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NLIGHT Yt A\ & 71 nLIGHT Fiber Division Overview

NLIGHT ;&#i\J, 2322 nLIGHT Lohja, Finland
« REIIF20004F, M AOTFHE=L-bandiBHEEF

Founded in 2000 for telecom L-band erbium fiber supply

LiekKi qu:2007$11 ﬁ Hn ng ht I&M@ Liekki Oy acquired by nLight in November 2007:
O %%%%ﬁ'fijy\%}\f)ﬁ%Bﬁ%?ﬁﬁsmbility allowed fundamental product improvements
O %%E%E’\j//}a |7§[ %K%é?ﬁ—t@*ﬂﬁ}ﬁf Significant internal supply of fiber and other synergies
O %%%ﬁé@%ﬁﬁ/ﬂﬁ*ﬁ 9&*}15@ New oppportunites in U.S. DOD/Government market
O ﬁlﬂ’[ﬂéﬁiiﬁzf&'/)\ Very little telecom work
* éﬁﬂ‘]ﬁﬁ@af“ﬁﬁﬂ Integrated fiber facility:
@) é?fﬁ@?iﬁ%% Deposition
O ﬁ%”fﬁ%ﬂ% Glass works
@) ﬁ%é??ﬁf-ﬁ”%mﬁ{% Draw and coatings
o [ E MM AT FEMMT qualty & reliability
° E 2001 fﬁﬁiﬁi\j‘_lSOQON 2000'\[«AﬁE Factory 1ISO9001:2000 certified since 2001
¢ E 201 0$Eﬁﬁ|809001 2008'\[«Ai_ﬂ3 Factory 1ISO9001:2008 certified since 2010

« RBLHELEL £ T Z-EEFRALFIIFR(DND)

Proprietary fiber manufacturing process — Direct Nanoparticle Deposition (DND)

° ﬁﬁ73/ﬂ§ﬂ§$ﬂﬂl22ﬁ\§ﬂl EF"E? 73 granted patents and 22 patent applications

nLIGHT




nLIGHTEE

E%%K*ﬂ?‘)’}_ﬂﬂ:{ ( DND) nLIGHT Direct Nanoparticle Deposition (DND)

« RS HHAM BEERIGHNLZESAHIITH

(MCVD)H1i8 i# &%+ (solution doping)Bi A4

Porous undoped
core deposition on lathe

—~ O

Dryi d
FRTRAIOCE e @
Most fiber lasers employ fibers manufactured using modified chemical
vapor deposition (MCVD) and solution doping e Removal
— IZPE';}Q/EE/E—‘%?UE@%Q% iterative, multi-step process |‘| Soaking — ian fsr§|r:ti|:,t1he'
i fill
— B4 A155] compositional inhomogeneity jiuffp:;ii:,hmugh s
— FR(YD) BTk IS =7 51 BB S N Bl H ML T R AR ]
[Yb] limited by clustering or need for co-dopants
— RN HH6-10Z MRk (TTIER IR 2453 16) typically
6 — 10 core layers (coarse profile control) Doped porous

« nLIGHTR4 HEEY KR TR 7Z%(DND) M &

NLIGHT fibers employ DND (direct nanoparticle deposition)

Fr B B39 T 2R 20 5t [E] i R

simultaneous, single-step deposition of all elements

]g‘%%_%f/‘]/ﬂ compositional uniformity

AR BB =S BB (YD) BRI nigh (ol

A PTRAHE 2R SR TR Tl B ZE A4

hundreds of core layers (precise profile control) with independent control of
refractive-index and Yb-doping profiles

core deposition

Real-time
| computer

control

Ll
- s
Doped
nanoparticles

Mass flow l l I
controllers |
nLIGHT

] Burner




DND%??%%?@ Advantages of DND fibers

+ WBRRE BRERE R BN °

High doping level without photodarkening
— B nigh efficiency
— EFFEMERNIEE (DY T )

high threshold for nonlinear processes (power scaling)

- REEGBRFREESTE

Precise control of dopant radial distribution

DND fiber

MCVD fiber

- Absorption coeff change @ 600nm [dB/m]

) \ . -300 - ‘ ‘ : :
- ﬁﬂﬁﬂ/\] %Eﬁﬁ % excellent beam quality 0 5 10 15 2
Time [h]
- Tj‘bﬁﬂl‘]—‘zﬁﬁ‘fﬁ consistent performance DND fiber
o HEHR—ERME, IBEEFE, ZF vatch-to-batch uniformity, splicing * 20% higher pump absorption
characteristics. . .. * > 4x lower photodarkening
e e s \’ + similar initial efficiency (75 — 80%
- ﬁﬂ%ﬁ'ﬂ‘])‘ﬁé?l&l‘f innovative fiber designs @ 920 nm pumping)
MCVD DND step-index RIP tailored-index RIP
o
SEM images o meeew

-+ IZHENE, TEFSHEGER Y, BAS/SER

Short cycle time, range of preform sizes, and large core / cladding ratio

—  FASE cost reduction nNLIGHT




TT/ﬁﬁllfQ?}ﬁz - T;‘% = (Yb) Standard Fiber Products — Ytterbium-doped

Cladding diameter
ARERE
125um

Available core types AI{REEBIL R

\f
f
7

Yb level SC
700
800 4um

1200 4pm

DC
20um

6um
10pm
12um
20pm

DC-PM

6um
10pm
12um
20pum

SC = single-clad #f 2 = high-index coated H#THEIREE
DC = double-clad M 412 = low-index coated {EHr N RxFEE

Numerical apertures ¥{Ef.%%

I

Core diameter &

4pm
6um
10pm
12um
20pm

NA

0.2
0.15
0.08
0.08
0.08

Cladding diameter

Available core typesTIHR#tAGLF A

N S

Yb level

700

1200

BEHEE
250um

DC

25um
30um

12um
20pm
25um
30um

DC-PM

25um
30um

25um
30um

Numerical apertures #{EF.£%
Core diameterx &

12um
20pm
25um
30um

NA

0.08
0.07
0.07
0.07

Cladding diameter
BEHEE
400pm

Available core typesTIHRBtAGLF A

Yb level DC DC-PM
20um 20um
1200 40pm

Numerical apertures &{E}’Lﬁ

Core diameterth &
20pum 0.07
40um 0.07

nLIGHT



$ﬁ</ﬁ%§$fzﬁj-?§%ﬁ(|§r) Standard Fiber Products — Erbium-doped

Cladding diameter

Cladding diameter
NEEE®E 400um

NEEEE
125um

yd N / AN
. ] | o )

Available core typesTiR#tAG4F T

Cladding diameter
NEEER&
250pm

Er level SC DC
16 8um Available core typesﬂﬁﬂtﬂqﬁ;ﬁ:%ﬂ Available core typeS_IEgthz?l
20 4um HC
H Er level DC Er level DC
30 4pm, 4pum HC
40 4pm
60 20pm
4pm
80 8um
110 4pm
120 20um

SC = single-clad #if12 = high-index coated HEiTi R ER
DC = double-clad 412 = low-index coated &t N RREE
HC = high cutoff variant ##& ILiFA<

Numerical apertures #8{E L%

Numerical apertures #{EF.£%

Numerical apertures &{E?L"‘

I I
| I
I I
I 1
I I
I I
I I
| I
I I
I 1
I I
I I
I I
| I
I I
I 1
I I
I I
I I
| I
I I
I 1
I I
I I
I I
| I
I I
I 1
I I
I I
I I
! 60 40um ! 60 65um
I 1
I I
I I
I I
| I
I I
I 1
I I
I I
I I
| I
I I
I 1
I I
I I
I I
| I
I I
I 1
I I
I I
I I
| I
I I
I 1
| I
I I
I I
| I
I I

Core diameter &5 NA Core diameter & NA Core diameter &
4pm 0.2 40pum 0.09 65um 0.09
8um 0.13
20pm 0.09

nLIGHT



ﬁ/@%%é’ﬂ@ﬂ’éfﬁ |:'|:|':| Products to support the standard fibers

- B Bee Botas - BORSR T RTE T Hy B Ithd

Goal is to optimize mode coupling between all the elements of a fiber laser/amplifier

o  FATIRAE : we offer:
— EERTIRE/MBAES L » DIHT T - B

Matching passive single clad and double clad fibers for components, relay and delivery fibers

— PCBERAYYE AR Matching end cap fibers

— PLBERISE A A RIAESEME Matching Fiber Bragg Gratings (FBG's)
— PLERRYZE i FE & B Matching pump combiners

— PLERBIZEJH R £F Matching pump pigtail fibers

Pump pigtails
200/220um and endcap

NA 0.22 — 100W
Passive HR FBG FBG
20/400DC PS 20/400DC Photosensitive fiber
Pump 2m 2m 20/400DC
Combiner “‘ “‘

YB1200 -20/400DC
30m

4 x 920nm Pearl \ Delivery fiber

bi

nLIGHT



ﬁﬁ'jﬁﬁﬂ"]’ﬁ“b BG loss improvement

Background loss

[dB/km]

2008 H1 2008 H2 2009 H1 2009 H2 2010 H1 2010 H2 2011 H1 2011 H2

8 nLight Confidential and Proprietary Information nlLlI G HT




%?Hﬁ"bjﬁﬁﬂ'ﬂﬁ:‘"ﬁ PD loss improvement

[dB/m]

90

Photodarkening excess loss at 633nm
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B SR SRR ST R

Higher birefringence polarization maintaining fibers being improved

» AR R IR RO AT sk, 1RIEE

= E"]ﬂ*ﬁ'%‘f We’'re updating our line of PM fibers with higher
birefringence versions

* 2013F /M Rm B L AR

The work will be continued through 2013

201 SE%—%EJEE‘J?E%Q{E Changes during Q1'13

Fiber type New specification Fiber in std stock
Passive-12/125DC-PM > 1.6e-4 1.7e-4
Yb1200-12/125DC-PM > 1.6e-4 1.7e-4
Passive-25/250DC-PM > 1.6e-4 1.9e-4
Yb1200-25/250DC-PM > 1.6e-4 1.6e-4

nLIGHT




MAECFRERF—HREEM R > SEWAE E SRIEE MeE LIF

The DC coating will be changed to operate in higher temperatures

- B{IAR T 2HNE BT RBEMRNLE » e iR AR =R RN
EEDJ $7KEF-F%ﬁIﬂ5 The new coating process for double clad fibers was developed to

sustain higher temperatures and higher power operation

» BAIEBET TR - KR PR T # LR E BRI

The following characteristics were considered and tested when comparing the new coating to the old

TR BREE MREE
Fiber property Old DC coating New DC coating

B EEEFLIE Cladding NA >0.48 >0.48

I{’E}]]Enrﬁ Operating temperature -40 to +85°C -40 to +120°C

T AEIRRE operating humidity Non-condensing Non-condensing
%‘l%_ﬁ'lét Strippability 9} Good t@ Good

—REEME B Available F (FIRIXER)
Recoating material Available (also compatible with old)
HLAR 5 L (SR BY) Proof level >100 kpsi Proof level >100 kpsi
Mechanical strength (typical) n> 20 n>20

° ﬁEZ(ﬁ 3$%_§EJ§ZFH§IJ*IT{>E%§:FFSJ To be introduced in standard fibers during Q1’13

nLIGHT



5o PRI B AOGE AN RO B R B K, RER

Competitive doped fibers comprised of relatively few and thick layers

MCVD COTS 25/250 fiber MCVD COTS 20/400 fiber
purchased in 2011 purchased in 2011
SEM image, MCVD Rings caused by 4-10 SEM image, MVCD
) layers of doping
=> unhomogeneous
composition

FIBREE T I,
e F P (R E4- 102
BRI
=>EF I IR

0.0035 _ ,
0.0030 . Index profile, MCVD
0.0025

0.0020
AN A
0.0015 N

o
© 0.0010 ‘v"v/\[\

0.0005 / | \
0.0000 | -

-0.0005 ,
-15.00 -5.00 5.00 15.00

Radius (um)

nLIGHT




DND [/ 5 258 55 A A] DLARORS B M 42 il - 422 )

Refractive index of DND can be accurately controlled — radially

dn

0.0035 -
0.0030 -
0.0025 -
0.0020 -
0.0015 -
0.0010 -
0.0005 -
0.0000 -

-0.0005
-20.00

DNDR] LASZH R .
DND can do step index ...

-10.00 0.00 10.00

Radius (um)

P TS L735979 2074004582

Both fibers are 20/400 geometry

= MEENBINEE
TR IV R

= Hundreds of doped layers
Homogeneous composition

20.0¢

-0,0005 t T T T t
-20,00 -15,00 -10,00 -5,00 0,00 5,00 10,00 15,00 20,00

L BUE BRI R, FRAERIARY, A

0,0025

0,0020

0,0015 -

50,0010 A

0,0005

0,0000 syttt

SEM image, DND

... or profiled index for modal
discrimination

T
— Angle 0.00

— Angle 45.00
—— Angle 90.00 | _

nLIGHT




A] ZBE ARG BN EReE-nLIGHT Yb1200-20/400DCHE 4T
Negligible photodarkening & high efficiency in nLIGHT Yb1200-20/400DC

IIRBFEREAE MR > 70% £ BB T4

Accelerated PD test at 70% inversion

§ 100 \ i PR R .
T
E -200 -
§ \ —Y10-B12
g 300 1 ° ——Fit_Y10-B12
9] “‘
:&;’_400 | »“ —COTS MCVD
£ 'Y\‘ COTS MCVD
& o
% -500 - hii B
o
9 600 -
o
£ -700 WH
-800 : : : ‘
5 10 15 20 nLIGHT DND
Time [h] Fiber

NnLIGHT Yb1200-20/400DCYt4- vl $24E: nLIGHT Yb1200-20/400DC has:
« 13-20% EEMEEZETUL 13-20% higher cladding absorption
o REFEMAME6E CERE : BHRYFACAHIPDIEE MR ER)

MCVD Fiber 6X lower photodarkening (reference fiber not yet saturated)

- FRFEMEHRE, 75-80% @ 920nmZE

Similar high efficiency, 75-80% @ 920nm pumping

nLIGHT



o] ZBE A ERE (AN - = %0%- nLIGHT Yb1200-25/250DCe4F
NegI|g|bIe photodarkening & high eff|C|ency in nLIGHT Yb1200-25/250DC

0
o
1

-200 - /
< nLIGHT DND

-300 T T T T 1 Fiber
0 5 10 15 20 25

Time [h]

NLIGHT Yb1200-20/400DCYt 4 vl $24E: nLIGHT Yb1200-25/250DC has:
- ~20% EEMNTERHRIK

~20% higher cladding absorption

-+ EEHERNMEAE GEE : ZTENFHOLAHPDHRFL R REM)

4X lower photodarkening (reference fiber not yet saturated)

- RFEMEHRE, 75-80% @ 920nmZEH

Similar high efficiency, 75-80% @ 920nm pumping

MCVD Fiber

nLIGHT



i B 3R i = AT (B FRt e 14:- YD 1200-25/250DC

Excephonal Long -term Beam Quality Stability in Yb1200-25/250DC

Output spectrum

-40

—_ - A
>
]

-60

-100
900 1000 1100 1200
Wavelength [nm]

e [ZE{FHYYb1200-25/250DC
Yb1200-25/250DC from stock

« BEI8%->215dB, CWHFE (MLHIEI14W)

Higher gain - >21.5dB W|th cw seed (power about 14 W)

« By — HJEAZ]1000h

Target is 1000h by the end of January

. *¢?5J§791064nm CW, ~0.09W
Seed is 1064nm cw, ~0.09W

o IR

Test will continue
nLIGHT

Signal [dBm]

Power [W]
OB ®H®ZOOWDN

+0--0-8-0—00-¢
40— & 006

150 350 550 750
Elapsed Time [h]

o
S




ﬁ'ﬁﬁfﬁi,‘ééﬁ Summary of the beam quality results

. FRERINIRIST1000/MEF (Y10-BO19A #2000/ )

All measurements 1000h Y10 BO19A was 2000h)

. *M??J%ﬁilﬁ B

No beam quality degradatlon observed

Fiber | Fiber Gain Coiling | M2Start | M?2End
type code dB] g [cm] x/y x/y

Yb700- Y10- 4 0.071 8 1.15/1.16 1.15/1.11
25/250DC B0O19A-01- (3D)

1A out
Yb700- Y10- 3 20.8 11.4 0.068 8 1.16/1.13 1.11/1.11
30/250DC B084A-01- (3D)

1B1 out
Yb1200- Y10- 3 21.5 13.7 0.070 8 1.14/1.11 1.14/1.11
25/250DC B306A-01- (3D)

1F in
Yb1200- Y11- 2.5 22.2 14.8 0.059 16 1.18/1.08 1.16/1.09
25/250DC B052A-01-

1A2 out
Yb1200- Y11- 2.5 21.4 12.5 0.069 8 1.18/1.08 1.16/1.09
30/250DC B027A-01- (3D)

1B4B out

nLIGHT



%/J?\E%U_E@E%%/ }ﬁ%ﬁﬁﬁﬁéﬂ’“ Passive Mode Field Adapters/Taper

NLIGHTERB4E A REBERF R T TTRIFELEFREE

nLIGHT passive tapers enable good beam quality with large core sizes

BT REH SAEDEA R 2 (EFE40um

Scaled from a single mode fiber core to 40um core

« M2 ¥/ F1.15.

M2 remained below 1.15.

- BER R BT SRR 2 T R, AT RPLRES

Tapers fabricated in mass by changing drawing speed on the tower

. ARATRNESEEOCER RS R

Can be used for diode pigtail mode field reduction

Single-mode Taper Taper
fiber 12/125-25/250 25/250-40/400

16cm
coiling

d(core)=25um  d(core)=40um
M2=1.04(x)  M?=1.05 (x) M2 = 111 (x)
1.06(y) 1.07(y) 1.12 (y)

Single-
mode
source

Spiricon M?-200

nLIGHT



nLIGHTHI4EE4T- S A iR R A A FESE

nLIGHT tapers are free of splices and other discontinuities

RAEEA A2 T Z2%&E, 5@ENHH
BRIZ TZ3H#S

The tapers are manufactured during fiber draw — process is
compatible with typical preforms

Gt/ BELLRRFAE

Core / cladding ratio is preserved

WMty CFRHE S PRAEIEEF(12/125, 25/250)
Pt &c

Small end optically matched to standard fibers (12/125, 25/250)

Al SRR A E R R

Excellent beam quality preservation

PRIR AL LA AR RIR K EE>20dB

Typical PER >20 dB over PM tapers

Yb doped 40/400
taper output image

25/250-60/600

Typical profile, measured from: P10-E349A-01-1B

o

o

50

700
— 600 SRN-sessestesetee——
E so0 4
@ 400 “'/-. — Endtargets
]
.2 200
Q
100
0
0 50 100 150 200 250 300 350 400
Distance from thin end [cm]
Typical cladding diameter profile, measured from Y11-B046A-01-1P
500
T 400 "'i" +ooo
=
= 300 —
g P aa®
g 200
2
Qo 100
0
0 50 100 150 200 250 300 350 400
Distance from thin end [cm]
Typical cladding di profile, r d from Y10-B223A-03-1A
500
T 400 —_
E4
= 300
2 Swwnsee o
2 200 y
s -
o 100

100 150 200 250 300 350 400
Distance from thin end [cm]
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BIEESEA BRI T>200kW IE{ETHER/ 17ps Bk I8t es

Tapered amplifiers enable >200kW peak / 17 ps pulsed fiber lasers

FHFINE Seed power [W]
TN EE Average power [W]
i {E{ L/]% Peak power [W]
Bk 7 Pulse duration [pS]

E il Repetition rate [MHZ]
FRTTE M2
(iR E Sttt PER [dB]

Good beam quality
(20cm coiling diameter)

A

Far field Beam profile at 100W

5W
1OOW e N — S \[/ [=]
. BL £ FE 5 [ S AP O 38
Fiber Amplifier using a taper in co-pumped configuration
~17*
1064nm Seed
~30 Il Yb taper
15 976nm pump Output
>12 (*) Assuming no pulse broadening 18 7 bk % B 71
Power amp output power and M2 vs pump power using 60/600 taper
120 4.0
3.5
100
3.0
80
2.5
£ 60 20 >
S S  =#—Poutap [W]
40 15 == M2
1.0
20
0.5
0 0.0
0 20 40 60 80 100 120 140 160

Pump power amp [W]

nLIGHT



DND- E & 4KHL T 1R o] SCHL R A48 R 2l

DND - Direct Nanoparticle Deposition enables radial dopant control

St EMB ZaERp GER)
Examples of index & dopant control (recent)

3 -

2.5 -
a
—_— 2 5
MR AGEREE . 7 550 B4 T
Schematic of the deposition system 3 e
E Y] ?/ UE{K#Q
Doped porous % 0.5 1 Shaped index
Liquids core deposition g Fully Yb doped
* Ytterbium / erbium
* Aluminum -0.5 . - . -
* Boron Radial position
» Other co-dopants 3
E Real time F
computer g 25
. control g’ 2
I & & s BRI S
N — P BRI %
Doped % 057 Step index
Burner paif';f;;s l . E 07 Confined doping
M r
Vapors floiifas 03 Radial position
* Silica controllers 3
2.5

ML T AT R
B &Rl 5 2y
Parabolic edges
Confined doping

Refractive index difference [*1073]

-0.5

Radial position

nLIGHT



SRR TG (EEBLR) - Yb1200-30/40/400DC

New Tailored Core Fiber in stock — Yb1200-30/40/400DC

Yb1200-30/40/400DC
Optical

Peak cladding absorption at 920nm | dB/m 1.3+04
Core NA 0.07 £0.01

Cladding NA > 0.46

Geometrical and mechanical

Core diameter pum 40 £ 4

Doped diameter Hm 303

Core concentricity error % <15
Cladding diameter flat-to-flat Hm 400 £ 15
Cladding geometry Octagonal
Coating diameter Hm 500 £ 15

Proof test Kpsi > 50

3000 - 1.40
o Conventional

o 135 A\ M’=4.05/4.15

2500 4

1.25!

20 40 60
Diameter, cm

N
(=3
o
o
1

Confined-doped
M*=1.27/1.27

T T T L)
400 600 800 1000 1200 1400
Position, mm

Beam width, pm
@
o
o

1000 1

500 4

nLIGHT




Actions

nLIGHT



