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Aktualitate



Cukstosas galerijas modu rezonatora (CGMR)
frekvenCu kemme

*% ADVANTEST Q8384 Optical Spectrum Analyzer ** 15/Apr/2021 12:24:32
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Kerra frekven¢u kemmes solitonu rezZiml
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Lal iegiitu solitonu rezimu, Kerra nelinearitatei jabit [idzsvara ar rezonatora dispersiju, kas ir atkariga no

rezonatora geometrijas. Tade] tiek veikta dispersijas optimizésana (Dispersion Engineering).
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[Herr, T., Brasch, V., Jost, J. D., Wang, C. Y., Kondratiev, N. M., Gorodetsky, M. L., Kippenberg, T. J., Temporal solitons in optical microresonators, Nature Photonics 8(2), 145— 152 (2014)]



Darba merkis:

Optimizét CGM rezonatora geometriju prieks pielieto$anas telekomunikaciju vajadzibam.

Darba uzdevumi:

o izstradat COMSOL datorprogrammu precizai rezonanses frekvencu aprékinasanai, nemot
vera gaismas lausanas koeficienta atkaribu no vilna garuma;

o Vveikt COMSOL datu apstradi MATLAB programma dispersijas parametra atrasanai;

e izpétit aprékinatas dispersijas precizitates atkaribu no tadiem simulacijas parametriem ka
iteraciju skaita un simulacijas rezga smalkuma un salidzinat rezultatu ar literatiiru;

e atrast optimalo SU8 rinka rezonatora geometriju, kura tas darbosies viena solitona rezima ar
brivo spektralo apgabalu ap 100 GHz;

o Vveikt frekvencu kemmes simulaciju pie optimalas rezonatora geometrijas, skaitliski risinot
Lugiato-Lefevéra vienadojumu atverta koda programma pyLLE.



Metodika



COMSOL Multiphysics lietojums

SU8 materialas dispersijas likne
- v v —x . _ 1.66 F |\ I : : |
IpasStrekvencu aprékina probléma

e f=f(mnR,,..) gl
*n=n(f) <

Problému atrisina ar interpolacijas funkcijam



COMSOL Multiphysics rezultati
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m A, um Frekvence, Hz neff reff, m Aeff, um?
1600 1.613964 | 185749204925205 | 1.406245 | 0.00029226237019 3.33276793
1601 1.613099 | 185848744960256 | 1.406372 | 0.00029226207363 3.33146485
1602 1.612236 | 185948290218364 | 1.406498 | 0.00029226177662 3.33016082
1603 1.611373 | 186047840685406 | 1.406624 | 0.00029226147916 3.32885584
1604 1.610511 | 186147396350256 | 1.406751 | 0.00029226118125 3.32754990
1605 1.60965 186246957197855 | 1.406877 | 0.00029226088288 3.32624297
1606 1.60879 186346523216125 | 1.407002 | 0.00029226058406 3.32493507
1607 1.607931 | 186446094392028 | 1.407128 | 0.00029226028479 3.32362616
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MATLAB lietojums

Brivais spektralais apgabals

Dispersijas parametrs
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Tiek mekléta geometrija, kurai pie FSR = 100 GHz, dispersijas parametra liknes maksimums ir pie 1550 nm 11
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Iteracijas skaita

letekme uz dispersiju

Dispersijas parametrs
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Darba 1zmantotas dispersijas aprékinu metodes
rezultata salidzinajums ar literattru
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[Fujii, S., Tanabe, T., Dispersion engineering and measurement of whispering gallery mode microresonator for Kerr frequency comb generation, Nanophotonics 9(5), 1087-1104 (2020)]
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Nelinearo efektu modelesana mikrorezonatoros ar
Lugiato-Lefevéra vienadojumu python pyLLE
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Rezultati



FSR [GHZ]

Tika atrasts, ka uz boro-silikata stiklina novietotam SU8 materiala rinka rezonatoram
ar argjo radiusu 293 pum, platumu 1,1 um un augstumu 1,8 pm:

e intervals starp modam ir ~ 100 GHz
* pie 1550 nm ir nov€rojams dispersijas parametra ekstréms (lokalais maksimums)

* rezonators atlauj viena solitona rezima veidosanos pie ierosinosa lazera vilpa
garuma 1550 nm
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Secinajumi

Darba tika izpilditi uzdotie darba uzdevumi:

tika izstradata COMSOL datorprogramma precizai rezonanses frekvencu
aprékinaSanai, nemot veéra gaismas lauSanas koeficienta atkaribu no vilna
garuma;

tika veikta COMSOL datu apstrade MATLAB programma dispersijas parametra
atrasanai,

tika izpéetita aprékinatas dispersijas precizitates atkariba no tadiem simulacijas
parametriem ka iteraciju skaits un simulacijas rezga smalkums, ka art rezultats
tika salidzinats ar literatiru;

tika atrasta optimala SU8 rinka rezonatora geometrija, kura tas darbojas viena
solitona rezima ar brivo spektralo apgabalu ap 100 GHz;

tika veikta frekvencu kemmes simulacija pie optimalas rezonatora geometrijas,
skaitliski risinot Lugiato-Lefevéra vienadojumu atverta koda programma pyLLE.



Secinajumi

* Tika atrasts, ka, lai generétu frekvenc¢u kemmi viena solitona rezima,
optimala SUB8 rinka rezonatora geometrija Uz boro-silikata materiala stiklina
ir ar ar¢jo radiusu 293 um, platumu 1,1 ym un augstumu 1,8 um

» Tika atrasts, ka gana precizam rinka rezonatora dispersijas aprakstam
pietiek ar 3 iteracijam pie 0 (Normal) rezga smalkuma

 Taka geometrlska dispersija ir loti jutiga pret mazam geometrijas
1zZmainam, rezonatorus biitu optlmah izgatavot ar litografijas metodi, kur
ar dazadam metodam i iespejams sasniegt precizitati 11dz daziem
nanometriem.

* Turpmakie petijuma virzieni: lietot citus rezonatora materialus
(Si3Ny, Si0,), parklajumus rinka rezonatoram; veidot vairaku rezonatoru
sistemas; frekvencu kemmes & neironu tikli



Rezultatu 1zplatiSana

Darba rezultati prezentéti konferences:

1. Draguns, K. CGM mikrorezonatora uzpumpé&sanas par frekvenéu kemmi modelésana. Latvijas Universitates
79. starptautiska zinatniska konference. Riga, Latvija, tiessaiste, 12.02.2021

2. Draguns, K., Brice, 1., Salgals, T., Alnis, J. Dispersion Engineering of Whispering Gallery Mode Resonators
for Frequency Comb Generation and Telecommunication Applications. Open Readings 2021, Vilna, Lietuva,
tiessaiste, 19.03.2021. (Referata kopsavilkums publicéts konferences materialos)

3. Draguns, K. Dispersion engineering of whispering gallery mode resonators for Kerr frequency comb
generation. Developments in Optics and Communications 2021, Riga, Latvija, tiessaiste, 15.04.2021.
(Referata kopsavilkums publicéts konferences materialo)

4. Draguns, K., Brice, I., Atvars, A., Alnis J. Dispersion engineering of whispering gallery mode resonators
(WGMRs). Quantum Optics and Photonics 2021, Riga, Latvija, tiessaiste, 23.04.2021. (Referata
kopsavilkums publicéts konferences materialos)



Rezultatu 1zplatiSana

Par radniecigu t€mu ir publikacijas zurnalos:

1. Brice, I., Viter, R., Draguns, K., Grundsteins, K., Atvars, A., Alnis, J., Coy, E., latsunkyi, I.,
Whispering gallery mode resonators covered by a ZnO nanolayer, Optik 219, 165296 (2020). (Q2
publikacija indekséta SCOPUS)

2. Reinis, P. K., Milgrave, L., Draguns, K., Brice, I., Alnis, J., Atvars, A., High-sensitivity
whispering gallery mode humidity sensor based on glycerol microdroplet volumetric expansion,

Sensors 21, 1-13 (2021). (Q1 publikacija indekséta SCOPUS)



Paldies par uzmanibu!



Recenzenta jautajumi



1. Darba iegiiti optimalas rezonatora geometrijas
parametri. Vail ir iesp€jams novertét parametru

kludu?
1.1 pm
gaiss i_
1.8 um SU8

boro-silikats

R =293 um

klida ~0.01 um



2. SUB fotorezists tika modeléets, pienemot
nelinearitates koeficientu gaismas lauSanas
indeksam, kads tas 1ir S102. Material1 1r struktural
atSkirigi. Kads ir pamatojums Sadam
pienémumam? Ka pienémums var ietekmeét
1egutos rezultatus?



Material nonlinear index | Reference

air 1.22 10722 m2/W | [2]
at 308 nm, 1 atm

fused silica 2.19-10720 m2/W | [13]
at 1030 nm

sapphire 2.8-1070m2/W | [11]
at 1550 nm

yttrium aluminum garnet (Y3AlIc04,) | 6.13 - 10729 m%/W | [13]
at 1030 nm

yttrium vanadate (YVO,), n, 15.6 - 10720 mZ/W | [13]
at 1030 nm

yttrium vanadate (YVO,), n, 14.9 - 10729 m2/W | [13]
at 1030 nm

calcite (CaCOs), n, 3.22-10729m2/W | [13]
at 1030 nm

calcite (CaCOy), n, 2.12-10729m%/W | [13]
at 1030 nm

calcium fluoride (CaF,) 1.71 10720 m2/W | [13]

at 1030 nm

[https://www.rp-photonics.com/nonlinear_index.html]

2.7-107 "% emZ/w
at 1500 nm
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2. SUB fotorezists tika modelets, pienemot
nelinearitates koeficientu gaismas lauSanas
indeksam, kads tas ir S102. Material1 1r strukturali
atSkirigi. Kads ir pamatojums Sadam
pienémumam? (Literatiras triikums) Ka
pienémums var 1etekmet 1egutos rezultatus?

27



Kerra efekts:
n=ng+n,l [ = M 2

—(£-i60) E+ i+ FT™\ [~tgDyne(w) - FTIE(t, D] + Y [E?E + VOE,,

1 , g |m?
n,(SU8) = 4—0n2(5102) = 6.75-10 W

_ e _ 10.5185 1
V B /1 Aeff - . W m
2
/ \ |E|2dS
A= 1550 [nm] ayyy = ) 2601335 [um?]

1 = T [|E*dS

[Donnelly, C., Tan, D. T. H., Ultra-large nonlinear parameter in graphene-silicon waveguide structures, Optics Express, 22(19), 22820—. (2014)]
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3. Literaturas apskata dala minéts, ka rezonatora
labumu 1etekmeé vairaki faktori, taja skaita zudumi
materiala, ko rada cietvielu defekti un materiala
tirtba. Par kada veida defektiem un
piemaisijumiem 1r runa; kadas koncentracijas sak
1zpausties to neveélamas ipasibas?



Zudumi

1 1 1 1
= + + +

1
Q Qvirsmas izkliede Qmateriéla Qsavieno juma Qstaro juma

\

Izpauzas loti maziem rezonatoriem, kur pilnvertigi
nenotiek pilniga iekseja atstaroSanas

Siki putekli un virsmas negludums '
Rezonators par tuvu vai talu no Skiedras

Materiala absorbcija un cietvielu defekti AQP

cire 2
Tn,R

31



Ar atkvélinasanu sansniedzams Q = 3 - 1011

We increased the temperature of the furnace core from
, room temperature to 650 C during 3 hours, kept the temperature stabilized for one day, cooled
OptiCS the core back during 3 hours, and repolished the fluorite resonator. We repeated iterations
EXPRESS three times keeping the same annealing duration but gradually decreasing the size of the grain
of diamond slurry we used for polishing.

Therefore, with sufficiently high-purity n
much smaller attenuation in the middle of the i
window can be expected—as both the Rayleigh scattering
edge and multiphonon absorption edge are pushed further
apart towards ultraviolet and infrared regions, respectively.
Moreover, crystals may suffer less. or not at all. the extrinsic
absorption effects caused by chemosorption of Ol ions and
water, a reported limiting factor for the Q of fused silica near
the bottom of its transparency window at 1.55 zm [13.14].

[A. A. Savchenkov, A. B. Matsko, V. S. lichenko, L. Maleki, Optical resonators with ten million finesse, Opt. Express 15(11), 6768-6773 (2007)] 32



U.S. Patent Jul. 15, 2008 Sheet 6 of 6

US 7,400,796 B1
101
A Step 1. A preform tube is fabricated by standard fiber preform
n, fabrication techniques. A layer of high purity doped material is
deposited inside the high purity fused silica tube. The inside
layer has higher refractive index then that of the outside tube,
n, similar to fiber fabrication. Layer thickness and index of
refraction are the design parameters.
1014
hollow center
1012
1014
e rr——
Step 2. The tube is collapsed with pressure applied from two
T T ? opposing direction to form a flat piece with eventual elimination
Pressue of hollow center channel.
1012
i 1014

“'

Step 3. The flat piece is rolled into a sheet of desired
thickness. Round blanks can be fabricated from such a sheet.

1012

!

Profile of the reflective index
in the cross-section of the
material

The deposition pro-
cesses such as various chemical vapor deposition processes
are known to provide a controlled environment to produce
highly pure material layers and may be used to minimize or
eliminate various contaminations such as OH contents and
other light scattering or absorbing contents.

33



3. Litraturas apskata dala minéts, ka rezonatora
labumu 1etekmé vairaki faktori, taja skaita zudumi
materiala, ko rada cietvielu defekti un materiala
tirtba. Par kada veida defektiem un
piemaisijumiem ir runa (OH™); kadas
koncentracijas sak 1zpausties to nevelamas
1paSibas?



JOURNAL OF

NON-CRYSTALLINE SOLIDS: €9 We also made resonators using FTxOOUMT (x = 2, 3, 4; high OH;

ThorLabs), but the peaks were about three times as broad as those made
from FT300EMT. Therefore, these high-OH fibers were not actively
employed in the study reported here.

We used a multimode fiber FT300EMT (low OH of 0.2 ppm,

Q_f

- AfFWHM

[Cai, L., Teraoka I., Zhao, Y., Volume relaxation of quenched silica at room temperature monitored by whispering gallery mode resonances
wavelength, Journal of Non-Crystalline Solids 476, 52-59 (2017)]



We used a multimode fiber FT300EMT (low OH of 0.2 ppm,

@300 pm Core TECS-Clad Multimode Optical Fiber, 0.39 NA a
Wavelength Hydroxyl Core Claddutg Coating Core/ Stripping
ltem # Range Content Diameter B lameter Diameter Cladding Coating Tool Proof Test
FT300UMT 300 - 1200 nm High OH /3’0/ Pure Silica /
0+6 pm 325 £ 10 pm 650 + 30 pm TECS Tefzel T16S31 2100 kpsi
FT300EMT 400 - 2200 nm Low OH <« Hard Cladding
Maximum : Max Power Capability Bend Radius :
Attenuation | Bandwidth Max Core Operating
ltem # NA Core Index Cladding Index @808 nm | @ 820 nm Pulsed CwW Offset | Short Term | Long Term @ Temperature
436 nm: 1.466757 436 nm: 1.406000
FT300UMT 589.3 nm: 1.458434 | 589.3 nm: 1.398200 14 dB/Km
1020 nm: 1.450174 | 1020 nm: 1.392306
0.39 15 MHz+km 2.3 MW 0.5 kW 5 pum 11 mm 22 mm -65-135°C
436 nm: 1.467287 436 nm: 1.406000
FT300EMT 589.3 nm: 1.458965 | 589.3 nm: 1.398200 10 dB/Km
1020 nm: 1.450703 | 1020 nm: 1.392306
Based on your currency / country selection, your order will ship from Munich, Germany

[https://www.thorlabs.com/newgrouppage9.cfm?objectgroup id=6845]
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3. Litraturas apskata dala minéts, ka rezonatora
labumu 1etekmé vairaki faktori, taja skaita zudumi
materiala, ko rada cietvielu defekti un materiala
tirtba. Par kada veida defektiem un
piemaisijumiem ir runa (OH™); kadas
koncentracijas sak 1zpausties to nevelamas
1pasibas? (> 0.2 ppm)



Pateicibas



Pielikumi



Virsmas vilna gaistoSais gaismas lauks
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Lugilato-Lefevéra vienadojums
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Zudumu koeficients
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Savienojuma koeficients
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Nelinearie efekti: ¢etru vilnu sajauksanas (CVS)

un Kerra efekts

(a) Degenerativa CVS Energijas

/—I\l/_\ il
LE Y

—g: =2 =L 1 1 2 3 K
2 hwp — hw_1 + hws

(b) Ne-degenerativa CVS Energijas

r\ n diagramma

[ [ [[1]],

—3: =2 =] 0 1 2 3 1L
hw_1 + hws — hwo + hwo

Kerra efekts:
n=mng+n,l
n, = 2.7 - 10716 [cm? /W]

Izraisa kapjosu cirkstu
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Kerra efekta 1etekme

CVS kemmes:

Solitons -
(Pulsacijas)

Jauda

- Haotiska faze

Pumpéjama lazera vilna garums

n=mng+n,l 2TRNn = mA

47
[Herr, T., Brasch, V., Jost, J. D., Wang, C. Y., Kondratiev, N. M., Gorodetsky, M. L., Kippenberg, T. J., Temporal solitons in optical microresonators, Nature Photonics 8(2), 145— 152 (2014)]



Dispersijas aprékinasana
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Parasts vilny\_ _->/\~
S\ = S\

Solitons



Dispersijas ietekme

Vide ar

D<O0

Vide ar

D>0

T

Kapjoss Cirksts (normala dispersija & Kerra efekts)

KritoSs Cirksts (anomala dispersija)

Solitons
(Pulsacijas)

[Jeong, T. M., Lee, J., Generation of High-Intensity Laser Pulses and their Applications, High Energy and Short Pulse Lasers (2016)]
[Chembo, Y. K., Kerr optical frequency combs: Theory, applications and perspectives, Nanophotonics 5(2), 214-230 (2016)]



Darba aizstavésanas procedura

Nr.p.

Laiks minatés,

Darbiba

k. neparsniedzot
1. Magistra darba prezentacija 10
2. Komisijas un klatesoSo jautajumi studentam 5
3. Vards vaditajam, lai raksturotu darba autora (studenta) 2

ieguldijumu darba izstradasana, ipasi, ja darbs ir dala no

kolektiva darba
4. Jautajumi vaditajam 3
5. lepazisanas ar recenzenta vertéjumu un atbildes uz recenzijas 5

jautajumiem (ja recenzents nav klat, tad ar recenziju iepazistina

komisijas sekretars)
6. Jautajumi recenzentam 3
7. Diskusija (ja tada veidojas) 5
8. Pretendenta nosléguma vards (ja to vélas) 1

Kopa: 34
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