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lecture 5 output coupler

saturable

Multi-Element Propagation: - ‘@'

Example: Short Pulse Fiber Lasers
gain fiber

The layout of a typical short pulse oscillator (not only diSperSiOﬂ
fiber laser) is shown in the image containing several compensation
elements in a ring cavity format (loop).

Each Element is modelled by an element typically
based on the NLSE:

A +%A+i,82A[t ~iy|A”A

Other elements, like the saturable absorber mirror is
modelled by a fast saturable reflectivity/transmission
according to:

R - RHﬂ.S'LTf + RS.’J? ' 1_;
1+P/P

sat

Each element setup is explained in the following >>
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Multi-Element Propagation:
Example: Short Pulse Fiber Lasers

Set up the gain fiber as a standard propagation with

saturable gain

fiberdesk

saturable

absorber mirror

output coupler
‘|!|!!’f

gain fiber

dispersion
compensation

Gain
gain profile add second peak
Center | 1080 nm Center | 1060 0
Width ~ | 40 nm Width ~ | 40 nm
shape |Gauss - shape |cgnst -

ratio of second to first peak (set to zero for

only one peak). |0

+| gain saturation

1e-11

! g - g{} f(l—l_ E‘/Esaf_gar'n)

user defined gain file

use ASCII file for gain profile given in g{1/m) vs. wavelenath (separator TAB)

Cancel

file ...

copy shape to clipboard

Propagation parameter x

gtandard propagatio «

waveguide

loss 0 1/m

A

gain E.90776 1/m

MFD 1000 pm
gamma | 000238808 1,400 m)

Esat 23561]

simulation
+ dispersion | X Raman
v spm | X seffstespening
parameter

X temporal gain saturation

steps 100
stepsize 001 m
distance 1.0/ m

© Copyright by Thomas Schreiber
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| ECt U re 5 output coupler

saturable
absorber mirror : r

Multi-Element Propagation:
Example: Short Pulse Fiber Lasers dispersion

compensation

gain fiber

Set the dispersion of that amplifier fiber to fused silica
(e.g. predefined with its Taylor series at 1060 nm)

ue on Setup

Taylor Series @ 1060 nm predefined fibers: |more -

save as fiber.ppf on

0m @
m Betal 0 ps/m | compensate at: MKT (core 1.7 pm zD=750,1600) @ 1030nm
L air silica approx@780nm

W)

BetaZ 0.01640341019153872 pez/m D 2749938529 4ir gilica approx@1060nm (1.7pm=MFD 1.2um) ZD@665nm
) air silica approx@1060nm (3.5pm=MFD 2.9um) ZD@975nm
aA CEEE 4:427398189728069%-3 | pez/m 5 0.176321 ir silica approx@1060nm (5.0pm=MFD 4.2um) ZD@1060nm
= + ﬁ T P ToE6E0s NKT LMA 5 (5.0pm=MFD 3.95um, zD=1035nm) @ 1030nm
i S e . Trust region NKT LMA 5 (5.0pm=MFD 4.2pm, zD=1070nm) @ 1030nm
s az >1 Betas 2.00994e-10 air silica approx@800nm (1.7um=MFD 1.2um) ZD@665nm
ﬂ N nz from 400 1 air silica approx@800nm (2pm=MFD 2pm) ZD@770nm 00
ew L] -6.78474e-13 Zhu et. al. @800nm (2pm=MFD 2pm) ZD@743nm
Beta6 M H
: i Damian @730nm,1600nm (MFD 1.6pm) ZD@830nm
) ) : - dispersion model Beta7 2.11068e-15 Cristiani et.al. Opt.Exp.12, 124 (2004)(MFD=3.47um)ZD@710nm
I Load (Field and Multi-Element Settings) & I — Tayl k Dudley et.al. Rev. Mod. Phys., Vol. 78, Mo. 4, (2006) Fig. 3
aylor expansion seres| etad -1.15713e-17 Layertech GTT 1000-1080nm - 250fs @1030nm
: Hollow core 1060-02@1030nm
Sellmeier coefficients
- - = Betad 1.21432e-19 i
& Save (Field and Multi-Element Settings) ! zero dispersion @ all
photenic crystal fiber Betald -9.78137e-22 force retarded time frame (beta0=betal=0)
gas-filled silica-hollow c 506311624
& Save As ... Betall
Betal2 -1.65466e-26
force retarded time frame (g
Recent Betal3 3.16819e-30
v Use dispersion max 2400
Betal4 -2.74483e-33
b Load propagation parameter copy dispersion
D km],b2[ps?
- grating compressor >> Save ([nm],DLps/nm/km],b2[ps?/m])
T T
& Save propagation parameter copy beta2 + group delay
el R [ e o Losd s LB e i 1.12 1.19

fiberdesk SN YA ISR (e EET e ; © Copyright by Thomas Schreiber
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lecture 5 output coupler

saturable

Example: Short Pulse Fiber Lasers
gain fiber

Multi-Element Propagation: - ‘@'

dispersion
compensation

For the dispersion compensation, we only set second
order dispersion.

Before, set the gain to zero, switch off SPM etc. Only
dispersion need to be set.

As it is a linear step, a single step is enough, see next
slide.

fiberdesk S S a1 o A n ek - o e © Copyright by Thomas Schreiber
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saturable W

absorber mirror

Multi-Element Propagation: .
Example: Short Pulse Fiber Lasers

Dispersion Setup
n+th Order Digpersion
i ) -
dispersion term predefined fibers: [more -
Taylor Series Expansion @ | 1080 nm
&4 i on
—_— = ..+ Z ﬁ —_ A Betal | O ps/m | compensate at: || 800 nm
oz " nl oT" -
el . Beta? 0.02 | ps¥m D 33.52886 | ps/inmkm)
simulation Betal 0.0 |ps*m 5 00632621 | ps/inm®km)
v dispersion || -&—Raman —p| [ dispersion model Betad 0
% spm | ¥ =ef-steepening v| Taylor expansion series Betah 0 Eeta10 ]
Carameter Sellmeier coefficients Setup == Betat 0 Betall 0
photonic crystal fiber - p 5
X temporal gain saturation Beta Betal2
«| force retarded time frame (betal=betal1=0) Betal 0 Betall 0
steps 1
stepsize 1l m v Use dispersion ¥ do not use dispersion Betad . Betald 0
e Trust region
10 m from |0 nm to [0 nm
| live MeasUre
write file | 100
Cancel grating compressor
save as dc.ppf

fiberdesk ST - il o A frebac - o e © Copyright by Thomas Schreiber
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Multi-Element Propagation:
Example: Short Pulse Fiber Lasers

The saturable absorber is a
different model, select
.Saturable absorber” on top
of the propagation
parameter dialog.

Then, set it up with the
parameters on the right.

output coupler
‘Hl!!”

gain fiber
dispersion
compensation

saturable
absorber mirror

Propagation pa rametey

zaturable abzorber = || Setup =

waveguide

save as SA.ppf

berdesk

inear pulse propagation

Saturable Loss X

| Fast saturable loss

AR
S
dr |30 5 1+ AT
P.'r_u" 100 '|'qll| 4 Cancel

saturable absorber mirmor with time constants

unsaturated reflectivity | 60 temporal responss A 0.2 ps
saturable reflectivity | 3p
saturation fluence | 80 plfem?
focal spot diameter | 10 pm
saturation energy | 0.062831852 nJ
use R=RO+dR"sinF(Pi/2)%(P/PAlphi_0)
RO | 70 dR | 30 PA |1 phi_0 |0

© Copyright by Thomas Schreiber




lecture 5 output coupler

saturable

a bSC I\-"Ilanipulation .

Multi-Element Propagation:
Example: Short Pulse Fiber Lasers

Create Pulse
Center Pulse

Create double pulse

Outcou pling: delay of pulses (will be 0.0 ps
. . ) v| take phase shiftinto account (Mach-Zehnder equivale
50% means complex multiplication - |
. v| Complex Multiplication Temparal Domain
Wlth Sq rt(OS) t-time in sec

helpervariable h= 0

sqri(0.5)
i i0
Propagation parameter

standard PeragatIDn - Complex Multiplication Spectral Domain
standard F'rl:lpﬂgﬂtll:ln wl -wavelength in m, f- frequency in Hz
saturakle absorber . .-
pulse injection 1 elper variable h =
custom filter | .

rate equation gain i

aulse manipulation
polarization manipulation |

nonlinear laop mirrar Cancel

z-dependence /

save as OC.ppf

fi‘berdesk S e e | e frekc o e © Copyright by Thomas Schreiber
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saturable

Multi-Element Propagation: absorber mirror center pulse

Example: Short Pulse Fiber Lasers

dispersion
Manipuiation 2% compensation

| Center Pulse

Create double pulse

delay of pulses (will be centered) | 0.0 ps - Center pu|Se in the time domaiﬂ, he|p5
take phase shift into account {Mach-Zehnder equivalent) tO COﬂverge the pU|Se, aS Cha nges are
Complese Multiplication Temparal Domain measured |r] the t|me doma|n

1

- Can be combined with OC.ppfin a
single element

i|1

Complex Multiplication Spectral Domain

i1 Propagation parameter x

pulze manipulation = || Setup =

Cancel = save as center.ppf

n7s

fiberdesk SINY (it | A rebace. - o © Copyright by Thomas Schreiber
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saturable
absorber mirror

Multi-Element Propagation:
Example: Short Pulse Fiber Lasers

gain fiber

dispersion
compensation

- assign all files to elements in the right

order of the caty I

pulation Postprocessing Multi-Element Propagation WVie

- Select ,use in forward loop” for all > » » (95
e|ements fiber dc oc sam | Element Element Element Element Elerr
A w A4 - 5w 6w T gw g

Propagate << sam = >

- Select the last one to be updated after - 2 x Watch Aseign propagation fle to clement |2
each loop to see convergence live serdetnee "7
durlng S|mU|at|On datapmse1 v use in forward loop
MO-index | v update after forward propagation
. M1 —pgsitior save field after forward propagation
- lcons on top change according to - one use n backuard loop
selected status = Mé - pulse.e
M5 - pulse.a

MR - rillee rar rata TTHTFTHHT TSI

fi‘bel‘desk S S a1 o A n ek - o e © Copyright by Thomas Schreiber
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Multi-Element Propagation:
Example: Short Pulse Fiber Lasers

(1) create initial pulse, e.g. quantum
noise

(green spectrum is the gain spectrum from ,fiber.ppf“

pulse.width=9.537 ps, ac.width=9.804 ps Field

150.0
120.0

90.0

Power (UW)

60.0

322 h‘mml . i il 1 A L“Luﬂm

-5.00 -4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 4.00 5.00
Time (ps)

Spectrum

g
=]
=]

o
~
al

none (a.u.)
o
wu
o

0.251
0.00 T . T . . :
0.91 0.98 1.05 1.12 1.19 1.26
Wavelength (um)
distance: 0.000 m position: 0.000 m energy: 191.864 aJ average power: 19.186 UW roundtrip: 0
fiberdesk

nonlinear pulse propagation

Pulse Profile and Data Array

data array setup
Size 1k (2+10) -

array center wavelength 1060 * nm
half intervall 5 0 ops
field profile definition
Type Gauss -
FWHM 1 2 ps
TempShift b g | ° ps
phase 0 * rad
wavelength 1060 | * nm
2nd order 0l - f2
spectral phase -
3rd order 0 =~ fs3
energy 0| >3
average power |v 0t w
repetition rate letll| * Hz [V]ew

scramble spectral phase (random phase)

phase diffusion modell with given linewidth
+| add gquantum noise (one photon per spectral node)
double pulsing

relative

separation PS magnitude

v| create field in data array 1

add field to data array 1

© Copyright by Thomas Schreiber
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saturable
absorber mirror w
Multi-Element Propagation:
Example: Short Pulse Fiber Lasers

dispersion

compensation

(1) start loop (switch on ,write slice ...,
for later postprocessing)

Loop propagation x
| awitch off individual "live" settings
- ! ~ I B update view after each loop
| write slice to bpf file 100 frames
File Main Manipulation Postprocessing mizdimum number of loops | 1000
ﬂ ’ ’ ’ ’5 Automatic stop of loop
(p @ +| stop if converged
condition
Start |Parameter  Save fiber dc oc sam -
e ; minimum change of | 1e-006
Loop | Variation single loop - L4 b4 v
- for at least
Propagation eratiesst 1o loops
0K Cancel

fi‘bel‘desk &S o= ol 57 AR ber - of © Copyright by Thomas Schreiber
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saturable

absorber mirror center pulse

Multi-Element Propagation:
Example: Short Pulse Fiber Lasers
gain fiber

Download the python script from the dispersion
homepage to process BPF files. compensation

5 Seyier tyton 27

File Edit Search Source Run Debug Interpreters Tools View 7

ETXYS Lol iRal A
O A &6 = bl
Editor - C:\L i how.py
=2 3py | # untitleds.py | # untitiedZ.py |  untitieds.py
220 dist - 3e20 1000 1000
data_spec/= data_spec.max()
spec=np.reshape(np. loglo(data_spec) , (frames, data_spec. shape
data_time/= data_time.max()
e=np.reshape(np.logl®(data_time), (frames,data_time.shape
800
1 = plt.figure()
= figl.add_subplot(121)
= figl.add_subplot(122) == i
£ E
] o
ge = 4.0 ] Y 600
range/10.@ % %
els=np.linspace(r,@.2,H) = =
° ©
np. linspace(t_min, t_max,data_time. shape[2]/frames) 400
np.linspace(@.2,dist, frames)
np.meshgri
200
bx. contourt (X, ¥, spec, levels, extend="both")
bx.set_xlabel( ' frequency (THz)') 0
set_ylabel( distance (m)') 0 10 275 280 285 290 295
253 .
254 plt.show() time (ps) frequency (THz)

fiberdesk ST - il o A frebac - o e © Copyright by Thomas Schreiber
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lecture 5

Start | Parameter
Loop| Variation

Propagation

Multi-Element Propagation:
Example: Short Pulse Fiber Lasers

Multi-element > Parameter variation

we change the gain saturation to
increase the energy (remark: intracavity

energy!)

20 use final field as input for next loop {otherwise use start/create field)

to
1e-003

|Px6 - NLSE.gain_sature v | = x|J  withx | 1e011

in [Hement 0 - fibe v] x-ads value = 129" M2

| save to file CiUzers\admin'Desktop\tutorial\osdllator simulations\energy scaling. pvf

L >+

MAMNIPULATION POSTPROCESSIMNG MULTI-ELEMENT PROPAGATION

~ 0000600606

Lave single | Element Element Element Element Element Element Element Element E
loop 1~ 2 3 4- 5+ T Fid 8-
Element Container
60
€
£
=
=
=
2
T
it
L]
o
w
intra-cavity energy (nJ)
leItal:ll:lil'ltS ||:|g gtepg

0 v

select base file

Result = 1e3*M20

M20 - spec.width.m

-

update | oruse
start
multtiple elements auto ads x| intra-cavity energy (nl)
setup > auto ads y | spectral width (nm)

fiberdesk

© Copyright by Thomas Schreiber
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Multi-Element Propagation:
Example: Short Pulse Fiber Lasers

T A Wl T

Multi-element > Parameter variation

we change the gain saturation to
increase the energy (remark: intracavity

energy!)

fiberdesk

distance (m)

3000

2500

2000

1500

1000

(4 &&

o
" 'Y

»

7

0
time (ps)

Start | Parameter
Loop| Variation

MAATN MAMNIPULATION POSTPROCESSIMNG MULTI-ELEMENT PROPAGATION

~ 0600606066

Bave single | Element Element Element Element Element Element Element Element E
loop 1~ 2 3 4- 5+ T Fid 8-

Propagation Element Container

60

spectral width {(nm})

T T T T T
2 25 3 35 4

cavity energy (nJ
i y energy (nJ)

2500
2000

1500

distance (m)

1000

500

260 270 280 290 300
frequency (THz)

linear pulse propagation
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Main Manipulation
e & &) C
Multi-Element Propagation: Propagate Start Parameter] Save
Single Loop Loop Variation |single loop
Example: Short Pulse Fiber Lasers Propagation
Intracavity evolution Dialog x
(1) Se|ect Stab|e SO|Ut|On ﬂ’om Saved forward  backward filename distance slices
f. | ¥ ans\fiber-simple, ppf ] m | 100
| e ' *simulations\DC.ppf ] m | 10
(2) specity slices to be saved ; smiations\SAM.ppf | |0 m |1
" simulations\OC. ppf i] m |1
(3) pOSt pl’OCGSS ¥ wlations\center, ppf ] m |1
W 0 m [0
W ] m |0
' ] m |0
% v 0 m |0
g v 0 m |0
sum of slices: 113
Cancel Saveto BPFfile =

fiberdesk  %&sn D sna-nfed aenfuocr-oa) © Copyright by Thomas Schreiber
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File Main Manipulation

XEE
Multi-Element Propagation: Propagate  Start Parameter] Save

Single Loop Loop Variation |single loop

Example: Short Pulse Fiber Lasers Propagation

soliton solution: beta2@DC = -0.06 ps®

7.02E-013
| )

6.92E-013 f i)

6.82E-013

672E-013 - |

distance (m)
distance (m)

6.62E-013

|\
6.52E-013 —

6.42E-013

position
~10 -5 0 5 10 ’ 275 280 285 290 295
time (ps) frequency (THz)

fiberdesk

LA - ot | e ek - of ) © Copyright by Thomas Schreiber
linear pulse propagation . 2
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File Main Manipulation

x @ §F[C
Multi-Element Propagation: Propagate  Start Parameter] Save

Single Loop Loop Variation |single loop

Example: Short Pulse Fiber Lasers Propagation

soliton solution: beta2@DC = -0.04

2

PS

™\
[N
" \%
3.96E-013 {
E 3.76E-013 ‘I".I
—_— — £
E E B
g g F
5 S ‘_; 3566013 - N
@ h o AN
=] o
3.36E-013 +
3.16E-013 T T T T T T T T
6165 617 e17.5 618 6185 619 619.5 620
position
~10 -5 0 5 10 ’ 275 280 285 290 295
time (ps) frequency (THz)

fiberdesk

LA - ot | e ek - of ) © Copyright by Thomas Schreiber
linear pulse propagation . 2
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& F[C

Manipulation

Multi-Element Propagation: Propagate  Start Parameter]  Save
Single Loop Loop Variation |single loop
Example: Short Pulse Fiber Lasers Propagation

toward stretched pulse: beta2@DC = -0.03 ps®

3.0BE-013

35 35 [
|
i |
3.0 30 2.88E-013 \ i ||
[
III II|I II
2.5 2.5 — 2686013+ I'. | ll ||I
§, 5 : | I' [
[0} [0} % | || |
§ 2.0 § 2.0 § 2 4BE-013 I'-,I - III
‘i ] 3 | II |I
“1s 15 3 ) |
22860134\ / | |
-_\“._;' II I|
1.0 1.0 \ '
2.08E-013 I'. i
0.5 0.5 \
1.8BE-013 ; \/ T T
0.0 0.0 1209 1710 1211
-10 -5 0 5 10 275 280 285 290 295
position

time (ps) frequency (THz)

© Copyright by Thomas Schreiber
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File Main Manipulation

x @ §F[C
Multi-Element Propagation: Propagate  Start Parameter] Save

Single Loop Loop Variation |single loop

Example: Short Pulse Fiber Lasers Propagation

similariton: beta2@DC = -0.02 ps®

35
1.39E-012
3.0
1.34E-012
_ 25
E E = 129E012
L] 1] N
= g 2.0 =
£ = 2
% E 3 1246012+
15 &
=)
a 1.19E-012 +
1.0
11080124 |
0.5 i AN
N
/ \\
1.09E-012 ~— T T T T T T T
_10 _5 0 5 10 0.0 2?5 280 285 290 295 9515 952 9525 953 9535 954 9545 955
time (ps) frequency (THz) position

fiberdesk

LA - ot | e ek - of ) © Copyright by Thomas Schreiber
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Multi-Element Propagation:
Example: Short Pulse Fiber Lasers

. -‘ i i

File W ET

| »

Manipulation

e © §[C

Propagate Start

Propagation

chirped pulse oscillator: beta2@DC = +0.02 ps®

distance (m)
[\¥]
o

=
u

=
o

0.5

0.0

-40 -30 -20 -10 O

berdesk

linear pulse propagation

time (ps)

10

20

30

40

distance (m)

N
o

=
w

=
o

o
&

o
=]

280

281

282 283 284
frequency (THz)

285

286

pulse.width (s)

Parameter] Save
Single Loop Loop Variation |single loop

5.24E-012

5.22E-012

5.2E-012

5.1BE-012

5.16E-012

5.14E-012

T T T 1
3021 3022 3023 3024

position

© Copyright by Thomas Schreiber
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Part 2: Mamyshev Oscillator

See Z. Liu, Z. Ziegler, L. G. Wright, and . W. Wise. "Megawatt peak power from a Mamyshev oscillator” Optica 4, 649 (2017).

The model of the Mamychev oscillator is using the following elements:

® % % % % % % % » ¥

F1040 passive gain1 passive OC1 F1030 passive gain2 passive OC2 Element Element
v v v v v v v v v 4 117 128%

Element Container

It uses two separated filters at 1030 nm and 1040 nm as well as passive and active fibers in between. The
gain fibers are different after the filter. An output coupler is used at the end.

fi‘ber‘desk YA IR s (e st v © Copyright by Thomas Schreiber

inear pulse propagation



lecture 5

The filters are defined as follows:

Pulse manipulation propagation
Saved as: 1040.ppf

Manipulation X

Create Pulse
change repetition rate to 0 Hz
Create double pulse
delay of pulses (will be 0.0 ps
take phase shift into account (Mach-Zehnder equival...
Delay Pulse (temporal shift) 0.0 ps
Center Pulse
v Complex Multiplication Temporal Domain
t - time in sec
helper variableh 0
sqrt(0.75)
i 0
| Complex Multiplication Spectral Domain
wl - wavelength in m, f - frequency in Hz
helper variable h 0

sqrt(0.7*exp(-(wl-1040e-9)" 2/(4e-9) " 2)~ 2)

Contains a general loss of 25 % and a

Pulse manipulation propagation
Saved as: 1030.ppf

Manipulation X

Create Pulse
change repetition rate to 0 Hz
Create double pulse
delay of pulses (will be 0.0 ps
v!|take phase shift into account (Mach-Zehnder equival...
Delay Pulse (temporal shift) 0.0 ps
Center Pulse
| Complex Multiplication Temporal Domain
t - time in sec
helper variableh 0
sqrt(0.75)
i0
vl Complex Multiplication Spectral Domain
wl - wavelength in m, f - frequency in Hz
helper variableh 0

sqrt(0.7*exp(-(wl-1030e-9)"2/(4e-9)" 2)~2)

Similar, but centered at 1030 nm.

filter transmission of 70%. The width
(1/e2) is 4 nm centered at 1040 nm.

© Copyright by Thomas Schreiber
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The passive fiber is defined as a standard propagation. The dispersion is only second order at 1035 nm.

standard propagation
Saved as: passive.ppf

Propagation parameter v 2 X i Iiil v ix f{
standard propagation v dlis e iam

waveguide
9 o aA l'n+l an beta 0 1 A
loss .
1m —_— ...+ E ﬂn——A beta 1
. 0 n
gain im| Oz >l n! oT beta 2 T 05
MFD 10 pym vID =
gamma D AR (g dispersion model E 0 | : T
S~ 400 600 800
Eeat 25 B | Taylor expansion series a
—
Sellmeier coefficients Setup >> 0O -0.5-1
simulation
photonic crystal fiber
v dispersion v Raman -
gas-filled silica-hollow core fiber -1 -
v spm/TPA v self-steepening
parameter force retarded time frame (betaO=beta1=0)
* temporal gain saturation % do not use dispersion autoy  min A max 1

Dispersion Setup

steps
stepsize 0.008 Taylor Series @ 1035 nm predefined more ... v
distance 0.8
measure and parse Betal 0 ps/m | compensate at: 800 nm

i 100
e lE Beta2 0.02 pe2/m D -35.168177876¢ ps/(nm*km)

adaptive 6e-07 Beta3 0.0 ps3fm S 0.0679578 | ps/(nm2*km)

local error

presets: v Beta4 0 )
Trust regien
Ee L from 0 o o 20000 o

dom | clippi

random temporal clipping e >

fiberdesk A3 - il | e e e © Copyright by Thomas Schreiber
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The output coupler is again defined as a pulse manipulation:

Pulse manipulation propagation

Pulse manipulation propagation
Saved as: OC1.ppf

Saved as: OC2.ppf

Create Pulse Create Pulse

change repetition rateto 0 Hz change repetition rateto 0 Hz

Create double pulse Create double pulse

delay of pulses (will be 0.0 ps delay of pulses (will be 0.0

ps
v take phase shift into account (Mach-Zehnder equival...

I take phase shift into account (Mach-Zehnder equival...
Delay Pulse (temporal shift) 0.0 ps

Delay Pulse (temporal shift) 0.0 ps
| Center Pulse

| Center Pulse

v| Complex Multiplication Temporal Domain v| Complex Multiplication Temporal Domain
t - time in sec t - time in sec

helper variable h 0 helper variable h 0
sqrt(0.5) sqrt(0.12)
i 0 i 0

Complex Multiplication Spectral Domain Complex Multiplication Spectral Domain
wl - wavelength in m, f - frequency in Hz wl - wavelength in m, f - frequency in Hz
helper variable h 0 helper variable h 0

Cancel

50% Transmission. 12% Transmission. (88% out-coupling)

fiberdesk

nonlinear pulse propagation
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The first gain fiber is defined as a standard propagation:

Standard propagation
Saved as: gainl.ppf

Propagation parameter v 3
standard propagation v
waveguide
- 2
gain 10 |dB/im
MFD 10 um
R — 0.00248543689320388 1/ m)
Esat 23561 )
simulation

v dispersion v Raman

v spm/TPA v self-steepening
parameter

% temporal gain saturation

measure and parse
write file 100
adaptive 6e-07

local error
presets: v

random temporal clipping

fiberdesk

nonlinear pulse propagation

gain profile
Center 1035
Width 40

shape Gauss

add second peak

nm Center 1060 nm
nm Width 40 nm
v shape const -

ratio of second to first peak (set to zero

for only one peak): 0

v gain saturation, with

,
Esat

9.15e-9

[

g=go/Q+

Esat...

user defined gain file

use ASCII file for gain profile given in g(1/m) vs. wavelength (separator

TAB)

Cancel

file ...

copy shape to clipboard

steps 100
stepsize 0.025 m
distance 25 m

—
M18 - spec.center.offest
M19 - spec.photons_N

Measurement
Copy ASCIT | Copy BMP

M1 - position

MO - index

T - L
-71.987 fm
32.581 x 108

Save BMP || Zoom OQut

log x

log y

© Copyright by Thomas Schreiber
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The second gain fiber is defined as a standard propagation:

Standard propagation
Saved as: gain2.ppf

Propagation parameter v ax

standard propagation - gain profile add second peak
Center 1035 nm 1060
waveguide Center nm
| — Width 40 Width 40 nm
TR LELLL
shape Gauss .
gain 10 | gg/m P shape const
MFD 10 um ratio of second to first peak (set to zero
— for only one peak): 0
gamma 0.00248543639320388 1/ )
Esat 23561 )
v gain saturation, with Esat... 36.6e9 g = go/(l ar )
Esat
simulation

v dispersion
v spm/TPA

parameter

v Raman

v self-steepening

% temporal gain saturation

steps
stepsize

distance

100
0.025 m

25 m

user defined gain file

use ASCII file for gain profile given in g(1/m) vs.
TAB)

Cancel

wavelength (separator

file ...

copy shape to clipboard

measure and parse

write file I

adaptive ge-
local error

00

07

PI’BSE!S‘ s

fiberdesk

nonlinear pulse propagation

T T
M18 - spec.center.offest
M19 - spec.photons_N

Measurement
Copy ASCII | Copy BMP | Save BMP || Zoom Out
M1 - position v

=

-71.987 fm
32.581x 108

log x

© Copyright by Thomas Schreiber
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As most Mamychev oscillators are not self starting, we seed with a short pulse:

Create Pulse:

Pulse Profile and Data Array X F e | d

data array setup

Size 2k (2711) -
array center wavelength 1035 :nm
half intervall 10 % ps
field profile definition
Type Gauss v
FWHM 01 *ps
TempShift 0 % ps
s 0 * rad . T - - -
M -3.00 0.00 3.00 6.00 9.00
wavelength 1035 % nm Time (ps)
2nd order 0 - fs2
spectral phase -
3rd order b 5 | 4 fg3
. Spectrum
energy 1e-09) %
average power v 0.1 : W
repetition rate 100e6  * ow

scramble spectral phase (random phase)

phase diffusion modell with given linewidth
| add quantum noise (one photon per spectral node)
double pulsing
relative 0

separation

v create field in data array 1

add field to data array 1

P magnitude

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

Cancel

Wavelength (pm)

fiberdesk

nonlinear pulse propagation

1.19

© Copyright by Thomas Schreiber
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After some roundtrips, we see the pulse converging. However, after many roundtrips, the pulse might destabilize.

pulse.width=20B69%fsacaeiditith:283 32 fs Field

-9.00 -6.00 -3.00 0.00 3.00 6.00 9.00

Time (ps)

spec.width.m=88.368 nm Spectrum

2007

Power (W ps?)
2 a4 o
-] N (-2
e e b

S
s

o

0.91 0.98 1.05 1.12 1.19

Wavelength (um)

fiberdesk

ber t SR Aol . -of'de) © Copyright by Thomas Schreiber
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Part 3: Micro Comb Generator

Alessia Pasquazi, Marco Peccianti, Luca Razzari, David J. Moss, Stéphane Coen, Miro Erkintalo, Yanne K. Chembo, Tobias Hansson, Stefan Wabnitz, Pascal
Del'Haye, Xiaoxiao Xue, Andrew M. Weiner, Roberto Morandotti, Micro-combs: A novel generation of optical sources, Physics Reports, Volume 729, 2018, Pages
1-81.

Fiberdesk’s multi element propagation can be used to simulate roundtrips in the micro-resonator. Please see
section 5.1 of the reference for details. In principle, the first element simulates the in/outcoupling (boundary
conditions) and the second element is the nonlinear propagation within the resonator.

EMD(0, 1) = VO Eyn 4+ /1 — 0 E™(L, 7)e'%,

k
DE(z, a
%z 1) _ ——E—|— Zﬁ" i— ) E+iyIEPE
aT

0z
Postprocessing Multi-Element Propagation I

» »

So, only two elements need to be defined:

injection Si3N4-cavity Element Element Element Elemer
v v 3w 1w 5w T

Please also note that the average propagation equation (LLE) can be used for simulating Micro Comb Generation but
are intended for another tutorial.

fiberdesk  %&sn D sna-nfed aenfuocr-oa) © Copyright by Thomas Schreiber
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The injection element is done using the “pulse injection” propagation.
As you can see, in the setup a low transmission (High Q Cavity) and long
pulse duration (to simulate a cw injection) is given.

Save as injection.ppf

pulse injection * || Setup >
E =~T-E, +~+1-T-E,
0.0
Er’n ED
0
2)
0.026834381551362 E_0 - existing field in data array transmission T 0.1 %
— E_in - defined below
21205 E_out - interfering fields phase phi_0 0 i
Type |Gauss ~
simulation
v x
P . FWHH 1le6 ps +/- 0 ps
i 0.0 +/-
parameter TempShif ps + 0 ps
wavelength 1550 nm 4/ 0 nm
x
Chirp 0.0 f52 4/ 0 f52
energy 0.001e-9 1 +/- 03
10
Cancel zero deviations
0.000599584916

fiberdesk 3T a e filre | e et e © Copyright by Thomas Schreiber
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Propagation param... ~ # X

The ring itself is defined as a standard propagation with the dispersion of Sf;j:;g;upagam .

the material (including the waveguide dispersion), the nonlinearity and e ool
length. - A
The dispersion is a simple second order approx. only. — T

gamma 0.069433962264150 1/(W m)

Save as Si3N4-cavity.ppf

Esat 5.8904 UJ

self phase modulation / two photon absorption term

dispersion term . simulation
==+ iy(L = f)AM) _
n+l n Z v dispersion| x Raman
aA 1 a Dispersion Setup wo 1z . 2
e — PO E ﬁn — A Y = = A and Aeff = ZMFD l./ spm / TPA x self-steepening
n i 1550 aff
aZ = n! aT Taylor Series @ nm
n2 2.3e-19 m2) parameter
Betal fR g
dispersion model e i 0 x temporal gain saturation
Beta2 -0.02 psz) i DA
. s2/m
v| Taylor expansion series C TPA is experimental so far
Beta3 0.0 2
Sellmeier coefficients Setup >> T
Beta4 0 Lo
photonic crystal fiber steps 10
= - use an X exclude -
gas-filled silica-hollow core fiber 0 stepsize 5 095849166-05
Betab
Beta7 0 - ;
| force retarded time frame (beta0=beta1=0) distance 0.000589584916
Beta8 0
= COIHIERC 2 LaE Fha 7 measure and parse
ela

write file 100

adaptive 1e-07
local error
presets: v

fiberdesk ST - il o A frebac - o e © Copyright by Thomas Schreiber
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| e Ct u re 5 Pulse Profile and Data Array *

data array setup

Size |2k (2711)
array center wavelength 1550 | 2 nm

half intervall 07 ps

wacuum length (full intervall) 0,00599584916

Starting the multi-element propagation. (Please make sure to have done FT———
the first steps of this tutorial to learn multi-element propagation.)

FWHM 1e6 : ps

. . TempShift 0| Zps
Quick reminder: - aH
wavelength 1550 : nm

(1) Setup a field with a temporal window fixed to the T dH
length of the cavity (here ~60um). This allows to draw a . -5
roundtrip map later on. We also only use quantum average soner 2 o s w
noise as the input come from the injected field. e A

(2) Assign the two propagations files to elements and use s specal e (encon )

phase diffusion modell with given linewidth

both in forward loop direction. Also, to see the chance e (e o per ek

double pulsing

. . . relative
after the propagation, switch on “update after forward sowaton | 0 ps paenne O
propagation” of the second element. You might also S

save the field after forward propagation, in order to e

postprocess it later on, e.g. plot te graph on the next
slide.

3 Setu and start the IOO . File Main  Manipulation  Postprocessing  Multi-Element Propagatio
( ) p p (p‘? 8(’- @ » »o

maximum number of loops 2000 Start Parameter Save single  injection Si3M4-cavity Element Element Element Element
Loop Variation  loop - - ERS
= ;oaT:\lder only a limited number of loops for writing Prapagation ey
100 loops Propagation parame... v 7 Assign propagation file to element
Load <« Si3N4-cavity > >
pulse injection + ||Setup >

Save << Si3N4-cavity > >
Automatic stop of loop

45

use in forward loop
| stop if converged

v update after forward propagation
condition

save field after forward propagation
minimum change of = 1e-06
use in backward loop
for atleast 100 loops 0.0183512

el

fi‘ber“destk L83 T N e o 4 " ar] © Copyright by Thomas Schreiber
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Using the python script, you can draw the save file and get this roundtrip map. It shows the built-up of structures
from the cw input. The parameters now need to be refined to enable the desired output.

10000
8000

6000

roundtrip

4000

2000

-10.0 -7.5 =5.0 -2.5 0.0 2.5 5.0 7.5 10.0
time (ps)

© Copyright by Thomas Schreiber
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