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ABSTRACT We present the results obtained with a Ho,Tm:YLF
crystal grown at a new crystal growth facility in Pisa. The
optical quality of the sample has been tested by studying its
performance as the active medium of a laser operating at
2.06 wum. We employed three different pump laser sources:
a Ti:sapphire, a diode (both tuned at 793 nm) and, for the first
time, a continuous-wave Co:MgF; laser, tuned at 1.682 pum. At
room temperature the best slope efficiency was 30 % in the case
of “red” pumping, and 59 % in the case of “infrared” excitation.
The typical lasing threshold is about 100 mW.

PACS 42.55.Rz; 42.55.Xi; 81.10.Fq

Introduction

The 2 pm laser emission of the transition ® I7 — 3 Ig
of Ho** has been widely studied for the purpose of devel-
oping eye-safe compact devices, suitable for many applica-
tions, such as optical communications, coherent laser radar,
and medical instrumentation [1—-4]. Several authors have re-
ported laser action of this ion in different host crystals, in
both the pulsed and continuous-wave (cw) regimes, and at
different operating temperatures (see [5] for an extensive
bibliography).

In this paper we describe the growth of a codoped 0.5 %
Ho, 5.2 % Tm LiYF4 (YLF) sample at the Physics Depart-
ment of Pisa and its characteristics as the active medium of
a laser operating at room temperature. In a preliminary step
we tested the laser efficiency of the crystal using the tradi-
tional pumping scheme with two different cw laser sources:
by means of a Ti:sapphire laser and a diode laser we excited
the 3 Hs — 3H, Tm>* transition at 793 nm wavelength. Later
we employed a Co:MgF, laser to pump the 3 Hg — 3 F, transi-
tion of Tm3™ ions at 1682 nm wavelength; as far as we know,
it is the first time this pumping scheme has been success-
fully demonstrated. With all three pump lasers we observed
the 2 wm laser emission from the > I; — > Iy transition of Ho>*
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ions and we measured the laser threshold and efficiency with
different transmissions of the output coupler.

Crystal growth apparatus and spectroscopic
investigations

In this section we describe the experimental ap-
paratus for the crystal growth set up at the Dipartimento di
Fisica, Universita di Pisa. The apparatus consists of a home-
made Czochralski furnace with conventional resistive heat-
ing; special care has been devoted to the quality of the vacuum
system, which has an ultimate pressure limit below 10~ Torr.

The raw material for the crystal was prepared by mixing
LiF and YF; powders in a platinum crucible. The doping was
obtained by adding suitable amounts of TmF; and HoF5 pow-
ders. We selected a dopant concentration of 5.2 % Tm and
0.5 % Ho. To avoid OH™ contamination, the powders were
purified at AC Materials (Orlando, Fla., USA). The growth
process was carried out in a high-purity (99.999 %) argon at-
mosphere.

During growth, the rotational speed of the sample was
5 rpm, the pulling rate 1 mm/h, and the temperature of the
melt was 809 °C. The average size of the YLF crystal was
about 20 mm in diameter and 35 mm in length, and its mass
was about 24 g. The sample was oriented using the X-ray Laue
technique and cut with an edge parallel to the c-axis. The di-
mensions of the crystal sample inside the laser are 6 x6 mm?,
with a thickness of 2.4 mm. The wider faces were optically
polished using alumina powder to laser tolerance.

For diagnostic purposes we recorded the room-temperature
polarized absorption spectra (E || ¢ and E L ¢) from the UV
up to the IR wavelength region. Figure 1 shows a selec-
tion of these spectra around 790 and 1700 nm, normalized to
show the absorption coefficient, o, in units of cm™!. The UV
spectrum around 200 nm did not show the typical absorption
bands of OH™ radicals in crystals, within the sensitivity of our
CARY 500 spectrophotometer, so we are confident that our
sample is free of any contamination that might compromise its
optical properties.

The visible and infrared spectra in the E || ¢ polarization
show many absorption peaks suitable for optical pumping.
Among them, we chose the peak at 793 nm for pumping with
the Ti:sapphire and diode lasers, and the peak at 1.682 pum for
pumping with the Co:MgF, laser. These lines come from the
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FIGURE 1  Absorption spectrum in the red and infrared wavelength regions
for the E || ¢ (solid line) and E L ¢ (dashed curve) conditions
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FIGURE 2 Fluorescence spectrum in the infrared wavelength region for the
E || ¢ (solid line) and E L ¢ (dashed curve) conditions

transition bands 3 Hg — 3 Hy and 3 Hg — 3 F4 of the Tm>™ ions
and the absorption coefficients at room temperature are 3.7
and 9.3 cm ™!, respectively.

Another spectroscopic check on the crystal quality is re-
lated to the lifetime of the upper laser level of Ho’*; we meas-
ured 14.5 £ 0.1 ms, and this value is in satisfactory agreement
with that reported in the literature [6].

A last check was made by recording the room-temperature
fluorescence in the infrared region near 2 pum when the crystal
is pumped by red radiation. For this measurement the experi-
mental setup was composed of the Ti:sapphire laser source,
a focusing system, a 25-cm focal length monochromator to
disperse the fluorescence, and a detector connected to a lock-
in amplifier. Figure 2 shows a typical fluorescence spectrum
recorded by using 210 mW of radiation emitted by the laser
tuned at 793.8 nm; the spectral resolution of the monochro-
mator was 4 nm. The curve has been normalized taking into
account the spectral response of the PbS detector.

3 Laser experiments

The experimental setup for studying the laser per-
formance of our crystal consisted of an astigmatically com-
pensated X-folded four-mirror cavity. The crystal sample was
placed at Brewster’s angle, mounted on a copper or aluminum

block for thermal dissipation, but without any further active
cooling, and oriented with the crystallographic c-axis in the
plane of incidence for both the pump and the emitted radia-
tion. The cavity had two curved dichroic mirrors (radius of
curvature 100 mm), placed at a distance approximately equal
to their radius, a high-reflectivity plane mirror, and an output
coupler. The folding angles and the length of the two arms of
the cavity were chosen to compensate for the astigmatism pro-
duced by the crystal and to provide convenient matching of the
resonator mode within the crystal.

The pump beam was focused by an uncoated lens to pro-
duce a waist size within the crystal comparable to the res-
onator spot. The focal length was different for each pump
laser, to optimize the overlap of the beam diameters.

The first pump source we tried was a home-made cw
Ti:sapphire laser; it could deliver up to 1 W in the spectral re-
gion of interest when pumped by a multiline Arion laser. The
optical quality of this radiation was quite good with a nearly
Gaussian output beam (M? ~ 1.1).

The second source was a commercial diode array (SDL-
2432-P1) which could deliver up to 1.2 W of power with an
emission bandwidth of approximately 2 nm. The astigmatism
of its beam was compensated by an 8 mm focal length ob-
jective, placed in front of the laser diode output window and
followed by an anamorphic prism pair with a 4 x magnifica-
tion in the plane parallel to the junction. With this arrangement
the pump beam could be focused to an elliptical spot of ap-
proximately 100 x 25 um at the entrance face of the laser
crystal. When using both these pump sources, the best re-
sults were obtained by using a focusing lens of 70 mm focal
length.

The last pump source we tested was a home-made cw
Co:MgF, laser, pumped by a multimode Nd:YAG laser at
1.32 wm [7]. This laser is broadly tunable and if the active
crystal is cooled at liquid nitrogen temperature it can deliver
up to 1 W at 1.682 um. The optical quality of the beam emit-
ted by this source is good, and the pumping spot on the YLF
crystal was circular. With this pump laser, the performance of
the 2 um laser was almost insensitive to the focal length of the
focusing lens between 60 and 100 mm, and in the final meas-
urement we used a 100 mm lens.

The input mirror could transmit about 95 % of the pump-
ing radiation at 793 nm and about 84 % at 1.682 pm.

4 Results

In this section we describe the laser performances
of our YLF crystal. In all the figures, the abscissae repre-
sent the input power, which is the laser pump power incident
on the sample, and throughout this work all efficiencies re-
fer to it and not to the power absorbed by the crystal, unless
otherwise specified. The comparison with available literature
results will be limited to fluoride crystals, for homogeneity
with the host presented in this work.

Figure 3 shows the results obtained using the Ti:sapphire
laser as the pumping source and with two different output
couplers (OC). The best slope efficiency attained is about
30 % with the 3 % OC, and the threshold is always less than
100 mW. The maximum output power is about 250 mW and is
limited by the available output of the Ti:sapphire laser.
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FIGURE 3  Output power as a function of input power when the pump is
the Ti:sapphire laser tuned at 793 nm; the two sets correspond to different
transmissions of the output coupler

T T T T T T T
200 | A OC=06%,n= 6% -
B OC= 3 % n=23%
s 150 -
£
15
(]
3
S 1004 -
5
=]
=
O 504 i
0 . ; . ; . ; , ;
0 200 400 600 800 1000

Input power (mW)

FIGURE 4 Output power as a function of input power when the pump is
the diode laser tuned at 793 nm; the two sets correspond to different trans-
missions of the output coupler

Figure 4 shows the results obtained with the diode laser as
the pumping source. In this case the best slope efficiency is
23 % with the 3 % OC, and the threshold is about 160 mW.

These results can be compared with those previously pub-
lished in the literature. Many papers describe diode pump-
ing of a YLF crystal kept at different temperatures, ranging
from liquid nitrogen up to room temperature [§—12]. The best
slope efficiency, 7, is reached at 77 K [10]: the author quotes
n = 67% relative to the absorbed power (AbsPw), which cor-
responds to &~ 48 % when computed with respect to incident
power (IncPw). At 234K an n of about 25 % is reported
in [12], at 248 K [11] quotes n = 30% (AbsPw, correspond-
ing to ~ 14 % IncPw), while at the subambient temperature of
275K an n of about 60 % (AbsPw, =~ 30 % IncPw) is quoted
by [9]. For operation at room temperature we found three re-
sults in the literature, varying from 9 % [10] to 14 % [8], so the
result reported here (23 %) compares very well and qualifies
our crystal among the best ever produced.

The difference between Ti:sapphire and diode pumping at
793 nm should be ascribed to the much poorer beam quality of
the diode radiation, which causes problems for proper focus-

ing; in [8] the authors report a ratio between Ti:sapphire and
diode pumping very similar to what we found here, even with
a completely different optical layout. It is also worth point-
ing out that the structure of our optical cavity was optimized
under Ti:sapphire pumping, so the configuration was not the
best possible for diode pumping. We believe that about 30 %
of the slope efficiency under diode pumping at 793 nm should
be quite feasible at room temperature, when a high-quality
laser beam is employed.

Figure 5 shows the results obtained with the Co:MgF,
laser as the pumping source. The slope efficiencies show
values that are substantially larger than for previous pump-
ing conditions: the maximum efficiency is as high as 59 %
with the 5 % OC, which is almost twice that obtained with the
Ti:sapphire laser.

The cw lasing of a Ho,Tm system under pumping directly
into the 3F; band has not been published in the literature.
However a similar scheme, where only the first excited mul-
tiplet is involved, was demonstrated in [13], but in a different
host (YAG) and without Tm doping. The results obtained with
this pumping scheme seem to be reasonably good if compared
with the traditional 793 nm pumping. The most important dif-
ference between the two pump mechanisms is that the infrared
pump radiation directly populates the first excited state > F4
of Tm3* ions, which can transfer its energy to the > I; upper
laser level of Ho**, while the 793 nm pumping route needs an
additional cross-relaxation of the excited 3 H, level into two
excited 3 Fy levels, involving a second Tm3" ion. There are
additional losses in the 793 nm pump channel most probably
related to the upconversion processes [14], resulting in the vis-
ible luminescence, that is present only under pumping at this
wavelength.

A comparison can also be interesting in terms of the slope
quantum efficiency, ., defined as in [15]:

AL
Alp

where Ay and Ap are respectively the laser and pump wave-
lengths, A is the fraction of the incident power absorbed in the
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FIGURE 5 Output power as a function of input power when the pump is
the Co:MgF, laser tuned at 1.682 pm; the three sets correspond to different
transmissions of the output coupler
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crystal, and n is the measured slope efficiency. For the 793 nm
pumping case, using the best Ti:sapphire slope efficiency, we
obtain n. = 1.32, which should be compared with the max-
imum theoretical value 1 = 2. For the 1.682 wm pumping
case, the measured quantum efficiency is at best . = 0.81,
to be compared with 1 (for the different scheme of levels in-
volved in the lasing effect), so the normalized slope quantum
efficiency 7. /n; in this condition is ~ 20% larger than for the
“classical red” pumping scheme. If otherwise the slope effi-
ciency is compared for the condition of equal output coupling
(3 %) the “red” and “infrared” pumping show about the same
performance.

When the Ti:sapphire laser measurements were carried
out, the 5 % OC was not available, so this comparison is not
truly conclusive, but the comparison of our results with the lit-
erature points out that only a small increase in performance
can be expected by increasing the output coupling for the red-
pumping situation.

To prove the consistency of our efficiency measure-
ments, we calculated the intrinsic losses when the crystal is
pumped at 1.682 pum, using both the Findlay—Clay [16] and
the Caird [17] analyses, based on the threshold values and on
the slope efficiencies respectively. Both methods give a simi-
lar value for the intrinsic losses: about 4.5 %/cm in a single
pass.

The 1.682 wm pumping scheme was suggested a few years
ago [18] as a promising scenario in order to obtain superior
performance by decreasing upconversion losses. The results
obtained here confirm those predictions, even if the Tm con-
centration in our crystal was optimized for 793 nm pumping
and not for the infrared. In fact, according to the authors
of [18], the best performance with 1.682 wm pumping should
be achieved with a much lower Tm concentration. So fur-
ther work is in progress to optimize the laser performance of
a Ho,Tm:YLF crystal with respect to dopant concentration
and thickness of the sample for this infrared pumping scheme.

5 Conclusions

The results we report here show that the growth
apparatus developed at the Physics Department of Pisa can
produce samples of very high optical quality, suitable for
room-temperature laser systems. The slope efficiency values
we measured with both the Ti:sapphire and the diode laser
pumping conditions are comparable or better than the best
values reported in the literature.

For the first time the 1.682 pm pumping channel has been
demonstrated in a Ho,Tm:YLF crystal, producing a source of
very high efficiency. Thus we confirmed the theoretical pre-
diction that this pumping channel can be advantageous, and
this result is important because nowadays high-power diode
lasers emitting in the 1.6—1.8 um region begin to be commer-
cially available. These results confirm the high versatility of
Ho,Tm:YLF crystals, and the possibility of producing a sim-
ple and efficient 2 um room-temperature laser system in an
“all solid state” configuration, with many different options for
the pumping scheme.
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