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Analysis of nonlinear wavelength conversion
system for a red–green–blue
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We analyze the physical processes in the nonlinear wavelength conversion stages of a recently demonstrated
red–green–blue (RGB) laser source, which generated �8 W of average power in each color. The system is based
on an infrared femtosecond mode-locked laser and contains a frequency doubler, a parametric generator, a
parametric amplifier, and two sum-frequency conversion stages. It does not require any resonant cavities, ex-
ternal laser amplifiers, or nonlinear crystals operated at elevated temperatures; therefore it appears to be
more practical than other previously demonstrated RGB laser sources. However, the optimization of the overall
system is nontrivial, because pump depletion, birefringence, and temporal walk-off in the first conversion
stages lead to spatial and temporal distortion of the interacting beams in the subsequent nonlinear conversion
stages. This leads to the interaction of spatially and temporally distorted beams in the later conversion stages.
By using a numerical simulation of the nonlinear conversion processes based on a Fourier-space method in one
temporal and two transverse spatial dimensions, we can fully take into account these effects. We analyze and
discuss the physical effects in the different conversion stages and describe the optimization of the overall sys-
tem performance. © 2006 Optical Society of America

OCIS codes: 140.4050, 190.7110.
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. INTRODUCTION
here is a demand for digital laser-projection displays,
ufficiently large to be used, e.g., in cinemas and for flight
imulators. Laser projectors have numerous advantages
ver conventional lamp projectors. The color gamut from
red–green–blue (RGB) laser source is much wider than

hat from a high-definition TV, and excellent color satura-
ion can be achieved. Additional advantages of an RGB
rojector compared to analog film rolls include fully digi-
al data recording, handling, transmission, and storage.
oreover, the large focal depth of a laser beam even al-

ows for projection onto curved surfaces.
The required projection technology already exists; an

xample is the grating light valve projector.1,2 The major
0740-3224/06/020265-11/$15.00 © 2
hallenge is the design of a suitable RGB laser source
ith high output power of �10 W per color, particularly
hen additional features such as long lifetime, stable
aintenance-free long-term operation, compactness, and

easonable price are required. An interesting approach is
o start with a single infrared laser, from which all colors
re generated in nonlinear conversion stages. Previously,
he required high infrared power for a system with sev-
ral watts per color could be produced only by supple-
enting the infrared laser with one or more amplifier

tages.3,4 The introduction of the passively mode-locked
hin disk laser,5–7 which allows generation of very high
several tens of watts) powers directly, promises a signifi-
ant advance toward commercially viable RGB sources.
006 Optical Society of America
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For a given laser wavelength, a variety of different
ombinations of nonlinear conversion stages could gener-
te the RGB beams (see Ref. 8). In practice, the viability
f a scheme depends strongly on other laser parameters,
uch as pulse duration, peak power, and beam quality.
deally, one should find the optimal conversion scheme for
iven laser parameters. However, this would be prohibi-
ively complicated because of the number of possible
chemes to be evaluated and the large number of param-
ters corresponding to multiple conversion stages in each
cheme. Furthermore, there is no well-defined optimum
n terms of technical parameters, like output power and
eam quality. The optimal scheme in an application may
epend on additional constraints, such as cost and avail-
bility of components. For these reasons we restrict our
nalysis to one particular scheme, which we have recently
emonstrated.9 Important design parameters of such a
ystem are phase-matching schemes, crystal lengths, and
ocusing parameters, which we optimized using numeri-
al methods.10 The RGB system consists of a passively
ode-locked thin disk laser, a frequency doubler, an opti-

al parametric generator (OPG), an optical parametric
mplifier (OPA), and two sum frequency generation (SFG)
tages. Compared with Ref. 9, we analyze in detail the ap-
roach based on an OPG and an OPA for the generation of
eams at 800 nm and at 1.5 �m. This makes the advan-
ages of such an RGB system even more apparent.
hanks to the short pulses and high peak power that a
ode-locked thin disk laser generates, we do not need

esonant conversion stages, and with the exception of the
PG, all of the crystals are critically phase matched and
perated at room temperature. The now temperature-
tabilized crystal in the OPG stage can be replaced with a
agnesium-doped crystal operated at room temperature,

s we have recently shown.11 Our analysis of the RGB
ystem is based both on the mentioned experimental re-
ults and on an advanced numerical model10 that allows
he simulation of the nonlinear conversion processes.

This article is organized as follows. In Section 2, we de-
cribe in more detail (compared with Ref. 9) the experi-
ental setup of the Yb:YAG thin disk laser, which deliv-

rs a record-high average power of nearly 80 W in 780 fs
ulses. In Section 3, we discuss the experimental and
imulation results for the second-harmonic-generation
tage. The advantages of a setup with an OPG and a sub-
equent OPA and its performance details are addressed in

ig. 1. Setup of the Yb:YAG thin disk laser for the 780 fs pulse
emiconductor saturable absorber mirror.
ection 4. The two SFG stages are discussed in Section 5.
inally, Section 6 presents a discussion of the overall sys-

em and its potential for further improvements.

. Yb:YAG THIN DISK LASER
he infrared pump power for the nonlinear conversion
tages of our RGB system is delivered by an Yb:YAG thin
isk laser12 that is passively mode locked with a semicon-
uctor saturable absorber mirror (SESAM).13,14 This laser
s a modified version of the laser described in Ref. 6, with
igher average output power and higher pulse repetition
ate. Figure 1 shows the cavity setup. The required group
elay dispersion (GDD) for soliton mode locking15,16 is in-
roduced by 11 Gires–Tournois interferometer-type dis-
ersive mirrors,17 generating a total GDD of −12100 fs2

er round trip. The 1.5 mm thick Brewster plate is used
o increase the Kerr nonlinearity and to enforce a linear
aser polarization. We obtain self-starting stable mode
ocking with an average output power of 79 W (with a
ump power of 360 W) in pulses of 780 fs duration at a
enter wavelength of 1030 nm (Fig. 2). The transmission
f the output coupler is 8.5%. The pulse repetition rate is
7 MHz, leading to an output pulse energy of 1.39 �J and
peak power as high as 1.57 MW. With a spectral band-
idth of 1.67 nm, the time-bandwidth product is 0.37,

spherically curved mirror; HR, high reflective mirror; SESAM,

ig. 2. Measured optical spectrum and autocorrelation trace
inset) of the 780 fs pulses obtained from the thin disk Yb:YAG
aser at 79 W average output power. The dashed curves, repre-
enting sech2 fits, overlap the data well.
s. M1,
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hich is slightly larger than the ideal time-bandwidth
roduct for soliton pulses (0.315). All pulse lengths and
pectral widths are given as FWHM and the time-
andwidth products are based on these measures.

. SECOND-HARMONIC GENERATION
he first nonlinear conversion stage in the RGB system is
second-harmonic generator, which converts part of the

undamental 1030 nm light into green light at 515 nm. As
he green wave first serves as pump for the OPA and then
he residual light is used for the display, a high power is
mportant. In addition, because the residual 1030 nm
ight is used as pump wave for further conversion stages,
t is essential to retain a good beam quality as well as suf-
cient power in this beam, too.

. Experiment
he second harmonic is generated in a 5 mm long
ntireflection-coated LiB3O5 (LBO) crystal, as shown in
ig. 3. LBO is an attractive nonlinear material with ver-
atile phase-matching options and the potential for high-
ower operation. We use a critical phase-matching
cheme of Type I (oo-e) at room temperature with a phase-
atching angle of �pm=13.77° and a nonlinear coefficient

f d31=0.85 pm/V18,19 (using the notation of Roberts20).
or the phase-matching scheme with the propagation di-
ection in the XY plane, the effective nonlinearity is deff
d31 cos��pm�=0.827 pm/V, and the walk-off angle for the
econd-harmonic wave is �=8.29 mrad. The pump beam
as focused to a spot with a beam waist of �130 �m ra-
ius. If not indicated otherwise, all beam radii correspond

ig. 3. Experimental setup of the RGB source. BS, beam splitte
ion; OPA, optical parametric amplification; SFG, sum-frequency
or clarity they are shown with some spatial separation.
o 1/e2 intensity radii. With the crystal in the beam waist,
e obtained up to 48 W of average power at 515 nm, cor-

esponding to a conversion efficiency of 61%. However,
his conversion efficiency is too high for our RGB scheme,
hich also uses the transmitted fundamental radiation in

he following conversion stages. Therefore, during the
GB experiment, we intentionally moved the SHG crystal
omewhat out of the beam focus to a position with pump
adius �150 �m so as to obtain 45.6 W in the green beam
nd 30.3 W residual power at 1030 nm. At this power
evel, the pump intensity in the LBO crystal was
.4 GW/cm2, which still is below the damage threshold of
BO for femtosecond pulse durations. [All other LBO
rystals run a lower risk of damage since they are oper-
ted with smaller intensities and (mostly) with longer
avelengths.] The beam quality of the green wave is close

o the diffraction limit with an M2 value of 1.1, where a
nife-edge method was used for the measurement.

. Simulation and Discussion
e simulated the nonlinear interaction in the SHG stage

sing a numerical model. The model has been previously
escribed,10,21 so we review it only briefly here. Propaga-
ion with diffraction is handled by decomposing the
eams in monochromatic plane-wave components. By tak-
ng into account the direction dependence of the refractive
ndex of the plane-wave components in a birefringent
rystal, birefringence effects such as spatial walk-off and
nisotropic diffraction are included. With the exception of
ropagation along the optical axes in biaxial crystals, the
odel can handle arbitrary propagation directions. Fur-

hermore, by including the wavelength dependence of the

, second-harmonic generation; OPG, optical parametric genera-
tion. All beams are collinear in the nonlinear crystals, although
r; SHG
genera
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efractive index (e.g., by Sellmeier equations), dispersion
s also handled exactly. The coupled differential equations
or the interacting beams can be solved either directly in
patial and temporal frequency space or by a split-step
ethod. The latter method requires less memory, but in

he present work we used the frequency-space method,
ecause we had no problem with memory constraints.
Although the model works with equations for the enve-

opes, it does not rely on the slowly varying envelope ap-
roximation. The program calculates the spatial evolution
f the amplitude of each spectral and angular component.
he essential approximation is that the spectral ampli-
udes vary slowly compared with the optical wavelength.
ince the rate of change of these amplitudes is deter-
ined by the gain coefficient, which is on the order of a

ew inverse millimeters, this approximation is well satis-
ed even in high gain OPAs.22 The absence of the slowly
arying envelope approximation, combined with exact
ispersion, makes the model suitable even for ultrashort
ulses.
To save time and memory, one can instruct the model to

ake advantage of cylindrical symmetry or the symmetry
bout the critical plane and compute the beam ampli-
udes along a radial line or on a single half-plane, respec-
ively. In addition to the core function for propagation in
onlinear crystals, the model includes functions for free-
pace propagation, various optical components, and beam
ources. In particular, the output beams from a simula-
ion can be used as input in the simulation of a subse-
uent nonlinear conversion stage. This feature is impor-
ant in the RGB system, because some of the pump beams
re used sequentially in multiple stages, and depletion of
he beam in one stage affects the performance of subse-
uent stages.
The numerical simulations are generally in good agree-
ent with the measurements. For example, we measured

n average power of 45.6 W at 515 nm after the SHG
tage and simulated an average power of 48.5 W, result-
ng in a deviation of �6%. Figure 4 shows beam quality
nd conversion efficiency for increasing fundamental

ig. 4. Simulated beam quality of the second-harmonic wave at
15 nm and of the transmitted pump wave at 1030 nm in the fre-
uency doubler. The data points correspond to different pump
owers in the range of 30–300 W, and the beam quality is plot-
ed versus the conversion efficiency. The M2 factor of the 515 nm
ave stays well below 1.1, even for very high conversion

fficiencies.
ower. The quality of the generated second-harmonic
ave remains good even for very high conversion efficien-

ies, e.g., the simulation yields M2�1.1 even for 84% con-
ersion efficiency. On the other hand, owing to pump
epletion, the M2 factor of the residual pump wave in-
reases for increasing conversion efficiency. In an experi-
ental situation, one would rather increase the crystal

ength than the pump power in order to avoid crystal
amage. Nevertheless, this simulation shows that good
eam quality can be obtained with high conversion effi-
iency. For such a situation, simulations predict that a
onversion efficiency of 86% could be obtained by using a
onger �12 mm� LBO crystal with the same pump inten-
ity as used for the RGB experiment. While the generated
reen wave still shows an M2 factor of 1.04 at a conver-
ion efficiency of 86%, the beam quality of the pump beam
as already deteriorated. For the experimental condi-
ions, good beam quality for both the second-harmonic
ave and the residual pump is expected. As a result of
ump depletion and temporal walk-off, the pulse dura-
ions of the second-harmonic wave and the transmitted
ump beam increase for increasing conversion efficiency.
or the 5 mm long LBO crystal used in the experiment,

he spatial walk-off is more important than the temporal
alk-off. The amount of generated green power is crucial

or the following OPG–OPA stage, as it serves as the
ump power for the amplifier stage. At the same time,
owever, we also need sufficient power at 1030 nm for the
PG and the subsequent sum-frequency stages.

. OPTICAL PARAMETRIC GENERATOR
ND OPTICAL PARAMETRIC
MPLIFIER
e have chosen the approach of an OPG and a subse-

uent OPA to generate waves with multiwatt average
ower at 800 nm and at 1.5 �m required for the following
FG stages. As we will show, this approach solves several
roblems encountered for high power levels.

. Experiment
he OPG stage generates a seed beam at 1448 nm and an

dler beam at 3568 nm and is based on a periodically
oled stoichiometric LiTaO3 (PPSLT) crystal.23 This ma-
erial is very attractive for high-power parametric pro-
esses because of its high nonlinearity and its high pho-
orefractive damage resistance. The OPA stage, based on
BO, boosts the power at 1448 nm to the multiwatt level
nd at the same time creates an idler wave at 799 nm.
he two-stage approach allows for a nearly diffraction-

imited beam quality of signal and idler waves, because
he power amplifier stage is operated with a lower gain
energy gain of �8 dB) so that gain guiding is less impor-
ant.

We pump the OPG stage with a fraction of the residual
030 nm light from the SHG. The uncoated PPSLT crys-
al of the OPG stage has a length of 17.5 mm and a thick-
ess of 1 mm, and the width of the periodically poled re-
ion is �2.5 mm. In the current system it is operated in a
emperature-stabilized oven at 150°C to avoid photore-
ractive damage, but recently we have demonstrated
table room-temperature OPG operation in MgO-doped
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LT with high average power,11 which would allow room-
emperature operation in a future RGB system.

The generated wavelengths of the OPG are determined
y the poling period and the operation temperature of the
rystal. The crystal we use has a poling period of 29 �m,
hich leads to phase-matched wavelengths of 1448 nm

or the signal and 3568 nm for the idler at the operation
emperature of 150 °C. Using a reported Sellmeier
quation,24 the dependence of the signal wavelength on
emperature is �0.23 nm/K and on the grating period
69 nm/�m in our regime of operation. A change of 1 nm

n the signal wavelength of the OPG would thus require a
hange of the crystal temperature by �4 K. However, this
hange in the signal wavelength would only lead to a
avelength change of �0.2 nm in the red output and
0.1 nm in the blue output. We use the PPSLT crystal in
double-pass configuration to obtain sufficient paramet-

ic gain without reaching the threshold for optical dam-
ge. After a first pass through the crystal, the pump and
ignal waves are reimaged with a curved mirror into the
rystal for a second pass. The idler wave and some para-
itic green light arising from higher-order phase-matched
econd-harmonic generation are eliminated after the first
ass through the OPG crystal. Finally, the signal wave is
eparated from the pump with a dichroic mirror. The non-

ig. 5. Measured optical spectrum and autocorrelation trace
inset) from the OPG at 1.6 W of signal average power.

ig. 6. Measured optical spectrum (bottom) and autocorrelation
top) trace of the signal (a) and idler (b) wave of the OPA.
inear coefficient of the PPSLT crystal is estimated to be
.2 pm/V (see Subsection 4.B). Fresnel reflections on the
ncoated crystal faces introduce relatively large losses of
13% per surface, which could be drastically reduced
ith an antireflection coating. The pump waist in the
onlinear crystal is 22 �m, which leads to an internal
ump peak intensity of 11.6 GW/cm2, calculated with the
imulated pump pulse duration of 1180 fs for the residual
030 nm wave after the SHG stage, for 7.7 W of pump
ower incident on the crystal. At this intensity, the OPG
uns stably without crystal damage and generates 1.6 W
f average power at 1448 nm. The OPG threshold was at
.4 W of pump power incident on the crystal. The mea-
ured intensity autocorrelation and the optical spectrum
t a signal average power of 1.6 W are shown in Fig. 5.
he intensity autocorrelation shows signs of strong tem-
oral pulse distortion (see Subsection 4.B). Despite this
emporal pulse distortion, we roughly estimated the
WHM pulse duration of the signal to �1.4 ps (for a sech2

t).
The parametric amplifier stage is based on a 10 mm

ong LBO crystal that is critically phase matched at room
emperature. The LBO crystal in the OPA is pumped with
he green beam from the SHG. The beam waist of the
15 nm wave in the antireflection-coated LBO crystal is
25 �m and the signal waist 210 �m. The antireflection
oating (AR) of the LBO introduces relatively large reflec-
ion losses of 1% at 515 nm, 2% at 799 nm, and 4.2% at
448 nm, which could be reduced with better coatings.
hase matching is achieved with a Type I scheme (oo-e in

he XY plane) at room temperature with a phase-
atching angle of �pm=11.85° and a nonlinear coefficient

f d31=0.85 pm/V. The effective nonlinearity is
.83 pm/V, and the walk-off angle of the pump wave is
=7.21 mrad. The peak intensity of the pump wave in the
BO crystal for a pump power of 42.4 W is calculated to
e 3.9 GW/cm2, without pump depletion and for a simu-
ated duration of the green pump pulses of 680 fs. We ob-
ained up to 7 W of signal power at 1448 nm and 11.9 W
f idler power at 799 nm. The internal conversion effi-
iency from pump to signal and idler wave combined is
7%. The measured pulse durations for signal and idler
re 1.2 and 0.7 ps, respectively (see Fig. 6). The beam
uality of the idler is close to the diffraction limit, with a
easured M2 factor of 1.2. The residual 23 W of green

ight is separated from the signal and idler wavelengths
nd used as first output of the RGB system. The beam
uality of the 515 nm output is still fairly good, with an

2 factor of 1.9. The degradation of the spatial beam
uality of the 515 nm light is caused by pump depletion in
he OPA stage.

. Simulation and Discussion
or the generation of wavelengths in the blue and red
pectral regions with the process of SFG with the funda-
ental wave at 1030 nm, beams at 800 nm and 1.5 �m
ith high average power and good beam quality are re-
uired. Optical parametric oscillators (OPOs) are often
sed to generate beams in the 1.5 �m spectral region.
owever, a disadvantage is the required synchronization

f the OPO cavity with the laser cavity, which for long-
erm stable operation in the femtosecond regime often re-
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uires a feedback stabilization scheme, would make the
GB setup more complex. Such additional complexity is
voided with the use of an OPG. However, OPGs require a
igh parametric gain and thus high intensities in the
onlinear crystal. Therefore OPGs are typically pumped
ith amplified laser sources that operate at kilohertz rep-
tition rates and thus are not suitable for most laser dis-
lays. An OPG directly pumped with a mode-locked laser
t a multimegahertz repetition rate was demonstrated for
he first time in 2001 with femtosecond pulses from a pas-
ively mode-locked thin disk laser.25,26 Somewhat later,
imilar experiments were performed with higher average
ower in picosecond pulses.27

Although the necessary pump power is now directly
vailable from lasers, the generation of high power
00 nm and 1.5 �m beams in a single OPG stage is not
ractical. First, it has been recognized that the combina-
ion of high parametric gain, high output power and good
onversion efficiency is subject to severe limitations that
re related to gain guiding.21 Second, generating these
avelengths in an OPG would require a green pump
eam, and crystals with gain high enough for the OPG,
uch as lithium tantalate, would be susceptible to optical
amage from a high-power green beam. By combining a
�m pumped OPG stage of lower output power with a

15 nm pumped high-power OPA with moderate gain
ased on LBO, we have evaded all the above-mentioned
imitations. Note that the conversion efficiency of the
PG is not very important, since the OPA can cope with

imited signal pulse energy.

ig. 7. Simulated instantaneous power (top) and near-field fluen
urve) and after (solid curve) the OPA for a perfect Gaussian see
istorted signal wave (b) is improved during the amplification pr
We investigated the OPG process further using the
ame numerical simulation model10 as in Section 3. The
odel uses signal and idler inputs with numerically gen-

rated fluctuations to simulate the quantum noise, from
hich the OPG starts. The group velocity mismatch

GVM) automatically enters the model by using the Sell-
eier equations of Ref. 24 to calculate the wavelength de-

endence of the refractive index. The measured OPG
hreshold is consistent with a nonlinearity of 8.2 pm/V in
he simulations, which seems to be a reasonable value.
ote that we are using a double-pass configuration,
here pump and signal beams are reflected back into the

rystal with a curved mirror. We found that a significantly
igher conversion efficiency would in principle be possible
or pumping further above threshold, but even if damage
ould be avoided in this regime, problems would arise
rom pulse breakup; for high pump powers, an additional
ulse behind the main pulse is generated [dashed curve in
ig. 7(b), top graph]. This explains the roughly triangular
hape of the autocorrelation (Fig. 5) for the highest output
owers. The distorted pulse is a result of pump depletion,
VM, and (at the highest powers) backconversion. The

emporal walk-off between signal and idler in a single
ass through the OPG crystal is �12�2.2 ps, which is
onger than the signal pulse. The generation of such a
hort signal pulse can be explained by temporal gain
uiding by the short pump pulse. In the frequency do-
ain, the large temporal walk-off corresponds to a phase-
atching bandwidth �v�0.89/�12�400 GHz, or �2.8 nm

where the constant 0.89 is explained in Ref. 28), which is

) in the critical plane (bottom) of the signal pulse before (dashed
(a) and a simulated OPG signal (b). The temporal profile of the
ce (nff
d beam
ocess.
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elow the width of the signal spectrum. However, it must
e noted that this definition of phase-matching band-
idth is meaningful only in a low-gain situation, where

he signal amplitudes do not change much during the pas-
age through the crystal. In a high-gain situation, the
ain increases the tolerance to phase mismatch, and con-
equently the effective bandwidth.

We also used the numerical model to investigate how to
ptimize the performance of the OPA. The pump power at
15 nm is an important parameter for increasing the av-
rage power of the generated signal and idler waves.
ore pump power results in higher average power of both

he signal and idler wave (Fig. 8, top graph). The beam
uality of the signal wave is slightly improved for higher
ump powers, whereas the beam quality of the residual
ump is reduced owing to pump depletion (Fig. 8, bottom
raph). The duration of the signal pulse decreases for in-
reasing pump power, whereas pump depletion causes the
ransmitted pump-pulse duration to increase. As the
aturation of the amplifier is significant, the output pow-
rs of signal and idler waves can be increased only
lightly for higher seed average power.

It might seem beneficial to use a longer nonlinear crys-
al to improve the conversion efficiency, but owing to spa-
ial walk-off the signal and idler powers are reduced for
rystals longer than 10 mm, with the beam radii opti-
ized for each crystal length. Better conversion could be

btained with a walk-off-compensated setup, in which a
econd crystal is oriented so as to compensate the walk-off

ig. 8. Numerical simulations of the output power (top) and the
eam quality (bottom) of the OPA as a function of the 515 nm
ump power.
rom the first crystal. For example, with two 5 mm long
BO crystals in a walk-off-compensating setup instead of
ne 10 mm long crystal and with similar beam radii, the
utput powers of the signal and idler wave would be in-
reased by 12% and 11%, respectively. However, higher
onversion efficiency in the amplifier would result in an
8% increased M2 value of the residual pump beam, ow-

ng to enhanced pump depletion. We did not use a shorter
rystal, because the pump radius would then have to be
maller, and this would result in a higher pump intensity,
ncreasing the risk of damage. In addition, stronger focus-
ng in the 10 mm crystal also will not improve the effi-
iency, because of backconversion and spatial walk-off.

The amplification process smoothes the temporal pulse
hape of the input signal pulse. Figure 7 shows a simula-
ion of the temporal (Fig. 7, upper graphs) and spatial
Fig. 7, lower graphs) pulse shapes of the signal wave be-
ore (dashed curve) and after (solid curve) the OPA. In
ach simulation, we used the pump pulses at 515 nm
riginating from the SHG simulations. In the graphs on
he left in Fig. 7 the seed pulse is assumed to have a per-
ect Gaussian spatial shape and a sech2-shaped temporal
rofile, whereas in the graphs on the right the simulated
ignal output pulse from the OPG stage was used as seed
ulse. The ideal pulse was chosen such that it had the
ame pulse energy and FWHM pulse duration as the
imulated OPG signal pulse. The improvement of the
emporal shape of the OPG signal pulse can clearly be
een. The signal output power of the OPA for an ideal seed
eam would, however, be 10% higher than with the real
emporally distorted beam from the OPG. The simulated
ptical spectrum [Fig. 9(b)] of the green output of the
GB system is quite similar to the measured optical spec-

rum [Fig. 9(c)]. The shoulders in the optical spectrum of
he green output are caused by pump depletion, which im-
oses fast temporal variation on the pump beam, result-
ng in a broader spectrum. The simulated optical spec-
rum of the pump pulse entering the OPA stage does not
et show such shoulders [Fig. 9(a)]. The temporal walk-off
etween signal and idler in the OPA is only 175 fs, corre-
ponding to a phase-matching bandwidth of 5 THz, so
his does not limit the amplified spectrum.

Note that the power losses at the imperfect antireflec-
ion (AR) coatings (see above) are significant. Assuming
hat we could obtain LBO crystals with only 1% reflectiv-

ig. 9. Simulated optical spectrum of the pump beam at 515 nm
a) before and (b) after the amplification process in the OPA
tage. (c) Measured optical spectrum of the 515 nm output of the
GB system (i.e., after the OPA). The shoulders in the optical
pectrum are caused by pump depletion.
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ty per surface for all wavelengths, simulations suggest
hat we would obtain 5% higher signal and 3% higher
dler powers, namely, 9.6 W at 1448 nm and 14.5 W at
99 nm. Because the amount of signal and idler power is
rucial for the following SFG stages, this would signifi-
antly increase the power of the generated red and blue
eams.

. SUM-FREQUENCY GENERATION
he wavelengths in the blue and the red spectral regions
re generated in two subsequent SFG stages, where we
ix the idler and signal waves from the OPA with the re-

idual 22.6 W of 1030 nm light from the frequency dou-
ler. The two SFG stages are based on two antireflection-
oated LBO crystals, both critically phase matched at
oom temperature.

. Experiment
he first SFG crystal is 10 mm long and mixes the
99 nm wave with the 1030 nm beam to generate the blue
olor at a wavelength of 450 nm (Fig. 10, right graph).
he beam radii in the waist of the 1030 nm wave and the

dler beam from the OPA are 205 �m. Phase matching in
he first SFG stage is achieved with a Type I scheme (oo-e
n the XY plane) with a phase-matching angle of �pm
22.46° and a nonlinear coefficient of d31=0.85 pm/V.
he effective nonlinearity is 0.79 pm/V, and the walk-off
ngle of the blue beam is �=12.9 mrad. The AR coating of
his LBO crystal again introduces relatively large reflec-
ion losses per surface of 1.2% at 1030 nm, 1.8% at
99 nm, 4% at 450 nm, and 3% at 1448 nm. The second
FG crystal is 15 mm long and generates the red beam at
03 nm (Fig. 10, left graph) by mixing the 1448 nm wave
ith the remaining 1030 nm light. Phase-matching in the
BO crystal is obtained with a Type I scheme (oo-e) with
rather small phase-matching angle �pm=0.6°, i.e., close

o a noncritically phase-matched configuration, where the
patial walk-off is also small ��=365 �rad�. The effective
onlinear coefficient is 0.85 pm/V. The beam radii of the
030 nm input wave and the 1448 nm wave are both
05 �m in the waist. Because of the small spatial walk-
ff, we can use a tighter beam waist than in the first SFG
tage. The reflection losses in the AR coating of this LBO

ig. 10. Measured optical spectra of the 603 nm red and 450 nm
lue outputs of the RGB system.
rystal are 1.8% at 1030 nm, 1% at 603 nm, and 3.5% at
448 nm. The peak intensity of the pump waves in those
wo LBO crystals is well below 1 GW/cm2.

The generated blue beam at 450 nm has an average
ower of 10.1 W, and the beam quality is close to the dif-
raction limit, with M2=1.1. The average power of the red
eam at 603 nm is 8 W, again in a nearly diffraction-
imited beam with M2=1.1.

. Simulation and Discussion
he following discussion is based on qualitative consider-
tions, numerical simulations (based on the same numeri-
al code as described above), and experimental experi-
nce, which is in good agreement with the simulations.

The order of the two SFG stages (first for blue, then for
ed) is dictated by phase-matching considerations: The
FG for generation of red light is close to being noncriti-
ally phase matched, i.e., with a very small spatial walk-
ff, which allows strong focusing and thus reasonable ef-
ciency even with a low power in the residual 1030 nm

ight. On the other hand, the SFG stage for the generation
f blue light has a large spatial walk-off, which prevents
trong focusing and thus requires a higher 1030 nm input
ower. However, the available amount of pump power at
99 nm is smaller (�12 W incident) and thus more limit-
ng than the power at 1030 nm. The beam quality of the
50 nm wave remains good for increasing pump powers of
oth pump wavelengths, and the beam quality of the re-
idual 1030 nm pump wave degrades only slightly. In con-
rast to this, the effect of pump depletion for the 799 nm
ave is much stronger. However, this is no problem since

he residual of the 799 nm pump wave is not used. The
ulse length of the blue beam is relatively insensitive to
he amount of pump power at 799 and 1030 nm.

Simulations show that higher conversion efficiency to
he blue beam could be obtained with a shorter crystal
nd smaller beam radii. For example, the use of a 5 mm
ong LBO crystal with a pump radius of 91 �m for the
030 nm wave and a pump radius of 103 �m for the
99 nm wave would increase the amount of blue power by
0%, mainly because the influence of the GVM is reduced.
ote that because of the short blue wavelength the GVM

s much larger in the first SFG stage compared with that
n the infrared conversion stages. For a length of 10 mm,
he total temporal walk-off between 1030 nm pump and
he blue wave is 944 fs, which is almost the width of the
ump pulse, which is simulated to be 1180 fs. The effect
f the spatial walk-off, on the other hand, is not reduced
or a shorter crystal, because stronger focusing is re-
uired. The simulations show signs of partial backconver-
ion to the residual pump waves on the beam axis, but the
eam quality of the generated blue beam is not yet nega-
ively influenced.

Simulations for the experimental situation with im-
roved AR coatings (with an assumed reflectivity of 1%
er surface for all wavelengths) result in 26% higher
ower of the blue beam. With a shorter (4 mm long) crys-
al and optimized mode areas, even 51% higher average
ower at 450 nm could be obtained. The blue average
ower would in this case be 18.9 W with a still good M2

alue of 1.15.
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We now discuss the second SFG stage, i.e., the one for
he generation of red light. Increasing the power of either
ump beam separately does not increase the red output
ignificantly. This indicates that the SFG process is
trongly saturated, in spite of about 10 W of transmitted
ower at 1030 nm. The reason for this is that the
030 nm pulse after the blue SFG stage is much longer
han the 1448 nm pulse (see Fig. 11), so they don’t fully
verlap. Note that the temporal walk-off between
030 nm and 1448 nm is only 13 fs in 15 mm, so that it is
ot possible to obtain a high conversion efficiency. On the
ther hand, the effect of spatial walk-off is negligible in
his stage.

Assuming better AR coatings with 1% reflection loss
er surface for all LBO crystals and mode radii optimized
or this situation, we would expect from simulations to ob-
ain �10 W instead of 8.1 W in the red beam. Here, the
imulated signal power from the OPA (also with opti-
ized AR coatings) is 9.3 W, and the remaining power at

030 nm for the red SFG stage is 15.2 W. The LBO crys-
al would have to be 12 mm long, and the pump radii re-
uired are 174 �m for 1030 and 1448 nm.
As the second SFG stage suffers from the temporal dis-

ortion of the 1030 nm light in the first SFG stage, one
ight consider using the two SFG stages in a parallel

etup; i.e., with a beam splitter, to provide each SFG stage
ith a fraction of the total power of the original 1030 nm
eam. Simulations showed that similar output powers in
he red and blue could be obtained with such a configura-
ion but with somewhat-deteriorated beam quality of the
lue beam, because stronger focusing is required in the
lue SFG stage, so that the spatial walk-off becomes more
mportant. Moreover, one would need an additional ad-
ustable delay line.

The wavelength of the red output is a bit shorter than
hat of the desired red ��620 nm� for an RGB laser
ource. This could in principle be solved with a new
PSLT crystal with a poling period for a longer signal
avelength. One constraint imposed by our system is that

he difference in photon energy between the blue and
reen colors equals the one between the green and red col-
rs. For example, one could choose a red wavelength of

ig. 11. Simulated input (solid curve) and output (dashed
urve) temporal pulse shape of the 1030 nm wave in the red SFG
tage. The dotted curve corresponds to the temporal pulse shape
f the input 1448 nm wave, and the dashed–dotted curve corre-
ponds to the generated red beam at 603 nm.
20 nm in combination with a blue wavelength of 440 nm
y designing the poling period of the OPG for a signal
avelength of 1560 nm instead of 1448 nm. The other

onstraint in the OPG is the effect of the GVM that will
as numerical simulations show) deteriorate the conver-
ion process if the signal wavelength is shifted to
560 nm. For the original signal wavelength of 1448 nm,
he group index of the pump wave lies between the indi-
es of the signal and idler waves. This situation has been
hown29 to be ideal for the conversion efficiency. In con-
rast, a situation with signal and idler waves both propa-
ating faster or slower than the pump wave will result in
tronger saturation of the parametric gain. This exactly
ill be the case for a signal wavelength shifted to
1520 nm, as then the group index of the pump wave will

e higher than the ones of signal and idler. This behavior
f the group indexes is similar in other nonlinear materi-
ls such as KTP �KTiOPO4�, RTA �RbTiOAsO4�, or LBO.
imulations predict that we could get the required perfor-
ance from the OPG for a signal wavelength of up to
1510 nm. However, for an average signal power of

.53 W in this situation, we would already require a
igher pump power of 9.5 W, as the parametric gain is re-
uced owing to the enhanced GVM. With a signal wave-
ength of 1510 nm, we would obtain a red wavelength of
12 nm (still a bit short for displays) and a blue wave-
ength at 444 nm. It turns out that a laser wavelength of
064 nm would actually lead to more favorable group ve-
ocities in the OPG stage, even for optimum display wave-
engths. However, our system requires relatively short
ulses, as we are using critical phase matching in several
onversion stages, and so far there is no 1064 nm laser
enerating such pulses with sufficient peak power.

. DISCUSSION AND OUTLOOK
e have analyzed a powerful RGB laser system that in

ur experiments delivered 8 W at 603 nm (red), 23 W at
15 nm (green), and 10.1 W at 450 nm (blue). The system
s based on a passively mode-locked Yb:YAG thin disk la-
er. A first key point for optimum performance of the cho-
en configuration of nonlinear conversion stages is that
ur laser produces subpicosecond pulses and thus a very
igh peak power that allows the use of LBO crystals in
ritically phase-matched schemes for nonlinear conver-
ion stages operating at room temperature. With, for ex-
mple, ten-times-longer pulses from the laser, one would
equire noncritically phase-matched conversion stages to
chieve efficient conversion, which would then require
everal crystal ovens operated at elevated temperatures.
high average power at 515 nm is crucial for the amount

f power of signal and idler waves generated in the OPA
tage. At the same time, sufficient residual 1030 nm light
ith a good beam quality from the frequency doubler is

equired for the further conversion stages. An OPG stage
ased on PPSLT allows the generation of stable 1.6 W sig-
al power at 1.5 �m. With the recently demonstrated
oom-temperature OPG based on MgO-doped SLT, this
ast temperature-stabilized crystal can be replaced by an
PG operated at room temperature with the same perfor-
ance. The power of the 799 nm pump light is crucial for
good conversion in the blue SFG stage, which is limited
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y GVM and spatial walk-off. The efficiency of the red
FG stage is limited by the temporal distortion of
030 nm light in the blue SFG stage. Because of this dis-
ortion and the available input powers, the red SFG stage
orks best if the blue SFG stage is not optimized for
aximum blue output power. The detailed analysis

howed that the overall performance of our system could
ot have been significantly improved with modified crys-
al lengths or focusing conditions, but better antireflec-
ion coatings could increase the output powers signifi-
antly. Note that the fabrication of these coatings is not
rivial, particularly for the first (blue) SFG stage, where
our wavelengths are involved. Assuming a reflectivity of
he AR coatings of 1% per surface for all wavelengths,
imulations predict the following performance (using the
ame powers from the laser, the frequency doubler and
he OPG as in the experiment): The output of the OPA
ould be improved to 9.6 W of signal and 14.5 W of idler
ower. The OPA crystal length in this simulation was un-
hanged �10 mm�, and the pump radii were 125 �m at
15 nm and 175 �m at 1448 nm. With beam radii of
30 �m at 1030 nm and 312 �m at 799 nm in the first
FG stage, a blue beam with an average power of 11.2 W
t 450 nm with good beam quality could be generated.
he crystal length in this simulation was again un-
hanged �10 mm�, and the focusing was weaker than for
ptimum blue light generation in order to obtain better
erformance in the following red stage. After the blue
FG stage, 17.2 W of residual 1030 nm light would be left
s a first pump wave for the red SFG crystal. Finally, us-
ng a crystal with 12 mm length in the red SFG stage, a
ump beam radius of 168 �m at 1030 nm, and 173 �m for
he signal wave from the OPA, a red beam at 603 nm with
n average power of 12 W could be generated.
In an optimized configuration, the RGB laser system

ould generate a significantly higher total power of D65
ISO 10526:1999/CIE S005/E-1998 standard) white light,
hich is an important parameter for an RGB laser source.
ith the above-mentioned powers and the wavelengths

s generated in the experiment (603, 515, and 450 nm),
he total D65 white-light power would be 37.5 W (12 W
ed, 16 W green, and 9.5 W blue), corresponding to
1 265 lm. The total conversion efficiency from the laser
avelength to D65 would be 47.5%, and the total infrared

o visible conversion efficiency would be 53%. The numeri-
al analysis of the OPG stage showed that it is difficult to
hift the signal wavelength to the desired value of
560 nm in order to generate a red color at 620 nm. It
urned out, however, that a signal wavelength of 1510 nm
n the OPG should be possible, at least increasing the red
avelength by 10 nm to 612 nm. With improved wave-

engths of 612, 515, and 445 nm, one could obtain 37.4 W
f D65 power (12 W red, 16.6 W green, and 8.8 W blue),
ssuming unchanged conversion efficiencies. The amount
f D65 white light with optimized wavelength would be
omewhat reduced, but the color gamut spanned by those
ptimized wavelengths would be larger. A laser wave-
ength of 1064 nm would actually make it easier to gen-
rate the optimum wavelengths for the display with opti-
um conversion efficiency, because the group velocities in

he OPG stage would be more favorable for efficient con-
ersion. However, there currently exists no laser material
t 1064 nm that is suitable for the generation of femtosec-
nd pulses with high average output power.

In conclusion, the analyzed RGB system is unprec-
dented in terms of generated average powers in the col-
rs as well as in its simplicity and practicability. One
ingle laser oscillator without any amplifier stages pro-
ides the entire pump power of the system. The system
oes not require any synchronized cavities and can be re-
lized with room-temperature operation of all of the non-
inear crystals.11 The approach with separated paramet-
ic generation and amplification allows generating the
equired high average power beams for the generation of
he red and the blue colors. Numerical simulations
howed that improved AR coatings should allow achieving
ven better performance, with excellent conversion effi-
iency from infrared to D65, even though it is predicted
hat reaching a longer wavelength for the red output, as
s desirable for displays, might be difficult. The previous
oint, among others, demonstrates that a careful investi-
ation based on numerical simulations can greatly facili-
ate the physical understanding of device operation, opti-
ization of device performance, and identification of

imitations.
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