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Abstract. This work reports for the first time continuous- It is known that pureLiNbO3; presents a low threshold
wave laser action at room temperature arolu3qumin Nd®t  for photorefractive damage. Thus, at intensities high enough,
dopedLiNbO3:Zn0O. Optical spectroscopy has been used tceither permanent optical damage or degradation of beam
determine the main laser characteristics*6§,>, — %1132 quality result. However, by adding a small amount4,5%)
channel, such as emission cross section and excited-stai€ impurities such asMgO [8], or by increasing the op-
absorption cross section at laser wavelengths. Internal opterating temperature, the photorefractive damage can be re-
cal losses have been estimated from laser gain experimentkiced and even eliminated. Nevertheless, devices operating
Under non-optimal conditions laser slope efficiencie8@h  at room temperature are preferred. Althoid?+ ion-doped

have been obtained. LiNbO3:MgO-based lasers and amplifiers have been already
demonstrated [9], co-doping withMlgO has been shown to
PACS: 42.55.R; 42.65; 42.70 reduce the optical quality and to make difficult the growth

of crystals sharing high optical quality and higli®* con-
centration. For this reason, research on alternative co-dopant

Infrared laser radiation arountl.3pm is useful for sev- impurities and ways of avoiding photorrefractive damage and
eral practical applications such as rangefinders, remote sereffowing for stable and efficient laser operation at room tem-
ing [1], and alarm systems. These applications are basggkrature are of major importance and constitute an active field
on the eye-safe character of this wavelength. Others aref research [10].
based on this specific wavelength, such as dental [2], and Co-doping withZnO has been proposed as a new way
soft human-tissue applications, or guided optical communief reducing the photorefractive effect iliNbO3 [8]. On the
cations in the second spectral window of fibres, where thegther hand, there is an additional advantage related to this
present least dispersion [3]. The second harmonic of this razo-dopant; waveguides based in blilNbO3 fabricated by
diation is also useful for activation of photosensitive drugs [4]Zn diffusion have been demonstrated [11]. This fact increases
and for pumping tunable lasers based@m* ions, such as the interest of incorporating laser active ionsZn-doped
Cr3*+:LIiCAF andCr3*:LiSAF [5], and in obtaining red light LiNbOs.
for high-brightness displays. In this work we report on continuous-wave laser action at

The fluorescent chann®fs;, — #1132 of Nd*" ions pro- 1.3 pum in the systenLiNbO3z:Nd(ZnO) for the first time to
vides a way of realising solid-state infrared lasers emittingur knowledge. Further, the laser oscillation obtained is effi-
in the rangel.30-1.45um which, in addition, can be effi- cient and stable at room temperature.
ciently diode-pumped, leading to compact, miniaturised, and In addition, because of the high non-linear coefficient of
even microchip laser systems. Furthermore, this laser radi&iNbOs (5.6 pm/V), it emerges as a promising laser material
tion can be intracavity frequency-doubled to obtain red radifor both bulk and waveguide devices operatinga® nmby
ation aroundb50-690 nm self-frequency-doubling its fundamental linelad um.

LiNbO3 is a material of greatest technological interest
for integrated optics. Due to its optical and electro-optic
properties, a great number of optical processes can be pelr- Crystal growth
formed on its basis and optical impurities such as rare-earth
and transition-metal ions useful for photonic devices can bgVe have grownLiNbO3:Nd**(ZnO) single crystals by

incorporated [6, 7]. the Czochralski method, addir@5 mol. % of Nd,Os; and
8 mol. % of ZnOto the congruent melt, using a mass deriva-
* Corresponding author. tive signal as a feedback signal on the growth temperature to

(Fax: +34-9397-8579, E-mail: Jose.Garcia_sole@uam.es) grow at constant diameter. We cut sample crystals in different
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orientations. All of them were polished to laser quality. The The Judd—Ofelt parameters reported above have been

Nd®+ concentration was measured by X-ray fluorescenceaused to calibrate the room-temperature emission spectra in

Nd** concentration was found to b3 x 10ions/cm®.  cross-section units [16, 17]. The emission cross section spec-

The crystals obtained were of high optical quality. tra are displayed in Fig. 1. Cross section peaks are located
at 13736 nm for = (E || optical axis) polarisationog,, =
5.48 x 10-2°cm?) and at1386 nmfor o (E L optical axis)

2 Optical properties polarisation ¢Z,, = 2.06 x 10-2°cn).

In this section both the emission cross sectiag,f and the
excited-state absorption cross sectiogsp) are calculated in - 2 2 Excited-state absorption cross section
order to estimate the effective emission cross sectigp) (

defined as For excited-state absorption (ESA) measurements a specially

ot = G — O 1) designed set-up was used. In this set-up, the sample was
eff = 9em™ COESA- pumped with a Laser Analytical Systems dye laser (LSD
All the experiments were carried out at room temperature. 867 dye) pumped by a pulsed frequency-douthetlYAG
laser from BM Industries8&-nspulses). The dye laser cavity
o . was designed so that the spectral composition of the out-
2.1 Emission cross section put beam consisted of a low-intensity broad band (amplified
, i i fluorescence of the dy&40-885nn) and a high-intensity
Polarised absorption spect@)0-900 nm) were firstrecorded  monochromatic radiation (due to the laser oscillation in the
in order to identify the main transitions and to calculate thecavity 0.04cnt! resolution, adjusted in th@40-885nm
radiative lifetime and théFs/> — *l13» branching ratio. For - range). This beam was sent through a hydrogen Raman shifter
this purpose the Judd-Ofelt formalism [12, 13] was used, agstokes 14155 cnt! Raman shift). Because of the low in-
previously reported folLiNbO3:MgO [14,15]. Absorption  tensity of broad band, only the monochromatic compon-
spectra were recorded by using a Hitachi U3501 double-beaght s shifted. The Raman shifter transforms the monochro-
spectrophotometer. _ matic infrared radiation in tunable radiatioh296-1400 nm
l—g‘e Judd-Ofelt parameters obtained a =35x  range). The broad-band radiation is used to populatéfge
10-2%cn?, 24 =3.8x 10 ?°cn? and26 =4.5x 10%°cn?.  metastable state ®fd>+ ions. The monochromatic (tunable)
These values are similar to those obtained in previougdiation was used to produce ESA from fh.-%/z state to-
Xvorks forNd** dopedLiNbOs andLiNbO3:MgO [15]. The  \yards the*G;, upper state, leading to a fluorescence at
Fzo — 4I13/2 branching ratio has been calculated to be 0.09g00 nmoriginated from tth7/2 state.

The estimated radiative lifetime of the metastable Iéfgla Figure 2 shows the polarised excited-state absorption
is 110ps and the quantum efficiency is almost one, as previqs,q,) spectra in thd 290-1400 nnrange, calibrated in cross
ously reported foNd*":LiNbO3:MgO [15]. section units.

The *F3/2 — *l132 spectrum was measured by exciting  ESA cross sections at the laser peak€ed8 x 10-2 crr?
the sample a800 nmwith an argon-pumpetii:sapphire laser gt 13736 nm for = polarisation and0.03x 10~2°cn? at
(Spectra Physics 3900). The light emitted by the samplg386 nmfor o polarisation.
was then dispersed byle5-m-length monochromato0(5 M By using expression (1), it is now possible to calculate the
SPEX), and finally detected by a calibrated germanium desffective cross sections, giving:
tector (Newport 818 R). The polarisation state of the emitted

light was analysed by a Calcite polariser. 07(13736 nm) = 5.05x 10-2% e
0%;(1386 nm = 2.03x 10 2%¢cn?.
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Fig. 1. Polarised emission cross section spectra. An energy level scheme &ig. 2. Polarised ESA cross section spectra. An energy level scheme of the
the relevant states is shown asiaset The main transitions are labelled relevant states is shown as erset The main transitions are labelled and
and indicated byarrows indicated byarrows
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These values are about 5 times lower than those corres- e
ponding to the*Fs, — %1112 laser channel [9]. This dif- ] ¢ T7 10/"
ference is mainly due to the different branching ratios forg |+ T=3%
these two channels (0.45 and 0.09 fé#, — %112, and E
4F3/2 — “%l13/2 channels, respectively) and also because thgﬁ
F3/2 — I13/2 channel displays broader spectral lines thané
the “F3/2 — %l11/2 channel. Since laser threshold is propor-3 ]
tional to the inverse ofs, One expects absorbed pump power®-
thresholds 5 times higher for laser actionla® um than for
laser action a1.08 um.
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For laser experiments we cutlax 1 x 1 cmcube sample and 90
polished it to laser quality. Laser oscillation in this sample 1 = T=1%
could be achieved along and perpendicular to the optical axi o T=3%
We used a quasi-hemispherical cavity consisting of a neag °1
flat input mirror @00-cm radius of curvature) and A0-cm . 60
radius-of-curvature output coupler. This cavity was endi ]
pumped with a TEMy mode from a tunable argon-pumped 5 o
Ti:sapphire laser &08 nm o 407 //
The pump wag polarised in all cases, since this polarlsa 30 i

W

tion is free from walk-off. Furthermore, it is well known that = 20
. . . . . =2
in LINbO3 photorefractive damage is less important when ind 10
cident radiation is ordinarily polarised. L
i i - O_ T T r T T T T T T T T T M T T T
Pump was focused into the sample by a siriglem fo T 10 1m0 0 2o a0 o amo

cal lens. We used two different output couplers of trans;mit-b ED PUMP POWER (m
tancesT = 1% andT = 3% at1.3um. The crystal was placed ABSORBED P (mW)
close to the input (flat) mirror, where the laser beam waiskig. 3a,b. Laser power versus absorbed pump power when laser along
is formed, then providing a lower pump threshold. The cav< axis @), and laser perpendicular toaxis ()
ity length was adjusted t8.8 cm No antireflection coatings
were used on the laser crystal.

Figure 3 shows the experimental laser curves obtainehble 1. Threshold of absorbed pump poweR) and laser slope effi-
when the sample is pumped along thexis (Fig. 3a) and ciency () for the two output coupler transmittanceE’ peing the effective

- - - - transmittance, as described in the text)

those obtained when pumping perpendicular to ¢haxis

(Fig. 3b). In both cases stable laser operation ardug@dm T T P /W n /%
was obtained at room temperature. The absorbed pump power Along Perpendicular Along  Perpendicular
thresholds and the laser slope efficiencies obtained from c axis toc axis c axis toc axis
Fig. 3 are listed in Table 1 for the two different output coupler

i 0.01 0.0046 0.150 0.115 11.9 335
transmittances. 0.03 0.014 0.310 0.210 115 30

Itis important to remark here that the laser wavelength de-
pends on the relative orientation between the pump and the
c axis. When laser radiation propagates alongcthgis, only
o-polarised light is contributing to laser gain. In this orienta-relatively close values obtained for both geometries roughly
tion, the laser wavelength corresponds to thatafmission indicate that photorefractive damage induced by ordinary or
peak cross sectionl886 nm from Fig. 1). On the other extraordinary polarised radiation propagating inside the crys-
hand, when lasing perpendicularly to thexis, botho- and  tal can be considered negligible.
m-polarised laser lines can in principle oscillate. The expected Finally, the results of Fig. 3 were also used to estimate the
laser wavelength corresponds to the highest emission peaffective emission cross section of bath and z-polarised
cross sectiond or 7). Thus, Fig. 1 predicts a laser wave- laser lines. The threshold of absorbed pump power for an end-
length 0of 13736 nmwith a -polarised character, when laser pumped four-level laser is given by [19]:
oscillation is achieved perpendicular to tbexis. Figure 4 o
shows the wavelength dependence of laser lines for both ge-  whyp (w,% + w|2> (L+T)
ometries. As can be observed, the laser wavelengths obtain&h = ) (2
are in agreement with those predicted by Fig. 1.

A measure of optical quality of the crystals, related towherev, is the pump frequencyy, andw, are the pump and
laser performance, is given by the value of the optical losselsser beam radii along the length of the crystal, respectively,
due to scattering. Using the well-known method of FindlayL are the round-trip losses; is the fluorescence lifetime,is
and Clay [18] we have estimated the factor of internal optithe fraction of absorbed photons that contribute to the popu-
cal losses due to scattering@8%cm~* and0.7%cm™*, for  lation of the4F3/2 metastable state) (= 1), oo the effective
lasing perpendicular and along theaxis, respectively. The emission cross section as defined in (1) dnds the effect-
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Fig. 4. Wavelength dependence of oscillating radiatiaiot line - lasing
perpendicularly tcc axis (r), solid line - lasing alongc axis ()

ive output coupling of the cavity, which takes into account th
absence of antireflection coatings on the crystal fatess
given by [20]:

Togo | VEVITT 2
- 1+/rA=D |~

whereT is the output coupler transmittance anthe Fresnel

reflection coefficientr(= [“;1]2 n being the refractive index

3)

in very good agreement with those predicted by spectroscopic
measurements.

4 Conclusions

In summary, we report for first time continuous-wave laser
action around..3 pm in Nd®* dopedLiNbO3(Zn0). No evi-
dence of photorefractive damage has been observed. Effective
emission cross sections Bfx 10-2°cm? and2 x 10-2°cn?
have been estimated far- and o-polarised laser radiation
by using both spectroscopic and laser gain experiments. Ab-
sorbed pump power thresholds as lowlds mWhave been
obtained in preliminary experiments. The low threshold and
low factor of optical losses makeéd®* dopedLiNbO3(ZnO)

a promising laser material aroud um with the additional
possibility of realising waveguide lasers emitting around this
wavelength.
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