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Abstract We have demonstrated, for the first time to our
knowledge, lasing at 1.37 pym in a tellurite-based glass
host doped with 0.5 mol.% neodymium: Nd3+:(0.8) TeO,—
(0.2)WOs3. The gain-switched laser could be operated with
59 W threshold pulse energy as well as 5.5% slope effi-
ciency. As high as 6 pJ-pulses with a duration of 1.74 ps
were obtained. The pulse repetition rate was 1 kHz. The
emission cross section from the threshold analysis turned
out to be 1.57 x 10729 ¢cm? at 1370 nm by taking into ac-
count excited-state absorption from 4F; )2 to 4Gy /2 energy
level. Furthermore, the ratio of excited-state absorption to
the emission cross section was found out to be 0.78 by using
the slope efficiency value.

PACS 42.55.Rz - 42.70.Ce - 42.70.Hj - 42.72.Ai - 42.60.Lh

1 Introduction

There is a growing demand for coherent light sources op-
erating in the 1.3-1.4 ym window for biomedical imaging
applications [1, 2]. In comparison with more widely used
sources at 800 nm and 1 um, use of higher wavelength lasers
significantly decreases the losses due to Rayleigh scattering
and enables deeper tissue penetration. Furthermore, stay-
ing below 1.4 um avoids water absorption losses. As poten-
tial laser hosts, glasses offer several advantages over single
crystals, including far lower cost, simpler preparation tech-
niques, and the possibility of power scaling when drawn
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into fiber. Due to these advantages, there have been many
studies aimed at the development of glass lasers doped with
rare-earth ions. In the particular case of neodymium (Nd37)-
doped systems, lasing has been reported in various glass ma-
trices including fluorides [3, 4], chalcogenides [5], alumi-
nosilicates [6], germinates [7], and tellurites [8—11]. Among
these, tellurite-based glasses have attractive properties in-
cluding a wide transparency range (0.35-5.0 um), a high
refractive index, lower non-radiative decay rates than sili-
cates, phosphates or germanates, and resistance to corrosion
[12-14]. In addition, tellurite-based glasses are considered
to be strong candidates as laser host materials because they
have the highest emission cross section among the Nd3*-
doped oxide glasses [12]. To date, lasing could be obtained
from a bulk tellurite glass from the 4F3 2= 4 /2 transi-
tion of the Nd> ion [8—11] which corresponds to the wave-
length of around 1064 nm. However, the lasing operation
has not been achieved so far for the *F3 2 —> 3 /2 transi-
tion, which generates radiation in the 1.34—1.37 um spectral
region.

In this letter, we report for the first time to our knowledge,
lasing action at 1370 nm from 4F3/2 — 4113/2 transition of
Nd3* ion in a bulk tellurite glass host where the emission
cross section is lower than that for the 4F3 2= 4113 /2 tran-
sition. The glass sample had a composition of (0.8)TeO,—
(0.2)WO3 with 0.5 mol.% Nd;Os3. The laser could be oper-
ated in gain-switched regime at 1 kHz with as low as 59 pJ
of threshold pulse energy. In addition, the slope efficiency
was determined to be 5.5%. As a pump source, we used a
pulsed Ti:sapphire laser at the wavelength of 805 nm. From
the analysis of threshold data, we determined the emission
cross section to be 1.57 x 10720 ¢m? at the wavelength
of 1370 nm. Lasing could not be obtained over the broad
emission band, believed to be due to excited-state absorp-
tion. By using the lasing efficiency data, we further esti-
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Fig. 1 Schematic of the
gain-switched, bulk
neodymium-doped tellurite
(Nd3+:Te0,-WO3) glass laser
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mated the excited-state absorption cross section ogsa to be
1.22 x 10729 ¢m?. The ratio of the excited-state and stim-
ulated emission cross sections (0.78) is consistent with the
reported value obtained for SiO,-based Nd:glass fiber oper-
ating at 1.36 um [15].

2 Experimental

The tellurite glass sample was prepared with the compo-
sition of Nd3* : (0.8)Te0,—(0.2)WO3 by melting powder
mixtures of Nd>O3 (99.9% purity), TeO; (99.999% purity),
and WO3 (99% purity). The batch containing 0.5 mole of
Nd,O3 to 100 moles of (0.8)TeO,—(0.2)WO3 was mixed
and melted in a platinum crucible at 800°C for 1 hour in an
electrically heated furnace in ambient air atmosphere. Then,
the glass melt was rapidly quenched in a preheated stain-
less steal mold at the temperature around 150°C. To release
the residual thermal stresses formed in the glass during the
quenching process, the sample was annealed below the glass
transition temperature at 250°C. Sample surfaces were then
polished to a thickness of 4.1 mm. Using the measured den-
sity of 5.82 gm/cm?, the Nd3* ion concentration was deter-
mined to be 2.02 x 1020 cm~3. The single-pass absorption
at the pump wavelength of 805 nm was 92%.

Figure 1 shows a schematic of the standard astigmatically
compensated x-cavity laser setup. The cavity consisted of
two curved highly reflecting mirrors with radius of curvature
5 cm (M1 and M2), a flat end high reflector (M3), and a flat
output coupler with transmission of 2.5% at 1370 nm (OC).
The highly reflecting mirrors have reflectivity above 99.9%
in the range of 1150-1450 nm and transitivity above 90%
at 1065 nm, which prevents laser operation at that wave-
length. As a pump source, we used a home-made, tunable,
pulsed Ti:sapphire laser at 805 nm with a pulse repetition
rate of 1 kHz. The output of the pump laser was focused
inside the glass sample by using a lens with a focal length
of 5 cm. The pump beam waist was measured to be 27 pum
with the knife-edge technique. The high reflector and output
coupler arm lengths were 31 and 32 cm, respectively, giving
an estimated beam waist of 21 pm near the middle of the
stability range. The time-dependent fluorescence signal and
pulse traces of glass and pump lasers were measured with a
digital oscilloscope and a Ge PIN detector (response time
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of 3.5 ns). Emission spectrum and wavelength measure-
ments were performed with a 1/2-m Czerny-Turner-type
monochromator and a PbS detector coupled with a lock-in
amplifier.

3 Results and discussion

The power efficiency curve of the Nd3*:tellurite glass laser
operating at 1370 nm is shown in Fig. 2. The slope effi-
ciency of the laser was determined to be 5.5% with respect
to the incident pump pulse energy. The laser could be op-
erated with as low as 59 uJ of incident threshold pulse en-
ergy and we obtained as high as 6 pJ of output pulse energy.
To determine the passive loss of the resonator, the threshold
pump power of the laser was also measured by replacing the
output coupler with a flat high reflecting mirror. The cor-
responding threshold energy decreased to 32 puJ. By com-
paring the threshold pulse energy for two different output
coupling levels, we determined the round trip passive loss
of the cavity (L) to be 2.9%. Here, we assumed that the
threshold pump energy is directly proportional to (L + T')
where T is the output coupling level. Furthermore, the op-
timum output coupling level can be found by using the for-
mula, Tope = L(/r — 1), where r is the ratio of maximum
available pump pulse energy to the threshold pulse energy
(r = Ep/Ew) for zero output coupling (32 ). In our case,
the optimum output coupler level turned out to be about
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Fig. 2 Energy efficiency curve of Nd3* :tellurite glass laser. The slope
efficiency is around 5.5%. The transmission of the output coupler (OC)
is 2.5% at 1370 nm
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3.8% at the maximum available pump energy of 169-uJ. The
corresponding estimated output energy for optimum output
coupling becomes 6.5 uJ, which is close to experimentally
obtained pulse energy with the 2.5% output coupler.

Figure 3 shows the time-dependent fluorescence decay
curve for the 4F3 2= & I /2 transition. From the decay data,
the fluorescence lifetime was determined to be 114 ps. In our
previous study about 1065 nm laser action of the same host,
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Fig. 3 Fluorescence decay curves for the Nd3* :tellurite glass sample
at 1.37 um. The fluorescence lifetime is around 114 ps

the fluorescence lifetime for the *F3/, — “I1/2 transition
was measured to be 142 ps [11] which is close to what we
had for the *Fs 2= 3 /2 transition, as expected. Further-
more, Fig. 4 shows the temporal profile of the output laser
pulses at different pump energies. As can be seen, the out-
put pulse width drops from 3.37 to 1.74 us as the pump pulse
energy increases from 110 to 170 pJ. In this pumping level
range, the pump pulse width remains almost constant around
116 ns. In Fig. 4, the lower peaks preceding the laser pulses
were the pump laser pulses which could not be completely
eliminated by the filter. The delay between the pump and
laser pulses depended on the pumping level as expected and
decreased from 7.4 to 5.6 ps as the incident pump energy
was increased from 110 to 170 pJ.

Figure 5 shows the emission spectrum of the glass sample
and laser emission. As can be seen from the spectrum, there
are two peaks around 1065 and 1342 nm, which correspond
to the transitions 4F3 2= 4, /2 and 4F, 2= 5 /2, respec-
tively. From the spectrum measurements, one would expect
to get lasing at the peak wavelength of 1342 nm. However,
previous studies show that there is a competing excited-state
absorption (ESA) at the peak emission wavelength [15-17].
As can be seen from the energy level diagram of Nd*+
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Fig. 5 Emission spectrum of
the Nd>* :tellurite glass sample
in the 1000-1500 nm range. The
laser was operating at 1.37 um

Intensity (au)

1000 1100

Time (ps)

1200 1300 1400 1500
Wavelength (nm)

@ Springer



124

H. Cankaya, A. Sennaroglu

*Gop, T

1.06pm
(ESA)

*Fspy LS Z’

4
Fsp

1.34pum
(ESA)

0.8um 1.34pm

1.06pm

4
Lisp

4
Lisp

4
I11/2

4
Ty

Fig. 6 Schematic of the partial energy level diagram for the Nd3+ ion,
showing the laser and excited-state absorption transitions

ion (Fig. 6), there are two excited-state absorption transi-
tions 4F3/2 — 2G9/2 and 4F3/2 — 4G7/2 which correspond
to the wavelengths around 1 pm and 1.34 pm, respectively.
The transition “F3/2 — 2Gyg,» does not introduce any sig-
nificant loss at 1065 nm laser operation, even though it is
close to the lasing wavelength [4]. However, ESA due to
4F; 2= 4Gy /2 transition introduces extra loss near the peak
of the 1342-nm emission and shifts the laser wavelength to
1.37 um. To check whether the ambient humidity has any
effect on the emission wavelength, we further purged the
whole resonator with pure N, gas and lowered the relative
humidity level from 50 to 12%. No observable change was
recorded in the lasing wavelength or the output power of the
laser.

The slope efficiency of the laser was used to estimate
the ratio of ESA cross section (0gsa) to the emission cross
section (o), (fr = ogsa/or). By assuming that the pump
and laser beams are nearly matched inside the gain medium,
f1 can be estimated from [18],

T A

Lna(1 = fr). (1)

"= T+,

Here, 1 is the slope efficiency of the laser, n, is the absorp-
tion at the pump wavelength, and A, and A, are the wave-
lengths of the pump and the laser beams, respectively. For
our case, we estimated f;, to be 0.78, which is in very good
agreement with the reported value for Nd:SiO, glass fiber
operating at 1.36 um (0.78) [15]. In addition, we determined
the emission cross section (o7,) at 1.37 um from the thresh-
old pulse energy value by taking ESA into account. Under
the approximation that the pump pulse width is shorter than
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the fluorescence lifetime, the emission cross section can be
determined by using the formula [18],

whvp(wi +wp)(T + L)
o] =
t 4n,En(1— fr)

where Ey, is the threshold pulse energy, v, is pump photon
frequency, & is the Planck constant, wz and w), are the laser
and pump spot sizes inside the gain medium, respectively.
Since the spotsize function varies within the gain medium
due to diffractive spreading, we approximated wy and w,
in (2) by their root-mean-squared (rms) values, which turned
out to wy =24 ym and w, = 35 pym, respectively. If w(z) is
the spot size function of one of the beams, the corresponding
rms value wyy is calculated by using

1 (b
Wims = EA w2(2) dz. 3)

Here Ly is the length of the glass. With Ey, =32 uJ, T =0
(for the high reflector), L = 0.029, n, = 0.92, the emission
cross section, oy, was determined to be 1.57 x 10720 ¢m?
at 1.37 um. Moreover, by using the calculated f7 value, the
excited-state absorption cross section was estimated to be
1.22 x 10720 cm? at the wavelength of 1.37 um.

; @

4 Conclusions

In conclusion, we have reported, for the first time to our
knowledge, lasing action at 1370 nm in a bulk tellurite glass
from the energy transition *F3/, — 1132 of the Nd** ion.
The laser was operated in gain-switched regime at 1 kHz
with a threshold pulse energy of 59 uJ. The slope efficiency
was further determined to be 5.5%. As high as 6 pJ-pulses
with a duration of 1.74 us were obtained. From the thresh-
old analysis, the emission cross section turned out to be
1.57 x 10720 cm? in the presence of excited-state absorp-
tion. In addition, the excited-state absorption cross section,
oEsa was estimated to be 1.22 x 10720 ¢cm? by using the
slope efficiency analysis. The ratio of excited-state to stim-
ulated emission cross section is consistent with the value re-
ported in the literature [15]. The performance of the Nd3*-
doped tellurite glass laser was limited by excited-state ab-
sorption. However, the tellurite glass host is still promising
when doped with other ions such as Pr3*, which has optical
transitions in the same spectral region and is less susceptible
to excited-state absorption. Hence, it should be possible to
develop efficient near infrared laser systems based on tellu-
rite glass host.
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