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ABSTRACT

In this work we report the upconversion processes that produce blue, green, orange, and red emissions in K5Nd(Mo04)4
stoichiometric crystal together with the dynamics and spectral properties of the laser emission. It was found that
upconversion energy transfer processes reduce the energy storage capacity through the reduction of the fluorescence
lifetimes ofthe metastable 4F312 level. The experiments were conducted in such a way that the dynamics ofthe infrared and
visible fluorescence was performed under lasing and nonlasing conditions. The dynamics of the upconverted emission
shows that both upconversion energy transfer and excited state absorption ofthe laser emission occur.
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1. INTRODUCTION

Recently, much attention has been paid to laser materials which are able to combine a high concentration of active ions
together with a small light emission quenching. The combination of high concentration and small quenching allows
miniaturization of the laser which is interesting for applications in integrated optics. Among oxide laser crystals with a
disordered structure, palmierite-type K5R(Mo04)4 ( R Bi, Y, RE rare earth) compounds have generated a great deal of
interest as potential stoichiometric laser materials [1}. The crystal structure of K5Bi(Mo04)4 [2] was found to be
isomorphous with the structure type of palmierite K2Pb(S04)2. These compounds crystallize in the trigonal system, class
3m, space group R3m. The solid solutions K5Bi1(RE)(MoO4)4 with a small rare-earth concentration present the same
palmierite-type structure which is characterized by double layers of (MoO4)4 tetrahedra perpendicular to the c-axis bonded

by {K} ions arranged between the layers. The remaining K and (Jjf)3 (or Bi3) ions, according to their contribution
[K05(RE, Bi)05], are randomly distributed on a plane hexagonal network, embedded within the (MoO4)4 double layers. On
the other hand, the stoichiometric K5Nd(MoO4)4 crystal was postulated to be monoclinic. In this case, there are four types
of neodymium polyhedra. In two of them, neodymium ions are surrounded by six oxygens whereas for the other two, rare-
earth ions occupy centers of symmetry having eight oxygen atoms in their environment [3]. Therefore we should expect
two broad crystal field site distributions for neodymium ions in this crystal.

Laser action in this material was reported by Kaminskii et a!. by pumping with a Xe-flash tube or a benzene Raman laser
[1] and by Lenth et a!. by pumping with an argon laser [4]. The use of high power diode lasers as excitation sources has
renewed the interest in the spectroscopic and laser properties of solid-state Nd lasers. The intense pumping regime achieved
with these high power lasers generates non-linear effects in the laser media which may significantly affect the performance
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of rare-earth-based solid state lasers. For instance, upconversion processes can be a loss source if originating in the upper
laser level. The upconversion fluorescence can be due to energy transfer upconversion (ETU), excited state absorption of
pump radiation (ESAPR), and excited state absorption of laser emission (ESALE) (laser emission or fluorescence from the
upper laser level). These higher order effects can significantly affect the performance of many rare-earth-doped solid state
lasers. Upconversion has been studied in Nd-doped crystals [5,6], showing that energy transfer upconversion from the 4F312
state is the main loss mechanism.

In this work we report the study of upconversion processes that produce blue, green, orange, and red emissions together
with the dynamics of the infrared emission and spectral properties of the laser emission in K5Nd(Mo04)4 crystal pumped
with a pulsed Ti-Sapphire laser. The upconversion energy transfer processes were conducted in such a way that the
dynamics ofthe infrared and visible fluorescence was performed under lasing and nonlasing conditions.

2. EXPERIMENTAL TECHNIQUES

Solid solutions of the K5Bi1(Nd)(Mo04)4 were formed within the K20-Bi203(RE)203-Mo03 system and high optical
quality single crystals were grown in our laboratory by the Czochralski technique in the whole concentration range. All
crystals were grown under ambient atmosphere in a platinum crucible by pulling them perpendicularly to the c-direction.
The Nd3 concentration ofthe stoichiometric crystal is 2.37x102' cnf.

The sample temperature was varied between 4.2 and 300 K in a continuous flow cryostat. The room temperature absorption
spectra in the 300-2500 nm spectral range were recorded by using a Cary 5 spectrophotometer. The steady-state emission
and excitation measurements were made by using a Ti-Sapphire ring laser (0.4 cm' linewidth) in the 780-920 nm range.
The fluorescence was analyzed with a 0.22 m SPEX monochromator, and the signal was detected by a Hamamatsu R928
photomultiplier and finally amplified by a standard lock-in technique.

Lifetime measurements were performed by exciting the samples with a a Ti-Sapphire laser, pumped by a pulsed
frequency doubled Nd:YAG laser (9 ns pulse width), and detecting the emission with a Hamamatsu R928
photomultiplier. Data were processed by a boxcar integrator.

3. RESULTS AND DISCUSSION

3.1 IR-to-VIS upconversion

Visible upconversion has been observed at room temperature and low temperature in K5Nd(Mo04)4 (KNM) crystal under
continuous wave (cw) and pulsed infrared (IR) laser excitation, under lasing and non lasing conditions. In this section we
are going to present the results under non lasing conditions. The steady-state emission and excitation spectra were obtained
by exciting the samples in the 780-920 nm spectral range by using a cw Ti-Sapphire ring laser (0.4 cm' linewidth). Cut-off
filters were used to remove both the pumping radiation and the infrared luminescence from the samples. Under cw
excitation in resonance with the 4I912—4F312,512 transitions there is emission in the 500-750 nm region. The spectra show
three main bands centered at around 535, 599, and 668 nm. No emission was observed at wavelengths shorter than 500
mu. However under pulsed excitation in resonance with the 41912—+4F312 transition, in addition to the three visible bands we
also observe a weak blue fluorescence around 389 urn, 420 nm, and 452 nm. As an example Fig. 1 shows the polarized
time-resolved emission spectra at 77 K obtained by exciting at 867 nm in resonance with the 41912—>4F312 transition and at
1 ts after the laser pulse. The inset inside the figure shows the blue luminescence.

To identify each upconverted emission band, we have used the low temperature emission spectra given in Fig. 1 and the
energy level diagram of Nd3 in KNM crystal shown in Fig. 2. The three main bands observed in the emission spectra have
been reported in other Nd-doped materials, and attributed to transitions from the 4G712 level [6-8]. An analysis of the energy
level diagram and the upconverted emission spectra suggests that these bands can be attributed to radiative transitions
4G712 -*I9/2 (535 nm), 4G712 —I11/2 (599 nm) and 4G712 11312 (668 nm). The dependence of the three lines intensity on the
pump power is nearly quadratic which indicates a two photon upconversion process. The observed weak blue emission
corresponds to levels with higher energies (4D512, 4D312 or 2P312) than those reached by two infrared photons (see the energy
level diagram in Fig. 2).
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Figure 1. Polarized upconverted emission spectra obtained by exciting at 867 nm at 1 ts after the laser pulse. Data correspond to 77 K.

The excitation spectra of the visible emissions were investigated in the 780-920 nm range (by using the Ti-Sapphire
tunability). Similar excitation spectra were obtained by collecting the luminescence at 535, 599, and 668 nm. As an
example, the excitation spectrum of the upconverted emission at 599 nm is presented in Fig. 3 together with the excitation
spectrum recorded for infrared emission at 1064 nm for comparison. As can be observed the excitation spectrum shows
similar peaks corresponding to the 41912—÷4F312 transition, with no significant differences with the one-photon excitation
spectrum.

Together with the energy level diagram ofNd3 ion in KNM, Fig. 2 illustrates the possible mechanisms ofpopulation losses
from the 4F312 doublet leading to upconversion processes: excited state absorption (ESA) and/or energy-transfer
upconversion (ETU) by pumping either the 4F312 or 4F512 manifolds. Concerning the first process, by pumping in the 4F312
state there is not a good energy matching between the 4F312 state and 2P112, level by means of an additional JR photon, and
therefore we expect a very low probability for such a process. However, ifthe excitation is made in the 4F512 level, a second
JR photon could allow an upward transition to the 2D512 multiplet. The second mechanism (ETU) occurs via dipole-dipole
interaction oftwo excited Nd3 ions in the 4F312 state. In this case, when two Nd3 ions are excited to the 4F312 state, a transfer
occurs by which one ion losses energy and goes to the 41j (J1 1/2, 13/2) states while the other one gains energy and goes to
the 2G912 or 4G712 state. These processes can coexist, contributing to the excitation into higher levels. As can be observed the
excitation spectrum shows the peaks corresponding to the J9,2 —÷4F312 absorption band, with no significant differences with
the absorption spectrum, which indicates that resonant absorption of the pump radiation is not produced from the metastable
4F312 state. This behavior suggests that an ETU process seems to be more likely for the observed visible luminescence from
the 4G712 state. Referring to the blue and UV bands, the most probable origin of the upconverted fluorescence seems to be the
4D312, 2P312 levels, though the level reached by upconversion could be 4D512, 4D112 or even higher levels. These levels can be
populated by excited state absorption of laser emission. In this process, Nd3 ions in the 4G712 state can be excited to the 4D512
or 2P312 multiplet by absorbing photons from 1.06 im or 1.3 tm laser emission or fluorescence.
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Figure 2. Energy levels of Nd3 in KNM crystal obtained from Figure 3. Excitation spectra of the Stokes and anti-Stokes
the low temperature (1 1 K) absorption spectrum. fluorescence from the levels 4F312 and 4G712.

The ETh upconversion processes can reduce the population of the upper laser level or cause its lifetime shortening. As a
consequence, there is an increase ofthe laser threshold and a reduction ofthe energy storage efficiency. These upconversion
mechanisms have been studied in Nd-doped glasses [9] and crystals [5-8], showing that energy transfer upconversion from
the 4F312 state is the main loss mechanism. In our case we have evaluated this effect for KNM crystal. The excited state
population decay of the 4F312 state, assuming that the Nd excited states are uniformly distributed throughout the lattice, can
be expressed by:

Where N is the population density, t is the fluorescence lifetime in absence of upconversion and WETU is the macroscopic
ETU parameter. With N(t0)N0, integration yields [10]:

N0 exp[!-J

1+2 WETU Nor[1_exP(_LJ]

So, when there is no upconversion, the decay is purely exponential, whereas for WETU 0, as WETUNOr increases, the decay
time is shortened.

The temporal evolution of the upconverted emissions and the infrared emission of the 4F312—÷41912 transition was obtained by
exciting the samples at 867 nm in resonance with the 4F312 level with a Ti-Sapphire laser pumped by a doubled pulsed
Nd :YAG laser. As expected, at low excitation power, the decay curves for the 4F312 state are nearly single exponentials;
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JN(t)dtby =
N(O)

Using the expression (2), we can obtain:

We have also obtained the macroscopic ETU parameter by fitting the experimental decay curves of the 4F312 state to Eq. (2).
The fluorescence lifetime used in this equation was obtained from the low excitation power experiments.The obtained WETU
value was l.92x1016 (T= 77K) and 2.3x10'6 cm3s' (T 295 K) and the loss inducing parameter TWETU = 1.8x102°
cm3 at 77 K and l.6x102° cm3 at 295 K.

The temporal evolution of the upconverted emissions was obtained by exciting the samples in resonance with the 4F312 state.
The experimental decays of the main visible bands, which are not single exponentials, present a rapid initial decay followed
by a longer nonexponential decay. Similar temporal evolutions are observed for the green, orange, and red emissions. As an
example, the logarithmic plot of the experimental decays of the 599 nm and 420 rim emissions at 295 K is shown in Fig. 6.
The long term part of the decay curves of the upconverted VIS lines (green, orange, and red) is much longer ( l5s) than

however at higher excitation powers an increasing nonexponentiality appears. The results are plotted in Fig. 4 which shows
the decay curves at low (N0= 2x10'7 cm3) and high excitation power (N0 = 2x19'9 cm3). As can be seen, a fast
nonexponential section is observed at the beginning of the decay, followed by a slower exponential decay which
approaches the intrinsic decay time. N0 is calculated by knowing the pulse energy absorbed, the excited volume of the
sample, and the pump photon energy. For the nonexponential decays an average lifetime was calculated by using

fI(t)dt(v) = , where 1(t) is the fluorescence intensity. The average lifetime is also related to the population of the 4F312 state

Ln(1 + 2rWETUNO)
(4)

2WETUNO

Thus the lifetime decrease depends only on the product WETUNOT. This equation can be used to obtain WETU, as N0 is know
from the pump intensity, t from the weak excitation decay, and <-r> from integrating the area under the fluorescence decay
at the higher excitation level. WETU is the only unknown parameter in eq. (4). The reduction in lifetime versus the initial
excited population of the 4F312 state is shown in Fig. 5 at two different temperatures 77 K, and 295 K. The theoretical curves
give a good fit to the experimental data with an upconversion rate WETU (1.9± 0.06) x 1016 cm3 (T= 77 K) and WETU =

(2.5±0.1) x 1016 cm3 s' (T= 295K).
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that of the 4G712 state under direct excitation (the lifetime values of the 4G712 and 4G51 2level obtained under direct excitation
which are too short to be measured with our equipment, have been measured to be less than 10 ns in fluoride crystals [8]).
This behaviour suggests that we are dealing with a typical ETU process [8]. The decays of the upconverted blue emissions
also show a long term component about 5 ps but in this case if we assume, as indicated in Fig. 2, that these emissions come
from levels 4D312, 2P312, it is not possible to assign them unambiguously to an ETU process due to the metastable character of
level 2P312.

For the laser experiments a c-cut crystal plate of dimensions 2x8x20 mm3 was used. The pump source was a tunable pulsed
Ti-sapphire laser (10 ns pulse width and about 30 mJ energy). The pump pulse entered the sample perpendicularly to the
center of the 2x8 m2 face which was Brewster angle cut to allow transversal pumping. The resonator was a 15 cm long
symmetric confocal one, with both high reflectivity coated mirrors. The threshold energy was 12 mJ, and the time-width of
the laser output pulse, measured by using a photodiode of 2 ns rise time, was about 100 ns.

Spectroscopic measurements of the laser output as a function of the laser pulse polarization show that the spectral width of
the laser spectrum is almost twice for itthan for cr polarization. Moreover, the spectral behavior for it polarization shows
two main peaks about 1065 nm and 1067 nm which could be related with the presence of two main distributions of crystal
field sites for the rare-earth with a strong spectral overlapping, as shown by the site-selective spectroscopy results [11].
Figure 7 shows the room temperature laser spectra obtained at two different laser polarizations.
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Figure 7. Room temperature stimulated emission spectra of Nd
in KNM crystal obtained at two different laser polarizations.
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To investigate the influence of the laser emission at 1065 nm on the upconverted fluorescence, we have studied the time
evolution of the visible luminescence under lasing conditions. In this case excited state absorption of the laser emission
(ESALE) from 4F312 and 4G712 multiplets can play a significant role to populate both 4G712 and 4D312, 2P312 manifolds.

Figure 8 shows the time evolution ofthe blue and orange
emissions (solid lines), under laser action inside the
resonator, together with the laser output pulse (symbols).
As can be seen during the laser pulse (100 ns), there is
a sudden increase of the intensity of the blue and orange
upconverted emissions followed by a rapid decrease as -
the laser pulse disappears. After the laser pulse, the
visible emissions present a temporal behavior similar to
that found under nonlasing conditions. This behavior
suggests that during the laser pulse the populations of the
upper states giving the blue and orange fluorescence are
strongly enhanced by the laser action. It is worthy to -
notice that the laser emission is in resonance with the
energy difference between 4F312 and 4G912 levels so
ESALE can populate the 4G912 level and, from then on,
ions in this level can populate the 4G712 multiplet by
nonradiative relaxation. Referring to the blue emission
the intensity increase during the laser pulse could be
explained by ESALE from the 7/2 multiplet which
populates the 4D512, 4D112 upper levels. According to the
energy level diagram of Nd3 ion in KNM crystal this
process is resonant and could be quite efficient.

Figure 8. Experimental decay curves of the upconverted emissions
and laser output pulse.

5. CONCLUSIONS

The study ofupconversion processes in KNM crystal has shown that infrared excitation in levels 4F512 or 4F312 lead to green,
orange, and red emissions from the 4G712 level. Under pulsed excitation in the 4F312 multiplet additional blue emissions are
also observed. The main upconverted visible bands correspond to green, orange, and red fluorescence from the 4G712 level.
The temporal dependence of the decays from these emissions, together with the excitation spectra features suggest that an
energy transfer upconversion is the dominant mechanism for the population of level 4G712 in this crystal. Energy transfer
upconversion processes involving two Nd ions in the 4F312 cause the lifetime shortening of the upper laser state. From the
analysis of lifetime measurements of the 4F312 state at different initial excited populations we have estimated the
macroscopic ETU parameter and the loss inducing parameter.

The spectroscopic measurements of the laser output as a function of polarization of the laser pulse show that the spectral
width of the laser spectrum is almost twice for itthan for polarization. Moreover, the spectral behavior for itpolarization
shows two main peaks around 1065 nm and 1067 nm which could be related with the presence of two main distributions of
crystal field sites for the rare-earth with a strong spectral overlapping, as shown by the results of site-selective
spectroscopy.

The temporal evolution of the visible emission under lasing conditions shows an intensity increase of the blue and orange
emissions during the laser output pulse.
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