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Abstract

Rare earth doped laser crystals present good optical properties providing most of the solid state lasers available today. In particular,
some fluoride crystals are capable of forming solid solution with several rare earth fluorides, allowing one to take full advantage of the
energy transfer mechanisms that might occur among them. LjREF=(&E earth) crystals, for example, are so flexible that in some
cases the doping concentration can go up to 100%. The Nd:LiLuF (Nd:LuLF) system has a 1047-nm emission bandwidth 25% larger
than Nd:YLF, which makes it very promising for laser mode-locked operation. Nevertheless, lutetium compounds are very difficult to
obtain, therefore Nd-doped mixed crystals grown from LiF-Y | Ly F<8<1) solid solutions were studied. A new laser medium was
obtained for the Nd:LiLy ; Y, 5 F, crystal, which presents a Nd emission bandwidth close to the Nd:LuLF (1.82 nm). The mode-locked
operation in a diode pumped laser system using the KLM technique was performed and pulses of 4.5 ps were readily obtained. It is also
shown that the LiGdE (GLF) is a promising host for diode pumped high power Nd lasers which require crystals with higher dopant
concentrations. Another example is the Ho:LiYF (Ho:YLF) laser operating at 2065 nm obtained as a result of concentration optimization
of the sensitizers Er and Tm. The optimization was based on a model comprising the various energy transfer mechanisms that take place
in these long lived metastable states, heavily dependent on the dopants concentration. As a quasi-four-level system, the Ho concentratiol
must be kept very smal(0.005 mol%). The laser operation was optimized by the dynamical coupling of pump and laser modes, and by
the dopants optical cycle. These optimizations resulted in a CW Ho laser with 2 W output, in a diode pumped system operation.
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1. Introduction acousto-optic modulators, these specifications can be ob-
tained once the laser generates more than 1.5 W of peak
Solid-state lasers emitting at 1 andu2n have various power in the quasi CW regime [3,4].
applications in a wide range of fields, including LIDAR, Nd ion based lasers are among the mostly used solid-
dental caries prevention and air turbulence detection. Laser state laser systems. They find applications in many areas
radiation applied to the surface of human dental enamel including the generation of the highest energy per pulse for
has shown to increase resistance against caries, reduce laser fusion purposes. However, one of the main limita-
sensitivity to pain and improve microhardness and also tions in the crystalline hosts is the available bandwidth of
roughness for better bond strength of composite resin the laser transition that limits the minimum pulse duration
restorations [1,2]. Doppler LIDAR systems operating at 2  ~fops. In this work, we have explored the potential of
wm are currently used to detect aerosol flow. Typical growing new Nd hosts, performed the spectroscopic
detection ranges are up to 3 km, with a laser specification characterization of them and investigated their laser prop-
of 2 mJ pulse energy, 200-ns pulse duration and at least 10 erties. A new mixed crystal, Nd:LuUYLF, was grown with
Hz repetition rate. Using low loss, externally triggered high optical quality. CW and mode-locked regime laser

operation were demonstrated to explore this broader
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tion of the lower laser level resulting in considerable
reabsorption at room temperature [5]. One way to circum-
vent this is to use cooperative effects by growing crystals
with low Ho concentration codoped with another RE ion.
In the system the Ho ions act as the acceptor and the RE
ions as the donors, being also responsible for the absorp-
tion of pumping light. Additionally, the system has up-
conversion processes in both thulium and holmium, which
reduce the population of the upper laser level [6]. The net
effect of up-conversion losses is an increase in the
threshold pump power, whereas reabsorption losses result
in lower slope efficiencies. Both effects can be signifi-
cantly decreased by cooling the crystal belex27 °C and
employing a pump distribution, which spreads the absorp-
tion uniformly over the whole crystal length by pumping it
from both sides [3].

Another technique that offsets these adverse effects is to
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(99.9995%). The crystal-pulling rates were 0.5-1 mm/h,
with 8—30 rpm rotation rates. Two kinds of solid solutions
have been investigated, one kind was for the development
of Nd lasers and the other one for Ho lasers.
,LIGd, Nd F crystals and, LiY, , Nd F with concen-
trations in the melt0dd27 were grown for spectro-
scopic studies. New solid solutions qf Liy , Lu,Nd F
were obtained x#th09, 0.31, 0.473 and 1 ang=
0.023 or 0.027 for spectroscopic studies and laser testing.
Small crystals of good optical quality weighing around 50
g were obtained, except for the LuLF where only a 10-g
crystal was obtained.
LiY, ., ,Er, Tm HgF crystals with €x<0.4,
€y340.20 and 0.00£z<0.1 were grown for the
spectroscopic studies of energy transfer to optimize the

laser output for flash-lamp and diode laser pumping [11].

use a quasi-CW pumping of the crystal, allowing operation 2.2. Optical characterization

at crystal temperatures abové@. The main advantage of
this technique is a simpler architecture of the laser
resonator since there is no need for a nitrogen-purged
enclosure of the crystal or a double side pumping tech-
nique. Furthermore, cooling off the diode bar and the
crystal can be done by thermoelectric elements. Besides, it
has been shown [6] that Tm:Ho:YLF has relatively small
up-conversion losses under Q-switched operation when
compared to Tm:Ho:YAG [6]. Therefore, pumping the

The absorption cross-sections were determined by the
unpolarized optical absorption spectrum. This orientation
avoids polarization effects to the experimental data. The
absorbance spectra of Nd, Er, Tm and Ho samples were
measured in a double beam spectrophotometer automate

CARY 17 D from OLIS.
The crystal was pumped by a GaAlAs laser diode
(SDL-2382-P1) which is a broad-area CW lasgd(q1

crystal with higher intensities should permit a higher gain, wm), with 4 W power, operating at 797 nm. The diode

which in turn permits higher pulse energies and a shorter
pulse duration [7].

laser beam was collimated by a diffraction-limited, NA

0.5,f=8 mm objective, corrected by 3 anamorphic

prism pair (both from Melles Griot) and focused by a
single f=10-cm lens. Close to the focus, and for a

2. Experimental

longitudinal range of 2 mm, the beam had a rectangular

profile, with transverse dimensions of approximately<60

2.1. Crystal preparation

Laser crystals must have high optical quality, this
involves the use of high-purity raw materials and adequate
crystal growth conditions. In general, the raw materials
were obtained from pure rare earth oxide powders (99.9%
or better) by hydrofluorination at high temperature in HF
atmosphere. The powder is placed in a cylindrical platinum
boat, enclosed by a sealed platinum tube. The LiF-REF
mixtures are melted using an open platinum boat in the HF
atmosphere, with the peritectic composition, according to
the phase diagram of each system. LiF powder (99.9% or
better) is also zone-refined before it is added to the REF .
Pure commercial powders (99.99% or better) can be
utilized if a reactive atmosphere, such as,CF , is used
during crystal growth process [8—10]. Besides the reaction
of rare earth fluorides with oxygen and moisture, the raw
materials must be free of organic matter that can remain
from the rare earth synthesis. Otherwise, the melt surface
present a carbon scum, making the seeding process some-

300 pm. The pumping excitation was in the orientation.
For the emission measurements, the crystal was pumped

either by the diode laser or by the Xenon lamp. Both light
beams, chopped at 40 Hz, were focused on the sample with
a 10-cm focal length lens. The visible Nd emission was
detected with an EMI 9558 photomultiplier and analyzed
with a 0.25-m (Kratos) monochromator. The luminescence
signal was processed using a PAR lock-in amplifier. The
lifetimes of excited Nd ions were measured using a
pulsed laser excitation (10 ns) from a nitrogen laser
pumped dye laser tuned at 413 nm. The time-dependent
signal was detected by a fast S-20 extended-type photo-
multiplier and analyzed using a signal-processing Box—Car
averager (PAR 4402).

All spectroscopic and laser samples were extracted
along the growth direction. The optimum active medium
length for longitudinally pumped at 792 nm Nd:YLF lasers
is approximately 1 cm, for Nd concentrations around 1
mol%, and considering high quality pumping sources [12].

For high-power diode laser pumping, however, the high

times impossible [8]. Single crystals have been grown by M? factor of the laser beam limits the effective pumping

the Czochralski technique under high purity argon

length. Despite this pumping problem, and considering a
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four-level laser model for the 1047-nm Nd laser transition,
we prepared active elements 1-cm long, with transversal
dimensions of approximately (®&.5) cm. The optical
facets were prepared at Brewster angle forthpolariza-

tion, and polished to a flatness »f4. The transmission of
the laser samples around 1050 nm was better than 0.995(5)
for both Nd:YLF and Nd:LuYLF laser crystals.

The excitation system for the Er, Tm and Ho samples
consists of a second harmonic generator pumped by a
Quantel Nd:YAG pulsed laser (800 mJ, 4 ns, 10 Hz) that
pumps an OPOTEK optical parametric oscillator. The
tunability of the OPO allowed excitation wavelengths at
the range of 680—1000 and 1200-2000 nm.

The visible and near infrared emissions for the Er, Tm
and Ho samples were properly injected and dispersed by a
0.25-m SPEX monochromator. The visible light was
detected by a S-20 EMI photomultiplier coupled to a
Tektronix digital oscilloscope connected to a computer via
GPIB interface. The infrared emissions were focused into a
Judson InSb detector whose signal was amplified and
connected to the oscilloscope. This experimental setup
allowed investigations of temporal dynamics and time
resolved emission spectra of the crystalline samples in
order to develop the optimization process.
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Nd:LuYLF. The meastrgd F lifetimes were 481 and
476 ms for Nd:LuYLF and Nd:YLF, respectively.
The emission and absorption spectra of both Nd:LuYLF

and Nd:LuLF are similar to those of Nd:YLF. Excitation in
both cases were done by 792 nm diode laser line. The

emission cross-section$ fgr, thé , F, transitions

amdpolarizations), were obtained by using the method of

McCumber [17]. The peak emission cross-sections for
Nd:LUYLF were determined and the values are 1.96
20 “cm at 1046mnpolarization), and 1.4910 *°
cm at 1052 mipo(arization). A detailed measurement
of the fluorescent emission spectrum around 1047 nm for
Nd:YLF, Nd:LuYLF and Nd:LuLF allowed the determi-
nation of the spectral linewidths presented in Fig. 1. The
plotted line is an empirical fit for different Lu concen-
trations. We readily notice that Nd:LUYLF has almost the
same emission linewidth as Nd:LuLF, broadened approxi-
mately by 25% compared with that of the Nd:YLF sample,
under this high intensity diode laser pumping.
The spectroscopic properties of Nd in GLF are very
similar to those of Nd:YLF, however GLF host allows
higher concentrations%f Nd  than in YLF. Nd:GLF laser
also present low threshold and high efficient laser action
under pulsed and CW pumping [18,19].

Analysis of the oscillator strengths for dipole-forced

electronic transitions of 8 rare-earth ions in solids is

3. Results

widely used by applying the Judd—Ofelt theory [20]. We

used the same approach to calculédein Nd:GLF as has

3.1. Spectroscopic studies

been done for Nd:YLF crystal [21]. The calculated values

of (2, for Nd:GLF are:

3.1.1. Nd systems

Lutetium is a well-known size-compensating codopant 2,

for Nd:YAG (Nd:Y;AlI O ,,) laser crystals, allowing the

=0.905% 10 ?° cn??

incorporation of greater amounts of Nd into YAG without {2 =2.47x 10 ** cm®

significant degradation of the optical quality, and broaden-

ing the emission lines by around 10-35% [13]. Recently, a (2, = 4.92x 10 *° cn?

new fluoride laser material has been grown: Nd:LuLF [14].

This material presents almost the same spectral and
physical properties as Nd:YLF laser crystals, but presents
broader spectral width. Broadening the spectral gain width
is a desirable enhancement for crystalline Nd laser media
in order to obtain short pulses, especially when using
passive mode-locking techniques. In this case, the mini-
mum pulse width, obtained by balancing the nonlinear

phase effects with net group-velocity dispersion, is in-

versely proportional to the square of the gain spectral
linewidth [15,16].

We have studied the codoping of lutetium in Nd:YLF
crystals in order to obtain significant line broadening and
enhanced Nd concentration, also aiming to lower the
production costs compared with those of Nd:LuLF. We
verified that, by using 50% of lutetium and 50% of
yttrium, the obtained laser crystal presented the same
physical and spectroscopic parameters, and a significant
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spectral broadening of the emission linewidth, compared rig. 1. Measured spectral linewidths at the 1047-nm emissidn for
with Nd:YLF (at 1047 nm). We named this laser material Nd:Lu:YLF crystals with different Lu concentrations.
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By using the(2, values and the matrix elemerits” for 100 F
Nd®" obtained from the literature (W.T. Carnall, H. i J10
Crosswhite, H.M. Crosswhite, unpublished data), it was .

. . o ey 10 é
possible to calculate the radiative transition probabilities f —— YLF:0.6% Nd {08
for all the up-conversion processes and emissions relevant .~ [ GLF:2.0% Nd ' el
for the diode pumped Nd-laser system. One can compute 5 1t Hos u:’;
the total radiative rate of the transitions ending below the i b &
metastable” F, levelr(,) !, and the total rates of = ,,[ {oa &
radiative transitions contributing for thé s population ' =
(,,) " *. The radiative transitions contributing for,() {o2
are those from* G, to*d, ! ), . 15, and Jg,, . i
respectively. The radiative transitions from,G %o,k Joo
and *F,,, are the ones contributing for,0) *. The e ]
calculated radiative rates,() ' (r,,) ' and the total £,) Threshold Population (om")
lifetime of 4G7,2 level for YLF and GLF crystals are Fig. 2. Threshold pumping intensity (left-hand scale) and pumping
shown in Table 1. efficiency (right-hand scale) as a function of the laser threshold popula-

High-power and high-brightness diode lasers are effi- tion, for the laser crystals considered in the study.
cient sources to promote nonlinear effects in laser media,
for example up-conversion fluorescence. Using this effect,
there is a variety of systems where the infrared pump are responsible for the nonlinear losses present in the
radiation can be converted into Vvisible fluorescence system, for the threshold population abb¥e sm °.

[20,22]. Most of the processes rely either on excited-state These processes cause important losses in the Nd lase
absorption of pumping radiation (ESAPR) or energy system, increasing the power intensity to reach the laser
transfer up-conversion (ETU). threshold conditions.

We have studied the pumping-related up-conversion The theoretical values for the threshold pumping intensi-
processes in Nd YLF and GLF. The peak of the excited ty, as a function of the laser threshold population, are
state absorption cross-section for the pumping radiation at plotted in Fig. 2 (left scale) for the Nd:YLF and Nd:GLF
797 nm was evaluated as X40 %’ cn? (GLF). A model crystals considered in this study. It can be seen that, due to
to estimate the probability of the ETU process based on the nonlinear up-conversion population losses, a threshold
Forster—Dexter method was proposed and the ETU param- population above approximatel@'8.6m ° for YLF,
eters were calculated. By solving the rate equations and 201° cm ® for GLF cannot be obtained by raising
according to Ref. [23], for the system under continuous the pumping intensity, for both systems. In this same
pumping, it was possible to estimate the up-conversion figure, the normalized pumping efficiency as defined by
efficiency for different threshold populations for the two [24] is plotted as a function of the threshold population
Nd systems. The ESAPR process does not have important (right scale). It is important to mention that the pumping
effect on the up-conversion losses in Nd laser system, intensity range covered by Fig. 3, corresponds to real
because this process involves a very small excited state possibilities of Nd-pumping intensities because it is always
absorption cross-section. Only the ETU processes
(Kery=2.6X10""* N, for both crystals, YLF and GLF) -

2000 5 oG R = 68%

Table 1
Relevant spectroscopic parameters for upper laser level population i
calculation, accounting for the up-conversion transition, in Nd:YLF and 1600 15 0 =
Nd:GLF = 14007 -

YLF GLF o, 120
[Nd] (cm™®) 8.5x 10" 2.85¢ 10%° > 10004
7, (cm’) 3.2¢10° % 2.1x10 ? 2 00
o* (cm?) 6.4x107% 2.4x107% W oo

1.4x10°%
7, (1) 538 421 b
7 (8) ('G;,) 150 183 2007
Ty (571) 3256 2974 o
Ty (S77) 186 196 200 220 240 260 280 300 320 340 360 380 400 420 440 460
Nd—Nd interaction Cy_n €m®/s) R, (A) Lamp Pumping Energy (J)
54%54&;3:133? 1263;( 18737 ggj Fig. 3. Laser output energy as a function of the pumping energy for some

relevant temperatures.
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below the crystal breakdown intensity which is found to be
of the order of 20 kW/crh for Nd:YLF [25].

It is seen in Fig. 2 that the up-conversion processes
impose dramatic limitations to the maximum achievable
inverted population for the two systems. In both cases, the
maximum inverted population is of the order of one-tenth
of the total population. Therefore, higher Nd concen-
trations allow for higher gain coefficients, which favours
the GLF crystal as a laser host, where a concentration of 5
mol% can be achieved. In these cases, the maximum gain
is 2.6 cm * (1 mol%) for Nd:YLF and 6.7 ci (5 mol%)
for Nd:GLF, corresponding to the maximum population
inversion of one-tenth of the total population available in
both systems. It must be stressed that the pumping
efficiencies for these systems, in this limit, are almost zero
(see Fig. 2). In order to have 100% pumping efficiency and
maximum gain, the maximum inverted populations are
only 5x10"" and 2x 10"’ cm™ for Nd:GLF and Nd:YLF,
corresponding, respectively, to small gain coefficients of
0.05 and 0.02 cm" . In both cases these small gain
coefficients are too small for practical systems where
internal laser losses are inevitable and significant output
mirror transmissions are often desirable. Long media
(several cm long) can compensate these small gain co-
efficients, but in this case the great advantage of diode
pumped systems, its compactness is lost. For the majority
of the Nd laser systems, a trade off between pumping
efficiencies and overall laser efficiency must be achieved.

The threshold pumping efficiency has great importance,
for instance, in regenerative amplifiers and Q-switched
lasers, that have a low Q period as part of their operation
cycle. In both cases, the system must achieve the highest
possible gain (inverted population), while compactness is
also desired. This is specially important for Q-switched
systems, where the pulse duration is a minimum for
minimum cavity length and maximum initial gainNzr).

But, in order to achieve high optical efficiencies, one must
minimize the nonlinear losses, so the gain coefficient must
be kept moderate. Therefore, the present analysis can be
very helpful when designing an optimized Q-switched Nd
laser, allowing the determination of the best trade-off
between pumping intensity and active medium length for
maximum peak power and/or pulse energy. Once de-
termined this optimum pumping intensity, the system is

still scalable in energy by increasing the transverse active =+

area. In the case of regenerative amplifiers even side

pumping can be an advantageous alternative, because™
besides keeping the gain moderate (and therefore the _
optical efficiency high), presents less thermal problems. =

Finally, we must highlight the Nd:GLF as a promising
laser medium for amplifier or Q-switched systems.

3.1.2. Ho systems

Er and Tm, based on a model comprising the various

energy transfer mechanisms that take place in these long-

lived metastable states. The laser output energy can be
seen as a function of the pumping energy in Fig. 3.

The optimization process is based on a statistical
description of the microscopic interaction among ions [26].
The microscopic parameters of energy transfer process can
be described by a Forster—Dexter approach for resonant

energy transfer and a modified model [27] for non-resonant

energy transfer processes.

The description of the system allows one to estimate the
transfer efficiency of a desired path of energy. There are
three main paths of the pumping excitation energy to

follow as can be seen in Fig. 4.

Both Er and Tm ions can transfer energy to the Ho ions.

One can define the energy transfer efficiency as the ratio of
the energy transfer probability normalized by the total

deexcitation of the level and then plot the various efficien-

cies as a function of the ion concentrations. In Fig. 4
several paths of the energy transfer among ions can be
seen.

In Fig. 5 the saturated transfer efficiency occurs for 10%
of Tm. The optimized Tm concentration must be above or
equal to 0.07 mol%. The Er—Ho energy transfer is
maximized for Er concentrations greater than 0.1 (mol%)
while the maximum Er—Tm energy transfer is reached for
0.15 (mol%). The Tm—Ho energy path is maximized for
Tm concentration greater than 7%.

The maximization of the energy transfer from sensitizers
to Ho must enclose all energy paths and the best con-
centrations were Er(40%):Tm(7%):Ho(0.4%) for small-

signal gain greater than one.

These optimizations could indicate the best concen-
tration for the Tm and Ho energy transfer and this choice

Fr:Tm: Ho: YLF

3+ 3+ 3+
| Er Ho Tm
25
14
Rz %A °Cq
B 1
| ——— G
20 4
14g ﬁ 552
J 3/2
i Zi 5 3
15" Fg s 2 fs ' 3F2
- \ Fg
4 [R—— R 5
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d - ] N 5,
14 5
4 ]73/2 ¥ _//\ ¥
5] ™~ e M 3}74
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B 7
] 2.06| lum
14 5
J ]I; I 3
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The Ho:LiYF, (Ho:YLF) laser at 2065 nm was obtained Fig. 4. Main pathways of energy transfer described in the energy level
as a result of concentration optimization of the sensitizers diagram.
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Fig. 5. Main energy transfer efficiencies for several energy pathways.
of concentrations resulted in a CW Ho laser with 2 W 2000 times diffraction limited in xtHoérection. It is
output, in a diode pumped system operation. therefore very difficult to focus this beam.
The two mirror beam-shaping technique [28,29] allows
3.2. Laser performance effective control of the beam-quality factors in the ortho-
gonal x- and y-planes and, if desired, their equalization
3.2.1. CW operation of the Nd.LuYLF and Nd.YLF (Fig. 6). Basically, the beam shaper decomposes the highly
lasers elongated beam of the diode bar into 24 beams emitted by
The laser was pumped using a 20-W diode bar emitting the individual emitters. These beams can be rearranged and
at 792 nm which consists of 24 individual emitters in a stacked on top of each other [28]. In our case the beam
linear array. It contains an anti-reflection coated collimat- was reconfigured into three columns of eight beams each
ing (cylindrical) fiber lens in the fast axis, which is factory as shown in the inset of Fig. 6. The reconfigured beam had
installed in front of the array. The beam, with total dimensions and quality factovg #2200 pm, M§=130
emitting dimensions ofv,=1 cm parallel to the bar and ang, =190 um, M§=85 at the focus where the crystal is
w,~0.2 mm perpendicular to the bar is highly elongated, placed. With the diode bar emitting 20 W of output power,
nearly diffraction limited in they-direction but more than the pump power incident on the crystal was 14 W due to
fx=25am fy=25cm
: o / == 5
> ROC =flat
2 im e | B[ 1 =2.5cm /
diode-laser ~
array (lem) el 11 gew - output
yg Z Laser crystal ~—0C=90%

Fig. 6. Setup of the laser utilizing a two mirror beam shaper in the pump arrangement. The inset shows a photo of the pump distribution at the focus, taken
with a CCD.
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] ————— — —— The resonator was composed of two plane end mirrors,
5 l ] M, and M,, and a set of two concave mirrors;M and,M ,
with 10-cm radius, to produce an additional intracavity
focus in the central arm of the resonator, as shown in Fig.
8. At the middle of this central arm a 1-cm long sample of
SF57 glass was inserted at Brewster angle. The Nd:LuYLF

T 37 ] crystal was positioned 8 mm from mirror M , that has a
. high transmission fon,=792 nm and is a high reflector

2 NdYLF ©° Nd:LuYLF 2 1 (HR) for the laser emission. A home-made, Brewster-

] K=78+36W K=73+57W angled acousto-optical modulator was inserted in the
1] EjS&SiOOSE;W E3—=01t371+005§4 ] cavity, close to mirror M , to provide an auxiliary am-

] TU Y B plitude modulation to initiate and sustain the mode-locking

0- regime even in the presence of instabilities. The central
“ds o7 a8 gs 10 arm length was adjusted tb,,=11.4 cm, favoring the

R Kerr-lens sensitivity of the resonator [31], and providing a

suitable beamwaist at mirror M , which leads to the best
matching with the pumped volume. To compensate for the
group velocity dispersion, a Gires-Tournois interferometer

Fig. 7. Laser output power as a function of the mirror reflectivity.

losses in the beam shaper, lenses and the resonator input (GTI) was used as the second end mirror (M ). This
coupling mirror. element consists of two plane mirrors, one with reflectivity

For the CW experiments, a 1-cm long, 0.009 (mol%) R=~100% and the other witR=4%. The distance between
Nd:Lu, .Y 4oL F and a 0.013 (mol%) Nd:Y¥, ¢, LF sample the mirrors can be adjusted in order to make the roundtrip
of equal length were used (Fig. 7). The transmission of the inside the GTI much shorter than the expected pulse
laser samples around 1050 nm was better than 0.995(5) for length. This distance was keptdar860d.im, which
both Nd:YLF and Nd:LuYLF laser crystals. The laser corresponds to a dispersion2gps’ at anti-resonance.
resonator consisted of a 1-m radius concave mirror, high The low reflectivity mirror position is piezoelectrically
reflector for 1050 nm, with 94% transmission for the pump driven, allowing adjustments in the phase. Fine-tuning of
beam, and flat output couplers with varied transmission at the KLM laser operation was accomplished while observ-
the laser wavelength. The total cavity length was 5 cm. ing pulse stabilization and shortening by using an elec-
Throughout most of the experiment, the duty cycle was tronic detection system with total response time of 24 ps.
only 10% due to a non-optimized crystal heatsink. Similar In a previous work [32], we reported the stable gene-
values for the maximum output power (48.5 W), non- ration of 6-ps pulses from an all-solid-state KLM Nd:YLF
saturated gain (1:0.5), and the round-trip cavity losses laser with weak acousto-optical modulation. In that case,
(0.06+0.03) were achieved for both crystals as reported in the time-bandwidth product Avas=0.54. The
Ref. [30], as seen in Fig. 7. pulsewidth obtained from the KLM Nd:LuYLF laser was

shorter as expected due to its larger bandwidth. In this

3.2.2. Mode-locked operation case, the auto-correlation measurement has revealed a

Again, a two-mirror beam-shaper was used to produce a full-width at half maximum (FWHM) of 4.5 ps and a
symmetrical beam. After the beam shaper, the pump beam time-bandwidth produet.ef 0.5 was measured [33].

was focused by a 50-mm spherical lens, producing an

approximately circular beamwaist of 7@m radius with 3.2.3. Laser operation of the Tm:Ho:YLF laser
2

quality factorsM; ,~30 and 3.8 W of pump power at the Pumping was achieved by the 20 W diode laser, as
Nd:LuYLF crystal face. described in Section 3.2.1.
I collimating
| B > optics
16___‘-____ L,=56cm ‘( i Beam i

shaper

diode
laser

[ Re=10cm
4
i w
wM L,=67 cm %

Fig. 8. System setup for the all solid-state KLM Nd:LuYLF laser.
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The laser resonator consisted of a flat, high reflecting 4. Summary

mirror for 2.06 wm, which had 90% transmission for the
pump beam and a curved output coupler with an optimized
9% transmission at the laser wavelength. The cavity length
was held at 3 cm but remains stable up to a length of 9.5
cm (however, with additional 10% loss attributed to water
absorption). The output coupler's radius of curvature
(ROC) of 10 cm produces a beam waist of 17 inside

the Brewster cut crystal for the 2.Q8n fundamental
transversal mode (TEM ).

Experimentally it was confirmed that a lower than 0.01
(mol%) Ho concentration and 5.5-mm length laser crystal
presented the best compromise between efficient pump
absorption and small reabsorption losses. The pumping
was tuned to the Tm absorption at 792 nm.

Keeping the crystal heatsink at room temperature, while
varying the duty cycle of the diode bar, we achieved a best
result of 2 W of peak output power at 10% duty cycle. At
higher duty cycles we verified a loss in laser efficiency.
The operation at higher duty cycles raises the local crystal
temperatures and the observed drop in laser efficiency
points out that the main loss mechanism of this laser
crystal is due to the increase in ground state population and
thus reabsorption. At this condition, the increase in ground
state population leads to an almost equivalent performance
as the higher Ho concentration crystals under low-duty
cycle pumping. We also observed the same effect (and it
was particularly strong) when using the crystals with
higher Ho concentration (1%). Lowering the crystal tem-

perature and keeping the diode emission wavelength at 792

We have studied the growth of Nd doped mixed crystals
of LiY_Lu, F and the emission bandwidth in order to
optimize the Lu concentration and still maintain a broad
emission band. The ideal concentration is 50% and the
corresponding emission bandwidth is 25% larger than in

the LiYF, system. The crystals have shown good optical
quality and CW laser action was obtained, with an output
power of 4.5 W for pumping with 14 W of a diode laser.

The gain obtained with this crystal was comparable to the
Nd:YLF system. We have also obtained mode-locked

operation in the KLM regime and typical pulse width is 4.5
ps, much smaller than the same laser scheme for Nd:YLF
(6 ps). In both cases, we could not take advantage of the
total emission bandwidth that could lead to pulses shorter
than 1 ps.

Concerning the Ho:Tm:YLF laser medium, we could
establish a theoretical model that takes into account the
energy transfer mechanism between Ho and Er and Tm,
and based on it, we have determined the optimal con-
centrations of the Ho and Tm ions of 0.4 and 6 mol%,
respectively. Good optical quality crystals were obtained
and, in the CW laser operation, 2 W of average power

were taken out of the 9 W, diode pumped system. We could
run the laser in two ways: with a duty cycle of 10%,
without cooling and with 60% duty cycle, cooled, which is
remarkable for a quasi-three-level system.

nm, the laser can sustain its efficiency at duty cycles higher Acknowledgements

than 10%. When the crystals temperature is lowered from
10 to —27°C, the duty cycle may be increased to a
maximum of 60% without substantial power loss as can be
seen in Fig. 9.
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