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ABSTRACT

We report on frequency tripling of CW-Telecom lad@de using two cascaded PPLN ridge nonlineartaiy;sboth used
in single-pass configuration. All optical comporseased for this development are fibered, leadirggsery compact and easy
to use optical setup. We have generated up to 280@ptical power in the green range, from 800 m\Wyaidlinfrared power
around 1.54 um. This result corresponds to an alptienversion efficiency B/Pw»> 36 %. To our knowledge, this is best
value ever demonstrated up today for a CW-third baimgeneration in single-pass configuration. Thésjuency tripling
experimental setup was tested over more than tasya continuous operation, without any interropti
The compactness and the reliability of our deviakenit very suitable as a transportable opticalllagar. In particular, it
paves the way for embedded applications thanksetdigh level of long term stability of the optiedignments.

1 INTRODUCTION

Narrow linewidth and powerful continuous wave
(CW) lasers in the visible/UV spectral ranges are
widely needed for various applications such asrlase
cooling, medical diagnostics, underwater optical
communications, high resolution spectroscopy,
gravitational wave detection, earth etc. [1-7].f&0
the green range was covered mainly by dye dr Ar
lasers which have high optical power. Besides,
narrow spectral linewidths can be achieved by pre-
stabilization systems. Others sources based on
frequency doubled infrared (IR) lasers like Nd: YAG
or Yb: YAG in the vicinity of 1 um, are also used i
various configurations depending on the required
level of green power. Usually, when only few tefis o
mW green power are needed from a watt-level laser
source, a single-pass second harmonic generation
(SHG) is a convenient solution. However, SHG
efficiencies reported in the literature are limited
few percent [8]. When much higher harmonic
power is required with the same low IR optical
power, intra-cavity SHG process is commonly
used. Very impressive levels of optical conversion
efficiencies (up to 95 %) are demonstrated in
various developments [9-11]. In this case, the
increase of the doubling efficiency is associated to
a more complex setup, resulting from the
necessity to lock the optical cavity length to the
laser frequency via an electronic feedback loop.

Of course, this additional step can be avoided
when the fundamental power is sufficient. Several
watts of green power are thus reported, obtairad fr
more than ten watts of IR radiation [12, 13].

In this paper, we describe an original approach
for green radiation generation based on the freguen
tripling of a narrow laser source emitting in the C
band of Telecom range. The third harmonic
generation (THG) process is achieved using
waveguide periodically poled Lithium Niobate
(PPLN) nonlinear crystals in single-pass
configuration. From 800 mW of IR power, we
demonstrate a conversion efficiencywiPw>36%.
Our setup which does not involve any optical cavity
is based on fully fibored optical components, and
consequently leads to a compact and reliable green
laser source. The interest of the Telecom lasessri
their unprecedented intrinsic phase noise (lingwidt
<1 kHz) associated to extremely small volume (~
cnP) and fibered mode operation. Moreover, when
long term frequency stability is needed, thousasfds
intense and narrow iodine lines in the 510 nm — 521
nm green range, with high quality factor (> 2%10
[14, 15] could be used as reference in simple and
compact experimental configuration, for frequency
stabilization purpose. Besides, let us mention ithat
addition to the third harmonic radiationu§ our
device delivers the firstof) and second harmonic
radiations (2). Thereby, the whole setup acts as
generator of three powerful and coherent radiations
the IR and visible domain, and could be usefullydus
for the realization of accurate telemetry systems.



2 DESCRIPTION

CW-THG of 1.5 um lasers has been attempted in
only few cases, with very poor generated visitgétli
due to the weakness of tti@rd harmonic nonlinear
conversion efficiency [16, 17]. In early 2002, esfi
attempt to observe iodine lines with THG of a
Telecom laser has been reported, but the nanowatt
level of generated green power was not sufficient t
saturate the iodine vapor [18]. Later, a second
experiment has been tested using a combination of
SHG followed by a sum frequency generation (SFG)
[19]. The two second order nonlinear processes were
operated in a unique PPLN allowing a green power
generation at level of few tens of nW. These two
approaches of optical conversion from IR to green
range, led to an optical conversion factpr(Psw/Pw)
in the range of 18 %. The main limitation was the
difficulty to fulfill the phase matching conditiorier
SHG and SFG simultaneously, while it can be
realized much more easily using two cascaded and
independent nonlinear crystals. More recently, a
higher optical conversionn= 8% has been
demonstrated in [13] using three cascaded nonlinear
crystals associated to a high IR optical power\{25
at 1.5 pm).

In a previous, we have reported 1.5 mW of green
light generated from 0.6 W of 1.5 um amplified
Telecom laser, using two cascaded bulk PPLN
crystals, yielding to an optical conversignl0.25 %
[20]. This result was achieved by superimposing in
an 50 mm long SFG crystal, the second harmonic
beam (29 with the residual fundamental beam) (
both emerging from the same SHG crystal. The
efficiency of this “classical” approach already
demonstrated for producing UV radiation with IR
lasers (see for example [21]) is limited by the
difficulty of optimizing independently several
experimental parameters associated to the optical
beams at first and second harmonics. The most
critical of them are the overlapping between optica
beams (atoand 2v), polarization orientations, power
ratio, beam shapes, focusing in the SFG crystal, et

To overcome these limitations, we have proposed
an original optical architecture using two indepemid
Lithium Niobate nonlinear crystals [22]. In thisme
approach depicted in figure 1, the residual
fundamental IR beamdj issued from the SHG
crystal is blocked with an appropriate short-pass
optical filter. Thereby, the harmonic beanuwj2is
sent to the SFG crystal and mixed with a portion of
the IR beam ), extracted upstream the SHG
process. This architecture improves strongly the
efficiency of green generation (3 by giving the
possibility to optimize independently the
experimental parameters mentioned above. This
innovative development has been validated firstly
using a Zn doped PPLN ridge waveguide crystal for
the SHG process (PPLN1), and a free space bulk
MgO: doped PPLN crystal (PPLN2) for the SFG

process [23]. A conversion factey ~ 2.9 % was
obtained from 1 W of total IR power. We describe in
the present paper a more compact and more reliable
setup based on fully fibred Zn doped ridge waveguid
PPLN crystals.
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Fig. 1. Principle of the third harmonic
generation setup using two cascaded steps:
(o +® — 20) and @ + 20 — 3w)
EDFA = Erbium Doped Optical Fibre AmplifigPPLN1 =
optical fibered crystal for SHG operatidPPLN2= optical
fibered crystal for SFG operation, DM = Dichroicrror.

3 EXPERIMENTAL SETUP

The IR laser source used in this work is a narrow
laser diode emitting at 1542.1 nm (linewidth <1 kHz
power ~10 mW [24]) followed by an Erbium doped
optical fiber amplifier (EDFA) delivering up to 1
watt. All optical fibers involved in this work are
polarization maintaining type. This IR power is
separated in two parts : the first one (a) is deethe
second harmonic generation process (SH@ w —
2w), while the other IR part (b) is combined with the
red beam from SHG for the sum frequency operation
(SFG: w+2w - 3w). Two optically fibered Zn
doped PPLN ridge waveguide crystals manufactured
by NTT electronics are used to achieve both SHG and
SFG processes. The first one is fulfilled in ayfull
fibered crystal (in & out). The optical couplingthe
second one uses two polarization maintaining optica
fibers optimized foww and 2o radiations. The
generated @ radiation is extracted in free space way
(Fig. 2).

The SHG crystal length is 34 mm and its
transverse dimensions are 7.6 pum x 8.3 um. The
grating period i\ = 17.71 um. The phase matching
temperature set point was measured to be ~ 28r°C fo
frequency doubling of the 1542.1 nm fundamental
radiation. Concerning the SFG crystal, its lengt@2
mm and its transverse dimensions are 9.4 pm x 10.2
pm. Its grating period i\ = 6.66 um. The phase
matching temperature set point was found to be 2 15
°C at 1542.1 nm. Two homemade electronic control
devices are used to fulfill the phase matching
temperature conditions within less than 5 mK. The
setup including the laser diode, the EDFA and all
needed optical components occupies a total volume
of 4.5 liters.



The collimated output green beam exhibits a well
Gaussian shape (top inset in Fig.4) with a
polarization ratio higher than 3000:1.
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Fig. 3 shows the evolution of the output green &
power (3v) as a function of input powers@tand 2. . )
This preliminary characterization of the green = §
generation is realized with two independent EDFA’s =

used to amplify separately the two IR radiations s, S 7,
coupled to the PPLN1 and PPLN2 crystals (Fig. 1).
During these measurements, the total optical power
incident onto the SFG crystal P+ Px) was
intentionally limited to 0.55 W in order to avoid
possible optical damage. From Fig. 3, we dedude tha
the optical powers which optimize the green power
are B = 200 mW associated to,P= 330 mW.
Consequently, in the final experimental setup (€ent

inset in Fig. 4), we have implemented a 70/30 @ptic 030.) _

coupler associated to a single EDFA for both SHG .
and SFG processes to fulfill this optimal situation 025 .
Then, 290 mW maximum green power is generated at ' .

514 nm (3v) using 800 mW total IR power at(600
mW at the input (a) and 200 mW at the input (b), in
Fig. 1).
This arrangement maximizes the optical
conversion efficiencyn > 36 %. The detailed
evolution of the green harmonic power versus the s
product R X Pz, measured in this configuration is RIS iy
reported in Fig. 4. The nonlinear optical convansi 005 . ! . ; . -
of the SFG waveguide crystal is deduced td be poe e o , s e 0
Paw/ (Pw X Paw) ~ 440 %.WA. The temperature and the e
wavelength acceptances assouaged to the SFG Fig. 4. Conversion efficiency of the third harmonic
process were measured to be 1°C and 0.16 nm process
respectively. . . -
To characterize the optical efficiency of the THG —D—Irc;st';sm: Gaussian beam profile at the outpubei3FG
sefup, we have used a short-pass optical flltelne_at Center inset: Photograph of the new optical setup.
output Qf SFG crystal to block comple_tely th_e rea_lld Bottom inset: green power fluctuations measured aver
transmitted IR and red powers. This optical filter, hours.
carefully calibrated at 514 nm, introduces 13 %
optical losses in the green. Thereby, the expetiahen
data in the green reported in Fig. 3 and 4 are  The spectral purity of the green radiation after
corrected by this value. THG process has been investigated by comparison to
No more corrections have been applied to draw the green radiation generated in the previousaigyti
these figures. Concerning IR power determination, free space setup mentioned above (Sect. 2). The bea
we have used an independent optically fibered power note between both green radiations exhibits a
meter optimized for Telecom wavelengths to measure inewidth smaller than 10 kHz. The long term power
the true IR power values on the channels (a) &ib)  stability was tested during 27 hours, with a green
Fig. 1. The same procedure was applied for the red power fixed at B = 200 mW (bottom inset of Fig. 4).
power measurements with a dedicated optical filter.

Fig. 3. Evolution of the measured third harmonic
power as a function of the input optical powers at
1542 nm and 771 nm.
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The observed relative fluctuations are lower than
1% RMS. The setup has run continuously for more
than 2 years during which only the temperature
stabilization set point of the two nonlinear crysta
were adjusted. Only a slight degradation of a few
percent of the output power at 514 nm has been
observed. Fig. 5 and Fig. 6 report the dependefice o
the generated green power to the temperature
fluctuations of both PPLN1 and PPLN2 crystals
respectively. The full width at half maximum of Hee
curves is found to be 1°C for a temperature vanati
of PPLN1 and 0.9°C for a temperature variation of
PPLN2.
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Fig. 5. Sensitivity of the harmonic power a®3
to the SHG temperature variation.
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Fig. 6: Sensitivity of the harmonic power ai3
to the SFG temperature variation.

Similarly, the sensitivity to the IR wavelength
variations is shown in Fig. 7. The full width atltha
maximum of this curve is 160 pm. As it is often
reported elsewhere, experimental data deviate from
the theoretical squared sine cardinal (Jisbape and
show a strong asymmetry [20, 25-27]. This results
from inhomogeneity of the polling period or of the
geometry or the index of the guide (thermal
distribution, doping concentration inhomogeneity,
etc.) [28 - 30].
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Fig. 7. Sensitivity of the harmonic power ab3o
the IR laser wavelength variation.

4 CONCLUSION

We have demonstrated an unprecedented
efficiency in the generation of CW green radiation
from Telecom band laser source thanks to the
implementation of Zn doped PPLN ridge waveguide
crystals for both SHG and SFG processes combined
in an original architecture. An output power of
290 mW of green radiation is generated from only
800 mW of fundamental power at 1542.1 nm,
corresponding to a maximum nonlinear optical
conversionn > 36 %. Moreover, the fundamental
radiation (IR) and second harmonic radiation (iae)
also available on independent outputs of our
experimental setup. Thereby, the whole setup acts a
a generator of three powerful and coherent radiatio
in the IR and visible domain. This fully fibred ag!
setup is very compact (4.5 liters) and shows an
excellent stability of the optical alignments. Aghi
level of long-term stability of the output powersha
been demonstrated. Those features make our
experimental setup particularly suitable for achigv
transportable devices.

This intense, spectrally narrow and stable green
source could be useful for many applications in the
field of high resolution spectroscopy and atom
cooling. Moreover, the available green power alow
efficient UV radiations synthesis by additional
harmonic steps. Due to its compactness, it canteso
used in embedded devices for telemetry, satellite o
underwater communications, or by stabilization onto
molecular iodine transitions, for the realizatioh o
transportable optical clocks.
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