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Kontinualni vlaknové lasery
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Braggovské vlaknové mrizky
Fiber Bragg Grating (FBG)

standardni mf¥izka s vrypy vyroba FBG
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Mreflected= 2Nett A (long-period grating, LPG)
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Kontinualni vlaknové lasery
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Kontinualni vlaknové lasery — ustaleny stav
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Input Pump Power [myV]

plna ¢ara: vypocet s uvazovanim zesilené
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parametr 7 =cr,o,Ng!

normalizov any préh laseru r,,.,, = (7 +1)/( -1)

Kontinualni vlaknové lasery — ustaleny stav

$G852 DC-EYDF: ring laser with 70% output coupler
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PCE = 28% (70% output coupler) and 17% (30%
output coupler). Optimal length: 4.5 m.

Slope efficiency 36% (70% output coupler) and
22% (30% output coupler).
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Kontinualni vilaknové lasery —
relaxacni oscilace
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synchronizace moédu — pulzni laser

Vzdalenost podélnych méda kruhového rezonatoru Av=c/L, Av=10 MHz pro L=20 m.
Do pasma zesileni erbia se vejde M ~10°>maodl (obvykly rezim: volné oscilujici maédy)

Sfazovany signal M modu vede k vytvoreni sledu impulsu s periodou T = L/c
(doba obéhu kruhovym rezonatorem)

}‘—"TF' _,..l

MI
Intenzita

M

B. E. A. Saleh a M. C. Teich, "Zaklady fotoniky", kapitola 14: Lasery, Matfyzpress 1995

prvni experimenty (oba Bell labs): Hargrove et al., Appl. Phys. Lett. 1964, M. DiDomenico, J. Appl. Phys. 1964
teorie (nezavisle na exp.) jiz dfive: Willis E. Lamb Jr., Theory of an optical maser, Phys. Rev.134, A1429-A1450, 1964



Aktivhi modova synchronizace

vystup radiofrek\{enéni
laseru generator

vystupni

vazebni elektroopticky

Machdv-Zehnderav

¢len i
modulator
opticky
izolator
) —_)
Cerpani neabsorbované
Cerpani

Pasivni modova synchronizace

stav polarizace ve vlaknu pfi
slabém:  asilném signalu:

vystup
laseru

polarizaéni
opticky
izolator

vystupni
vazebni
élen

polarizaéni

kontrolér
aktivni viakno
—_) e
Cerpani neabsorbované
Cerpani
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Femtosekundovy vlaknovy laser

Pulsni laser s pasivni vidovou synchronizaci
diky nelinearnimu nataceni polarizace.

Sifka spektra: 13 nm, A,;=1561 nm
Délka pulsu: 197 fs (AT x Av =0.316)

Opakovaci frekvence: 39.68 MHz
odpovidajici perioda je 25.2 ns
a délka rezonatoru 5.14 m

vystupni vystup
vazebni laseru
¢tlen

polarizaéni
opticky
izolator

EDF: Er80-4/125 (Liekki, Finsko)

Erbiem polarizani L=100 cm
dopované kontrolér MFD@1550 nm: 65 “m
m— NA=0.2
- peak abs @1530 nm=80 dB/m
cutoff < 980 nm

Femtosekundovy viaknovy laser

Pulsni laser s pasivni vidovou synchronizaci
diky neline&rnimu nataceni polarizace.

Sitka spektra: 13 nm, A.=1561 nm
Délka pulsu: 197 fs (AT x Av =0.316)

Opakovaci frekvence: 39.68 MHz
odpovidajici perioda je 25.2 ns
a délka rezonatoru 5.14 m

vystupni vystup
vazebni laseru
¢tlen

polarizaéni
opticky
izolator

Liekki Erg80 4-125, price per 1m 4 583 K¢

Erbiem pz';:z;z’;i polarization controller OZ-optics 9464 K&
dopované
viakno LD @ 980nm, 300mW.

Furukawa-Fitel 2002 42588 K¢

gerpani WDM 980/1550 Opneti China 1893 K&

isolator Opneti China 2011 Ke

fs vlaknovy laser bez elektroniky 19 844 K¢
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J. Sotor, M. Pawliszewska, G. Sobon, P. Kaczmarek, A. Przewolka,

I. Pasternak, J. Cajzl, P. Peterka, P. Honzétko, 1. Ka$ik, W. Strupinski, FUVEION = S s

K. Abramski, "All-fiber Ho-doped mode-locked oscillator based on S i 2080,

Wavelength [nm
a graphene saturable absorber," ot !

Optics Letters 41: 2592-2595 (2016)
13

Méreni Casu

Sluneni hodiny, 3500 pf.n.L. Krystalové hodiny, od 1918
Jedna perioda za den 32.768 period za sekundu

E%Ci Iértor + éi aeg(ové atomové hodiny, od r. 1955

jedna perioda za sekundu 9.192.631.770 period za sekundu

http://www.mpg.mpg.de/~haensch/ 14



DalsSi pokrok - optické atomové hodiny

Jadro atomu

Elektron

g

Pfechodem mezi dvéma kvantovymi stavy elektronu
ziskame elektromagnetické pole, svétlo, které kmitne skoro
milién miliardkrat za sekundu !

Helium

400 THz 500 THz 600 THz 700 THz

Jak spocitat kmity v optické oblasti ?

http:/Avww.mpg.mpg.de/~haensch/ meze elektronickych ¢itacd ~100 GHz 15

Metoda optického frekvenéniho hirebene

napr. z femtosekundového vlaknového laseru
Fw)

e

Ny twee

D——>

2(ng wrtwee)

beat frequency
2(nywrtwee) ~(Mpwrtwee) = weg

f,... laser repetition rate (~10 MHz.. 1GHz) measured with photodiode . .

fee ... carrier-envelope offset due to phase and group velocity mismatch Theodor. Hansch - Nobelova cena za fyz.|ku 2005
in the ML laser cavity, ape=(1vg- LV ), o Institut Maxe Plancka pro kvantovou optiku
Garching u Mnichova

erp|ovy vldknovy laser se synchronizaci ) http://www.mpa.mpa.de/~haensch/
glele n or op! rekvenci

Fotonické krystalové vlakno
umoznuje rozsifit spektrum
laseru takZe presahuje oktavu

16



http://www.mpq.mpg.de/~haensch/

Pulzni vlaknovy laser zalozeny na
modulacni nestabilité
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jev modulani nestability (MI) vzniké v nelinedrnim
disperznim prostedi — optickém vidknu

spektrum: Ml se projevuje jako spontanni nardist
postrannich pasem u kontinualni viny

casovy pribéh: Ml §tépi kontinualni signal na
pulzy nebo modulovany signal

V telekomunikacich nezadouci jev. VloZime-li do
dutiny laseru s vhodnou disperzi hiebenovy filtr
(F-P etalon, dvoujadrové vlakno) Ize tak ziskat
vlaknovy laser generujici sled pulzl s vysokou
opakovaci frekvenci

MI laser s Fabryovym-Perotovym etalonem:
=107 GHz, Sitka pulsu:2 ps

Ml laser s TCF:

=206 GHz, Sifka pulsu: 2.7 ps

17
Modulational-instability (Ml) based fiber laser
MI can be induced by SPM in the anomalous dispersion
regime, where a quasi-monochromatic signal spontaneously
tends to generate two symmetric spectral sidebands
10+ ——D=0.1 ps/(hm.km)
- — — D=1 ps/(nm.km)
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P. Franco, ef al., “Self-induced MI laser,” Opt. Lett., 20(19):2009, 1995.

Photonics Prague 2002, 26-29 May 2002



Modulational-instability (Ml) based fiber laser

E. Yoshida and M. Nakazawa, ,,l.ow-treshold 115-GHz ¢cw modulational
instability erbium-doped fiber laser,” Opt. Lett 22(18):1409, 1997

P. Honzatko, ef al., Modulational-instability o-resonator fiber laser, Opt.
Lett. 26(11):810, 2001.

10l Fabry-Perot Filter Transmission
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Photonics Prague 2002, 26-29 May 2002

Q-klicované viaknové lasery

pump MMF  splice splice ~ MMF pump
( \ output
- v == pulsed
= § 1 % 1 beam
FBG-HR SM-SA (Cr#) DCF (Yb*) FBG-OC

Fig. 2: example of linear Fabry-Perot PQS fibre laser based on the Yb3*:Cr** atomic
system. DCF: Yb®*-doped ovale double-clad fibre; SM-SA: Cr4*-doped singlemode
saturable absorber; MMF: pump carrying multimode fibre; FBG-HR: highly reflecting
fibre Bragg grating mirror; FBG-OC: fibre Bragg grating output coupler. Note that the
SM-SA could also be located just before the FBG-OC.

Dal$i metody pasivniho Q-klicovani:Carbon nanotubes, SESAM

20
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High-power Q-switched Yb-doped fiber lasers
N 6.
Extractable energy®: Nio, ()

1
E_,=hv,A_| [N, (@)dz————L1——
T I 6. () +0,(hr)

As a very rough guide, the extractable energy stored in a fiber 1s limited by ASE to around ten times

the saturation energy E_, =hv, A _ /[6, (A )+ 0, (A )], . In other words, the upper-limit on pulse energy is
determined mainly by the core area. E_,, 1s ~2 - 5mlJ for typical Yb-doped fiber with a 20pm diameter
core. In practice, the maximum pulse energy also depends on other factors as well (e.g. cavity design,
fiber length, nonlinear loss processes (SRS, SBS) and fiber damage).

Example’:

Q-switched
laser output

HT @975 nm iz

HR @1.06 ym Diode stack s | /
BT e

Beam dump

Pulse energy [mJ]
- @
> @
S o
[a] semod abelany

-\ Zeroth-order
1

Double-clad
Yb-doped fibre  Angled facet First-order

HT @975 nm o .".

HR @1.06 m 0 50 100 150 200
Repetition rate [kHz]

8.4 mJ @ 0.5 kHz, pulse duration = 460ns

0.6 mJ @ 200 kHz (120 W)

Beam quality M?~ 4 . . . ~
Auaty Shorter pulse durations can be achieved using a shorter fiber®

21

Vidknové lasery s jinymi prvky vzacnych
zemin (Yb, Pr, Tm)

22
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Yterbium

° maly kvantovy defekt — mala tepelna zatéz

° jen dvé energetické hladiny — zadna ESA

° 2F¢, a 2F,, jsou dostate¢né vzdalené a nejsou mezi nimi jiné hladiny —

° absence nezafivych pfechodd — 100% kvantova G¢innost

* silny a Siroky absorpéni pas @980 nm — vhodné po Cerpani pres plast

° typické vinové délky Yb vlaknovych lasert: 1060-1130 nm ,Yb C-band*
(conventional band)

° Yb systém se chova jako kvazi ¢tyrhladinovy (resp. tfihladinovy, @~980 nm)
laser s fluorescenéni obou zivota ~800 us

yHterbium
n | °F sof .
Yb § r\'g 25 absorpce
2 r e @Mise 7
173.04(3) 2 2 ":o_
— 20+ Bl
980 nm 1030- o
N L 4
pump 1080 nm g
v 2wl ]
2 F £
7 B st il
E 0.0 L S T L i
850 900 950 1000 1050 1100 1150
vinova délka, A [nm]
23
Ytterbium attenuation Normalized ytterbium absorption
T T T T
——aluminosilicate fiber (Liekki Yb1200-6/125DC) 12F aluminosilicate fiber (Liekki Yb1200-6/125DC)
3000 F —— phosphosilicate fiber (UFE SG852) 4 = phosphosilicate fiber (UFE SG852)
S ]
T 2500 1 &
S g ]
‘e 2000 | E ]
S 2
]
=} L 1 o g
= 1500 g
g T
< 1000 ] € ]
S
=z
500 1 .
0 1 1
900 1000 900 1000
Wavelength [nm] Wavelength [nm]

Absorpéni spektra Yb ve fosfosilikatovém a aluminosilikatovém sklenéném viakné

24
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Praseodym
Praseodymium-doped fiber amplifier (PDFA)

3Pl
20000 | 'Y 3Py kratka doba Zivota
i 1,
In hlafjlny G4’
. 2 v kfemennych
15000 f=— pump| . upconversion .
. esa signal vlaknech = nutnost
B esa | pouzivat fluoridova
Ly .
:;3 10000 — L 13‘34 vlakna (t=110 ps)
] £8a Fy
-] 3,
&g Fy
5000 |— T,
signal f signal + Hyg
gsa emission 3H5
0= 3y
4

Figure 10.16: Radiative and energy transfer processes of Pr3t, included in an extended
mode] of amplification at 1.3 pm in Pr’* -doped fiber amplifiers, after reference [15]
(©1992 IEEE).

P. C. Becker, N. A. Olsson and J. R. Simpson, EDFAs: fundamentals and technology, Academic Press, San Diego, USA, 1997.
M. Karasek, "Analysis of gain dynamics in Pré*-doped fluoride fiber amplifiers", 7(3):299-302, 1995. 25

Praseodymem dopovanym viaknovy
zesilovac¢ (PDFA)

‘WDM Fiber Coupler.

‘/’/sm, vin 'n:.c\\

High NA

Net Gain (dB)

T T
1280 1300 1320 1340

. Signal Wavelength (nm)
Figure 10.8: Configuration of a four-laser diode pumped the Pr3t_doped fibet ampli-

fier module, From reference [8] (©1993 IEEE). +:ZBLAN

rigure 10.7: Net gain spectrurm, as a function of signal wavelength, ofaPr’ ent e
amplifier pumped with 300 mW of power at 1.017 pm. From a 1991 i*’(l""‘_"mthe e
ported in reference [7]. The background loss of 6 dB has been included int

gain.

Alternativa pro pasmo 1.3 um: vizmutem dopovana (Bismuth,
Bi2*/Bi°*) kifemenna a fosfatova skla, emise: 1 .. 1.5 ym

V. V.. Dvoyrin et al., “Bismuth-doped-glass optical fibers—a new active medium for lasers and amplifiers”, Opt. Lett. 31(20):2966, 2006.
26
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Thuliem dopovany vlaknovy laser @ 2 pm

h
- Pump at
——GSA —ESA emission ~800 nm Cross Relaxation
3,
H
! ! ! ! E, Multiphonon s
i Emission
8 1 \ 4 v %
~ a
Laser Transition
6 | 1950-2050 nm
3,
H
41 a b s

Fig. 1. Simplified encrey level diagram of two Tm™ ions, la-
belled ion a and ion b showing the pump process, the main
cross relaxation process between ions a and b and the laser
transition,

Cross Section, ¢ [x 10% m?

0 f 1
500 1000 1500 2000 | 1
504 stokes limit .
Wavelength, 2 [nm] \
g
S. D. Jackson, "Cross relaxation and energy transfer - 20 ]
upconversion processes relevant to the functioning of 2 pm
Tm3+-doped silica fibre lasers", Optics Communications, 20 ]
230 (1-3), pp. 197-203, 2004.
) R 04 08 12 18
400W @ 2 ymwith 20 W pump @ 1567 nm (EYOFLS), P
Fig. 2. Measured variation in the slope efficiency from diode-
885W @ 2 um (MM) with ..... W pump @ 790 nm, Nufern, dladding-pumped Tm** -doped silica fibre lasers as u function of

CLEO-Europe 2009

the T+ concentration. The fibre lasers used a highly reflecting
mirror at the input and Fresnel reflection at the output. and
were pumped at a wavelength of 805 nm. See [3] for detalls. 27

Operating wavelengths for rare-earth doped fiber
lasers in silica and non-silica glasses

] | .

\\ \ \ ‘.‘ | Vo \ ‘ ‘ I‘. |‘
\ | \ | | \
W , | ' Lo

Tln3+ Pr3+ T1113+ Nd3+ Yb3+ _\vdzf THI]_E[H T1113+ H03+ T1n3+ E13+ HQH

500 1000 1500 2000 2500 3000
Wavelength (nm)

28
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Vysoky vykon z vlaknovych laseru -
metoda €erpani pres plast’

Double-clad (DC), high-power fiber lasers
cladding pumping

29

Cerpani pres plast

&jSi plast
vnitini plast - mnohamodovy
vinovod pro Sifeni Cerpani n
—
jedovidové jadro
dopované napf. Er, Yb, Tm ... I
r

Metodou Cerpani aktivniho prostfedi pres plast je mozné transformovat vysoce
rozbihavy svazek z mnohamaodovych laserovych diod s velkou vyzafovaci plochou
(typicky 100x1 um) do kvalitniho, jednomddového laserového svazku s malou divergenci.

30
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Cerpani pres plast

e ava—a pay

Vyhody:

stabilita a provozni spolehlivost, kompaktnost, malé rozméry,
vyborna modova kvalita vystupniho svazku

nizka cena & vysoky vykon

Problémy:

nestandardni vlakna: optimalizace absorpce ¢erpani a zplsob navazani zareni do
vlakna vyzaduje specificky navrh DC-vlakna =

problémy pfi vyrobé a napojovani vlaken, mensi vybér viaknovych komponent

31
y 4 1 4 L] y 4 r o w
Hledani optimalniho prurezu
* Kruhovy prifez — standardni tvar optickych viaken
Kosé paprsky Meridianové paprsky
Sroubovita trajektorie Trajektorie v roviné osy
v projekci obecné vlakna
neuzavieny
mnohouhelnik
[Doya01] V. Doya, O. Legrand and F. Mortessagne, "Optimized ion in a chaotic double-clad

fiber amplifier", Opt. Lett., 26(12):872-874, 2001.

[Leproux01] P. Leproux, S. Février, V. Doya, P. Roy and D. Pagnoux, Modeling and Optimization of
Double-Clad Fiber Amplifiers Using Chaotic Propagation of the Pump, Optical Fiber
Technology, 7(4):324-339, 2001

Prapagation ieng® (cm)

32
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Hledani optimalniho prarezu

Optimalni prarez je takovy,
ktery zajisti homogenni (konstantni) Gtlum €erpani podél vlakna.

* vlnova optika:
statisticky rovnomérné rozlozeni intenzity pole v kazdém bodé podél viakna
» paprskova optika:

90
=
52, (X. ¥ 60
=1
N
g
5 304
o
2
"chaotickeé" S0 . . -
0 200 400 600

Sifeni paprsku:

zaplnény fazovy diagram s, Ol poloha odrazu, s [um]

33
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Zkoseny kruh: "D-tvar" vlakna
A. tloustka vlaknad >R
. d=15xR
\NY, > .;'
s S
0% 73
PR \\ 7 © 40
IR XTI N\ N =
Qi) NV .-
i ,&\4“\\, © 2
\\“P *‘L’,b;.,,: oV [0)
oy S
yx ‘.‘l K ) 0
N2 4 200 400 600
r— poloha odrazu, s [um]
splnuje podminky chaotického Sireni
34
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Zkoseny kruh: "D-tvar” vlakna

B. tloustka vlaknad <R

[0}
o
N

[}
o
N

N
o
N

uhel odrazu, o [°]
N
o

0 200 400 600
poloha odrazu, s [um]

nesplnuje podminky chaotického Sifeni

35

Ovérené optimalni prurezy

2x zkoseny kruh zkoseny "stadion" "kyticka"
obdélnik

ololols

splnuji podminky chaotického Sireni

36
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DalSi optimalizace absorpce

Spiralni tvar plasté
s jadrem blizko zlomu

zZ

17 % 1 0 B
(b)

Fig. 3. (a) Efficiency » of absorption of the pump light in the

core versus Z = Kgz. Upper dashed curve, case of ideal mixing

[estimate by Eq. {9}]; dotted curve, simulation of spiral cladding

with displaced core; intermediate dashed curve, the analytical

estimate by formula (10); upper solid curve, numerical simula-

tion for the same case; vertical bars, simulation for the starlike

cross sectlon; circles, simulation for spiral cladding with centered

core; lowest solid curve, simulation for circular-symmetric case;

lowest dashed curve, analytical estimation for the same case ac-

cording to Eq. 111).  (b) Efficiency of absorption of the pump light D. Kouznetsov and J. V. Moloney, "Efficiency of pump absorption
in the core of the offset-spiral double-clad fiber at Ay in double-clad fiber amplifiers. Il. Broken circular symmetry,”

= 0.005 x 7!, bars; 0.01 x7%, dots; 0.02 x ™! small circles; 0.04
u74, large circles; versus dimensionless Z. J. Opt. Soc. Am. B 19, 1259-1263 (2002)

. Dritsas, T. Sun and K. T. V. Grattan, "Stochastic optimization of
conventional and holey double-clad fibres",

9
) J. Opt. A: Pure Appl. Opt. 9:405-421,2007.

‘e
Nideal = 1 — exp{—Z){ﬁo(

37

Mode-scrambling (Michani médu

(b) "

Pxs
P. Koska, P. Peterka, et al., SPIE Optics+Optoelectronics 8775, 2013.
P. Peterka, P. Honzatko, P. Koska et al., SPIE Photonics West, p. 9344-74, 2015

P. Koska and P. Peterka, Opt. Quant. Electron., 47:3181-3191, 2015
P. Ko3ka, P. Peterka and V. Doya, IEEE J. of Selected Topics in Quantum Electrtonics, March/April 2016, in print 38
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Mode-scrambling (Michani médu)

z=0.01mm z=0.01mm z=0.01mm

— —

Straight Twisted

005 0.1

015 02 025 03 035 005 041 015 02 025 03 035 005 01 015 02 025 03 035
P. Ko3ka, P. Peterkd) et al., SPIE Optics+Optoelectronics 8775, 2013. m m

P. Peterka, P. Honzétko, P. Ko$ka et al., SPIE Photonics West, p. 9344-74, 2015

P. Koska and P. Peterka, Opt. Quant. Electron., 47:3181-3191, 2015

P. Ko3ka, P. Peterka and V. Doya, IEEE J. of Selected Topics in Quantum Electrtonics, March/April 2016, in print

Plastém cerpané vlaknové lasery —
mikrostrukturni vlakna

KL

6(‘6

vy$8i NA, az 0,7 — lepSi u€innost vazby z Cerpaci LD

vétsi jadro — potlaceni nelinearnich jevl (SBS, SRS)
— vy3$8i absorpce Cerpani

efektivni ,mode scrambling” dokonce i pro kruhovy

prafez vnitfniho plaste.

Crystal Fiber, Dansko, http://www.crystal-fibre.com/

40
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Parametr kvality svazku: BPP

Beam Parameter Product: BPP=wx6 [mm mrad]
W ... polomér svazku v kr¢ku
0 ... poloviéni uhel divergence svazku méfeny ve vzdaleném poli

¢im vétsi BPP, tim méné kvalitni svazek 1000

pro Gaussovsky svazek plati
A

0=" =
T W

100

larmp-pumped
Nd:YAG lasers

AL e
BPP= 1/7=0.339 @ 1064 nm ryasers

thin disk
Yb:YAG lasers

beam parameter product (mm mrad)
=]

1 10 100 1000 10000
M’ beam quality factor

41
Parametr kvality svazku: M2-faktor
BPP BPP
Definice: M?=——=———
Alr BPPs,
Divergenci svazku pak g M? )
Ize vyjadfrit: = W
M2 faktor urcuje:
* na jak malou plosku je mozné pfislusnou optikou fokuzovat svazek
« spolu s vykonem ur&uje jas (resp. zafivost, H; anglicky brightness, B)
svazku [W/m?/Sr], Gausslv svazek: ’ P
2 P P obecny svazek :H(nebo B) = ——
- ﬂwg pe) - ) [ 2 ]2 - EE )l hA
g T ——
ﬂWD
Pro nesymetrické svazky (napf. pole LD) je M? faktor v kazdé ose jiny
42
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Parametry realného svazku pomoci M?faktoru

* For non single-mode beams Wy, =M -w,
A
¢ Beam Parameter Product BPP=w,, 0, =w, Nd=—M"
T
- 4-f-4
¢ Focused beam diameter 2w, = f M?
- Ly
8. frA
¢ Depth of focus L=21z, :%
m-DyM~
Ohniskova hloubka: dvojnasobek Rayleighovy vzdalenosti 27W2
(eff. plocha G. svazku je 2x vétsi nez v ohnisku) "= 43

Ohniskova hloubka pro rizné typy lasert

Spot Beam
BPP Diameter diameter Focal Depth of
Laser type M2 length L focus
[mm-mrad] 2w D il Tam |
[mm] [mm]
Disc 25.8 8.8 0.77 Lol
€O, 1.76 6.0 0.6 45 1.12 3
SM Fiber 1.1 0.4 13.3 45

Focusing Optical Head

e Working distance for SM fibre lasers can be meters long.

+2wD : + Lamp Pumped
Nd:YAG Laser
o)llp j—-—j w
" 5 - Diode Pumped
f ! L ! d:YAG Laser

44

22



IPG: svareni vlaknovym laserem na dalku

5-kW vlaknovy laser s 2-m ohniskovou vzdalenosti pfi testovani svafeni na dalku automobilovych karosérii.
www.photonics.com/images/features/ipgremotelaser.wmv

45
10 kW jednomédovy Yb viaknovy laser
traditional pumping region
with MM pump diodes
Short wavelength
1.60F-024 o (1015 - 1020 nm wavelength
— Abspion | range)
1,40E-024 . _—
i M
1,20E-024 4} i E N 1030 nm Higher pump absorption
e 1.00E-024 4 lI g / \-\ l
& | 8 / Shorter fibre length amplifier
@ ‘ /
O 8.00E-025 -
g 1 1018 nm l
8 sooe02s 11 z = o Suppression of non-linear effects
© 4 Wavsiengh rm
4,00E-025 - + i
0,00E+000 - T T T J
" 5 oo 1020 1040 1060 1080 1100
advanced pumping region
| with SM fiber lasers Wavalength; 6m
sorption spectrum of Yb3* ions in silica glass
| Bl K <]
— FHOTONIGS
Phot West, 2008
46
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http://www.photonics.com/images/features/ipgremotelaser.wmv

10 kW jednomédovy Yb viaknovy laser

° uspofadani master oscilator — vykonovy vlaknovy zesilovac

* prvni stupné konvertuji zafeni z ¢erpacich LD @980 nm s relativné velkou
zafivosti do 1 kW SM zareni @1070 nm

* posledni vykonovy zesilovac se ziskem 7.8 dB je ¢erpan SM (,nejjasné&jsimi*,
highest brightness) Yb vliaknovymi lasery @1018 nm, PCE~75%

* pouziti large core fiber (—LMA, large mode area) eliminuje nelinearity, nebyl
pozorovan SRS (Stimlated Raman Scattering)

‘ Master Oscillator ‘ | Power Pre-amplifier ‘ ‘ High Power Amplifier | Delivery Fiber

—

‘Pump LDs‘ |Pump LD5| ‘Pump LDS‘ ‘Pump LDS‘

| Bl S K <]

TPHoToNIGE

Phot West, 2008

200 W, 1018nm
Yb SM fibre
pump Lasers

47

Vazba zareni z €erpaci laserové diody
nebo pole diod do mnohamoédového viakna

48
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Diode Laser Pump Sources

Wavelength options:

GaN —  380-nm — 480nm — Pr3*

GalnP, AlGaInP — 640nm — 680nm — Cr:LiCAF, Cr:LiSAF
AlGaAs, GaAs —  780nm — 860nm — Nd*', Tm3"

InGaAs —  900nm — 980nm — Yb*, Er¥*
InGaAsP/InP — 1.47um— 1.6pym — Er*
InGaAsP — 1.8um—1.96um — Ho**

Diode laser types:

(a) Single-stripe (single-mode) diode lasers
Emitter size ~1pum x few pm
Beam divergence (FWHM): 6 = 25°- 30° (perpendicular to junction) and
0,7 7° (parallel to junction)
My2 =M=
Max. ew output power ~0.5 — 0.8W (limited by catastrophic failure)

A. Clarksson, "High power fibre lasers and amplifiers”, Winter college on Fibre optics, Fibre lasers and sensors,12-23 February 2007.

(b) Broad area diode lasers
Emitter size ~1pm % ~100pm
Beam divergence (FWHM): 6, = 25°-30° and 6= 8°
M2=1and M *~15-20
Max. cw output power ~ 7 - 8W

(c) Diode-bars
Emitting region ~Ipm x 10mm
Beam divergence (FWHM): 6, = 25°-30°
and 8, = 6°- 9°
M2=1 and M_*~ 1300-1800
Max. cw output power ~ 40-120W

(d) Diode-stacks
Emitter region ~ N x bar spacing x 10mm
Beam divergence (FWHM): GY: 25°-30° and 6, = 9°
M ?= [(N-1) = bar spacing/emitter height] + 1
and M2~ 1300-1800
Max. cw output power ~ 40-120W x N

£
-

A. Clarksson, "High power fibre lasers and amplifiers", Winter college on Fibre optics, Fibre lasers and sensors,12-23 February 2007.

49
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Main requirements for efficient pump coupling:
L. Selection of appropriate diode pump laser(s)
2. Pump light collection and aperture filling
3. Re-formatting of the beam using a ‘Beam - Shaper’ to roughly equalise the
M? parameters in orthogonal planes preferably without decreasing

the brightness

Beam shaping

T ] ’
M2 >> M2
IVIXfZ =~ lefi = (NIXizN[yE)Gj

4. Scheme for launching into fiber

5. Management of stray pump light

A. Clarksson, "High power fibre lasers and amplifiers”, Winter college on Fibre optics, Fibre lasers and sensors,12-23 February 2007. 51

Fiber-bundle-coupled diode-bars: (seerefs. 9 and 10)

(a) .
Low fill-factor  Linear array
diode-bar of fibers L .
————  Fiber bundle y
— - \ — +  Simple and robust way to equalise
—— ¢ M? parameters for diode-bars
e .“"‘ ¢+ Fibers are under-filled
/ Amange in closc-packed | — Low brightness
Fiber lens T \ ¢+ Output from bundle can be coupled
into a single delivery fiber using
lenses or a multimode coupler
0 mm (tapered fiber bundle)
®) +  Combination of free-space optics
Diode stack and fiber bundle approach
Multimode +  Can be used to equalise M? parameters
for diode-bars or stacks
+  Higher brightness than method (a),
but more complicated and expensive
Micralens +  Output from bundle can be coupled
into a single delivery fiber as for
method (a)
A. Clarksson, "High power fibre lasers and amplifiers", Winter college on Fibre optics, Fibre lasers and sensors,12-23 February 2007. 52
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Free-space beam shaping techniques

(a) Two-mirror beam shaper

Mirror

s Re-shaped (stacked)
Slow=axis , :
] beam Cylindrical
Diode-bar  1ong array \ lens
N\ / z

Plan view

Focusing
Tens
x
\/ Fasi-a ;Lb Beam-shaper
v collimating lens -+
Output Delivery

fibre

»  Two mirrors used to slice beam in poor beam quality
direction and stack resulting N beams in the orthogonal

direction
Side view - Mif = Mif ~ |1 _SMi‘Mi
; Oupt bychoosing N = /M, /1.3M

beams

D-(3)

+  Simple + low loss

* Can be used for bars or stacks

* Output can be focussed into the active fiber or delivery
fiber

W. A. Clarkson and D. C. Hanna, "Two-mirror beam-shaping technique for high-power diode bars", Opt. Lett., 21(6):375-377, 1996.
A. Clarksson, "High power fibre lasers and amplifiers", Winter college on Fibre optics, Fibre lasers and sensors,12-23 February 2007. 53

Yterbiem dopovany vlaknovy laser

Signal output

HT @475 nm 1 um

HT @975 nm
HR @11 pm

HR @~1.1 pm

Diode stack

Diode stack
@975 nm, 0.6 kW

@975 nm, 1.2 kW

HT @975 nm
HR @~1.1 pm Double-clad

Fig. 1. YDFL experimental arrangement with two diode-stack pump sources.
HR: high reflectivity, HT: high transmission

® Measured e '
12 — Linear fit
30
10 /

s Slope efficiency: 83% / a0
=8 e =
§ S 0
206 H
H , g
g4 A o0
o \
02 / o
(TR P 1 — ]
00 02 04 06 1000 1050 1100 1150 1200
Launched pump powwar [KW] Wavelangth [nm]
(@) (by Y. Jeong, J. Sahu, D. Payne, and J. Nilsson,
Fig. 2. (a) Fiber laser ontput power vs. launched pump power. (b) Laser output "Ynerbmm—do_ped large-core fiber laser with
spectrum at full power. 1.36 kW continuous-wave output power,"

Opt. Express 12, 6088-6092 (2004)
54
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Zpusoby navazani zareni do vlakna

typ A)  Er/Yb dopované vliakno SG852 (URE), laser sestaven na FJFI CVUT
vykonova konverzni u¢innost 32% pfi ¢erpani 750 mW @ 969 nm

Er:Yb vidkno

Filtr
fokusaéni optika E } T,@1.5um

Cerpaci kolimacni optika Detektor
laserova
dioda
50 o
=3 = rovné vigkno
E = dzivite=12 om
- 2 zivily =12 cm
6 #07-v— 3zénity p=12 cm
=
=
g a0
s
@
2
=

g

zelené svitici up-converse detail zalomeni vlakna

a

200

[ S

I i—
400 600 00 1000
Budici vykon [mWW]

A. Zavadilova, et al., Conference of Advanced Solid-State Photonics ASSP'05, paper WB25, Wien, Austria, February 6-9, 2005

P. Peterka et al., Photonics Prague 2005, June 10, 2005

Schéma energetickych hladin iont

1. Rezonanéni nezafivy
prenos energie mezi
Yb* a Er**

. Nezariva relaxace
Yb™ spojena s
rezonanéni excitaci
hladiny ‘F,, Er*

2
F 5/2

N>
N>
NS
Cerpani

zelené svitici up-converse

55

EraYb

56
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Metody napojeni zareni signalu a €erpani do
jednoho dvouplastového vlakna

57

Zpusoby navazani zareni do viakna

coupling
pump optics double-clad

a) pfimé navazani objemovymi prvky laser rare-earth doped fiber

diode
Casto vyuZivané v laboratofich, nutnost nastavovani E<.\<, />_<::

pump

b) svazek vlaken obsahujici signalové vlakno a

Cerpaci vlakno(a), napr. svarovany vazebni &len ]|
Tapered multimode-fiber coupler: Gapontsev V. P. et al., CLEO'96 (1996), 205. V' NAR 1
Star coupler: DiGiovanniD. J., U.S. Patent 5 864 644 (1999). QGV
GTWave fiber: Grudinin A. B. et al., CLEO'99 (1999) CPD26.

c) stranové Cerpani [

V-groove pumping: Goldberg L., El. Lett., 33 (1997) 2127.
Grating or prism coupling: Weber T. et al., Optics Comm., 115 (1995) 99.
Embedded-mirror side-pumping: Koplow J. P., JQE 39, (2003) 529.
Angle-polished fibers: Larsen J. J., Opt. Lett. 29 (2004) 436.
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Zplusoby navazani zareni do vlakna

typ B) Lucent Technologies: "Star coupler"
D. J. DiGiovanni, U.S. patent #5,864,644.

ce’bg,,/‘ .

vstupni T R
A svareny zesileny
signal 5 A
svazek Pokryv polymerem vystupni

vlaken s niz8im indexem lomu signal

59

ZpUsoby navazani zareni do vlakna - IPG

broad-area broad-area

multimode multimode

pump diodes pump diodes
[TD], « [CO][LD] D] = *ITD]

collimated
laser output

multimode  cladding-pumped multimode
coupler active fiber coupler

HR
(R>20 dB)

jedno z moznych fedeni: protazeny svazek  svazek viaken
vlaken "taper”

aktivni jadro  svar

Cerpéni z LD
nmzﬁnké do Valentir) P. Gapontsev
«—= 1991, Ustav radiotechniky
a elektroniky,
f i gt Akademie véd SSSR
VRGjSi plast nyni hlavni viastnik firmy
6 erpacich viaken IPG-Photonics
— e (USA, Némecko, Rusko)

60
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Zplusoby navazani zareni do vlakna

typ B) Southampton Photonics: "GT Wave" vlakno (vlaknovy svazek)

spoleény vné&;jsi plast

s ni8im indexem lomu * nékolik vzdjemné spletenych holych vidken se
\,/*m T spoleénym vqéjéim pléét"ém. !ntegrovany
/ ( vazebni €len je vyrabén jiz pfi tazeni viakna
* jednoduché konstrukce
\ ) * minimalni vazba signalu do Cerpacich viaken

N chrani erpaci diody
Cerpaci

viakno —dopc\,vané » "snadny" pfistup k signalovému viaknu
(Sionélové) . gerpani navazané do jednoho z vidken se Sifi

celym vlaknovym svazkem

61
o V4 I 4 r yw r V4
Zpusoby navazani zareni do vlakna
typ B) Southampton Photonics: "GT Wave" vlakno (vlaknovy svazek)
spoletny vn&jsi plast Vazba &erpani mezi viakny svazku
s niz§im indexem lomu P
\’/ Y E Power in Pump Fiber
g \ = 075
[ <
é, 050 3};‘3&5}00@
/ S ;;/?{\
& N 8 025 \
erpac g\ { Power in Signal Fiber Clad
viakno dopované i r: f 2 i I
(signalové) 0 20 40 60 80 100
vlakno Fibre length, cm
2-vlaknovy GTWave svazek, Interakéni délka <50 cm 62
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Zplusoby navazani zareni do vlakna

« typ C) boéni ¢erpani V-drazkou
. V-groove side pumping (VSP)
. dvouplastové
V-drézka viBkno
¢ [Goldberg97] L. Goldberg, B. Cole and E.
m Snitzer, "V-groove side-pumped 1.5 um fibre
:"é(:..»-—-y amplifier”, Electronics Lett., 33(25):2127-
/4. it / +\ 2129, 1997.
) m— «  [Dominic99] V. Dominic et al., "110W fibre
: N laser", Electronics Lett., 35(14):1158-1160,
mikro¢ocka l } 1099
i
Pole
Cerpacich « Keopsys (Francie), SDL, IMRA
diod (USA)

63

Zplsoby navazani zareni do vlakna

double-clad fiber
of tailored .
cross section polymer coating

multimode fiber (outer cladding)

pump splice

S

signal =

L4 T
standard inner cladding for rare-earth
single-mode fiber propagation doped core
of the pump

* Pozadavky na tvar prarezu DC vilakna:

* 1. je co nejvice podobny prafezu dvou vstupnich viaken pro usnadnéni svaru

« 2. zajistuje optimalni absorpci €erpani podél viakna (chaotické trajektorie
paprsku)

64
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Priprava dvouplastového viakna

vybrany tvar prafezu "stadion” Tor_nografické zobraze_ni [?rlfu"ezu a
profilu indexu lomu typické preformy

y [mm]

Realizace v praxi: spojeni dvou
preforem zbrousenych po stranach

% 12 9 6 2 0 3 6 9
x [mm]

mikroskopicka fotografie ¢ela DC vlakna

65

Vlastnosti Er/Yb dopovaného DC vilakna

Rozmeéry vnitfniho plasté : 243x136 um
Material vnéjsiho plasté:

polysiloxane polymer (n~1.41) —» NA=0.37
a ochranny UV-vytvrditelny akrylat

136 um

NA jadra: 0.23, primér jadra (avg.): 12 pm < r— >
— §iféni ¢étyf modu na A= 1550 nm .

15+ Pre;orm Re'fractive' Index F:’rofile '
{15
Koncentrace: Er~600 ppm, Yb~12000 ppm "
(pomér Er:Yb ~ 1:20) [ 110

10.5

RIP [x10° r.i.u.]

Absorpce Er na 1535 nm (jadro): 23 dB/m
Absoprce Yb na 975 nm (plast): 3.1 dB/m 0 W

Ztraty pozadi (zakladni ztraty) vlakna: 0.1-0.2 dB/m ) concentration )
-0 05 00 05 1.0
r [mm]

Concentration [At %]




Vlastnosti Er/Yb dopovaného DC vilakna

25

—— absorption
emission

Rozmeéry vnitiniho plasté : 243x136 um 20

Material vnéjsiho plasteé:
polysiloxane polymer (n~1.41) — NA=0.37
a ochranny UV-vytvrditelny akrylat

15

10

Absorption [dB/m], Emission [a.u.]

NA jadra: 0.23, pramér jadra (avg.): 12 ym 0 . .
ciex 1450 1500 1550 1600 1650

— §iféni ¢tyf modd na A= 1550 nm Wavelength [nm]

Koncentrace: Er~600 ppm, Yb~12000 ppm

(pomér Er:Yb ~ 1:20) E 1ol
2
Absorpce Er na 1535 nm (jadro): 23 dB/m e
Absoprce Yb na 975 nm (plast): 3.1 dB/m % 05
o

Ztraty pozadi (zakladni ztraty) vlakna: 0.1-0.2 dB/m

0.0 L L L
1450 1500 1550 1600 1650
Wavelength [nm]

1. Distance needed for homogeneous
transversal distribution of the pump

simulation software: OlymplOs ver 5.1.12
(C2V & Uni. of Twente, Netherland)

3D BPM, Gaussian input beam (25 x 35 pum),
A,=975 nm, tilt a=3-6 ° (spool diam. 3-10 cm)

136 um

index

wii gpz
Lww) A
B

X [mm]

COST 299, Berlin, 5-7 February 2008 68
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1. Distance needed for homogeneous
transversal distribution of the pump

0 mm

Lwir) A

50‘ 2 OVU
K [pm]

COST 299, Berlin, 5-7 February 2008

Norm. Power in lower part of the fiber

0.8

0.6

0.4

0.2

0.0

—tilt 3 deg.
tilt 6 deg.

\)/\\//\J/\V”WJ\ \/«f"""""\v\,m{

20 40 60 80 100
z [mm]

69

Comparison with fiber bundle - GTWave

common low index cladding

Pump fiber(s)
Doped (signal) fiber

COST 299, Berlin, 5-7 February 2008

Coupling ratio, %

1.00

0.75

0.25

0.00

J. Nilsson, "High power fiber lasers and amplifiers",
OFC'07,SC290, March 25, 2007.

Bundle of two fibers, interaction length <50 cm

| 1 1 1

Power in Signal Fiber Clad

1 1 1 1

20 40 60 80 100
Fibre length, cm

70
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2. Pump absorption

OlymplOs software is devoted to modelling of integrated optics devices
(device length limit ~20 cm) = 3D BPM software developed in LPMC Nice
was used to model absorption along the fiber.

Yb: 12000 ppm

O, Pek=28x10-25 m?2
the same cross-section
and Gauss. input beam:
25%x 35 um, -
A,=975 nm, |
tilt6°

index

H

o) A
§
Attenuation [dB]

"X (mm]

COST 299, Berlin, 5-7 February 2008

P. Leproux, S. Février, V. Doya, P. Roy and D. Pagnoux, "Modeling and optimization of double-clad
fiber amplifiers using chaotic propagation of the pump", Optical Fiber technology,7(4):324-339,2001.

——circular fiber b
—— "Stadion-like" fiber
ideal 7]

z[m] 71

2. Pump absorption

Pump absorption does not

saturates = cross section is

optimal.

Some DC fiber design may offer
absorption efficiency closer to
the ideal case.

Spiral cladding

T T T T
1.0+

<
&
NS
T 08 -
<
)
c 06 H
(]
5
&
g 04 ideal
= —— "Stadion-like" fiber
2 :
g 02 circular fiber i
Qo
<

00 1 1 1 1
0 1 2 3 4 5

z[m]

90% pump is absorbed
in ~3 m of DC fiber

COST 299, Berlin, 5-7 February 2008

D. Kouznetsov and J. V. Moloney, "Efficiency of pump
absorption in double-clad fiber amplifiers. II. Broken circular
symmetry," J. Opt. Soc. Am. B 19, 1259-1263, 2002.
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Svareni

svarecka optickych vlaken: Ericsson FSU-995 FA
drazky pro snadné polohovani vlaken:

before splicing - side view :
a) standard V-groove b) Groove for DC-fibre splicing

D 4

multi-mode top view
circular fibre

e =

single-mode
fibre

DC-fibre with tailored cross section

/

after splicing - side view

top view :

tvar dvou kruhovych viaken a DC vlakna se preci jen
liSi = mirné snizené ¢asy svarovaciho oblouku
Ztraty se SMF: 1.2 dB (diky rozdilnému profilu jader)
a<0.1dB s MMF. ~0.2 dB vzust v pfeneseném vykonu
(odstranéni Fresnelovych odraz( svarem)
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Fabrytv-Perotuv rezonator

pump laser diode

4

optical
bandpass
filter

llal

multimode
fiber

focusing
lens

Er/Yb doped
double-clad fiber
optical
power meter

Slope Efficiency [%]

30 T T T T T T T T T T

25 .. .
20

10 |

._./-——l——l

10

A

L L L L L L L L L L

1600

1590

1580

1570

1560

1550

1540

1530

o 1 2 3 4 5 6 7 8 9 10 1

Fiber Length [m]

rezonator laseru je tvofen kolmo zalomenymi konci vlakna (odrazivost 3.5 %).
Cerpani: MM laserova dioda s navazanim do vlakna, 1.3 W ve 100 um jadire MMF,

1.07 W v dvouplast'ovém vilakné.

Maximalni strmost 27% (slope efficiency), optimalni éerpaci vinova délka 980 nm.

Kruhovy rezonator

laser
output at

~1550 nm
optical
output isolator
coupler

Tuneable
filter
(optional)

Er/Yb doped
double-clad fiber

um) \
at 980 nm "/’ R

signal standard
' single-mode fiver

pump
double-clad fiber

multimode fiber of tailored
cross section

Optimalizace délky dvouplastového viakna

250 T T T T T T
Output coupler ratio:
< 200} 70% ]
E o
g 150 " — 90% 1
S — -
E L . k
é}' 100 30%\-\§ ]
>
O ot 10% "
é I_I\.—.\.\.
=
0 I I I I I I

2 3 4 5 6 7

Fiber Length [m]

Optimalni délka vlakna: 3.5 m.

P. Peterka, |. Kasik, V. Matejec, V. Kubecek, and P. Dvoracek, Optics Letters 31 (2006), p. 3242.
"End-pumping scheme improves fiber-based devices", Laser Focus World (December 2006).
"End-Pumping Fiber Amplifiers Made Easy", Photonics Spectra (January 2007).

Laser Wavelength [nm]
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Laser Output Power [mW]

Kruhovy vlaknovy laser

s optimalni délkou viakna L=3.5 m

Laserové kfivky pro razné vystupni délice Preladitelnost laseru

200F  Output coupler ratio: ] S 250F Output coupler ratio: ]
- 5 90%
= o - 0]
200} . 1
150 f ] g
& [ S \
< 150¢ o, ]
100 1 3 N
- S 100} T ]
o L LN .
50¢ ] w ] § “ 30% \.hl\".‘.‘.:-\-“
/ /'/ .—l—'"—.—.— @ S0t ]
R 10% ~
0 I e el . L L 0 . . . N
0 200 400 600 800 1000 1200 1400 1530 1540 1550 1560 1570
Input Pump Power [mW] Wavelength [nm]

Maximalni strmost 22.6% pro 90% vystupni vazeni €len (PCE = 19%).

Viaknovy zesilovaé

Erbium- and ytterbium-doped

double-clad-fiber module
pump laser
@ 975 nm

optical
i isolator

output signal
(~1550 nm)

optical
isolator

=1
Eed

* H

input signal
(~1550 nm)

pump
D
double-clad fiber of
tailored cross section
> {
signal

‘ TSSMF

P. Peterka, |. Kasik, V. Matéjec, M. Karasek, J. Karika, P. Honzatko, V. Kubecek, "Amplifier Performance ... ",
Optical Fiber Communication Conference OFC'07, paper JWA12, Anaheim, California, USA, March 25-29, 2007.
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Vlaknovy zesilovaé¢

Gain and noise characteristics of the experimental amplifier module ~ Demonstration of the amplifier performance in a WDM

40for the weak (1 uW) and strong (1mW) input signals system with eight channels separated by 100 GHz.
T T 20 T T T T T
E \- 10
o LA I
2 k=
i.lt_? / \\\. g 10
g -
& 20r ’ . A e
2 ./ e, . g o
£ g o w0
s E
& 10 ) g
b _sco. noise
S ENge’s w:;;:;r;::::::;_:@ 40
\ h 50 . 1 . . .
1520 1540 1560 1580 1530 1535 1540 1545 1550 1555 1560
Wavelength [nm] Wavelength [nm]

Bylo dosazeno maximalni malosignalové zesileni témér 40 dB a vystupni vykon 22.6
dBm (186 mW) pfi relativné nizkém cerpani 1.3 W. Nejlepsi Sumové charakteristiky byly
dosazeny pro malosignalovy rezim se sousmérnym cerpanim. | pro velkosignalovy
rezim bylo Sumové ¢islo mensi nez 6 dB.

79
Limity vystupniho vykonu
kontinualnich vlaknovych laseru
Power scaling limits of continuos wave YDFL
80
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Plastém cerpané vlaknové lasery

224
2.04 2 KW, Yb (IPG) #,
1.8]
16
1.5 KW, Yb (Jena)
Ly 1.4 KW, Yb (ORC) ¢
=124 1.2 KW, Yb (ORC)#
§1n_
3 0.8 KW, Yb
gO.B- (Dual-ended output)
©06] 610 W, Yb (ORC)
=" 485 W, Nd/Ybe, {400 Wi Yb
] 280 W, JAC
024 110W, Yb>" ' ** vp PCF
oo S0M: N ' 135 W, Yb _Year

LIS DL T N B IS N S
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Pokroky ve zvySovani vystupniho vykonu
jednomddovych Yb-viaknovych lasert
emitujicich @1.1 pm.

J. Nilsson, OAA'05, Budapest, August 7-10, 2005

iterbium
) Fiber Lasers
10 KW

. Erbium Thulium
0,74 = Hov'az Fiber Lasers

1 W

100 W

nw

106192 pm 154162 um 1.72:2

DalSi dostupné vinové délky
vykonovych vlaknovych laser( a jejich
maximalni dosazeny vystupni vykon.
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Plastém cerpané vlaknové lasery

224
2.04 2 KW, Yb (IPG) #,
1.8]
164
1.5 KW, Yb (Jena)
Ly 1.4 KW, Yb (ORC)
=124 1.2 KW, Yb (ORC)#
§1n_
3 0.8 kW, Yb
Q0.8 (Dual-ended output)
?06] 610 W, Yb (ORC)
8 400 W, Yb
0.4]
t‘gao W, JAC
02] 110w i Yb PCF
T 135 W, Yb _Year

—f——r——r 77T T T 1
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Pokroky ve zvySovani vystupniho vykonu
jednomdédovych Yb-vlaknovych laseru
emitujicich @1.1 pm.

J. Nilsson, OAA'05, Budapest, August 7-10, 2005

Kam az poroste vystupni
vykon?

Jaké jsou limity Yb
vlaknovych lasert?
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Vykonova omezeni Yb vlaknovych laser

Optické poskozeni priirazem dielektrika.
E? 7
e =Lt z7==0 Z,=377Q
2Z n
E,=30x108 VIm, 1,,,=1.7 W/um? , v opt. vIakné |,,=3-20 W/um?
I=P,/Acz — Cim vétSi jadro, tim 1épe. (odhad Kaoss: 50 MW/cm?, tj. 0.5 W/pm? )

Rovinna vina v kiemenném skle; |

Tepelna zatéz, typicky pyerme™*=100 W/m pfi vzduchovém chlazeni, bylo
demonstrovano az 200 W/m pfi vylepSeném odvodu tepla. Cim vétsi tim lépe.
Slabé misto - polymerni pokryv. Moznost prodlouzit viakno neni neomezena.

nelinearni jevy (Ramanovo a Brillouinovo zesileni),

generace neuZite¢ného zareni na ukor signalu.

Napf. pfijatelny Ramanovsky zisk je Gg™=3-10 Np (13-43 dB),

Raman scattering: 13 THz (44nm @1000 nm, 92nm @1460 nm) Brillouin s.: 10 GHz (backward)

GRr=0rPoutLei/Aett » 9r=0.5 X101 m/W, L 4=L/2 ¢im krat$i vlakno, tim Iépe.

Gg™ zavisi na navrhu rezonatoru, zpétnou vazbu Ize pro Stokesovu sloZku potlacit.

L vyjadiuje Usek vlidkna, kde je vyznamna nelineérni interakce (eff. Interaction length, Agrawal p.17). Ve
vlaknech, kde je svazek vedeny a nediverguje, je ur€ena Utlumem viakna. Ly = 1fexp(fapL)]/ap

J. Nilsson, Optical Fiber Communication Conf. OFC'05, Anaheim, California, short course SC290, 25 March 2007.
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Ramanovske lasery
Ramantyv rozptyl — nepruzny (neelasticky ) rozptyl svétla v latce, tj. energie
dopadajiciho fotonu je pfeménéna do fotonu s nizsi energii a do fononu
(vibragnich stavd molekul materialu).
Frekvenéni posuv v kiemenném vlakné: ~13 THz
silny signal (¢erpani) mize pfedavat energii signalu na delsi vinové délce
¢erpani 1 um max. zesileni pro zafeni @ 1044 nm
— stimulovany Ramanuv rozptyl

254
Rayleightv rozptyl - pfiklad —;‘
elastického, pruzného rozptylu (~1/A%), - 204
kdy frekvence rozptyleného svétla je »E ——DCF
stejna jako dopadajiciho. w18 DSF
Brilluiniiv rozptyl - neelasticky rozptyl, = SEMF
odraz dopadajici viny od akustické viny, < 1.0+
kterou dopadajici vina sama generuje. = P
Rozdil frekvenci rozptyleného fotonu je 054 g \
cca 10 GHz (Dopplertv posuv dany = i \
rychlosti $ifeni akustické viny v 0.0 = : - v = N e
prostredi) 0 5 10 15 20 25 30 35
frequency offset, THz
84
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Ramanovské lasery

Stimulovany Ramanoviv rozptyl v jednomdédovych optickych viaken Ize vyuzit k
ucinné konverzi zareni laseru do optické viny s nizSi frekvenci, do tzv. Stokesovy
viny. Zapouzdfené rezonatory — posun dale k delSim vinovym délkam.

vystupnl FBG
FBG odréZejicl odréZejicl
100 % @ 1086 nm 90 % @ 1086 nm
0% Jinde 0% Jinde
-
o i i
Cerpéni MM Yterbiem dopované
laserovou diodou dvouplastové vidkno
@980 nm

FBG@ FBG@ FBG@ FBG@ FBG@ FBG@ FBG@ FBG@ FBG@ FBG@
1144nm  1208nm 1280nm 1362 nm 1455 nm 1456nm  1362nm 1280nm 1208 nm 1144 nm

vystup laseru
@ 1455 nm

85

Vykonova omezeni Yb viaknovych laser

Absorpce €erpani. Celkova absorpce Cerpani alespon o, min=3 Np (13 dB).
Dosazitelna absorpce v jadfe a,°°"=2000 dB/m (fosfosilikatova skla) @975 nm.
] a,"¢=500 dB/m (aluminosilikatova skla) @975 nm.
Cim vetsi a0 tim lepsi.
PFi velkych koncentracich problém s jevem photo-darkening, parovym zhasenim.
Jiné dopanty: 100 dB/m (Nd), 1000 dB/m (Tm @790 nm)

jen 50 dB/m (Er) @980nm, proto je nutna sensitizace yterbiem
S rostouci koncentraci dopant( se zvy$uji zakladni ztraty vliakna.

Zakladni ztraty (background loss, BG):

Akceptovatelné celkové ztraty jsou aggt™*=0.2 Np (0.86 dB, 18% single pass
loss). Cim menéi tim lepsi.

Dosazitelné zakladni ztraty: az5=0.005 Np/m (0.022 dB/m).

Uginnost
Vykonova konverzni u¢innost Yb lasert 0.7-0.9, typicky 0.8.

86
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Vykonova omezeni Yb vlaknovych laser

Navazany ¢erpaci vykon
Typicka intenzita ¢erpacich diod 3 mW/um?2
Pokrocila technologie diod & vnitini plast s velkou NA — az 10 mW/um?
celosklenéné vliakno: NA 0.2-0.3 — vyzaduje diody s velkou zafivosti
vlakno s polymernim vnéj$im plastém: NA 0.4-0.5 (ale problémy s
tepelnym poskozenim)
mikrostrukturni viakno (air-clad): efektivni NA 0.6-0.8 (nominalni 1.1)

velikost vnitiniho plasté ¢im vétsi, tim vice ¢erpaciho zareni Ize navazat.
Ale snizuje se tim absorpce, protoZze o= 0, Aggro/Agjag-
Vlakna silnéjSi nez 1 mm Ize téZko ohybat (a vyrabét)

délka vlakna parametr, ktery Ize nejsnaze ménit.

Dlouhé vlakno zvySuje absorbovany €erpaci vykon, zlepSuje tepelnou zatéz
(thermal management - jedna z hlavnich vyhod vliaknovych laserua!)

Krat8i vidkno naopak potladuje nelinearni jevy, snizuje zakladni ztraty a tedy
zvy8uje ucinnost laseru. Max. délka Yb vldkna je cca 30 m.

87
y y 4 r y L4 o
Vykonova omezeni Yb viaknovych laseru
. X tot,
)1l pt"hifTal_aé°é“x AN 2(L1 Ly )71y AvopAs G "
ot,mn mi —
aBGap (1_77) aBGa;‘“ mn gRatpm,mm
ztraty & odvod tepla ztraty & navazané Cerpani Raman & navazané Cerpani
25 . T T : : ; C .
\ lnaxAet Optické poskozeni

20 1 / max Grmx
s 2(L/ Ly )77 Prvermar®sir Gr
0 A gr@-n)ay™
B Raman & odvod tepla
S 10} .
s Aci=Adop=Acore (N€Z. proménna v grafu)

gl | =10 W/um?

1,=10 mW/um?
n=0.8
0 L L 1 1 L L 1 plhermalmax:zoo wW/m
0O 200 400 600 800 1000 1200 1400 G"™=5 Np (22 dB)
Plocha jadra [um’] gR=O.5><1O'13 m/W
S témito parametry omezuje max. vykon optické poskozeni. a,"""=3 Np (13 dB)

ac®™>=0.2 Np (0.87 dB)
ag=0.005 Np (0.02 dB)
LiLg=2 88

Ale: pro mensi 7 (Er/Yb, Tm) miZe dominovat odvod tepla, ...
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Zvysovani vykonu a zarivosti (jasu)
spojovanim svazkii

Power and brightness scaling via beam combination

Introduction

Scaling the output power and radiance beyond the upper limit for a single fiber core
can be achieved via the use of multiple fiber sources or a multi-core fiber source
and beam combining!. Beam combining schemes fall into one of two categories:

(a) Incoherent beam combining:

Spatial beam combining

~BlEEe

N sources

—

—

T —>

—>

Far-field beam divergence of array = 6,
Far-field beam divergence of single element = 8¢

No phase relationship between elements — 8, =0

_ TNd6yg
2%

M2 = Two,
‘ 2%

and Mf;

A _ W _
=—=MNan

B, d

—

Py = power of a single element, P, = power of array, B¢ = brightness of
a single element, B, = brightness of array and 1 1s the fill-factor

A. Clarksson, "High power fibre lasers and amplifiers", Winter college on Fibre optics, Fibre lasers and sensors,12-23 February 2007.
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—  Simple and robust way to scale output power, but brightness cannot exceed the brightness of
a single element

Examples:

(a) Multi-fiber sources

['wo dimensional

array of high power - _» Multimode
dI

delivery fiber

fiber sources

— Multi-kilowatt power levels
are achievable?

Collimating lens \

Focussing [2] V. Gapontsev, www.IPGphotonics.com

lens

(b) Multi-core fiber sources
HT@ 976nm F1=20mm F2=20mm
HR@1040nm,
Pumpin at (
976nm
\ F3=25mm

Laser out at 1040nm

Yb-doped multi-core

ribbon fiber?
— Qutput power > 320W demonstrated (limited by pump power)?

A. Clarksson, "High power fibre lasers and amplifiers”, Winter college on Fibre optics, Fibre lasers and sensors,12-23 February 2007. 91

Polarization beam combining

10} = B, =21.B,

where 1), is the combining efficiency, which takes
| into account loss and misalignment

‘Wavelength beam combining

Dichroic mirrors

M _@ V/_}Hi\;ﬂ! or Ay Q
d 8
A

Diffraction graing
or prism

AthtA,

B, =Nn B,

A. Clarksson, "High power fibre lasers and amplifiers", Winter college on Fibre optics, Fibre lasers and sensors,12-23 February 2007. 92
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http://www.ipgphotonics.com/

Example:

f f
—r —r
d, Grating
Pump :I f =
t
A
=
f Common output coupler ensures
Pump that beams at different wavelengths

N fiber sources sharing

. Laser
a common external cavny

output

same angle ¢

o ‘ Output

Mty coupler
Spacing between 15 and N fiber cores = d, grating period = A, spacing of adjacent cores = s
Wavelength for i fiber laser: A, =A(sin 8; + sin ¢) and dispersion of grating: d6/dk = 1/(Acos 8)
— Wavelength spread for fiber laser array: AA, = Ad[(cos 8)/f] < Ak

where Ak, is the gain bandwidth for the transition and can be quite large (>100nm) in a glass host

S. J. Augst, et al., "Wavelength beam combining of ytterbium fiber lasers," Opt. Lett. 28, 331-333 (2003),
A. Clarksson, "High power fibre lasers and amplifiers”, Winter college on Fibre optics, Fibre lasers and sensors,12-23 February 2007.

> Power scaling limit = P AX; /AL

where P, 1s the power of a single element

This approach has been used to combine diode” and fiber laser arrays®*. For the latter. power levels
of >100W have been realised for an array of three cladding-pumped Yb-doped fibers using a fused
silica transmission grating as the dispersive element®,

Main challenges for power and brightness scaling:

. Accurate positioning of fiber cores in a linear array to avoid degradation i beam quality
. Lens design — Minimising degradation in beam quality due to aberrations
. Dispersive element design — Good wavelength discrimination, high efficiency, thermal handling

. Tight alignment tolerances

A. Clarksson, "High power fibre lasers and amplifiers", Winter college on Fibre optics, Fibre lasers and sensors,12-23 February 2007.

are all incident on the grating at the

93
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Vyuziti vlaknovych laseru

¢ optické komunikace:
e zdroje signalu

e vlaknové zesilovacCe

e testovani optickych komponent
e méfeni chromatické disperze

aplikace v mediciné

* & o o

Slunce:
teplota slune¢niho povrchu: 5780 K
Stefan-Boltzmann(v zakon:

I=cT* [W/m?] -

Intenzita svétla na slune¢nim povrchu:

I= 63 MW/m?2

zdroje pro Ramanovskou spektroskopii

zpracovani materialu (fezani, svareni, znackovani ...)

LIDAR — Light Detection And Ranging

95

Optické viakno:
pfi optickém vykonu 1 W v optickém
vlakné —»

intenzita svétla v jadie optického
vlakna: 12.7 GW/m2
cca 200 x vice nez na Slunci

utlum optického viakna:
0,16 dB/km, tj. ztrata 3,6%
prenaseného vykonu na 1 km viakna

pfi uplné absorpci v materialu tloustky 1 mm je materialza1 s
teoreticky ohrat o AT=AQ/(c-m)=3.6 milidnu K — odparovani materialu, rezani
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Zpracovani materialu

dekorativni ryti

Zza(i:skg\r:r:}l\?'robw Dérovani, od 1 mm
T pop Y u 5 mm otvor v
ocelovém plechu

Trepanovani
(vyfezavani)

dér, od 20um

50 um otvor v
ocelovém plechu

Vrtani a tvarovani vstfikovacich trysek pro
benzinové a dieselové motory

RozSitujici se

otvory — TIYIYOTIT T
125 um diry 1EH L
v hliniku  EE*REH"R* 8T
97
Svarovani
fez svarem

svar shora

DD IEP DI

98
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Zpracovani materialu

svarovani a fezani v automobilovém a lod'afském pramyslu
fezani 4 cm tlusté ocelové desky v lodafském pramysiu
Vlaknovy laser P < 2 kW, LASOX

99

Zpracovani materialu

fezani 10 cm silné betonové desky (4 kW @ 1.1 pum)

100
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Stavajici technologie pro pramysl:
CO, plynovy laser: max. vykon az 20kW, ucinnost az 10 %,
vyhody: vysoka absorpce v materialech, eye-safe,
nevyhody: problémy s dopravou svazku na misto.
pevnolatkové lasery ¢erpané vybojkami (Nd:YAG), vykon 20W az 4kW, ucinnost 2-4%,
vyhody:  moznost pouZziti optickych viaken pro transport svazku.
nevyhody: nizSi absorpce v materialech, pro povrchové svarovani je lepsi.

Zivotnost vybojek cca 1000 h.
Nahrada vybojkami ¢erpanych pevnolatkovych laseru:
Diodami ¢erpané krystaly, disky: vykon az 4 kW, G€innost 10-20%, pokrogila Zivotnost
Cerpacich diod 20x vétsi nez vybojek, pokrocila technologie, blizko k nasazeni v praxi.
Vlaknové lasery, nyni az 20 kW, ucinnost 25%, jednoduchost, modularni usporadani —
moznost dalSiho zvySovani vykonu, kompaktnost (neni nutné vodni chlazeni), neobsahuje
optické prvky, které potfebuji nastavovat, nebo pohyblivé soucasti — vysoka spolehlivost a

mala udrzba. =¢=C02-lasers  =M=Nd-YAG Lasers #—IPG-Fiber Lasars
100000
A
10000 —t A
« B A‘
= 1000
L
£ — A
= 100
3 A
P
o F'y
1
0.1
1970 1975 1980 1985 1990 1995 2000 2005 101

LIDAR

. ¢ « Atmospheric ¢
*, constituents 2
\ e

LIDAR (LIght Detection And Ranging) e &
— opticky RADAR =
Stejné jako RADAR vysila signal &
(opticky) k cili, je od ného odrazen ;
(rozptylen) a detekovan. Doba mezi
vyslanim signalu a jeho detekci je
umérna vzdalenosti mezi vysilatem a $
objektem.
vzdalenost objektu =

(rychlost svétla x doba Sireni) / 2

Ny

/

] S L Beam

) J }\ expander
| N
Telescope  steering
mirror

]
/

J

Fiber
Presnost stanoveni vzdalenosti optic

souvisi s délkou impulsu:

Lens
AL=c x At (1 ns =>0.3m i . Detpetor Data
( ! HﬁF} :
Filter ~
Mechanical shutter
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Typy LIDARG: LIDAR

Dalkoméry netradi¢ni aplikace —
e méfeni vzdalenosti druzic (FJFI)
e topografie zemského povrchu
(monitorovani eroze, rdstu stromu)

DIAL (Dlfferential Absorption Lidar)
méfeni koncentraci chemickych prvk( v
atmosfére (ozon, vodni pary,
znecisténi). Dvé A, jedna absorbovana
silné, referencni malo

Dopplerovsky lidar méfeni rychlosti
objektu. Svétlo rozptylené od
priblizujiciho se objektu vykazuje modry
posuv, od vzdalujiciho se ¢erveny posuv
frekvence. Méfeni rychlosti rychlosti
vétru, turbulenci pfed letadly (vlaknové
lasery!).

. ¢ « Atmospheric ¢
« *, " constituents &

Beam

’ | expander

W
\ d NP
Telescope  Steering
mirror

Fiber
optic

Lens Detector

< T4

Filter

~
Mechanical shutter

Data
storage
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LIDAR

topografie zemského povrchu

5 méstska krajina
ll prvni odraz — od stromu
posledni odraz —

od zemského povrchu

104
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Obranné systémy

Obranny systém amerického namofrnictva pro ni€eni taktickych zbrani obsahuje Sest
samostatnych vlaknovych laserd nekoherentné slou¢enych do jediného svazku s

celkovym vykonem 33 kW. Ukazka zni¢eni bezpilotniho letounu timto laserem.
Zdroj: US Navy

105

Obranné systémy

Obranny systém amerického namornictva pro nieni taktickych zbrani obsahuje Sest
samostatnych viaknovych laserti nekoherentné slou¢enych do jediného svazku s

celkovym vykonem 33 kW. Ukazka zniceni bezpilotniho letounu timto laserem.
Zdroj: US Navy
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Obranné systémy

Pro vicelucelové kolové vozidlo americké
armady, znamé Humvee byl napfiklad
vyvinut 2 kW vlaknovy laser pro ucinné
zneSkodriovani min a improvizovanych
vybusnin.

Dny otevienych dvefi v UFE v ramci TVT:

20. ro¢nik: 6.11.2020 - virtualné

https://lwww.ufe.cz/cs/poznejte-dalsi-nase-laboratore-virtualne

Chaberska 57, Praha 8 - Kobylisy Rozvojova 135, areal Akademie véd
cca 10 min od metra Kobylisy Praha 6, z Dejvické bus ¢. 107 a 147
nebo tram €. 17, zastavka "Libeznicka" zast. "Kamycka" v Suchdole
108
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B VYHODY VLAKNOVYCH LASERU

VYSOKA UCINNOST
Notoricky zndmym
nedostatkem vétsiny laserti
vidy byla jejich zoufale
mald Géinnost — v fadu
jednotek procent. Laserové

¢.2/2012: diody maji G¢innost
ive . celkem dostacujici, dokazi
Jifi Homola: pevést typicky 50% (max.

70%) elektrické energie
do laserového svétla.
Svétlo Cerpaci laserové

v . Xy diody je ve vldknovych
Ivan Kasik, Ladislav Sasek (Safibra eer L omecitiniie

. ; ; . Gci ti 60—70 %
optické vlaknové senzory ip‘;:'s"ggi,; laboratomé),

Str. 84-87: Biosenzory odhali ...

. o B Sklenéna , preforma”
str. 44-46 Jak si posvitit na tunel | takze celkova dtinnost dvou:ﬁz?:\,é'f,f orma

komerénich vidknovych

lacar’s Ancahuia 2%

optického vlakna

21. STOLETi — PANORAMA é&. 6/2012

jasného laserového svazku
(viz obr. 3).

JSOU ROBUSTNI
A KOMPAKTNI
Jednotlivé &asti
vldknového laseru jsou
k sobé& pevné spojeny
svarem, nevyzaduji
proto ¢asové narocné
pravidelné nastavovani
a servis, jsou nenaro¢né
na obsluhu a maji dlouhou
Zivotnost, provéfenou
podobnymi pfistroji
v telekomunikacich.

NEVYZADUJI SLOZITE
CHLAZENI

Vlaknové geometrie

Hma¥Ruil valmi afaltioni

W PIONYR | REKORDMAN

RISttt

VLAKNOVE msam f\' ‘”‘“Z’m

I:!wwnmml e
pysvibec s

it b oAy o fimy hnisene

Ostavu racsomechniky a elektroniky Ruske

erovd k-
A il
Uiiteiné telekomunikaéni akademie vad
soucsthy
e e el Vel
vidkna, podé] kuerého se éani (2 .
i

Kdyz se dva spoji v jeden, vzdy to
prinasi vice mozZnosti. To plati i na poli
quernich }echpnlogii. Co sestane,

v soucasnosti nachazi stale
a 3ir3i uplatnéni. Vlaknové lasery
zacinaji nahrazovat starsi typy laserd
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