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ABSTRACT

Neodymium-doped Yttrium Lithium Fluoride (YLF) lasehave traditionally been power-limited by theatielely
low tensile strength of the crystal. When powetingasolid-state lasers, the choice of the gain imggometry, the
doping level, and the pumping scheme is dictatechioymizing the impact of thermally induced streBs.date the slab
architecture has been the most successful forsctiie average-power of Nd:YLF lasers due to w®ifable thermal
management. However, for efficient high-radian@etaaction it is also necessary to have a goodagpvézetween the
cavity mode and the planar gain volume. We presiemtperformance characteristics for an end-pumjedotiaser
utilizing a stable low-loss resonator configurattbat transforms a circular cavity mode at the ougmupler into a very
high aspect ratio elliptical beam in the slab galement to match the pumped volume. The opticangement for
transforming the beam shape is also suitable twudble-pass slab amplifier configuration.

A polarized CW output power of 50W, on the weakerYLF 1053nm transition was obtained with a singjk
gain element and 110W of incident pump power fronee spatially multiplexed diode bars. Laser thokslwas around
7W and the slope efficiency, with respect to innidgower, 46%.
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1. INTRODUCTION

New developments in high-average-power lasers anginually emerging, and in recent years, in terons
continuous wave (CW) oscillators and Master Odaitld?ower Amplifiers (MOPA's), the merits of higlower fiber
lasers have outshone other laser architectumestwithstanding, the needs of many applicatiomy mot always be met
by this one architecture alone and new schemeseghdiques are often called for that can provideode of operation
specific to those requirements. For example, ims$eof producing high-energy pulses from a solidestaser system,
flash lamp pumping is still the unrivalled champiafespite a relatively low-; repetition rate, lifee, and wall-plug
efficiency, the latter resulting in strong thermutioal effects associated with the waste excitagoergy.The rod
geometry well suited to lamp pumping and inherectynpatible with symmetric cavity-mode solutionssténdard
laser resonators, has been the mainstay of the>stelie laser field for several decades. Howeveady improvements
in the performance of high-power diode lasers, dregea general shift toward their use in highadiincy, all solid-state
lasers, for long-lifetime operation. The rectilingg@ometry of the diode laser is inherently conipatwith planar active
gain media, and therefore simple and efficient tiogpschemes are possible. Consequently, the Shametry is
becoming one of the generic power-scaling architestfor bulk gain media®. Important for the high-power slab laser
architecture is the aspect ratio of the thermad ldensity within the active material, i.e. quasifar, and therefore the
pumped volume as this drives the thermal manageoosrsiderations. Unfortunately though, such a géastribution is
not well suited to the mode solutions of a standas#r resonator, and, for which novel configuradiare still of
interest. We discuss in this paper one such cadsygn, whereby the cavity mode is highly ellipticaone part of the
resonator, where the planar gain medium is postipand has an aspect ratio of ~1 in another xamele at the output
coupling mirror. This novel and stable cavity desizan provide an order of magnitude transformatibthe cavity-
mode aspect ratio; comprising only mirror compogsefdr low transmission loss and high laser efficienin
conjunction with an ability to improve the overlagtween pump and signal mode distributions.



As a laser-architecture, the slab geometry is speaeithat it applicable to a variety of host medalows the
optimization of the active ion concentration an@ #imensions of the three independent axes, and@fthe, the
potential round-trip gain and energy storage capa€xploiting these advantages enables efficieghdaverage-power
lasers in either a CW, or pulsed, operational mddethis theme, we have designed a longitudinalljaped
Neodymium-doped Yttrium Lithium Fluoride (Nd:YLF)ab laser, which has the potential to produce duppwers in
excess of 100W. Moreover, using the above-mentictadle cavity to provide an elliptical cavity modethe planar
gain area, we demonstrate efficient extractiornefdtored power, simultaneously generating a @raautput beam.

2. METHODOLOGY

To explore the capabilities of the beam transforoeity and performance efficiency of a high-powskb laser,
the weakew-polarized transition of Nd:YLF was chosen as #st bed. The advantages of this transition and djbd
YLF include a weak thermal lens and good spectmsqaroperties, well suited to efficient operationeither a CW or
pulsed configuration; however, the moderate themmechanical characteristics limit the output powefstypical
configurations such as the rod geométry

2.1 Cavity design

The philosophy behind the cavity design is to idtrce a high-degree of astigmatism inside the lesemator such
that the aspect ratio of the oscillating mode cleardramatically as a function of position, with ladditional loss, and
in such a way that the out-coupled radiation iscatifely symmetric. In the past, several method&Hzeen reported to
achieve a similar outcome, such as intra-cavityrangphic prisms or cylindrical optiCs both refractive components. In
its simplest form, the cavity described here rezpiat least two additional high-reflectivity tiltedrved mirrors (A, B in
Fig. 1.) in between two end mirrors, and which aligned in a way that exploits the differentialigistatism arising
whenthe planes of incidence at each mirror are orthogonal. That is, for a tilted mirror the effective focahigths for the
orthogonal axes, with respect to the plane of iemig are'=Rcosg)/2 and f=R/(2cos@)), whereb is the incidence
angle, and R the mirror radius. Therefore, it isgiide to introduce a large change in the aspéict oha transmitted
beam by rotating the second mirror about the ogtis with respect to the first, such that its plafiencidence is
orthogonal, as illustrated in Fig. 1. It is wortbting that in this configuration the beam path doeisstay in one plane.
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Fig. 1. Two transforming mirrors that introduceagge change in the aspect ratio of a laser bearavitty mode.

For a paraxial optical system selecting the anglet incidence and mirror radii so that
Rasin(@a)tan®a)=Rssin@g)tan@g), implies that the two mirrors (A, B) when separhby, d=f*+fz*=f,Y+f5’, satisfy the
afocal condition for the orthogonal directions sitaneously. The resulting magnification factorghe orthogonal axes
are given by; M=fg/fA*=(Ra/Rg).(cos@a)cos@z)) and M=fg"/fa¥=(Ra/Rg)/(cosPa)cosPg)). As such the change in the
aspect ratio for the propagating beam i(@gcog(0s). For certain tilt angles therefore, the changaspect ratio is
much larger than can be achieved via techniquedoging anamorphic prism pairs or orthogonal cylindr lens
telescopes within the same footprint and with piiddig lower losses.



From the above expressions it can be shown thatheve a reasonable change in aspect ratio, [taeotithe
mirrors should be in greater than 50°, at whichMy = 6:1. At tilt angles of 60° and a paraxial beding respective
orthogonal beam waists would decrease by a faétimuo in the x-axis while increasing by the saraetér in the y-axis,
as indicated in Fig. 1. A ray-trace model, devetbpe predict the induced aberrations of the twdilmirrors, each
chosen to have a radius of curvature of 100mm aue inclined at 60°. The mirrors separated by ¥3%and with the
beam direction reversed to that shown in Fig. €, starting from a circular beam and going to diptedal one, the
induced optical aberrations are less than theadifiion limit for an incident beam radius of up t8rim. Therefore, for a
typical cavity mode size of a few hundred micromsl éonger radii mirrors, aberrations of the tiltedrrors would
introduce negligibly small diffraction losses inttoe cavity. Although this modeling is sufficientr fdetermining the
impact of the optical aberrations on a propagapiagpxial beam, intra-cavity, the mode is effectvekar field and
therefore its characteristics should be determirsainly other methods, such as an ABCD matrix aralysi

Considering one axis at a time, similarities wigtescopic resonators, as described by Hahah °, are apparent.
Such cavities allow large mode sizes in the gaidimby employing an intra-cavity telescope, whielm @lso counter
the spherical term of the optical path differensedumction of the heat input in the gain elementeast for a certain
range of optical powers. However, there are se\endty constraints described in fefvhich are the same for the beam
transforming cavity and essentially has opposifgstepes in the orthogonal axes. Consequentlycdkigy solutions
must be stable for both axes and the adjustabknpsiers, mirror curvatures, tilt angles and thecisgaof the intra-
cavity elements, tailored to provide the desirediendimensions in the slab and simultaneously a stnermode at the
output coupler.
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Fig. 2. Schematic of the laser cavity investigatad an equivalent interpretation with thin lenseplace of the intra-cavity
mirrors.

2.2 Nd:YLF slab design

As mentioned the chosen gain medium for this detnatien was Nd:YLF, operating on the four-levelnsdion
around 1.0pm. To reduce the thermal stress and induced leressisgciated with the absorbed pump power, a low
doping level was used, i.e. 0.5at.%, for which ¢hieralso a small ETU thermal contribution and eéased absorption
length *. In addition, to assist distributing the stresenal the length of the active medium in the end-peginp
configuration, the Nd:YLF absorption features amB05nm were utilized, as shown in Fig 3. With tdslitional
benefit that high-power laser diodes with a cemtagelength greater than 800nm are readily availablepresentation
of a typical diode spectrum is shown in Fig. 3,hwain arbitrary amplitude to help clarify the graphsingle pass of a
25mm long 0.5at.% Nd:YLF crystal would reduced pluenp spectrum to that indicated, correspondinpéaéspective
polarized absorption spectra, that is for the dledeld aligned parallelr§pol) or perpendicularag:-pol) to the crystal's
optic axis (c-axis). As shown, the absorbed poveermpproximately the same for both polarizations;sash, a
polarization coupled pump source may also be enepldfydesired.
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Fig. 3. Nd:YLF polarized absorption spectra, withamalized example pump spectrum as shown anchibelated
single pass power transmission with 86% absorbetido25mm crystal length.

A slab with a reasonable aspect ratio that accomateddthe beam quality of a three-bar multiplexemtieilaser
pump source, which wasZI)A:ZO with respect to the fast axis of the diode zard the thin dimension of the Nd:YLF
crystal. Dimensions of the 0.5at.% a-cut Nd:YLFoskeere, 1.5mm by 10mm by 25mm with only the encdacf the
slab polished to laser quality, the others a finedyfinish to prevent trapped parasitic lasinghgawithin the gain
element. The pump input face was anti-reflectioR)&oated for both the laser and pump wavelengthse the rear
face was AR coated for the laser wavelength andaréiap reflector, nominally 65% reflectance, foretfpump.
Consequently for the diode wavelengths below 808mmood proportion of the incident pump, >90%,isabed by
the crystal.

2.3 Experiment setup

The pump source comprised three 60W (at facet) BiB%actor diode bars, collimated in both the fastd slow
axes and spatially multiplexed with high reflectan@R) mirrors. The resulting beam quality was?M 370 by
My2 =22 after two orthogonal cylindrical lenses tfiadused the pump to a beam waist, with radii= 2.5mm by
w, = 0.25mm. All three diode bars were mounted onstree water-cooled block and connected in serighs thiat they
were driven at the same current level. Each barahadminal centre wavelength of 810nm at 25°C ardgh current
levels the cooling water temperature had to be €16%btain the desired pump wavelength of 805nine Wavelength
chirp as a function of the diode current was 0.#nmwhile the chirp as a function of heat sink tenapare was
0.27nm/°C. Nominally, the Full Width Half Maximur\(V\HM) spectral bandwidth at full power was 4.5nm.

Two water-cooled copper heat sinks sandwiched th&' IN- slab between them with a thin film Thermatdriace
Material (TIM) at each of the largest contact scefa providing a low thermal impedance. We posgibthe slab with
the pump beam central to the aperture of the eresfand the beam waist around the rear end faskolid be noted
that the near field image of individual emittersioé diode bars (in the slow axis) occurred appnaxely 1cm after the
beam waist, and therefore well after the crystal dlasorbed the majority of the pump-power. Conseityehere was
no threat of forming significant “hot spots” with@ain medium that could induce localized stress otdntial fracture
points. Even at the maximum driving current th@sraitted pump power through the rear face of tlystal was less
than 3W.

In the first experiment we trialed a simple two mirmulti-mode cavity formed with a plano-concauarp in-
coupling mirror, radius of curvature (ROC) of 500mmith >98% transmission at the pump wavelength 2@@5%R
for the lasing wavelength. To force the laser terape on the lower gaimg-polarized transition at a wavelength of
1053nm, we used an intra-cavity silica Brewsteteplemm thick and with the plane of incidence aldjte the wider



dimension of the slab, i.e. in the x-z plane ofuf&s 1-3. A plane-plane output coupler with a otflece of 77% was
used to determine the efficiency of the laser. @manthe output couplers transmission and theretfoeetotal cavity
loss, the passive losses in the crystal and mawatings were determined to be 0.9%. The cavitgtlemas nominally
80mm.

For the setup of the beam transforming cavity,aeiplane in-coupling mirror was used, where aoiukti mirrors
where introduced as per the schematic in Fig. & flane turning-mirror had a HR coating for 105Cainan angle of
incidence (AOI) between 50° and 65° and light pptat perpendicular to the plane of incidence, ththogonal
polarization was only partially reflected with theflectance dependent upon the AOI. This mirrortingaprovided the
polarization selectivity within the cavity. A cuyamirror with the same coating and ROC = 350mm wasinted
“parallel” with the first turning mirror, so thalé transmitted beam would lie in the same plarta@mcident beam, for
the optimum alignment, irrespective of the tilt BndAs illustrated in Fig. 2 another mirror; aligherthogonal to the
first (two), i.e. tilted in the x-z plane, was nssary to complete the beam transformation. Its R@E 200mm and
again coated with the same polarized dielectriconias described above. The tilt angles and positad these mirrors
was selected according to a cavity model that asedimerical optimization routine with the beam aspatio and
dimensions as targeted goals. An additional ingnatg half-wave plate with the optic axis inclinatd45° to the y-axis,
was included between the y-z tilted mirrors andxtremirror to ensure that the maximwrpolarized reflectance for
the tilted mirrors and therefore lowest cavity Exss

3. RESULTS

3.1 Laser results

Initial results obtained from the multimode lasavity are illustrated in Fig. 4. Efficient convessiof the incident
diode-pump power was demonstrated for both pol@oizastates, although the intra-cavity Brewsteneliatroduced
significant loss, demonstrated by the lower slofficiency for theo-polarized (1053nm) output, with respect to the
strongerrepolarized (1047nm) cavity configuration. The madimpower was found for theepolarized output at 71W
with 133W of pump and a 58% slope efficiency, wiéspect to the incident pump power. The measuremade after a
dichroic mirror to separate the residual pump fitbm laser power. The beam quality was not meadoretthis cavity
configuration, as it was highly multimode, fillimyt the pumped region to form a highly ellipticabfde in the far field.
No roll over was observed and the output was lighiig the available pump power.
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Fig. 4. Multimode Nd:YLF slab laser performancetloe two polarization states-polarization §=1053nm) output
selected with a silica Brewster plate with a plahmcidence in the plane of the slab.

For the beam transforming cavity, efficient opemativas also observed, as shown in Fig. 5. The rspatfi the
respective elements were: between in-coupling manal slab (g, 25mm; the slab to the first curved tilted migrarin



Fig. 3, (d), 51mm); to the second tilted (orthogonal) mir@®in Fig. 3, (d), 357mm; and finally mirror B to the output
coupler mirror (¢), 285mm. The position of half-wave plate was 60fmom mirror B, and the tilt angles webg=54°
andBz=57.5° At a pump power of 111W, which was the mmaxn available as the wavelength spectrum of thdedio
started to change significantly at higher powersoatput power of 50W was measured. The changbdrspectral
content of the diode pump source was due to feédibam the reflective coating on the back facehsf Nd:YLF slab,
for which there was sufficient gain at wavelengtiuside of the absorption spectrum shown in Fig.e4,>812nm.
Measured with an optical spectrum analyzer, poweule shift from the centre of the spectrum arouf@&rén to
satellite peaks at longer wavelengths and the riratesl pump power would increase. We found thisbjenm
exacerbated by increased operational hours ofitues
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Fig. 5.0-polarized }=1053nm) Nd:YLF slab laser performance with beaangformer cavity.

The output beam profile with this cavity configuoat was nearly circular, with the beam quality mead at an
incident pump power of 55W as,f 1.5 by M? = 1.4 and at the full pump power as’™ 1.92 by M* = 1.76. The
aspect ratio of the beam on the output coupler degendent upon the tilted mirror separation butnt@inal beam
sizes weran,=300um by w,=270um. This configuration was relatively sensitive lt@ tmirror alignment and the thermal
load in the gain element was increasing pump po@#rer cavity configurations were observed to lss kensitive but
the power performance could not be recovered diwrtteer problems with the pump source.

4. DISCUSSION

It is evident that the slab configuration enablighpowers from a single gain element, and that tonfiguration
was well below thermal fracture limits with hightyultimode operation approaching the 100W regimeeXsected, the
Tepolarized, 1047nm, output was significantly bettesn that of the weakes-polarized, 1053nm, transition. This is
attributed to higher cavity losses for the lattenjch would increase for the higher order modesthed greater angular
distribution incident upon the Brewster plate fonigh low loss is only achieved at the Brewster’'glanThreshold
values scale well with previously reported valuethie literaturé *. Moreover, utilizing a low-doping concentratiorsha
meant a distributed heat load and that ETU losseseaatively small and hence do not contributenigicantly to the
thermal stresses in the laser sfaffhe strength of the thermal lensing, &nd fy in Fig. 2, was not investigated but
scaling from results published in the literatfireand calculations of the peak temperature rishénctystal based on an
analytical model for isotropic media described bsllblet al.’. A peak temperature rise of 25° for 100W of inpide
pump power is expected, for which the lens in theepfane should approach+1.5m, whereas for the x-z plang,, f
should be ~50x weaker.

The beam transformer cavity produced a highly &tigh cavity mode in the slab gain element, prowidgood
extraction efficiency of the absorbed pump powaen.optical to optical efficiency of 45% was realizled the weaker
Nd:YLF laser transition, which compares extremegllwith other reports at this wavelength™2 In fact to the best of
our knowledge, this represents the highest avepageer from a diode-end-pumped near-diffractiondedi Nd:YLF
laser. Improvements can be made in terms of thnee of the output through the beam quality fas fbarticular



cavity configuration. However, there is room forpravement through the mode overlap between the pamdplaser
fields, as well as engineering the thermal and dastribution in the x-axis.

An ABCD matrix model developed to determine theityamnode dimensions throughout the resonator, & th
orthogonal axes as defined by the slab in Fig.ré&dipted beam dimensions, in the case of the cadhfigurations
described in section 3.1, as displayed in Figt & évident that there is a good overlap of theped region and the
laser mode, as highlighted by the shaded boxdmuagh the pump widths indicated are only the beaisteand not the
average beam size over the full length of the Sitwithstanding, the mode size in the slab haaspect ratio of 1:15,
where as at the output coupler it is nearly 1:1teNo the model, the beam quality for each axiassumed to be

diffraction-limited. Allowing for contributions fnm higher order modes would provide larger modessilzat fill out the
gain distribution available.
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Fig. 6. Theoretical mode size as a function ofcnéty position for the configuration discussedéttion 3.1. Shaded
regions indicate pump beam size in the slab, ténx-z plane and \\\ in the y-z plane.

Comparing the slope efficiency between the multdmand nearly single mode 1053nm lasers, we skghtlys
improved performance for the latter. The additiormlnd trip cavity loss 1.5% associated with tlitedi mirrors and
half-wave plate is considerably lower than the augoupling transmission and should have a relgtismall effect on
the slope efficiency. Whereas for the multi-modeitéss, the drop in slope efficiency associatechwtite Brewster plate,
indicates additional losses of 4% per round triystéad the mode-matching efficiency, or the dSadffof ' 5 for a
top-hat pump distribution, which is similar to thase here, starts low, near threshold, and incseas# it saturates
when the laser is operating at several times tlotdskeven for four-level transitions with no reatpgon losses. Hence
the similar performance of the multi-mode laser #mat with the beam transformer cavity can be laitad to the
difference in mode-matching efficiency, despite ltheer round trip cavity losses.

5. CONCLUSIONS

In this paper we have presented a high power enthpd Nd:YLF slab laser, which in a multi-mode cgofiation
generated >70W in CW output power polarized ougpat wavelength of 1047nm and 55W at a wavelenigt@s3nm.
Utilizing a novel laser resonator that providesoaster of magnitude change in the aspect ratio®fritracavity mode,
we obtained 50W of laser output on tholarized transition with good beam quality. Exeed conversion efficiency
and the high average-power demonstrate that thisepd is ideally suited to planar gain media withhly elliptical gain
distributions, fully exploiting the thermal advagés of this geometry. This approach opens the aragdwer-scalable
solutions, which are applicable to lasers with digemodes of operations, from the CW to pulsedwegi
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