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Abstract

We reported on an efficient high-power continuous-wave laser operation on the 3Hy — >Hs transition of Tm>* ions in
a diffusion-bonded composite YVO4/Tm:GdVOy crystal. Pumped by a laser diode at 794 nm, a maximum output power
of 7.5 W was obtained from a YVO4/Tm:GdVOy laser at 2.29 pwm, corresponding to a slope efficiency of 40.3% and
exceeding the Stokes limit. To the best of our knowledge, this result represents the maximum power ever achieved from

a Tm laser at 2.3 pm.
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1. Introduction

Short-wave infrared (SWIR) laser sources emitting in
the ‘molecular fingerprint’ spectral range of 2-3 pwm are
attractive for atmosphere gas sensing, pollutant detection and
non-invasive glucose blood measurements!' . Such laser
sources are also interesting for pumping of mid-infrared
optical parametric oscillators!*). Tm3* ions (electronic
configuration: [Xe]4f'?) could provide this SWIR emission
due to the *Hy — 3Hjs 4f-4f transition!

However, limited by the large quantum defect (~65%),
severe thermal effects and an easily quenched upper laser
level CH,) lifetime by both the multi-phonon non-radiative
(NR) relaxation and cross-relaxation (CR) (see Figure 1),
realizing the efficient high-power continuous-wave (CW)
laser operation on the 3H; — 3Hs Tm*™ transition at 2.3 um
is still a challenge. To date, several Tm3+-doped oxides, that
is, aluminates'®'!, vanadates''>~"], tungstate!'®! and fluo-
rides!®'®!, have been achieved with 2.3 jm laser operation.
Pumped by a CW Ti:sapphire laser, 2.3 wm Tm lasers tend
to have a high slope efficiency (1) but a relatively low output
power (P) due to the limited available pump power, for
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example, 1 = 69.2% and P = 1.12 W for Tm:KLu(WO,),['],
n = 61.8% and P = 0.96 W for Tm:YAIO;["!, = 46.3% and
P =1.07W for Tm:Y3A15012[”], n= 473% and P =0.73 W
for Tm:LiYF,!"). Employing commercially available high-
power laser diodes as a pump source is expected to realize
power scalable at 2.3 wm for Tm lasers. Despite several
reports on diode-pumped Tm lasers at 2.3 pwm, the slope
efficiencies are still limited and do not exceed the Stokes
limitl6:8:10,12-14]

Several schemes for power scaling operation of the 2.3 um
Tm lasers have been proposed, for example, up-conversion
pumping for Tm:CaGdAlOQ, lasers®! and the cascade lasing
strategy for Tm:YAIO;!®!, Tm:CaGdAIO,”!, Tm:Y VO,
and Tm:LiYF,!"®! lasers. Under these schemes, the perfor-
mance of the Tm laser at 2.3 pm was improved. However,
the severe thermal effects remain a key issue, limiting the
development of a high-power Tm laser at 2.3 pm. The
thermal issues were not effectively alleviated. Recently, a
novel intracavity up-conversion pumping scheme has been
demonstrated for better and easier thermal management.
Under this scheme, a CW Tm:LiYF, laser delivered 1.81 W
at 2.3 pm!'™,

The well-developed advances in the manufacturing of
diffusion-bonded composite laser crystals give the laser
crystals an additional function in that the bonded end
cap serves as a heat sink for the pumping surface, thus
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Figure 1. Partial energy-level scheme of Tm>* ions in GdVOy: red and
pink arrows, pump and laser transitions, respectively; green arrows, multi-
phonon non-radiative (NR) relaxation; blue arrows, cross-relaxation (CR)
and energy-transfer up-conversion (ETU) processes.

promoting efficient thermal dissipation and reducing the
thermal lensing effect. It has been widely used in Nd**-
doped vanadate crystals, for example, YVO,/Nd:GdVO4>",
YVO,/Nd:YVO,/YVO,2" and LuVO,/Nd:LuVO,/LuVO,2?1,
as well as other RE**-doped laser crystals, for exam-
ple, YSGG/Er:YSGG/YSGG™!, YAG/Tm:YAGP’* and
Yb3t:SrYs(SiOs ;0] Y2ALO!>). To the best of our
knowledge, there are no reports with respect to improving
the output performance of 2.3 pm Tm lasers by bonded
composite laser crystals.

In recent years, the Tm>*-doped rare-earth orthovanadate
REVO4 (RE = Gd, Y or Lu) has attracted a great deal
of attention due to the relatively good thermo-mechanical
properties of the host matrices and the broad and smooth
absorption and emission spectral bands of the Tm?* ions.
In particular, Tm**-doped GdVO, crystals offer a higher
thermal conductivity (9.9 W/(m-K) for undoped a-cut
GdVO4*1), a lower thermal expansion (1.19 x 107 K~!
for the a-axis’®’’!) and a relatively high thermal shock
parameter’’®), making them more suitable for use as the gain
media of high-power lasers. Very recently, an approximately
6 W level CW laser operating on the 3Hy; — 3Hs Tm’*
transition was obtained with a 1.5% (atomic fraction)
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a-cut Tm:GdVOy crystal'?!, which was the highest CW laser
power amongst the reported 2.3 um Tm lasers. However,
its laser slope efficiency (30.8%, below the Stokes limit
of ~34.5%) is relatively low. The relatively good 2.3 pm
laser performance of the Tm:GdVO, crystal motivates us
to further study the power scaling operation with diffusion-
bonded crystals.

In the present work, we report on a 7.5 W CW
YVO,/Tm:GdVO, laser operating on the *H; — >Hs
transition at 2.3 pm. Benefiting from the alleviated thermal
effect and the efficient energy-transfer up-conversion (ETU)
process at the high pump level, the maximum slope
efficiency reached as high as 40.3%, which exceeds the
Stokes limit (~34.5%).

2. Simulation

The temperature field distributions in Y VO4/Tm:GdVO, and
Tm:GdVO;, crystals were simulated by the finite element
method. In the simulation, the pump spot diameter at the
incident end face of the gain media was set to 200 wm. The
power and wavelength of the pump beam were set to 23 W
and 794 nm, respectively. The Tm** doping level used for
simulation was 1.5% (atomic fraction), corresponding to the
actual Tm** ion densities of 1.82 x 10*° cm™. The absorp-
tion coefficient () was calculated to be 1.44 cm™!. The coor-
dinate system used in the simulation is shown in Figure 2(a).
The dimensions of the crystals used for simulation are
3 mm x 3 mm x 10 mm. For the composite crystals,
the dimensions of the bonded undoped end cap (YVOy)
and the Tm’*-doped GdVO, were 3 mm x 3 mm x
3 mm and 3 mm x 3 mm x 7 mm, respectively. The
pump beam is incident along the —Z-axis into the laser
crystals. The highest temperature appears at the center of
the incident end face (X = Y = 1.5 mm, Z = 10 mm)
for the Tm:GdVO, crystal and below the bonding surface
X =Y =15 mm, Z =7 mm) for the YVO,/Tm:GdVO,
crystal, as shown in Figures 2(b) and 2(c), respectively.
Compared with the Tm:GdVOy crystal, the thermal lensing
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Figure 2. (a) Coordinate system used in the simulation. Cross-section view (X = 1.5 mm) of the temperature field distribution in diode end pumped (b)
Tm:GdVO4 and (c¢) YVO4/Tm:GdVOy crystals. (d) Temperature field distribution on the axis of the cross-section (X = 1.5 mm) and the incident end face of
the gain media.
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Figure 3. (a) Input—output dependences and (b) typical laser emission spectra of the diode-pumped Tm:GdVOy4 and YVO4/Tm:GdVOy lasers operating on
the *H; — 3Hs transition: 2% OC, using the same laser cavity parameters as in our previous work!!%].

effect can be effectively alleviated in the composite
YVO,/Tm:GdVO, crystal due to the drastically reduced
temperature (from 374 to 288 K) at the incident end face.
Furthermore, it has a more uniform longitudinal temperature
distribution.

The temperature field distributions are compared in detail
in Figure 2(d). On the axis of the cross-section (X = 1.5 mm),
the maximum temperatures were 374 and 357 K, for the
Tm:GdVO, and YVO4/Tm:GdVO;y crystals, respectively. On
the axis of the incident end face of the gain media, they were
374 and 332 K, respectively. Compared with the Tm:Gd VO,
crystal, there was a lower maximum temperature and temper-
ature difference in the composite crystals.

3. Experimental results and discussion

The undoped YVO,; and Tm’*-doped GdVO, crystals
(Tm** doping level, 1.5% atomic fraction) were grown
by the conventional Czochralski method. The composite
YVO,/Tm:GdVO, crystal was further fabricated by
the diffusion bonding method. The Tm:GdVO, and
YVO,/Tm:GdVO; crystals with the same dimensions as
those used in the simulation were employed as the gain
media. They were oriented for light propagation along the
a-axis (a-cut). For the Tm:GdVOy crystal, both the input and
output faces were coated for antireflection (AR) at 790 £
10 nm (reflectance (R) <0.5%) and 1850-2360 nm (R < 1%).
The composite YVO,/Tm:GdVO, crystal was uncoated.
A fiber-coupled spatially multimode AlGaAs laser diode
(fiber core diameter, 200 pwm; numerical aperture (NA),
0.22) with a central emission wavelength of 794 nm was used
as the pump source. The pump beam was reimaged into the
laser crystal by a pair of plano-convex lenses (focal length,
f =50 mm), providing a pump spot radius of about 100 pm.

The pump absorption efficiency of the YVO4/Tm:GdVO,
crystal under non-lasing conditions was measured in a pump-
transmission experiment. It ranges from 63.0% to 53.6% on
increasing the pump level after considering the reflection
loss. Note that in this work, all the laser slope efficiencies
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are fitted versus absorbed pump power and all the laser
thresholds refer to the absorbed pump power.

Firstly, we tested the laser performance of the
YVO,/Tm:GdVO, crystal using the same laser cavity
parameters as in our previous work!'”l. However, at the
high pump level, co-lasing cannot be avoided, that is, the
YVO4/Tm:GdVO, lasers operated on the cascade state
(simultaneously operating on the *H; — 3Hs and *°F; — *Hg
transitions). We believe this may originate from the reduced
gain and the increased loss, which leads to the *F; — 3Hg
transition dominating the gain competition between it and
the *H; — 3Hs one. The cascade lasing threshold decreased
with the increase in transmission of the output coupler (OC).
Figure 3 shows the input—output dependences and the typical
laser emission spectra of the YVO,/Tm:GdVOy laser with a
2% OC. The maximum CW output power reached 3.66 W
at 2.29 uwm with a slope efficiency of 15.5% and a laser
threshold of 2.27 W. Although the laser performance has not
been significantly improved, it was relatively good compared
to the use of unbonded Tm:GdVOy crystals reported in our
previous work!'?!, that is, 2.85 W at 2.29 and 2.36 um with
a lower laser slope efficiency of 12.6% and a laser threshold
of 2.8 W.

A schematic of the modified laser cavity is depicted
in Figure 4. The 3.7-cm long linear plano-concave cavity
consisted of a concave pump mirror (PM; the radius of
curvature (Rpy), 50 mm) coated for AR at 770-820 nm and
1800-2100 nm (reflectance (R) < 0.2%) and high reflection
at 2250-2500 nm (R > 99.6%) and a set of flat OCs
providing a transmission Toc ranging from 0.5% to 10% at

N.A.=0.22 Reimaging
@ =200 um System PM OC F Laser
@ ' ‘ Crystal I Emission
LD I
794 nm f=50mm, 1:1
Figure 4. Schematic of the diode-pumped Tm:GdVOs4 or

YVO4/Tm:GdVO, laser. LD, laser diode; PM, pump mirror; OC,
output coupler; F, long-wavelength-pass filter.
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Figure 5. Input—output dependences of the diode-pumped Tm:GdVO,; and YVO;/Tm:GdVOy lasers operating on the *Hy — 3Hjs transition: (a)—

(f) 0.5%-10% OCs.

2.2-2.4 pm. All the OCs additionally provided a high trans-
mission of approximately 90% at around 2 pm. The laser
crystal was wrapped with indium foil and mounted inside a
water-cooled copper block with the temperature set at 12°C.

The input—output dependences of the diode-pumped
2.3 pm Tm:GdVOy, and YVO,4/Tm:GdVO; lasers are shown
in Figure 5. For all the studied OCs, these two lasers operated
solely on the *H; — 3Hs Tm?* transition without co-lasing
at 2 wm. Noting that all the power transfer curves were
nonlinear, the laser slope efficiencies were fitted at lower
and higher pump levels, respectively, in this work.

For the unbonded Tm:GdVO, laser, the maximum CW
laser output power of 7.12 W was obtained by the 1% OC
with a slope efficiency of 32.4%. Another higher power of
6.44 W was obtained by the 2% OC. Compared with the
laser cavity used in our previous work!'?l, this laser cavity
provided a higher laser slope efficiency due to the relatively
good mode-matching.

Compared with the Tm:GdVO; laser, the Y VO,/Tm:Gd VO,
one possessed better laser performance, for example, a lower
laser threshold, higher slope efficiency and higher output
power, due to the alleviated thermal effects. Its highest
CW laser output power reached 7.5 W with a lower laser
threshold of only 1.13 W at 2.29 pm for the 1% OC at
the incident pump power of 45 W. The optical-to-optical
efficiency was about 17%. The corresponding laser slope
efficiency increased gradually from 25.6% to 40.3% as
the pump level increased. At the maximum incident pump
power, no thermal roll-over or crystal thermal fracture was
observed, and the bonding surface between the YVO, and
Tm:GdVO4 was not damaged. Further power scaling was
limited only by the available pump power. Furthermore, a
better laser performance was expected by coating for AR at
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the pump and laser wavelengths on both the end faces of
the YVO4/Tm:GdVO; crystal. To the best of our knowledge,
both the 2.3 pm CW laser power (7.5 W) and the laser slope
efficiency (40.3%, exceeding the Stokes limit, ns,. = Ap /
AL = 34.5%) far surpass the best results of reported diode-
pumped Tm lasers operating on the *H; — *Hs transition,
as shown in Table 1. For higher output coupling of 2%
and 5%, the laser performance was also relatively excellent.
The maximum CW laser output powers could also reach an
approximately 7 W level with a slope efficiency exceeding
or close to the Stokes limit (P = 6.93 W, n = 35.9% for the
2% OC and P = 6.81 W, n = 33.9% for the 5% OC). Noting
that there was a similar behavior of the gradual increase in
the slope efficiency for all the OCs, we believe that it is
mainly due to the positive action of the ETU effect, which
was responsible for refilling the upper laser level (*H,) at
the expense of the 3F, population. Under this condition,
the pump quantum efficiency of the 3H; — 3Hs transition
increased and may exceed unity, leading to the laser slope
efficiency exceeding the Stokes limit!!”). Note that the laser
thresholds of the non-bonded crystal are almost twice as high
compared to the bonded crystal. We believe this was mainly
caused by the severe thermal effects due to higher tempera-
tures. Differences in the quality of the two crystals and the
possible experimental errors also contributed. More details
not mentioned in the above text can be found in Table 1.
The typical laser emission spectra of the YVO4/Tm:Gd VO,
laser with 0.5%—-10% OCs captured at the maximum output
power are shown in Figure 6(a). Using an output coupling of
0.5%, this laser operated in two spectral ranges, at 2.37 and
2.29 pm, corresponding to the two emission peaks of the
Hy — *Hs Tm’* transition (-polarization)'?!. Using
an OC with higher output coupling transmittance, that
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Table 1. Performance comparison of the diode-pumped Tm:GdVOy, YVO4/Tm:GdVO; and other reported CW Tm lasers operating on the
3H, — 3Hs transition”.

Crystal Toc (%) Py (W) Prax (W) n (%) Ref.
05 134 524 9.40-18.9
1 2.06 7.12 17.0-32.4
2 238 6.44 15.0-25.0 .
Tm:GdVO, 5 428 6.04 18.0-28 4 This work
8 556 539 16.1-25.1
10 8.67 3.92 15.4-20.6
05 1.02 529 15.7-25.4
1 113 7.50 25.6-40.3
YVO,/Tm:GdVO, ? ;Zi ggf 21; 2_2533 This work
8 321 5.50 20.0-28.5
10 4.58 461 17.1-27.3
Tm:YVO, 1 2.99 1.89 13.6 [13]
Tm:GdVO; 5 4.80 6.09 30.8 [12]
Tm:LuVO, 5 8.51 0.99 920 [14]
Tm:YAIO; 2 6.24 297 214 8]
Tm:Y3Als0y 1 3.80 1.49 10.1 [10]
. 0.7 0.72 2.11° 26.9 [6]
Tm:LiYFy 25 10.0 1.81 5.70¢ [19]

“Toc, transmission of the OCs at 2.3 pwm; Py, laser threshold power (absorbed pump power); Pmax, maximum CW laser output power; 7, laser slope
efficiency (versus absorbed pump power); Ref., reference.
bQuasi-CW laser power.
“Laser slope efficiency versus incident pump power.
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Figure 6. (a) Typical laser emission spectra of the YVO4/Tm:GdVOy laser at the maximum output level. (b) Measured beam quality (M?) with the 1% OC,
inset: two-dimensional laser beam profile. (c) Findlay—Clay analysis for Tm:GdVOy4 and YVO4/Tm:GdVO; lasers. L, round-trip intracavity losses.

is, 1%—10%, this laser was simply operated at 2.29 pm.
Figure 6(b) shows the evaluation of the beam quality
parameters M? and laser beam profile (inset) with the
diode-pumped YVO4/Tm:GdVOy,
operated close to the fundamental transverse mode and
generated a nearly circular output beam. The slight beam
ellipticity was probably due to the thermal lens-induced
astigmatism. The measured M,* and M,* values were 1.36
and 1.45, respectively. Using the Findlay—Clay analysis'*®!,
the round-trip resonator losses for the Tm:GdVO, and
YVO,/Tm:GdVO, lasers were estimated to be 1.4% and
2.1%, respectively, as shown in Figure 6(c). The higher loss
for the latter case may be caused by the stronger reflections
due to the absence of AR coating at the pump and laser
wavelengths on both the end faces of the YVO4/Tm:Gd VO,
crystal. Therefore, a further decrease in the laser threshold
and an increase in the slope efficiency are expected, thus

1%

OC. The

leading to a higher 2.3 wm CW laser output power.
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laser

4. Conclusion

To conclude, the power scaling operation of a 2.3 pm Tm
laser with a diffusion-bonded composite YVO,4/Tm:GdVOy,
crystal was studied for the first time. This laser delivered a
maximum CW laser output power of 7.5 W with a slope
efficiency as high as 40.3%, exceeding the Stokes limit.
Both the power and efficiency are the highest ever achieved
from any diode-pumped Tm laser operating on the *Hy
— 3Hs transition, demonstrating the great potential of the
YVO,4/Tm:GdVO;, crystal for diode-pumped efficient high-
power 2.3 pm Tm lasers. This composite crystal is of
extremely high quality and was not damaged during the
experiment. By employing a laser diode capable of deliver-
ing higher pump power as the pump source and (or) coating
for AR at the pump and laser wavelengths on both the end
faces of the YVO4/Tm:GdVOy crystal to reduce the loss, etc.,
further power scaling operation is expected.
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