Tutorial 33.01 Overview on Ultrashort
Pulse Modeling with VirtualLab™

VirtualLab™ enables modeling the
propagation of ultrashort pulses through optical systems. This
tutorial introduces you to basic techniques.

Keywords: fs pulses, material dispersion, pulse propagation, ultrafast optics, ultrashort pulses

Required Toolboxes: Starter Toolbox

Related Tutorials: Tutorial 41.01 (’
@H TTRANS



Introduction

Some concepts of pulse modeling with
VirtualLab™



Pulse Propagation

e As any electromagnetic field, pulses are represented by
the six real valued components of the electric and mag-
netic fields E(r,t) and H(r, t). In what follows we denote
the components by the function U(r, t).

VirtualLab™ allows the simulation of pulse propagation.
The pulse is defined in an input plane ();,. Then the pulse
is propagated through a system and provided in the out-
put plane Qoyt. Mathematically that is given by:

U(r € Qi t) — U(r € Qou, t) (")




Complex Field

The propagation time is denoted by .

The pulse has the duration Af in time. In general the
duration depends on the lateral position and changes by
propagation.

A pulse has the carrier frequency @.

As typical in optics also VirtualLab™ uses the complex
field component U, instead of the real field component
L. They are related by:

U(r, t) = 2R (Uc(r, t)) (2)




Temporal Fourier Transformation

e Atanypointr = (x,y,z) the field components in the time
domain are related to its counterpart in the frequency do-
main by a Fourier transformation:

U(r,t) = F 2 U(r,w)

1 00 .
_ \/E/oo E(r,w)exp (—iwt) dw (3)
CI(T, ) — wa( )

\/7 / E(r, t)exp (iwt) dt (4)

e Analogous definitions hold for the complex field compo-
nents L.




Envelope Function

e VirtualLab™ uses the concept of the envelope function
Le in its simulations. The envelope function describes
the pulse in the time domain without the carrier factor

e—'“! and around the position f. Thus, its definition is
given by:

Uc(r,t)

with its spectrum

~ I

UC(T,(U) — UQ(T,C() -




Simulation with VirtualLab™: Part |

VirtualLab™ provides Uc(r € Qout, w) of (6) as a har-
monic field set.

The frequency sampling is specified in the input plane
()i, in the source dialog. It specifies the number of har-
monic fields to be propagated.

In order to reduce the sampling effort, VirtualLab™ en
sures proper frequency sampling of U in (6) only.

The phase factor i@l in n (6) is treated analytically before
foumer transformation into the time domain. To this end
t is provided by the Optical Path Length (OPL) Analyzer.




Pulse Propagation Through Homogeneous
Media



Simulation with VirtualLab™: Example

Example considers fs pulse propagation through
air

Sample file:
Tutorial_33.01_VLF1_free_space_propagation.|pd

Source specifies 10 fs pulse with carrier
wavelength of 800 nm. It uses 29 harmonic fields.

The pulse propagates 10 mm




Simulation with VirtualLab™: Example

° Run I_PD | Light Path Diagram -] [ » Gol |

m 2: Light Path ...\fs_Pulse_Propagation_Homogeneous.Media.lpd #1)*

Gaussian Wave Virtual Screen

G000

10 mm
Relative

Optical Path Length
Analyzer

-

200




Simulation with VirtualLab™: Example

Resulting

Harmonic Field Set (HFS)

G37.297 um

-B3T.207 pym

m 5: Virtual Screen #6800 after Gaussian Wave 20.. | = || & |[w£5%]

Light View | Data View

-637.297 pm

637.297 pm

A

f

ae(r E Qout,w - («D) elw




Field Evaluation Tools

o VirtualLab™ 4.5 allows investigation of pulse in
time domain by Field Evaluation Tools

Manipulaticn | Propagation  Detector  System Design Solutions  Executio

Fields Set Manipulation B m] - | F ¢

Last + Current (Indexwise) — + 1:N- & =) 'C G | Index | -

Field Evaluation Tools 3 r

Point Evaluation

Settings Point Profile Extraction

Exdraction Parameters
Detect At

Line Evaluation

Bitrnap Sequence Evaluation

Vectorial
Component

Evaluation Parameters

i7) Evaluate Field Data over Field Index

valuate Field Data over Wavelength

[ Ok




Simulation with VirtualLab™: Example

[ 4: Point Evaluation at [0 m, 0 m] o[- ]

Pulse (Electrical Field Vector Component At One Point)

Diagram | Table | []

b

o

s
1

2

o

&
1

Electric Field Compaonent
pAmplitude) [V/m]

0.74 0.82 0.9
Wavelength [pm]




Simulation with VirtualLab™: Example

 For pulse modeling a new diagram type has been
introduced.

. It allows investigation of amplitude, phase, ...

Er Ev E- fﬂ’gfmtp A2 HE_"EF Ey combined
% [ A T=a = 1 B -

4: Point Evaluation at [0 m, 0 m]
Pulse (Electrical Field Vector Component At One Point)

Diagram | Table

o In particular it allows the temporal Fourier
transformation




Optical Path Length (OPL) Analyzer

« Before Fourier transformation, time shift must be
calculated by OPL Analyzer.

m 2: Light Path ..\fs_Pulse_Propagation_Homogeneous.Media.lpd £1)* = |[E ][]

_

Gaussian Wave Virtual Screen

D5 <

0 600
100 mm

Relative

Optical Path Length
Analvzer

-

200




Simulation with VirtualLab™: Example

.
Edit Optical Path Length Analyzer ‘

=

Select Part of Light Path to Analyze

From Light Source

Through Component [‘u"lrtual Screen #600

Select Output
[] Evaluate Optical Path Length
Evaluate Phase by Optical Path Length

Fit |: Time Shift withowt Dispersion
[ Linear Fit [ Residuals of Fit

Fit II: Time Shift by Regression
[] Linear Fit [] Residuals of Fit

Fit 11l: Time Shift with Dispersion

[ Linear Fit Residuals of Fit
Frequency Sampling

) Automatic Sampling

Ovwversampling Factor (Freguencies) 15

@ Manual Sampling

Ok || Cancel || Help

800: Optical Fath Length An ~| | b Gol ]'




Simulation with VirtualLab™: Example

Detector Results '

« 33.366 ps is the time shift

« By copy and paste it can be introduced in the
Fourier transformation step




Temporal Fourier Transformation

Solutions

Execution

Extras
dl Stop

W

——
Inverse Temporal Fourier Transformation

Settings
Exclude Time Shift of

[7] Extend Time ‘Window by Factor

FPhase Residuzals

Accuracy
Cwersampling Factor

Lok )




Simulation with VirtualLab™: Example

m T:Inverse Temporal Fourier Transformation (Time)
Pulse (Electrical Field Vector Component At One Point)

Diagram | Table

Electric Field Component (Amplitude)

T T T T
0.033314 0.033353 0.033402 0.033446

Time [ns]




Envelope to Real Field Converter

e The inverse temporal Fourier transformation yields the
envelope function in he time domain.

The Envelope to Real Field Converter multiples e '“! to the
envelope function. That includes the carrier frequency.
Then equation (2) is implemented to obtain the real field
component.

Because of the high carrier frequency, best results are ob-
tained for oversampling in time domain by factor 10 and
more.

Function | Manipulation  Propagation etector

Transmission Generators 3

{F Temporal Fourier Transformation

{F " Inverse Temporal Fourier Transformation

Envelope To Real Field Converter




Simulation with VirtualLab™: Example

« Calculate envelope function by inverse FT with
oversampling factor 20.

Functicn | Manipulation  Propagation  Detector

Transmission Generators

{F Temporal Fourier Transformation

i ' Inverse Termporal Fourier Transformation

Envelope To Real Field Converter |




Simulation with VirtualLab™: Example

m 8: Envelope Function of Inverse Temporal Fourier Transformation (Time) #7
Electrical Field Vector Component At One Point

Diagram | Table

=4

fod

5]
1

[v/m
&
L

=1
2

Electric Field Component (Real Part)

!
=
i

T T T T
0.033314 0.033358 0.033402 0.033446

Time [ns]




Line Evaluation Tool

Instead of Point Evaluation the Line Evaluation can
be used to obtain

CIC(T = OOUt’w) - ae(r < Oout;w — CD) 'Y

along a line in the plane.

Fal

£

Manipulaticn | Propagation  Detector System  Design  Solutions  Executio

Fields Set Manipulation L E |E| - F fd ;Iﬁl-2

Last + Current (Indexwise)  + 1:N- ) = "B B | Index | -

i Field Evaluation Tools » | Point Evaluation
|

Line Evaluation

Bitmap Sequence Evaluation




Simulation with VirtualLab™: Example

Sta rt Wlth |Ine ’ MS: Virtual Screen #0600 after Gaussian Wave#ﬂ...lE]@ ]
selection in simulated o Vo [t

HFS

Use Line Evaluation
Tool

G37.297 um

-G37.297 uym

-637.297 um G637.297 um

160 320 480 G40
Fasition [um]




Simulation with VirtualLab™: Example

-L'lne Evaluation Tool

Extraction Parameters

Start At 24054 pm -282.162 pm

End At 243243 m % 282162ym | Copy From

Vectonal
Component Ex Component ¥ |

Evaluation Parameters

(") Evaluate Field Data over Field Index

@ Evaluate Field Data over Wavelength

Ok




Simulation with VirtualLab™: Example

() 9: Line Evaluation from [214.05 pum, -28216 pm] to [-243.24 pm, 2... | = || B [[s25]

Pulse Component At Line

Diagram | Table |

Amplitude of Electric Field Component [W/m]

0.95411

0.47705

Position an Line [mm]

0.8 0.9
Wavelength [pm]

o
Pt Pt

(. (r € Line,w) = Ue(r € Line,w — @) "




Simulation with VirtualLab™: Example

——
Inverse Temporal Fourier Transformation

Settings
Exclude Time Shift of

Soclutions  Execution  Extras W [] Extend Time Window by Factor

] - | F [F] [ m stop |+ Phase Residuals
L0

Accuracy
Cwersampling Factor




Simulation with VirtualLab™: Example

m 10: Inverse Temporal Fourier Transformation (Time)

Pulse Component At Line

Diagram | Table |

Amplitude of Electric Field Component [V/m]

Position on Line [mm)

0.0333 0.03335 0.0334 (0.03345 1.2..E-10
Time [ns]

Ue(r € Line, t — 1)




Specification of fs Pulse Source



Separable Field in Time and Space

e It is quite common to assume a separable approach in
the input plane in pulse modeling, that means

Uc(r € O, t) = T(HUc(r € Q).
e Using the concept of the envelope function leads to
Uc(r € Qin, t) = Te(t) Uc(r € Qin) e '
when we assume £ = 0 in the input plane.

e That results in the spectrum

Clc(r E Qil’ll C(J) — Te(w - (I]) uc(f E O”q) .




Gaussian Type Envelope Function

o Of special concern are pulses of the separable form with
a Gaussian envelope function

Te(t) =exp[at?].

For a Gaussian envelope function in time the frequency
spectrum can be calculated analytically and is also Gaus-
sian:

1
exp | —
V2a p[

Te(w) =




Gaussian Type Envelope Function

e In VirtualLab™ the Gaussian pulse spectrum is defined
by specification of the pulse duration as FWHM or 1/¢
values (related to intensity), the carrier wavelength and
truncation of the Gaussian in time and frequency domain.

I Sn:rurce“Fun::tion Manipulation  Propagation  Detector System Design  Solubions  Execution  Extra

Basic Source Models 3

Partially Coherent Source Models  »

I Spectrum Generators l 2 Spectra b
Databased Pulse Spectrum ...

Gaussian Pulse Spectrum ...

Programmable Pulse Spectrum ...

-




Gaussian Type Envelope Function

Gaussian Pulse Spectrum
Pulse Specification
i@ Definition by FlaHM
Pulse Duration
Carnier Wavelength
Carrier Freguency

Estimated Increase of Time Window

Mumerical Settings

Squared Amplitude Truncation (Freguency Domain)
Resulting Size of Angular Freguency \Window
Squared Amplitude Truncation (Time Do

Resulting Size of Time Window

Resulting Samples

Typically propagating pulses increases their duration. The time
window must be chosen accordingly.




Gaussian Type Envelope Spectrum

m 11: Gaussian Pulse Spectrum

Pulse (Electrical Field Vector Component At One Point)

===

Diagram | Table

[+]

Fulse Component (dmplitude)

0.96

0.72 5

0.48 -

0.24 -+

0

0.734 0.808 0.882 0.956

Wavelength [um]




Pulse Specification

« The envelope spectrum can be introduced in any
source of VirtualLab™ using the Spectral
Parameters Tab.

Edit Gaussian Wave

Spatial Parameters Polarization I Mode Selection | Sampling |
Basic Parameters | Spectral Parameters

Power Spectrum Type i% Waw - I

Single Wavelength
Spectal Values Triplet of Wavelengths
Wavelength 532 nm IJst of Waveleng hs

e [




Pulse Specification

.FEIit Gaussian Wave

Spatial Parameters I Polarization | Mode Selection I Sampling |
Bazic Parameters | Spectral Parameters

Power Spectrum Type [Usi aof Wavelengths "]

Spectral Values

Spectrum refers to @ Intensity Amplitude b

Wavelength 12: Gaussian Pulse Spectrum

Load From File l Load From Diﬂrﬂm l
Save To File [ Show Diagram ]




Pulse Specification

" Edit Gaussian Wave

Spatial Parameters I Polarization | Mode Selection I Sampling |
Basic Parameters | Spectral Parameters

Power Spectrum Type [Ust of Wavelengths "]
Spectral Values

Spectrum refers to Intensity @ Amplitude

Wavelength Weight
» w 00145868 Pulse source

672.08 nm 0.02673059 .

s2045mm sosseTs ‘ is ready for
6295.02 nm 0.0747738 . .

783 0117284 simulations!

706.857 nm 0176231
716121 nm 0.2536595

i noAannne

Load From File [ Load From Diagram ]
Save To File [ Show Diagram ]

-




Smart Sampling Reduction for Material
Dispersion



Double Precision Required

« In fs pulse modeling with material dispersion
effects we urgently recommend the use of double
precision for VirtualLab™ simulations

" Global Options

| Fields and Sampling I Operations | View Parameters | Peformance | Other Settings

View Performance

[] Disable Light View

Extras | Window Help [C] Use Standard Range for Complex Amplitude View
] Global Options... »

Diefault Precision of Arrays Diouble Precision -

Double Precision
Float Precision |

Swap Large Field Data on Hard Disc

e Do it nowlll




Simulation with VirtualLab™: Example

Example considers fs pulse propagation through
water

Sample file:
Tutorial_33.01_VLF2_material_dispersion.lpd

Source specifies 10 fs pulse with carrier
wavelength of 800 nm. It uses 29 harmonic fields.

The pulse propagates 100 mm

Dispersion curve of water:

1.362
o 1:349
1.336
1.324 o

02 04 06 08 1 12
A [um]




Initial Time Window

« Envelope spectrum is specified by
omssn ruse specrn S| e

Pulse Specification

@ Definition by FiwHM (7) Definition by 1/e Diameter

Pulse Duraticn 10

Carrier Wavelength 200 nm

Carrier Frequency 174 74 THz

Esztimated Increase of Time Window 5

MNumerical Settings

Squared Amplitude Truncation (Freguency Domain) 001 %

Time window:

Resulting Size of Angular Freguency Window 1.0107 PHz -I 82.3 fS

Squared Amplitude Truncation (Time Domain)

Resulting Size of Time Window

Resulting Samples




Initial Time Window

Specification of pulse envelope function includes
determination of time window available in

simulation.
Time window can be icreased by higher factor in:

Estimated Increase of Time Window 5 I

However, then the number of harmonic fields to
be propagated increases also.
Problem: Material dispersion typically leads to

significant entlargement of pulse. Resulting pulse
must fit into time window to avoid aliasing.

Example of this problem is shown next.




Simulation with VirtualLab™: Example

« Running sample file leads to

m 12: Virtual Screen #600 after Gaussian Wave #... El@

Light View | Data View

=
E
L
[
[
a0
=
i

Point evaluation at (0,0)

-

-2.BB7T5 mm

-2 68775 mm 268775 mm




Simulation with VirtualLab™: Example

« Magnitude of
envelope spectrum

amplitude) [vV/m]

« Phase of envelope
spectrum

e Looks random-like

mponent

¢ Field Ca
amplitude) [v/m)
[=] [=]

Ele

« Assumption:
undersampled




Simulation with VirtualLab™: Example

« Run OPL Analyzer
« Calculated time shift: 449.358 ps

o Perform inverse Fourier transformation

Inverse Temporal Fourier Transform

Settings
Exclude Time Shift of

[] Extend Time 'window by Factor

Fhaze Residuals

Accuracy
Ohversam pling Factor

0K | | Camcel | | Help




Simulation with VirtualLab™: Example

 Resulting pulse envelope:

m 18: Inverse Temporal Fourier Transformation (Time) EI

Pulse (Electrical Field Vector Component At One Point)

Diagram | Table II‘

0.184 =

0,138 -

o
=]
s}
3

Electric Field Companent
pAmplitude) [Vim)

o
5

0 1 1 | | 1 1 | | 1
0.44927 044931 0.44936 0.4494  0.44945
Time [ns]

« Result has no physical meaning. Time window too
small to house pulse.




Initial Time Window Size?

e In this example the resulting pulse has a size of
several ps (we will see that soon).

« Preparation in the initial time window would

require more than 250 harmonic fields!
(o rare o I ==

Pulse Specification

@ Definition by FWHM () Definition by 1/e Diameter

Pulse Duration

Carrnier Wavelength

Carner Freguency

Estimated Increase of Time Window

umerical Settings
Squared Amplitude Truncation (Freguency Domain)

Resulting Size of Angular Frequency Window N Ot p ra Cti Ca | fo r

Squared Amplitude Truncation (Time Domain)

Resulting Size of Time Window n 'Fa St S i m u | ati O n !

Resulting Samples

[ ok | [ Cancel | [ Help




Smart Inclusion of Material Dispersion

VirtualLab™ offers a smart solution of this
problem.

OPL analyzer provoides change of phase due to
material dispersion: phase residual

That can be calculated for an arbitrarily fine
frequency sampling.

Smart processing allows increase of time window
in order to house pulse without increase of initial
time window.

Next this technique is demostrated.




Phase Residual Calculation by OPL Analyzer

Select Part of Light Path to Analyze

From Light Source Gaussian Wave #0

Through Component ["u"lrtual Screen #600

Select Output
[ Evaluate Optical Path Length
Evaluate Phase by Optical Path Length

Fit I: Time Shift without Dispersion
[] Linear Fit [] Residuals of Fit

Fit Il: Time Shift by Regression
[ Linear Fit [ Residuals of Fit

Fit 1l: Time Shift with Dispersion
[ Linear Fit Residuals of Fit

BT oo ST R

i@ Automatic Sampling i7) Manual Sampling

Cwversampling Factor (Freguencies) 15

Edit Optical Path Length Analyzer ‘ e |

| Ok || Cancel || Help

Set Frequency
Sampling to
automatic mode.
Run OPL Anlyzer.

-




Simulation with VirtualLab™: Example

m 20: Phase vs. Frequency v (Residuals of Linear Fits)

Diagram | Table

Phase [1E3 rad]

T
0.34 0425
Freguency v [PHz]

Residuzls of Linear Fit lll: Time Shift with Dispersion

Phase residual due to material dispersion




Simulation with VirtualLab™: Example

o Perform inverse Fourier transformation

o Include calculated phase residual diagram

-
Inverse Temporal Fourier Transformaticn a

Settings
Exclude Time Shift of

Extend Time Window by Factor

FPhase Residuals

Accuracy
Owversampling Factor

OK | | Cancel | | Help




Simulation with VirtualLab™: Example

m 22: Inverse Temporal Fourier Transformation (Time) EI@

Pulse (Electrical Field Vector Component At One Point)

Diagram | Table b]

o
[
[t
[
1

=2
[ ]
=
e
1

Electric Field Component
tAmplitude) [V/m]

0= T T T T T T T T
0.445 0.447 0.4449 0.451 0.453

Time [ns]

Resulting pulse envelope in time domain




Simulation with VirtualLab™: Example

« Inclusion of phase residual enables increase of
time window without propagtion of 1000
harmonic fields!

. Essential technique for pulse modeling.

[ 2: Light Path ..\Tutorial_34.01_material_dispersion_VLFL.Ipd 21)*




Outlook

« Available soon: Application scenarios for pulse
modeling on

— fs pulse diffraction at apertures

— fs pulses diffraction at gratings

Please help us to develop the fs pulse modeling
features of VirtualLab™. Send us your

suggestions and demands for new features and
improvements of existing featurtes.

« Thank you for your interest in VirtualLab™.
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