lecture 2

Details on nonlinear propagation
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lecture 2

Create a pulse with the following data:

Gaussian pulse with 100 fs duration, temporal windows +/-2 ps, 2k datapoints, temporal shift: -1 ps, energy 1
nJ (repetition rate and corresponding average power are not of importance here, the energy in the field
determines the intensity and thus, nonlinear interaction), central wavelength of pulse and of data array center:
1060 nm, added quantum noise (one photon per spectral bin)

v o x |fiberdl X 4 b
Pulse Profile and Data Array X H
rusepone sy x| 254736 . s o£16875 1 Field
Half 5] -
Intervall ~ B 60.0
FWHN 0.1 7 ps E 50.0 4
TempShi 112 ps % 40,04
o I
phase 07 rac g 30,03
[}
Size |2k(2711) - | Type Gauss & 50,03
10.0
wavelenath 1060 | * nm A e e e e e S B S B B B
HavEens z -1.40 -0.70 0.00 0.70 1.40
2nd order 10000 | = f2 :
spe_ctlal - Time (PS)
3rd order 0 = f
energy le08 7 specwidth.m=16.545 nm SpECtI’UITI
- 0.0
average o0 T w
repetition rate letll | * Hz ow E -20.04
scramble spectral phase (random phase) _‘-'g -40.0
phase diffusion modell with given linewidth ‘: 60.01
+| add quantum noise (one photon per spectral node) ; TR
double pulsing © -80.0
0 relative 0 o
separatior PS magnitude -100.03
| create field in data array 1 create field in data array 2 -120.0
add field to data array 1 add field to data array 2 2 4 6 10
Apply Cancel Wavelength (pm)

distance: 0.000 m position: 0.000 m energy: 999.981 pJ average power: 99.998 W roundtrip: 0
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Propagation parameter x

lecture 2 -

waveguide

loss 00 1/m

gain 0| 1/m
fiber is: NKT-ZD-975 with ~3 ym MFD, dispersion preselected. D

Length is 0.2 m and 100 steps. Switch on ,write file” to save the
propagation to a file for later post-processing.

gamma

Esat

simulation

Dispersion Setup

v dispersion || + Raman
Taylor Series @ 1060 nm predefined |air silica approx@1060nm (3.5pm: = arwridth=41i )
mare ... L ¥ =pm /S TPA | v seff-steepening
fused silica @1060nm
) WKT (core 1.7 ym zD=770,1250) @ 1030nm
Betal 0 ps/m |compensate at HKT (core 1.7 ym zD=750,1600) @ 1030nm parameter
4 » air silica approx@780inm
g e “0.01185 psifm D 19-865851791 gir silica approx@1060nm (1. 7um=MFD 1.2pm) ZD@E6 ] ]
EinE e ir silica approx@1060nm (3.5um=MFD 2.9um) ZD@97 ¥ temporal gain saturation
4 : psm 5 0.187213 5ir silica approx@1060nm (5.0pm=MFD 4.2pm) ZD@10
Betad -1.00392e-07 HKT LMA 5 (5.0um=MFD 3.95pm, zD=1035nm) @ 103C
’ Trsfiresien NKT LM 5 (5.00m=MFD 4.2um, 2D=1070nm) @ 1030r
Betas 1.21005e-10 air silica approx@800nm (1.7uym=MFD 1.2um) ZD@&65
from 0 I air silica approx@s00nm (2pm=MFD 2pm) ZD@770nm
Betat 4.03470-14 Zhu et. al. @800nm (2pm=MFD 2pm) ZD@743nm steps (000
Damian @730nm,1600nm (MFD 1.6pm) ZD@830nm
Beta? 0 Cristiani et.al. Opt.Exp.12, 124 (2004){MFD=3.47um)ZCF— ) F———
Dudley et.al. Rev. Mod. Phys., Val. 78, No. 4, (2006) FicD stepsize UUUUL m
Betad 0 Layertech GTI 1000-1080nm - 250fs @1030nm
Hollows core 1060-02@1030nm distance
Betad o zero dispersion @ all
Betall 0 | force retarded time frame (betal=betal=0) Tesmie 5T parse
1 - | nin
Betall t - | ] write: file 100 |
Beta12 0
- D adaptive =407
local emor
Betal4 0 FII'E.'SE‘tS' -
copy dispersion
e . ([nm].D[ps/nmjkm].b2[ps*/m])
copy beta2 + group delay
Cancel Load [nm].b2 [ps¥m]. GD[ps/m]

Too- =T 1200
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Propagation parameter x

lecture 2 -

waveguide
loss 00 1/m
gain 0| 1/m
Additionally, switch on all nonlinear effects D ;
~| Hm

Raman response function is simple Lorentz gamma  0.0268343815513627 1/ m)

— 21205

BE+13 1E-13 . .
simulation
4E+13 o —. SE-14
= z r— R
I s = . v dispersion || « Raman
= £
[+ .
= Nl W e ¥ =pm /S TPA | v seff-steepening
-2E+13 T T T 1 -1EL3 T T T T T T ¥ parame‘ter
-2000 -1000 0 1000 2000 -60 -40 -20 1] 20 40 60
tt' (fs f(THz ) .
(fs) (TH2) X temporal gain saturation
DA

| 5= i (1 isnon 57) (AT [, REIAT ~ )[2de) with R(x) = (1~ f)8(0) + fuha (D)

fR 0.15 PR{D) = StepT()*((12.2"2+32.0°2)/12.2/32.02%exp(-t/32.0)*sin(t/12.2)) 1fs AN
n2 |3.2e20 |mw [sclect B steps 1000
select
e stepsize 0.0002| m
multi tone fused siica
multi tone 2 . =
) ) distance E :_| o
self-steepening without shock term

measure and parse

term self steepening | wiite fi'E—' 100

A . ¢ adaptive 1207
o= +iy (1 = iTshcckﬁ) (A(T) f R(7)|A(T — r)lzd‘r) local emor

presets: =

Tehnek = Tp + T4 =——
shock 0 A W - diw Aeff dio

1 [i dne[f(“—")] _ [L dAeff(ﬁ'J)}
(1] g

additional shodk time tau_A 0.0 fz

+" use self steepening term X exdude self steepening
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File Main Manipulation View Windows

Postprocessing Multi-Element Propagation

Set Clear |¥| display

E Change pulse energy ﬁ copy spectrum (wavelength) copy dispersion P’ A, % noise variation
e ‘ t l I re & add quantum noise copy current view scramble spectral phase < > l set z=0 A Recall M+
Field Undo Start parameter Compress Swap M-
variation

Create Edit Propagation Memory

propagate 0.2 m, 100 steps, firstly with 0.01 adaptive local error, save result via ,memory”>,set”, then Undo
to return to initial field, change the adaptive local error to 0.0001, re-run and compare on log scale
(numerical errors reduced).

pulsewidth=882.429 fs, acwidth=36.683 fs Field
. 0.0001
adaptive E
local errar . - 60.0§
presets: v [3 E
@ 50.07
I
5 40.0-
% 300
o €
I 1 2007
double-click y-axis for P s
. . 100 L—— e T A LYY
|Oga r|thm|c Setup -1.40 -0.70 0.00 0.70 1.40
Time (ps)
y-axis properties *
specwidthm=251.369 nm SpeCtrum
nomalized scale 0'03
-20.07
linear scale T
o -40.07
-10dB -0 dB )
204dB -80dB § 600
-30dB -50 dB K -so,o—é i
-40dB -100dB -100.0°
50 dB -110dE -120.0° : : : ‘ e
50 dB -120dB 2 4 6 10
Wavelength (pm)
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lecture 2

The adaptive algorithm is bounded by the local error set.

If you rerun the propagation with the option ,measure and parse” switched
on, it can be analysed in the measurement graph

"4
Measurement x
Copy ASCIl | Copy BMP || Save BMP || Zoom Out
M1 - position - log x
M&7 - adaptive.local_error_min - logy
: ~| measure and parse
| write file 100
— m/"/qll"- — // | adaptive 1e-06
BEO6 " e N~ local error
|| | I presets:
6E-06 | | [
| I 1 —
| M | | I
4E-06 | A i Tt
| | Al | II AN I II | || I
| Il A Y | | f
S
i na MineERaNIIvAl —
[ | N
A\ ___.l | \'\__J | \, v |
0 T T T T T T T T T T
(b 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28
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lecture 2

Measurements also allow for more detailed analysis:

Measurement
Copy ASCIl | Copy EMP || Save BMP || Zoom Qut
M1 - position v logx
M4 - pulse.energy d logy
9.94E-10 - T
9.84E-10 T
.“\"\-\..,_
9.74E-10 |
9.64E-10 T T T T T T T T T T T T T T —
0] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28

Example: supercontinuum generation energy drop due to intrapulse Raman shift of the

soliton, once it is ,created”

berdesk

inear pulse propagation
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File Main Manipulation Postprocessing Windows

Multi-Element Propagation

copy spectrum (wavelength) copy dispersion Clear |¥| display

A, % noise variation Set
- - l set z=0 A Recall M+

Compress Swap M-

E Change pulse energy ﬂ

lecture 2

Create Edit

copy current view scramble spectral phase

variation

Propagation Memory

noise and coherence: same starting pulse as before via ,Create Pulse Dialog”, check
.quantum noise added”, then use ,propagation”>"parameter variation” dialog with

iterating pulse creation

Copy BMP
9.67E-10
9.66E-10 | Save BMP
Halt R - 9.65E-10 Zoom Out
Intervall - AT
FWHN 0.1 % ps R | marker
3 ) i
TempShi 1 % ps 5 59510 4|
|
phase 02 rac 9.61E-10 | logx
logy
Size m Type Gauss - 9.6E-10
¥ v| Legend
9.59E-10 |
Line =
. 9.58E-10 T T T T T T T T T T T T
wavelength e B ™ 10 20 30 40 S0 60 70 80 90 100 110 120
2nd order -10000 - fs?
spe_ctral - ()
3rd order 0 = f
- ) fiom to datapoints ‘0.3
. Px67 - pulse.create-ite = | = X owithx |1 128 128 I
energy et - in x-axis value = ke
average 100w
repetition rate letll | * Hz =
scramble spectral phase (random phase) Vlsavetofile  Ci\Usersitsch\Documents\fiberdesk\coherence matrix\test.pvf selectbase file |
P i sletwiig + itk Result’ = M4 | update look-up: M4 - pulse.energy  ~
+| add guantum noise (one photon per spectral node) *offield after complete rountrip in case of multi-element propagation
double pulsing ] auto axis x
separatior 0 5 TEEE 0 s | auto axis y
P PE magnitude
v| create field in data array 1 create field in data array 2
add field to data array 1 add field ta data array 2 h H f' | n d | H b f' I h H H H
T ] By choosing ,save to file” and selecting a base file, the parameter variation is
OK Apply Cancel . . 1 .
saved and all results are store in a BPF file name ,,..., all x.bpf”. This can be

used for evaluation, see next slide

fiberdesk

nonlinear pulse propagation
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File Main Manipulation Postprocessing Multi-Element Propagation Windows

|eCtu re 2 ‘ ‘ E {:m f" A A /\ I" mar ‘?l A “ é@
e A ] _ IN pt
single replay AVl ASCIl Python | average|average |min/ coherence RF  avgerage average  coherence measurement
slice  once Movie matrix intensity| fields | max spectrum RIN vs. z | Spectrum vs.z  vs.z of BPF file
Load Conversion to ... evaluadion from BPF file evaluation

the saved files are now used for average spectrum and coherence
calcualation via Postprocessing > coherence

Postprocessing > average intensity (1) = (E}(DE, (D)
Postprocessing > min / max \/<‘El (/1)\2><\E2(/1)\2>

past both results to clipboard and display in e.g. in Origin .

N 10 -
1E-11
0,8
~ 1E124
5 ]
S ] 0,6
2 . o
2 =
£ 1E-13
IS ] 0,4
. N [MW\
1E-151 0,0 A . . : : ! : : !
600 600 800 1000 1200 1400

Wavelength (nm)

fiberdes YR YA - =) fHOUAC T <) de © Copyright by Thomas Schreiber
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scEZAacl P>

| t 2 Main Manipulation Postprocessing Multi-Element Propagation View Windows
‘ ‘ E L A A A ”ml h : RIN A U‘l“l > -.v";’
single replay A1 ASCII Python = average average min/ coherence RF avgerage average coherence | measurement
slice  once Movie matrix intensity fields  max spectrum RINvs.z| Spectrumvs.z  vs.z of BPF file
Load Conversion to ... evaluation from BPF file evaluation

You can also average a series of simulations or
calculate the coherence along z.

MO - index

It requires to save the fields along z during parameter = i - 535
variation. To do so, enable ,write file” in the Vi -puse 1oy
propagation parameter setup and run the parameter |

variation with ,save to file"” switched-on again. The i
results can be obtained by the Postprocessing items rndom tempers cping et oo T T e Fomes
shown on top, which request you to select the base file
for evaluation. Only 1D parameter variation can be o

Used. Scale Scale

0,30

1,000
0,9688 9,850E-11
09375 7,390E-11
09053 5,544E-11
08750 4:180E-11
- Deass 0,25 C 3 3EN
C 0973 L 1757E-11
CoLed - 1.318E-11
, - 9:887E-12
- ggggg I 7/418E-12
o 020 I 5.565E-12
. |- 06563 5 - 4175E-12
= - 06250 [= - 3,133E-12
= - 05938 = I 2.350E-12
2 -
Q Ik 05000 © 0,15 | [oosEn3
S I 04633 S 7.446E-13
= I 04375 = -13
a8 - §4%3 a 10E73
(=) -0 =) -
|- 02433 -13
3928 0,10 13
I 02813 -13
I 02500 -14
i i
01563 0,05 14
01250 4
009375 14
0106250 14
0103725 14
0,000

0,00

2 4 6 8 10
Frequency (a.u.) Frequency (a.u.)
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lecture 2 — export propagation data

To make a propagation graph outside of fiberdesk, you need to have your propagation saved to a file (switch on
write file” in the propagation parameter windows and do the propagation afterwards).

Then either use the python script to display what is saved in this propagation file (*.bpf) or use the internal function
to copy such data as ASCII to the clipboard and paste it, e.g. in Origin.

n Manipulation Postprocessing

~ A A

21 ASCIl Python  awerage average
Movie matrix intensity fields

First, you will be asked for the BPF file, then choose the “comma/dot” convention. Comersion o .

To copy your data to the clipboard use the functions “Conversion to > ASCII matrix”

In the following dialog, you can choose your setting. If you have selection a specific region already of the field,
those values will be inserted by default.

Once it is copied, the important information are shown.

Matrix / . .o
o spectrum nm You'll need those to set up your graph in Origin correctly.
dimx Zer
from  561.808018387744 nm to 2669.019360242 mm
. x
dimy 101 fiberdesk
EEEEHuTHE normalize intensity
- for each slice
112, 323073584901 452.99006577240 I cols = 256 rows = 101
: from 661.808 nm to 2669.02 nm
I oy LTS distance: 0.2 m
pulse copy phase
-1.501466275659 1.4985337243401
use comma instead of tab as separator Ok

fiberdesk  “oisnDineenfegfaenfaor el © Copyright by Thomas Schreiber
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Lecture 2

In Origin, create a matrix with the same dimensions as your data.

| SE=)
1 2 3 4 5 s | 7 |
1 = = - A~
2 = =
3 3
4 - Matrixdimensionen und Beschriftungen ? X
5 3
6 —|  Matrixdimension
* U =
fiberdesk 8 - Spalten x Zeilen = 256 x ‘1@1 ‘
9 1
10 = Daten werden (®) Gekiirzt (O Neu angeordnet
1 E
cols = 256 rows = 101 x B :
I B o . 13 —|  xyAbbildung x Beschriftungen y Beschriftungen Z-Beschriftungen
. from 661.808 nm to 2669.02 nm 14 = : . - _
distance: 0.2 m > }g : Spalten in x abbilden Zeile in y abbilden
662
17 - Von Von 0
i - L |
19 -
. D
0 1| e 2669 B
Ok 2 -
2
3 3
L[> A\Msheet1 /7]

fiberdesk  “&uspDianae g4 © Copyright by Thomas Schreiber
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Lecture 2

Then select the matrix content and paste then clipboard data into it.

[::] MBook1:1/1 =

K

\MShen

Let Origin draw a contour plot with the data and setup the
appearance to your needs.

fiberdesk

nonlinear pulse propagation
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Lecture 2

Here is an example of a logarithmic intensity plot for the temporal and spectral propagation.

0.20 0.20
0.18 0.18

__0.16 _0.16 1

E E ]

o 0.14 ° 0.14 -

: &

& 0.12 8 0.12 1

© ©

c 0.10 c 0.10

.0 .0 1

w© 0.08 w 0.08

(@] (@]

8 0.06 8 0.06

o ’ o ’

x T 1
0.04 0.04
0.02 0.02
0.00 0.00

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 800 1000 1200 1400 1600

Time (ps) Wavelength (nm)
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Lecture 2

In a future release (2022) fiberdesk 7 will have this feature internally.

fiberd1 x > Properties - fiberd1 = # x
B=: Caarch e
. i 8] Searc P
Field Spectrum =n
50.0 Spectral Propaga....
8.0 49.03 Type Datapoint
7.04 wvisualization
48.05 colomap jet
6.0 . data scaling
§ £ 47.03 logarithmic -
= 50 @ 3 auto scale
5 T 46.0 reference value (dB) 00
= 4.0 g 45.03 dynamic range (dB)  30.000000
g X
o &
3.04 4.0
2.0 43.03
0.0 T T T T T N T T T
-1.40 -0.70 0.00 0.70 1.40 2 4 6 10
Time (ps) Wavelength (pm)
Temporal Propagation Spectral Propagation

Distance (km)
Distance (km)

-1.40 -0.70 0.00 0.70 1.40 1.10 1.20 1.30 1.40
Time (ps)

1.50 1.60 reference value (dB)

Specifies the reference value fortop colorin dB,
for the maximum value this should be 0

Wavelength (pm)

fiberdesk
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Lecture 2 - dispersion and retarded time frame

Background: fiberdesk uses a complex data array for handling the field envelope A(T) numerically in a retarded time frame and uses
the NLSE for propagation. Defining the pulse with a central wavelength A, can be done with a data array center wavelength Ap, that
differs from that central wavelength. Usually, you would require this options, but there are cases, where the wavelength extension
during propagation makes it necessary to do so. In this case, nothing really changes during propagation.

Here is an example of the supercontinuum generation with an array centered at the pulse central wavelength and the other one, where
it is not. Both produce the same result, if “force retarded time frame” is off in the dispersion settings. Especially the pulse stays in the
co-moving (retarded) frame. This happens, because the Taylor Series used for dispersion is actually calculated around the center
wavelength of the pulse center As=Ap — SO NO surprise.

X x
Pulse Profile and Data Array Pulse Profile and Data Array

data array setup

field profile definition

repetition rate

phase diffusion modell

double pulsing

separation o

| create field in data array 1
add field to data array 1

258411 | 2 Hz Fow

scramble spectral phase (random phase)

with given linewidth

add quantum noise {one photon per spectral node)

relative

PS  magnitude 0

create field in data array 2
add field to data array 2

Cancel

data array setup

field profile definition

repetition rate

Type Gauss Type Gauss
FWHM 0.1 % ps FWHM 01 2ops
TempsShift -1.5 : ps TempShift -1.5 : ps
phase 0 2 rad phase 0| 2 rad
wavelength Ws0 | 2 nm wavelength 1060 | T nm
2nd order spectral 0]« fe2 2nd order spectral 0]« f2
phase - phase -
3rd order 0 = fg3 3rd order 0|~ fg2
energy || le8 | 73 energy [v] 03 13
average power 20| average power 30| *w

2.5e+11 | * Hz [Haw

scramble spectral phase {random phase)

phase diffusion modell with given linewidth
add quantum noise (one photon per speciral node)

double pulsing

separation Q

v create field in data array 1
add field to data array 1

relative

PS  magnitude 4

create field in data array 2
add field to data array 2

Cancel

| gl 1060 % o | e 1500 % m |
half interval 2 lps halfintervall 2 ‘s
wvacuum length (full intervall) 0.001199169832 vacuum length {full intervall) 0.001199169832 m

fiberdesk

nonlinear pulse propagation

0.00
Time (ps)
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Lecture 2 - dispersion and retarded time frame

If you repeat the simulation with the option “force retared time frame” switched ON in the dispersion dialog, fiberdesk subtracts the
offset (beta0) and linear term (betal, group delay) of the dispersion curve at the array center. This makes sense, if your pulse is also at
the array center and both are not the same as the Taylor Series wavelength. However, for our example, where the array center is
shifted to 1300 nm but both, Taylor Series and pulse center, are still at 1060 nm, the resulting group delay to 1300 nm is added and the
temporal evolution is delayed by this amount, tilting the propagation. Nevertheless, the result of the envelope is of course the same
(the initial pulse was temporally shifted to account for the delay, so that the propagation looks centered).

dispersion mode!

] Taylor expansion series

Sellmeier coefficients Setup >>

D (ps/nm/km)
2 4

photenic crystal fiber

gasfilled silica-hollow core fiber

‘ 7l force retarded time frame (betal=betal=0) ‘ Wavelength (nm)

[ ¥ Ussdipersion | [ x donotusedipersion | Clautoy  mn 100 max 100 atox min 250 max (2400

Alternative: If “force retared time frame” stays switched off, and you take
the group delay directly into the value of beta 1, by pressing
‘compensate at” and a value of 1300 nm.

Dispersion Setup

Taylor Series @ 1060 nm predefined fibers: more ...

Betal -8.8379425466154 | ps/m | compensate at: 1300 | nm

T T T T T
-1.40 -0.70 0.00 0.70 1.40
Time (ps)

fiberdesk

nonlinear pulse propagation
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Lecture 2 - dispersion and retarded time frame

For other dispersion definitions, like Sellmeier, PCF and gas-filled hollow core fibers, the dispersion is not defined with any wavelength
reference like the Taylor-Series but uses the full propagation constant B (or equivalent the refractive index n). Thus, you should switch
on “force retarded time frame” to eliminate any group delay that results from this definition. Again, this removing of the group delay is

done at the array center wavelength, so be sure, if you defined your pulse at this array center or not. Here is an example, if it is not
retarded - despite the fact that, of course, the result is still correct (not shown here)!

-+l n beta 0
04 im0 o
A_ ¥ % 4
1 n . —_
0z == n! oT beta 2 E m
dispersion mode! c o : ‘ - r
= 500 1000 1500
Taylor expansion series g
Sellmeier coefficients Setup >> o =
7| photoric crystal fiser
100

gasilled siica-hollow core fiber

force retarded time frame (betaO=beta1=0)

Wavelength (nm)

 Use dspersion 0o not use dispersion adoy mn 100 max 100 aox min |250 max |2400
pitch '-El o Material dispersion
hle diameterd 0.8 um By A2 B, A2 B3 A2 = = _ = ——
n= |[A+o—+ + [T " o S = - )
n 2 2 _ 2 _ T - _ oo T3 S i
A s B—C B—C B0 A e et i o .

A —— . LT A
S — T T e s e

(SR
Get V over lambda/pitch=0..2 predefined material:  more . Ry
d Get n_eff over lambda/pitch=0..2 A |1
Get Dfps/nmkm] over lambda/L=0.2 B0 co6 166 . IR .
B2 |0.407343 c2 00135121 um?
o B3 0.897478 c3 97934 pm?

Time (ps)

fiberdesk

nonlinear pulse propagation
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