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Consortium of 15 European companies and academic institutions
leaded by the company CILAS of the Ariane group

P. Honzatko — member of the steering committee, coordinates one of
work packages

We developed a master oscillator and we will supply a nanoparticle 561693
doped fibre into a high-power stage -
DILAS 220W
F90nm
Fluorine-doped silica cladding HR-FEG LR-FBG
' LDl DILAS 400/480 AFL ESQCC oL
Silica cladding 15 4001280 iy AFL 25/400
CushA MAa 022 MA 006046 o
g 5 . MNA 0.08/0.46
45 / Cichraoic mirror
40 FELHLOOO
35
= TALOS
g 2 |~ - ‘_vs
Q 20 p, Tactical Advanced Laser Optical System
Germania-doped L /
pedestal 1 // EURDPEAN
: 7 DEFENCE
A
° 0 20 40 60 80 100 120 AGENCY

Launched pump power [W]

3 Pavel Honzatko, Fibre Lasers and Nonlinear Optics UFE



Co je opticke viakno

Vlaknové technologie v UFE

Zakladni uvahy o viaknovych LDEW

Aktivity LDEW v Evropé a ve svété

KliCové faktory pfi vyvoji LDEW
LDEW = Laser directed energy weapon

Pavel Honzatko, Fibre Lasers and Nonlinear Optics



@ Jadro - dopovani GeO2 - index lomu o0 0.002-0.01 vySSi neZ u plasté.
Efekt ipIného vnitiniho odrazu. Ztraty 0.2 dB/km (% fotonli/15 km).

Strength

Dopovani vzacnymi zeminami: Member

Er203 - zesilenilgenerace - 1550 nm - telekomunikace

Cladding
Yb203 - zesilenilgenerace - 1064 nm - velké vykony - primysl, LDEW

Tm203, Ho203 - zesilenilgenerace — 1950-2150 hm - medicina,
LDEW

Jacket T
@ Plast - zpravidla nedopovany kiemen, index lomu 1.44 @ 1550 nm. Coating ore

& Pokryv - polymer - ochranna funkce, pfip. opticka funkce (fluorovany
akrylat) — vnéjsi opticky plast’ dvouplast'ovych viaken

Source: https://www.thorlabs.com

Zakladni prednosti vlaknovych laser:
* Dobré chlazeni (velky povrch/aktivni objem) -, pfenos/generace velkého vykonu
* Difrak€éné limitovany svazek - Ize sfokusovat na dalku, pfip. na malou plochu
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MCVD - preform fabrication Fiber drawing - 2 drawing towers
* Refurbished 2015 * Capillary drawing system 2018
* New drawing control system 2020
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Cigténi
0,,SF;
MCVD - Modified chemical vapor deposition - (:
Silica tube = reactor

. —
Ultrahigh purity precursors SiCl,, GeCl,, 0.5 cecmon |
Impurities concentration: ppb, i.e. 10°°* mol%
(4 orders of magnitude better then melting) i

Kolaps
Temperature gradient, T is i 5
the highest at substrate surface i

<

Homogeneous reaction in gas phase

at temperatures > 1200 °C -, oxides

SiCl,+0, - SiO,+2Cl, s
ot

4 POCI+302 - 2P,0, + 6 Cl,

Thermophoretic particle deposition
Layer fusion at burner pass

Collapse at 1800-2000 °C

UFE - nanoporticle doping since 2010
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CO2 laser preform shaping (in house developed, continuous improvements)

Ventilation fan

Silica fume
/ collector pipe

COz2 laser

Focus lens

Laser beam

Holder rotator
Optical preform

Displacement/depth !

\
Shaped regions

Translation stage sensor

Tvarovani preforem -
smésovani plastovych vidl
(mode scrambling) -
zvySeni u€innosti Cerpani

Patent 305 888, P. Peterka
et al., 2016
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Aktivni vlakno

Braggovske
Cerpaci mrizky Expander
dioda svazku
- - - = HR-FBG LR-FBG FC
Fibre processing and splicing LD1 s a4

Themomechanical stripping

Cleaving PM, LD,
microstructured fibres

Splicing
e 125-2000 pm fibers
* PM, standard, special

Tapering, recoating

_ Diffusion
control

wFuijikura LZM-100 : o\
2020 ’ ’ Rad:ilaol Coordina];:z [um] ? 2
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Applications

& Extension of silica fibre spectral transmission range
¢ Gas fibre lasers

¢ Gas cells

¢« Delivery of giant pulses

Mot

15 16 17 18 19 2 21 22 23 24 25 26 27 28 29 3 31 32 33 34 35 36 3.7 38 39 4 41 42 43 44 45 46 47 48 49 5

HCF_S6

Wavelength, um

m— Resolution 32 1/cm
m Resolution 32 1/cm

Resolution 2 1/cm

Diabembdly}: 112420

LYRA3 TESCAN

Performance in nancspace
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STATE OF THE ART
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. . . BPP = Beam parameter product =
:tfterzlu"p ‘f'tog‘;gpfﬂrf |f"(5)93';51' 1070 10?80 nm poloviéni Uhel divergence x polomé&r
iffraction limite =A/1t=0.941 mm mra laserového svazku v ohnisku

Commercial lasers:
 IPG Photonics - US: YLS-10000-SM 10 kW, BPP=0.34 mm-mrad (M?*=1), WPE=32%
« nlight - US: AFX-1000, 1.2 kW, BPP<0.5 mm-mrad (M?<1.5)

o Trumpf - D: TruFiber 2000, 2 kW, BPP=0.38 mm-mrad (M?=1.1) ! \p! -

« Fujikura - JAP: FLC-10005-W, 1 kW, BPP<0.477 mm-mrad (M*<1.4) | g .
e Raycus - PRC: RFL-C1000, 1 kW, BPP<0.5 mm-mrad (M?<1.5) - . (£ t

" | | I
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E - A, h=5km, Elev 45°, summer,
visibility 23 km
Ytterbium-doped fibre lasers: 1070-1080 nm

diffraction limited BPP = A /it = 0.341 mm mrad

Commercial lasers:

1. \
IPG Photonics - US: YLS-10000-SM 10 kW, BPP=0.34 mm-mrad (M?=1), WPE=32% - ] A
nlight - US: AFX-1000, 1.2 kW, BPP<0.5 mm-mrad (M?<1.5) ] |
Trumpf - D: TruFiber 2000, 2 kW, BPP=0.38 mm-mrad (M?=1.1)
Fujikura - JAP: FLC-1000S-W, 1 kW, BPP<0.477 mm-mrad (M?<1.4)
Raycus - PRC: RFL-C1000, 1 kW, BPP<0.5 mm-mrad (M?<1.5)
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| « Mature « Atmospheric scattering
 Efficient

» Collateral damage
« Eye sensitivity to
scattered light

» Less atmospheric absorption
o caloet]
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Thulium-doped fibre lasers: 1950-2050 nm
Diffraction limited BPP = A /it = 0.648 mm-mrad

Best published results

QPeak (U.S.) 2011: 1 kW, 2045 nm, SE=53.2%, M? N/A
IAP Jena (D) 2018: 0.57 kW, 1970 nm, SE=49%, M*=2.6

Cerpaci
dioda

LD1

Aktivni vlakno

Braggovske
mrizky Expander
svazku
HR-FBG LR-FBG FC
snmsanas e 1
Advantages

« Less atmospheric scattering
(RS..\%, MS?)
« Lower collateral damage

E - A, h=5km, Elev 45°, summer,
visibility 23 km
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Disadvantages

e CO2, water absorption =
thermal blowing

» Less efficient

» Less mature
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Holmium-doped fibre lasers: 2130-2140 nm
Diffraction limited BPP = A /1t = 0.648 mm-mrad

Best published results

DSTO 2013, 407 W, 2120 nm, SE 38 %, M? N/A
DSTO 2013, 140 W, 2128 nm, SE 57 %, M? N/A
Onera, 90 W, 2120 nm, SE 49 %, M2 N/A

Quantum defect (signal 2140 nm, pump 1940 nm): 0.9
Small power regime SE: > 83% UFE, high power regime 48% UFE

Advantages

« Less atmospheric scattering
e Less absorption

« Lower collateral damage

E - A, h=5km, Elev 45°, summer,

visibility 23 km
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Disadvantages

e Less mature

e So far SE > 80% at low
powers, <60% at high
powers

22
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Possibly no beam combining
Rheinmetal 10 kW

. / -

| I 53"’ | UsSs Ponce 2014, 30 kW (6x5kW YDFL) -
| . |
|

Operational demonstrations show that a power
of 150 kW is needed

g @ 2022 - Helios 60 kW LDEW was deployed by
&7 Lokheed Martin to be build into Arleigh Burke-
class destroyer

K g

{1
Jak ziskat 150 kW? Jeden laser 1 kW (thuliovy), 10 kW (ytterbiovy)!

Kombinovani svazk( Boeing CLWS 5 kW

Konverzni ucinnost ytterbiovych lasert 0.8
Celkova ucinnost ytterbiovych lasert 0.32

Cerpani 150kW/0.8~190 kW &erpani, cca 6250 €erpacich 30 W diod, 6-10 M€
Napajeci zdroj: 150kW/0.32~0.5MW podobuccaimin
battery energy storage system (BESS) containers ' —
500kW - 2MW e I

I

[T

/ _
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Pfedpoklad: zni€eni = vaporizace (odpareni)
Teplo potfebné ke zméneé teploty o AT beze zmény skupenstvi: Q = mcAT
Teplo potfebné ke zméneé skupenstvi: Q=mL

P¥iklad: 1 kg kostka ledu o teploté -10°C. c=4.2kJ/Kkg, L =334kJ/kg, L =2440kJ/kg

Q(1kg) = 42 kJ+334 kJ+420 kJ+2440 kJ=3236 kJ (75% tepla na odpareni)
Q(1g=cm?3 vody)=3.2 kJ

Hustota materiald 2-20 g/cm3. Pro odpareni 1 cm?® ¢ehokoliv ~ 10 kJ

Sofistikovanéji
e Odraz

* Vedeni tepla
* Radiace

Obecné kritérium poskozeni (nulté priblizeni): 10 kd/cm?2. PoSkozeni béhem ¢asll fadu sec — 1=10 kW/cm?.
Maji smysl kratké (pikosekundové) pulzy? Ne — filamentace svazku, ionizac¢ni potencial vzduchu - rozhodujici je
celkovéa energie. Hruba sila CW laseru.

MUZe byt niZsi na “slabych mistech” (palivova nadrz vozidla, motor rakety).

Pavel Honzatko, Fibre Lasers and Nonlinear Optics UFE



Rayleigh range - Rayleighova vzdalenost z_; polomér svazku w(z)

Predpokladejme cil v Rayleighové vzdalenosti a ofiznuti svazku v objektivu o prliméru D na Grovni
102, tj.
D=3w(—2zg)

Pro objektiv o priiméru D=20 cm dostaneme spot v ohnisku o poloméru w,=4.7 cm. Plocha = 70 cm?, 86.5%
vykonu. Nulté priblizeni: Na odpareni ¢ehokoliv je zapotifebi cca P=81 kW.

. D E o1
—_— — u ]
0 3\/2 _g 0.05
© 0 _
)\ [um] 1 2 % -Oooi ] | | | | | 2
g .

0 1000 2000 3000 4000 5000 6000 7000

Distance [m]

z [km] 7 km 3.5 km
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Zrcadla

D,=5x20cm=1m
Divergence odpovida D

P=19 x 10 kW = 190 kW pro ytterbiovy laser
P=19 x 8 kW = 152 kW

Expandery
Vlakna

Pro thuliovy laser zapotfebi 150-300 svazkd
D,~260 — 350 cm

P. Sprangle et al., High-Power Fiber Lasers for Directed-Energy Applications, NRL 2008

Pavel Honzatko, Fibre Lasers and Nonlinear Optics



O. Andrushyak et al., Fiber laser system with kW-level spectrally-combined output,
SSDLTR 2008

Cil

D,=D =20 cm
AN=0.5 nm, A € (1075,1085) nm

P=19 x 10 kW =190 kW pro ytterbiovy laser
P=19 x 8 kW = 152 kW

Pro thuliovy laser zapotfebi 150-300 svazk(
AN=0.5 nm, A € (1950,2050) nm

VBG4
VBG3 Chybi atmosférické transmisni okno
V86 Spektralni kombinovani thuliovych laserd neni
ucelné
VBG1 — 0 .
— . I: b i - ~ ol ~.Il'\'\lll“ﬂ.|""r"'rlu"1 |
05 ] g \\.‘ .|1||f| |r"llwl ‘H l\ll JJ;MI
\ A .
Y LIl
éo.‘.ﬂs “ || I‘.“|“I
I Velikost optickych prvk{ | “\ m
lbsen transmission grating — 40x15 mm o '.‘
Optigrate VBG 50x50 mm 1 ".
MDDM (patent UFE) — fotolitograficky 20x20 cm ? ‘. .J"..,"“
I Prah poskozeni: 150 kW/300 cm?v polnich podminkach S S N . T L R RTIRIy
WAVELENGTH (microns) WAVELENGTH (microns)
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Konstruktivni interference
v blizkém poli

Nekoherentni kombinovani svazku Koherentni kombinovani svazku
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IOP PUBLISHING LASER PHYSICS LETTERS

P P P 0 Laser Phys. Lett. 10 (2013) 095104 (Spp) doi:10.1088/1612-2011/10/9/095104

- Output LETTER
FB

Idler fiber lasers
1L1b1l ]
LR ' A PC P Honzatko', Y Baravets', F Todorov', P Peterka' and M Becker?

G D F TD F G D F P M C ! Institute of Photonics and Electronics, Academy of Sciences of the Czech Republic, v.v.i.,
Chaberska 57, 182 51 Prague, Czech Republic

2 Institute of Photonic Technology, Albert Einstein StraBe 9, D-07745 Jena, Germany

10P/130 10P/130 10P/130
Pavel Honzatko, Fibre Lasers and Nonlinear Optics UFE
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DB=5x20 cm=1m

Konstruktivni interference
ve vzdaleném poli

— 2

Divergence odpovida D, Woo= DB_ — \/NP y Zpe= TWoc =Nz,, I= P(; P

Rayleighova vzdalenost 3J2 342 A TWoe Wo

(a) f=0.4 (b)fs =0.63 (c)fs=1L2

Je-li cil blize, nez je maximalni “

Rayleighova vzdalenost al o -

objektivu, Ize svazek H D=0 (2

sfokusovat na mensi spot. 2 O o O |3
16p @ E

Rostouci koeficient plnéni 3

apertury — klesajici velikost 'f“

satelitnich pik{ — vice vykonu .

v hlavnim spotu 2 © © oo %
000 | +@® @
5 @ @ O O E

Xiaoging Li et al., Influence of fill factors on the thermal blooming of g

array laser beams in the air, Optik - International Journal for Light and 4 &

Electron Optics 182 (2019) 314-323. 7 il
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Konstruktivni interference
ve vzdaleném poli

electric 1=20 T} Phase

signal splitter modulator

1x8
splitter
seed PA P :
concave
mirror

convex

mirror
- phase | -
(inset) controller i \
—_— =
o5 Source: Hongxiang Chang et al., “First experimental
3 ' demonstration of coherent
o beam combining of more than 100 beams”, Photonics

g cco Research 1943 2020
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Phase SCOWA

1x7 modulators array Tfé}';ifsmm
splitter [>—
Isolator [>—
Master >_ ) Output
Oscillator l’ diagnostics

2.4

>_ (a)A 1.6

Toggler - 3 g.g

——=— 50um <08

Ol s le A6
Steering Current SPGD < ; -2.4 Sleerange
electronics driver nl Controller 25 20 15 10 5_ 0 5 10 15 20 25
4 * central lobe ‘| Time (ns)
b T T T
m “ (b) N Adgq — detector position (mrad) —E:ez:iyment
\ v
""""]['A‘D | detector Adn =1 ; F == e p
det = -

TP ]

optical axis I i
8 ;

g e e 7 R
= [ Adye =0.6 = 1
--A-(‘;m:1.3 s * PEN 1
o i 2 ™
. . . . Adgy =1.9 2]
Source: W.R. Huang et al., High speed, high power one-dimensional \\
beam steering from a 6-element optical phased array, Optics Express 17311, 2012 E

20 15 -1.0 -05 00 05 1.0 15 2.0
Steer angle A¢ (mrad)
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Thermal blowing: absorpce energie svazku — zahfati plynu - zména indexu lomu
Turbulence - zmeény hustoty —» zmény indexu lomu

((vi=v,))=C;R*"
<(n1_n2)2>: Ci R*?

@ @ Prenos energie Ci: CT(79106%)
N

profile

G PG PBPG)

Kolmogorov — virové kaskady

level [m]

Disipace

<

Height above se:

CZ [ -2/3
n

m 2

Dlsledek

Lék: Adaptivni optika
Greenwood frequency
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ZAVER

LDEW maji misto ve vyzbroji armady

- vystiel rychlosti svétla (doba k zasazeni cile Fadu 10-100 ps)
- hizka cena vystielu

- rychla pfiprava

Thuliové a holmiové lasery (1950-2050 nm) maji mensi rozptyl v atmosfére
a vyrazné zmensuji zé6nu kolatelarnich skod

LDEW potfiebuje vysoky vykon cca 100 - 200 kW
Ytterbiové vlaknové lasery jsou zralé pro pouziti
Thuliové a holmiové potfebuji kliCovy napad pro zvysSeni energetické tcinnosti a vykonu

Integrace se zbranovymi systémy se reSi (Dragonfire, Helios, TALOS)
Velky dosah (byt’ divergovaného svazku) — povoleni vystielu s ohledem na ledadla, druzice
Nutnd legislativa pro pfip. hasazeni

www.ufe.cz
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