXIS IN CM

BEAM NUMBER- 4 Y = 0.000E+00 CM
YINGC_3.PLT PLOT 51, TUE AUG 26 20:14:37 1997, 1004

one instance (snap shot) of ssmulated excimer laser results of dlit scan showing modulation
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Timeintegrated dit scan of excimer beam

nearly uniform E
beam after 50
coherence times

xcimer creates speckle pattern

excimer

scanning dlit

_ =

bbbbbbbbbbbb

results of glit scan showing modulation
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Use of atmospheric layer asa guide star

beam aberrated by atmospheric
sodium layer aberration viewed at sodium layer

creates random scattering — — — — =

/1N
/ AN
/ / \ \_ random back scattering
/ 6 \
o NN
- 2 _ E A - atmospheric turbulence
= ==\
return speckle from illuminated 4 v N \
sodium layer
A e
speckle size = 0
outgoing gaussian
JL beam
pulse on sodium layer speckle on ground speckle landing on receiver
distorted by atmosphere illumination aperture
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How to solve a problems

B Problems“solved”’ inthe GLAD examples collection

@® Adapt one of the GLAD examples.

@® Very one variable at atime to move the command file to the configuration you
need.

B Problems not solved in the GLAD examples collection
@ Try to visualize how your application works.
@ Devise aplan that breaks your problem into a series of steps.
@ Each successive step should add just one new issue to the model.
@ Keep copies of each step (you may need to backup).

@® Small “science” experiments may be useful to understand an important issuein
isolation.

B Debugging

@ Try to stop the command file at the point where “well understood” behaviour
changesto “strange” behavior.

@® Email the bad command fileto AOR if you get stuck.

Guaranteed success!

GLAD Course 1. Introduction to Optical Modeling with GLAD
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2. GLAD Organization and Command L anguage

|nfrastructureisthe key to physical optics modeling

Any sizearray N x M, (tested for one-dimension to N and M < 131072)
Built-in virtual memory

Many interacting beams of variable size

Separable diffraction allows high aspect beam sizes

Automatic algorithm selection, path-invariant propagation (no near-field, far-field
assumptions)

Efficient, robust numerical methods

o efficient, accurate methods:. rate equations, nonlinear optics, finite el ement method
Rich, scripted command language

Huge repertoire of examples > 500

Comprehensive documentation

Expert technical support

GLAD Course 2. GLAD Organization and Command Language 39
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GLAD executable programs

Subdirectory (folder) for executables — c:\aor\glad58

Subdirectory for initial examples — c:\aor\glad58\examples

Number crunching — glad.exe, character-based console programming
glad.exe performs all calculations

reads command files

Interactive input

generates graphic metafiles: *.plt

mai ntains watch.dat which defines files to be displayed by watch.exe
e import and export of beam data

Graphic file displays — watch.exe, windows application

Displays GLAD graphic metafiles, *.plt

Gets file names from watch.dat

Integrated design environment (IDE) — ide.exe, windows application calls glad.exe,
watch.exe

m GLAD Comm server — utility to pass commands from IDE to GLAD and back from
GLAD to IDE. Generally requires no user interaction

m Utilities such as, plt2ps.exe, keyread.exe

GLAD Course 2. GLAD Organization and Command Language 40
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Sructure of the program

» PDF manuals

computer
memory

—» other programs

GLAD

interactive input . .
p ™ (numeric processing)

- Write to screen

read command

fil
1e user program user program » write to disk
preprocessor postprocessor
macro library
computer disk graphic metafiles graphics utilities
|
lens library |
v print graphics
Watch.exe
thermal library (display)
create metafiles

GLAD Course 2. GLAD Organization and Command L anguage



GLAD isa programming language for physical optics

m Build aconfiguration file
m Run GLAD to test and evaluate file (batch processing)
e graphics and text output
e interrupt to return to interactive use
e recontinue batch processing
m Correct and/or extend configuration file and rerun GLAD

Program solution is primarily batch processing. Interactive features are limited.

Batch processing advantages:

m Complex problems easily handled
m Accurate technical support possible by email (better than phone)

GLAD Course 2. GLAD Organization and Command Language
CAOR)
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Running GLAD from the IDE

Select Start, Programs, GLAD 5.8, GLAD IDE

You will see several windows: AOR
Input to GLAD enter interactive commands here EH
GLAD Output streaming output appears in this window sLADIDE
Watch program to display graphicsthat GLAD
creates
/ Interactive I nput Watch program

a "Interactive Input d-\glad46} S [=]E3

elcome to GLAD for Windous I

cmd?

[
a " GLAD Output: GLADOUT TXT [ [O] =]

File Edit Search Font. AdtoScroll Help

Welcome to GLAD/95/98/NT Uer. 4.6.0 :|
Copgrlight 1986-99 Applied Optics Research. All Rights Reserved.

Licensed to: AOR demonstration key

_. GLAD Out

Date 11/17/1999 Time 11:34:05 /— text output

N K

GLAD Course 2. GLAD Organization and Command L anguage



| nter active I nput

commands are entered in Input to GLAD

Enter commands interactively

cmd> energy

a”Interactive Input: D:\glad46}, &:Watch D:\glad46 M =] B
GladEdit Controls Demo Help File About Help

B B

cmd> energy
emd?

7" GLAD Output: GLADOUT TXT =] 3
File Edit Search Font. AutoScroll Help

Welcome to GLAD/95/98/NT Uer. 4.6.0 :j
Copyright 1986-99 Applied Optics Research. All Rights Reseruved.

Licensed to: AOR demonstration key
Date 11/11/1999 Time 14:16:40

beam no. power (W) photons/sec attribute
1 4096.00 2.185716E+23 1 beam

e
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Sarting GladEdit: simple.inp

m GladEdit i1s convenient for editing and running GLAD command
files

m Click on GladEdit, Open ssimple.inp
e Uselnit-Run to rainitialize and run command file

GladEdit Select Init-Run

& Watch D-\glad46

a % Interacy . mput: D:\glad46}
GladEdit Controls Demo  Help File About Help

Welcome to GLAD for Windows ﬂ

cmd?

a7 GLAD Output: GLADOUT . TXT
File Edit Search Faont. AutoScroll Help

i 0 GladEdit - simple.inp
File Edit Search Font.. [nitFun Bun SingleStep Help  Line: 1, Col:1

array/set 1 512 size of computer array to 512 x 512 :ﬂ
Licensed to: AOR demonst:wavelength 1 1.86 set wavelength to 1.06 cm
units/field 1 16 set half-width of array to 16 cm
Date 11/11/1999 Time 14 clap/eir/eon 1 5. clegr apertgrg ?F radius 5 cm
focallength = 188 define and initialize a wvariable

Welcome to GLAD/95/98/NT
Copyright 1986-99 Appliec

E g ]

lens 1 focallength

set/window/rel 30 7O 30 TO
title initial distribution
plot/bitmap/intensity/paintiso 1; pause

set lens focal length using variable
set plot range for +-20% about center

It I

prop 99 # propagate 99 cm
title at 99 cm (1 cm from focus)
plot/bitmap/intensity/paintiso 1; pause

prop 1 # propagate 1cm

set/win/rel 48 52 48 52 # set plot range for +-2% about center
title at paraxial focus

plot/bitmap/intensity/paintiso 1

4] [
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GladEdit window

GLAD Course

full file name Save, run

9
\ Save, initialize, run

= D:\FPSNT\GLAD\48\untitled.inp -0 x| drop ‘?‘Ownmen}’l
File Edit Search “iew Insert Font Paragraph Tal:ule Init-Fun Fun | Contral:  Help from “Controls
DEeESR| 0 e o > | #|5a 9| breakiset
SingleStep break /continue
|Nu:urma| ;”Arial L||12 _| B 7 U ||_= = = o=
enerdy
strehl
INS THT \Row: 2 Line: 2 cal: 7 =
K N » AW
\ File type: TXT or RTF cursor position

Insert or overwrite mode: INS or OT

Thetitle of the GladEdit window shows the full file name. “Init-
Run” isthe primary method of starting execution of acommand
file. “Run” starts without reinitializing GLAD. The “Controls’
menu item gives access to the “break” controls and single step
operation. “TXT” indicates the command fileisin plain text for-
mat. “RTF” indicates rich text format is being used. Theline and
column number of the position of the cursor (more correctly
called the caret).

Formatting is very similar to MS WordPad.
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Running: simple.inp

m Running ssimple.inp with Init-Run
m Note “pause?’ or (MessageBox pause) and graphic file display by Watch

Hit enter to continue after “pause?”’

name of plot file

a " Interactive Input: I 4glad46}

GladEdit
Welcome tog

pause?

Controlg

Demo Help
LAD for Windows

Eile  About
fi plotl.plt

watch D:\gla .46

Eile  Edit

Search  Font..

AutoScroll

a " GLAD OQutput: GLADOUT. TXT

Beam No.

scrat(-1)

1

Beam No.
1

beam no.

1
1

GLAD Course

Nx Ny
512 512
512 512

vacuum me¢
1.060000 1.
unitsx
fieldx

6.2500000E-02 ¢

16.00000

CHG UNIT CHC

circular at

i GLAD 1: plotl plt
Beam Array Dimensions ar Style PP

Camera

initial distribution

Data Egmifies

i
| b fffﬁﬂmn'm|||m|1w.1|mm1|||Ilh

|||||||||||||||||||||||||||||||||l|I||||||||u|u |
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Dynamic HTML output html6.inp

output
display
or hide
controls

[+]or[-]

source
line
number

GLAD Course

[ Polling ON (click to stop) Poll [[HTML line: 33 |[Timer: 98 sec | Hide output |
. . . tooltip definition
First time notes polling on/off control P
3 (1) [ Thtml/location/off /
4 (2)[ lset/definitions/on
5 (3) [-]lwavelength/list . . ) .
Wavelength List The index of refraction for the extraordinary ray.
o. I Vacuum ” Medium || Index ” E-index |
1| 1.0600E+01][ 1.0600E+01]| 1.0000]| 1.0000]
[+]Definitions cursor on 1tem
6 (4) [ Imacro/define/single test
7 (29)[ 1 html/stop
8 (6 t = t o+ 1
()11 count = count + angle bracket controls select between

9Nl 1 phase/random/sgr/clap 1 .1 5 .
10 @ ] html/start plot versions: 1, 2, 3,4, 5
11 (30) [-] plot/liso/wavefront 1

plotl.plt, ver. Wed Feb 27 01:51:28 2008, 3653

select “expand” to double graphic size

beam |
max
min

high resolution SVG graphics made in-place
below source line and automatically updated

7.38E-01

x= 3.10E+01

y= 3.0E+01

y=-3.10E+01 x=-3.20E+01

plotl.pit PLOT 5, Sat Mar 08 23:56:14 2008,
12 (31)[ ] pause 2 output line number.
13 (32) [ Jmacro/end R. d . d ¢ t tl.
14 (12) 1 s vyt ed 1ndicates current output line
15 (33) [-Jread/back/noclose # issued by GLAD for an end-of-file condition

read/back issued from open file: F:\fpsnt\glad\53\html5.inp

2. GLAD Organization and Command Language
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|nteractive I nput: reading from a command file

a " Interactive Input: D:\glad46} =10 =]
GladEdit Contrals  Demo  Help
Welcome to GLAD for Windows il

cmd? read/disk simple.inp

=

Command files may be entered directly in the Interactive Input window. read/disk will read
simple.inp and execute the commands as they are read.
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|DE: Controls

a " Interactive Input: D:\glad46}
GladEdit el Help
Welcomyl Setdsfaultiolder Hows il
Interrupt GLAD title displays current
Bestart GLAD working folder
Whatch k
HTML Viewer =

hessageBox Fausze
bessageBox Errar
Traceback Window

Log :

select Controls

Exit

The Controls menu item allows selection of a number of operations. See the Help in Secttion
1.2.8, GLAD Commands Manual for a detailed explanation. Use “ Set default folder” to select the
folder for GLAD to work from. The current working folder is displayed in the title of thiswindow.
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|DE: Demo

m Nine demo examples give a quick tour of GLAD
m Start demo, Skip an examples, or Quit

a " Interactive Input: D:\glad46} H =] E3
GladEdit Contrals Help
Welcome to GLI Stat Jindows il
Skip
chmd? Cluit
=]

The Demo menu item runs presel ected examples. Select Start to begin the demo, Skip to skip to
the next example, and Quit to end the demonstration. See Demo.pdf in the installation folder for a
description of the examples.
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IDE: Help

m  Windows Help: Ide Help
m Complete manuals, on-line form (Adobe Acrobat)

a " Interactive Input: D:\glad46} H =] E3
GladEdit Controls  Dermo
Welcome to GLAD for IDE Help il
Introduction (Acrabat ® pdf)
cmd? I Dema Manual (Acrobat * pdf)
Commands Manual (Acrobat ™ pdf)
Examples Manual (Acrabat® pdf) =l
Theory Manual (Acrobat * pdf)
GladHelp (text search)
Copyright

IDE Help gives specific information about operating GLAD IDE. Details about the commands,
examples, and theory are in the respective PDF files, viewed with the Adobe Acrobat Reader.
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IDE: HTML: hmrnljrup

gauss/c/c 1 1 20 # make a gaussian beam
html/write/on simple.htm # start writing to html file: simple.htm

html/wmf/on

html/viewer/start # start GLAD HTML viewer
plot/1 # make a plot geodata

geodata # display GEODATA values,

graphics are
placed in
sequence

table output

Item “ Radx”

GLAD Course

I
Run Watch for: plotl.1.plt

LoE a0

== LOE4 0L

oipiLoit PLOT L. Wed Oor 0L 125033 399, 1000

Plot 1 Next Plot

forms a table

4 geodata # display ABCD values, forms HTML table
Geodata List
Beam No. 1

Twaisix L Waisty Waistx Wais
0.0000E+00 0.0000E+00 2.0000E+01 2.0000E+01
Iplanx Iplany Eqwsix Eqwsty

1 1.000 1.000

Radx Rady Bsx Bsy
2.0000E+01 2.0000E+01 1.0000E+20 1.0000E+20
F maramrer F merserer Lr o LEREY Lr e LR

# start output of plots as WMF files

M=l
iﬂﬁﬁﬁ.‘.‘.‘.‘.‘.‘.ﬂﬂﬂ‘:|
Rad-X L
Phase ra of surrogate

gaussian beam (x-direction).
Rad-Y
Phase radius of curvature of surrogate
gaussian beam (y-direction).
Rayleigh Width
Width of the Rayleigh range of the
surrogate gaussian beam.
Register
Internal address of variable.
RMS waves
RMS wavefront error by approximate
calculation from the Sirehl ratio.
RMS Change Vector
Root sum square of variable changes after
optimization cyele.
Strehl ratio
Strehl ratio gives the center far-field
intensity devided by the maximum center
far-field intensity with aberations corrected.
Target
Optimization target value.
Units
Units for the pixel-to-pixel spacing: em,
eyeles/em, or cyeles/mm.
Units-X
Secparation between pixels in the x-

2. GLAD Organization and Command Language
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Running GLAD directly

m Asconsole application:
e Open DOS Command prompt window

cd \gladss

glad (interactive)

glad comanndfile.inp (start from command file)
or

glad comanndfile.inp noconsole (start from command file, do not open any GLAD windows)

Enter input file name as command line parameter.
m Can be used in DOS batch files (*.bat). Can be called from other programs.

e Faster than running IDE
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Running Watch

m Watch displays GLAD graphic metafiles as they are created
m filesto be displayed are listed in watch.dat
m either IDE or GLAD will automatically start Watch.exe to display graphic metafiles.
m you can control Watch.exe from GLAD IDE
m you may also run Watch.exe independently by double clicking the icon:
Glamatch
(useful for viewing the graphic files from the most recent GLAD run)
m you can control Watch.exe from GLAD (if started from GLAD) by
watch/close
watch/start
= Input to GLAD =] E3
File m Demo  Help
Welc zend interrupt bo GLAD |[dows NT/95 ﬂ
restart GLAD
I ghart W atch
cloze W atch
v Local_Host ll
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Watch

cmd> plot/watch plotl.plt # set name of GLAD meta file to write to
cmd> plot/1l # make a simple plot

name of window displayed Watch makes graphic window

& B [m] B3| [
File  About H File Controlz: Demo  Help
Welcome to GLAD for Windows HT/9%
plotl .pit
cmd> plot/w plotil.plt
cmd> plot/l
cmd?
= =10] %]

File Edit “iew Inzert Font Paragraph Other H 2
= GLAD 1: plot1_plt

b agnifier

Welcome to GLAD/9SNT Wer. 4.5.1

Copyright 1956-97 Applied Optics Reses bearn |

nax  LODE+ON
Licensed to: AOR demonstration key n Q.03E+38

Date 03725793 Time 21:43:04

plotl.plt PLOT 1, Wed Mar 25 21:458::2

LABE-+3a

OL.OOE+00

“ 4= 3I0E4A]
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Downloading latest code

From Demo/Download section of www.aor.com

glad58.zip |atest glad.exe

commands.pdf Commands Manual (rather frequently updated)
theory.pdf Theory Manual

exampl es.pdf Examples Manual

watch.zip latest version of Watch (may or may not be there)
ide.zip latest version of IDE (may or may not be there)
Getting help

m online manuals, IDE Help, Watch Help

use phone for philosophy, email for precise answers
use email to send troublesome or curiousfiles

e send command file as attachments (using TXT suffix may help)
e do not send output data or plot files, unless absolutely essential
e do include some notes as to what iswrong

avoid faxesif possible
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GLAD files

For Ver. 5.8:
c:\aor\glad58 GLAD executable and utilities
c:\aor\glad58\examples examplefiles

Best to modify examples directoryc:\aor\glads8.

Types of files
*.exe executable files. glad.exe, ide.exe, watch.exe
*.inp command files (*.txt is also allowed)
(*.inpisaregistered file type. Starts GladEdit)
*.plt GLAD graphic metafiles.
(*.plt isaregistered file type to start Watch)
* bea GLAD beam datafiles
*di dynamic link libraries for various programs
*.cgm computer graphic metafiles, from *.plt from Watch
* .wmf windows metafile format, made from Watch
*.psS Adobe Postscript, plt2ps. Use Acrobat Distiller to make
*.pdf files Adobe compressed docment format.

GLAD Course 2. GLAD Organization and Command L anguage
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Toolsfor files

Built-in editor, GladEdit, from “Interactive Input” window, File, Open

m Making areport (such as GLAD manuals)

convert GLAD metafiles (*.plt)

e to*.wmf format from Watch
e to*.cgm with plt2cgm.exe
e to*.psfor further conversion to *.pdf with Acrobat Distiller

Further conversion by Hijaak Pro, Corel Draw, Adobe Illustrator, etc. into other graphic
formats as needed

Making amovie;

ex122a.avi

e Use special “capture’ software on Watch window.
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M or e about Watch

GLAD puts the name (and optionally window position and size) into file: watch.dat

m \Watch runs autonomously and displays all files in watch.dat

Running from IDE, IDE starts and ends Watch

e Can explicitly start and stop watch from Controls on Watch menu bar

Running from GLAD, GLAD starts and ends Watch

e can explicitly start and stop watch “watch/close” or “watch/start”
Can run Watch independently of GLAD or IDE

e run from Startup, Programs

e run from DOS command line, watch.exe

Running independently, Watch will display from watch.datleft
from last GLAD run.

File choice can be changed by editing watch.dat directly

m Also, can desdect “From watch.dat” and use “ Add filename’

Can print or make Windows metafiles from Watch
e use placeable WMF filesfor including in MS Word

Lrld filemarme
[EhErmeklename
INelEte filemamme

From W atch. dat
Set Directary

Frint Setup

Print

tetafile *widF

WiF preferences

E uit

e Can edit watch.dat directly

GLAD Course 2. GLAD Organization and Command L anguage
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What can go wrong?

Multiple versions of Watch are allowed on the computer.

If GLAD crashes or is stopped in a nonstandard way, Watch may be |eft as a detached pro-
Cess.

m \Waitch is adetached process

You may see multiple copies of the graphic windows
slows down system operation

run task manager Ctl+Alt+Del

delete any extra copies of Watch you find running

m “Assessdenied” under Windows NT

e onoccasion Windows NT will not clear the “busy” switch on files when the process
using the file ends. File is then being used by a nonexistent process and Windows
denies access to any other process

e restart system

m *.beafilesleft after acrash -- wastes disk space

delete unwanted * .bea files

m Mmacro library “maclib” or lenslibrary “lenlib” becomes corrupted
o deletethefile, GLAD will rebuild
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GLAD employs command language structure

m some form of command language is necessary for all programs to facilitate configura-
tion saving — so we must have thisin any case

facilitates technical support by email

least demanding of AOR programming resources

most versatile structure

can accommodate unlimited number of commands and subcommands
command files of any length may be written and understood
branching, looping, start and stop at any point

macros (subroutines) and reading from different files easy
inline equations easy

requires frequent references to manual

requires English proficiency

intimidating to new user

syntactically incorrect commands may be constructed(drag and drop icon method pre-
vents syntactically incorrect choice)
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Making command line format easier

online manual using Adobe Acrobat format
copious examples illustrate usage of commands
technical support by email

new command Composer will provide acommand composition routine with drop down
menus for writing syntactically correct commands.

m new 3D graphic layouts will aid in viewing configuration
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Data input lines

No customer uses all the commands or even a magjority of commands.
Do not attempt to learn all commands or understand all examples
— just learn the commands you need.

Data Input Lines

(linel) [CR]
(line2) [CR]
(1line3) [CR]

(or)

linel; 1line2; line3 [CR]

clap/c/c 1 20;prop 100;plot/1
macro and read commands can not be followed by a semicolon
Input lines may be written on more than one physical line by using “&”

(first part of line) &[CR]

(second part of line) &[CR]
(third part of line) [CR]
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Command format

The GLAD input lineis one of four types.

Table. 2.1.

input line type example

command line units/set 1 1

conditional line if x=y status or if [x==y] status
assignment X = X+3

comment c some comment or # some comment

command/modl/mod2/mod3 string values parameters

Commands and their modifiers must be on the left, followed by strings, values, and
parametersin that order if required. Fields are separated by one or more blanks.

c here are some representative lines

clap/cir/con 1 20 # command and two modifiers, two numeric values
read/disk myfile.inp # command, modifier, string

x = 372 + y list # “list” is a parameter

GLAD Course 2. GLAD Organization and Command L anguage
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Command line components

Table. 2.2.

command line components Definition

command Defines function to be used.

mod1, mod2, mod3 Modifiers of the command line to direct operations of the function.

string A string of characters to define atitle, filename, macro name, lens
name, system commands, etc. Strings have no preassigned values.
File names should be enclosed in single quotes if they contain
slashes, “/”, asisused in UNIX. Some strings have modifierslike
commands.Variables may be included in stringsif preceded by the
‘@' symbol.

values Variables, numbers, mathematical expressions, or numerical
assignments.

parameters Parameters are similar to commands but are on the right end of the
command line, after values. Parameters are checked against thelist
of preassigned values. Variables and expressions may be included
in parameter names and their modifier names.

GLAD Course
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How GLAD parsesacommand

manual listing:
plot/xdice/intensity kbeam dlice left right fmin fmax first last[parameter]
sample command: plot/x/1i 1 2 left=-10. right=2.%*2.5 label

m read command and modifiers from the left and transfer control to the appropriate rou-
tine, command: plot, modifier 1. x (xslice), modifier 2, 1 (intensity) transfer control
to plot routine

m |ook for parameters on the left that match the parameter list for that command.parame-
ter: label

m evaluate mathematical expressionsin square brackets, right to leftmathematical expres-
son:2.*2.5 => 5.

m string extraction for file names, etc., (no strings in this command)
m nhumeric valuesin order of occurrence, values. first=1, last=2.
m numeric assignment with an equal sign (lvalue=rvalue), left=-10., right=5.
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Numeric values and numeric assignments

Numerical values take the form of numbers, variables, mathematical expressions (which
are evaluated to numbers and numerical assignments).

Table. 2.3.
numeric values |definition example
numbers Integers, floating point numbers, -1354, 1.23456, 1.23e+10,
scientific notation, and complex. 2.5-4.3e-41
variables Names consisting of no more than 20 x, y, peak, Pass Counter,
characters which may be used in energy $2
mathematical expressions. Allowed
charactersinclude A-Z, az, ,and $.
mathematical |For “IF” statement or if thereareinternal x = 2.*sin(2.*pi*y/period)
expressions spaces, encloseinsquarebrackets, [] (not pass = pass+min(3.4, x, z)
needed for assignment lines).
numerical lvalue = rvalue form, wherelvalueisone units ibeams=1 xunit=2.5
assignments  |of the list of names for the numerical yunit=3.5
values the specific command.

GLAD Course
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Use of mathematical expressions

Consider the command line

X = sin(pi/2) 1list

(setsx=1.0, GLAD will identify “x” asavariable thefirst timeit is used or we could
use:

variable/declare/real x
X = sin(pi/2) 1list
units 1 x=y"2 y=[y=x+1.5]

command form: units/set ibeams xunit yunit
1) processing proceeds from right to left, [y=x+1.5] isprocessed first
2) v Isrecognized as a new variable name and assigned the value 2.5.

3) the lvalue y outside the brackets is recognized as an abbreviated form of the numerical
assignment name yunit and the value 2.5 isassigned to it.

4) the second mathematical expression vy 2 usesthe variable vy, asjust established, and
the expression take the value 6.25.

5) The numerical assignment x=v "2 is recognized as an abbreviated form of
xunit=y”2. Thelines above are equivalent to the command lines

x=1

y=6.25

units 1 6.25 2.5

Or

units ibeams=1 xunit=6.25 yunit=2.5

The variables x and y are available for use elsewhere in the program.
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Use of mathematical expressions (cont’d)

Use of mathematical expressions (cont'd)

X = sin(pi/2) list # our funny expression

units 1 x=y"2 y=y=x+1.5 # set units

units 1 x=y*2 y=[y = x + 1.5] # spaces in math expression require brackets
variables # check the values of x and vy

units # check the units

Try thig!

More about variables

Variables may be used in strings or parameters and their modifiers by preceding them with
the “@” symbol. For example,

variable/declare/int I # declare “i” as an integer

I=1

plot/watch plotei.plt

I=T+1

title This is plot @i

plot/watch plot@i.plt

Establishes plot names plotl.plt and plot2.plt successively. If variables areincluded in
titles, the current value is always used.
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Variables and functions; function.inp

cH## function
echo/on

X = step(2,1) list
pause

x = step(0,1) list
pause

X = ramp(3,1,3) list
pause

X = ramp(1l,1,3) list
pause

X = ramp(0,1,3) list

pause
X = rect(3,1,2) list
pause

X = rect(4,1,1.5) list
pause

X = ramp(-1,1,1.5) list
pause

X = gauss(3,2,5,2) list
pause

X = 2*3/(4+5) 1list
pause

x = 1]]2 list

pause

x = 0]]0 list

pause

x = 1&&2 list

pause

x = 0&&1 list

pause

x = 10&&1 list

pause

GLAD Course
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x = 1==1 list

pause
X = 1==2 list
pause

x = 1!=1 list
pause

x = 1!=2 list
pause

x = !1!=1 list
pause

x = ! (1!'=2) 1list
pause

X = 1>2 list
pause

x = 2>1 list
pause

x = 1<2 1list
pause

X = 2<1 list
pause

X = 1<=1 list
pause

X = 1<=2 list
pause

X = 2<=1 list
pause

X = 1>=1 list
pause

X = 1>=2 list
pause

X = 2>=1 list
pause

x = 1>2]]2>1 list
j =0

m =1

GLAD Course
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GLAD Course

n= -1

Xx = 2.5

y = 0.

a =7 && m list

pause

a = (jJ <m) & (n < m) list

a=m+n || !j list

pause

a=x*5&& m/ n list

pause

a =3 <= 10 && x >= 1 && m list
pause

a=1I!x|| In || m+n list
pause

a=x%*y<3Jj+m]|| nlist
pause

a=(x>y) + 13 || (n+1) list

2. GLAD Organization and Command Language
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Command line prompting and help

Simple command prompting

The special parameter “?’ causes GLAD to prompt for commands, modifiers, and val ues.
For example,

clap/?/? ?
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Conditional lineor if Command

The i £ command allows conditional input line processing.

Singleline form:
if argl (Relop) arg2 (input line)

BLOCKIF form:

if argl (Relop) arg2 then

else
endif
where argl and arg2 are numbers, variables, or mathematical expressions enclosed in

brackets. Relop isarelational operator (<, >, =, <=, =>, |= or <>), number or mathemati-
cal expression in brackets.

In the ITF commands, 0 = falseand 1 = true
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Examples of | F statements. Can you predict what will happen? (See: iif.inp| )

cH## if
c Example of various IF statements
c
echo/on
if 0 status # false
if 1 status # true
if 1=0 status # false
if 1=1 status # true
if [1==0] status # false
if [1==1] status # true
if 1 then # true
status
endif
if 0 then # false
status
endif
if 1 then # true
status # selectedtisarealy goodideato indent logical blocks
else of commands for readability.
color
endif
if 0 then # false
status
else
color # selected
endif
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if 0 then
if 0 then
color
else
units
endif
if 1 then
status
endif
else
if 0 then
status
else
color
endif
endif
if 1 then
if 1 then
if 1 then
if 0 then
status
else
color
endif
endif
endif
endif

GLAD Course
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M acr 0S: count.inp

Macros are similar to subroutines (Fortran) or functions (C). They constitute a collection
of commands which may be repeated any number of times.

define the macro
execute the macro
For example, find the sum of the integers 1 to 100.

Simple counting macro: count.inp

macro/define sum/overwrite # start macro definition
count = count + 1
sum = sum + count
macro/end # end macro definition
variable/declare/int sum count
macro/run sum/100
sum=
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Conditional exiting from Macro: precision.inp

Macro to calculate machine precision: precision.inp

c# find numerical precision

variab/dec/int count

epsilon=1.

macro/def step/o
count = count + 1 list # count number of passes
epsilon = epsilon/2. list # decrease epsilon each pass
arg = (l.+epsilon) - 1. # subtract similar numbers
if [!arg] macro/exit # exit when arg = 0

macro/end

macro step/100

GLAD Course 2. GLAD Organization and Command L anguage
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Some simple coding

m command/modifierl/modifier2 valuel value2 specify array sizefor
beam 1

array/set 1 64 # set array size with a comment

arr/s 1 64 # spell out enough to be unique

nbeam 2 # increase number of beams to 2
# expand with same size as last beam

nbeam 3 128 # specify beam size and expand

array/s 3 64 128 # respecify beam 3

array/list # list data for all arrays

array/list 2 # list data for specified beam

array # “list” is default modifier

m Try“aray 7

m Try “array/?

m Use Command Composer

m Lookup “array” in online manual using Adobe Acrobat Reader.

GLAD Course 2. GLAD Organization and Command Language
CAOR)
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More simple coding

Use variables for convenience and readability

variable/declare/integer Size

Size = 128# equation line needs no brackets

array/s 1 Size# use variable so array size can be changed easily
nbeam 2 Size

nbeam 3 Size*2# equation in command line requires bracket

Will thiswork as a complete program? Why?

array/s 1 Nline*2
Nline = Nline + 1

Will thiswork as a complete program? Why?

Nline = Nline + 1
array/s 1 Nline*2

Will thiswork as a complete program? Why?
array/s 1 Nline=2%*64

variab/dec/rea x1 x2
if x1=x2 status# Why is this bad practice? What is better method?

GLAD Course 2. GLAD Organization and Command L anguage
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memory and timing

m Timing adiffraction calculation
time/init;prop 1;time

m Set the memory to hold all arraysin memory if possiblelf not all arrays will fit, try to
set memory large enough to hold largest array.

Bytes = 8*rows*columns* (polarization states) * (number of beams)

m Set memory to 2 MBytes (1 MByte = 1024 x 1024)

mem/set/b 2

m Calculate timeto propagate ashort step of 1024 x 1024 array for memory of .5 Mbytes,
2 MBytes, 8 MBytes

e Observedisk 10 activity
debug/add rdwr

m Rerun test of 1024 propagation at .5, 2, 8 Mbytes of memory
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3. Initializing Arrays and Beams

Sarting the calculation

m Setting memory

Required memory per array isN x M x 8 bytes (x 2 if array is polarized
e.g., 256 x 256 x 8 = .5 MByte)

GLAD runs most efficiently if all arrays can fit in memory at the same time
GLAD dtill runs efficiently if each array will fit in memory by itself

GLAD use built-in virtual memory if only part of array will fit in memoryat one
timebuilt-in memory achieves maximum theoretical speed

GLAD isset to have 8 MByte of memory by default
memory may be changed by memory/set /bytes MBytes (in megabytes)

m memory may be checked by memory/contents

GLAD Course 3. Initializing Arrays and Beams
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Timetests

m Time of execution may be checked by time/init followed by time

time/init # initialize time counter
prop 1 # propagate a short step
time # time

m Calculate the propagation time of a512 x 512 array for memory allocations of 2
MBytes, 1 MBytes, and 0.5 MBytes.
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Specifying thearray size

m array/s kbeam=2 nlinx=128 nliny=64 ipol=1
specifies array 2 to be of 128 x 64 with two polarization steps

m array reinitializes all beam data except wavelength

m Uuse attribute data to make array impossible to propagate
array/s 1 64 64 data

Setting the number of beams

m upto 128 arrays (beams) may be specified for optical propagation beams, data arrays,
elc.

m nbeam n expandsthe number of beams using the properties of the n-1 beam.

m nbeam n nlinx nliny data expandsbeam number using specified array size
and specifying that the array has data attribute
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Initialization of array values

m arraysarefilled with 1's when defined

clear kbeam value # set all irradiance values to “value”
mult kbeam value # multiply all irradiance values to “value”

m gaussian/cir kbeam pkflu r0 sgxp
makes supergaussian of peak irradiance “pkflu”,
radius “rQ0”,
supergaussian exponent “sgxp”

0.700

m Start from random noise

clear 1 0 # zero array
noise 1 1 # random noise _ ' <200, on

GLAD Course 3. Initializing Arrays and Beams
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Hermite and Laguerrefunctions

m Hermite gaussian beams will develop naturally in stable resonators with no special
effort required

Hermite and Laguerre functions may be explicitly definedThe general polynomial form of
the Hermite-gaussian functionsis

= (B (] l3)ee 2

©(2)

where n isthe order of the polynomial, wy isawaist radius parameter similar to the gauss-
lan beam and H(x) are the Hermite functions. The two-dimensional functions may be
described by multiplying two one-dimensional functions. x

T 11, Mon Aug O :21:53 2001, 1001
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Donut mode consisting of two orthogonal Her mite modes. donut.inp

Donut mode: donut.inp

array/s 1 128 128 1 # make a polarized beam

nbeam 2 # make another polarized beam
hermite/con 1 1 10 10 1 O

plot/w donut 1.plt

plot/1/r 1 xrad=32

pause

hermite/con 2 1 10 10 0 1

plot/w donut 2.plt

plot/1l/r 2 xrad=32

pause

jones/set ar=0 br=0 cr=1 dr=0

jones/mult 2

set/density 16 16 # 16 x 16 elements in plot
set/window/abs -32 32 -32 32 # set plot window for plot/ell
title horizontal mode

plot/w donut 3.plt

plot/ell 1

pause

title vertical mode

plot/w donut 4.plt

plot/ell 2

pause

add/coh/con 1 2 # coherent addition
nbeam 1 # back to just one beam

title composite mode
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Donut mode (cont’d): [donut.inp

Donut mode: donut.inp| (cont’d)
plot/w donut 5.plt

plot/ell 1

pause

plot/w donut 6.plt

plot/1 xrad=32 # plot/intensity

fitgeo 1 # measure mean radius

zbound # Rayleigh width is 2.96e5 for 10.6 micron light

horizontal mode vertical mode donut polarization  donut irradiance
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Plots of eliptical polarization

m Thepolarization plot isfound by the locus of points satisfying

Ax = Re[E& 7™, Ay = Re[E,e "] (3.2)

VA= =20
0 o - 0o 4
Y 4 + - « 4 D
O 4 4R

— - . . - —

Q b { | ! t 0

Q000~00©@
J0o—>0%

From Ex41, Effect of spatia filter on polarization—component orthogonal to output.

00 IRV
QQ 10 OD
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Review

m Doesit matter whether we propagate the HG(1,0) and HG(0,1) modes separately before
coherent addition?

m \Write a program to measure the mean radius for these two cases
e casel: sum HG(1,0) and HG(0,1), then propagate 1e5 cm
e case 2. propagate HG(1,0) and HG(0,1) separately, then coherent sum
e use FITGEO to measure mean radius
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4. Systems

Beam train analysis

m beam trains consist of:

e propagation
lens and mirrors
apertures
aberration
performance measures

GLAD Course

4, Systems
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Aberration

m aberration comesin many forms;

e Seidel aberrations (common 3rd order aberrations)

o Zernike aberrations (a complete, orthogonal set)

e linear and circular phase gratings

e smoothed random aberration (simulates “typical” component aberration)
e unsmoothed random aberration (diffuser plate)

o diffractive phase plates for far-field image synthesis
e atmospheric aberration (Kolmogorov aberration)

e thermal blooming (high power CW beams)

e finite-element thermal distortion of components

e Kkinoforms

e binary phase plates

e holographic elements — thin and volume holograms
e |ensand mirror arrays

GLAD Course 4, Systems



Miscellaneous aberrations

spherical aberration and astigmatism

plot limits
(xan

phase
beam no. 1

wavelen = 10.60 mic

1w

ex13_2.plt PLOT 2, Mon Jan 20 03:3'

variab/dec/int Beam
Beam = 1; Ewav = .3;
abr/sph Beam Ewav

abr/ast Beam Ewav Azdeg

Azdeg =-45

linear phase grating

ex 13: linear ripple aberration
plot limits

(x an

0.00 40.00

phase
beam no. 1

wavelen = 10.60 mic

ex13_5.plt

PLOT 5, Mon Jan 20 03:40:03 2003, 1001

c Ibeams
abr/lrip

Ewav Wnbr Azdeg Phi
13 4 90 90

GLAD Course

phase/ran 1 .5

high order Zernikes

1.21E+00

-2.70E+00

" x=2.0%-+00

ex13_3.plt PLOT 3, Mon Jan 20 03:39:51 2003, 1001

z =1./-2/pi # in radians
abr/zern/rad 1 8 [-1.1%*z]
abr/zern/cos 1 9 5 [1.2%*z]
abr/zern/sin 1 8 6 [0.8%*z]

smoothed random

.15 is=1

4, Systems

high order Zernikes

nike aberrations
contour plot

phase (radians)

ex13_4.plt PLOT 4, Mon Jan 20 0:

set/density 64
plot/contour/phase

smoothed random

phase/screen 1 .3 12

2003, 1001
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Creating random aberration

m random wavefronts simulate aberration that is defined by
o from specificationsin terms of rms wavefront error
o from knowledge of “typical” components

m random wavefronts characterized
e by rmserror (standard deviation)

I j W(x, y)“dxdy ( I j W(X, ) dxdy] 2
Sl [faxdy U [[xay
e by autocorrelation width (typical width of constant phase region)

o

wide autocorrelation width narrow autocorrelation width

GLAD Course 4, Systems

(4.1)
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Autocorrelation function and autocorrelation diameter (unbounded speckle)

R(AX, Ay) = (F(X, y)F(Xx+ AX, y + Ay)) autocorrelation function (4.2)

unbounded speckle irradiance

autocorrelation for unbounded speckle pattern

K

— <€— autocorrelation

The autocorrelation function of an unbounded speckle pattern hasaDC

level determined by 62, the standard deviation of irradiance nonuniformity
and abump in the center which is determined by the typical speckle size.
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Autocorrelation function and autocorrelation diameter (with aperture)

GLAD Course

speckle irradiance bounded by a clear aperture

A

autocorrelation for bounded speckle pattern

iy

— -€— autocorrelation

For afinite size clear aperture the irradiance nonuniformity manifestsitself asa
drop from the autocorrelation of the uniformly filled aperture.

4, Systems
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Constructing a smoothed random wavefront with specified autocorrelation width

m construct random noise pattern for Wy(x, y) (delta correlated)
RA(AX, Ay) = GZS(AX, Ay) (autocorrelation function is delta function) (4.3)

where 6 is the wavefront variance.
m Smooth with smoothing function s(x, y)
W(X, y) = Ws(X, Y)**S(X, y) (smoothed wavefront) (4.4)

Wg(x, ) from delta-correlated noise

s(x, y) smoothing function

W(x, y) smoothed random wavefront
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Review

m pixel-to-pixel phase change must be less than n

m consider focus error of form w(h) = wyh”

m wavefront sopeis dw _ 2woh — Aw = 2wyhAx
dz

m Consder:

array/s 1 256

units 1 .01

abr/focus 1 Ewav rn=1 # Ewav 1s the wavefront error in waves
# at radius rn

What value of Ewav should you choose to dlias the phase at aradius of 1 cm?
Useplot/1/w,plot/i/w, or plot/x/w to display phase.
How do you recognize aliased phase from the plots?

GLAD uses a 2r unwrapping algorithm to transform complex amplitude into continu-
ous phase. The unwrapping algorithm fails when the phase becomes aliased so it isa
good check.

m Try anarray of 256 and units of .005 cm. At what radius does the phase alias now?

(4.5)
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Aliasing of wavefront error

m pixel-to-pixel phase change must be less than « (1/2 wave per pixel)
m How do you recognize aiased phase from plots of the wavefront?

wavefront, 128 x 128 aliased point at which wavefront, 256 x 256

d 1
_Wr = -
dr () 2

waves per pixel

1 2 1 2 1 2
W(r) = 2_56r ‘r=64 = 16\ W(r) = E8r ‘r=64 = 32\ W(r) = E8I‘ ‘I‘:64 = 32\
_ = — = - _W ry = — = =,
a8 T2 a8 T2
1/2 waves per pixel 1/2 waves per pixel
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L aying out the beam train

m geometrical opticsis precise but not accurate

e precise— numerical errorsare low

e not accurate — actual physics not well described
m physical opticsis accurate but not precise

e accurate — physicsiswell described

e ot precise— numerical errors are often noticeable and accumulate with each added
component

m Mminimize the number of operations to improve both speed and accuracy
e “unfold” the system to eliminate fold mirrors
e |ump closely spaced apertures
e |ump gain regionsinto gain sheets
e Where possible lump elementary elements into optical groups
m useidealized elements where possible
m begin model development with asimplified view
m add complexity in gradual stages
o facilitates checking the model
e aidsin understanding the phenomenology
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Lensesand mirrors

m Mmany systems can be accurately modeled by considering optical components as ideal-
ized lenses and mirrors

m many systems can be “unfolded” removing folding flat mirrors
m idealized optics

lens ibeams fl # idealized lens specified by focal length
mirror ibeams rad # idealized mirror

m aberrations may be explicitly added
m anew surrogate gaussian beam is calculated after each component with optical power

R §
1 '
- ‘ - /////////////‘ cogzreffi\‘
oo ey
ZwaiStl | o \ Zwaistz
Zreff
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Spatial filter

m partslist: lenses, apertures, propagation
m aberration isremoved by pinhole filter at focus plane and following aperture

R IS

starting phase Image before pinhole image after pinhole final phase
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Command file for simple spatial filter: spatiall.inp

array/s 1 128

View = 2. # plot view in pupil

Apt = 1.5 # clear aperture in expanded beam
units 1 .1

phase/screen 1 .2 .25

title full field phase screen

plot/w spat 1.plt

plot/1l/w

echo/on

# variance before aperture is exactly 0.2
variance

strehl

echo/off

clap/cir/con 1 Apt # aperture at end of spatial filter
plot/w spat 2.plt

title before spatial filter

plot/1l xrad=View

pause

plot/w spat 3.plt

plot/1l/w xrad=View max=1 min=-1

pause

echo/on

# note that the variance is not exactly 0.2 after aperture
variance

pause

echo/off
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Command filefor spatial filter (cont’d): spatiall.inp

# spatial filter

lens 1 100

prop 100

plot/w spat 4.plt

plot/1l xrad=.2

pause

clap/cir/con 1 .07

plot/w spat 5.plt

plot/1 xrad=.2

pause

prop 100

lens 1 100

title after spatial filter
plot/w spat 6.plt

plot/1 xrad=View

pause

plot/w spat 7.plt

plot/1l/w xrad=View max=1 min=-1
variance

strehl

pause

clap/cir/con 1 Apt

echo/on

# variance and strehl after clean-up aperture
variance

strehl
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Command filefor spatial filter (cont’d): spatiall.inp

plot/w spat 8.plt
title wavefront after clean-up aperture
plot/1l/w xrad=View max=1 min=-1
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Recollimate the beam: focus2.inp

Add recollimation lens to create a 1:1 telescope, f = 20

add a plot to show distribution at second lens

why isthe initial pupil not recreated perfectly after the second lens?
where is the pupil reimaged “ perfectly”

work from focus.inp to generate focus2.inp

what distance to reimage?

yo-120E.00 - L20E 00

romegagn PLOT 8, theg Aor Of fecis20 1998, f00f
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Making thetelescopeinto a spatial filter: focus3.inp

m Add .75 wave of spherical aberration

abr/sph 1 .75 rnorm=Apt

Measure Strehl ratio and display wavefront error
strehl 1

plot/1l/wave 1 xrad=1.2

Observe and plot image irradiance

Propagate to lens and measure Strehl ratio

Work from focus2.inp to create focus3.inp
o Delete propagation to reimaged pupil. Why is this OK?
e Delete second lens. Why isthis OK?
e Add aperture of size Apt at plane of second lens

m Impose aperture (pinhole filter) at image plane. Try radius of .001. What is the Strehl
ratio after filtering?
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Sear ching for best pinhole size using a macro: focus4.inp

Finding the best pinhole size by trial and error

We will usetrial and error method to find aperture size that gives Strehl ratio of 0.8 for
our 0.75 waves of spherical aperture

Start from focus3.inp to build focus4.inp
Encapsulate problem into macro for repetitive solution
Make a copy of the beam at focus to avoid recal culating front end

nbeam 2 data

C
m

m

opy 1 2

acro/def search/o

zreff 1 Focal length

copy 2 1

clap/c/c 1 Pinhole

plot/1 1 xrad=.002 # expand far-field
prop Focal length

clap/cir/con 1 Apt

strehl 1

acro/end

m Choose avalue for Pinhole. Try Pinhole = 0.001
m Verify macro gives same value with repeated runs for Pinhole fixed
m Vary value of Pinhole and search for Strehl = 0.8
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A more methodical search using udata: focus5.inp

Scan arange of pinhole values and plot with udata

m Add pass counter

variab/dec/int pass
pass = pass + 1

m Add increment to Pinhole with each pass

DeltaR = .0001
Pinhole = Pinhole + DeltaR

m Set variableto Strehl ratio

variab/set Strehl 1 strehl

m Set datainto udata by row number, x-value, and up to 12 y-values

udata/set pass Pinhole Strehl
Plot udata
plot/udata min=0 max=1

m Begin with focus4.inp and build focusb.inp to plot Strehl ratio vs. pinhole size
m Make side-by-side plots of clipped image planeand plot /udata
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Macro for generating Srehl vs. pinhole plot

Ntimes = 50

Pinhole max = Ntimes*DeltaR
macro/def search/o

Pinhole = Pinhole + DeltaR

pass = pass + 1

zreff 1 Focal length

copy 2 1

clap/c/c 1 Pinhole

plot/w plotl.plt 10 10 400 300
plot/1 1 xrad=Pinhole max # expand far-field
prop Focal length

clap/cir/con 1 Apt

strehl 1

variab/set Strehl 1 streh
udata/set pass Pinhole Strehl
plot/w plot2.plt 410 10 400 300
plot/udata min=0 max=1 left=0. right=Pinhole max
macro/end

Pinhole = 0.
pass =1
udata/set pass Pinhole 1.
macro search/Ntimes

GLAD Course 4. Systems 112



Automatic search using optimization: focusé6.inp

A simple optimization to find pinhole size giving Strehl ratio of 0.8

m Simplify macro to just calculate Strehl ratio vs. pinhole size

macro/def search/o
zreff 1 Focal length; copy 2 1
clap/c/c 1 Pinhole; prop Focal length
clap/cir/con 1 Apt; variab/set Strehl 1 strehl
macro/end

m Add variable table and target table

opt/var/add Pinhole .0001# specify variable and increment of change
opt/tar/add Strehl .8 # target variable and value

m Define macro of system to be optimized

opt/name search # specify name of system macro

m Set damping to 10 for this problem

opt/damp/mul 10 # increase damping for this problem

m Guess at Pinhole size
Pinhole = 0.001

m Run optimization process 10 times

opt/run 10 # run optimization 10 times
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Adding progress plot to optimization: focus7.inp

Put optimization into macro with step counter and udata/set

macro/def opt/o

pass = pass + 1

opt/run 1

udata/set pass pass Strehl .8

plot/udata first=1 last=2 min=.6 max=1
macro/end
pass = 0
macro opt/10 1.oo

m Try changing Field to 16 to get better resolu-
tion in far-field

J 1 1 1 1 1 1 1 1 1 1 1
1.00 3.25 5.50 RS 10.00

plotLplt PLOT L1, Wed Apr 01 21:26:16 1998, 1001

Why are there jumps in the plot?
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Wavefront variance and Srehl ratio

) ] W(x,y) “dxdy ) (j | W(x,y)dxdy) 2

o) (4.6)
[ [dxdy [ [dxdy
m Strehl ratio
The far-field intensity is I (xY) g = —21—2\ [ [a(y)e* =+ Waxdy|” (4.7)
At
The far-field intensity of the same intensity distribution, without aberrationsis
1 j2m(XE + 2
|0 e = =5[] a(xy)| &> MWaxdy) (4.8)
Evaluating these at £ = 0 and n = O the Fresnel kernel disappears, and we have
1(0,0 A(x.y)dxdy”
Strehl ratio = ; éo Jaberr _ ’” il y‘ 5 (4.9)
O noaverr ([ [|A(xy) dxdy)
m A well-known relationship between Strehl ratio and wavefront variance is
2 2
SR~e % and o2~ _NESR) (4.10)

47t2
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Working with the spatial filter model

m Verify the system will reimage the starting distribution if:

e the pinhole aperture is “commented out”
o the aperture after the second lens is commented out

Where isthe image of the initial distribution relative to the second lens?
(hint: first order optical principles will help)
Verify the position of the image after the second lens.

m Why are the values of variance measured before and after the first aperture different?
m Why isthe phase so disrupted at the edge just after the second lens?

m Doesit matter that the phase is disrupted at the edge? If so why?, If not why not?

m Is Strehl ratio a better indicator of performance after the second lens? If so why

intensity after L2  phasebefore Apt 2  phase after Apt 2
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Plotting Strehl ratio vs. pinhole size: spatial2.inp

determine the variation of strehl ratio vs. size of the pinhole
use a macro and udata

loop over the system 30 times

calculate and store Strehl ratio for each step, plot at the end
note that the same random seed is used each time

Strehl ratio vs. pinhole size (spatial2.inp)

View = 2. # plot view in pupil
Apt = 1.5 # clear aperture in expanded beam
variable/dec/int count
macro/def step/o
count = count + 1
array/s 1 128
zreff 1 1
units 1 .1
phase/screen 1 .2 .25 3
title full field phase screen
clap/cir/con 1 Apt # aperture at end of spatial filter
energy/norm 1 1
lens 1 100
prop 100
Pinhole = .0l*count
clap/cir/con 1 Pinhole
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Plotting Srehl ratio vs. pinhole size (cont’d): spatial2.inp

prop 100
lens 1 100
strehl
clap/cir/con 1 Apt
variab/set Strehl 1 strehl
udata/set count Pinhole Strehl
macro/end
macro/run step/30
udata/list
title Strehl ratio vs. pinhole size
plot/w spat 9.plt
plot/udata min=0 max=1.
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Review

m Calculate the energy per step in addition to the Strehl ratio.
m Plot both Strehl ratio and energy at the same time.

m Whereisthe ‘best” trade off of Strehl ratio and energy transmission?
m What happens if different random seeds are used for each step?
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L ateral shearing interferometer: ex38x.inp

m amoving Ronchi ruling generates +1 and -1 diffraction orders which interfere with the
zero order to make a shearing interferometer.

[N GRATIN

/
I

; \ N \
. \ \
FIELD LEIIS
“
\ ~— DECEIITEFEL
.
) /‘ APEFTUFPE  CURVE 3
~. ——’/3
i S CENTEFET
- - N - B - o
o ~PEFTLURE, CLIF/E 2

GLAD Course 4. Systems 120



Ronchi ruling moves fractions of once cycle past theimage: ex38x.inp

no aberration, grating phase 0 no aberration, grating phase 45
beam 1 beam 1
max  2.00E+00 max  2.00E+00
min 0.00E+00 min 0.00E+00

0.00E+00 ’ 0.00E+00

\‘Hm Z
‘}\‘ T
I
J
y/x= 0.667 y/x= 0.667

ex38_la.plt pn Aug 06 03:36:32 2001, 1001 ex38_2a.plt _ Mon Aug 06 03:36:32 2001, 1001

no aberration, grating phase S0 no aberration, grating phase 135
beam 1 beam 1
max  2.00E+00 2.00E+00
min 0.00E+00 0.00E+00

0.667 y/x= 0.667

ox38_Ya.plt
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Ronchi ruling moves fractions of once cycle beyond (cont'd): ex38x.inp

no aberration, grating phase 180
beam 1
max  2.00E+00
ulla} 0.00E+00

0.00E+00

y/x=  0.667

ex38_5a.plt

no aberration, grating phase 270
beam 1
max  2.00E+00
ulla} 0.00E+00

y/x=  0.667

ox38_7a.plt

GLAD Course

max
min

0.00E+00

y/x=

on Aug 06 03:36:33 2001, 1001 ex38_6a.plt

max
min

no aberration, grating phase 225

beam 1
2.00E+00
0.00E+00

0.667

no aberration, grating phase 315

beam 1
2.00E+00
0.00E+00

0.667

lon Aug 06 03:36:35 2001, 1001




Command filefor shearing interferometer: ex38x.inp

cH# ex38

c

¢ Example 38: Shearing interferometer

c

¢ This example illustrates the modeling of a shearing interferometer by
c using a moving amplitude grating. A pupil of 40 cm diameter

c 1s brought to a focus with a 100 cm lens. An amplitude grating is moved
c past the image, which causes a modulation in the reimaged pupil.

c We calculate the total energy and the energy in a 2 cm radius circle
c at the center of the aperture and in a 2 cm radius circle at the edge
c aperture. The total energy and energy in isolated

c areas 1s, of course, always in phase. The amplitude grating is moved
¢ 1n 45 degree phase increments over one full cycle.

c

variab/dec/int pass phase

nbeam 3 # Set up 3 beams, only 1 is active
array/s 0 256 # Use 256 X 256 array

pass = 0 # Initialize pass counter

phase = -45 # Initialize grating phase

units 0 .25 # Set units

clap/c/c 1 20 # 40 cm diameter aperture

¢ abr/focus 1 6.5 # (insert this command to see aberration)
energy

lens 1 100 # lens of 100 cm focal length

dist 100 1 # propagate to focus

copy 1 2 # save distribution in Beam 2
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Command filefor shearing interferometer (cont’d): ex38x.inp

macro/define grat/o # define macro
pass = pass + 1 # increment pass counter

phase = phase + 45 # increment grating phase

copy 2 1 # restore image distribution

grat 1 8.28le-3 phi=phase # grating of period = .0082813 cm
variab/set energyl 1 energy # Set energyl to energy in Beam 1
lens 1 50 # field lens to reimage pupil
dist 100 1 # propagate to pupil image

plot/watch ex38 @passa.plt # set plot file name
plot/1 1 xr=36 yr=24 ns=64 max=2 thet=40
plot/watch ex38 @passb.plt

plot/x/i 1 fmax=2

copy 1 3 # make a copy of the pupil in Beam 3
clap/c/c 1 .31 # 2 cm radius aperture in pupil center
clap/c/c 3 .31 xdec=8 # 2 cm radius aperture, edge of pupil

variab/set energy2 1 energy
variab/set energy3 3 energy
energy2 = energy2*2000 # linear scaling for PLOT/UDATA
energy3 = energy3*2000
udata/set pass phase energyl energy2 energy3
macro/end
title/format £ 3 0
title no aberration, grating phase @phase
macro/run grat/9
title summary of energy wvs. phase
plot/watch ex38 10.plt
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Command filefor shearing interferometer (cont’d): ex38x.inp

plot/udata 1 3
write/disk ex38.out/o
udata/list

end
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Temporal waveform produced

m tempora waveforms for total energy, two beam, and three beam interference

3 beam inter-
2 beam inter- ference
ference

Energy for the total aperture versus grating phase. Zero

phase puts the peak of a cosine transmission pattern at the
DECENTERED center of the image distribution. The energy in asmall cen-
APERTURE . CURVE 3 tered aperture (curve 2) and one at the edge of the aperture
(curve 3) are also plotted. The energy from the smaller
aperturesis multiplied by 50 to make plotting easier. It can
be seen that all energy curves are of the same frequency
and phase.

CENTERED
APERTURE, CURVE 2

GLAD Course 4. Systems 126



Review (from Ex 38)

m What isthe response of interferometer to astigmatism? Try adding a few waves?(Be
sure the astigmatism varies in the x-direction)

m Increase the size of the arraysto 512 x 512. Remember to increase the memory for fast-
est speed. What value is best choice for the units?

m Areall three curvesfor tempora waveform cosine waves? Try increasing the number
of optical cycles and vze finer increments than 45 deg. to judge whether the waves are
cosines.
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5. Resonators

Elgenfunctions and eigenvalues
m aresonator isaperiodic operation

¢
starting complex amplitude distribution: ¢4(x, y) A 1 i \ S ‘ ‘ O
0
after one pass: through the system Swe have ¢,(x, y)

01(XY) = SOo(X,Y) (5.1)
m Eigenfunctions and eigenmodes
For special y functions called elgenfunctions,

SY(Xy) = Ay(X,Y) (5.2)

where A is ascalar, complex coefficient called the eigenvalue
m eigenvalues may be complex, in bare cavity resonators (no gain) |A| <1
m eigenmodes are orthogonal and a complete set
m any arbitrary function may be represented as a summation of eigenmodes

oo

d)o(X, y) = Z aan(X’ y) (53)
n=20
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L owest loss mode

m Start with any arbitrary distribution

oo m passes .
do(%Y) = > amy,(Xy) (sumof eigenvalues)  (5.4) L»I S IJ_>

n=0
The coefficients a,, are unique to define the fit to ¢4(x, y)

m If A, arethe eigenvalues for the n modes
e after mround trips the distribution in the resonator is

oo

Om%Y) = 3 Agawn(xy) (55)
n=0
After a suitable number of passes, the mode with the largest eigenvalue will be the domi-
nant term.
Om(X. ¥) = A"y (X, y) (the lowest loss mode) (5.6)

m Finding the lowest loss mode by making many passes through the resonator is called

e Fox-Li method
e Power method
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Sableresonators

geometric rays are trapped

less sensitive to misalignment

Hermite modes are eigenfunctions

useful for low gain media

bare cavity analysisis often used but does not accurately predict laser properties
e real lasers do not converge to a single mode

Modeling the stable resonator in GLAD

m numerical algorithms must be identical for each pass
m surrogate gaussian must, therefore, be identical for each pass

m Useresonator/eigen/test command to force the surrogate gaussian to be an
eigenmode of the paraxial resonator properties

m Use copy/con to set starting distribution without changing surrogate gaussian beam
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Elementary two-mirror systems

m two-mirror systems may be characterized ssmply by the

g’ parameters R, R,
L L
0, = 1—R1,g2_ 1—R2 (5.7)
m Using the g-parameters, the stability criterionis C,
0< <1 5.8

Arbitrary systemsdescribed by ABCD

the eigenmode solution is a gaussian

1/2
(=11 B DZ;BA = éJ(A;D>2_1’ R = 52—13—,5\ @ = (77_91/2[1_(;%_[2)11/4’ (5.9)
and the waist properties determined by,
R ®
“waist = Wg = (5.10)
R e
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Theclassical stability map for g; and g,

ymmetrlcal
confocal

ﬁ |

concentric

~A |

concave Convex
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Half symmetric stable cavity resonator: |ex33x.inp

Table. 5.1. Parameters or stable resonator example.

2 length 45cm
mirror radius 50 cm
wavelength 1.064 u
Rayleigh range 15cm
L— 45— > waist radius 0.02253936 cm
aperture radius 0.14cm

Simpler esonator consisting of aflat mirror and a con-
cave mirror. The waist will form at the flat mirror.

macro/def reson/o

pass = pass + 1 list # increment pass counter

step = step + 1 # increment step number

prop 45 # propagate 45 cm.

mirror/sph 0 -50 # mirror of 50 cm. radius
clap/c/c 0 .14 # .14 cm. radius aperture

prop 45 # propagate 45 cm. along beam
mirror/sph 0 1.el5 # flat mirror

energy # calculate energy in the beams

variab/set Energy 1 energy
Energy = Energy - 1
udata/set pass step Energy
energy/norm 1 1

plot/watch ex33 1.plt

3=

calculate energy difference
store energy differences
renormalize energy

H I
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Half symmetric stable cavity resonator (cont'd): ex33x.inp

plot/udata left=10 right=100 min=-.05 max=.05
plot/watch ex33 2.plt
plot/1
macro/end
wavelength 0 1.064 # set wavelengths
units 0 .005
resonator/name reson
resonator/eigen/test 1

resonator/eigen/set 1 # set beam 2 to eigen mode

clear 1 1 # start with a plane wave in beam 2
energy/norm 1 1 # normalize energies

status/p

pass = 0 # initialize variables

step 0 # for pass counters
title Energy loss per pass
reson/run 100
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Review

m Modify the example to start with random noise

e make a separate beam of same size and attribute “data’

e cClear the array to zero

e put in random noise with thenoise command

e USecopy/con to copy the noise into beam 1 without changing geodata variables
e Observe convergence

m Does starting with random noise change the solution after full convergence?
m Measure the mean radius of the converged mode using £itgeo.

m Addaninternal lens of -150 cm focal length at a distance of 10 cm from the curved
mirror. Keep the resonator length at 45 cm.

m Check convergence with asmaller clear aperture, e.g., of about 0.1 cm. Try again with
aperture at 0.12 cm.

m how much does the converged mode differ in size?
m estimate the relative rate of convergence for the 0.1 vs. 0.2 aperture

GLAD Course 5. Resonators 136



Sableresonator, bare cavity analysis. stable.inp

m half symmetric resonator, r1 = 50 cm (clap of .13 cm), r2 (flat), length = 45 cm, wave-
length 1.064 micron, reflectivity of flat = .98. No aperture for now.

m energy normalization replaces true laser gainvariab/dec/int pass

macro/def reson/o

pass = pass + 1 list # increment counter

prop 45 # propagate 45 cm.

mirror/sph 0 -50 # mirror of 50 cm. radius
prop 45 # propagate 45 cm. along beam
mirror/flat 1 # flat mirror

variab/set Energy 1 energy
udata/set pass pass [Energy-1]# store energy differences

energy/norm 1 1 # normalize energy each pass
plot/1 1 xrad=.15 # picture of cavity mode
macro/end
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Setup surrogate gaussian beam

Analyzeresonator to determineideal gaussian mode

m Guessat units (in this case)

units 0 .005
wavelength 1 1.064
resonator/name reson
resonator/eigen/test

m Set resonator to eigenmode and normalize

resonator/eigen/set # set beam to eigenmode
energy/norm 1 1 # normalize energies
Test for one pass with geodata and plot/l

geodata

plot/1 1 xrad=.15

pause

reson/run 1

geodata

m Check that beam is, indeed, unchanged
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A classical bare-cavity analysis. [stablel.inp

m Add an aperture of radius 0.13

clap/c/noadjust 1 .13
m start from noise

clear 1 O
noise 1 1

m Run resonator 50 times
m Observe the convergence for 50 cycles
e explainthe oscillatory behavior intheudata

Cu rve poi2ot PLOT 102, Fri Rpr 03 046232 1998, 1001

m Doesthisdevice ever converge to TEM(0,0).
Try another 450 cycles?

m Will thislaser really converge in this manner?

}
i
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A morerealistic bare cavity analysis: stable2.inp

e Bare cavity analysis with noise seeding

e Lasersare constantly reseeded by stimulated emission. The laser never truly stabi-
lizes -- except statistically

e Put noise inside the macro

noise 1 le-6
e Try 50cycles
e Try another 400 cycles. Do you think it converges?

-00

-o40 [
-.080 [
-.120 -

-.160 [

PN I T T T NN T T S TR N T T T
1.00 13.25 25.50 37.75 50.00

-.200 I 1

1
plot2,pit PLOT 102, Thu Rpr 02 22:52:53 1998, 1001
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Now replace energy normalization with Beer's Law gain: stable3.inp

Adding Beer's Law saturated gain

m Choose g0 =0.04, Es = 100, length = 6 cm, Reflectivity = .98
m About how many passes for mode to stabilize?

m About how many passes for energy to stabilize?

m Estimate converged energy

5.15

.12 [
3.09 [
2.06 [

1.03 -

L M R
1.00 50.75 100.50 150.25 200.00

.00 . A

1
plot2.pit PLOT 402, Fri Rpr 03 10:50:35 1998, 1001
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Optimization of themirror reflectivity: from stable3.inp create: stable4.inp

Use a single-variable optimization of mirror reflectivity to optimize output
power

Build an outer macro to allow settle time
macro/def settle/o

pass = 0 # initialize variable
clear 1 O # clear to zero
X = srand (1) # set random seed

reson/run Settle time# Settle time is the number of settling passes
Energy settle = Energy trans
inverse = 1./Energy settle# make merit function

macro/end

m Set random seed to be the same every time

X = srand (1)

m Make another outer macro to run optimization

macro/def optimize/o

opt pass = opt pass + 1

opt/run 1

plot/w plot2.plt 410 400 400 300
udata/set opt pass opt pass Energy settle
plot/udata 1
macro/end
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Continue resonator optimization
m Set up variable table, target table, name of macro to be optimized

opt pass = 0

opt/name settle

opt/var/add Reflectivity .002
opt/tar/add inverse O.
opt/damp 2

Settle time = 200

macro optimize/1

m Choose to optimize inverse of Energy. Why?

m Start with high value of Reflectivity, so optimization starts decreasing it.

m Start with alow value of Settle time to check out optimization for mistakes
[

Make sure optimization has “captured” the problem, i.e., is making progress toward as
solution before increasing Settle time

ourse . Resonators
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Sableresonator with central obscuration: ex57x.inp

acentral obscuration of variable size is placed 1n the half-symmetric resonator
for avery small hole TEM(0,0) prevails and is simply less efficient

for larger holes the donut mode begins to compete and inhibits convergence when the
two modes have similar eigenvalues.

a series of mode types are generated as the hole is made bigger with transition points
showing poor convergence

Table. 5.2. Parameters for resonator with hole outcoupling, i.e., central

obscurations.

length 45 cm

mirror radius 50cm
wavelength 1.064 microns

l variable
T obscuration

Concave and flat mirror resonator with variable size hole in the flat which forms an obscuration in
the beam.

ourse . Resonators
GLADC 5.R 144



L oss per passvs. number of passes

m Sizeisincreased by .005 cm every 25 passes
m significant mode competition at 75 passes, 150 passes, 250 passes

Energy loss per pass

/

mode transition

mode transi-

100 175 150/

175
200

exd7_0.plt PLOT 11, Thu Jan 11 17:42:01 2001, 1001
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Modesfor first 10 obscuration Sizes. ex57x.inp

tep
oam 1|

max  920E02
0.00E-00

00E+00

PLOTL, T

o5 P
0am 1| beam boam 1

max max

7H7E+02 499 +02 max  SIE+02 x  SHIEY2
mn  0.00E+00 mn  0.00E+00 mn  0.00E+00 mn  0.00E+00

74702

00E+00

, Tus Rug 07 1:12:42 2001, 1001 PLOT 6, Tus Aug 07 0!

E-00

o flug 07 0L:13:12 2001, 1001
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Unstable resonators

m Siegman originally suggested using unstable resonators to achieve good beam quality
with high gain media

modes must generally be found by numerical calculations

Net round-trip magnification requires a“rescale” operation

GLAD automatically handles the rescale with the resonator command
GLAD also calculates the appropriate surrogate gaussian beam

>
/ scraper/feedback mirror

‘f

1 (my) | Rescale
& I ¢y (my)
\ Oo(my) S

\ '
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The unstable resonator exhibits an eigenradius

Ray picture of unstable resonator. The ray goes through segments A through E, increasing in magnification by
about 3 each time. The ray shown is set to originate from the center of curvature of the eigenradius. In this exam-
ple, the inner third of the outgoing wavefront is fed back during each pass. In numerical analysis, the units will
expand by the magnification in one round trip. After aperturing by the scraper mirror, leaving only theinner part of
the array, we rescale the array to the original units, discarding the outer parts of the distribution, which are, of

course, zero after aperturing.

ourse . Resonators
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Positive and negative branch unstable resonators

>1. (5.11)

unstableif |m = ‘A;D

If m> 1, resonator is a positive branch (even number of internal foci, usually zero).

If m < -1, the resonator is a negative branch unstable resonator and has an odd number of
internal foci.

We may find eigenvalues for the unstable resonator, as given below.
Ay = MEJm° =1 = M or 'l\lﬁ (5.12)

Find elgenfunctions by numerical analysis.
Find eilgenradii by

(5.13)

In most cases we choose the solution with magnification greater than 1.

The demagnifying solution will collapse into the optical axis and ultimately, because of
diffraction, will come back out as a magnifying solution, so it is usually sufficient to ana-
lyze the magnifying wave.
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Unstable resonators. ex11x.inp

Confocal resonator — foci of two mirrors are coincident
confocal resonator produces collimated output

2 2 2
Ma M- —1a
N, = L Neq = SM L (5.14)
where a isthe aperture radius, L is the resonator length, A is the wavelength, and M is the

magnification.
The parametersthat areused areL =90 cm, a=0.3cm, M =2, A = 10 micron
Thisresultsin N; = 2 and Neg = 0.75.

R2 = 360
>
R1 = 180
L = 90 ‘f
2a = 0.6
\ >
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Unstable resonator from: ex11x.inp

ex ll: energy per step

energy convergence

I
10.

PLOT 20, Sat Jan 18 01:56:16 2003, 1001

ex 11: outcoupled beam
beam 1
max  1.30E+00
min 0.00E+00

after scraper

y= 7.50E-01
y=-7.50E-01

x=-7.50E-01

PLOT 22, Sat Jan 18 0

1:56:22 2003, 1001

ex 11: resonator pass no. (
beam 1
5.13E+00
0.00E+00

mode before

y= 7.50E-01

y=-"7.50E-01 x=-7.50E-01

PLOT 21, Sat Jan 18 01:56:13 2003, 1001

ex 1l: far-field pattern

beam 1 -
max  3.90E+01 ar_ I
min  0.00E+00

y= 9.60E-01
y=-9.60E-01

x=-8.,75E-01

PLOT 23, Sat Jan 18 01

x= 9.60E-01

:56:25 2003, 1001
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Summary of macro and resonator commands for unstable resonator

macro/def conres/over

pass number = pass number + 1 # increment pass counter
clap/cir/con 1 .3 # aperture of .3 cm
mirror rad=180 # convex mirror

prop 90 # propagate 90 cm backward

mirror rad=360. # concave mirror
clap/cir/con 1 .7 # aperture of .7 cm

prop 90 # forward propagation

variable/set Energy 1 energy

udata/set pass number pass number [Energy-1]
energy/norm 1 1

energy/norm 1 1

title resonator mode pass = @pass number
plot/1 xrad=.75
macro/end

resonator/name conres
resonator/eigen/test 1
resonator/eigen/set 1
clear 1 O

noise 1 1
resonator/run 30
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Review of unstable resonators

m Doesthe converged mode change if we start with flat amplitude rather than noise?
m Keeping the concave mirror at aradius of 360, shorten the cavity length to 80 cm

e Wwhat radius for the secondary (convex) mirror isrequired for a confocal configura-
tion?

e what isthe magnification per round-trip? Check this magnification with resona -
tor/eigen/list

e change ex1lato use these new parameters
e Uusetheresonator commands to test and initialize the device
o test the resonator for one pass to see that geodata does not change over one round-
trip
e run the resonator to convergence, check the wavefront of the converged mode by
Strehl ratio
m uUseudata/list to determine the loss-per-pass [energy-1]

m add 0.2 waves of astigmatism (normalizing radius = 0.7) rerun the problem and note
the change of round-trip loss. Note the mode shape.

m try adding +0.2 waves of Seidel spherical aberration. Try adding -0.2 waves of Seidel.
Can you explain the changes in loss-per-pass relative to the addition of 0.2 waves of
astigmatism?
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6. Laser Gain

Saturated Beer'sLaw gain

JpAZ

I (Z + AZ) — I (Z) exp— ’ (61) S - ‘exp‘ nnnnn i‘a\ a‘md \‘ime‘ar gaim‘re‘giois |
q i
(1 + @)
Isat @@@@@@@@ r :
m Wheregyisthesmall signal gain, | isthe cereeos [ ;

saturation intensity, and q = 1/2 for inhomoge-
neously and g = 1 for homogeneoudly broad-

33333333

ened gain. reeos | E
m Thegan grows exponentially at low values.
dl 1
_ = I . 6.2 gain.plt PLOT 1, Wed Aug 28 06:32:42 1996, 1001
17 o) (6.2)

m The characteristic gain length is 1/g,. When | is comparable to |, the homoge-
neously broadened gain takes the form

dl

47 =~ 0ol sat (6.3)
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Franz-Nodvik gain

m appropriate for short pulses with square temporal profiles propagating through an
amplifying medium

(X, Y, Z
(X, Y, 2+ AZ) = Isatln{1+ explgy(X, y)]exp[(iT’Lz —1} : (6.4)
sat
energy dif ference
79.95 |
65.75 L ]
51.55 L ]
37.35 L ]
23.14 L ]
8.9'4 % 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 ]
1.00 5.75 10.50 15.25 20.00
1 2
ex63.plt PLOT 1, Tue Aug 27 10:17:17 1996, 1001
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Rate equation formulation for two-level system

m Therate equations are [Siegman, Lasers]

N
AN, = {Rz— t—zz— (N, — Nl)Wi(v)}At, (6.5)
Nl N2
th tspont

AN;, AN,change in population of lower and upper levels, atoms/cm®,

R, R, pump rate for lower and upper level, excitations/sec/cm®,

t spontaneous decay lifetime, sec,

spont

too decay time from upper level to ground, sec,

t, total decay time from upper level to ground, sec,
1/ty = 1/ty+ L/ tgpon

t1o decay time from lower level to ground, sec,

W.(v)  transition probability density, probability/sec/cm3,
At elapsed time.
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Energy diagram for two-level system

N»: upper laser

| laser
; transition
t
spon Wi(v)
Nj: lower laser
R R, 1 1
20 10
pump
transitions
Np: ground
GLAD Course 6. Laser Gain
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Transition probability and small signal gain

The transition probability density is,

A°g(v)

Wi(v) = >
8rn hvt

spont

where

A wavelength,

g(v) normalized lineshape,

n index of refraction,
Planck's constant,

- < 5

The transition propability may be written in terms of the Einstein B-coefficient:

frequency of the radiation,
Irradiance of the radiation.

Wi(v) = B(V)HI;

The small signal amplification takes the form

GLAD Course

2
where B(v) = %I.
artn tspont
1(2) = 1(0)e™*N2.
6. Laser Gain

(6.7)

(6.8)

(6.9)

(6.10)
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Franz-Nodvik
m Gain depends on |(2), N(z), and the cross section B

irradiance [w/cm?]

gain [cm™!]
N v

AGE) - BAN)I(z) = ggl(z)
aZ /
cross section [cm?] population inversion [cm™]

(6.11)
Assume a constant temporarl pulse of duration At and short section of gain of length L.
Total initial energy = final energy

At[lmax =1(0) + AN(O)M‘J = total energy (const.) (6.12) e regl?rr
2At square temporal pulse }
hvL 2A1 ~—7\ |
—[ANmaX - AN(O) + AI(O)—} - total energy (const.)(6.13) |
2 hvL L
N 21(2)At S/
22 = BN(z)I(z):B[ANmaX— 2 }I(z) (6.14) Y,
u ]

| (0)
—-BAN
1(0) + [l — 1 (D)]e ™

(L) = - Franz-Nodvik (6.15)

At L
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Franz-Nodvik, axial sampling with multiple gain sheets

m Thepopulation inversion AN Is constant for each gain sheet
m For extremly strong one-pass gain, multiple gain sheets may be needed

, _ N(z)
extremely strong one-passgan T T TTTee———
M/
o _ _ N1 N2 N3 N4
approximation with four gainsheets 44 |
—_./
N1 N2 N3 N4

double pass levels out the population —— —/—;
inversion, fewer gain sheetsrequired | (0) 10)
f >< b
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Franz-Nodvik, Three-level gain
m Inthree-level gain, N; isat ground level (or very closely coupled to ground level)

m Upper and lower lasing lines may be part of manifolds that are coupled by thermal equli-
bration

m Thetotal population for N, and Ny isfixed.

[ general manifolds

P Q NZa

_ _ upper manifold
p=0 q=0 N

2c
O3 ruby laser N, = N,(2A) + N,(E)
[ single upper and lower states
Niot = Ny + Ny

m Solvewith Franz-Nodvik after substitution of
variables and consideration of Boltzmann
thermal equilibrium conditions

lasing line

lower manifold N b
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Seady-state condition derived from rate equations

Under steady-state conditions, the irradiance of the optical field is constant and the rate
equations of Eqg. (6.5) and (6.6) |eads to the steady-state solution for the population inver-

sion:
t
ANg = Ryt~ (Ry + =Ry Jtyo. (6.16)
spont
The small signal gain coefficient is
Jo(v) = B(V)AN, (6.17)
The gain coefficient for homogeneous broadening and for arbitrary irradiance magnitude
IS,
Jo(V)
1+ -
IS
where,
8rn’hy hv

(6.19)

B
(= )ngw) (Wt

spon
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Seady-state and strong saturation
In the case of strong saturation the change in intensity per unit length is

d _ hv ) _ ANghv
=Wl = (BANO)(B(V)tZ) - .

(6.20)
L
Where the pumping rate into the upper level dominates the process, Egs. (6.10), (6.16),
and (6.17) give the saturated gain coefficient as

;1_'2 - Rhv, g(v) = Ryhv, (6.21)
showing, in the case of saturated steady-state gain, alin-
ear growth of irradiance with distance based on the ooess e na v oun egers.
pumping flux density. :

77777777

55555555

55555555

11111111

\\\\\\
111111111111

gain.plt
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Off line center effects

The gain and off-line index of refraction effects are represented by a complex index of
refraction using ', and %", such that

n— n(l + X—n; + X—r;‘j (6.22)
2n 2n
) 23 . 2(Voge + MAV,)
X'm = (N = Ny)— 9V), X' = 25— L (6.23)
167 tspont!
A
9(Vi) = . -, (6.24)
2 (Av
2n[(voff+ MAvV.) + (—2—) J

where v, — v ., = Vo + MAv,, and m isthe mode number. The optical field, under steady
state conditions varies as

KL+ K ) =
a_(xy,At) = a_(xy, 0)e an (6.25)

wherey,., = ¥'m—ix"n 1Sthe eectric susceptibility and n isthe index of refraction.
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Spontaneous emission

m Spontaneous emission arises from the decay of the population inversion.
m This spontaneous emission is anoise source for many laser processes.
m The noise power injected into each mode in adistance is

AL - (N,—NphvAz 92 (6.26
0T NCtgyey  ATAXAY '

AQ = A°/(AxAy) isthe solid angle subtended by the computer array (Ax, Ay).
Noise is delta-correlated, normally distributed complex random numbers.

Spontaneous emission and the finite lifetime of photons in the cavity limit the degree of
convergence.

L asers always run on a collection of modes rather than the single lowest-loss mode, as pre-
dicted by bare cavity analysis.
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Simple example of mode competition with rate equation treatment

Table. 6.1. Parameters for rate equation calculation.

wavelength 0.84 micron
index of refraction 3.35
cavity length 0.89 cm

atomic line width

1.45x10" Hz

atomic line center

3.57x10™ Hz

GLAD Course

spontaneous decay time 3%10° sec
transition rate for Level 2100, t,, 0.3 sec
transition rate for Level 1t0 0, ty, 1><10_11 sec
longitudinal mode separation 510 Hz
Fresnel reflection loss 0.396
cavity length change 5510 Hz
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M ode competition

two modes of frequency f,(0) and f,(A®) compete for gain, at pass= 100 the cavity length
Is changed causing f,(-Am)and f,(0), SO mode 2 now prevails

S5.71E+06

transient due to start of media

umpin
4.57E+086 pumping

3.43E+06 ‘
cavity length changed at

cycle 100

average power — nearly

2.28E+06 constant

mode 1 — initially on
line center
mode 2 — moved to line

1.I4E+06 center at pass 100

23
ex69a.plt PLOT 26, Tue Rug 07 02:52:44 2001, 1001

Temporal response of competing modes from the start of medium pumping. The cavity length is
changed at pass 100 causing the relative loss on the two longitudinal modes to reverse.
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Rate equation gain: lex69x.inp

cH##t ex69x

c

¢ Example 69a: Rate equations

c

c¢ This is an example of the use of rate equations

¢ The resonator is similar to that of a laser diode

c with flat faces.

c

c¢ The device will be allowed to converge for 100 passes
¢ and then the length changed to put Beam 2 on the line
c center causing Beam 1 to decay and Beam 2 to increase.
c

¢ Establish initial units and a gaussian field distribution
c

c Beams Use

c 1 longitudinal mode on line center

c 2 slightly off line center

c 3 pump distribution array

c

variab/dec/int pass switch

array/s 1 4

nbeam 3 set number of beams

array/s 3 4 4 1 # make medium array polarized
units/s 0 1

3=

wavelength/set 0 .84 3.35 # set wavelength and index
clear 1 le-4 # set initial irradiance
clear 2 le-4
clear 3 1.93e6 # set pump rate in
# watts per cm**2
gain/rate/n2pump 3 3 # Modify beam 3 to put
# the pump rate in the real
# word
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Rate equation gain (cont’d I): ex69x.inp

C

width = 1.45el3
center = 3.57el4
tspont = 3e-9

t20
tlo

mode _sep = 5ell

C

C
C
C

# inversion will go in the
# imaginary word

= 3e-1
= le-11

H H H H H H

Set line width, hz

Set line center, hz

Set spontaneous emission rate, sec
Set decay rate for level 2, sec

Set decay rate for level 1, sec

Set longitudinal mode separation, hz

Set offset from line center of first mode, 0 hz
Set fractional pumping into level 1, nlpump, O

gain/rate/set width center tspont t20 tl0 mode sep 0 0

gain/rate/list
pack/set 1 2 3
pass = 0

#
#

macro/def ex69a/o

Q0 a0aa

GLA

pack/in #
pass = pass + 1 #

Set gain length of .89 cm

Set pump time of 1le-10

pack all 3 beams
initialize pass counter

pack beams
increment pass counter

Set number of steps over which distance is to be taken

gain/rate/step .89 1le-10 10 #

pack/out #
mult 1 .396 #
mult 2 .396

variab/set peakl 1 peak #
variab/set peak2 2 peak

sum = peakl + peak2 #

implement rate eqg. gain
unpack beams
Fresnel reflection losses

record peak irradiance

record sum of Beam 1 and 2

udata/set pass pass sum peakl peak2 # store for the record

D Course
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Rate equation gain (cont’d I1): ex69x.inp

switch = mod(pass, 20) # plot every 20th pass
if switch = 0 then
plot/udata/seq # make udata plot
endif
macro/end
plot/udata/set y01 y02 y03 # specify beams to be displayed
plot/watch exé69a.plt # display record
mac ex69a/100 # stabalize for 100 passes

shift cavity length

Set frequency offset so Beam 2 is now on line center

Q Q0 QA

gain/rate/set width center tspont t20 tl10 mode sep -5ell 0
mac ex69a/400 # run 400 passes to let

# Beam 2 to begin to grow
plot/udata/seq
end

GLAD Course 6. Laser Gain 171



Calculate gain: ex69fy.inp

Calculate actual gain and small signal gain for the parameters of Table 6.2. For small sig-

nal gain use Egs 6.12 through 6.15.

Table. 6.2. Parameters for rate equation calculation.

wavelength 0.84 micron
index of refraction 3.35

gain length 0.89 cm
pulse time 1102 sec

atomic line width

1.45x10™ Hz

atomic line center

3.57x10™ Hz

spontaneous decay time 310~° e
transition rate for Level 210 0, t,, 0.3 sec
transition rate for Level 1to 0, ty, 15107 sec
initial irradiance 1x10° w/cm?
pumping 0.0 w/cm?

inital N, population

1.89818778x10 ™ j/cm?®

inital N4 population

0.0j/cm®

GLAD Course
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Pulse propagation, Franz-Nodvik (cont’d) ex69fx.inp

Optical amplification Mlazz) = BAN(2)I(2) (6.27)
Equation (6.27) now takes the form,
d(z) 21 (z)At
22 - BN(z)I(z):B[ANmaX— -z Jl(z) (6.28)
Using
total energy density asirradiance: |, = 1(0) + AJNZ%%— (6.29)
total energy density as population inversion: AN, = AN(O) + %%LAt (6.30)
Equations (6.28)-(6.30) have the exact solution,
| 1(0)
(L) = e — (6.31)

max

1(0) + [ 1o — 1(0)]€
Gain has built-in energy conservation!

Calculate the Franz-Nodvik gain from Eg. (6.31) and complare with GLAD calculation
for the parameters of Table 6.2.
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/. Waveguides and Fiber Optics

GLAD model dielectric and retlecting-wall waveguides

m Dielectric waveguides

o describetheindex of refraction in (x,y) slices (phase sheets)

e vary the phase sneets along the z-axis

e result: arbitrary n(x,y,z) defined
m Physical optics argument

¢ |ight tendsto follow the higher index, beam tends to focus

e diffraction tends to cause the beam to spread

e balance of focusing and diffraction spreading make steady-state mode propagation
m Geometrical explanation

e angleslessthan the critical angle reflected at core by total internal reflection
(TIR)(do not attempt to analyze dielectric waveguides by rays)
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3D treatment or 2D treatment?

m One may perform detailed 3D modeling of fibers and waveguidesin GLAD
m For slab waveguides (various rib waveguide forms):
e 3D treatment includes detailed rib structure
* scalar BPM for modest core-cladding index differences
% vector and/or wide angle BPM for high core-cladding index differences

e 2D treatment, effective index method allows treatment by one-directional arrays
with an index n(x) to define the gradient index waveguide structures.
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Sraight, circular, step index waveguide: 3D treatment

m Ex86a, straight fiber
e 3D treatment
e transient and steady state behavior observed
e implement through command language

*  allows bends, tapers, splitting, joining, coupled cores, fiber lasers, directiona
couplers, in- and out-coupling

% may be accelerated by built-in function
* may be accelerated by effective index, 2D treatment
e implemented by split-step method
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Split-step implementation of waveguide

Choose step size

Index of refraction

kA A
al(x’y’Z+AZ) = aO(-xayaz+AZ)el n(x, y)Az

Diffraction

. 2
ay(x,y,z+Az) = FF_I{e]Mp AZFF[al(x,y,zﬂLAz)]}

Last step?
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Split-step method for waveguide propagation

Effect of high index core region

split-step: first part
multiply phase screen to } / |

‘ ‘ ‘\\
include effect of An(x, y)Az ! b

|
split-step: second part L
Propagate Az i ~ |prop {
- ;
I

prop|

- Effect of propagation is to
Effect of phase addition cause slight divergence
and diffraction smoothlng\ /

Start and end of !
nth split step )

(a) :
Phase bump smoothed by dif-
: - fraction propagation creates

| / net convergence

Split step method. Fig. () showsthefirst part of the first split-step. The high index region

creates a phase bump on the wavefront. Fig. (b) shows the second part of the first step

where both the phase pump and the amplitude are smoothed out somewhat. Fig. (c) shows

that the accumulated effect of phase addition and diffraction spreading creates avery

dlightly converging wavefront that becomes very dightly diverging after the propagation

step of Az. Converging and diverging effects exactly balance for an eigenmode.
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Sraight fiber

GLAD Course

Coreregiondia. 1.6\, absorbing wall dia.
1211, and array of width 16L.

dif ference, straight fiber

3.20E-02

0.00E+00

Index difference distribution. Array is
100 long by 161 wide and n = 0.032.

PLOT 56, Thu Aug 08 02:45:30 2001, 1001

Index distribution of .032 to scale of
dashed square.

istance, straight fiber

0.00E+00

7 x=-8.00E-04

History of irradiance profiles. Mode sta-
bilizesin about 20L.
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Speeding up the calculation
m timeex86ausing:

time/1
macro step/512
time

m Eliminate output by adding write/of £ above macro step and write/on after
e check time without writing to screen or making plots

m Mmove operations on beam 2 outside the macro (see ex86ay.inp). Repeat time test.
e clear, clap, int2phas, split toform beam 2 operations
e USemult/beam 1 2 inmacro

m convert ex86ato 2d form (see xex86axx.inp). The 2D mode is the equivalent of propa-
gation in for arib waveguide on adab (not a round fiber).

e createanew file

e change 512 x 512 array to 512 x 1 array for beam 1 and beam 2
e changeplot/lisotoplot/x/1i for beam 1 and beam 2

e changethe copy/row command to replace nline/2 + 1 with 1
e timethe 2D code

m What istheratio of improvement between 3D and 2D models. To what do you attribute
the degree of improvement in speed?

GLAD Course 7. Waveguides and Fiber Optics 181



Direct observation of the propagation constant: ex86ax.inp

m Typicaly weuseacoordinale SyS-  phase in cladding  phase of eigenmode  difference

tem that moves with the beam, €,
based on the index of the cladding, |
No

J (B

m The eigenmode phase advances -~ -+ -+
fasterthan coordinate system—dis- ~_
play with e

Re[“P 97 = cos[(B-k)z] (7.1)

eigenmode phase

transient region advances faster

exB6ax_2.plt PLOT 27, Fri Mar 07 20:28:57 2003, 1001

Real part of complex amplitude showing cyclical

Intensity of beam, |A|2,in straight fiber. (B K
behavior at the rate € (B-kz
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Displaying the phase advance of the propagation vs. base index, 3D case
m Changeplot/liso/intensitytoplot/liso/real
m Estimate the phase advance per step

About 2.75 cyclesin 512 steps -2 degrees per step
m Try to compensate the phase advance using phase/piston ibeams phsdeg

o Try +2 degreesand -2 degrees

Repeat the experiment for the 2D case: xex86axx.inp

m |sthe phase advance the same as the 2D case? What does this mean?
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Closely spaced straight cores

Two coreregions of dia. 1.6|L , separated by 4|L.

O0E-04  x=-3.00E-04

exBBC_2.plt

PLOT 130, Sat Aug 11

03:10:10 2001, 1001

Index difference distribution. Array is 300l long

by 16l wide and n =.032.

GLAD Course

Index distribution of .032 to scale of dashed square
in figure to the left.
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Closely spaced straight cores exchange ener gy

distance, two close fibers

mode shape vs. distanc

0.00E+00

7 x=-8.00E-04

History of irradiance profiles. Mode oscillates Contour plot of irradiance profiles, showing oscil-
between the two core regions. lation of mode between two cores.

hape, two close fibers

PLOT 132, Sat Aug 11 03:10:10 2001, 1001

Final mode shape, showing mode partly in each of
the cores. Same scale astop right, last page.
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Codefor two closely spaced cores. ex86cx.inp

mem/set/b 3

variab/dec/int pass count nlinex nliney
dist = 3e-5

nlinex = 128

nliney = 512

shift = 1.e-4

FH HF HF HF I

title mode shape vs. distance, two close fibers

plot/watch ex86c 1.plt

requste 3 megabytes
define variable names
step length

propagating array width
length of history arrays

array/s 1 nlinex # beam 1, propagating beam

nbeam 2 data # beam 2, index distribution
nbeam 3 nlinex nliney data # beam 3, history of mode shape
nbeam 4 nlinex nliney data # beam 4, history of index profile
units/field 0 8e-4 # field half-width of 8 microns
variab/set units 3 units

units/set 3 units dist # set units of history arrays
units/set 4 units dist

wavelength 0 .6328 1.5 # set wavelength and cladding index
clear 1 .032

clear 2 .032

clap/c/c 1 .8e-4 xdec=[-shift] # make left core

clap/c/c 2 .8e-4 xdec=shift # make right core

add/inc/con 2 1 # sum the two cores

clear 1 1

clear 3 0

clear 4 O

set/density 64

alpha = 2.*pi*1.5*dist/.6328e-4 # phase coefficient per step

macro/def step/o
pass = pass+l
count = count+1l
zreff 1 0
geodata/set 1 0 0 le-4 le-4 1 1

GLAD Course
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Code for two closely spaced cores (cont’d): ex86cx.inp

c take two steps together

int2phas/two 1 2 alpha
split/cir/in 1 6e-4 6
dist dist 1
int2phas/two 1 2 alpha
split/cir/in 1 6e-4 6
dist dist 1
if pass = 1 energy/norm 1
copy/row 1 3 [nlinex/2+1] pass
copy/row 2 4 [nlinex/2+1] pass
if count = 4 then
plot/watch plotl.plt
plot/1l 3 ns=64
endif
if count = 8 then
plot/watch plotl.plt
plot/c 3 ilab=0
count = 0
endif
macro/end
set/density 32 32
gaus/c/c 1 1 le-4 decx=shift
pass = 0
macro step/nliney
plot/watch ex86c 1.plt
plot/1 3 ns=64
plot/watch ex86c_2.plt

title index difference vs. distance,

plot/1l 4 ns=64 h=.1
plot/watch ex86c_3.plt

implement index in beam 2 on beam 1
absorbing boundary for the array

H 3+

implement index in beam 2 on beam 1
absorbing boundary for the array

H 3+

store mode in history array
store index profile in history array

H*+ I

# plot every 10 steps

# plot every 10 steps

# inject gaussian mode into one core

# propagate nliney times

two close fibers

title mode shape vs. distance, two close fibers

plot/con 3 con=14

GLAD Course
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Code for two closely spaced cores (cont’d): ex86cx.inp

plot/watch ex86c 4.plt

title final mode shape, two close fibers
plot/1l 1 xrad=3e-4 ns=64

plot/watch ex86c 5.plt

title index difference, two close fibers
plot/1l 2 xrad=3e-4 ns=64 h=.1

energy 1
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Effect of guide width on number of modes, transient regime: ex86a55.inp

m Reducing the width of the waveguide to achieve single mode performance
m Inject random noise into the waveguide
m Mode behavior stabilizesin about 20 microns (for this device)

A
87t(nf2— ni)

For A = 0.6238u, n; = 1.532, ng = 1.500, a < 0.405u for single mode operation

2
D<7§c_)(2%a) (nfz—ni)—>a<

(7.2)

single mode

Inject noise . n /

A= 0.6238U, 2a = 3.2u, A =0.21. A= 0.6238U, 2a = 2.0u, A =0.21. A= 0.6238U, 2a = 0.8u, A =0.21.
About 3 modes. About 2 modes. About 1 mode.
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Waveguide with “ S’ bend

m Highindex coreis moved right and
then left to makean “S’ bend

m Bend induces coupling into higher-
order modes that radiate out of
waveguide

index profilewith sinusoidal  Core region moves back and
bend forth 6L to form “s”.

start with straight fiber

mode breakup

PLOT 27, FriAug 10 12:21:02 2001, 1001 ex86b_3.p PLOT 28, FriAug 10 12:21:02 2001, 1001
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Enhancements

m Extrude treats aconstant cross section waveguides with path deflections
Easy definition of bent waveguide paths

[
m slab/waveguide
m Timefor atypical slab problem reduced from about 250 times
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Coupling between two straight guides: separation of 7\L: ex87a.inp

inject light into this
waveguide

Paths of two close waveguideson aslab.  Index distribution for two close waveguides
on asdlab.

Waveguides operate by
total internal reflec-
tion (TIR). Close
waveguides couple by
evanescent tails of
waveguide modes—a
form of frustrated total
internal reflection
(FTIR).

Light injected into the upper guideiscou-  Contour of coupl ed wavegw des shows
pled to the lower guide and then back. power coupling between the waveguides.
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Typical slab waveguide with rib to generate high effective index region
m Effective index method:

e assumerib just raisesindex locally in slab
e treat dab as 2D calculation with gradient index region under slab

y

upper cladding region

/

v 7 I'lb

thin film (guide region) = X

substrate

Waveguide with rib to create high index region. The substrate (lower index of refraction) supports the thin film
(higher index) waveguide region which confines the optical mode in the y-direction. A thicker region, forming arib,
creates aregion of higher index in the thin film waveguide region with the lower index substrate below and the
lower index upper cladding layer above. The upper cladding region is often air. The greater thickness of the thin film

in the region of therib leads to a higher propagation coefficient and a corresponding higher effective index. From
Koshiba.
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Some slab waveguides with ribsto guide in the slab direction

(a) ideal rectangular dielectric waveguide

A I B
LQ
(b) GRIN waveguide (c) embedded waveguide (f) dielectric strip (g) ridge waveguide
] — — — ]
(d) strip-loaded (e) rib waveguide (h) metal clad (1) trapezoidal rib

(&) Anideal rectangular waveguide surrounded by cladding. (b) A slab waveguide with athin film waveguide to
confine the light in the y-direction and a high index GRIN region to confine the light in the x-direction. Doping the
material to create the GRIN region may not be practical. (¢) An embedded high index region — difficult to manu-
facture. (d) A strip-loaded waveguide traps the light in the x-direction. Does not use a uniform thin film coating of
the substrate. (e) The rib waveguide uses alocalized thick region of the thin film coating. The thicker region creates
alocalized higher effective index. (f) A deposited strip actsto locally increase the effective index. (g) Ridge
waveguide adds alower thin film layer. (h) Metal coating of the region in the non-guide areas lowers the effective
index to create the guided area. (i) An alternate form of the rib waveguide with trapezoidal cross section. Some fig-
ures adapted from Koshiba.
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Directional coupler

gaussian smoothing
/ A/ function

upper waveguide S
== generating recti- T o=
] linear path | . A
\\
S B
Bpth width
P -
) exchange region T~
7 N v
- | o

lower waveguide

Generating a smooth curve for awaveguide directional coupler to minimize lossesin the
bend region. The paths for upper and lower waveguides is constructed from rectilinear
generating path (dashed) and convolved by a gaussian (shown above as dashed figure) to
create smooth waveguide path. The width of the gaussian may be made narrower or wider
for tighter or looser curved regions.
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Directional coupler, equal power in both legs, depth = 10u: ex87b.inp

inject light into this
waveguide

Change depth and length to control coupling Index distribution.
efficiency to 50%. Total width 18u, depth
10u.

Depth and length of
coupling region con-
trols coupling effi-
ciency. Inthis case,
beam isdivided
equally into both out-
put waveguides.

Light injected into the upper guide is evenly Contour of coupled waveguides.
divided at the output.

GLAD Course 7. Waveguides and Fiber Optics 196



Directional coupler set for 100% power conversion, depth = 12u: ex87c.inp

inject light into this
waveguide

Paths of two waveguides, total width 18u, Index distribution.
depth 12u.

nearly all light exitsin
lower guide with depth
=12u.

Light injected into the upper guideiscom- Contour of coupled waveguides.
pletely converted to lower guide.
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Y-splitter, nearly 100% efficient: ex87d.inp

inject light here

Paths of split waveguide.

Energy equal in the
two output guides

" x=-5.00E-03

The propagating modes for the Y-junction.
Efficiency is 98%.
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Y-combiner, singleinput (not mode matched): ex87e.inp

inject light into this
waveguide

Paths of Y-combiner waveguide. Index distribution.

“missing” input causes
loss

Injection in only the upper guide. Imperfect Mode coupling mismatch at after intersec-
coupling. Efficiency about 50%. tion of empty guide.
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Y-combiner, double input, perfect mode matching: ex87f.inp

inject light into both
waveguide

Paths of Y-combiner waveguide. Index distribution.

perfect mode match-
ing with balanced
Input

Injection of identical modes into the Y-com- Injection of identical modes into the Y-com-
biner. Efficiency about 100%. biner.
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Y-combiner, double input, perfect mode matching: ex87f.inp

Inject light here

Paths of Y-combiner waveguide. Index distribution.

perfect mode match-
ing with identical paths

Injection of identical modes into the Y-com- Injection of identical modes into the Y-com-
biner. Efficiency about 100%. biner.
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Optical switch: Y-gplitter and Y-combiner, switch ison: ex87g.inp

inject light here

Paths of Y-combiner waveguide. Index distribution. Similar to Mach-
Zender interferome-

ter

perfect mode match-
ing with identical paths

Injection of identical modes into the Y-com- Injection of identical modes into the Y-com-
biner. Efficiency about 100%. biner.
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Optical switch: Y-splitter and Y-combiner, switch is off: ex87h.inp

Region chang to higher
index to turn switch off.

\ high index
patch

Paths of optical switch in off position,  Index distribution.
identical to on position.

Index israised on left side to
change phase. Theintensity is
identical in the two sides, but
the left sideism out of phase,
s0 that cancellation occurs
when the beams are recom-
bined.

Waveform of optical switch in off posi- Waveform of optical switch in off posi-
tion. tion.
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Photonic switch in the Off position: plot/bitmap/intensity/arrayvisualizer

6.100e+00Z
0.0
f. 100eFag7
4.575e+007 n.o
0.0
3.050e+007 4.575e+007
w 00
8
1.525e+007 o
3.050e+007 S0t
0,000+ -0.0
0 1.525e+007 00
0.
0.0 -0.0
Y—axis_'
-0.1
0 L 0 0 ] .-D. 0 0 0 0 i
0.1 0 1] X-axis
X-axis
Isometric (view may be changed by dragging). Bitmap style from Array Visualizer.
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Waveguide lens: ex87i.inp

m Direct control of or deform surface (geodesic lens)

Maxwell's fisheye lens (a perfect imaging device for all
conjugate points)

No
n(ry) = > (7.3)
r
1+—
2
_ [ 2,2
Luneburg lens: n(r) = nyy1-r"/f (7.4) Region changed to higher index for geo-

desic lens.

Optical mode vs. distance starting from a Comparison of starting gaussian with
gaussian and ending with a near-gaussian.ending beam—note side lobes due to
truncation by lens.
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Coupling into a single mode waveguide, overlap integral

m Arbitrary incident beam f(x, y) a— higher order
modes scatter

m Only the eigenmode ¢(x, y) issustained in the o out
waveguidenon supported, higher order modes scatter
out of the waveguide

m Theoverlap integral determines the coupling coeffi-
cient (same as correlation coefficient)

singlemode

o Jox yy*f(x, y)dA 75 N
J j [D(X, )] 2dAj If(x, y)|°dA S;gi:olnegganged to higher index for geo-
In-coupled field is [f(x, y)| = ad(x, y) (7.6)

fx, ) do(x,y)

¢ / receiving fiber

—_——— ey ——— = —— — =

a0 (x, ) S~ N
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Coupling optics

m Mode exists from fiber, propagates through lenses, apertures, R, R,
aberrations I o S
Perform overlap integral at entrance plane to in-coupling fiber

: : . : U — 1

m Optical design: correct aberrations in transforming Rqinto R, I

—optimizes input coupling
source fiber optical system receiving fiber extracts eigenmode
(510 ) s e [ | B S
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Elementary example of fiber-to-fiber coupling: (couple.inp

m hypothetical case, couple a supergaussian output into a fiber with a gaussian mode

shape

source fiber

eam number - cm
ex106a_L.plt 6 11:21:16 2003, 1001

Hypothetical starting distribution from Assumed gaussian mode shape f

initial fiber.

GLAD Course

optical system

receiving fiber.

7. Waveguides and Fiber Optics

receiving fiber extracts
eigenmode

0.00 o L
~1.98E-04 -98.92E-05

beam numl ber-1 2

conversion from start (yellow).
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|nvestigatetilt of fiber: couplea.inp

m Tiltfiber by 10 degrees. Useabr/tilt

Rnorm = 1.
Waves pi*Angle Degrees/180./Lambda*Rnorm
abr/tilt kbeam Waves rnorm=Rnorm

m Calculate the energy coupling with no tilt and 10 degreetilt.

I I I I ‘ / \ L I I I I
-1.88E-04 —8.92E-05 . 8.92E-05 1.98E-04
X axis in cm

0.00 0.00

beam number-1 2
ex106c_3.plt

I I
-1.98E-04

beam number-1 2

Extracted mode (red) with no tilt. Extracted mode (red) with 10 degreet tilt.
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| nvestigate decenter of beam: coupleb.inp

m Decenter the beam by 0.3 micron
m Caculate efficiency

0.00 | 0.00 |

I I I I " " L I I I I I I I I L /“‘ L “; I I I I
-1.88E-04 —8.92E-05 . 8.92E-05 1.98E-04 -1.98E-04 —8.92E-05 . 8.92E-05 1.98E-04
X axis in cm X axis in cm

beam number—-1 2 v = 0.00

beam number-1 2 Y
ex106d_3.plt PLOT 3, Fri Mar 14 11:19:16 2003, 100!

Extracted mode (red) with no decenter. Extracted mode (red) with 10 degreet tilt.
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Fiber, GRIN lens, long waist: ex106d.inp

fused silica

fused silica

GLAD Course

optical fiber GRIN lens GRIN lens optical fiber
- _L I ——
iiiiiii - B \\\ B e
iiiiiii = ///‘ / ;'\\“i -

intermediate waist

Light is emitted from a single mode fiber into afused silicarod. At the end of therod a
GRIN lens creates alarge diameter waist. The beam is collected by the mirror-image sys-
tem.

iIstance

fiber output

/ GRIN lens

[

0.00
5.00E-0O4 0.256 0.384

PLOT 106, Thu Jan 16 14:09:59 2003, 1001 ex106f _8.plt PLOT 110, Thu Jan 16 14:10:01 2003, 1001

Through-focus display. Beam width vs. axial position.
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Multimode core: ex86d.inp

core

N Instantaneous speckle
stabilizes to uniform
cladding statistics

y= 1.20E-03

" x=-1.20E-03

L.oo

Ex86d models a multimode fiber of 20u Speckle pattern after 300 propagation.

diameter. The 256 x 256 array spans32u.  The speckles change but are statistically
stationary.

correlation of nth and

n-3 passes stabilizes

indicating steady case

condition

0.600

0.00E+00

History of the speckle pattern over 300u.  Correlation of the nth and n-3 passes shows
convergence.
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Comparison of analysis. integrated opticsvs. fiber optics

| ssues

Integrated optics

Fiber optics

shape

dab

round

propagation distances

short (millimeter scale)

long (kilometer scale)

propagation |osses less important very important
importance of dispersion less important very important

nonlinear optic effects negligible Brillouin scattering, other
Bragg effect negligible important application

method of analysis

BPM, finite difference, finite
element

analytical modes, perturbation
analysis

lasers

laser diode

fiber laser

GLAD Course

7. Waveguides and Fiber Optics
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Acceptance angle, numerical aperture, relativerefractive index

» N
critical angle, angle of TIR, ¢, = sin 1(n—9
acceptance angle 6, measured from optical axis, nysin®, = n;cose,

numerical aperture (NA): NA =n,sin, = ,/n - n3 (independent of waveguide diame-

ter), 6, = sin_l(ﬁl—./ni—ngi

0
n2 - n2 N, —nN
relative refractive index difference: A = =—* =~ 1n 2 forn,~n,
2n; 1
X VAN, !
/ :
/ Conical !/\”\ Eventu|ally lost by radiation
! half
‘Acceptance angle \ {
@15——-_ )
\ /'/ i Cladding N
s
N
v B

Figure 2.4 The acceptance angle 6, when launching light into an optical fiber.
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Gaussian approximation for circular, step function fiber

Exact solution is rather complicated.
Evaluation of Bessel functions inconvenient: Jg, Jq, Jo, Kg, K1, Ko.

For normalized frequency v > 2 (guiding not too weak), the HE11 mode shape may be
approximated by a gaussian distribution.

for step index fiber: w,~ a(0.65 + 1.619v">* + 2.879v™°)
for parabolic index fiber coé [ B’ 1— 2@)
n2 - n2 n,—n
where A = =—=~—=—=for n =,
n
2n; 1
y v N

S |
\ ¢ S core Ny,
| / cladding n, ) /
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HE11 fiber mode vs. gaussian approximation: |ex86l.inp

Core region (red)

BPM calculation ( )
gaussian approximation ( )
A =1.55y, ns = 1.532, n. = 1.500.

approx ¥ approx
v=4.0, well conflned Wldth v = 3.0, well conflned Wldth

= 6.32u. =4.75\.

0.00 T | 0.00 | , i = 0.00 o - M
~4.00E-04 —2.00E-O4 2.00E-04 4.OPE-O4 ~4.00E-04 —2.00E-O4 o 2.00E-04 4.OFE-04 ~4.00E-04 —2.00E-O4 o 2.00E-04 4.0FE-a4
x a x a c x a c

v = 2.4, good agreement, v =15, separation of BPM v =1.2, strong separation of
width = 3.8u. and gaussian, width = 2.4u. BPM and gaussian, width =
1.9u.
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True HE11 mode decays slower than gaussian for low V: ex86m.inp

m For weak guiding a strong exponential decaying tail 1sformed. (Gaussian approxima-
tion not suitable for lateral coupling effects)

full width = 1.9007E-04, Nu = 1.200, double s

scale

bpm, wide
, —OX
best fit gaussian | sKkirt, e

ot

U.00FE-0u 8.00F 04

beam number—-1 2 cm

Ju !“,15:18 23:16:36 2003, 1001
v = 1.2, at critical frequency, good match, width = 1.9m., double scale, with
“best fit” gaussian. Note the true curve calculated by BPM method has a

much wider skirt. The true curve is close to the form exp(—ox) outside the
core and decays slower than the gaussian.
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8. Lensgroup

LENSGROUP: Geometrical opticswithin GLAD

m analyze lensgroup with rays
m build physical optics equivalent
e aberrations “Sss

optical propagation
* p p pag Starting point / \

e global positioning
@ e |

The aberrations of the optical system are determined by probing with
rays. Generally, therayswill be started at some intermediate point on the
beam in object space and terminating in image space. The system may
be represented by an aberration plate and the paraxial optics behavior.

Ending point
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LENSGROUP: lens.inp

m Construct alens using radius-thickness-glass prescription

Table. 8.1. A = .55, apertureradius= 0.5 cm,

surface |radius thickness glass
1 2.18490397 0.326326343 sk16
2 -17.2730754 0.516337239 ar
3 -2.01031718 0.099769834 f2
4 2.33565226 0.424584729 air
5 22.8173221 0.1956842 sk16
6 -1.70906459 0. (paraxial solve) ar

1) Add 7th surface asimage, figure aberrations from paraxial focus. image focus.

2) What is Strehl ratio (relative to reference surface centered at paraxial focus),

3) Propagate to paraxial focus. focus/apply.

4) Check peak value: peak.

5) Search for peak value by taking small propagation steps around paraxial focus and
checking peak value.Try steps of about .0001 and stay within Rayleigh range of about

.0033 cm of paraxial focus.

6) How much focus shift is needed to maximize peak value? Compare Zreff (local posi-
tion) with Zbound (paraxial focus).

7) Question: What could we do to find the focus position giving the optimum peak value

without taking multiple diffraction propagation steps?
GLAD Course
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Triplet lens. ex85bx.inp

cH## ex85b

c

c Example to illustrate a Cooke triplet

c

¢ This particular lens was designed to work at 20 deg. half angle field
c

array/s 1 128

lensgroup/def cooke/o
object lambda=.55 yfield=yo yna=.5e-10 zsurf=obj dist zpupil=pupil dist air
surface 1el0 0. air
surface 2.18490397 .326326343 sklé6
surface -17.2730754 .516337239 air
surface -2.01031718 .099769834 f2
surface 2.33565226 .424584729 air
surface 22.8173221 .1956842 skle6
surface -1.70906459 4.17485291 air
image

lensgroup/end

uc = tan(pi*20/180) # chief ray paraxial angle
obj dist = 1lelO # set object distance, to a large number
yp = -.3711 # set chief ray height at 1st surface
pupil dist = -yp/uc # calculate pupil displacement from
# 1lst surface
yo = uc* (obj dist + pupil dist) # calculate object height
variab # list variables
color 1 .55 # select wavelength
units 1 .025 # specify units
clap/c/c 1 .5001 # specify clear aperture
c
¢ Trace a single ray, in global coordinates
c
lensgroup/trace/oneray/beam cooke 1 0 1 global
c
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Triplet lens(cont’d): ex85bx.inp

¢ Trace a ray fan, using 5 rays

c

lensgroup/trace/yfan/beam cooke nrays=5

c

¢ Trace a spot diagram and display x- and y-fans
c

lensgroup/trace/spot/beam cooke

c

¢ Implememt the lens. The beam propagates to the last surface of the lens.
c

lensgroup/run cooke 1

geodata

focus/a 1 # propagate to paraxial image
c

title at paraxial image plane

plot/watch ex85b 1.plt

plot/1 1 ns=64

title offset 0.015 cm

prop .015

plot/watch ex85b 2.plt

plot/l 1 ns=64

pause 5

end
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|mage formed by triplet lens:

0.00E+00 0.00E+00

y=-5.41E-03  x=-5.50E-03 T x=-4.80E-03

PLOT 1, Thu Aug 09 00:38: ex850_2.plt PLOT 2, Thu Aug 09 0

Far-field for Ex. 85b, paraxial focus. Far-field for Ex. 85b, best focus.
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Finding the “best” focuswithout focal plane search: [lensl.inp

m Build amacro called “search” to optimize the Strehl ratio

1) make a second “data’ array to store original pupil

2) try different values of defocus. abr/focus 1 Waves

3) after optimizing Strehl ratio, propagate to paraxial focus: focus/apply/abcd 1
4) how well does the peak compare with focal plane search?

Optimizing in the pupil is faster because the search does not require diffraction propaga-
tion.
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Fiber-to-fiber relay lenswith lensgroup: couple2.inp

source fiber

starting beam

0.00E+00

GLAD Course

optical system

-6.68 0.00

axis in cm
intensity - solid - d
beam number- 1 0.00 m

coup2_2.plt Thu Mar 20 1

Aberration of lens

8. Lensgroup

receiving fiber extracts eigenmode

incident (green) and ideal mode shape (red)

PRI P
8.00E-04

—8.00E-04 0.00

x Bxis in cm

[
1.60E-03

o L
-1.B0E-03

beam number- 0.00 cm

) 2003, 1001 Thu Mar 20 1! 2003, 1001

Overlap integral formed
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Fiber-to-fiber relay lenswith lensgroup: couple2.inp

c## couple2
# example of fiber-to-fiber coupling with a singlet

# A gaussian beam representing the output of an optical fiber
# is imaged by a plano-convex lens onto an identical fiber.

# The lens has a conic surface to remove most of the spherical
# aberration

echo/on

mem/set/b 8 # set memory to more than enough

array/s 1 512 # set array size

Waist=4e-4 # waist of 4 microns

nbeam 3 data # make two extra arrays for data

units/field 0 .03 # field half-width of array

wavel 0 1.55 # set wavelength to 1.55 micron

gaus/c/c 1 1 Waist # gaussian start

energy/norm 1 1 # set energy to unity

plot/w coup2 1.plt

title starting beam

plot/1l 1 xrad=4*Waist

c

c Define a lensgroup to reimage the beam

c

lensgroup/def singlet/overwrite

# radius thickness glassname
surface 1lelO .2 bk7

# radius thichness conic-constant [aspheric terms]
surface -2.537 .0 cc=-1.132 air
image focus

lensgroup/end

vertex/locate/abs 0 0 10 # locate lensgroup 10 cm from start

prop/vertex
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Fiber-to-fiber relay lenswith lensgroup (cont’d): [couple2.inp

clap/c 1 2 # insert clear aperture
lensgroup/run/radial singlet 1 # call lensgroup
str

plot/w coup2 2.plt
title beam after singlet lens showing spherical aberration

plot/x 1

focus/apply/waist # propagate to gaussian waist
c

c Make a copy of beam 1 in beam 2

c

prop -.0030

copy 1 2

c

¢ make gaussian beam to represent single mode fiber

c

units/beam 3 1

gaus/c/c 3 1 Waist

energy/norm 3 1

plot/w coup2 3.plt

title incident (green) and ideal mode shape (red)
plot/x/1i fi=2 la=3 le=-4*Waist ri=4*Waist

c
¢ Mult beam 1 by beam 3

c

mult/mode/parallel 1 3

energy 1 # How much energy got into fiber mode?
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9. Reflecting wall waveguides

Using allasing to model wall reflection

cell

GLAD Course

typical
image cell

Reflecting walls may be modeled by an array of images of the object

For even cells, aliasing effects are identical to reflections from the wall
Make an odd cell to be even by constructing a super cell of four quadrants
Set array sizeto just fit the super

N /! N /!
/ LN | /] LN | /] N
object cell
N

[N
S

l

ey

<

three image
. / 7 cdls, forma
L L/V h /| % bilaterally
/ | symmetric
super cell N ro % -7 supercell
AN /! N /!
I RV I VAN L
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A number of examples of reflecting wall waveguides

Straight reflecting wall waveguide: ex77.inp
Tapered waveguide, converging beam: ex77b.inp
Tapered waveguide, collimated beam: ex77c.inp
Curved waveguide: ex77d.inp

Waveguide used as optical integrator: ex77e.inp

Waveguide in aresonator: ex77f.inp

GLAD Course 9. Reflecting wall waveguides
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Inject a skew pencil of light into areflecting wall waveguide

reflecting |
walls Ay starting
path of
skew beam

Consider a beam injected into a hollow waveguide with reflecting walls. The beam is
given atilt which sends it toward the upper right. The beam will reflect around the walls
while expanding because of diffraction.
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Setup beam and threeimagesto force function to be even: ex77.inp

image from

distribution in upper right wall

left quadrant
4.00F +00 image from right
and bottom walls

0.00E+00

image from
bottom wall

9Ol x=-3.20E+01

PLOT 1, Tue Aug 07 22:43:42 2001, 1001

A hollow waveguide may be represented by placing the distribution in one quadrant
(here the upper Ieft quadrant) and placing images as formed by the wallsin the
other three quadrants. The starting distribution is offset and has atilt which directs
the beam initially toward the upper right.
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Skew ray hitsright, top, left, bottom walls with self interference:

~" x=0.00E+00 ~" x=0.00E+00

y=0.00E+00  x=-3.20E+ y=0.00E+00  x=-3.20E+

Start with tilt aberrati on, ShOWI ng onIy upper left quad-
rant, as with rest of figures.

PLOT 4, Tue Aug 07 22:43:43 2001, 1001 77_4.plt PLOT 5, Tue Aug 07 22:43:45 2001, 1001

Beam coIIdes with right wall and is deflected toward Beam is pass ng from right to top WaII
top wall.
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Making the super cell: image upper left quadrant into three other quadrants

# beam 1 is the propagating mode 128 x 128
# beam 2 is super cell 256 x 256

macro/def waveguide/o

copy/con 1 2 -128 -128 # copy to upper left
flip/x 1 # flip about x-direction

copy/con 1 2 128 -128 # copy to upper right
flip/y 1 # flip about y-direction

copy/con 1 2 128 128 # copy to lower right
flip/x 1 # flip about x-direction

copy/con 1 2 -128 128 # copy to lower left

prop WaveguideLength 2 # propagate desired distance

copy/c 2 1 # copy back to cavity mode array
macro/end

image from
right wall

distribution in upper
left quadrant

image from right
and bottom walls

4,00E+00

0.00E+00

image from
bottom wall

7 x=-3.20E+01

ex77_0.plt PLOT 1, Tue Rug 07 22:43:42 2001, 1001
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Tapered waveguides. add a lensto the super cell: ex77b.inp
m “chirped’ wall intersections in tapered waveguide

x-center vs. distance

-0.860

127.50

Tapered waveguide. The intersections The taper is achieved by adding alens Tragjectory of beam hitting waveguide
points become closer together and the to the composite array containing the walls shows chirped behavior for
angles steeper astheray movesinto four imaged quadrants. The coordinate Ex77b.inp. Beam is overfilling

the waveguide. Theintersection points system converges to the focus point of waveguide reducing the apparent cen-
are “chirped’. We may consider the the lens which becomes the perspec- troid motion.

multiple reflections of the waveguide tive point of the tapered waveguide.

faces. A ray that istoo steep will miss

the sphere formed by rotating the grat-

ing about the perspective point.
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| njected beam may be converging toward per spective point: ex77c.inp

4 4 o

\ Lgii##é;/Aiélji/*/LA L L 7/ L/ 7 / fffiiﬁﬁ/[
I Y

N — 777
- e ——
S - T T T T
A T T T T T T T TTT LI L L L L L e

s [ S L L

vV L LS L L

The lenstends to produce a converging beam with width ~ Width decreases for convergent input beam. Ex 77b.inp.
decreasing with distance. Ex77b.

| njected beam may be collimated: add defocus, compensate lens. ex77c.inp

/ i 7 -
VS T T 77 7 T
A A
| L L L LS / ]
K - - — — — — — —
} T T TS LS e
/) /S LS L L L L L
VS L L L

127.50 188.75

A collimated input may be modeled by adding appropri- Width remains constant for collimated input, except at the
ate divergence to exactly compensate for the focusing of intersection points. Ex 77c.inp.
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Curved waveguide: ex77d.inp

keep guide straight add curve to medium by adding tilt each for each step to ssimulate
index gradient across waveguide

= curved
) \\\‘/ waveguide
\\\\

T index gradient

Light injected into a curved waveguide bounces around Motion of the center of the beam relative to the walls.
the circumference in a“square-the-circle” manner. We  The apparent motion decreases as the beam diameter
may treat this with a straight waveguide model where the increases.
coordinate system of the beamsis constantly changed by
adding tilt aberration.
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Waveguide used as a homogenizer for a gaussian beam

Waveguide used as homogenizer for
gaussian beam. Ex 77e.

GLAD Course

ex77e_Lplt PLOT 2, FriJan 31 02:37:42 2003, 100 ridan 31 02:37:48 2003, 1001

Starting gaussian for waveguide Output of homogenizer. Shows mod-
homogenizer 0.1 x 0.1 cm square and erate smoothing. Ex77e.inp.
32 cm long.

9. Reflecting wall waveguides 238



Round and pentagonal reflecting wall waveguides

m Cylindrical rod, single image, 1024 x 1024 array: ex103a.inp

m Cylindrical rod, 1st and 2nd images, 1024 x 1024 array: ex103b.inp
m Cylindrical rod, 2048 x 2048 array, small memory model: ex103c.inp
m Cylindrical rod, 2048 x 2048 array, large memory model: ex103d.inp

m Pentagonal rod, implemented with a macro: ex103e.inp
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Cylindrical waveguide, ex103a.inp| , Use rod kbeam radius

reflecting wall

P
interior of virtual image
waveguide of interior

A virtual image of the interior of the waveguide region isformed into an annular region. The point P isimaged into
P’ equidistant from the wall.

bor-1 ul
:30:55 2003, 1001

distribution and itsimage formed by the

A gau distribution and its ieed by the A gau
reflecting wall (with reduced intensity). reflecting wall (with reduced intensity).
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Phase change at thereflecting wall must be considered

max
min  0.00E+00

=-4.00E-01

-0.400

ex103 pit

PLOT 3, Tue Jan 14 19:30:55 2003, 1001 exl103a_4.plt PLOT 102, Tue Jan 14 19:32; 003, 1001 ex103a_5.plt PLOT 10 2003, 1001

Phase of starting distribution. Grazing The cavity mode after propagating 98 Profile of distribution at z =98 cm.
light reflected by TIR hasamn phase cm. The center point appears at every The beam peaks at odd Fresnel num-
change. odd Fresnel number. bers and has a zero at even Fresnel
numbers.
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Considering the 2nd nearest neighbor

rod 1 Radius # 1lst nearest neighbor
rod 1 [2*Radius] # 2nd nearest neighbor

, starting distribution full beam, starting

0.800

0.600
1.OBE+00

0.400

0.00E+00

7 e 1.80E+00

y= 1.BOE+00

-1.60 0.00

beam number -1 0 cm

ex103b_L.plt PLOT 1, Tue Jan 14 18:51:27 2003, 1001 PLOT 2, Tueidaﬁ 14 19:51:27 2003, 1001

A gaussian distribution and 1st and 2nd images. 1st and 2nd images by considering the reflecting wall and
the image of the reflecting wall.
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2nd nearest neighbor allowslonger propagation

2nd nearest neighbor not needed at z =98 cm for this case.

ex103b_3.plt S.plt 003, 1001

Phase of starting distribution. Phase Distribution at z =98. The use of the Profile of distribution at z =98 cm.
are 0, interior of waveguide, &t for first 2nd image does not change distribu- The beam peaks at odd Fresnel num-

ex103b.

image, 0 and &t for images of interior tion. bers and has a zero at even Fresnel
and 1st image, making four zonesin numbers.
all.
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10. Propagation: thick elements, tilted surfaces

Outline

consider Fresnel approximation and Fourier condition

review elementary diffraction

examples of common systems which exhibit non-Fourier behavior
how to observe non-Fourier behavior in the laboratory

diffraction behavior of some simple systems

relation to well-known elementary optical principles

e reduced length %

e tunnel diagrams
e Petzval curvature
m cfficient calculation of non-Fourier behavior
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Fresnel approximation

m modest diffraction angles (cosine terms may be neglected)

m parabolic wave approximation

m stationary phase approximation limits the effective width of influence function
|

applicable for most common cases

Fourier condition

influence function has constant shape and size over aperture

near-field diffraction may be characterized by influence response functions
propagation only allowed between concentric surfaces

Fourier transforms or convolution may be used

highly efficient, calculation time scales as 2N?log,N
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Fourier Methods

convolution a(Xy, Y1) = [[h(Xg—Xq, Yo —Yp)al(Xg Yo) dXdy, (10.1)

: : _ exp(jkz) jk 2

influence function h(X, y) = iAZ exp(zzr ) (10.2)
. : 2 2 2 2

transfer function H(E, ) = exp(-jtAzp”),andp” = & + 1 (10.3)

where § and ) are spatial frequency parameters
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| nfluence function

m influence function develops along optical ray
m stationary phase limits the effective size of the “influence”

m influence sizeison the order of ./Az

exp(ka) . (LK

. H 2
m influencefunction h(x, y) = Az exp(ZZ )
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Generalized transfer function for optical components and systems

generalized transfer function

H(E, m) = exp(—JnMp ) — exp(—Jnijds) — exp(—JTckzeffpz) (10.4)
2 °1
I%Lds = pzj 12 ds = kzeﬁcp2 (10.5)
(%) S NSM*(9)
0

m Zz effective propagation distance

m Nn(s) istheindex of refraction along the ray
m M(s) isthe magnification along the ray
m Sisthe path length parameter along the ray
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Effective propagation distance
m determines evolution of local diffraction effects

m determines size of influence function /Az
m Mmust be constant across aperture for Fourier condition(requires concentric surfaces)
m the extremes of the surfaces will always satisfy Fresnel condition

curved source observation

tilted source obgervation surface plane

plane plane ‘ |

w w bounding normal

bounding normal planes
planes

tipped plane dished surface
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Some non-Fourier elements and systems
m Influence function width varies significantly

grazing incidence mirror tilted aperture tilted phase plate

thick lens telescope

/

hoood
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How to observe non-Fourier behavior
m high spatial frequency structure in the image 1s most affected
e diffraction ringing
e phase plates with fine structure, Ronchi ruling, phase gratings

phase gratings

m small amplitude phase gratings
m phase converted to irradiance modulation in one-quarter Talbot cycle
1

2

e one-quarter Talbot cycle=z,,,; =
20T

. . . Z Z
m Mmodulation vs. distance = sm( T) = for z « 24T
Z Z
1/4 1/4T
(modulation varies linearly for small distance)
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Talbot imaging

m bands of Irradiance form in collimated, free space propagation
m Sheared Talbot bands form for tilted planes
m curved Talbot bands form for “dished” surfaces

;o . L s ;o
b - . - b
P HE L B T
;o | v | ;o
0 cycle 1/4 cycle 1/2 cycle 3/4 cycle 1 cycle
phase amplitude phase amplitude phase

modulation modulation modulation modulation modulation
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Perfect, thick prism

m optical path difference errors are zero, nL
m geometrical optics predicts perfect performance

m reduced length z,
longest glass path)

j —ds r_1 varies over aperture(reduced length is shortest for

m reduced length is equivalent air path

GLAD Course

P11 § PSF
TILTED |

IMAGE

10. Propagation: thick elements, tilted surfaces
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Tunnel diagram

m A prism may be represented by an equivaent air path whichhas identical diffraction
properties

m effective propagation distance => reduced length => equivalent air path

actual prism unfolded prism air-equivalent path

D o ©
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Thick refractive surface

m deep refractive surface with small index difference generateslarge variations of z;
while staying within Fresnel approximation

m outer region haslongest air path and longest reduced length
m center region has shortest reduced length

‘ inside n.
outside n l
[0}
STRONGLY CURVED
REFRACTIVE SURFACE /a/ /e/
L P
V4 P a i
p T -
V4 ///
f o
STARTING DISTRIBUTION VARIARLE /2/

WITH PHASE GRATINNG INTENSITY MODULATION

A beam partially into amedium with a spherically
refracting lens surface.
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M ethods of calculation
m general treatment

1 .
h(Xg YoiX1s Y1) = TeXp(J Kroq) (10.7)
1701

m For atwo-dimensional array of size N x N, we will need approximately N4 elementary
calculations (add-multiply pairs)

m aperturedivision
m nonlinear mapping
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Non-Fourier propagation by aperturedivision

divide aperture into regions

each region shares (almost) an effective propagation distance
propagate each region separately — N propagations required
solution is approximate

o tilted sourceisrepresented by stair step pattern

e curved sourceis represented by radial zones

soft-edged divisions reduce artifacts at zone boundaries
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Aperturedivision

outside

2

% e
— :
7/,

Ty y

N

Th e apertureissplitin t
nsideand o t ideregio
wth a soft aperture suhas

supergaussanf
and t mplement Th
extended

|
K

tIaII fth cident
beam nside th medium.

<

first division

second divisi

>




Thick lens has short reduced length on axis. ex35b.inp

0 0“' %))
I,
. )""“"' ‘h, "’, 'l[, "" ""

g g g g
reduced modulation IR 2 2y
st o
| ”/// O

i o.,;;»?}}}u}}'?}}'l’ “\‘

\

STRONGLY CURVED
REFRACTIVE SURFACE

V4

V4
V4

o [

STARTING DISTRIBUTION
WITH PHASE GRATINNG

VARIABLE
INTENSITY MODULATION
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Perfect 1:1 telescope with thick elements

m freeof phase aberrations

m reduced distance is shortest in center

m curved Talbot bands follow locus of equal reduced length

m curved bands conform to curved Petzval surface from aberration theory

Talbot bands of intensity modulation

L image plane
ﬁﬁgf@l erating of phase grating
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Optical elements and systems

m elementary optical theory can be used to image of diffracting source
e image position
e tilt of image
e curve of image surface

m any complex system (with no intermediate apertures) may be representedby an air-path
equivalent

m only equivalent air-path systems need be considered
e concentric
e tipped

m dished systems
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Nonlinear mapping
m unequal effective propagation distances cause variation in sizeof influence function

m Fourier methods require constant-size influence functions | /Az

m degree of diffraction evolution depends on relative size of featuresto size of influence
function

m solution:
o select intermediate value of effective propagation distance /xzeffo

e remap source distribution by local magnification,
V4
eff0

Zoi5(X, Y)
where z(X, y) isthelocal effective distance

m(x, y) =

e propagate Zeffo by Fourier methods

e inverse mapping by ——g

e two interpolation steps take about same time as one propagation step
e alow extra guardband because of interpolation “growth”
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Nonlinear mapping for tilted plane

m regions with short z (X, y) are expanded

m regionswith long z¢(X, y) are compressed phase modulation
m Fourier methods used for propagation N
before propagation \

variable size influence remapped array
functions
tilted source
stretch
-

plane
intermediate stretch
plane  — T T T —— - - -
constant size > Q Q Q

influence functions
intensity modulation

after propagation
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Conclusion

m many ordinary optical elements and systems depart significantly from Fourier condi-
tion in near-field propagation

m high spatial frequency phenomena are most affected

m non-Fourier effects are readily observed in the |aboratory

m the effective propagation distance is a useful measure of diffraction evolution(similar
to reduced length and air-equivalent tunnel diagrams)

m calculation methods offer high efficiency
e aperture division — soft sided apertures
e nonlinear mapping
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11. Satistical Optimization: Gerchber g-Saxton and
Simulated Annealing

Ger chber g-Saxton (also known as phase retrieval method)

m Solvefor phasein pupil to achieve desired far-field intensity envelope
m Used successfully for Hubble Space Telescope to determine aberration error

m May be used for synthesizing far-field envel ope(you can write your initials in the far-
field)

e solution has speckle

e near-field phase may have discontinuities (poles) leading to scatter
m Doesnot allow special constraints
m Fast execution

Simulated annealing

m Achieves*“optimum” solution (global method)
m Accomodates special constraints

m Any target definitions

m Very sow

m Rather strange
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Gerchber g-Saxton Phase Retrieval (Phase Retrieval)

[T
g O g 0
- \ S /
/
|
2 ‘/ ™ w‘f{\\\‘ > 3 - T
/\(“/J Vi VVA\}WV P
LN e EES - N

Step 1. Normalize near-field irradiance to match input (flat-top). Leave phase unchanged.
Step 2. Calculate far-field irradiance

Step 3. Normalize far-field to target envel ope. Leave phase unchanged.

Step 4. Back-propagate to near field.

(repeat to Step 1-4)
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Gerchber g-Saxton Examples: ex93a.inp|, ex93b.inp

Similar to Hubble Space Telescope problem

Start with far-field irradiance envelope of star image with 0.5 waves of spherical aber-
ration.

Step 1. Assume flat-top irradiance and and flat phase in the pupil.

Step 2. Propagate to far-field.

Step 3. Normalize to far-field irradiance of aberrated image, leaving phase unchanged.
Step 4. Back-propagate to near-field.

(Repeat Steps 1-4).

Flat-top pupil irradiance. Far-field irradiance target.
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Gerchber g-Saxton: Deter mining Phase from Far-Field Irradiance

desired pupl irradiance
beam 2
max  1.00E+00
min  0.00E+00

1.00E+00

140E+00 | 140E+00

PLOT 1, Thu Aug 09
ance.

ield irradiance before normal

max +00
min  0.00E+00

0.00E+00

x=1.4OE+00

140E+00 | 140E+00

ex93b_5.plt

Recreated pupil irradiance
after 60 passes.

, Thu Aug 09 3 2001, 1001

GLAD Course

H\ | 1

m 1‘ | \ m ‘ ‘ x= LUOE+00
\

1l

SLHOE+00  x=-LHOE+00

ex93b_2.plt

Actual pupil phaseis0.5

PLOT 2, Thu Aug 089 | 92001, 1001

waves of spherical aberration.

wavefront solution
beam 1
3.05E-01
-1.94E-01

H
y= LYOE+00 ‘” |

H x=1.4OE+00

ex93b_6.plt

Recreated pupil phase.

11. Statistical Optimization: Gerchberg-Saxton and Simulated Annealing

starting phas

min  -1.53E-16

0.00E+00

4OE+00 140E+00

ex93b_4.plt PLOT 4, Thu Aug 09 18:25:20 2001, 1001

Starting phase isflat.

max 7
min  0.00E+00

0.00E+00

x=1.00E-02

ex93b_7.plt 2001, 1001

Far-field irradiance target.
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Simulated Annealing

m Definetarget function — far-
field envel ope to be supergauss-
lan in this example

m Define merit function — per-

haps RM S errors with respect to 1 :
target .I:unCtI on p try small change to wavefront |
m Start with a deliberately bad fit Far-feld vy
- calculation ComRUte merit
m Guess at an incrementa function AS
improvement v
m compute merit function et | better? no
o |f better, accept
e |f worse, sometimes accept Caleulate K
temperature 7 | | P = exp(—?)
v
get random
number X
S ]
yes no
| accept X<P? -
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Simulated Annealing: ex98a.inp| and ex98b.inp

m Examples: ex98a.inp start, and ex938b (con- incremental wavefront
tinue) —
m seek asupergaussian envelopein the far field: +
r o
target shape =t(r) = exp [—2(}—() } net wavefront
An incremental wavefront is added to the net
m use smoothed random phase plate wavefront, if the system isimproved, the incre-

mental change is kept.

m evaluate average radial profile, circular pattern

pass= 15941 , summin= 0.6761, temp= 5.5777E-04, accept= 383

~ x=5.00E+00

y=5.00E+00

0 \
0.00 0.067 0.101
radius

PLOT 4310, FriAug 10 01:29:33 2001, 1001 PLOT 1, Fri Aug 10 01:35:00 2001, 1001

Average radia profile (red) fit to target Wavefront after 16,000 iterations — the
supergaussian (yellow), after 16,000 itera-  solution yields the result on the | eft.
tions.
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12. Atmospheric Effects

Atmospheric phenomena effecting optical propagation

m absorption

e Beer'sLaw I(2) = Ioe_O‘Z

m Scattering

e Beer'sLaw I(2) = Ioe_ocZ

m aberration due to turbulence
e smoothed random, phase sheets based on Kolmogorov statistics
e phase sheets and propagation via split step method
e adaptive mirrors can partially compensate
m thermal blooming
e heated air lowers refractive index to create self-defocusing: phase screens
e wind and beam skewing create relative shear. burns a trough of low index air
e adaptive optics can partially compensate
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L arge system

Relay mirror
* clipping

 aberration

Diffraction

Focusing mirror

Atmosphere
* aberration
» wind shear
* diffraction

Target
* image jitter

* time integration
» power-in-bucket

Laser A ‘ .
* output profile daptive mirror

« power levels * high pass ﬁlte.r
* jitter * actuator spacing
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Split-step implementation of atmospheric model

m Turbulent flow in the atmosphere is may be characterized by a distribution of blobs
(“turbs’) of regions of relatively constant temperature.

e atmosphere represented as gradient index distribution n(x, y, z)

m Construct a series of phase screensin a split step solution with diffraction
e each phase screen represents the index distribution over a modest distance Az
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Split step applied to propagation through atmosphere with n(x,y,z)

Choose step size I

Y

Index of refraction

a(x,y,z+Az) = ag(x,p,z+ Az)eikA”(x’y)AZ

Y

Diffraction

. 2
ay(x,y,z+Az) = FF ' {™" “FFla,(x,y,z+Az2)]}

Y

Last step? I

Flow chart for split-step method of treating diffraction and the refractive index function
An(x,y). For asmall step Az, the effect of the refractive index isimplemented as a
phase screen of the form exp[jkAn(X, y)Az] to change the initial complex amplitude
ay(X, Y, z) into the intermediate result a, (X, ¥, ). A diffraction step is applied to the

intermediate result, implemented by FFT methods.
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K olmogor ov wavefront power spectrum

Statistics of atmospheric aberration

0z ™
W(p) = -5 [ Ch(hydh (12.1)
Ap h_ .
min

\/\/2(p) wavefront power spectrum

2 : :
C,(h) atmospheric structure at height h
P gpatial frequency
m An approximate expression for night time adequate for estimation purposesis

12, -4/3

2 _
C.(h) = 2x10 ~h (12.2)
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Propagation through levels of atmosphere

diffraction h2 to orbit

diffraction h1 to h2

i

C2(h) hy to h,

i

diffraction ho to hl

i

CA(h) hy to b,

i

starting distribution

Schematic of propagation through the air where aberration and diffraction propagation

ground

must be considered. The propagation is donein relatively short steps with the diffraction
propagation and addition of aberration aternated to achieve an approximation to a contin-

UOUS pProcess.

GLAD Course
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Use of Fried’'s parameter to characterize atmospheric “ seeing”
Fried’s parameter characterizes atmospheric “seeing”

thax ) -5/3
ro = [0.423k~ | C_(h)dh . (12.3)
hmin
Fried’s parameter may be used to calcul ate the wavefront power spectrum
0.23
W(p) = 5/3 11/3 (124
g P

L utomirski and Yura correction factors
2 2

p L
\/\/2(p) _ 0.023e

5/3( 2 1|16

(12.5)

LO IS the outer scale

L; iIsthe inner scale.
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Using Fried’s parameter

m Thesummation of ther o‘ s of different levels takes the form

5/3 -5/3 -3/5
Motal = [rl +1, +...] . (12.6)

Propagation through N layers of equivalent aberration of r 4, which might occur in hori-
zontal propagation, will result in

(12.7)

For awavel ength of 0.5x10 ° meters and the i mplified expression for Cﬁ( h),

C’(h) = 2x10 *h

Eq. (12.8) can be evaluated. For alower limit of h, =10 meters, r, = 3 cm. For day time
conditions, r, = 0.7 cm. The seeing may be significantly improved by raising the height of
the laser source and by designing the laser station to minimize local turbulence.

4
/3 (12.8)
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Characteristic diffraction length

From Talbot imaging the quater Talbot cycle determines the propagation distance for con-
version of phase to intensity

5 2
b
Zehar = TR (12.9)
For ry = 3, typical of night time seeing, and 0.5 u wavelength, z,.. . = 900 meters.
For ry= 0.7, typical of day time seeing, and 0.5 u wavelength, z,... = 49 meters.

5

As series of N propagation steps less than z with Fried's parameter ry = Iy NS/

char’
for each step, are required to model the path.

m Wind: Given awavefront of w(x, y) and velocity components v, and Vys the shiftin
the atmospheric aberration with timeis

1 —2n(vX<§+vyn)t
W(X—vxt,y—vyt) = FF [e FF[wW(X, y)]} (12.10)

where FF indicates atwo-dimensional Fourier transform.
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Atmospheric aberration with steady wind (x-direction) ex29.inp

wind shift of 0, 2, 4,
and 6 cm for wind
blowing in the x-
direction

y=-B.20E+00  x=-B.40E+00

ex29_Lplt

Fig. 12a.1. No shift.

PLOT 2, Sun Aug 05 14:38:28 2001, 100

Fig. 12b.1. Shift of 2 cm.

PLOT 3, 5un Aug 05 14:38:28 2001, 100!

Fig. 12c.1. Shift of 4 cm.

PLOT 4, Sun Rug 05 14:38:28 2001, 100:

Fig. 12d.1. Shift of 6 cm.
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Atmospheric aberration continuoudly changing with no wind
m Changing pattern to model dynamic atmosphere change (no wind)
e current wavefront is decreased exp(—At/71)

e new wavefront, with aproportional reduction [1 - exp(-At/1)] isadded
o wavefront aberration level is statistically constant
e wavefront changes

T

At At
WXy, ty) = WX Y, tg)e K + W(X, y)new[l—e k] (12.11)

WI(X, y) isthe current wavefront

W oy (% Y) Isanew instance of a Kolmogorov wavefront
At isatimeinterval

T isthe time constant for change of the atmosphere

Movie shows dynamic change imsicap.avi
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Propagation to sodium layer and backscatter to ground

X1t LOT 2, Th n 16 22:44:32 2003,

Beam at 90 km altitude, distorted by atmo-
spheric aberration, creates back scatter.

h

exlll_Lplt PLOT 14, Thu Jan L€

Starting gaussian beam

exil1_3.pit 0715, T 16 22:46:51 2003, 1001

1_4.p 0T 16, Tht 16 22:46:52 2003, 1001

The back scattered light covers the Light intercepted by 50 cm diameter receiv-
ground. We approximate thisover a800 X  ing aperture.
800 cm section, overfilling the aperture.
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Correction of atmospheric aberration ex24a.inp

m for strong aberration and relatively long propagation distance
e L>7z

char
wavefront aberration will role into intensity modulation
e the beam is described as speckled

e adaptive mirrors only correct phase aberration — can not fully correct for specled
beams

e nonlinear phase conjugation such as stimulated Bruillion scattering (SBS) can con-
jugate speckled beams.

(SBS may be explained by Talbot imaging)
e Zonal adaptive optic model

ex24_2.plt PLOT 3, Wed Rug 28 03:36: 996, 1001

Wed Aug 28 03:36:06 1996, 1001

Wavefront before correction. Wavetront after correction. Leaves high
order residuals with actuator printthrough.
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Astronomical guide star by scattering from sodium layer lex111.inp

beam aberrated by atmospheric
sodium layer aberration viewed at sodium layer

creates random scattering — — — — -

/1N
/ AN
/ \ \_ random back scattering
A T
T A= é i — ~—— - atmospheric turbulence
s N
return speckle from illuminated 4 V N \*

sodium layer

outgoing gaussian
beam

The outgoing beam is distorted by atmophere to create aberrated beam in upper atmosphere at
sodium layer at 90 km altitude. Sodium layer is arandom scattering source. The back scattered

radiation creates a speckled pattern at the ground where the speckle sizeis= A/6, where 0 is
the subtended angle of the illuminated region at the sodium layer.

|

speckle size =
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Propagation to sodium layer and backscatter to ground

X1t LOT 2, Th n 16 22:44:32 2003,

Beam at 90 km altitude, distorted by atmo-
spheric aberration, creates back scatter.

h

exlll_Lplt PLOT 14, Thu Jan L€

Starting gaussian beam

exil1_3.pit 0715, T 16 22:46:51 2003, 1001

1_4.p 0T 16, Tht 16 22:46:52 2003, 1001

The back scattered light covers the Light intercepted by 50 cm diameter receiv-
ground. We approximate thisover a800 X  ing aperture.
800 cm section, overfilling the aperture.
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13. Some Examples from Technical Support

1) Tilt does not work!

| added tilt angle of Theta= 6.3 milliradians, but the far-field did not move. | doubled the
tilt angle of Theta = 6.3*2 milliradians, but the far-field image still did not move.

| tried tripple thetilt Theta = 6.3* 3 milliradians, but the far-field images just sits there.

What is wrong with the code? tilt.inp

2) Why does GLAD not make a gaussian beam in far-field?

| take a gaussian beam and bring the light to afocusin the far-field. Why do | not seea
gaussian -- just see a spike. gauss.inp
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3) No propagation occur s?

| tried to propagate beam 1 by 100 cm, but did not get any propagation. noprop.inp

4) Why does the calculation not stop at the proper point?

Why does this calculation not stop at the 99th pass? How can get this problem be fixed?
not_stop.inp

5) Resonator does not conver ge.

Why does this resonator not converge? bad_reson.inp
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14. Future Tasks

1) Enhancementsfor Ver. 5.6 and 5.7

m Coherent treatment of gain
e More powerful than rate equation gain.
e Short pulse capability.
e Formation of longitudinal modes.
e Proper treatment of Q-switch rise time.

m Extended cavity laser diode.
m 64 bit version of GLAD.
m Support for more than 2 CPU'’s,
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photon lifetime 166
physical optics
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correlation coefficient 206
coupling 206, 207
coupling between two straight guides 192
critical angle 214
directional coupler 195, 196, 197
effect of guide width 189
extrude command 191
homogenizer 238
lens 205
multimode 212
optical switch 202, 203
overlap integral 206
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photonic switch 204
propagation constant 182
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