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Kontinualni vlaknové lasery

laser — opticky oscilator

gerpani 1. uspofadani rezonatoru:

ddddd laserové linearni (Fabrytiv-Perotiv rezonator)
zesilujici zafeni
médium aktivni vldkno

polopropustné
zrcadlo

“~~ rezonanéni dutina—" zrcadlo
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podminky laserovych oscilaci: : v;:ni
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2. fazovy synchronizmus A¢p=2pL=27N

signal zpétné vazby je sfazovan s puvodnim

vstupnim signalem.Vzdalenost podélnych ,o;,':f,::mﬂf;m s
mod F-P rezonatoru Av=c/2L, 0% Jinde (Serpéni) S OT

napf. L=10 m 4v= 10 MHz. @ :
(srv. InGaAsP laser 2=1300 nm: iy —Hit —
L= 300 um — Av =142 GHz, laseravou diodou Skitvel vifkno

resp. AA=2*Avic= 0,8 nm.)




standardni mfizka s vrypy
modra
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2. usporadani rezonatoru:
kruhovy rezonator

vystup
laseru

opticky
vystupni izolator
vazebni
clen

I Q7
Cerpani $ neabsorbované
&erpani

Vzdalenost podélnych modl
kruhového rezonatoru Av=c/L,
Av=10 MHz pro L=20 m.

Kontinualni vlaknové lasery
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rychlostni rovnice:
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dt 7,
N, = Nlitr_ N,,
w=2P w oo wo=

hv,
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Kontinualni vlaknové lasery — ustaleny stav

zjednoduseny vypocet
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Normalizované &erpani r

Normalizovany vystupni vykon P,

plna ¢ara: vypocet s uvazovanim zesilené
spontanni emise (ASE)
teCkovana Cara: vypocet bez ASE

Pv= (77 - 1)(r - rpréh)

spektralné a prostorové
rozliSeny vypocet
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saturacni signalovy vykon P, = Ys
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obdobné norm. Gerpani r a saturacni ¢erpaci vykon
parametr 77=Cr,o N5

normalizovany préh laseru r,,,, = (m+1)/(m-1)

Kontinualni vlaknové lasery — ustaleny stav

SGA52 DC-EYDF: ring laser with 70% output coupler
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Kontinualni vlaknové lasery —
relaxacni oscilace
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synchronizace moédu — pulzni laser

Vzdalenost podélnych moda kruhového rezonatoru Av=c/., Av=10 MHz pro L=20 m.
Do pasma zesileni erbia se vejde M ~105madU (obvykly reZzim: volné oscilujici mady)

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

s o T

Intenzita T

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




Aktivni modova synchronizace

vystup radiofrek\’/en(:ni
laseru generator

vystupni

vazebni elektroopticky

Machdv-Zehnderav

¢len N
modulator
opticky
izolator
—_— —p
Cerpani neabsorbované
Cerpani

Pasivni modova synchronizace

stav polarizace ve viaknu pfi
slabém:  asilném signalu:

vystup
laseru

polarizacni
opticky
izolator

vystupni
vazebni
Clen

polarizaéni
kontrolér
aktivni viakno
I Y,
Cerpani @ neabsorbované
Cerpani
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Femtosekundovy viaknovy laser

Pulsni laser s pasivni vidovou synchronizaci
diky nelinedrnimu natééeni polarizace.

Sika 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 wystup

vazebni / laseru
dlen

==

palarizaéni
opticky
izolator

) polarizagni
d;;g'fgé kontrolér
widkno
—
Eerpani

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

L=100 cm

MFD@1550 nm: 6.5 um
NA=0.2

peak abs 21530 nm=80
cutoff” < 980 nm

dB/m

11

Femtosekundovy viaknovy laser

Pulsni laser s pasivni vidovou synchronizaci
diky nelinedrnimu nataéeni polarizace.

Sitka spektra: 13 nm, 1,=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 wystup

vazebni / laseru
dlen

==

palarizaéni
opticky
izolator

Liekki Er80 4-125, price per 1m

4 583 K¢

polarizaéni

polarization controller OZ-optics

9464 K&

LD @ 980nm, 300mW,

vidkno «

— Furukawa-Fitel 2002 42 588 K¢
Letpéni @ WDM 980/1550 Opneti China 1893Ke
] isolator Opneti China 2011Ke

fs vidknovy laser bez elektroniky 19 844 K¢
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Pulzni vlaknovy laser zalozeny na
modulaéni nestabilité

DSF  ErfYbOF

Fabry-Perot Faaay  disperznim prostredi — optickém viaknu
edon  pgg - mirror

jev modulacni nestability (MI) vznika v nelinearim

Non-PM branch 5% 1 spektrum: M se projevuje jako spontanni nardst
\soletor 1060nm postrannich pasem u kontinualni viny
Pump casovy prubéh: M §tépi kontinualni signal na
lasr | 2 pulzy nebo modulovany signal
V telekomunikacich nezadouci jev. Vlozime-li do
° o dutiny laseru s vhodnou disperzi hiebenovy filtr
o (F-P etalon, dvoujadrové viakno) Ize tak ziskat
Y vlaknovy laser generujici sled pulz( s vysokou
w0 opakovaci frekvenci
7 50 MI laser s Fabryovym-Perotovym etalonem:
50 =107 GHz, §itka pulsu:2 ps
i MI laser s TCF:
O T e 12206 GHz, $itka pulsu: 2.7 ps
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Q-klicované vilaknové laserv

pump MMF  splice splice  MMF pump
I \ output
==y pulsed
. 1 s ) T 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: Cr**-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.

Dalsi metody pasivniho Q-kli€¢ovani:Carbon nanotubes, SESAM
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High-power Q-switched Yb-doped fiber lasers
Extractable energy®: .
Nio, (M

Eu =hv, A [N, @)tz ———ah)__

0 6. (A )+0,(h)
As a very rough guide, the extractable energy stored in a fiber is limited by ASE to around ten times
the saturation energy E_, =hv; A_ /[6, (A )+ 6, (A )N, . In other words, the upper-limit on pulse energy 1s
deternuned mainly by the core area. E_ is ~2 - SmlJ 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

10+ T T T 140
HT @975 nm iz

HR @1.06 ym  Diode stack st /
. —»— Power 100

Pulse energy [mJ]
£ (=]
&
S
[a] 1emod abelany

L R -60
Beam dump s / e Energy Lao
S VY Lo ke bt Zeroth-order 2 \;><: [20
Double-clad So—
Yb-doped fibre  Angled facet  First-order :;%ﬁsﬂ;ﬂ ol? ‘ : ‘ Lo
) 0 50 100 150 200

Repetition rate [kHz]
8.4 mI @ 0.5 kHz, pulse duration = 460ns
0.6 mI @ 200 kHz (120 W)

Beam quality M?~ 4 . . . -
Anaty Shorter pulse durations can be achieved using a shorter fiber®
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Vlaknové lasery s jinymi prvky vzacnych
zemin (Yb, Pr, Tm)

16
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umy . upconversion
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pump
gsa
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Praseodymem dopovanym viaknovy

kratka doba Zivota
hladiny 'G,

v kfemennych
vldknech = nutnost
pouzivat fluoridova
vldkna (t=110 us)

Figure 10.16: Radiative and energy transfer processes of Pr3+, included in an extended
model of amplification at 1.3 ptm in Pr’* -doped fiber amplifiers, after reference [15]

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.
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Praseodymem dopovanym viaknovy
zesilova€ (PDFA)

WDM Fiber Coupler,

35
‘/’/Splicing with TEC

High NA

/Silix ﬁbet\

Net Gain (dB)

¥ T T
. 1280 1300 1320 1340
Figure 10.8: Configuration of a four-laser diode pumped the Pl’3+-d0ped fiber ampli- Signal Wavelength nm)
fier module, From reference [8] (©1993 IEEE).

-+
Figure 10.7: Net gain spectrum, as a function of signal wavelength, of 2 Pr” ;Zl:nl—t‘*‘:
amnplifier pumped with 300 mW of power at 1.017 sm. From a 1991 wamme o
ported in reference [7]. The background loss of 6 dB has been included in
gain,

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 Pr*-doped fluoride fiber amplifiers”, 7(3):299-302, 1995. 19

Thuliem dopovany viaknovy laser @ 2 pm
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Operating wavelengths for rare-earth doped fiber
lasers in silica and non-silica glasses

Tm™ P Tm™ N&™ Yo'~ N Tm*Er* Tm” Ho™  Tm” Er” Ho'
| \ |

\ \ Coo _— ' \
\.‘\ \ |\ | \ \ \ ‘| \ ‘l
\\ Vool | | \ / \ | | | \

500 1000 1500 2000 2500 3000
Wavelength (nm)

21
Vysoky vykon z vlaknovych laseru -
metoda Cerpani pres plast’
Double-clad (DC), high-power fiber lasers
cladding pumping
22
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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.wmyv

23

vnéjsi plast
1
vnitini plast - mnohamodovy
vinovod pro Sifeni éerpani n
—
jedovidové jadro
dopované napf. Er, Yb, Tm ... I
r

Metodou Cerpani aktivniho prostfedi pfes plast je mozné transformovat vysoce
rozbihavy svazek z mnohamédovych laserovych diod s velkou vyzafovaci plochou
(typicky 100%1 um) do kvalitniho, jednomodového laserového svazku s malou divergenci.

24
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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 zafeni do
vlakna vyzaduje specificky navrh DC-vlakna =

problémy pfi vyrobé& a napojovani viaken, mensi vybér vlaknovych komponent

25

Hledani optimalniho priirezu
« Kruhovy prirez — 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. "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

26
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Hledani optimalniho prirezu

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

* vinova optika:
statisticky rovnomérné rozlozeni intenzity pole v kazdém bodé podél vlakna
* paprskova optika:

90

o
i

Uhel odrazu, ¢ [°]
8

o

"chaotické"
Sifeni paprsku:

zaplnény fazovy diagram s, Q.

0 200 400 600
poloha odrazu, s [um]

27
- . n (1] 4
Zkoseny kruh: "D-tvar" vlakna
A. tloustka vlakna d > R
| d=15xR

g

3

=]

N

O

3

— 20

[0

L

D | 0

200 400 600
poloha odrazu, s [um]
splnuje podminky chaotického Sireni

28
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Zkoseny kruh: "D-tvar" vliakna

B. tloustka vlaknad <R

o
o
1

[=7]
o
i

uhel odrazu, « [°]
S 3

0 200 400 600
poloha odrazu, s [um]

nespliuje podminky chaotického Sireni

29

Ovérené optimalni prarezy

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

© 0O (3

splnuji podminky chaotického Sireni

30
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DalSi optimalizace absorpce

Spiralni tvar plasté
s jadrem blizko zlomu

2% 2 0w
(@) (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 section; circles, simulation for spiral cladding with centered
care; lowest solid curve, simulation fl)l circular-symmetric case;
lowest dashed curve, qnqlvtlcql estimation for the same cage ac-

cording to Eq. (11). (b Efficiency of absorption of the pump light D. Kouznetsov and J. V. Moloney, "Efficiency of pump absorption
in Ot}Ul(e)" core ];)f ‘]‘erfﬁsit'zpltml Oil)gublffdﬂd Hﬂpar] at O?)i in double-clad fiber amplifiers. Il. Broken circular symmetry,"
= 0.005 47", bars; 0.01 4™, dots; 0.02 4~ small circles; 0. J. Opt. Soc. Am. B 19, 12591263 (2002)

#71, large circles; versus dimensionless Z.

P |. Dritsas, T. Sun and K. T. V. Grattan, "Stochastic optimization of
[ i 3 "

e = 1 — exp| —2K , 9 conventional and holey double-clad fibres",
ideal exp{ 0( Ry 4 9 J. Opt. A: Pure Appl. Opt, 9:405-421,2007.
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Plastém cerpané viaknové lasery —
mikrostrukturni viakna

Si NA, az 0,7 — lepSi ucinnost vazby z &erpaci LD

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

efektivni ,mode scrambling” dokonce i pro kruhovy

prufez vnitfniho plasté.

vy
ét

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

32




Vazba zareni z ¢erpaci laserové diody

nebo pole diod do mnohamoédového viakna

33
Parametr kvality svazku: BPP
Beam Parameter Product: BPP=wx6 [mm mrad]
W ... polomér svazku v kréku
0 ... polovi¢ni uhel divergence svazku méfeny ve vzdaleném poli
¢im vétsi BPP, tim méné kvalitni svazek 1000
. . g
pro Gaussovsky svazek plati £
5 100
0 A £ o
= = g 2 lamp- d
W 3 |tasens NkVAG lasers
e
s " Hodepumyed
BPP= A/7=0.339 @ 1064 nm g i
g
g ! thin disk
E Yb:YAG lasers
4
o
1 10 100 1000 10000
M beam quality factor
34
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Parametr kvality svazku: M2-faktor

. , BPP BPP
Definice: M =—=—
Almw BPPg
Divergenci svazku pak , A
Ize vyjadfit; =M —

M2 faktor urcuje:
* na jak malou plosku je mozné pfislusnou optikou fokuzovat svazek
- spolu s vykonem urcuje jas (resp. zafivost) svazku [W/m?2/Sr]

Pro nesymetrické svazky (napf. pole LD) je M2 faktor v kazdé ose jiny

35
Diode Laser Pump Sources

Wavelength options:
GaN —  380-nm — 480nm — Pr¥*
GalnP, AlGaInP — 640nm - 680nm — Cr:LiCAF, Cr:LiSAF
AlGaAs, GaAs —  780nm—860nm — Nd3*, Tm?*
InGaAs — 900nm — 980nm — Yb3, Eri~
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/j2=1

Max. cw output power ~0.5 — 0.8W (limited by catastrophic failure)

36
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(b) Broad area diode lasers
Emitter size ~1pm * ~100pum
Beam divergence (FWHM): Gyt 25°-30° and O, = 8°
M/2=1and M *~15-20
Max. ew output power ~ 7 - 8W

(¢) Diode-bars
Emifting region ~1pum x 10mm
Beam divergence (FWHM): GY: 25°-30°
and 6, = 6°- 9°
M= 1 and M_*~ 1300-1800
Max. cw output power ~ 40-120W

=

1

(d) Diode-stacks
Emitter region ~ N x bar spacing x 10mm
Beam divergence (FWHM): By: 25°-30°and B, = 9°
M, 2= [(N-1) x bar spacing/emitter height] + 1
and M2~ 1300-1800
Max. cw output power ~ 40-120W x N

37

Main requirements for efficient pump coupling:
1. 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

- rr— —

2o 2
M, 25> M,

M2 = M= (MM, 208

4. Scheme for launching into fiber

5. Management of stray pump light

38




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

(a)
Low fill-factor  Linear array
diode-bar of fibers
2 . i .
—_— Fiber bundle
e 1
(b)

Diodemstack

Multimode
fiher

Microlens

+  Simple and robust way to equalise
M? parameters for diode-bars

+  Fibers are under-filled
— Low brightness

+  Output from bundle can be coupled
o a single delivery fiber using
lenses or a multimode coupler
(tapered fiber bundle)

+  Combmation of free-space optics
and fiber lundle approach

+  Can be used to equalise M? parameters
for diode-bars or stacks

*  Higher brightness than method (a),
but more complicated and expensive

+  Output from bundle can be coupled
to a single delivery fiber as for
method (a)

39
Free-space beam shaping techniques
(a) Two-mirror beam shaper!
x
Sloweaxis Re-shaped (stacked) Colindsical
i DIERA & “ylindrical
Diode-bar lens array b"d’r\u Y lens z
. \ z
Mirror / ¥
Plan view
Mirror Puc‘us‘ing
lens
5,
\/ Fﬂsl—ﬂ}‘&l.\ Beam-shaper
¥ collimating lens -
Output Delivery
fibre
¢
3
Dncident (4} »  Two mirrors used to slice beam in poor beam quality
direction and stack resulting N beams in the orthogonal
direction
. nr2
Oupt by choosing N = \ M,/ ].31\1;
beams
- .
+  Simple + low loss
+  Can be used for bars or stacks
+ Output can be focussed into the active fiber or delivery
fiber
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Yterbiem dopovany viaknovy laser

Sagnal output

HT @975 nm @11 um

HT @375 nm
HR @11 pm

HR @~11 pm

Diode stack

Duode stack
AOTE nm, 0.6 kW

0975 nm, 1.2 KW

[ T
v\ W‘f I I E |
AT N
HR 1.1 g Double-clad
YDF

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

Signal pawes (W]

" 1000 10850 [T 15 1200

() ) Y. Jeong, J. Sahu, D. Payne, and J. Nilsson,
Fig 2. () Fiber laser output power vs, launched pung power. (b) Laser output "Ytterbium-doped large-core fiber laser with
spectrum at full power 1.36 kW continuous-wave output power,"
Opt. Express 12, 6088-6092 (2004)
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Zpusoby navazani zareni do vlakna
typ A) Er/Yb dopované vidkno SG852 (URE), laser sestaven na FJFI CVUT
vykonova konverzni uginnost 32% pfi Cerpani 750 mW @ 969 nm
Filtr
fokusacni optika E 2 T.@1.5um
Y
‘. Er:Yb viakno \ @
Cerpaci kolimaéni optika Detektor
laserova
dioda
S ek
E - uawe-_l‘f;mm A
§ e g
£ | A
"-'-"-—--__' h £ ol E ' . ‘ .
104 . :- & i
v ira
e SRR A S
v rgr . v 3 o 00 400 600 8O0 1000
zelené svitici up-converse detail zalomeni vlakna Bt chon v
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
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Schéma energetickych hladin ionti Er a Yb

zelené svitici up-converse

43

Metody napojeni zareni signalu a ¢erpani do
jednoho dvouplast'ového viakna

14
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Zpusoby navazani zareni do vlakna

i
. L., . .. pump cg:ﬁ;g double-clad
a) pfimé navazani objemovymi prvky - rare-earth doped fiber
lode

Casto vyuzivané v laboratorich, nutnost nastavovani E_.-\,q ~
~ /I-: %")

pump

b) svazek vlaken obsahuijici signalové vlakno a
Cerpaci vlakno(a), napr. svafovany vazebni &len

Tapered multimode-fiber coupler: Gapontsev V. P. et al., CLEO'96 (1996), 205. =] L
Star coupler: DiGiovanni D. J., U.S. Patent 5 864 644 (1999).
GTWave fiber: Grudinin A. B. et al., CLEO'99 (1999) CPD26.

- L, - |
C) stranové cerpani L *\ ]
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. [ﬂ
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Zpusoby navazani zareni do vlakna

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

ée’ba’?.f' y

il T T =
b 1 I |
vstupni i i
signal svafeny ze‘esﬂeny
svazek Pokryv polymerem vystupni
viaken § nizsim indexem lomu signal
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Zpusoby navazani zareni do vlakna - IPG

broad-area
multimode

HR multimede  cladding-pumped multimode

(R>20 dB) F i cHpher

jedno z moznych fedeni: protazeny svazek  svazek vidken
vlaken "taper” /

aktivni jadro  svar
“u

vnitini plast
vngjsi plast

broad-area
multimode
pump diodes

coupler

rd

Cerpani z LD

navazané do

MM viakna Valentin P. Gapontsev
1991, Ustav radiotechniky
a elektroniky,
Akademie véd SSSR
nyni hlavni vlastnik firmy

o IPG-Photonics
el i (USA, Némecko, Rusko)
s jadrem
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Zpusoby navazani zareni do vlakna

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

e ———

spoleény vnéjsi plast
s nizSim indexem lomu

r’ Y
\ |
M /
< 7
Gerpaci 1
viakno dopované
(signalove)
viakno

nékolik vzajemné spletenych holych vidken se
spoleénym vnéjSim plastém. Integrovany
vazebni €len je vyrabén jiz pfi tazeni viakna
jednoducha konstrukce
minimalni vazba signélu do Cerpacich vlaken
chrani erpaci diody
"snadny" pfistup k signalovému vlaknu
Cerpani navazané do jednoho z vldken se Sifi
celym vlaknovym svazkem

48
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Zpusoby navazani zareni do vlakna

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

spole&ny vn&jsi plast

s nizSim indexem lomu

gerpaci X
viakno =

dopovane
(signalové)

viakno

=
e

&

Coupling ratio, %

Vazba Cerpani mezi vlidkny svazku

1000——————

1\\ /I_/Ipﬁlv_er [n_Pinrp Fiberl' ]

1

-l | | i

P RanboRRoRESRE
a0t

# \ |
’ | |
! L |
pe=y )

| [Power n Sgna Fiver Ciaa]-

20 A0 @0 B0 100
Fibre length, cm

2-vlaknovy GTWave svazek, Interakéni délka <50 cm
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V-drazka

Zpusoby navazani zareni do vlakna

typ C) boéni €erpani V-drazkou

V-groove side pumping (VSP)

vlakno

e

dvouplastové

=

f“l substrat

|
-
[

- |

mikro¢ocka
kv
Pole
¢erpacich
diod

L

L

[Goldberg97] L. Goldberg, B. Cole and E.
Snitzer, "V-groove side-pumped 1.5 um fibre
amplifier", Electronics Lett., 33(25):2127-
2129, 1997.

[Dominic99] V. Dominic et al., "110W fibre
laser", Electronics Lett., 35(14):1158-1160,
1999

Keopsys (Francie), SDL, IMRA
(USA)
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Zpusoby navazani zareni do vlakna

double-clad fiber
of tailored .
cross section polymer coating

multimode fiber (outer cladding)

pump splice

S

signal === \
e
standard inner cladding for rare-earth
single-mode fiber propagation doped core
of the pump

Pozadavky na tvar prurezu DC vilakna:

1. je co nejvice podobny priifezu dvou vstupnich vliaken pro usnadnéni svaru
2. zajist'uje optimalni absorpci €erpani podél vlakna (chaotické trajektorie
paprsku)

51

Priprava dvouplast'ového viakna

Tomografické zobrazeni priifezu a

vybrany tvar prifezu "stadion" mos b
profilu indexu lomu typické preformy

¥ [mm]

Realizace v praxi: spojeni dvou
preforem zbrousenych po stranach

W e n E) EC) CIET]
x [mm]

mikroskopicka fotografie ¢ela DC vlakna

52
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Sifeni éerpani ve vnitfnim plasti

Pump intensity along the DC fiber, section x=0 um

Propagation axis, z [mm]

z=0 mm z=2.5 mm

(=T

%l

z=5mm

Pump absorption
along the DC fiber

hirmabaes Purp Powsr

Propagaton axs. 2 jej

z=100 mm

%l

Calculated by 3D beam propagation method, OlymplOs C2V software

53

Vlastnosti Er/'Yb dopovaného DC vilakna

Rozméry vnitfniho plasté : 243x136 um

Material vnéjsiho plasté: E
polysiloxane polymer (n~1.41) — NA=0.37 3
a ochranny UV-vytvrditelny akrylat
NA jadra: 0.23, pramér jadra (avg.): 12 um
— §iféni ¢tyf modd na A= 1550 nm

15

Koncentrace: Er~600 ppm, Yb~12000 ppm
(pomér Er:Yb ~ 1:20)

RIP [x10° r.i.u.]

Absorpce Er na 1535 nm (jadro): 23 dB/m
Absoprce Yb na 975 nm (plast): 3.1 dB/m
Ztraty pozadi (zakladni ztraty) vlakna: 0.1-0.2 dB/m

243 um

I Preform Refractive Index Profile

Yb/

concentration
-10 -05 00 05 1.0
r [mm]

Concentration [At %]
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Vlastnosti Er/Yb dopovaneho DC vilakna

N
o

absorption
—— emission

N
o

Rozméry vnitfniho plasté : 243x136 um
Material vnéjsSiho plasté:

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

- -
o [$)]

o

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

NA jadra: 0.23, pramér jadra (avg.): 12 um
— §iféni ¢tyf modl na A= 1550 nm

1500 1550 1600 1650
Wavelength [nm]

N
a
o

Koncentrace: Er~600 ppm, Yb~12000 ppm
(pomér Er:Yb ~ 1:20)

Absorpce Er na 1535 nm (jadro): 23 dB/m
Absoprce Yb na 975 nm (plast): 3.1 dB/m
Ztraty pozadi (zakladni ztraty) vlakna: 0.1-0.2 dB/m

0.5F

Backward ASE [nW]

00 I I I
1450 1500 1550 1600 1650
Wavelength [nm]

Svareni

svarecka optickych vlaken: Ericsson FSU-995 FA

drazky pro snadné polohovani viaken:
before splicing - side view

multi-mode tOp view DC-fibre with tailored cross section

un:u!ar fibre /

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 <0.1 dB s MMF. ~0.2 dB vzUst v pireneseném vykonu
(odstranéni Fresnelovych odraza svarem)

a) standard V-groove b) Groove for DC-fibre splicing

s[andard
single-mode
fibre

56




==

57
Fabrytv-Perott ;
abryuv- erotuv rezonator
30 T T T T T T T T T T 1600
e 1590
multimode pump laser diode 25 F ' ”/,' o -
fiber . Ce ° =
— . e 1580 €
R 20f ’ £
=
3 {1570 B
§ 15 . o
; ] : — °
s optical & A {1560 >
focusing /,,__\ bandpass i} . g
lens B filter g 1of B 5
( <} {1550 &
= L 1]
\ ) @ d g
—— 5F —u 11540
ErfYb doped \ _71
double-clad fiber —
0 PR S S S S S S 1530
optical 0 1 2 3 4 5 6 7 8 9 10 M

power meter §
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 pm jadie MMF,
1.07 W v dvouplastovém vlakné.

Maximalni strmost 27% (slope efficiency), optimalni €erpaci vinova délka 980 nm.
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pump

Kruhovy rezonator

m:?:;rat I Optimalizace délky dvouplastového viakna
~1550 nm
optical 250 T T T T T
output isolator Output coupler ratio:
coupler & —_—
% 200 70%
Tuneable = —
fiter 5 — 90%
Er/YD doped (optional) % 150 ./
double-clad fiber o
—_— — —a
pump \ §_ 100 30% —_— .
at980 nm =] \
d (@] 0 ]
~ ™. . 50 10%
s Sy 3 - R T
4 e, =
signal - _'“u__‘ 0 L L L L L '
W (Lo o 2 3 4 5 6 7
~ e Fiber Length [m]

Optimalni délka vlakna: 3.5 m.

double-clad fiber
of tadored
£r088 Section

mulmade fiber

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 Output Power [mW]

Kruhovy viaknovy laser

s optimalni délkou vlakna L=3.5 m

Laseroveé kfivky pro razné vystupni délice Preladitelnost laseru
200F  Output coupler ratio: ] % 250 F Output coupler ratio:
£ . 90%
- o
200 .,
150} ] %
o s S
T 150} -
100 [ ] H 0% N L
8 100 F e ot
50k — . 5 .R.\I/""']\...
- . % s0f 30%
L 10% -
| —a—
0 gzun— Y L L L L 0 L L L L
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%).
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Vlaknovy zesilovaé

Erbium- and ytterbium-doped

double-clad-fiber module
pump laser MMF jgEastnsmnssssstasezsentaszacissnssantay B
@ 975 nm : :

optical

i

optical

isolator : isolator
— H

1—I [—> |

input signal ------------------------------------
(~1550 nm) output signa

(~1550 nm)

splice :
double-clad fiber of

tailored cross section )

| 5 [

signal * TSSMF

P. Peterka, I. Kasik, V. Matéjec, M. Karasek, J. Karka, 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 p\W) and strong (1mW) input signals system with eight channels separated by 100 GHz.

: - 20 - T T T T
@
=, -
" £
3 =
=2 s
'z £
b <
2 g
< S
‘®
Q

50 . \ \ , ,
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) pri relativné nizkém cerpani 1.3 W. Nejlepsi Sumové charakteristiky byly
dosazeny pro malosignalovy rezim se sousmérnym ¢erpanim. | pro velkosignalovy
rezim bylo Sumové ¢islo mensi nez 6 dB.
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Limity vystupniho vykonu
kontinualnich viaknovych laseru

Power scaling limits of continuos wave YDFL

63

Plastém cerpané vlaknové lasery

2.2
£ 2 KW, Yb (IPG) #,
1.8
Frierbomm
164 g Fiber Lasess
1.5 KW, Yb (Jena) -
1.4.] e Thwealivan
) 1.4 KW, Yb (ORC) ¢ ! ! FiberLasers Fiber Lasers
E1 2 TV
= o] 1.2 kW, Yb (ORC) #
=
§104 ww
3 0.8 kW, Yb
E 0.8+ (Dual-ended output) 0w
§ 0.6 610 W, b (ORC
= 485 W, NaiYbe/ 400 W. Yb -
] 352 W, Yb (ORC): 280 W, JAC
5
0.24 110w, yg 50 W, NdIYB, Yb PCF I
B e d 35w, yp  Year
= T

T
1996 19597 1998 1999 2000 2001 2002 2003 2004 2005

106112 REEE L= 1782y

Pokroky ve zvySovani vystupniho vykonu DalSi dostupné vinové délky
jednomédovych Yb-vlaknovych lasert vykonovych vldknovych laser( a jejich
emitujicich @1.1 um. maximalni dosazeny vystupni vykon.

J. Nilsson, OAA05, Budapest, August 7-10, 2005
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Plastém cerpané vliaknové lasery

22

2.04 2 KW, Yb (IPG) #

1.8

164 1.5 KW, Yb (Jena)

14 y4 / i
= 1.4 KW, Yb (ORC) # Kam az poroste vystupni
=124 1.2 kW, Yb (ORC)# vykon')

& 1.0 ’
§ 0.8 KW, Yb
2084 (Dual-ended output)
o s = . -
i 610 W, Yb (ORC
L.gZi 10, o (ORCY soow, vo Jaké jsou limity Yb

4 352 W, Yb (ORC)A$ 280 W, Jac A / 07?

0.2 1MoOwW Yb‘lEDW.NdI‘r‘D e Yb PCF VIaknovyCh Iaseru :

00] 0 VN + 135 W, vp  Year

15396l1£;|9?.1 SFQBIW:BS'ZUIUO‘ZU:O‘E 'EDIUZ‘ZU:)SIZDIM’ZDEI&I
Pokroky ve zvySovani vystupniho vykonu

jednomdédovych Yb-vlaknovych lasert
emitujicich @1.1 um.

J. Nilsson, OAA'05, Budapest, August 7-10, 2005
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Vykonova omezeni Yb vlaknovych lasert
Optické poskozeni priirazem dielektrika.
2
Rovinna vina v kiemenném skle: 1, =—=, = ﬁ, Z,=377Q
27 2n

E,=30x10% V/m, |,=1.7 W/um? , v opt. vI&kné I ,,=3-20 W/um?
I=P,/Asx — Cim vétSi jadro, tim 1épe.

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

nelinearni jevy (Ramanovo a Brillouinovo zesileni),

generace neuZzite€ného zafeni na ukor signalu.

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

Gr=9rPoutLei/Acsr » 9r=0.5 X103 m/W, L 4=L/2 ¢im kratsi vlakno, tim Iépe.
GgMaxzavisi na navrhu rezonatoru, zpétnou vazbu Ize pro Stokesovu slozku potlacit.

J. Nilsson, Optical Fiber Communication Conf. OFC'05, Anaheim, California, short course SC290, 25 March 2007.
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Vykonova omezeni Yb vlaknovych lasert

Absorpce cerpani. Celkova absorpce Cerpani alespori ot M"=3 Np (13 dB).
Dosazitelna absorpce v jadfe a,*°"°=2000 dB/m (fosfosilikatova skla) @975 nm.
. =500 dB/m (aluminosilikatova skla) @975 nm.
Cim vetsi a2 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 dopantd se zvySuji zakladni ztraty vlakna.

Zakladni ztraty (background loss, BG):

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

Dosazitelné zakladni ztraty: a55=0.005 Np/m (0.022 dB/m).

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

67

Vykonova omezeni Yb vlaknovych lasert

Navazany €erpaci vykon
Typicka intenzita Cerpacich diod 3 mW/um?
Pokrogila technologie diod & vnitini plast s velkou NA — az 10 mW/um?
celosklenéné viakno: 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 vliakno (air-clad): efektivni NA 0.6-0.8 (nominaini 1.1)

velikost vnitiniho plasté ¢im vétsi, tim vice Cerpaciho zafeni Ize navazat.
Ale snizuje se tim absorpce, protoze o,= 0% Ay o/Agag-
Vlakna silngjsi nez 1 mm Ize téZko ohybat (a vyrabét)

délka vlakna parametr, ktery Ize nejsnaze ménit.

Dlouhé vlakno zvysSuje absorbovany &erpaci vykon, zlepSuje tepelnou z4téz
(thermal management - jedna z hlavnich vyhod viaknovych lasert!)

Krat$i viakno naopak potlacuje nelinearni jevy, snizuje zakladni ztraty a tedy
zvy8uje ucinnost laseru. Max. délka Yb vladkna je cca 30 m.
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Vykonova omezeni Yb vlaknovych lasert

max tot,max max core _ tot,max
77 pthermal aBG n I p Adop ap aBG
tot,min tot,min
agga, " (1=17) O,

ztraty & odvod tepla ztraty & navazané Cerpani

25

ha
=]
T

N '//'/' _

w”
T

tot,min

gRap

Raman & navazané ¢erpani

\/2(L/ Lo 71y A Ay G

InadAei  Optické posSkozeni

tot,min

gr(1 _77)0‘,)
Raman & odvod tepla

\/ 2(L/ L )77 Pivenat At G

o
T
L

Wystupni vykon [kW]

1 1 1 L L

o 1 1
[ 200 400 600 8OO 1000 1200 1400
Plocha jadra [um’]

S témito parametry omezuje max. vykon optické poskozeni.
Ale: pro men$i h (Er/Yb, Tm) mlze dominovat odvod tepla, ...

Aci=Adop=Acore (N€Z. proménna v grafu)
lna=10 W/um?

1,=10 mW/um2

n=0.8

plhermalmaxzzoo W/m

Gg™=5 Np (22 dB)

05=0.5%10"13 m/W

ayetmin=3 Np (13 dB)

aggtm>*=0.2 Np (0.87 dB)

a3=0.005 Np (0.02 dB)
L/Lg=2 69

Zvysovani vykonu a zarivosti (jasu)
spojovanim svazku

Power and brightness scaling via beam combination

70
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Introduction

Scaling the output power and radiance beyond the upper linut 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 Far-field beam divergence of array = 84

Far-field beam divergence of single element = 8

._()_ [ | | I = No phase relationship between elements — 8, =6,
Q | | | | - : M; = m;fs' and M = ﬂiies
O = —+  B=NP,
alnn - N

/ B, d ill

N sources . .
P = power of a single element, P, = power of array, Be = bnghtness of

a single element, B, = brightness of arvay and g 1s the fill-factor

71
+ Simple and robust way to scale output power, but brightness cannot exceed the brightness of
a single element
Examples:
(a) Multi-fiber sources
Two dimensional Multimode
array of high power  ~ —* ; a
fiber sources ‘JI delivery fiber
» Multi-kilowatt power levels
are achievable’
Collimating lens \ .
Focussing [2] V. Gapontsev, www.|PGphotonics.com
lens
(b) Multi-core fiber sources
HT@ 976nm F1=20mm F2=20mm
HR@1040nm
Pump in at
976nm
Laser cul at 10300m Yb-doped multi-core
L ribbon fiber?
— Output power > 320W demonstrated (limited by pump power)?
72
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Polarization beam combining

10} > B, = 2n_ B

where 1, 1s the combining efficiency, which takes
| mto account loss and misalignment

‘Wavelength beam combining

Dichroic mirrors

M+t
M _CD_ / &/_’ or s Q

Diffraction graing
or prism

A, A thth,
B, =Nn_B,
73
Example: Pump
f f
3 — —>
‘N
d Grating
Pump :' i J':
i 7
"

Common output coupler ensures
that beams at different wavelengths
are all incident on the grating at the
same angle ¢

N fiber sources sharing

. Laser
a comunon external C?l'\-'ﬂy

output
P Output

---- Ay coupler

Spacing between 1 and N fiber cores = d, grating period = A, spacing of adjacent cores = s
Wavelength for i fiber laser: A, =A(sin 6, + sin ¢) and dispersion of grating: d6/d = 1/(Acos 6)
— 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
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Power scaling limit = P Aj, /Ad,
where P, 15 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 claddg-punped Yb-doped fibers using a fused
silica transmission erating as the dispersive element®,

Main challenges for power and brightness scaling:

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

. Tight alignment tolerances
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Vyuziti vlaknovych laseru
¢ optické komunikace:
e zdroje signalu
e vlaknove zesilovace
e testovani optickych komponent
e méfeni chromatické disperze
¢ zdroje pro Ramanovskou spektroskopii
¢ aplikace v mediciné
& zpracovani materialu (fezani, svareni, znackovani ...)
¢ LIDAR — Light Detection And Ranging
76
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Slunce: Optické viakno:
teplota slune¢niho povrchu: 5780 K pfi optickém vykonu 1 W v optickém
Stefan-BoltzmannUyv zakon: vlakné —

I=cT* [W/m?] —

intenzita svétla v jadfe optického
Intenzita svétla na slune¢nim povrchu: vlakna: 12.7 GW/m2
I= 63 MW/m? cca 200 x vice nez na Slunci

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

pfi uplné absorpci v materialu tloustky 1 mm je materialza1 s

teoreticky ohfat o AT=AQ/(c:-m)=3.6 milionu K — odpafrovani materialu, fezani

Zpracovani materialu

dekorativni ryti znackovani a

NP . Dérovani, od 1 Om
popisovani vyrobku

5 Om 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 —
125 um diry

v hliniku
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Svarovani

fez svarem

svar shora

PRI

B -
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Zpracovani materialu
svafovani a fezani v automobilovém a lodafském primysiu
fezani 4 cm tlusté ocelové desky v lodafském pramysiu
Vlaknovy laser P < 2 kW, LASOX
80
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Zpracovani materialu

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

81

Zpracovani materialu

Stavajici technologie pro prumysil:

CO, plynovy laser: max. vykon az 20kW, uc¢innost az 10 %,
vyhody: vysoka absorpce v materialech, eye-safe,
nevyhody: problémy s dopravou svazku na misto.

pevnolatkové lasery cerpané vybojkami (Nd:YAG), vykon 20W az 4kW, Gginnost 2-4%,
vyhody:  moznost pouziti optickych vlaken pro transport svazku.
nevyhody: nizSi absorpce v materialech, pro povrchové svarovani je lepSi.

Zivotnost vybojek cca 1000 h.

Néahrada vybojkami erpanych pevnolatkovych laseru:
Diodami ¢erpané krystaly, disky: vykon az 4 kW, uc¢innost 10-20%, pokro¢ila 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 dal$iho zvySovani vykonu, kompaktnost (neni nutné vodni chlazeni), neobsahuje
optické prvky, které potfebuji nastavovat, nebo pohyblivé soucasti — vysoka spolehlivost a
mala udrzba. Ale jsou teprve ve stadiu vyvoje
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LIDAR

LIDAR (LIght Detection And Ranging)
— 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
umeérna vzdalenosti mezi vysilatem a .
objektem.

vzdalenost objektu =

(rychlost svétla x doba Sireni) / 2
Fiber
Presnost stanoveni vzdalenosti optic
souvisi s délkou impulsu:

AL=c x At (1 ns => 0.3 m)

Lens

“.-". \‘i‘" o= D—

Telescope  Steering

. * « Atmospheric
. * " constituents ¢
: .

Sy
&
£
2
Iy
g

Beam
expander

mirror

Detector

Data
storage

Filter -~
Mechanical shutter
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Typy LIDARU: I—I DAR
Dalkoméry netradi¢ni aplikace —

e méfeni vzdalenosti druzic (FJFI)

e topografie zemského povrchu

(monitorovani eroze, rdstu stromu)

DIAL (Dlfferential Absorption Lidar)
mérFeni koncentraci chemickych prvka v
atmosfére (ozo6n, vodni pary,
znecisténi). Dvé A, jedna absorbovana
silné, referencni malo

Dopplerovsky lidar méfeni rychlosti
objektu. Svétlo rozptylené od
priblizujiciho se objektu vykazuje modry
posuy, od vzdalujiciho se Cerveny posuv
frekvence. Méfeni rychlosti rychlosti
vétru, turbulenci pred letadly (viaknoveé
lasery!).

Fiber
optic

Lens

Telescope  Steering

.| L st
I
Filter -~
Mechanical shutter

. * « Atmospheric
- *, " constituents ¢
. e v

Sy
&
£
2
Iy
g

mirror

Detector

Data
storage

84

42



méstska krajina
prvni odraz — od stromu
P8l posledni odraz —

[ o o od zemského povrchu
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Q Ustav fotoniky a elektroniky
w Akademie véd Ceské republiky
Chaberska 57, 182 51 Praha 8 - Kobylisy
www.ufe.cz
peterka@ufe.cz
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