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The population trapping effect of the 3F, level is an important factor limiting the power scaling of the 2.3 pm thulium (Tm)
laser on the 3H, — *Hs transition. In this Letter, we demonstrate a novel scheme of ground state absorption (GSA)
(*Hg — 3H,) and excited state absorption (ESA) (°F, — 3H,) dual-wavelength pumped 2.3 um Tm lasers. Introducing an
ESA pumping process can accurately excite the Tm** ions accumulated in the 3F, level to the °H, level, constructing a
double populating mechanism for the upper laser level *H,. A proof-of-principle experimental demonstration of the GSA
(785 nm) and ESA (1470 nm) dual-wavelength pumped 2.3 pm Tm: LiYF, (Tm:YLF) laser was realized. A maximum continu-
ous-wave output power of 1.84 W at 2308 nm was achieved under 785 and 1470 nm dual-wavelength pumping, increased by
60% compared with the case of 785 nm single-wavelength pumping under the same resonator condition. Our work provides
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1. Introduction

In recent years, 2.3 pm laser operation of thulium (Tm)-doped
materials on the *H, — *H; transition has attracted increasing
attention!" ). From the perspective of laser generation, Tm>*
ions have strong ground state absorption (GSA) of *Hg —
*H, at ~0.8 pm, matching well with the emitting wavelength
of commercial AlGaAs laser diodes (LDs)! ). The lower
energy level *H; is at the position of ~9000cm™" above the
ground state *Hg, which can support four-level laser operation
at room temperature. Furthermore, it is easy to obtain high-
quality laser materials compared with the Cr?*-doped lasers.
From the perspective of laser application, 2.3 pm lasers can find
potential application in noninvasive medical diagnosis and
important gas detection due to the weak absorption of water
and strong absorption of N,O, CO, and CH, in the 2.3 pm
regionm’m].

Conventional pumping at ~0.8 pm and upconversion pump-
ing at ~1 pm have been developed to achieve laser oscillation of
Tm-doped materials on the 3H, — 3H; transition'”">°), Under
conventional pumping at ~0.8 pm, Tm>" ions can be directly
excited from the ground level *Hg to the *H, level. However,
the metastable *F, level is also populated by a cross relaxation
(CR) process of *Hg + *H, — 3F4 + *H,, yielding two excited
ions at the *F, level for each absorbed pump photon?",
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an efficient way to achieve higher output power from 2.3 um Tm-doped lasers on the 3H, — 3Hj; transition.

Keywords: 2.3 pm thulium laser; *H,—°Hs transition; dual-wavelength pumping.

The CR process is a favorable factor for the *’F, — 3Hg transition
at 1.9 um, but it is very unfavorable for 2.3 pm laser generation.
On the one hand, the increase of population at the *F, level
directly corresponds to the decrease of Tm>* ions at the *H,
level. On the other hand, the accumulation of Tm** ions at
the 3F, level will further aggravate the related energy transfer
losses. Therefore, the CR process plays a negative role for the
2.3 pm laser transition in this conventional pumping scheme.
Recently, we reported simultaneous dual-wavelength laser oper-
ation at 1.9 and 2.3 pm in Tm:LiYF, (Tm:YLF) pumped by a
785 nm LD. It was found that the output powers for the 3F, —
’Hg and *H, — *H; transitions were both linearly increased
with the 785 nm LD pump power, showing that a considerable
population in the >F, level exists'®.

In the upconversion pumping scheme, the population of the
3H, level was achieved by a resonant excited state absorption
(ESA) process of °F, — °F,; or °F, — *H,, with the *F, level
populated early by a matched GSA process of *Hg — *H; or
3Hg — 3F,. At 1040, 1055, and 1451 nm, 2.3 pm laser operation
of 3.5% (atomic fraction) Tm:YLF upconversion pumped has
been demonstrated'®!. The CR process plays a positive role
to enhance the probability of ESA. Limited by the fact
that the single upconversion pumping wavelength should be
located in the cross region of the GSA and ESA spectra, the
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phonon-assisted weak GSA at ~1 pm and 1.45 pm in Tm:YLF ~ can provide more active ions for the ESA process. In the cas-
cannot provide more Tm>" ions for the ESA process starting ~ caded pumping scheme, the first pumping wavelength is just
from the 3F, level. for establishing a population of active ions in the intermediate
In this Letter, we propose a novel dual-wavelength pumping  excited state. The power at the first pumping wavelength is
scheme for the 2.3 pm Tm lasers. As shown in Fig. 1, the GSA of ~ required at a relatively low level to replenish ions that sponta-
3H¢ — 3H, at ~0.8 pm and ESA of F, — 3H, at ~1.45um for ~ neously decay to the ground state.
Tm:YLF were jointly used to build a double populating mecha- A proof-of-principle experimental demonstration of a GSA
nism for the upper laser level *H,. The first step is to realize the ~ (785 nm) and ESA (1470 nm) dual-wavelength pumped
population of the *H, level induced by the strong resonant GSA 2.3 pm Tm:YLF laser was realized. Under 785 nm single-
(*Hg — *H,) by 0.8 pm pumping. Meanwhile, the CR process wavelength pumping, the maximum continuous-wave (CW)
will further populate the metastable >F, level. In the second step, ~ output powers of 1.5%-doped Tm:YLF crystal were 1.15 W
a second 1.45 um pump light can be introduced, and the Tm?+ and 584 mW for 1.5% and 2.8% output couplers (OCs), respec-
ions accumulated at the 3F, level are further precisely excited to tively. When th'e sgcond pump beam of 1470 nm was intro-
the *H, level by a strong ESA process of *F, — *H,. In contrast duced, the oscillation thresholds of the 2'.3 pm laser were
with the conventional single-wavelength pumping at ~0.8 um, reduced by 6.6‘7% and 55.6%, and the maximum CW output
the CR process serves as a positive factor in dual-wavelength ~ POWers were .1ncreasec.1 to 1.84 Wand 1.‘2 W for _1'5% and 2.8%
pumping due to the introduction of ESA. Compared with the 0Gs, r.espectlvely. ;F}}IIIS 3sh0ws ;hat the 1T1'Frod'uct10nfof. t{le EfSA
single-wavelength upconversion pumping scheme, there is no ~ PUMPIgprocesso t 3i F“ - "H, tra.nsmon 18 b3ene icial to fur-
need to balance GSA and ESA in the dual-wavelength pumped ther increase the Tm 1ons populatlop of the °H, level, con-
2.3 pm Tm laser. The two pumping wavelengths used can be structing a double populating mechanism for the upper laser

3 ey
selected independently to maximize GSA and ESA, respectively. level I;Ll of a3 2.3 pm tran51t10131. Our3w0rk shows that the
The excited Tm>" ions at the *F, level required for the ESA GSA (Hg —°H,) and ESA (°F, - °H,) dual-wavelength

process can be effectively supplemented by the strong CR proc- pumping scheme is an effective method to generate higher out-
ess pumped at ~0.8 pm. put power from 2.3 pm Tm lasers.

Recently, the cascaded dual-wavelength pumping scheme has
been demonstrated in Er-doped lasers to achieve mid-infrared
output at 3.5 pm'**!. In the cascaded pumping scheme, one
pumping wavelength was used to pump Er’* ions populated  The experimental arrangement of the GSA and ESA dual-
in the ground state (*I;5/,) to a long-lived intermediate excited ~ wavelength pumped 2.3 pm Tm:YLF laser is shown in Fig. 2. As
state (*I; /2)- Then, a second ESA pumping wavelength can ~ shown in Ref. [18], strong GSA (®*Hg — 3H,) absorption was
pump the Er** ions from the intermediate state to the upper ~ Observed between 780 and 800 nm. The most intense ESA
laser level (*y),) for the construction of the laser transition ~ absorption for the °F, — *H, transition occurs at 1452 nm with
an FWHM of 3.7 nm for Tm:YLF. Then, two LD pump sources
were used. The first one was a 785 nm AlGaAs LD, with the
wavelength matching the strong GSA process (*Hg — >H,) with
an absorption cross section of ~7 x 102! cm? at 785 nm!"®!. The
output-coupling fiber of the 785 nm LD had a core diameter of
400 pm and a numerical aperture of 0.22. The second one was a
1470 nm LD corresponding to the ESA process (°F, — *H,),
whose output-coupling fiber had a core diameter of 200 pm
and a numerical aperture of 0.11. Limited by the available exper-
imental conditions, the central wavelength of the second LD

2. Experimental Setup

of *Fy/, — *I,. Compared with the cascade pumping scheme,
the proposed GSA and ESA dual-wavelength pumping for the
Tm-doped lasers on *H, — *H; has two significant differences.
From the population mechanism for the upper level of target
laser transition, the *Hy level can be populated by the GSA
and ESA process. From the population mechanism for the inter-
mediate excited state, the remarkable CR process in Tm3" ions

3
' A | ' Hy used deviates from the strongest ESA absorption peak of
| l2.3 pm 1452 nm. But, 1470 nm also overlapped the sideband of the
[ | ] 3H5
;CR ESA-1 45um 785 nm Laser Diode 1470 nm Laser Diode
| * ] °F, "
GSA-0.79um |
I Tm:YLF Y/ O
| | *H, 0 V4
Coupling lenses . Coupling lenses
. . . IM-M1 oC-M2 BS
Fig. 1. Schematic diagram for GSA and ESA dual-wavelength-pumped 2.3 pm
thulium laser. GSA, ground state absorption; ESA, excited state absorption; CR, Fig. 2. Experimental arrangement for the GSA and ESA dual-wavelength LD-
cross relaxation. pumped Tm:YLF laser. IM, input mirror; OC, output coupler; BS, beam splitter.
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3F, — *H, ESA transition with an absorption cross section of
~1.4 X 107%' cm?!"®), The two-mirror laser cavity was composed
of an input mirror (IM) and an OC. The IM was a plane-concave
mirror with a curvature radius of 300 mm, which was designed
to be high-reflection coated at 2250-2500 nm (R > 99.8%) and
high-transmittance coated at 785 nm. Two kinds of plano-plane
OCs were used to evaluate the laser output characteristics. OC1
and OC2, respectively, had a transmittance of 1.5% and 2.8%
across the region of 2250-2400 nm. The suppression of
1.9 pm oscillation (°F, — *Hg) was achieved by increasing the
transmittance of the output mirror at this waveband. The trans-
mittances of OC1 and OC2 at 1.9 pm were measured to be 90%.
Because there is no suitable combiner for the dual-wavelength
pump light, the two pumping beams were, respectively, coupled
into the laser crystal from the left and right sides of the laser cav-
ity, establishing the double-end pumping configuration. The 1:1
and 2:1 coupling focusing systems were used to reshape the
785 nm pump beams, generating the pump spots with the diam-
eters of 400 and 200 pm, respectively. For the 1470 nm pump
light, the diameter of the spot inside Tm:YLF can be chosen
between 200 and 400 pm, respectively, by the 1:1 and 1:2 cou-
pling focusing systems. A beam splitter (BS) coated with high
transmittance at 1.45 pm and high reflection at 2.3 pm was used
to separate the pump and laser beams. An g-cut 4 mm X 4 mm X
8 mm Tm:YLF crystal with 1.5% doping concentration was used.
The two 4 m X 4 m light-passing faces of the crystal were anti-
reflection coated at 780-810 nm and 2280-2350 nm. The laser
crystal was wrapped with indium foil and mounted in a copper
block cooled by water at a temperature of 15°C.

3. Experimental Results and Discussions

The laser output performance under single-wavelength 785 nm
pumping for different OCs was first studied. The used 785 nm
pump spot in Tm:YLF is 400 pm in diameter. The laser spectrum
was measured using a spectrometer (Yokogawa AQ6375), as
shown in Fig. 3, with a central wavelength of 2308 nm observed
for the two OCs. The output powers with regard to incident
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Fig. 3. Typical laser emission spectra measured at maximum output power.
SWP, single-wavelength pumping; DWP, dual-wavelength pumping.
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Fig. 4. Output powers of 2.3 pum laser versus the incident 785 nm pump
POWEers.

pump powers were shown in Fig. 4. Using OCI1 (T = 1.5%),
the maximum CW output power of 1.15 W was obtained,
and the slope efficiency was 2.6% with regard to the incident
pump power. The absorbed pump power of Tm:YLF under laser
conditions was further measured, resulting in a slope efficiency
of 19% with regard to absorbed pump power for OCl. As for
OC2 (T =2.8%), the laser generated a maximum output power
of 584 mW. The corresponding slope efficiency was 1.5% and
12.3% relative to the incident pump power and absorbed pump
power, respectively. The saturation of output power was not
observed with the increase of pump power for the two OCs.
It was experimentally found that the 2.3 pm Tm-doped laser per-
formance on the >H, — 3H; transition was sensitive to the res-
onator loss. Multiphonon decay and Tm>" ion-pair CR can
nonradiatively depopulate the *H, upper laser level, resulting
in reduced fluorescence lifetime and correspondingly high lasing
threshold. Therefore, low output transmittance was more con-
ducive to efficient laser operation, as demonstrated in Ref. [24].

Then, the second pump beam of 1470 nm with a diameter of
200 pm was injected to the Tm:YLF, constructing the GSA and
ESA dual-wavelength pumping scheme. To characterize the
effect of the ESA pumping process on the 2.3 pm laser transition,
the dependence of 2.3 pm laser output powers on the incident
1470 nm pump powers under different given incident 785 nm
pump powers was first studied, with the results shown in
Figs. 5(a) and 5(b). Obviously, the introduction of 1470 nm
pump light leads to a significant increase of 2.3 pm output
power. This successfully demonstrates the effectiveness of the
ESA pumping process in increasing the population at the *H,
level. It should be noted that 2.3 pm laser output was not
achieved under the 1470 nm single-wavelength pumping. On
the whole, 1.8 W CW output power at 2308 nm was obtained
for OC1 (T = 1.5%) under dual-wavelength pumping. The out-
put power is increased by 57% compared with 785 nm single-
wavelength pumping. For OC2 (T =2.8%), a maximum CW
laser output of 1.2 W at 2308 nm was obtained, which increased
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Fig. 5. Output powers of 2.3 pm laser versus incident 1470 nm pump powers
under different given incident 785 nm pump powers. (a) T=15%0C; (b) T=
2.8% OC.

by 104% with regard to the case of 785 nm pumping. Due to the
use of the double-end pumping configuration, the absorbed 785
and 1470 nm pump power cannot be measured. So, the incident
pump power was used in the related discussions.

It can be seen from Fig. 5 that the variations of 2.3 pm laser
output powers with 1470 nm incident pump power can be di-
vided into two stages: the rapid growth stage and stable stage.
In the first stage, with the increased 1470 nm pump power,
the Tm>?* ions accumulated in the *F, level were excited to
the 3H, level, then the output power of the 2.3 pm laser was
increased rapidly due to the population refilling of the *H, level.
As the Tm>* ions at the *F, level were gradually consumed, the
rate of increase of 2.3 um laser output powers gradually slowed
down, thus entering the stable stage. At this stage, the 2.3 pm
output powers were no longer sensitive to the 1470 nm pump
power, and the 2.3 pm output power remained basically
unchanged in a large range of pump power. This illustrated that
the Tm** ions in the *F, level had been depleted, and the ESA
process had no contribution to the population refilling of the
3H, level. Further increase of 1470 nm pump power will lead
to a slight decrease of 2.3 pm laser output power. The heat accu-
mulated in the Tm:YLF crystal should be the reason for the slight
decrease of 2.3 pm laser output power. Furthermore, the ESA
pump saturation power (1470 nm) can be introduced, which
can be defined as the 1470 nm pump power at the point where
the 2.3 pm laser output power begins to enter the stable stage
under a given 785 nm pump power. With the increase of
785 nm pump power, higher-power 1470 nm pump light was
required to excite more Tm>* ions to the *H, level, and the cor-
responding ESA pump saturation power was increased. For T' =
1.5% OCI1, the 1470 nm saturation power was increased from
18.1 W to 20.6 W. For T =2.8% OC2, the 1470 nm saturation
power was increased from 15.9 W to 17.4 W.

Figure 6 shows the dependence of 2.3 pm laser output powers
on the incident 785 nm pump powers under different given
1470 nm pump powers. It can be seen that the introduction
of the ESA pump process does not change the trend of output
power increasing monotonically with 785 nm pump power
(similar to the curves shown in Fig. 4). When the 1470 nm
ESA pump light was introduced, the 2.3 pum laser oscillation
thresholds for the T'=1.5% and T = 2.8% OCs were decreased
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Fig. 6. Output powers of 2.3 um laser versus incident 785 nm pump power
under different given incident 1470 nm pump powers. (a) T = 15% OC;
(b) T=28% QC.

from 3.3 W to 1.1 W and 9.9 W to 4.4 W, respectively. Using
OCl1 (T =1.5%), the maximum CW output power reached
1.84 W at 2308 nm. The output power was increased by 60%
with regard to the case of 785 nm single-wavelength pumping
under the same resonator condition. For OC2 (T =2.8%),
1.19 W CW output power at 2308 nm was obtained, with the
output power doubled in comparison with the case using
785 nm pumping. It could be seen from Fig. 6 that when the
1470 nm incident pump power was less than 18.9 W and
13.3 W for OC1 and OC2, respectively, the 2.3 pm laser output
powers were linearly increased with the 1470 nm pump power.
When the 1470 nm pump power was greater than 18.9 W and
13.3 W, the increase of 1470 nm pump power did not contribute
significantly to the increase of 2.3 pm output power.

Figure 7 shows the 2.3 um laser output power under GSA and
ESA dual-wavelength pumping for different combinations of
785 and 1470 nm pump spots with OC1 (T = 1.5%). Four kinds
of spot combinations (400 pm:200 pm, 400 pm:400 pm,
200 pm:400 pm, and 200 pm:200 pm) were exploited, corre-
sponding to the diameter of spot from 785 nm to 1470 nm.
The achieved maximum output powers were 1.84 W, 1.52 W,
0.92 W, and 1.05 W, respectively. The corresponding output

2.0

—=— 400pm:200pm (785nm : 1470 nm)
—@—400pm:400pm (785nm : 1470 nm)
—A—200pm:400pm (785nm : 1470 nm)
=¥=200pm:200pm (785nm : 1470 nm)

Output power (W)
— [
=) n

e
[0}
T
1

0‘0 1 L L L
0 10 20 30 40 50

Incident pump power at 785 nm (W)

Fig. 7. Output powers of 2.3 um laser under GSA and ESA dual-wavelength
pumping for different combinations of 785 and 1470 nm pump spots.
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Fig. 8. Three-dimensional beam profile and power intensity distribution of
2.3 pm laser beam measured at the 1.84 W output power.

powers were, respectively, increased by 60%, 32%, 53%, and 75%
compared with the 785 nm single-wavelength pumping. Due to
the increased population in the *H, level, the ESA process needs
strong pumping to reach a high excitation rate in the °F, — 3H,
two-level system.

The output beam profiles of dual-wavelength pumped 2.3 pm
Tm:YLF lasers were monitored by a NanoScan beam analyzer
(Photons Inc.). As shown in Fig. 8, the beam profiles of the
2308 nm beam were measured when the output powers of the
2308 nm laser with OC1 (T =1.5%) reached the maximum.
By focusing the beam with a lens (f = 100 mm), the M? factors
of the 2308 nm beam were measured to be 1.68 and 1.52 in the
Al and A2 directions, respectively. The polarization measure-
ment showed that the 2.3 pm Tm:YLF laser was both z-polarized
for 785 nm single-wavelength and dual-wavelength pumping.

4. Conclusion

In conclusion, we have used two wavelengths at 785 and
1470 nm to pump the 2.3 pm Tm:YLF laser, constructing the
GSA and ESA dual-wavelength pumping scheme for the *H, —
3Hj laser transition for the first time, to the best of our knowl-
edge. Introducing an ESA pumping process can accurately excite
the Tm>* ions accumulated in the *F, level to the *H, level, ena-
bling a double populating mechanism for the upper laser level
3H, of the 2.3 um transition. When the second pump beam
of 1470 nm was introduced, the oscillation threshold of the
2.3 pm laser was greatly reduced, and the output power was sub-
stantially increased. A maximum CW output power of 1.84 W at
2308 nm was achieved under 785 and 1470 nm dual-wavelength
pumping, increased by 60% compared with the case of 785 nm
single-wavelength pumping under the same resonator condi-
tion. Our work shows that the GSA (*Hg — *H,) and ESA
(*°F; — *H,) dual-wavelength pumping scheme is an effective
method to achieve higher-power 2.3 pm Tm laser output.
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