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Abstract. The Tm>*:S¢,SiOj5 crystals of optical quality are grown
by the Czochralski method. Lasing at a wavelength of ~1.98 pum is
obtained in an active element made of a grown crystal under pump-
ing by an erbium Raman fiber laser at a wavelength of 1.678 pum.
The slope efficiency of the laser reaches 42 % at an output power up
to 320 mW.
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1. Introduction

Diode-pumped two-micron solid-state lasers based on vari-
ous crystalline matrices doped with thulium ions Tm3* are
used for solving a wide range of scientific and applied prob-
lems in medicine, laser location, and so on [1—3]. These lasers
have a high efficiency (~50%) and a high average output
power (exceeding 100 W) [4]. However, in spite of the achieved
progress, investigations aimed at further improvement in the
characteristics of diode-pumped thulium lasers are continued.
First of all, these investigations include the search for new
crystalline matrices for active elements with new properties
extending the filed of application of these lasers. One of these
new materials for active elements is the Tm?3':Sc,SiOs
(Tm:SSO) crystal. This crystal of laser quality was grown and
studied for the first time in [5, 6] in order to check the possibil-
ity of lasing in this crystal under diode pumping at the wave-
length A = 0.792 um, which corresponds to the absorption at
the *H¢—>H, transition (Fig. 1).

Lasing in the Tm:SSO crystal pumped by a Ti:sapphire
laser at A = 0.785 um was demonstrated in [7]. In an active
element cooled to 12°C, the authors obtained a cw output
power of ~500 mW with an efficiency of 29 % with respect to
the absorbed pump power.

One of the new possibilities of improving the characteris-
tics of thulium lasers is to pump Tm:SSO lasers by quasi-
resonant radiation with a wavelength of ~1.7 um, which cor-
responds to the absorption at the *H¢—>F, atomic transition
(Fig. 1). As was shown on the example of the Tm: YLF crys-
tal in [8], this pumping has a number of advantages. In par-
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Figure 1. Energy level diagram of Tm>* ions. The wavelengths of a fi-
bre Raman erbium laser (1.678 um) and a laser diode (0.792 um) used
for its pumping are shown near the corresponding arrows. The other
arrows show (/) cross-relaxation, (2) up-conversion, and (3) lasing.

ticular, the laser retains its high efficiency in a wide range of
Tm3* concentrations, which is impossible when using diode
pumping at A ~ 0.8 um.

In the present work, we obtained and studied lasing of a
Tm:SSO laser under pumping into the *Hy—>*H, atomic tran-
sition for the first time to our knowledge. We also studied the
spectral and luminescent properties of active elements under
these conditions.

2. Laser crystals

The Tm:SSO crystals were grown by the Czochralski method
from an iridium crucible [6]. The concentration of Tm>* ions
in the active elements was ~4%. In experiments, we used
active elements of a cubic shape (Fig. 2) with an edge length
of 3.5 mm. The opposite faces of the crystals were polished
using deep grinding and polishing technique with a parallel-
ism of ~15". The edges of the active elements were X-ray ori-
ented along the X and Y crystallographic axes (Fig. 2). The Z
axis lied in a plane perpendicular to the Y axis and was
inclined at ~121° to the X axis. The active element was
attached by its flat planes to copper heat sink plates with a
good thermal contact. The crystal faces were not coated with
anything.
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Figure 2. Schematic of the mutual orientation of the X, Y, and Z crys-
tallographic axes and the pump and laser beams. The shaded arrow
shows the pump beam direction (almost grazing incidence on the exit
face of the crystal) in the measurements of luminescence.

3. Spectral and luminescent characteristics

The absorption spectra of the Tm:SSO crystal within the
range 0.3-2.3 um (Fig. 3) were studied using a Shimadzu
UV-3600 spectrophotometer. The linearly polarised radiation
of the fibre pump laser at a wavelength of 1.678 um, which
does coincide with the absorption maximum, is rather
strongly (~50%) absorbed in the active element for both
polarisation directions.

The luminescence spectra of the Tm:SSO active element
were measured on an MDR-204 monochromator with a
Hamamatsu G5852 photodiode. The pump radiation at A =
1.678 um in the form of a parallel beam ~0.5 mm in diameter
was laterally incident on the crystal face perpendicular to the
X axis at a small angle (smaller than 5°) to the Y axis.
Therefore, we had almost grazing incidence of pump radia-
tion on the crystal face with a small depth of its penetration
into the crystal and, hence, only a slight distortion of the
luminescence spectra due to the absorption in the crystal. We
recorded the luminescence propagating along the X axis. The
pump radiation polarisation was vertical in all the experi-
ments.

The crystal luminescence was observed in the range
1.6-2.1 um (Fig. 4). The luminescence component polarised
perpendicular to the pump polarisation plane was most
intense. The spectra of both components had a similar shape.
The pump radiation spectrum consists of two lines, with A =
1.55 and 1.678 um (Fig. 4). The most part of the pump power
(more than 90%) belongs to the line with A = 1.678 um, and
the absorption coefficient at this wavelength is also consider-
ably higher, because of which we can conclude that the contri-
bution made to the excitation by radiation with A = 1.55 um is
negligibly small.

We also observed a luminescence band in the region of
0.8 um, which corresponds to the 3Hg—3H, transition. The
3H, level is populated both as a result of the cross-relaxation
process °F4 + 3F, > 3Hg + *H, and due to the absorption of
pump radiation photons by excited ions in the 3F, state. The
absorption from the excited state is possible in the case of
additional participation of crystal lattice phonons. Therefore,
some portion of the pump radiation is uselessly spent on this
process, which decreases the two-micron laser efficiency. This
feature is also typical for other thulium lasers. Noticeable
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Figure 3. Absorption spectra in the Tm:SSO crystal for radiation
propagating along the X axis with (/) parallel and (2) perpendicular
polarisation with respect to the Y axis. The dashed lines denote the
wavelengths of the pump erbium fibre laser without (1.55 um) and with
(1.678 um) Raman conversion.

Intensity (arb. units)

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Wavelength/um

Figure 4. Luminescence spectra of the Tm:SSO crystal in the case of
propagation along the X axis with the polarisation oriented (5) parallel
and (4) perpendicular to the Y axis; small admixture of unconverted
radiation of the pump erbium fibre laser (2); main part of the pump
radiation passed through the Raman converter (3), and laser spectrum
(6). The spectral line (/) appears due to the up-conversion in the SSO
crystal.
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Figure 5. Schematic of the experimental setup: (/) pump laser; (2) focusing lens; (3) mechanical chopper; (4) dichroic mirror; (5) active element;

(6) fibre tip; ( 7) output mirror; (&8) monochromator; (9) power meter.

luminescence observed at A = 1.65 um is also occurs due to
up-conversion processes.

4. Laser experiments

The scheme of the experimental setup is shown in Fig. 5. The
nearly semi-concentric cavity of the laser was formed by a
plane dichotic input mirror with the reflection coefficient R =
100% for the laser wavelength 1.98 um and a concave spheri-
cal output mirror with a curvature radius of 52 mm and R =
95% at A ~ 1.98 um. In most experiments, the active element
was oriented so that the X axis was directed along the cavity
axis and the Y axis was horizontal.

Pumping was performed by an erbium fibre laser with
Raman frequency conversion emitting at 4 = 1.678 um (the
same as in [8]). The beam quality of the single-mode linearly
polarised pump laser radiation was close to the Gaussian
beam quality (M? ~1). The polarisation plane of pump radia-
tion was oriented vertically. The pump spot diameter in the
active element was variable within the range ~15-100 um by
moving a lens with a focal distance of 80 mm. This ensured a
good coincidence of the pump spot diameter with the trans-
verse size of the fundamental cavity mode and, hence, created
the optimal conditions for achieving the highest laser effi-
ciency. The optimal pump spot diameter was ~80 um.

The pulsed pump regime was obtained using a mechanical
rotating chopper (3) (Fig. 5) placed between the lens focusing
the pump beam and the highly reflecting mirror. The ratio of
the open time of the chopper to its rotation period was 1:20.
The chopper rate was ~10 s™'. In the case of pulsed pumping,
the effect of heating of the active element in the pumped
region on the laser characteristics was almost completely
eliminated. To determine the absorbed pump power, we
measured the total (pump and laser) power immediately
behind the output mirror and subtracted from it the laser
power measured behind an optical filter (Ge plate) cutting
the pump radiation. In the experiments, we used an Ophir
Nova IT power meter. The power measurement error did not
exceed 5 %.

Lasing in the Tm:SSO crystal under pulsed pumping at A =
1.678 um was obtained when the absorbed power exceeded
the threshold value of ~180 mW (Fig. 6). The laser radiation
was linearly polarised parallel to the Y axis. With increasing
pump power to ~600 mW, the output laser power increased
almost linearly. The slope efficiency of the laser reached 42 %.
With a further increase in the pump power, the slope effi-
ciency slightly decreased. The highest achieved output power
was 320 mW at a pump power of 980 mW. Thus, the optical
laser efficiency was 33%. It should be noted that the experi-
mental efficiencies of the Tm : SSO laser under pumping atA =
1.678 um are slightly lower than the best efficiencies of other
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Figure 6. Dependences of the Tm:SSO laser output power on the ab-
sorbed pump power in the cw (®) and pulsed (m) regimes. The X axis
of the Tm:SSO crystal is oriented along the optical axis of the laser
cavity.

diode-pumped thulium lasers. This fact indicates that the
Tm:SSO crystal quality is sufficiently good but still lower
than the quality of widely used Tm:YAG, Tm:YLF, and
other thulium crystals. On the other hand, this result confirms
our expectations of a high efficiency of pumping at 1 =
1.678 um.

We also studied the operation of the Tm: SSO laser under
cw pumping. The excitation threshold was almost the same as
in the case of pulsed pumping (220 mW). However, the laser
efficiency was much lower. At a pump power of 500 mW, the
output laser power was 60 mW (optical efficiency 13 %),
which is approximately twice as low as in the case of pulsed
pumping. The slope efficiency was 19 %.

Laser radiation was also obtained when the Y axis of the
crystal was oriented along the cavity axis. The X axis in this
case was directed horizontally. The output laser characteris-
tics are presented in Fig. 7. In this case, the lasing threshold is
considerably higher, of about 450 mW. Correspondingly, the
laser efficiency decreases. The highest output power achieved
under pulsed pumping was 160 mW with an optical efficiency
of ~16%, which is approximately twofold lower than when
the X axis of the crystal was oriented along the cavity axis.
The slope efficiency was ~29 %.

The output laser power achieved under cw pumping was
up to 30 mW. The lasing efficiency in this case was only ~4%
at a slope efficiency of ~13%.

The experiments show that the laser efficiency consider-
ably decreases when the Y axis is oriented along the cavity
axis. This can be explained by strongly different gains for
radiation propagating along the X and Y axes. In addition, it
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Figure 7. Dependences of the Tm:SSO laser output power on the
absorbed pump power in the cw (®) and pulsed (m) regimes. The Y axis
of the Tm:SSO crystal is oriented along the optical axis of the laser
cavity.

is very probable that the crystal structure in the direction of
the X axis is more perfect.

The Tm:SSO laser spectrum was studied at different
pump powers in the case when the X axis of the active element
was directed along the cavity axis (Fig. 8). At high pump pow-
ers, the spectrum has a shape of a broad band extended from
~1.973 to ~1.991 um. With decreasing pump power, the spec-
tral width decreases to ~15 nm, while the spectral shape
almost does not change. The irregular structure of the spec-
trum is caused by the presence of selective units in the cavity,
namely, Fabry—Perot interferometers formed by the active
element faces without antireflection coating, as well as by
these faces and the plane highly reflecting mirror. It should be
noted that the spectral width of the Tm: SSO laser radiation is
one of the largest spectral widths among thulium lasers. In
addition, the lifetime of the excited state of Tm3* ions in this
crystal is rather short (1.14 ms [9]) comparatively to the other
thulium-doped crystals. These two features of the Tm:SSO
crystal are favourable for stable generation of ultra-short
laser pulses in the mode-locking regime.
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Figure 8. Spectrum of the Tm:SSO laser at absorbed pump powers of
(1)0.25,(2)0.5,and (3) 1 W.

The experiments showed that the luminescence intensity
from the pumped region of the crystal depends on the occur-
rence of lasing in this region. In this connection, we measured
the luminescence intensity at a wavelength of ~0.8 um (up-
conversion luminescence) and at the lasing wavelength 4 ~
1.98 um. The end of a quartz fibre 600 um in diameter was
placed at a minimal distance from the active element surface
at a small angle to the cavity axis in the direct vicinity of the
pumped region without blocking it [see unit (6) in Fig. 5].
Radiation propagated through the fibre to the monochroma-
tor slit. In these experiments, lasing was interrupted by intro-
ducing a nontransparent screen in the cavity near the output
mirror. The pump paths remained unchanged.

The luminescence intensity at A = 1.98 um was found to
increase when lasing occurred. An inverse dependence was
observed for luminescence at A = 0.8 um, i.e., the lumines-
cence intensity was higher in the absence of lasing.

The difference between the luminescence intensities in the
cases with and without lasing reached 15%—30%. The largest
changes (to 30%) were observed in the long-wavelength spec-
tral range (1.7-2.1 um). The structure of the luminescence
spectrum almost did not depend on the experimental condi-
tions.

5. Conclusions

The main result of this work is the attainment of lasing in the
Tm:SSO crystal with a rather high (for thulium lasers) effi-
ciency of 42% under pumping at A = 1.678 um.

The studied crystal demonstrated anisotropy of laser and
luminescent properties at orientation of the X or Y crystallo-
graphic axes along the cavity axis. The luminescence intensity
and the lasing efficiency for these two directions differ
approximately by one and half—two times, while the absorp-
tion coefficient at the pump wavelength changes less than
by 15%.

The laser efficiency in the cw regime was considerably
lower. This can be explained by a strong heating of the active
element in the pumped region, which induces additional
losses due to absorption under the conditions of a quasi-
three-level lasing scheme. The high losses of radiation in the
crystal can also be caused by the imperfect crystal growth
technology and, in particular, by the formation of short-lived
colour centres.

Thus, despite the success achieved in improving the laser
characteristics of the Tm:SSO crystal since our first experi-
ments with diode pumping [6], the optical quality of this crys-
tal still needs further improvement. The main criterion of a
high quality of Tm:SSO laser crystals will be an increase in
the cw laser efficiency.
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