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OPTIMIZATION OF A HIGH POWER 2.3 Mm YB:TM:YLF LASER,
SIMULTANEOUSLY DIODE-PUMPED AT 685 nm AND 960 nm
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RESUMO

E demonstrado um laser de Yb:Tm:YLF
emitindo em 2.3 um bombeado simultdneamente
em 685 nm e 960 nm, resultando em maior
eficiéncia que o bombeamento tnico em 960 nm.
Mostramos a melhor relagéo entre as poténcias de
bombeamento em 685 nm e 960 nm. A poténcia
de saida de 620 mW é a maior ja reportada.

INTRODUCTION

Tunable lasers emitting around 2.3 um
region are important in many application are-
as. They are especially of interest in gas de-
tection [',?] systems, because of the presen-
ce of strong absorption lines of atmospheric
pollutants in the spectral region around 2.3 um
such as CO, CH, and HF. The 2.3 um laser is
used for sensing carbon monoxide and hydro-
carbon gases in combustion experiments and
LIDAR applications [?], in part because of its
relatively weak water vapor absorption.
In situ absorption measurements of CO con-
centration in combustion experiments have
shown a minimum detectivity of less than
10 ppm using 2.3 um radiation. Lasers in the
region 2.0-2.5 um play also an important role in
noninvasive blood glucose measurements [4].

Thulium has a large emission spec-
tra around 2.3 um with demonstrated tuning
range of 2.2-2.45 um using the YLF host [?].
Tm:YLF has strong absorption lines at 685
and 780 nm that are accessible with diode
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pump power is shown. The output power
of 620 mW is the highest reported so far.
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lasers. The absorption at 685 nm is three ti-
mes larger than that at 780 nm [¢]. With the
commercial availability of high power (up to
5 W) diode lasers emitting at 685 nm, this pum-
ping wavelength is of interest because it per-
mits much more effective pump arrangements
due to the higher absorption coefficient.

Due to a highly concentration dependent
cross-relaxation process that leads to a reduc-
tion of the 2.3 micron emission from the upper
laser level, the thulium concentration should
be kept below 2 mol % [5]. For efficient pump
absorption, a high concentration sensitizer like
ytterbium can be used. Yb can be diode-pum-
ped at 960 nm where high-power diodes are
available. We have already demonstrated qua-
si-cw operation of the Yb:Tm:YLF laser, pum-
ped at 960 nm with a 20 W diode bar achieving
the highest output power reported so far of
520 mW ["].
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Figurel: Energy-level scheme of Yb:Tm:YLFE. W1, W2, W3
represent energy transfer upconversions; W4 is a
cross-relaxation and W5 a back-transfer.

In the 960 nm Yb:Tm pumping scheme
occur three (W1,W2,W3) energy transfer up-
conversion processes (ETU) as illustrated in
Figure 1. After pump excitation from the °F_,
level to the ?F_, level, the ytterbium transfers its
energy to the *H, Tm level, followed by a fast
multi-phonon relaxation down to the metasta-
ble °F, level. A second ETU process to the °F,
energy level of Tm** followed by a rapid relaxa-
tion populates the upper laser level (*H,). The
next ETU causes losses to the system becau-
se it transfers population from the upper laser
level into the 'G, level of Tm. Other processes
deplete the upper laser level: the non-radiative
transfer via cross-relaxation originating from
the °H, and *H, levels to the °F, level (W4) and
the back-transfer (W5) from the *H, thulium le-
vel to °F, ytterbium level.

Laser action at 2.3 micron in Tm is ba-
sed on the °*H,-°H, transition. In the 685 nm
pumping scheme, Tm is pumped from the °H,
ground state into °F, manifold followed by a fast
multi-phonon relaxation to the upper laser lavel
*H,. There exists also excited state absorption
from °F, into 'D, followed by a blue emission at
450 nm.

This works studies the Yb:Tm system
pumped at 685 nm and 960 nm simultaneou-
sly.

EXPERIMENTAL SETUP

The Yb:Tm:YLF crystals were grown
at our in-home crystal growth facility with a
concentration of 9.5 mol % ytterbium and
1.2 mol% thulium. These concentrations
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allow for maximum efficiency of the 2.3
um emission [®]. Growth was done by the
Czochralski method in a closed system using
resistive heating and a reactive atmosphere.
The Brewster crystal was mounted on a wa-
ter-cooled copper heat-sink. lts length was
4.6 mm and it absorbed 96% of the 960 nm
pump radiation. The laser cavity length was 2.3
cm using a 10 cm radius-of-curvature high-re-
flectivity input mirror and a flat output coupler.

The crystal was first end-pumped by a
20 W diode bar at 960 nm and later both, end-
pumped and side-pumped, by a 5 W diode bar
at 685 nm as show in Figure 2. For the end-
pumping setup, a series of lenses and a two-
mirror beamshaper were used to reconfigure
the diode emission into a more circular beam
with approximately equal M? factors in the
x- and y-direction [*]. A pump intensity of
19 kW/cm? and a M? quality factor of 42x29
(horizontal x vertical) were achieved at the
crystal position as measured with a calibrated
power meter and a CCD, using the second mo-
ment method to calculate the beam spot sizes.
Pump spot size was 310 x 230 um?. Due to
losses in the beamshaper and the input mirror,
the maximum pump power was 11 W.

For the 685 nm, side-pumped set-up, we
used a half-wave-plate to rotate the diode’s
emission parallel to the crystal’s c-axis in or-
der to access its high absorption coefficient of
4.3 cm™ (1 mol% doping). The pump beam was
incident on the top surface of the crystal. A 3
cm spherical lens and mirror at 45 degrees ma-
tched the pump beam to the laser mode size
inside the crystal. Due to losses, the maximum
pump power was 4.5 W. An indium foil between
the crystal and the heat-sink reflected the 685
nm pump beam back into to the laser mode.
We estimated a total absorbed pump power
of 600 mW in this double-pass, side-pumped
configuration. In order to allow the 685 nm
pump beam to access the crystal from the top
we could not remove the generated heat from
the crystal’s top face and had to use qcw ope-
ration. Pulse durations ranged from 2 ms to 10
ms at 10 to 40 Hz.

In order to establish which fraction of
685 nm pump power achieves the highest
output power, we used a numerical, time re-
solved simulation which included all energy-
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levels of Figure 1. The system of eight diffe- parameters as described above, except for a
rential, non-linear equations is solved using maximum pump power of 5 W and 20 W for
a second order Fehlberg algorithm. Also, it the 685 nm and 960 nm radiation, respecti-
is assumed that the crystal is longitudinally  vely. The parameters used for the numerical
pumped from both sides with the same pump  simulation are shown in Table 1.

Figure 2. Pumping scheme: (1) 685 nm diode laser; (2) A/2 waveplate; (3) spherical lens; (4) folding mirror; (5) output
coupler; (6) Brewster cut Yb:Tm:YLF crystal; (7) input mirror; (8) spherical lens; (9) two-mirror beam-shaper; (10)
spherical lens; (11) cylindrical lens; (12) 960 nm diode laser.

Table 1: Parameters used in the numerical simulation.

fluorescence lifetime °F,,, 0.57x10°

fluorescence lifetime °F, 15x10°

fluorescence lifetime *H, 1x10®

fluorescence lifetime *H, 0.6x10°

fluorescence lifetime 'G, 0.54x107

branching ratio *H,—*H, 0.924

branching ratio 'G, —*H, 0.406

branching ratio *H, —°F, 0.07

branching ratio 'G, »°F, 0.076

branching ratio *H,—*H, 0.006

branching ratio 'G, —*H, 0.366

branching ratio 'G, -°H, 0.155

active center number density for 9 mol% Yb 12.4x10%° cm™®

active center number density for 1.3 mol% Tm 1.5x10%° cm™

energy transfer upconversion W1 . 1.054x10""7 cm®/s

energy transfer upconversion W2 2.728x10"7 cm®/s

energy transfer upconversion W3 2.480x10""7 cm®/s

cross-relaxation rate W4 3.450x10°'® cm¥/s

back-transfer rate W5 8.700x10" cm®/s

laser emission cross section 1.2x102° cm? i
effective pump absorption cross section at 960 nm and 25 °C 7.0x10%' cm? ;
effective pump absorption cross section at 685 nm and 25 °C 2.2x10% cm? 1
upper pump level Bolzmann occupation factor 0.30

lower pump level Bolzmann occupation factor 0.62 "
upper laser level Bolzmann occupation factor 0.19

lower laser level Bolzmann occupation factor (second highest Stark level of *H,) 0.28 [ ' ~\
degeneracy of upper laser level 1 |
degeneracy of lower laser level 2 ‘

pump delivery efficiency 0.625 |

mode fill efficiency 0.77

double pass cavity transmission 0.98

output mirror reflectivity 0.988

fraction of spontaneous emission coupled into laser mode 1.6x10°

radiatively emitted decay rate from upper laser level to lower laser level 0.006 s
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RESULTS AND DISCUSSION

The highest output power, achieved in the
first experiment that used only the end-pum-
ped configuration, was 620 mW with a slope
efficiency of 8%.

The laser performance of the second
experiment that used both pump configura-
tions is illustrated in Figure 3 for an output
coupler reflectance of 98,8%. Slope efficien-
cies of 7,3+0.15% and 7,9+0.15% were obtai-
ned for single and double pumping, respec-
tively. For the double pumping scheme, the
685 nm diode is fixed at 5 W output power
and only the 960 nm pump is varied. The x-
axis shows the total absorbed pump power.
The threshold pump power reduced from
3.0 W to 2.6 W for dual pumping, although care
must be taking with this information, because a
large error margin is involved in the estimate of
the absorbed 685 nm pump power.
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Figure 3: Output power of the Yb:Tm:YLF at 2.3 um as a
function of input power.

Another interesting characteristic of the
double pumping scheme is that the laser turn-
on time reduces from 1.0 ms in the single pum-
ping scheme to 0.82 ms in the double pumping
scheme. Because resonator losses are the
same in both cases, this demonstrates a hi-
gher small signal gain when using 685 nm.

The numerical simulations showed a cle-
ar maximum for the optimum fraction of 685
nm pump power of about 35% (Figure 4). The
significant increase .in output power of almost
33% is obtained. It should be remarked that the
optimum fraction of 685 nm pump power is a
function of pump absorption efficiency and the-
refore depends on pump parameters as well
as crystal doping and geometry. The simula-
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tion also demonstrates clearly that pure 685
nm pumping is inefficient due to the bottleneck
effect of the °F, energy level.
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Figure 4: Numerical simulation of the output power as a function
of the fraction of 685 nm pump power maintaining a
total input power of 25 watt.

CONCLUSIONS

Yb:Tm:YLF laser operation at 2.3 um,
achieved by pumping simultaneously at
685 nm and 960 nm, is demonstrated. The ou-
tput power of 620 mW is, to our knowledge, the
highest reported so far. Higher slope efficiency
is achieved for double pumping with 685 nm
and an increase in output power of more than
30% seems possible if a total pump power frac-
tion of 35% 685 nm pump radiation is used.
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