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1. Introduction



Background

Scaling the output power from lasers has been @witg¢hat has preoccupied many within
the laser community ever since the laser’s inventidhis has been driven not simply by
curiosity, but also to fulfil the needs of hugegarof applications:

Application areas include:

. Scientific applications

. Medical applications

. Remote monitoring and sensing
. Free-space communications

. Materials processing

. Defence applications

In addition to high power, many of these applicasiplace other demands on the laser
source, for example, in terms of beam quality cedficy, linewidth, mode of operation, etc,
which may be quite difficult to achieve.

For a long time, the high-power laser area has bdeemnated by gas lasers and conventional
‘bulk’ solid-state lasers. Fiber lasers and ampisiare relatively new arrivals to this area!
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Brief history of rare-earth doped fibers

First rare earth doped active fiber device!
Coiled Nd-doped fiber side-pumped by a flashlamp
C. Koester and E. Snitzer, American Optical Co

First fiber laser pumped by a laser diode?
CW operation of a Nd-doped silica fiber laser puchpg a GaAs laser diode

J. Stone and C. Burrus, Bell Labs

Fabrication of low-loss RE-doped silica fibers by MCVD and solution doping

resulting in the first low-loss Nd-doped fiber laser pumped by a laser diode?
R. J. Mears, L. Reekie, S. B. Poole and D. N. Paynéeversity of Southampton

First erbium-doped fiber amplifiers
R. Mears, L. Reekie, I. Jauncey and D. N. Payneyétaity of Southampton

First cladding-pumped fiber laser®

Nd-doped fiber laser with offset core
E. Snitzer, H. Po, F. Hakimi, R. Tumminelli, B. &cCollum, Polaroid

First >100W cladding-pumped fiber laser®

V. Dominic, S. MacCormack, R. Waarts, S Sanders, SBicknese, R. Dohle, E.
Wolak, P. S. Yeh and E. Zucker, SDL



2002  First fiber laser with > 1 KW output power’ o
K.-I. Ueda, H. Sekiguchi, H. Kan, University of Eteocommunications, Hoya, and
Hamamatsu, Japan

2005 Ytterbium-doped silica fiber laser with >2kW output®

V. P. Gapontsev, D. V. Gapontsev, N. S. Platono\Siaxurihin, V. Fomin, A.
Mashkin, M. Abramov and S. Ferin, IPG Photonics
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Operating wavelengths for rare-earth doped fiber
lasers in silica and non-silica glasses
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Principles of RE-doped fiber lasers

RE-doped core Silica cladding

Pump — — > Output
. Outer coatin '
High reflector J T%l;]tsprl:]ﬁscsc:gﬁlir_r
Core: Radius =, 21r, ;o _ 21r,NA
Refractive index = V= VNa =Ny =
A A
Cladding: Radius 5r For single-mode propagation in the core, V<2.405
Refractive index = — ;= 4um for NA = 0.1 anc\ = 1.0um

Gaussian transverse intensity profile approximafiwriundamental mode
—  Mode radius = w= rJ/(logV)%°>= 4.3um

Typical value for gis 62.9um 3



Core composition

The core is fabricated from Sj@ith various dopants including:

. Rare earth ions (e.g. Rid Yb3*, ER*, Tm*) in the form of REO, with typical
concentrations in the range of ~100ppm to >10,060pp

. Dopants such as Al and P are added to modify tkie@mment to increase
the RE solubility in SIQ

. Dopants (e.g. Al, Ge) are added to increase refactdex of core

The addition of these extra dopants varies the ¢msposition and hence can have an
effect on the spectroscopy
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Simple model for four-level lasers

Fiber vs Bulk
Fast non-radiative decay
A c\/\/V ,
hv, hv,
v ,;;::_:'_:'_:'_:'Z’Z.
“‘ Fast non-radiative decay
. RE-doped crystals generally have relatively disceeib-levels and
relatively narrow homogeneously-broadened emissimhabsorption
spectra.

. RE-doped glasses generally have very broad (quarig) sub-levels
with very broad continuous emission and absorpmectra.
Broadening involves both homogeneous and inhomagyene
mechanisms.

10



Rate equations:

Population densities for the lower and upper lésezls are: =0 (from four-level approximation)

N, = N = Inversion density
Under steady-state conditions:

dN(r.2) =R, (,2) - _NW2) ¢ 6 N (r,2)8(r,2) =0
dt T

f

dS _

s j c.o.N (r,z)s(r,z)dV —§ =0

cavity C

where ¢ is the speed of light in the laser mediums the fluorescence lifetime of the upper lewgl,
is the cavity photon lifetime, fi,z) is the pump rate density, s(r,z) is the phatensity, S is the total
number of photons in the laser mode inside thenaso ando, is the emission cross-section for the
transition. o, is usually much smaller for a glass host than foryatal host.

Material Nd:YAG Nd:YVO, Nd:YLF Nd:silica Nd:phosphate
glass glass
A (um) 1.064 1.064 1.047 () 1.060 1.060
1.053 (o)
6, (1023m?) 3.4 25 (n) 1.9 () ~0.14 ~0.4
1.2 (o)
7 (US) 230 90 520 500 350




Simplifying assumptions:

. Gaussian transverse profiles for | laser modepamdp

. Neglect diffraction spreading of pump and lasedmo

. Negligible ground-state depletion

. Low resonator loss: T = transmission of outpuwtpder, L = round-trip loss (excluding output
coupler) -» (L+T)<<1

Can solve rate equations to obtain expressionthfeshold and slope efficiency as folldws

e Threshold pump power — ; o
Low emission cross-section for fiber is

mhv (L +T)(w;+w{)  more than offset by the small core/beam
= size compared to bulk laser configurations
40T N aps — Much lower threshold for fiber laser
— Threshold powers can be < 1mW

pth

» Slope efficiency

_ T vV, In practice, slope efficiencies for fiber lasers
Ns = L+T | v NpMand e tend to be higher than for bulk lasers
p

where v is the pump beam size or fiber core radiusjsithe laser mode radius, is the pumping
quantum efficiencyrp is the pump — laser mode overlap factor agd=[1-exp(al)] is the
of pump light absorbeda( is the absorption coefficient for the pump). 12
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2.

Cladding-pumped fibers

The ‘cladding-pumping’ concept

Inner-cladding geometry

Main laser transitions for high-power fiber devices
Theory for amplifier and laser performance

External feedback cavity design
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The ‘cladding-pumping’ concept

Inner-cladding

/ Output

Core

—_—p PUump

Outer-cladding Fiber laser

n(r)
A

N

> I

(Pump beam size x Far-field beam divergence) < (Inneladding size x arcsin(Inner-cladding NA))

—  Can pump with high power + poor beam quality (i.elow brightness) diode pump sources

15



Inner-cladding geometry:

Circular inner-cladding + off-set core
. Core must be off-set by a large amount
for efficient pump absorption

. Difficult to splice

Circular inner-cladding + centred core

. Easy to fabricate + splice

. Rays with trajectories that do not /

pass through core> Poor pump absorption

\
@
Polygon-shaped inner-cladding + centred core
. More difficult to fabricate
. Very effective way to increase pump
rption efficien
absorption efficiency ° ° PY

. Quite easy to splice B

/ /

Rectangular inner-cladding + centred core
. Very effective way to increase pump
absorption efficiency
Helps with asymmetric pump beams
. Difficult to splice

D-shaped inner-cladding + centred core

. Quite easy to fabricate

. Very effective way to increase pump
absorption efficiency

. Difficult to splice
16



Silica versus other glasses

Silica is generally the material of choice for higbwer fiber lasers and amplifiers
for the following reasons:

 Very high melting temperature and mechanical gfiten

 Relatively simple and well-established technigioediber fabrication

« Verylow loss

« Good handling properties (e.g. splicing and clegyi

«  Compatibility with existing silica-based activedapassive low power (e.g. telecom)
components

« RE-doping— Useful range of operating wavelengths

17



Main laser transitions for high-power silica fiber devices

Nd3* doping Fs,
4F‘3/2
A, = ~800nm A ~~1.3Gim
o, )\ ~1050—1090nm
4Ill/2
q AL =905 —-940nm
Nd3*
Yb3*doping
2
F5/2 ‘
A, ~~900 - 980nm A =~980nm, 1030 — 1120nm
A 4
2
F7/2
Yh3+

18



Er3+doping

)\p ~~910 - 980nm

Absorption (a.u.)

2I:y2--1=r-- —--'>

4
F7/2

4
F9/2

4
I9/2
Ill/2

4
113/2

-] ||

4
I15/2

Er3*

900 950
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850

1000
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Cross-sections [x10-25 m2]
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1400

L ~~ 1530 —1620nm

(o2}

Emission
Absorption

L d
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1450 1500 1550 1600

19



Tm3*doping

Cross-relaxation

°F
)\p ~~780 —-810nm 4
)\p ~~1200nm —

A, ~~1550 - 1750nm

A =~ 1730 —-2100nm

Tm3*

Pumping at ~ 780 — 800nm can be very efficient witbareful optimisation of the core compositiof?
e High Tm** concentration — Efficient ‘two-for-one’ cross-relaxation

— Higher absorption coefficient for pump
— Short device length + reduced loss

20



Theory for amplifier and laser performance

Yb-doped silica fibers:
N, and N are the population densities for the lower and uppe

manifolds and N is the total RE ion concentratidpandA, are

ZFS/2 - N, pump and lasing/signal wavelengths respectively.
N, and N are determined by the rate equations for upper and
th hv, lower levels under steady-state conditions
dN, _ 3
, \ 4 dt - (R12 +W12)N1_(R21+W21+A21)N2_O @
F7/2 N1 dN
Y3+ d'[l = _(R12 + W12)N1 + (R21 +W,, + A21)N2: 0 (2)

where the transition rates are:R;, =0, (A )1, /hv,, Ry =0 (A)l,/hv, andA, =1/t
W,=0,(A)l /hv, and W, =0, (A)Il, /hv,

0, anda, are the absorption and emission cross-sectiorievi@r and upper levels respectively and
T; is the lifetime of the upper level

N1+N2 — N N —_ N (R12+W12)

2 = (3)
R+ Ry + Wi, + Wy + Ay

21



The pump loss and growth of the laser/signal lajbhg the fiber are given by:

dr,
=N, 0N, =0, MNP, @

dR’ +
=N (0. AN, 0. (A )Ny, ®

L =0 (0,0 )N, =0, A ON)F; ©

wheren, andn_are overlap factors for the pump and signal/laget with the doped core.
For a double-clad fiber, =~ A /A, where A, is the doped area of the core angligxthe
inner-cladding area angl ~1. Equations (4), (5), and (6) can be solved nically to yield

amplifier gairt and laser output power.

22



Small-signal gain regime: *G G
Saturated gain regime*G& G — Use counter-propagating pump and signal beamsvireipamplifier

Fiber
amplifier Amplified
output
—> Co-propagating pump and signal beams
Fiber
amplifier
Input
signal
<+— Counter-propagating pump and signal beams
Amplified
output

Need input signal to exceed saturation power fqoldi@r to achieve efficient power extraction
— Limits gain for practical power amplifiers to ~ 1d 30dB

23



Power scaling with a master-oscillator power-amplier (MOPA)

Need a chain of amplifiers to scale the output pdveem a low power master-oscillator

10 — 20dB 10 — 20dB 10 — 20dB

Output

Isolator Fiber amplifier

Master-oscillator

Increasing core area + Increasing pump power

24



External feedback cavity design

Feedback arrangement:

Optical element for extending functionality
(e.g. Q-switch, wavelength tuning element

P

Main design issues:

 Broadband feedback from end-facet adjacent tamexkeavity should be suppressed so that it
does not compete with external cavity's function

« Lowloss + AR coated intracavity components redliire
« Degradation in beam quality @due to lens aberration can dramatically reduedabrdback

efficiency

— Need to keep beam divergence <0.05 rad with sitghsies to avoid degradation in beam
guality or use aspheric or multi-element lenses

25



Simple feedback cavity:

P, lost in feedback arrangement

P, .

S —

« Power in feedback cavity << Output power,) P
 Power handling capability of feedback cavity comgats may not be an issue

— Simple + effective method for scaling to very higlilkW) power levels®

Alternative resonator feedback schemes:

(a) Butted mirror
P, « Simple, but limited scope for
e power scaling due to mirror
damage
HR

(b) Fiber Bragg grating

o Allfiber
* Very high feedback efficiency
P, FBG «  Power handling??

S 26
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3.

Pump sources and pump coupling

Introduction

Brightness and the Mparameter

Calculating pump beam sizes

Focussing pump light into double-clad fibers
Diode laser pump sources

Pump launching schemes
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Introduction

Efficient coupling of pump light from one or manegh power diode laser pumps into
double-clad fibers is essential for efficient powwad brightness scaling of cladding-
pumped fiber sources.

This requires careful selection of the pump disfiednd very careful design and precise
alignment of the pump light collection, deliverydacoupling optical arrangement.

The choice of pump source and incoupling scheraenmgjor element of the overall fiber
system design and can have a huge impact on thmallosaesstem performance and on
flexibility in mode of operation.

Pump brightness is usually the key factor. Tlghér the pump brightness, the more
flexibility there is in the choice of fiber designc&amode of operation, and the easier it is
to scale to high output powers.

Advances in high-power diode pump sources and ptoapling techniques over the last
decade have been dramatic, and this has probadiythe single biggest factor in taking
fiber-based sources to the power levels reportethte

29



Brightness and the M parameter

Brightness (or radiancg= Powgr (Units: Wm™sr™)
Areax Solidangle

Fundamental transverse mode (diffraction-limited): B[] P(;\\;ver
: . Power
Non-diffraction-limited beam (MM 2>1):
(>4 M2 M2\

where M, 2 is the beam propagation factor
. B determines the maximum focussed intensity
. B is invariant as beam propagates through a (g@ifens system

B determines the maximum pump power that can be cqalled into a double-clad fiber

30



Rough guide: For efficient pump coupling, the beam propagateectdr
for pump source must satisfy:

MZ < T[enarbyuf
p =

)\p
Typical situation:
ypical situation 21, (um) 8_(rad) |V|p2

Double-clad fiber with
N Ae 04 125 0.41 66
* A,=980nm 200 0.41 105
J V.= 0.8

400 0.41 210

600 0.41 315




Diode Laser Pump Sources

Wavelength options:

GaN — 380-nm —480nm— PB*

GalnP, AlGalnP — 640nm —680nm— Cr:LiICAF, Cr:LISAF
AlGaAs, GaAs — 780nm —860nm— Nd3*, Tnme*

InGaAs — 900nm —980nm— Yb3*, EPR*
InGaAsP/InP — 1.47um - 1.6pm— Ers*

InGaAsP — 1.8um —-1.96pum— Ho3*

Diode laser types:

(a) Single-stripe (single-mode) diode lasers
Emitter size ~1um x few um
Beam divergence (FWHM}, ~ 25°- 30° (perpendicular to junction) and
0, ~ 7° (parallel to junction)
Ms2=Mz2=1
Max. cw output power ~0.5 — 0.8W (limited by cataptric failure)

32



(b) Broad area diode lasers
Emitter size ~1um x ~100um
Beam divergence (FWHM}, =~ 25°- 30° and, = 8°
M,?=1 and M?~15-20
Max. cw output power ~ 7 - 8W

(c) Diode-bars
Emitting region ~1pm x 10mm
Beam divergence (FWHM}, =~ 25°- 30°
andf, =~ 6°- 9°
M,?=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}, =~ 25°- 30° and, = 9°
M,?= [(N-1) x bar spacing/emitter height] + 1
and M2~ 1300-1800
Max. cw output power ~ 40-120W x N




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 - Shamerdbtighly equalise the
M2 parameters in orthogonal planes preferably witldeareasing

the brightness

Beam shaping

- rr 7 =7

2 2
|lei >> |\/Iyi

fo2 ~ MyfZz (I\/Ixizlvlyiz)o'5

4. Scheme for launching into fiber

5. Management of stray pump light y



Pump launching schemes:

1. End-pumping:

Higher brightness pumping

Short device length» Higher threshold for unwanted nonlinear loss preess
— Lower propagation loss

Flexibility in fiber design + better fiber laser/ahfr performance

Free-space beams optical components needed

Alignment issues

High pump deposition density at fiber end

Side-pumping:

Multi-point pump injection and distributed pumpaation configurations
Distributed heat loading
Easy access to fiber ends for splicing to othermmments
All fiber architecture— Robust + fewer optical components + no alignmesuas
Lower brightness pumping
Longer device length» Higher propagation loss

— Lower threshold for nonlinear loss processes

35



Examples of pump launching schemes

V-groove scheme:

Inner-cladding Outer-cladding

\ V-groove /

Rare earth /
doped core Substrate — Microlens

™~ Diode laser

 Simple side pumping scheme that requires few apticmponents®

« Beam divergence), < arcsin(NA)— Limits use to broad-area diode pumps
 Relatively large degradation in pump brightnessammching

e Power scaling via the use of multiple pump inj@ctpoints

36



Multimode fiber coupler4;

Wedge lens
\ Fiber-coupled broad-area diode

Multimode
coupler

Diode
Tapered Fiber bundle

bundle /

Splice

Fiber-coupled
diode

_

(rena)ﬁnal 2 Z (rena);put

I Inner-cladding
n

Outer-claddin
J n = number of input fibers

7 pump fibers into
1 pump fiber —

6 pump fibers into
T 1 active fiber

— Can be used for end-pumping and/or multi-injecfi@mt side pumping 37



Distributed pump coupling scheme:

High NA multimode Active fiber + pump fibers
pump Fibers in optical contact PUMp port (x 3

~SZ_ - 72— %%}
7 — \

\ ('JI T ‘\\/W = : :%
Laser
\ Output
RE-doped ~ Active fiber / An(r)

Polymer
coating

Pump fiber

Pump and active fibers are in optical contacBreaks symmetry» Efficient pump absorption
More uniform pump deposition than for end-pumpangnulti-point injection
Access to fiber ends for splicing to other fibers 38



Pumping schemes for diode arrays

e Side pumping or end pumping schemes may be used

 In both cases, the output from the diode arraytinase-formatted to allow
efficient coupling into the active fiber or pump ety fiber

 Fiber end termination must be designed to elimittaerisk of damage due to
stray (uncoupled) pump light

Example of fiber end termination:

Inner-cladding Heat-sink

Pump
/ Heat-sink

Outer-cladding

Main features:

e Section of uncoated fiber protruding from heat-ssokthat uncoupled pump light
spreads out by diffraction and is not incident lo@ duter-coating

e Heat-sink over first section of coated fiber minges the risk of damage due to
high divergence pump light leaking into the outeating 39



Fiber-bundle-coupled diode-bars: (see refs. 5 and 6)

(a)
Low fill-factor  Linear array
diode-bar of fibers
: 5 Fiber bundle
[ ]
LArrange in close-packed
circular bundle
Fiber lens ~__
Diode-stack
\ > Multimode
> > fiber
> —] \

Microlens

X

L.

y

Simple and robust way to equalise
M?2 parameters for diode-bars
Fibers are under-filled

— Low brightness

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

Combination of free-space optics
and fiber bundle approach

Can be used to equalise’ pharameters
for diode-bars or stacks

Higher brightness than method (a),
but more complicated and expensive
Output from bundle can be coupled
into a single delivery fiber as for
method (a) 40



Aperture filling

Diode bars and stacks have a large area of ‘demckspetween the actual emitting regions. For
applications requiring high brightness beams utsgally necessary to use cylindrical microlenses and
cylindrical lens arrays to collimate (reduce tharmedivergence) from individual bars and individual
emitters to increase the brightness. This is akéerred to ‘Aperture filling’ and is crucial for ast

fiber laser/amplifier pumping applications.

w, + = beam width after collimation in the x and y difens

w,;,; = beam width at emitter in the x and y directions

. 6, = far-field beam divergence after collimation iethand y directions
l_' ] 6, = far-field beam divergence without collimationtire x and y directions

X

Fast-axis collimation:

X

Y
= M2 O, w.
— 2
Slow-axis collimation:
X
yl_’ Z
2
fo — exf ~ Wxi
2
M Xi exi fo
41




Free-space beam shaping techniques

(a) Two-mirror beam shaper’

Sl . Re-shaped (stacked)
i OW-axis beam Cylindrical
Diode-bar lens array lons )

(1)-(5) Mirror y

Plan view

Output
beams

Focusing
lens
X
\/ Fast-axis Beam-shaper
g collimating lens \
Output Delivery
fibre
ident ) - | | |
Team « Two mirrors used to slice beam in poor beam qyalit
direction and stack resulting N beams in the ortimad
direction
2 = M2 = 202
- M2 =M2 = [13M2M?

by choosing N = \/M 2 /11.3M f,i

« Simple + low loss

» Can be used for bars or stacks

« Output can be focussed into the active fiber oivdey
fiber 42




Summary

There are many diode pump source architecturesremy different coupling schemes
that may be employed to launch pump light into dexdbtad fibers

Emitter brightness is ultimately the limiting facton how much pump power
can be launched into a given fiber

Still a great deal of scope for improvement in puaunching schemes

Alignment tolerances are difficult to satisfy Compromise between cost/simplicity
and performance

43
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4.

Thermal effects In fibers

Heat generation

Thermal effects

Laser geometry and heat sinking
Melting / damage

Thermal guiding

Summary
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Heat generation

T
Various sources: N,
hv, hv,
«  Quantum defect heating:
N,
AE = hv, —hv, — HEAT RE*

. Excited-state absorption (ESA)

At pump and/or signal wavelength

. Energy-transfer-upconversion (ETU) ! é

Depends on RE concentration and excitation density [

High conc. + high excitation density can lead to a
significant decrease in efficiency + extra heatiog




Various sources (cont’d):

. Impurities

. Non-radiative sites
. Absorption of fluorescence and/or stray pump

light in outer-cladding and/or mount

Quantum defect heating is often considered to berain source of heat, but
this is not always correct. If it is then:

Fraction of absorbed pump converted to heat, = 1 —v,/ v,

Rare earth ion Pump wavelength | Lasing wavelength Vi
(nm) (nm)
Nd3* ~800 ~ 920 - 940 ~0.13-0.15
~ 1050 - 1080 ~0.24 - 0.26
~1360 ~0.41

Yb3* ~915 - 980 ~ 980 -1140 ~0.05-0.20

Erst Yb3* ~915 - 980 ~ 1530 — 1620 ~0.36 — 0.44
Tm3* ~790, ~1550 ~ 1720 - 2100 ~0.10 - 0.62
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Thermal effects

Pump Laser
power output

Heat Heat removal Heat removal

Temperature gradient —

— Fracture

Thermal effects become more pronounced at high pumpowers
— Degradation in beam quality + reduced efficiency ventually damage 48



Attractions of fibers:

. Generated heat can be spread over a long dewvigéhle
(typically a few metres to a few tens-of-metres)

. Large surface area/core volume facilitates haabkal

. Waveguiding properties of core (i.e. refractiveargrofile)

usually dominate over thermally-induced changes in
refractive index.

Thermal management is easier than for other laséium geometries,
but fibers are not completely immune to the effedthermal loading?343

As power levels from cladding-pumped fiber laserd amplifiers rise,
thermal loading is starting to become a seriouseigespecially in rare
earth-doped fibers with a relatively large valueyfgr

Also, thermal effects in external components (Eagaday isolators) may
Impact on the overall performance of the system
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HEAT :
HEAT Outer-cladding

Core radius = 1 1 1 1 1 1 /

2r

merciaaang ¥ ¥ ¥ by

HEAT
HEAT

Region 1 Region 2

Under steady state conditiéns [.h(r, z) = Q(r, 2)
h(r,z) =-K_ OT(r,2)

where h(r,z) is the heat flux, Q(r,z) is the heepakition density, T(r,z) is the

temperature and Ks the thermal conductivity -



Boundary conditions: h(r,z) and T(r,z) are comtins at boundaries between layers

Thermal conductivity: K=K, forr<r, (i.e. core and inner-cladding have the same
thermal conductivity)
K=K forr >,

Resulting temperature distribution can be obtaineah:

r

AT(r,z)=T(r,z)- T(0.2) = —Ki [ h(r',2)dr

Region 1: B 1 5 5
T(02)-T, = h(z){K + Ioge[rb}f}

4T[ ic Kic ra rle
Region 2: B 1 5 5 5
TO0,2)-T, = r (2) +—Ilog, o +——log, e |y =
4T[ K ic K ic r‘a K oc r‘b rcH 2

where B(z) = B(z)a,;y, Is the heat generated per unit lengtfisthe ambient
temperature of the surroundings, T(0,z) is the exampoire at the core’s centre and
H, ,is the heat transfer coefficient for the inner/ouiadding in regions 1,2 51



Thermal loading limit for a typical double-clad silica fiber

Fibre design:

10000

Core diameter = 28n

Inner-cladding diameter = 200, 300, 500
Outer-cladding diameter = 300, 400, G6®
Pure silica inner-cladding: & 1W/mK
Polymer outer-cladding: k& 0.1W/mK

Region 1

1000 -1

P, (Wm™)

100 A

10

P, (Wm™)

r,=200um

Convection cooling

<
<

10t

102 103 104 10°

Heat Transfer Coefficient (Wm™2K™)

For convection coolingH ~ 10Wn*K™

10000

1000

100 A

10

For silica: T~ 2000K and
assuming F293K

Region 2

~
r,=200um

Conduction cooling

»
»

102 103 104
Heat Transfer Coefficient (Wm?2K™)

10t

Upper-limit on power that can be extracted fronefitl, ., = Py(1 -v,) / v,

e.g.

For an Yb fiber laser at 1080nm pumped at 980Rm;~ 10R,

For an Er,Yb fiber laser at 1550nm pumped at 980nm;:+1.7R,

10°
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Suggests that typical double-clad fibers can hahdé deposition densities in the range
~20 — 50W/m to >1kW/m depending on the cooling sahérfore the onset of damage
due to melting.

However, this is not the whole story since in Reagzahe threshold for damage to the
outer-coating is reached first. For a typical pody outer-coating the maximum
temperature, J that can be tolerated before the coating beginggrade is ~150°C.
This imposes the following upper-limit on the hdaposition density:

-1
thax = 4T[(Td - Ts) |:K2 Ioge(iJ " ° i|

oc rb rcH2
1000
—  Aggressive cooling needed for |
scaling to high power levels Hg
—  Thinner coating + larger inner & 101
-cladding facilitates thermal
management 1

10t 102 108 104 10°
Heat Transfer Coefficient (Wm™2K™) 53



Thermal guiding

Two possibilities:

1. dn/dT >0
Step-index profile
An(r) for core An(r)
1 / 4 « Tighter mode confinement
» Degradation in beam quality
* Reduced efficiency
+ HEAT —»
:r :I'
) 2r, j ) 2r, ]
2. dn/dT <O
An(r) An(r) « Less mode confinement
* Mode distortion
* Increased propagation loss
+ HEAT —> |\ /‘ » Reduced efficiency
:r =r
) r ) 2,

For silica glass: dn/dT > 0 and for phosphate gleedT < O o4



Case 1:

Step-index waveguide has a fundamental mode ragjgs/en by w, =r_ /,/log,V

where V= 4xn nr An/i

n(r) — r]o - r]thrz

\

\

Inner-cladding

where

_Bdn/dT

" ATmK

Hence, thermal guiding starts to have a significaipact when:

. 2K N(log, V)?
"7 m’ndn/dT

— Thermal guiding will have significant effect
on guiding and hence performance in
large-core fibers

1000

P, (W/m)

10 1

V=2.4

0

10

20 30 40
Core radius (um)

50

60 55



Summary

Double-clad fibers have excellent thermal propsrtempared to
conventional solid-state lasers, but are not imnftoma the effects of heat
generation.

Degradation and/or damage to the fiber outer-cgature to the high
temperatures which result from heat generatedarctine and poor thermal
management is one of the main failure mechanisrmgyhatpower levels.
Improved heat-sinking can remedy this allowing isgato much higher power
levels

Thermal guiding is not a serious problem in congral (small) core fiber
designs, but will start to impact on performanceeny large core / short length
devices

Thermal lensing in ‘free-space’ components (e.gaéfay isolators) is an issue
at high power levels and requires the use of v@nydbsorption materials and
careful design to eliminate and/or compensate éanidistortion
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5.

Nonlinear processes

Stimulated Raman scattering
Raman Lasers

Stimulated Brillouin scattering
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Stimulated Inelastic Scattering

(a) Stimulated Raman scattering (SRS)

u ------------ - ..

\ Vo —p

f A 4
¢ v, Optical
i phonon

Spontaneous Raman scattering

Scattering of an incident (pump) photen)(
to a lower frequency photomJ as the molecule
makes a transition between two vibrational states

Energy differencéE = v, = hv — hv is absorbed in
the medium as heat.

Frequency down-shifted wave is the Stokes wave
and the frequency shifv{ ) is known as the Raman
shift

Phase-matching is not required for this process
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U=me=mm=——==- I — Raman amplification

VS
— > di,
h hv > =gl | —agl,
Vp s Vs dz p
—5 —>
] v dlpz_gRIplsz_a I
v Ve dz V PP
1 S
Stimulated Raman scattering a, andagare the loss coefficients for the pump and

Stokes wave, andgs the Raman gain coefficient

The values for gandvg, and the frequency range over which Raman gaegneist
depend on the material.

Amorphous materials have a very broad Raman geaotgum. For silica, Raman
gain can be achieved over a frequency range ab tp40THz

For silica the max value for,g- 1x10%m/W and corresponds to a Raman frequency
shift of ~13THz

gk can vary significantly with the core compositiore(iadding dopants can have a
significant effect on the value fog,@nd the value for the Raman frequency shift at
which g Is a maximum. o0



SRS has a number of important applications in flissed devices:

* Fiber Raman amplifiels—  Distributed + broadband amplification

« FiberRamanlasets —  Extension to wavelength regimes that are not calvere
by RE-doped fiber lasers

 Broadband wavelength generation

However, SRS can also be detrimental to the pedoom fiber lasers and amplifiers since
it acts as a loss.

Threshold for SRS
RS 16Aeff

pth
Orle

where | =ai[1— exp(—apl)] Is the effective length andAs the effective core area.
p

!

Assumes that Raman gain spectrum has a Lorentmi@shiape and the polarisation of the
pump and Stokes waves are maintained.

Once the threshold for SRS is reached, the Stokgs wan grow very efficiently at the
expense of pump powes Second-order Stokes wave and so on.

— Limits maximum output power for cladding pumpecefitasers and amplifiers 61



Example: Typical cladding-pumped Yb-doped silica fiber |agath

Core diameter = 15pum-> A 4~ 1.77x106'0m?
|l = 20m

SRS _
— Py = L14kW

This is only a very rough guide, but it shows t8RIS is potentially a problem in very
high power cw fiber systems and quite modest peakeppulsed fiber sources.
Possible solutions include:

. Increasing the core area — Limited scope withogtading beam quality

. Shorten device length  — More demanding on diodepbeam quality and
thermal management

. Distributed loss filter to suppress Stokes gemnanat
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Raman Lasers

Attractions: -  Access to wavelength regimes not available in Rged lasers
- Low thermal loading if wavelength shift is small

Cascaded Raman Laser:

Fiber Bragg grating

/

HR @1, HR @ A, R~50% @A, HR @ A,

Output
@ 7\‘ s2

Pump laser
¥

p

/
e.g. Cladding-pumped
Yb-doped fiber laser

Example: Yb fiber pump laser at 10
Phosphosilicate Raman fibek;=1.24um andA_~1.48um
Requires very long lengths of fiber (~1km) for a ltweshold

>1W power levels at 1.48n have been generatéd with efficiencies up to 48% wrt
Yb fiber laser power. 63



(b) Stimulated Brillouin scattering! (SBS)

Pump wave generates acoustic Periodic variation in
waves via electrostriction refractive index

Stokes wave < of grating

v

/

Pump light is scattered via Bragg
diffraction and down-shifted in frequency
due to the Doppler shift> Backward
propagating Stokes wave

Vp
Pump wave —_—
vV, = acoustic velocity
S
—

Va

2nv,
A

p

- Frequencyhift vy =v -v =

For silica, w = 6km/s— vg = 17.5GHz ai\, = Ium. Hence frequency shifts for SBS are much

smaller than for SRS.
Scattering involves low energy acoustic phononSB6 and higher energy optical phonons for SRS

Stokes wave is backward propagating for SBS 64



Brillouin gain:
Due to the very small Brillouin frequency shift:

dl
4y~ Gelplstals »  Assumingv, = v and hence = o =
* Note the ‘minus’ sign has been included
dl, _ “all —gl to account for the propagation direction of the
dz alpls — U1y Stokes wave (c.f. SRS)

If the propagation lossxj is negligible then didz = d|/dz

g IS the Brillouin gain coefficient. If the acoustA@ves decay as exp(t), wheret; is
the phonon lifetime, then

AVg Ge (Ve)
A(v-Vg)*+AV2

2m’py,
A} PV, AV,

where Os(Vg) =

Os(V) =

Avg = 1/mg =Brillouin gain bandwidth (FWHM)

P, = longitudinal elasto-optic coefficient

p = density

For bulk silicaAvg ~ 10MHz and g ~ 1x10'%m/W. For silica-based fibers, the Brillouin gain

may be reduced due to the presence of dopantdgRE.mpns) and inhomogeneities, and hence the
Brillouin linewidth is generally much broader in st fibers 65



Brillouin gain vs pump bandwidth:

If the pump bandwidtiv , is comparable or larger théwg, then the maximum value
for Brillouin gain coefficient will decrease sigreantly

Avg
s AV,

gBmax - AV

Js(Ve)

— SBS is mainly an issue in narrow-linewdth sources

Brillouin threshold:

The power in the Stokes wave increases exponsniaihe backward (-z) direction according to:

1,(0) = I,(1)exp(ggl | —al) TOR IO
L

where I = i[1— exp(—al )]
o >z

21A

. DSBS
— Threshold pump power for SBS: PIDSth =

Ogl
66



Example: Typical cladding-pumped Yb-doped silica fiber amplifwith

Core diameter = 15pum-> A 4~ 1.77x106'%m?
|l = 20m
Narrow-linewdth input signalfv, < 1IMHz) at 1.06im

— Py o<2W

This is only a very rough guide. In practice tiBS3hreshold would be somewhat higher
due inhomogeneities in the fiber core. Nevertheldss does show that SBS is a significant
problem to overcome when scaling the output povwmnfnarrow-linewidth single-
frequency cw fiber sources.

Possible solutions include:

. Increasing the core area — Limited scope withogtading beam quality

. Shorten device length — More demanding on diodepbeam quality and
thermal management

. Deliberately modify the fiber properties alonglaéagth (e.g. using longitudinal
variation in temperaturé) 67
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Scaling mode area

Novel core designs
Mode-selection in multimode cores

Mode selection by bending
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Scaling the core area and fundamental mode sizstvgneserving single-spatial-mode
operation is an important requirement for furthewpr /brightness scaling.

Main reasons:

Reduce cladding-to-core area ratio to reduce feaggth
Increase the threshold for unwanted nonlinear pogsesses (e.g. SRS, SBS)

PSBSSRS N Aeff
pth I
eff

 Raise the power/energy damage limit (especialiyptdsed operation)
Surface damage limit for bulk silica glass is ~2@W¥ and is lower (~1GW/cA) for
doped silica glass

* Increase the ‘stored’ energy for pulsed operation

 Decrease fiber propagation loss

«  Flexibility in operating wavelength

 Reduce output beam divergeneeEasier collimation of output with lower spec. lesmise
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Example: Double-clad Yb-doped fiber with a conventional stegex single-mode

core desigh n(r)
2 g 4 2r,
nr r o r
V=—>= m = 2NA <2405 1Y) S /CO e
A A Inner-cladding

ForA = 1.0um and NA = 0.15, then, F 2.6um

v

d
<

2r,
If r, = 20Qum and [Y5*] = 7000ppm (i.e. for a typical double-clad filolsign) then:

Inner-cladding-to-core area ratio is 5900:1
Fiber length for efficient pump absorption (>10dBP&5nm is ~ 120m
Threshold for SRS is ~ 28W

CW damage threshold is ~ 200W 10000

i

Conventional
single-mode
4+—>

8000 ¢

Very rough guide to power limits

) T 6000 -
(excluding thermal limits) ———mnouy

Damage

4000 -1

Power limit (W)

Difficult to fabricate conventional fibers
with core NA's <0.04 - 0.05 2000 A

— Limited scope for power scaling SBS

0 - . ' ' ; .
For higher power levels a different approach 0 5 10 15 20 25 30
Is needed Mode radius (um)



Novel core designs:

N 30
e Large-mode-area core g 25+
- Complex refractive index profiles £ 20¢
with ring structure to expand the g 15
fundamental mode aréa 30
- More difficult to fabricate £ 22 o
& .-200-150-100 -50 0 50 100 150 200
e  Microstructured (holey) fibers Position [micron]
Solid core
\ Holey-cladding
nglass—“ i — .
nair_ J U u J U u
A = hole-to-hole spacing @
d/A = relative hole size nglass-“ -
n ! N ggoqefmz oo b reduced
clad7|——~~—~~ ~——=- NA ~ 0.03 and can be reduce
Ncore > Netag(A,d,N) n,. - further by decreasing hole size.
Light is guided by the effective refractive i

index difference between the core and ) e
cladding regions Bend loss is the main limiting factof-> 72



Mode selection in multimode cores

An alternative strategy for scaling mode area ismploy a multimode core design and
restrict the number of modes, preferably to justftmdamental mode.

This is generally quite straightforward for corkattare only slightly multimode, but
becomes increasingly difficult as the core sizeaases.

If we make the simplifying approximation that theflamental LF, mode has a Gaussian
intensity profile: | 5,,(r) = Aexp(-2f/w,?), then for relatively small V values (V < 8) the
mode radius Wis given by

14
1.2 1
1.619 2879
w, =1, 065+ ——+—; 1.0 1
V V
. 0.8 1
\O
= 061
LP,, mode area increases with as core 04
radius increases, but it occupies a smaller 0-2
fraction of the core area as V increases 0.0

2 4 6 8 10 12
V parameter



Mode-coupling:

In a ‘perfect’ multimode fiber there is no energy eersion from one guided mode to
other guided modés However, in practice, multimode fibers have pdrétions in
refractive index due imperfections in the fibermvad waveguide trajectory or bending
which leads to coupling between modes. Thussihgle-mode laser beam is launched
into a multimode, then energy is coupled into hrgireler modes and the beam quality
deteriorates as the light propagates along the. fibe

As a rough guide

16r2Dz )’
)\2

M2(2)=(1+

where D is the mode-coupling coefficient. D demead other details of the
fiber (e.g. imperfections), which may be influend®dthe fabrication procedure.

Multimode fibers with a core diameter of 4h (NA = 0.13) and a low enough values
for D for single-mode propagation over 20m at jifaShave been reportédHowever,
scaling to even larger core sizes and extendistpdoter wavelengths aroungr is
difficult.
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Mode selection by bending
Basic idea:

Bending a fiber results in increased propagatias for all guided modes. However, the
propagation loss for the fundamental mode,y(). i lower than for higher order modes,
so bend-induced loss can be used as a very etfati@ans for suppressing higher order
modes in a multimode fiber

The loss coefficienty, for the fundamental mode and higher-order modes |
bent fiber with a ‘step-index’ core can be estimdted'©:

yzg(@j . _ U2 EM{_ 2,8was3j
10 Rb el/V 2W Kv—l(\N) Kv+1(\N) 3(knC|10)

where ¢= 2 ifv = 0 (LPR,,, fundamental mode) ang=d. for higher order modes, U, V, and W are the
waveguide modal parametéer&(W) is the modified Hankel function of V3,is the propagation
constant of the mode in the fiber, k is the fregcgppropagation constaptis the fiber core radius
and R is the bend radius of the fiber.

The fiber can be wound on a circular heat-silistributed mode filter
Bend loss increases with:

. Decreasing bend radius
. Lower NA
. Longer wavelength

. Increasing core radius S



Example: Bend loss versus bend radius for,L&nd LF,; modes at 1.0ém for a core

Propagation loss (dB/m)

Propagation loss (dB/m)

with NA = 0.05

r,= 10um
1000 1000
E
100 A1 % 100 1
LP,, o
10 { g 10
[
1] g
©
LP,, g
0.1 1 S 01
o
0.01 — 0.01
0 20 40 60 80 100 120 140 160
Bend radius (mm)
r,=30um
1000
1000
100 €
& 100 -
=
10 1 é 10 -
1 LPo\ \LPu S
©
&
0.1
S 0.1
a
0.01 U 0.01
0 20 40 60 80 100 120 140 160 :

Bend radius (mm)

-

r,=20um

LP,,

LP,,

0O 20 40 60 80 100 120 140 160
Bend radius (mm)

r,=40um

LP,,
LP,,

0 20 40 60 80 100 120 140 160
Bend radius (mm)

Loss versus bend radius curves get steeper asthgadius is increased

— Tighter tolerance on bend radius

76



=

o o

~

9.

References

A. W. Snyder and J. D. Love, “Optical Waveguideedry,” (Kluwer Academic Publishers, 2000).
N. G. R. Broderick, H. L. Offerhaus, D. J. Rialson, R. A. Sammut, J. Caplen and L. Dong, “Large
mode area fibers for high power applications,” OpmteFTech., vol. 5, p.185-196 (1999).
H. L. Offerhaus, J. Alvarez-Chavez, J. Nilsson, AV Clarkson, P. W. Turner, D. J. Richardson and A
B. Grudinin, “Characteristics of Q-switched cladghpumped ytterbium-doped fibre laser with diffdren
high energy fibre designs,” J. Quantum Electronl, 379 p.199-206 (2001).
J. M. Fini, “Bend-resistant design of convenéiband microstructure fibers with very large mode
area,” Optics Express, vol. 14, p.69-81 (2006).
http://www.crystal-fibre.com
D. Marcuse, “Loss analysis of single-mode fibdicgs,” Bell System Technical Journal, vol. 56. 870
718 (1977).
D. Marcuse, “Theory of Dielectric Optical Waveadgs,” (Academic Press, San Diego, 1974).
M. E. Fermann, “Single-mode excitation of mulbishe fibers with ultrashort pulses,” Opt. Lett., vol.23
p.52-54 (1998).

J. P. Koplow, D. A. V. Kliner, L. Goldberg “Silggmode operation of a coiled multimode fiber
amplifier”,Opt. Lett., vol. 25, p. 442-444 (2000).

10. D. Marcuse, “Curvature loss formula for optitaérs”, J. Opt. Soc. Am., vol. 66, p.216-220 (&R7



Wavelength selection and tuning

Influence of spectroscopy
Wavelength selection and tuning schemes

Single-frequency fiber sources
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One of the attractions of fiber-based sourcesadléxibility in operating wavelength owing

to the broad transition linewidths for a glass holte range of operating wavelengths

depends on a number of factors, including:

. Spectroscopy of the laser transition (i.e. emarssind absorption cross-sections,
upper-state lifetime, linewidth, loss processes)

. Wavelength selection scheme

. Fiber configuration (RE ion doping level, pumpirdheme, pump wavelength, device
length)

Yb-doped silica:

ZFS/2 N, N, and N are the total population densities of the lower and
2 upper manifolds respectively and N 3NN, is the doping
concentration.
hv, hv,
For transparency we require: N, (A, ) = N0 (A,)
A 4
2
Fn N, y - No.A)

—

> 0,(A\)+0.(\)

wherea (A ) ando (A, ) are the emission and absorption cross-sectiolasiag wavelength
A respectively. A® (A, )/o A ) increases, the transition has a stronger thredd-tharacter and

hence the threshold increasesShort wavelength limit 29



Wavelength selection and tuning schemes

(a) External cavity with diffraction grating *

Angle-polished end

to suppress broadband Diffraction grating
feedback in Littrow configuration
Output /
) Line spacing #\

9
. Lasing wavelength can be selected by adjusteéhgrangle: A, = 2A sin@
«  Wavelength tuning range depends on many factessggevious slides)
. Bandwidth of emission depends on the gratingfdélkdback cavity design and the fiber

A M?Acosb
f sinH(NA)

Spectral selectivity of feedback cavityAA | [1

—  Linewidths < 0.1nm are easy to achieve

Note: Damage due to self-pulsing can occur if the gragingle is adjusted to select a

wavelength beyond the tuning range. 80



Example:

Output power (W)

\
HR@930-940nm
; . HT@1.5-1.6um
Typical tuning curves (see refs. 2,3,4):
Yb-doped alumino-silicate fiber Er,Yb-doped phospho-silicate fiber
60 120
0] e ° % %0 e, S 100} o‘“"“‘no‘
40 1 E 80 k
30 1 §_ 60F ©
— [ ]
20 1 5_ 40 b
] = L
10 o 20
0 0 . . . . .
1050 1060 1070 1080 1090 1100 1110 1530 1540 1550 1560 1570

Diffraction
grating

HR@930-940nm
HT@1.5-1.6pm

Angle-polished
end-facet

‘Water-cooled

/ heat-sink
Er,Yb-doped

double-clad fiber

Wavelength (nm) Wavelength (nm)

10 1

Output Power (W)
»

Diode-stack
pump source

Output

Tm-doped alumino-silicate fiber

e ®°® ® o.....
[ 4 o,
[ ] ..
[ )
o [ )
o °

1850 1900 1950 2000 2050
Wavelength (nm)



(b) In-fiber Bragg grating >

Fiber Bragg grating

Output e
—

* Require photosensitive core or photosensitivg rin

 FBG may be written directly in active fiber or mag B
written in another fiber and spliced on to the ehd o >
the active fiber Spacing= A /2n,

» Reflectivity at central wavelendthr = tanhz( Tion |;g o )
wheredn is the refractive index chandg,is the length of the grating, g is the average
value of the envelope weighting function amglis the modal overlap factor
—  FBG reflectivity >99% can be achieved
—  Wavelength tuning over a few % &f can be achieved by compressing/stretching thengfati
—  Narrow linewidth (<0.01nm) achievable, but is gefignamuch broader in multimode devices

Power handling issues at high power levels maywbalad using a MOPA configuration 82



High-power single-frequency fiber sources

Typical arrangement:
Large-core double-clad
Yb-doped fiber

Isolator solat
r
............ S0ato A2 plate

Output
/
/ ------------
Single-frequency
master-oscillator Intermediate Yb _
(e.g. DFB fiber fiber amplifier stages Unabsorbed High-power
laser or bulk pump light diode pump
oscillator) @ 975nm

. Number of intermediate amplifiers depends on nmaseillator power
. Large core fiber needed for final power amplifieage to increase the threshold for SBS
. Polarisation maintaining fiber is required for agle-polarisation output

Using this generic approach single-frequency powewmer 100W have been demonstrafed
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8. High power CW and pulsed fiber sources

 High power CW Yb-doped fiber lasers
 High power Q-switched Yb-doped fiber lasers

« MOPA configurations

85



Signal power [kW]

Example: Cladding-pumped Yb-doped fiber laser with 14kW output power!

Signal output
@~1.1 zm HT @975 nm

HR @~1.1 um

HT @975 nm
HR @~1.1 zm
Diode stack =
@975 nm, 0.6 kW \A/
|
[ HT @975 nm
HR @~1.1 zm

=
~

M2 =1.4, A=1100
nm
Pump-power limited

o o o = =
BN o (0] o N
P T S R H |

o
N
1

OO T T T T T T T T T T T T T T T T T 1
00 02 04 06 08 10 12 14 16 18
Launched pump powwer [kKW]

Diode stack
@975 nm, 1.2 kKW

/1]
rel #
Double-clad
Yb-doped fibre

Pure silica D-shaped inner-
cladding (Diameter = 6%0m,
NA = 0.4-0.5)

Core diameter = 40m, NA <0.05

Using polarisation-maintaining fiber
(inner-cladding diameter = 3gfn and
core diameter = 2fm) and a modified
external cavity design with a polariser +
half-wave plate—~ 633W of linearly-
polarised output for ~1kW of launched
pump powet

For further examples of high-power cw fiber lasers fs. 3, 4 and 5 86



Owing to the:

. Wide range of operating wavelengths
Broad emission linewidth

Long upper-state lifetime

High-power handling capability

Good beam quality

—  Cladding-pumped fiber sources are also very attradtr generating high average
output power and high peak power in pulsed mode

Two main approaches:

. Laser oscillator (Q-switched or mode-locked)
- Single gain element + external cavity requiredsimple + low cost
- Limited flexibility
- Limited peak power

. Master-oscillator power-amplifier (MOPA)
- Low power oscillator + multiple gain stages
- Flexibility in pulse duration, pulse shape, repei rate, etc

- Power scalable, but can be quite complicated -



High-power Q-switched Yb-doped fiber lasers

As a very rough guide, the extractable energy dtora fiber is limited by ASE to around ten timas t
saturation energy E.,=hv A /o, (A )+a.(A)In.. In other words, the upper-limit on pulse energy is
determined mainly by the core areq, s ~2 - 5mJ for typical Yb-doped fiber with aj2@ diameter

core. In practice, the maximum pulse energy aégmedds on other factors as well (e.g. cavity design
fiber length, nonlinear loss processes (SRS, SB&Jfiaar damage).

Example’:
10 = - . - . : T - — 140
Q-switched HT @975 A
laser output nm : 1. o120
HR @1.06 ym  Diode stack 8- / _
ST W = v —s—Power 1003
£ 5] | g
§ | . / __80 L;BD
w =]
AOM ek ’ N
Beam dump 3 ] l\ / =— Energy 40 2
=
\F;:"‘H"'m """""" ':| Zeroth-order 24 e =
Double-clad ‘.ACI ____________ N .'.><-Hq_“‘=~l -20
- 1 e _———_-—_————_______. L
Yb-doped fibre Angled facet First-order HT @975 nm ol* 0
HR @1.06 um 7

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

Shorter pulse durations can be achieved using réesHiber® 88



MOPA configurations

Master-oscillator (diode, fiber or bulk)
- low power cw oscillator Multi-stage fiber amplifier

- Pulsed (Q-switched)
- Short pulse / \

Output

Modulator Isolator

v

Increasing mode area + increasing pump power

May also require band-pass filters between amplfieges to suppress ASE

For long pulse operation: High gain + low satwraenergy— Strong pulse re-shaping

89



Example: High energy Yb fiber MOPA?®

Bandpass

filter
Amplified diode laser \

@ 1064nm

Output

Isolator — / / | caassssssssssss==
Single-mode Multi-mode /
Yb fiber amplifier  Yb fiber amplifier Multi-mode
r,= 25um Yb fiber amplifier
r,=175m r,=10Qum
P, = 40W r, = 30Qum
P, = 200W

Pulse energies ~ 82mJ for 500ns pulses were repane coiling the fiber in the
final amplifier with a radius of ~12cm producedosty enough mode-filtering to reduce
the M2 parameter to 6.5 (see ref. 9)

Cladding-pumped fiber amplifier schemes employingpetd pulse amplification have
also been used amplify ultrashort pulse oscillatioi@verage power levels >100W

(see ref. 10). 90
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9.

Power and brightness scaling via
beam combination

Introduction
Incoherent beam combining

Coherent beam combining
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Introduction

Scaling the output power and radiance beyond tpemmit for a single fiber core
can be achieved via the use of multiple fiber satigrea multi-core fiber source
and beam combinirtfg Beam combining schemes fall into one of two gaties:

(a) Incoherent beam combining:

Spatial beam combining Far-field beam divergence of arrapx

Far-field beam divergence of single eleme,=

Q_ | | | | — No phase relationship between elements 6, = 64
_O>_ |||| —> ; Méznvzv)\es and Miznl\zlies

10 [ jw—> P, =NP,
Qi — ., B._w
d

/ s

N sources

= Nq,

Ps= power of a single element, B power of array, B= brightness of

a single element, B= brightness of array ang, is the fill-factor 93



Polarization beam combining

Q)

S

BA = 2ncBS

wheren is the combining efficiency, which takes
into account loss and misalignment

Wavelength beam combining

[Q

Dichroic mirrors

/

N

Diffraction graing
or prism

A HAAA,

S

S

Ay

A A+,
B, =Nn.Bg 94



Example: Pump

f f
k < > ——>
Ay
d Grating
Pump —yl | =k§< —
M P
=) o
f Common output coupler ensures
Pump that beams at different wavelengths
N fiber sources sharing Laser are all incident on the grating at the
a common external cavity output / same angle
P Output
Athot .y coupler

Spacing betweenrstand N fiber cores = d, grating period /A, spacing of adjacent cores = s

Wavelength for't fiber laser: A, =A(sin 6, + sing) and dispersion of gratingoix = 1/(Acos0)
— Wavelength spread for fiber laser arrayx , = Ad[(cosB)/f] < A\,
whereAA, is the gain bandwidth for the transition and camjbiée large (>100nm) in a glass host
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—  Power scaling limit= PAL /AL
where Ris the power of a single element
This approach has been used to combine dimae fiber laser array4. For the latter, power levels

of >100W have been realised for an array of thtagding-pumped Yb-doped fibers using a fused
silica transmission grating as the dispersive etd¢me

Main challenges for power and brightness scaling

Accurate positioning of fiber cores in a linearagrto avoid degradation in beam quality
Lens design — Minimising degradation in beam qualiie to aberrations
Dispersive element design — Good wavelength disnation, high efficiency, thermal handling

Tight alignment tolerances
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(b) Coherent beam combining:

Filled-aperture beam combining

||||—>
/

Beam combiner

eBbs

Tiled-aperture beam combining

Sl
L

All elements have the same wavelength and areasgh
or there is a defined phase relationship betwegceant
elements

Strehlratio=S= II =

(0]

where | is the actual on-axis intensity angis
the on-axis intensity for a perfect ‘top-hat’ beam
with the same overall aperture size

Sphasedarray = I\ISmcoherentarray

Can be viewed as trying to synthesize a plane wave

— Fill-factor must be as large as possible to mingmis
proportion of light in side-lobes

Phase error must be <gf avoid a reduction in on-axis

intensity
97



There are a number of possible implementation sekerilost employ a MOPA architecture with
one or more amplification stages (e.g. see reéd6)

Example:
AOQO frequency

shifters

Fiber amplifiers

Narrow-linewidth :---i [
master-oscillator —=::

i

Output

=+ Photodiodes
Reference / S
beam ; D—

/ —ooo
™~

v

(P

Feedback
control

Optical path differences between array elementsi@tected and actively controlled using acoustoeopti

frequency shifters (or some alternative meansptopensate variations in OPD due to differences in
fiber length, temperature variations, etc 98



Coherent beam combining offers a route to very ipiglver and very high brightness
from a fiber-based source. Power levels up to 4@wé been demonstrated for a
4-element array

Some practical issues and challenges:

* Many narrow-linewidth, polarized fiber sources (ea@omprising a multi-stage
fiber amplifier) are required.

« Maximum power for a single-frequency polarisecfibource is currently ~400W
(limited by pump powep)

« SBSis likely to be an issue for further powerliscp

* As the number of array elements increases, tgarakent tolerance of output beams
from individual elements in the near-field and figd (i.e. to avoid pointing errors)
will be much more difficult to meet.

* Very high fill-factor + ‘top-hat’ beam profile ameeeded to ensure that there is very
little power in the side-lobes.

 Power per element needs to be carefully contrdbea/oid non-uniformity across
the array.

» Accurate monitoring and robust control of the tigaphase between elements
IS needed.
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