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Abstract

We describe a power scaling strategy for longitaliyn diode-pumped
Tm:YLF lasers based on optimisation of the thuligmping level and the gain
geometry. Carefully designed laser experimentsve¢r powers are shown to allow a
simple means for accurately predicting the therfoading and hence the power
scaling properties of this system, including thée@b of ground-state depletion,
cross-relaxation and energy transfer upconversiém optimised doping level of
2at.% and a slab geometry are shown experimertalijlow scaling of a single gain
unit to output powers of ~70W, limited by the aahie pump power, and a strategy

for scaling well beyond 100W output is discussed.

PACS: 42.55.-f Lasers; 42.55.Xi Diode Pumped Lsis#?2.60.By Design of specific

Laser Systems.
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1 Introduction

Two-micron thulium and thulium-pumped-holmium laser sources af
interest for many applications in the scientifiefehce, and medical fields. Thulium
has a strong and broad absorption band at ~800atmstideal for diode pumping [1]
and benefits from an efficiency-enhancing crosaxa&ion process that can lead to
two ions in the upper laser level for one pump phot Thulium readily substitutes
into many crystal hosts that are suitable for ragkrage-power laser systems, but
YLF is a particularly attractive choice as the hostdium when it is used as a pump
source for a 2.1um Ho:YAG laser [1]. This is dodhe good overlap of its emission
peaks with the absorption spectrum of Ho:YAG. YiERlso attractive due to the fact
that it has a decrease in refractive index with gerature, leading to a negative
thermal lens that is partly offset by a positivedieg effect caused by bulging of the
end-faces. Thus the overall thermal lensing effeoery weak, especially for the
polarised emission at 1.9um. Furthermore, YLF isturally birefringent material,
capable of producing linearly polarised output wittually no depolarisation loss.
Due to these attractive features thulium-doped YibE been investigated by previous
workers, with several tens of Watts being repoite@énd-, [1,2], and side-pumped
configurations, [3], respectively. However, averamtput powers from single laser
gain components have so far been limited to ~20Wiis was in part due to the
limited available diode pump power, but was als@ do the low thermal stress
fracture limit for YLF, [4]. In this work we desbe a strategy for power scaling
diode-end-pumped single Tm:YLF gain components tdw#éhe 100W regime, based
on the optimisation of the thulium doping level ahd geometry of the gain medium.
The development of this strategy is based uponiedudf carefully designed laser

performance experiments that automatically contaiformation about all the
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competing heat-deposition processes, mostly awpidie need for separate and
potentially complicated spectroscopic measuremehthe transition rates for each

process.

2 Doping L evel

Normally, one might expect that using a low dopiegel and a longer
absorption length for the pump, within the stringémits set by the brightness of
high-power diode pump sources, would be benefforabvercoming thermal effects,
as less heat would be deposited per unit lengtin tiee quantum defect between the
pump and laser photon energies. Indeed, thiegydtas been successfully employed
in end-pumped Nd:YLF, [5], where it also benefiteni reduced upconversion
effects. However, in thulium the choice of dopiegel depends upon a balance of
counteracting effects, as shown in the schemateggrievel diagram of figure 1. As
with Nd:YLF, a low doping concentration leads tsdeheat deposited (via non-
radiative decay) per unit length due to weaker paigorption and reduced energy
transfer upconversion (ETU). However, a low dopiegel also reduces the cross-
relaxation process, reducing the number of ionstexdo the upper laser level per
pump photon (quantum yield), and thus increasimghtbat deposited per unit length.
Consequently, one must find an optimum doping ldkiat balances these effects,
which we define as the doping level that leads sximum output power before
thermal stress fracture occurs.

The performance of a Tm:YLF laser will be affectedthe cross-relaxation
and ETU processes in different ways. Increasimgguantum yield@Y) leads to
both a decrease in threshold and an increase jpe gfficiency. However, ETU can

be thought of as effectively reducing the lifetimiethe upper laser level, [6], and
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consequently it affects the threshold but not tbpesefficiency of the laser, [7]. This
argument is based upon a plane-wave analysis amduld be noted that if transverse
spatial profiles are taken into account then passible for ETU to have an effect on
the slope efficiency. In our case the large unif@umping inversion will initially be
more strongly depleted at the centre by the smikng mode, causing a reduction
in ETU in this region compared to the edges. Nurcaésimulations accounting for
such spatial profiles show that the effect on sleffieiency is typically very small
and negligible when well above threshold. Thuss ipossible in carefully designed
laser experiments to separate cross-relaxatioreddeffects, and with experimental
evidence of the point at which fracture occursyedigtion for the optimum doping

level and the output powers achievable is allowed.

3 Laser Performance of End-Pumped Tm:YLF Rods

Three Tm:YLF rods of 2, 4 and 6at.% Tm doping leweke set up in laser
cavities such that, in the absence of cross-rataxaand ETU processes, their
threshold should be the same. In order to achibisegoal, the rod lengths were
chosen to each correspond to two pump absorptiogtie (24, 12 and 8mm,
respectively), keeping approximately constant puwmyp, and laserw , mode sizes,
and ensuring thatvy, >>w; . The latter condition leads to multi-transversede
operation with a constant pump/signal spatial @gerland minimises the effects of

thermally induced aberrations on the laser perfocead8].

The 3mm diameter (a-cut) Tm:YLF laser rods hadreftection coated end-
faces for the pump and lasing wavelengths of 792nioh ~1.9um respectively. All

rods were mounted in water-cooled copper blocki he 18C, to allow effective
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heat removal and were pumped by a high-power dmuhep source at 792nm. The
latter consisted of two low fill-factor water-codleliode bars, collimated in the fast
and slow-axes with micro-lenses, and polarisatiomlwned to produce a single
beam. A two-mirror beam-shaper, [9], was emplot@de-format the beam with
roughly equal beam quality factors in orthogonangis resulting in values of
80 (parallel to the array) andyﬁ/I: 52 (perpendicular to the array) and a maximum
power of 52W. A uniform and quasi-top-hat pump rilisition was desirable for the
comparative studies, hence the output beam frompuh® source was ‘homogenised’
by coupling into a multi-mode fibre with a core mieter of 365m and NA of 0.22.
A spatial filter was then employed to reduce thewdlue to 100 allowing relatively
tight pump focussing with minimal diffraction spdéag even in the longest Tm:YLF

rod under investigation, but limiting the maximuxragable pump power to 33W.

A simple two-mirror resonator configuration was doyed, comprising a
plane pump in-coupling mirror with high reflectiyiat the lasing wavelength and
high transmission at the pump wavelength, and &b 83flectivity concave output
coupler with a radius of curvature of 200mm. A tadength of 100-120mm was
selected to produce a calculated T&EMeam waist (1feradius of intensity) in the
YLF crystal (under un-pumped conditions) of 260uwhich was predicted to
increase by up to 50% at the maximum available ppower due to the effect of the
weak negative thermal lensing in Tm:YLF. The pubgam was focussed to a waist
of wy= 47Qum, roughly equal to that required for confocal pimgpof the longest rod
(i.e. wy=(M%,L/2nm)"), and positioned at the mid-point of each lased ro
respectively. All three crystals were then chaaséd through their threshold and

slope efficiency with the results shown in figurelr2 all the following results slope
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efficiencies are measured for data points gredi@n 8 times threshold in order to
remove the effect of the well-know quasi-three-ldaser behaviour of reduced slope

efficiency near threshold.

From figure 2 we note that the slope efficiency tioe 2 at.% doped rod is
0.89 times lower than that for the 4at.% rod, whigh attribute to a lowe®Y. An
estimation ofQY as a function of doping concentration can beeoutated, see figure
3, following the method of Honed. al., [10], where the reported Tm:YLF lifetime
measurements for various doping concentrations royajanet. al., [11], and the'H,
~ °F, branching ratio after Walskt. al.,. [12], have been used. An excellent
agreement is found when comparing the ratio ofpeslictedQY values for 2 and
4at.% Tm (0.88) with that from the measured sldifieiencies (0.89). It should also
be noted that the 53% slope efficiency is muchtgrehan the maximum possible in
the absence of cross-relaxation (41%) and thatdlaively small increase in slope
efficiency from doubling the Tm concentration fr@rto 4at% is indicative of being
in the nearly saturate@Y ~ 2 regime. We are therefore confident in using the

theoreticalQY versus doping level values in further power sgptialculations.

The results of figure 2 also show a very smalréase in threshold from 5.9W
to 5.6W in going from 2 to 4 at.% Tm doping, whishmostly accounted for by the
change inQY, suggesting that ETU effects are small in thismeg and at this point
we assume that it is zero for 2at.%. However,erathan a lower threshold due to a
higherQY, we find that the 6at.% rod had a significantlgher threshold and indeed
fractures at just 17W of absorbed power. The ofesethreshold of 8.0W is 2.9W

higher than we would expect from scaling the obseghreshold from the 2at.% rod
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solely accounting for the high&Y. This power differenceRery , is attributed to
ETU and is totally converted to heating the YLFstay. It should be noted that this
effective power loss is clamped at this threshaldi® as the inversion is also clamped
at this point. This reasoning allows us to writevd the following equation for the
heat load above threshold, , for a given absorbed pump powey,s , accounting for

the quantum defect, cross relaxation, and ETU.

Ph = (1_QY%j(Pab - PETU )+ PI:_l'U (1)

S

The maximum stressgmax, Which YLF can tolerate in an end-pumped
configuration before fracture occurs is dependguunuits material parameters, the
pump beam size and the rod diameter [13]. The aelevariable parameters for

comparison here are the absorption coefficiegt, and the heat loa;:
O-max D aabsph_max ' (2)

We can now make the power scaling predictions showtable 1 for various Tm

doping levels in YLF. It should be noted that theperimental values for the
absorption coefficient were taken at diode pump grswequivalent to lasing
threshold, thus accounting for any depletion of ¢neund state population, which
again will not change above threshold as the pdjpuals become clamped at this
point. Table 1 predicts an optimum doping of 2atléwer than the 3at.% used by
previous workers [1,2]. This is despite the fdtttin table 1 we take the optimistic

power scaling assumption that the ETU is still ighle at the 3at.% doping level.
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Maximum output power limits of around 20W are poted, in agreement with
previous workers findings [1,2], who have used lBahédnd-caps and double-ended
pumping to achieve 22W of output from a single TitFYrod and 36W using two
Tm:YLF rods. It should be noted that the predictionoutput powers used effective
thresholds found from the slope efficiency fits whan figure 2, or by scaling from
them. A factor-of-two improvement should be aval#a according to theory, [13], if
the pump nearly fills the rod aperture, but thim& sufficient to reach the 100W

output power regime.

In order to gain some experimental verification tbese power scaling
predictions we increased the power of the pumpcsoto allow us to reach the
fracture point of the 4at% rod. This new pump seuronsisted of a 6-bar low-fill-
factor diode stack, with each bar collimated in thst and slow-axes with micro-
lenses. The final beam-shaped diode stack beaniyquals M~ 160 and N~ 100
with a maximum power of 265W. To produce a simbdaam-quality from the diode
stacks as had been used previously, a spatiairitslit was employed in the x-axis
only, limiting the available incident power to 115WVith identical pump parameters
and cavity configurations as used for the diode{anping, the results shown in
figure 4 were obtained. Once again the ratio ef glope efficiencies fitted 3 times
above threshold (0.92) was in good agreement \Wwahdxpected from the theoretical
QY curve of figure 3 (0.88). Furthermore, the %atod fractured at an absorbed
power of 38.5W and an output power of 14.5W, indyagreement with our scaling
predictions of 38.7W and 15.9W, respectively. Thus can conclude that the

optimum doping level for power scaling Tm:YLF in and-pumped continuous wave
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laser is 2at.% and that if the gain medium hasdageometry scaling much beyond

20W is problematic.

4 Gain Medium Geometry
It is well known that a uniformly pumped slab gezing, with its large cooling
surfaces, benefits from an increase in its fraclumé when compared to a rod with

the scaling law, [14],

t ..(3)

R ma(slab) _ B[Wj

Ph_max(rod) - ET t

wherew is the width of the slab artds the thickness. The scaling law is not so clear
for a non-uniformly pumped slab but from numerioabdelling it has been shown
that it still depends on the ratio of slab thicksés width of the pumped area, [15].
Noting that an improvement of approximately a factb5 would be required in order
to get to the 100W output power regime, we camedt that a slab aspect ratio of 10

to 1 is required.

5 Laser performance of End-Pumped Tm:YLF Slabs

The power scaling offered by the slab geometry watet by using a 9mm-
wide (c-axis) by 1.5mm-thick, 20mm-long 2at.% Tm-ddpYLF gain element. The
input face of the slab was AR coated at the puntblaser wavelength, and its output
face was AR coated at the laser wavelength and>B88&o reflectivity at the pump
wavelength. As this slab has an aspect ratio sif §) the simple scaling law of

egn.(3) would lead to an expected fracture points8W of absorbed pump power.
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The slab was sandwiched between two water-cooleeropeat-sinks (water

temperature 1%€) using 0.1mm-thick indium foil.

In order to test the slab in this regime we usexdhme diode stack as was
used in the high-power rod experiments except thatas not beam shaped or
spatially filtered, and so delivered nearly 300Waitbeam with measured?Walues
of 40 in the y-axis and 450 in the x-axis (the plasf the slab). The beam was
demagnified with a cylindrical lens telescope tocdlimated beam that nearly filled
the slab in the x-axis (7eliameter of 8mm), and a further single cylindrileals was
used to confocally focus in the y-axis over a deymss of the YLF slab (Z/evaist
diameter of 0.74mm located near the output fac&his focussing arrangement
avoided local pumping hot-spots, which can occtinéf individual diode emitters are
re-imaged within the YLF crystal. The resonator wasmed by a plane high
reflectivity input coupling mirror and a 200mm radiof curvature 87% reflectivity
output coupler, with a cavity length of approxintateOmm. The lasing mode was
observed to nearly fill the slab aperture with peguGaussian-like profile in the plane
of the slab and an approximately Gaussian profilethe vertical axis, with
corrsponding M values of 350 and 3.5. Figure 5 shows the lagiedormance
obtained with this set-up. Firstly, we note thag¢ fasing threshold of 47W agrees
very well with a simple scaling of the 2at.% Tm:Ykéd results in accordance with
the increased pump area. Additionally, the sldfieiency is only slightly lower than
that obtained for the rods, possibly due to a llyghigher intracavity loss from the
dual AR/HR coating used on the slab output fackamm increased diffraction losses.
Finally, we note that despite reaching absorbedepswof up to 218W and output

powers of 68W, fracture was not observed. Thisebéltan predicted performance
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may be due to somewhat better heat-sinking in #se of the slab compared to the
rod, or indeed small variations in other parameseich as surface finish. It may also
be due to the fact that our slabs are not uniforpignped and so the exact nature of
the scaling from the rod results is not clear. deegr, when a 2mme-thick slab was
used in the same set-up, fracture was observed absorbed power level of 200W.
If we scale from this figure to our current 1.5mtabsthe expected fracture point is

267W of absorbed power and an output of 90W.

If we wished to scale to the 100W regime it seeha tve would need a
higher aspect ratio slab. One method of achiethigywould be to go thinner than the
current 1.5mm. However, for our pump beam quz@Myz:40) and the length set by
the 2at.% optimum doping level (~20mm), we wouldcily enter the pump guiding
regime. This brings added complications as we wadt be able to use simple
contact with water-cooled heat-sinks without aerimtediate lower index layer. One
possibility would be to deposit MgF layers on tlop tand bottom surface. An
alternative to a thinner slab is a wider slab hurent commercially available YLF
always has one of the a-axes limited to ~10mmngtle  One solution here would be
to use two slabs of similar dimensions to that usethis work, which would allow
pumping into the 1.5mm by 20mm aperture and usiegwo 9mm length directions
to achieve sufficient pump absorption. Simple isgapredictions for this two-slab
system, for example by polarisation-combining twaxcks to achieve sufficient pump
power, leads to an expected effective thresholtl4®\W absorbed power, a fracture
absorbed power limit of 593W, and thus a maximuntpoiu power of 199W
(assuming the same 44% slope efficiency). Thusubygpwer well beyond 100W is

clearly feasible.
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6 Conclusion
We have developed a power scaling strategy fongakhe 2um output of

Tm:YLF lasers into the 100W regime. The strategy Wwased on scaling from
carefully designed low-power laser experiments whautomatically include the
various competing heat-deposition effects occurimthis laser system. We find an
optimum Tm doping level, for providing the maximunitput power before thermally
induced fracture occurs, of 2at.%. We also expemtally demonstrated the
superiority of the slab geometry, allowing expenta® demonstration of output
powers up to nearly 70W from a single gain uniiited by the available pump
power. Scaling into the 100W regime and beyondhiswn to require slabs with
aspect ratios of ~10, which would require eithgruanp guiding geometry or, due to
the current limitations on the size of commercialailable Tm:YLF crystals, the use
of two slabs. Our future work will aim to experintally demonstrate output powers
in this regime and investigate cavity designs t@bém high-brightness output.
Tm:YLF lasers at this power level are especialleliesting for power scaling the

output of 2.um Ho:YAG lasers.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Schematic energy level diagram of theowsriheat depositing effects
in a 2um thulium laser system.

Output power against absorbed power fodetbar-pumped 2, 4 and 6
at.% Tm-doped YLF rods.

Theoretical calculation of quantum yielchiagt Tm doping level for
YLF.

Output power against absorbed power fodahstack-pumped 2 and 4
at.% Tm-doped YLF rods.

Output power against absorbed power ftiode-stack-pumped 2at.%

Tm-doped YLF slab.
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Table Captions

Table 1 Tabulated Power Scaling Calculations. * iatis an experimental
value. ** indicates assumed values for 3at.% llegdo an optimistic
power scaling. All other values are either thdoattor scaled from

experimental values.
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Table 1

Tm Doping Level / at.% 1 2 3 4 6
Quantum Yield 1.15 1.68 1.84 1.91 1.96
Slope Efficiency / % 32 47* 51 53 95
Absor ption Coefficient / cm™ 0.36 0.71* 1.07 1.43%| 2.14*
Absorbed Power Threshold / W 7.9 5.9* 5.6** 5.6* 8.0*
Threshold in Absenceof ETU /W 7.9 59 5.6%* 5.2 51
Petu /W 0 0 O+ 0.4 2.9
Ph max /W 33.0 16.5 11.0 8.2 5.5*
Maximum Absor bed Power / W 63.4 55.1 47.2 38.7 17.0*
Effective Threshold / W 13.4 9.2* 8.4 8.7* -
Maximum Output Power /W 16.0 21.6 19.8 15.9 2.5*
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Figure 1.
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Figure 3
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Figure 4
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Figure 5
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