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Abstract High power operation at 1818 and 1915 nm has
been demonstrated from a Tm:GdVOy laser operating in
quasi-continuous-wave mode with a maximum measured
power of 8.7 W and a laser output energy of 175 mJ was ob-
served in a 20 ms pulse at 1.9 um. The operation at 1818 nm
is the shortest wavelength achieved at multi-watt power lev-
els for a Tm-doped solid-state laser without intra-cavity tun-
ing elements. It has been shown that by careful analysis of
the emission spectra, the Tm:GdVOy laser can be tuned over
a 100 nm wavelength range simply by appropriate selection
of the reflectivity of the output coupler.

PACS 42.55.-f - 42.55.Xi - 42.60.By - 42.70.Hj

1 Introduction

There has been considerable interest in the use of orthovana-
dates as host crystals for rare-earth-doped diode-pumped
solid-state lasers, including Tm3*-doped vanadate crystals,
which have been shown to exhibit certain advantages over
other host crystals [1]. In particular, Tm:YVO4, Tm:LuVOy4
and Tm:GdVOy all have strong and broad absorption fea-
tures at the emission wavelength of commercially available
high-power laser diodes at ~800 nm [2]. The broad emis-
sion peak at 1.9 um in Tm:GdVOy can be utilised for laser
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operation over a useful wavelength tuning range, including
wavelengths which can be used to pump Ho3* lasers [3].
Furthermore, Tm:GdVO4 has satisfactory thermal conduc-
tivity [4, 5] and overall is an attractive gain-material option
for the design of high-power diode-pumped laser devices
at 1.9 pm, also considering the 2-for-1 pumping process in
Tm3*. However, despite its clear potential, to date there has
been only limited reported success in achieving multi-watt
output power with significant tunability with Tm:GdVOq4
lasers [6, 7].

The highest laser output power was reported by Li
et al. who achieved a maximum continuous-wave output
power of 2.8 W from a diode-end-pumped Tm:GdVO4
laser [6]. In addition, with the use of an intra-cavity bire-
fringent filter, they demonstrated a tuning range of 126 nm
(1820 to 1946 nm). However, a broader tuning range of
235 nm (1840 to 2075 nm) has been achieved at lower
power, with 1.1 W output power demonstrated at 1920 nm
when tuned with an intra-cavity birefringent filter [7].
Thus even though significant wavelength tuning has been
demonstrated for Tm:GdVOy, the entire spectral gain has
not been fully utilised to achieve multi-watt output at
1.8 um.

In this paper we report on the design and operation of
a diode-end-pumped Tm:GdVOy laser operated in a quasi-
continuous-wave (QCW) mode with more than 8§ W output
power during the 10 to 20 ms on time of the pulse. These
high QCW power levels were demonstrated with the laser
wavelength centred both at 1915 and 1818 nm, without the
use of a tuning element in the laser cavity. Rather, wave-
length selection has been achieved by appropriate selection
of the resonator output coupling value based on an analysis
of spectroscopic data.
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2 Laser design

In order to optimise the design of a high-power diode-
pumped Tm:GdVOy laser that fully utilises the broad emis-
sion spectrum, a detailed spectroscopic study of the laser
material is required. However, it had been found that prior
to this work the spectral data available in the literature for
Tm:GdVO,4 were not sufficiently precise to enable accurate
predictions of the laser performance to be carried out, espe-
cially at longer wavelengths. We therefore embarked on ac-
curately measuring absorption spectra of Tm:GdVO;, laser
crystals at both 0.8 (pump band) and at 1.9 pm (emission
band). The measurements were conducted with a Cary 5000
spectrometer with resolution set to 1 nm and an integration
time of 0.1 s. The Tm:GdVOy4 crystals, obtained from a com-
mercial supplier (Crystech Inc, China), were used for both
the spectroscopic investigations and the subsequent laser ex-
periments. According to the supplier, the Czochralski-grown
crystals had an atomic doping concentration of 3.0% while
the dimensions of the laser crystals were 2.5 x 2.5 mm? in
cross section and 3 mm in length, and the crystal for spec-
troscopic measurements was 10 mm long.

The absorption cross-section data (o,ps) of Tm:GdVOy,
measured for the m-polarisation (E||c) and the o -polarisa-
tion (E_Lc) in the 1.9 um wavelength region, are shown in
Fig. 1. A running average over 6 nm was applied to the
data to reduce the noise. During the spectroscopic measure-
ments the total transmission was less than 1% for the 7-
polarisation between 1735 and 1820 nm through the 10 mm
crystal, which makes the cross-section data less reliable in
this region. Also presented in Fig 1 are data for the emis-
sion cross sections, oem of the 3F4—>Hjg laser transition at
1.9 um, which were calculated by the reciprocity method
from the smoothed and offset-corrected absorption cross-
section data [8].

The absorption and emission cross-section data as de-
picted in Fig 1 are in good agreement with previously re-
ported data [2]. On both polarisations the peak absorption
is located at around 1750 nm, and the peak emission oc-
curs between 1810-1820 nm, with the peak cross sections
of the m-polarisation always stronger. The m-polarisation
emission cross section has a smooth decay towards longer
wavelengths, while on the o -polarisation the emission cross
section has distinct spectral features located at 1850 and
at 1910 nm. These accurately measured absorption spectra,
and the calculated emission spectra, are of crucial impor-
tance for the calculation of the expected threshold power and
the operational wavelength of the Tm:GdVOy laser.

The pump power required to achieve oscillation thresh-
old for a diode-end-pumped Tm:GdVOy4 quasi-three-level
laser can be calculated from the values of the absorption
and emission cross section, oaps and ey using the approach
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developed in [9] and further extended in [10] to yield the
expression,

7rhvp(wl2 + wf,)

Ph(h) = [L+T +2Nlow )], (D

4Tnp—g0em(A)

where T is the transmission loss of the output coupler; L
represents additional resonator losses, assumed to be 1%
which is typical for a two-mirror resonator; w; and w), are
the laser mode and pump beam radii in the laser crystal; N
is the concentration of Tm37 ions in the laser crystal (3 at.%
doping x 1.21 x 10%2 cm™3 [11]); v, is the frequency of
the pump light; , 4 is the pump quantum efficiency, typ-
ically assumed to be 1.5 for diode-pumped Tm3* lasers to
incorporate the 2-for-1 pumping process; oaps and oep are
the absorption and the emission coefficients, respectively;
T is the lifetime of the 3F4 upper laser manifold, taken as
1.85 ms [2]; and [ is the length of the laser crystal, which
was 3 mm.

The laser was designed for end pumping with the pump
beam and the laser mode of equal size (w; ~ w, ~ w) in
the crystal. The expression for the threshold power can then
easily be converted to an expression of the threshold power
density as follows:

Pn  hvp[L + T +2Nloghs(1)]
2 ZTT]p—qUem()\) .

Pth_density A) = 2

Tw
By plotting Pi_density against wavelength for different val-
ues of output coupling 7', the threshold power density re-
quired to establish lasing can be determined, as shown in
Fig. 2. Furthermore, it can be assumed that for a particular
output coupling value 7', continuous-wave laser oscillation
will occur at the wavelength and polarisation for which the
threshold power density is a minimum [10]. This method
of analysing a laser material for laser performance is com-
plimentary to the “effective emission cross section” method
used by other authors [2, 12]. The method used here pro-
vides the laser designer with a clear indication on the ex-
pected laser threshold pump-power density, wavelength and
polarisation of the laser.

The calculations presented in Fig. 2 indicate that for
a 3.0% doped, 3 mm of length Tm:GdVOy4 crystal laser
threshold can be attained with realistic values of resonator
output coupling and pump beam focussing. The predicted
threshold power density for a 5% transmission output cou-
pler is ~28 W/mm? at 1912 nm, and it will naturally lase
on o -polarisation. Similarly, the predicted oscillation wave-
length for the case of 20% output coupler transmission is
approximately at 1855 nm with a threshold power density
of ~47 W/mm?, also on o-polarisation. At a high output
coupler transmission of 72%, the expected threshold power
density is ~87 W/mm? while the predicted wavelength is
1820 nm on m-polarisation. It was concluded that the slight
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Fig. 1 The measured
absorption cross sections (thin)
and the calculated emission
cross sections (thick) of
Tm:GdVOy for w-polarised and
o -polarised light between 1600
and 2000 nm
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features at 1850 and 1910 nm, as depicted in Fig. 1, are
expected to play a major role in the predictions of oscilla-
tion wavelength, polarisation and threshold values for the
Tm:GdVOy laser at typical output coupler values. Based on
these calculations, the laser resonator configuration and de-
sired pump beam sizes were designed.

3 Experimental set-up

For the initial laser experiments the 3% (at.) doped Tm:
GdVOy crystal with dimensions 2.5 x 2.5 x 3 mm?> was
used; it was anti-reflection coated for the pump wavelength
at 800 nm and the laser wavelength at 1.8-2.0 um. The crys-
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tal was wrapped in indium foil and clamped in a water-
cooled copper mount thus providing conduction cooling
from all four sides. The water temperature was controlled
at 20°C.

The crystal was pumped with a fibre-coupled laser diode
from one end only, as indicated by the schematic diagram in
Fig. 3. The laser diode was operated in a quasi-continuous-
wave (QCW) mode with 60 W maximum peak power inci-
dent on the crystal during the on time of the pump pulse,
which was initially set to 20 ms at 5 Hz repetition rate.
The pump duty cycle, together with the measured average
pump power or average laser output power, was used to cal-
culate the peak pump power and peak laser power, respec-
tively. The centre wavelength of the laser diode was mea-
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Fig. 3 The experimental set-up of the quasi-continuous-wave Tm:GdVOy4 laser
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sured to be 804 nm with the laser diode temperature con-
trolled at 25°C. With one collimating lens and one focussing
lens, the far-field image of the 400 um core diameter fibre
output (NA 0.22) was focussed into the crystal creating a
bell-shaped beam profile with a minimum radius of approx-
imately 220 pm.

The resonator was based on an elementary plano-concave
design with a plane high-reflector (HR) end mirror, which
was also coated for high transmission (HT) at the pump
wavelength. The length of the resonator was approximately
26 mm, which together with the radius of curvature of the
output coupler mirror defined a fundamental laser mode size
in the crystal that closely matched the pump beam size.
The resonator length was adjusted under lasing conditions
to compensate for the thermal lens generated in the laser
crystal. Two output coupler mirrors were available for the
experiments. The output coupler employed in the first set of
experiments had 95% reflectivity at 1.9 um with 300-mm
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radius of curvature. The second output coupler had 55% re-
flectivity at 1.9 um dropping to 28% at 1.82 um. The radius
of curvature of the second output coupler was 250 mm.

4 Experimental results

The centre wavelength of the Tm:GdVOy laser with the 95%
reflectivity output coupler operating on o -polarisation was
measured to be 1915 nm, with 2.5 nm measurement un-
certainty of the monochromator used in the experiment. The
QCW output of the laser was observed to follow the pump
pulse which had an on time of 20 ms at 5 Hz repetition rate.
The threshold peak pump power was 5.6 W, which corre-
sponded to a power density of 37 W/mm?, which are values
very close to those predicted earlier based on the threshold
calculations as seen in Fig. 2. The plot of the Tm:GdVO4
laser output power against the diode pump power incident
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on the crystal is shown in Fig. 4. The measured maximum
laser peak power during the pulse was 8.7 W for 37.3 W of
incident pump power on the laser crystal corresponding to
an output energy of 175 mJ per pulse. Increasing the pump
power beyond this point resulted in laser damage to the exit
face of the crystal. The measured slope efficiency was 28.4%
and the optical-to-optical efficiency was 23.4%. The inten-
sity beam profile was measured throughout all the experi-
ments which indicated a round beam with Gaussian inten-
sity profile. No deterioration in beam quality was observed
in the beam profile while scaling up the Tm:GdVOy laser
output power.

In the next series of experiments, the output coupler with
low reflectivity (55% at 1.9 um and 28% at 1.82 um) was
used in an effort to reduce the intra-cavity power density,
and the on time of the pump pulse was shortened to 10 ms
to reduce the thermal load in the laser crystal. The dam-
aged crystal was replaced with a crystal of similar dop-
ing concentration and dimensions. The centre wavelength of
the second Tm:GdVOy4 laser was measured to be 1818 nm
with +2.5 nm measurement uncertainty. The threshold peak
pump power was much higher, at 21.9 W, corresponding to
a threshold power density of 144 W/mm?. It was also ob-
served that the laser polarisation was perpendicular to the
Tm:GdVOy laser with the 95% output coupler, therefore op-
erating on  -polarisation.

The maximum QCW output power of the Tm:GdVOq4
laser with the 28% reflectivity output coupler was observed
to be 8.4 W at full diode pump power corresponding to
84 mJ per pulse. At this wavelength of 1818 nm, the slope
efficiency was 22.2% and the overall laser efficiency was
14% of the incident laser diode power. At this low duty cycle
of 5% on time, the output energy was limited by the avail-
able pump power. However, by increasing the pump pulse
on time to 20 ms (duty cycle of 10%), the thermal fracture
limit was reached at ~50 W of peak incident power due to
the increased thermal load in the crystal. Up to the point of
fracture, the slope efficiency was comparable to the 5% duty
cycle case as was the threshold power density.

The measured wavelength and polarisation state agree
very well with the predictions presented in Fig. 2. The
small discrepancy between the calculated and the measured
threshold power density values is most probably caused by
additional losses induced in the laser cavity by thermal ef-
fects in the laser crystal before threshold is reached, and pos-
sibly upconversion losses [13], which are not incorporated
in the calculations. The thermal lens, which is pump power
dependent, also influences the laser mode size thereby inval-
idating the assumption that w; ~ w, ~ w. Furthermore, the
increased heat load with stronger pumping causes a higher
crystal temperature which subsequently increases the three-
level nature of the Tm3* laser. Nevertheless, it is clear that
the calculations provide accurate predictions of the experi-
mentally observed laser wavelength and polarisation.

Continuous-wave (CW) laser operation was also achiev-
ed, albeit with the laser-damaged crystal and the R = 95%
output coupler. Operating in a CW mode with more than
1 W of output power resulted in thermal fracture of the laser
crystal, at approximately 10 to 15 W of pump power. Due
to the fractured crystal, a detailed analysis of the CW laser
could not be conducted.

5 Conclusion

We have shown, based on detailed spectroscopic data which
we measured for Tm:GdVOQy, that reliable calculations can
be made of the expected output parameters of a diode-end-
pumped Tm:GdVOy4 laser. The measured laser threshold,
polarisation and wavelength were very close to the expected
values for the laser with a 5% transmission output coupler.
Also with a 72% transmission output coupler, the wave-
length and polarisation of the Tm:GdVOy laser can be ac-
curately predicted. We have shown and experimentally ver-
ified that this Tm:GdVO;, laser can be efficiently operated
with multi-watt output at the short wavelength of 1818 nm
merely through the selection of a high output coupling value
making it the first time that multi-watt operation at 1818 nm
is achieved with a Tm:GdVOy laser. To our knowledge, this
is also the shortest wavelength reported for a diode-pumped
Tm-doped solid-state laser without the use of intra-cavity
tuning elements. The maximum QCW output power was
8.7 W and the energy per pulse was 175 mJ. It is unclear
why thermal fracture occurred at relatively low pump power.
Possible reasons could be material quality or fundamental
processes such as upconversion, or impurities in the laser
crystals leading to excessive heat load and thermal fracture
[13]. Further work on scaling Tm:GdVOy lasers will require
investigation into these processes.
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