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Three synchronously pumped optical parametric oscillators (SPOPO's) based on different nonlinear optical
materials are used to show the viability of Yb:KGW lasers for generation of pump radiation. Periodically poled
lithium niobate (PPLN) is a convenient nonlinear optical material to begin the investigation, and typical of
PPLN interesting additional phenomena are observed. Optical parametric amplification proves to be a useful
technique for establishing SPOPO operation in lithium triborate (LBO) and beta barium borate (BBO) with a
lower gain than PPLN. Numerical modelling helps in the analysis of SPOPO performance and indicates possible
directions for future development such as non-collinear propagation to mitigate group velocity differences. The
compact construction and efficient operation of femtosecond Yb:KGW lasers provide a favourable source of
pump radiation for SPOPO's in these preliminary investigations.
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1. Introduction

Various ultrafast processes in molecules or atoms are
of great interest in biology, chemistry and physics.
Investigation of such processes often requires widely
tunable picosecond or femtosecond optical pulses.
However, lasers that produce such pulses have lim-
ited wavelength tuning capabilities. Two types of
nonlinear optical devices provide a suitable solu-
tion for this requirement: the first called an optical
parametric amplifier (OPA) [] and the second
called a synchronously pumped optical parametric
oscillator (SPOPO) []. They allow wavelength
tuning over a wide spectral range. At present, a wide
range of optical parametric devices is available due
to the rich choice of nonlinear materials and pump
sources. Currently, commonly used optical para-

metric devices are travelling-wave optical paramet-
ric generators and OPA's pumped by amplified 1 to
400 kHz-repetition rate femtosecond pulses. How-
ever, there are many applications where ~100 MHz-
repetition-rate, continuously tunable, femtosecond
pulses are useful. In such cases different type of par-
ametric devices - SPOPO's pumped by continuous
trains of picosecond or femtosecond pulses — have
to be used. In order to ensure synchronous pump-
ing, the length of the SPOPO cavity is adjusted
such that each generated pulse would coincide with
pump pulse after each round trip [EI]. Today most
commercially available SPOPO's are pumped by the
fundamental or second-harmonics of Ti:sapphire
laser output [, ]. Output radiation char-
acteristics of SPOPO's depend on many parameters:
pumping source radiation characteristics, nonlinear
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crystal features, properties of optical elements and
cavity configuration.

The recent availability of ultrashort-pulse yt-
terbium lasers allows creating SPOPO systems
pumped by this type of femtosecond laser. The
choice of ytterbium lasers could have some advan-
tages compared to systems pumped by Ti:sapphire
lasers. Ytterbium lasers are directly pumped by la-
ser diodes and not by other solid-state lasers as are
ultrashort-pulse Ti:sapphire lasers. This allows an
opportunity to create compact, more efficient and
less expensive continuously wavelength tunable
ultrashort pulse systems. Pulse repetition rates of
75-100 MHz and pulse durations from ~100 fs to
~3 ps are possible. In this paper we present our re-
cent research of femtosecond optical parametric
oscillators synchronously pumped by the direct
output of femtosecond Yb:KGW lasers and by the
second harmonic of that laser output.

2. PPLN SPOPO pumped by a Yb:KGW laser

Periodically poled lithium niobate (PPLN) is a con-
venient nonlinear optical material on which to base
a SPOPO for studies of pumping with a femtosec-
ond Yb:KGW laser. PPLN possesses a large effective
nonlinear optical coeflicient. Phase matching can
be achieved by the choice of the spatial frequency
of domain inversion and by temperature tuning.
Our experimental set-up for this investigation is il-
lustrated in Fig. 1. The pump source was a Yb:KGW
Pharos laser (Light Conversion, Vilnius). This laser
produced 105 fs pulses with 76 MHz repetition rate
at 1030 nm wavelength. We used a 1.5 mm long pe-
riodically poled lithium niobate structure having

14 different gratings with periods ranging from 25
to 31.5 yum. Both ends of the chip had antireflec-
tion coatings for signal and pump wavelengths. The
structure was mounted in a copper oven and heat-
ed to 120 °C to minimize the photorefractive effect,
which is a characteristic property of PPLN crystals.
To achieve signal tuning from 1.35 to 1.75 ym with
our experimental conditions, we calculated that the
most suitable grating periods are from 27 to 30 ym
(Fig. 2). Quasi-phase-matching calculations for
parametric generation were performed using ex-
pressions of PPLN dispersion given by Junt [@].
The PPLN crystal was placed at a focus inside a
linear cavity of two meniscus mirrors with 100 mm
radius of curvature (M6 and M7) and two plane
mirrors (M8 and M9). The output coupler (M9)

Fig. 2. Wavelength tuning curves in PPLN using
1030 nm pump wavelength: A, ; pump, signal, and idler
wavelength, respectively, A grating period, T tempera-
ture.

Fig. 1. Experimental set-up: M1-M>5 mirrors with high reflection for pump wavelength, CH chopper, 1/2 half wave-
length phase plate, P polarizer, LI and L2 telescope, L3 lens, OSC oscilloscope, M6-M8 mirrors of a SPOPO with
high reflectivity, M9 output coupler, PD photodiode, PPLN crystal.
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had 98% reflectivity for the signal wavelength while
the other plane mirror had reflectivity near 100%.
To ensure singly resonant oscillation, all mirrors
had >95% transmission for the pump wavelength
(1030 nm) and from 50% to 70% transmission over
the range of idler wavelengths.

For the realization of femtosecond, high-repe-
tition-rate SPOPO operation, several requirements
must be fulfilled. First of all, distances between
resonator elements must be chosen correctly to en-
sure the stability of the SPOPO cavity. Secondly, the
synchronous pumping condition must also be ful-
filled, which means the length of the SPOPO cavity
has to be the same (or multiple [@]) of that of the
pump laser cavity. In our case, the repetition rate of
the Yb:KGW oscillator was 76 MHz, and the cavity
length should be about 1.974 m. Optimum distanc-
es between cavity elements were determined using
the LASCAD program: they were 50.9 mm (d1) for
the PPLN crystal length of 1.5 mm. The length mis-
match of the cavity made by two curved mirrors
M6 and M7 to fulfil stability conditions could be
about 2.4 mm. The distance d2 between meniscus
mirror and plain mirror (M7-M8 and M6-M9)
was about 934 mm, required to fulfil synchronous
pumping condition. Stable OPO operation was
found by slightly tuning positions of M7 and M9
mirrors set on the translation stages.

During the resonator length tuning we observed
visible light emission. It appeared when the syn-
chronous pumping condition was satisfied. Spectral
analysis showed the visible emission corresponded
to the second-harmonic generation (SHG) of the
pump and of the signal and sum-frequency gen-
eration (SFG) of signal and pump radiation. The
appearance of the visible light is an indication the
SPOPO is operating. The parametric generation
process was also observed through the appearance
of the photodiode PD signal on an oscilloscope
screen. Generation threshold was measured with a
thermal power meter. It was determined that the
generation threshold of this OPO (using a 30 ym
grating period) was about 330 mW, which corre-
sponded to radiation intensity of 1.9 GW/cm?.

Output radiation of the SPOPO was also ob-
served using the AvaSpec-NIR256-2.5 spectrom-
eter with the registration range from 1000 to
2500 nm. A fibre collecting output radiation was
positioned in place of photodiode PD (Fig. 1). For
analysis of the visible emission, we used a second

spectrometer (with the registration range from 324
to 1100 nm) placed behind the meniscus mirror
M7 (Fig. 1). Some results of these measurements
are shown in Fig. 3. Using shorter grating periods
of the nonlinear medium we observed clearly vis-
ible peaks, which corresponded to the signal wave
(Fig. 3(a)). No wavelength change was observed
with small changes in resonator length and genera-
tion of the signal simply disappeared. The reason
for this is that due to a narrow parametric gain
bandwidth the synchronous pumping requirement
is fulfilled only for a narrow spectral range. Using
a longer PPLN grating period, however, the move-
ment of signal spectrum peaks with changing the
cavity length was observed (Fig. 3(b)). This happens
because different wavelengths within the paramet-
ric gain bandwidth have different group velocities
in the nonlinear crystal, and synchronous pumping

Fig. 3. Measured signal spectra using: (a) 27 um,
27.5 ym, and 28 pm grating periods of nonlinear crystal,
and (b) 28.5 ym grating period.
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condition can be fulfilled in differing wavelength
ranges when slightly changing the SPOPO cavity
length dependent on gain bandwidth and group
velocity properties.

While using longer grating periods (29.5 and
30 ym) our SPOPO demonstrated bichromatic
emission at a certain cavity length. The opti-
cal parametric oscillator generated 1570 nm and
1777 nm signal wavelengths at a 29.5 ym grat-
ing period simultaneously (Fig. 4) and 1584 nm
and 1782.5 nm signal wavelengths at a 30 ym
grating period. The phenomenon of two signal
wavelengths generation at the same time at one
PPLN grating period was also observed by other
researchers [é, E, @]. Bichromatic emission is re-
lated to the fact that PPLN crystals have a large
nonlinear coefficient d,, and multiple wavelength
combinations can nearly satisfy phase matching. A
second signal wave can experience significant am-
plification simultaneously with the one that fulfils
the phase matching condition.

Fig. 4. Bichromatic emission during cavity length tuning
ata 29.5 ym grating period of the PPLN crystal.

Similarly, other second-order nonlinear opti-
cal interactions such as second-harmonic genera-
tion (SHG) and sum-frequency generation (SFG)
can also be present along with optical paramet-
ric oscillation. These processes may not approach
first order quasi phase matching but may nearly
satisfy higher order quasi phase matching. Again,
due to the high nonlinear coefficient of the crystal
and nearly phase-matched conditions, the gen-

eration of other frequencies is observed. For this
reason the visible emission was observed behind
the meniscus mirror M7 when synchronously
pumped parametric oscillation was achieved.
This radiation consisted of various combinations
of sum-frequency between pump and paramet-
ric generation waves and their SHG frequencies.
Comparing Fig. 3(a) and Fig. 5, it can be seen that
during the cavity length tuning signal peak and
spectral peaks corresponding to sum-frequency
and second-harmonic generation shift simulta-
neously. The increased number of spectral peaks
using the 29.5 pm grating period (Fig. 5(b)) is re-
lated to bichromatic emission: the 850 nm spectral
line corresponds to the SFG of both signal waves;
the 735 nm spectral peak is the SFG of pump
and second idler waves; the 637-nm wave is the
SEG of pump and signal waves; and the 579 nm

Fig. 5. Spectra measured behind M7 meniscus mirror:
(a) 28.5 ym grating period, (b) 29.5 ym grating period
(spectral peak at 1030 nm corresponds to the pump
wave).
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wave could be the SFG of idler and SHG of signal
waves. This tendency was also observed using the
30 um grating period.

When average pump power was increased to 3W
incident on the PPLN crystal, we observed crystal
damage. The low threshold for laser-induced dam-
age limited SPOPO performance in our initial ex-
periments. The estimated damage threshold of the
PPLN crystal in our case was ~0.6 mJ/cm? Thus,
in order to avoid crystal damage in our system, we
can use just 1.0 W pumping power, which ~3 times
exceed the SPOPO generation threshold. Further
system improvement and optimization is required
for higher conversion efficiencies.

3. Optical parametric amplification in LBO and
BBO

Many parameters must be optimized simultaneous-
ly to achieve SPOPO operation. Optical parametric
oscillation, furthermore, is a threshold process, and
there is no output signal until all parameters are
nearly correct. Due to significantly smaller non-
linear optical coefficients of BBO and LBO crystals
compared to PPLN, it is much more difficult to re-
alize a femtosecond, high-repetition-rate SPOPO
based on these crystals. Therefore, single-pass opti-
cal parametric amplification (OPA) was first char-
acterized. The OPA gain investigation is useful be-
cause we can determine optimal crystal alignment
and focusing conditions. These results are used later
when we construct a SPOPO resonator.

The layout of this experiment is presented in
Fig. 6. The fundamental pulses were generated

Oscillograph

Chopper
controller

by the Yb:KGW Pharos laser oscillator which
produced 4 W average power 105 fs pulses with
76 MHz repetition rate at a 1030 nm wavelength.
For second-harmonic generation we used a
2.5 mm long LBO crystal cut at 6 = 90°, ¢ = 13.8°
with anti-reflection (AR) coatings at 1030 nm and
515 nm wavelengths. The fundamental wave was
focused into the LBO crystal by a 50 mm focal
length plano-convex lens L1 AR coated at 1030
and 515 nm. The average second-harmonic wave
power was 2.4 W. The fundamental and second-
harmonic waves were separated using mirror
M1 with high reflectivity (HR) at the second-
harmonic wavelength and transmitting at the
fundamental wavelength. The fundamental wave
was attenuated using filter F1 to 170 mW average
power. The beam path of the fundamental wave
also incorporated an adjustable delay. Eventually
both waves were combined at mirror M1 and fo-
cused to a nonlinear crystal (NC) using lens L3.
For measurements with the BBO crystal we used
a 77 mm focal length triplet lens whereas for mea-
surements with the LBO crystal we used a 75 mm
focal length plano-convex lens. For these experi-
ments we used a 2.5 mm long BBO crystal cut at
0 = 22.5°, ¢ = 90° with anti-reflection coatings
for a spectral range of 630-1030 nm, and a 2 mm
long LBO crystal cut at 6 = 90°, ¢ = 13.8° with
anti-reflection coatings for 1030 nm and 515 nm
wavelengths. The amplified fundamental pulses
were directed to a sensitive photodiode using mir-
ror M2* and attenuated approximately 130 times
using multiple filters (F2, F3, F4) to avoid damag-
ing the photodiode.

PHAROS Fig. 6. Experimental set-up: M1

mirror with high reflection for
second-harmonic wavelength,
LBO M2, M2*, M2T mirrors with
high reflection for fundamen-
tal wavelength, LBO nonlin-
L2 ear crystal, CH chopper, 1/2
half wavelength phase plate,
NC nonlinear crystal (LBO or
BBO), Fl1, F2, F3, F4 filters, L1
1 f =50 mm plano-convex lens,
L2 f = 200 mm plano-convex
lens, L3 plano-convex lens
2 (LBO case) or triplet lens (BBO
case), PD photodiode.

L1
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The second-harmonic and attenuated funda-
mental pulses were synchronized using two mir-
rors M2T mounted on a translation stage in the
delay line. The primary synchronization of pulses
in the BBO crystal was achieved through SFG.
In order to realize SFG, we made slight changes
in the experimental layout: the half-wavelength
phase plate was rotated to change the polarization
direction of the second-harmonic wave, the BBO
crystal angle was set for SFG and an appropriate
HR mirror and filters were used to separate the
sum-frequency radiation from the fundamental
and second-harmonic radiation. The maximum
sum-frequency pulse power, estimated using a
power meter, corresponded to the maximum tem-
poral overlap between the fundamental and sec-
ond-harmonic pulses. After this brief experiment,
the experimental layout was again changed to the
one presented in Fig. 6.

The single-pass gain was estimated using a pho-
todiode-chopper system connected with an oscil-
loscope. The chopper, which rotates at 250 Hz fre-
quency, periodically opens and shuts the path for
the second-harmonic radiation. The oscilloscope
is connected to the photodiode and chopper con-
troller and its scanning frequency is synchronized
with chopper rotation frequency. Therefore, when
the parametric amplification is achieved we can
clearly see that the fundamental signal rises when
the second-harmonic radiation is opened - the
oscilloscope displays steps which correspond to
the signal when the second-harmonic radiation
is transmitted or blocked. The gain is easily esti-
mated by comparing the signal heights.

As seen in Fig. 7 the maximum single-pass gain
in the BBO crystal, achieved after optimizing fo-
cusing, spatial and temporal overlap of fundamen-
tal and second-harmonic pulses, was 75%. The
large acceptance angle is related to the tight focus-
ing conditions and to the fact that the spectra of
the interacting pulses are broad which means that
the optimal angle for the parametric amplifica-
tion of each spectral component is slightly differ-
ent. The unsymmetrical gain dependence on the
delay of the fundamental pulses indicates that the
fundamental pulse trailing edge is longer than the
leading edge.

The maximum gain in one pass of the LBO
crystal, after optimizing focusing and spatial and
temporal overlap of fundamental and second-

Fig. 7. Dependence of gain in one pass per BBO crys-
tal on (a) delay of first-harmonic pulses and (b) internal
crystal angle.

harmonic pulse, was 80% (Fig. 8). The accept-
ance angle for the LBO crystal is also large for the
same reasons as in the case of the BBO crystal. The
unsymmetrical gain dependence on the delay of
fundamental pulses is also due to the longer pulse
decay. The slightly lower gain in the BBO crystal
was mainly related with larger group velocity mis-
match and walk off between pulses at 1030 nm
and 515 nm.

4. LBO SPOPO pumped by second harmonic of
Yb:KGW laser output

The experimental set-up of our SPOPO based on
lithium triborate (LBO) is presented in Fig. 9. The
pump source was again the Pharos laser (Yb:KGW),
now with 80 fs pulses at a 76 MHz repetition rate
at a 1030 nm wavelength. The average power of the
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Fig. 8. Dependence of gain in one pass per LBO crystal on (a) delay of first-harmonic pulses and (b) internal

crystal angle.

oscillator output was 3 W. The oscillator output is
frequency doubled while using a 2.5 mm long LBO
crystal (LBO1). The second-harmonic conversion
efficiency reaches as high as 57%; the net second-
harmonic power is 1.7 W. The SPOPO intracavity
LBO crystal (LBO2) was cut for an angle of ¢ = 11.6°
in the xy plane, so that type I parametric interaction
could be used. The length of the crystal was 7 mm;
the length was chosen by using the double group ve-
locity mismatch length between the pump and the
signal of the shortest wavelength in the mirror high-
reflectivity range. The crystal is anti-reflection coat-

M2 M3

PHAROS ~

ed with transmission T'> 99.5% through the range of
750-950 nm and also at the pump wavelength with
transmission reaching T > 99%.

The second-harmonic beam radius is expanded
twice using telescope lenses L1 and L2; the result-
ing beam radius at 1/e* is w = 1.48 mm. The funda-
mental and second-harmonic beams are separated
by M1-M4 mirrors, guiding the second-harmonic
beam to the SPOPO resonator consisting of mir-
rors M5-M10 and intracavity elements of the LBO
crystal and an output coupler plate. The second-
harmonic beam is focused through the spherical

M7 M8

L1 LBOI L2 MI1 M4

M10

O—K LBOZ% i—»ﬂ o [ ]pm2
M6

L3 M5 SM

oY "
PM1 OCP

>

Fig. 9. Experimental set-up: M1-M4 mirrors with high reflection for second-harmonic wavelength and
high transmission for fundamental wavelength, L1 and L2 telescope, L3 focusing lens, M5-M10 mirrors of
the SPOPO with high reflectivity, OCP output coupler plate, PM1, PM2 power meters, SM spectrometer,
LBO1 LBO crystal for second-harmonic generation, LBO2 LBO crystal of the SPOPO, FL filter for absorp-
tion of residual pump wave. Red ray indicates the resonating signal, black ray indicates the pump, and grey

ray indicates the idler.
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mirror by using f = 75 mm lens. The beam waist
radius at 1/e’ in the centre of the crystal of the
pump beam is w, = 10.5 ym. The spherical mir-
rors M5 and M6 have the radius of curvature of
R = -100 mm; they are coated with dielectric coat-
ings having high transmission T > 99% at 515 nm
and high reflection R > 99.9% in the wavelength
range of 750-950 nm. The reflection dependence
on the wavelength is displayed in Fig. 10(a).

Because of a relatively narrow reflection range,
the group delay dispersion curve is not oscillat-
ing and is designed to be as minimal as possible
throughout the wavelength range. This can be seen
from Fig. 10(b), where the round trip group delay
dispersion resulting from 6 high reflection mirrors
and the crystal is displayed. The sum of both para-
meters is also displayed; it yields the total resonator
group delay dispersion.

The lithium triborate crystal (LBO2) may be ro-
tated around the vertical axis, hence the preferred
wavelength may be adjusted by keeping the phase-
matching condition for the needed wavelength. The
M10 mirror is mounted on a translation table to al-
low the SPOPO resonator to be put into the syn-
chronous regime with the pump pulse sequence.

An output coupler mirror is not used in this
configuration. Instead, an uncoated fused silica
parallel plate of 1 mm thickness is used as an out-
put coupler. It may be rotated around the vertical
and horizontal axis, hence having the needed re-
flection coefficient for the resonating signal beam

which may be calculated using Fresnel refection
formulas for s and p polarized beams. The output
beam consists of 4 reflections. Two of these are used
for measurements with power meter (PM1), and
two are used for measurements with the spectrom-
eter (SM). The total output power is recalculated
from the measured power of the two reflections; it
is displayed in Fig. 11(a). The idler is partially trans-
mitted through the M6 spherical mirror. The power
of the idler is measured with power meter (PM2)
after filtering the residual pump radiation with a
filter (FL). The reflection of the high reflection mir-
ror at the idler range influences the power charac-
teristics of the idler wave. From 30 to 40% of the
idler wave is lost after transmission through the M6
spherical mirror. The output coupler plate was fixed
at such angle that all four reflections would give the
net reflection coefficient R = 15%. This angle was
chosen to give the highest SPOPO efficiency. Tun-
ing is achieved while rotating the crystal and adjust-
ing cavity length by the position of mirrors for the
maximum output power.

As can be seen from Fig. 11(a), the highest ob-
tained signal power reaches 430 mW at 780 nm.
This yields the pump to signal conversion efficien-
cy of 25%. At this wavelength the threshold pump
power is 600 mW. Signal power and wavelength
dependence can be explained by the group veloc-
ity mismatch between signal and pump beams, as
the signal is tuned to longer wavelengths, the ef-
fective interaction length between signal and pump

Fig. 10. (a) SPOPO high reflection mirror reflection coefficient dependence on wavelength. (b) Group delay disper-
sion (GDD) dependence on wavelength: dashed curve represents the total GDD after the round trip from high re-
flection mirrors, dotted curve represents the LBO crystal GDD after the round trip, and solid curve represents cavity
GDD, which is the sum of the LBO crystal and the mirror round trip GDD parameters.
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Fig. 11. Measured SPOPO signal (a) and idler (b) output power dependence on wavelength.

beams decreases, hence the output power is lower.
The range of generation is subjected to the resona-
tor mirror reflection range (Fig. 10(a)). The small
peak in the output power at 950 nm could possibly
be related to the net cavity group delay dispersion
close to zero at this wavelength.

The output signal spectra are displayed in
Fig. 12. Each spectrum is normalized to its maxi-
mum value. As can be seen from the spectra, the
stronger parametric interaction results in a more
disrupted output spectrum, which is also influ-
enced by net cavity group delay dispersion.

The resonating signal wavelength dependence
on the resonator length displacement achieved by
translating the end mirror is displayed in Fig. 13.

Fig. 12. Measured SPOPO signal output spectra at dif-
ferent wavelengths. Each spectrum is normalized to its
maximum value.

The crystal angle is kept constant through the tun-
ing range. It can be seen that parametric bandwidth
is broad enough to sustain generation, even though
the maximum power is obtained at the centre of

such tuning range where the phase-matching con-
dition is best fulfilled.

Fig. 13. Measured and calculated output signal spectrum
centre wavelength dependence on resonator length in-
crement.

Because of synchronous pumping, the resonat-
ing wavelength is sensitive to cavity length devia-
tions. The group delay dispersion is the parameter
which shows the sensitivity of the relationship.
The group delay dispersion is a frequency deriva-
tive of group delay, so the integral of the total cav-
ity group delay dispersion yields the time delay
which separates two components. In such manner,
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the change of the wavelength resulting from the
change of resonator length can be calculated. The
calculated curve is displayed in Fig. 13. The experi-
mental curve is in good agreement with the one
calculated in the high group delay dispersion range.
As the wavelength increases, the cavity group de-
lay dispersion decreases. As a result, the resonat-
ing wavelength becomes more responsive to minor
temperature and mechanical changes in the reso-
nator which influence experimental results. That is
the likely reason why deviation between calculated
and experimental values is observed.

5. BBO SPOPO pumped by second harmonic of
Yb:KGW laser output

In this section we briefly present experimental re-
sults on synchronously pumped optical parametric
oscillator without intracavity group velocity disper-
sion compensation using a 2.5 mm long B-barium
borate (BBO) nonlinear crystal cut for type I inter-
action. The experimental set-up is shown in Fig. 14.
The linear SPOPO cavity has four mirrors. Two of
them, M1 and M2, are concave reflectors with the
100 mm radius of curvature. The concave reflec-
tors are coated to provide high reflection in the
630-1030 nm spectral range (signal wave) and low
reflection for idler and pump waves. In this way,
only signal-wave oscillation is allowed in the cav-
ity. The other two mirrors, HR1 and HR2, are plane
with coatings providing either reflection in a wide
630-1030 nm range or simply high reflectivity at
1030 nm. The choice of plane mirrors with particu-
lar spectral reflection characteristics depends on the
construction stage of SPOPO. The nonlinear BBO
crystal cut for type I interaction (0 = 22.5°, ¢ = 90°)
with antireflection coatings in the range of the signal
wave is mounted between the meniscus mirrors on
the rotation stage. Synchronous pumping requires
matching the cavity lengths of SPOPO and pump la-
ser. Moreover, the stability of the SPOPO resonator
highly depends on the distance between meniscus
mirrors. The mirrors HR1 and M2 are mounted on
high precision translation stages to provide the re-
quired adjustment of these distances.

The SPOPO is pumped with the second harmon-
ic of the output of a Pharos mode-locked Yb:KGW
laser operating at the 76 MHz repetition rate. The
fundamental laser output at the 1030 nm central
wavelength has the average output power of 4 W.

A/2 11 LBO L2 SD1 Vi

Pharos

SD3

'.sz

SD2

SD4

HR1

RR

Fig. 14. Experimental set-up of the SPOPO with BBO
pumped at 515 nm.

The fundamental output radiation of the Pharos la-
ser is tightly focused with lens L1 into a LBO crys-
tal (0 = 90°, ¢ = 13.8°) with antireflection coatings
for 1030 nm and 515 nm. The generated second-
harmonic beam is collimated with lens L2 with the
resulting beam waist radius of w = 3.18 mm. Sec-
ond-harmonic generation efficiency is 60%, which
corresponds to 2.4 W. The SD1-SD4 mirrors reflect
the 515 nm harmonic and transmit the 1030 nm
fundamental radiation. The four reflections ensure
high separation of fundamental from second-har-
monic radiation. Fundamental radiation transmit-
ted through mirror SD1 is guided to the BBO crys-
tal with mirrors V1-V3. A delay line in the path
of the 1030 nm wavelength beam provides the ad-
justment required to overlap the fundamental and
second-harmonic pulses when combined at mirror
V4. A triplet lens, L3, with the working distance of
77 mm, focuses radiation into the BBO crystal, and
if the temporal overlap of pulses and the angle of
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a nonlinear crystal are correct, parametric ampli-
fication of the fundamental pulse occurs. At this
point mirrors with a high reflection coefficient are
placed at HR1 and HR2 positions. Parametrically
amplified radiation is contained inside the cavity.
The mirrors are aligned while observing the leak-
age radiation behind one of the plane mirrors with
the photo detector. A rotating chopper in the path
of the second-harmonic beam allows observation
of seeded and amplified 1030 nm radiation. After
mirror alignment, the length of SPOPO cavity is
critically adjusted to match the length of the pump
laser. When the synchronous pumping condition is
achieved, the signal of detected leakage radiation
increases abruptly. The mirrors of the resonator are
aligned to optimize the signal. Mirrors HR1 and
HR?2 are replaced with broad-band, high-reflection
mirrors. Alternately, one of the flat mirrors is re-
placed with an output coupler. Finally the 1030 nm
seed radiation is blocked and alignment of all four
mirrors of the resonator is optimized.

The use of the BBO crystal allows tuning in a
wide spectral range with a small rotation of the
nonlinear crystal inside the cavity. The calculated
tuning curve is shown in Fig. 15. Small rotation
minimizes the misalignment of the resonator while
changing the phase-matching angle. On the other
hand, wavelength tuning is also possible due to
the variation of resonator length, as observed in
our primary experiments (Fig. 16). There is a good
agreement in the signal wavelength dependence on
resonator length for experimental and theoretical
data in the 900-1000 nm spectral region. We be-

Fig. 15. Phase matching in the BBO crystal (type I, ooe).
Pump wavelength 515 nm.

Fig. 16. Signal wavelength dependence on resonator
length increment.

lieve the SPOPO sensitivity to minor mechanical
and temperature changes is responsible for disa-
greement between experimental and theoretical
data at shorter wavelengths. The SPOPO can con-
tinuously be tuned from 840 to 1000 nm and the
corresponding tuning range of the idler is from
1060 to 1330 nm. The output signal spectra of the
SPOPO based on the BBO nonlinear crystal are
shown in Fig. 17. All spectra are normalized to the
maximum value.

Low optical quality, particularly high scattering,
of AR coatings deposited on the BBO crystal lim-
ited the efficiency of the SPOPO. With an output
coupler of 3% transmission, the maximum average
signal power was around 50 mW at 880 nm and de-
creased as signal wavelength was changed. The signal

Fig. 17. Signal spectra of the SPOPO based on the BBO
crystal at different wavelengths. Each spectrum is nor-
malized to its maximum value.
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power dependence on pump power at different sig-
nal wavelengths is shown in Fig. 18. A decrease of
signal output power is expectes as wavelength tuning
approached the limits of variation of SPOPO cavity
length but not through the rotation of the nonlinear
crystal. This suggests the phase-matching condition
was not fully optimized for all signal wavelengths.
Also, due to the low optical quality of AR coatings,
the SPOPO generation threshold was high. The esti-
mated lowest power of the second harmonic at which
SPOPO generation starts at 900 nm was 1.5 W.

Fig. 18. Generated signal output power versus pump
power with 3% output coupler at different signal wave-
lengths.

6. Numerical simulation of the SPOPO

The computer simulation of the SPOPO system was
performed by solving numerically the following set
of three-wave interaction equations:

o4 i
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v — — =
oz 'vTar 255,276 ae
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2: 2557 el
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where A, (t x, 3 2) is the complex amplitude,  is the
retarded time (corresponding to the coordinate
frame moving with the pump wave), and z is lon-
gitudinal coordinate. The indexes j = 1, 2, 3 stand
for signal, idler, and pump waves, respectively.
vis=u;' — u3' is the group velocity mismatch (GVM),
u, is the group velocity of wave j calculated at car-
rier frequency w,, and @, + w,, = w,,. The para-
meters g, are the group velocity dispersion (GVD)
coefficients. Ak = k, - k, - k is the phase-mismatch
along the propagation axis calculated at the carrier
frequency; o, is the nonlinear coupling coefficient.
Note that the material dispersion is accounted up
to third order via third order temporal derivatives
and parameters ]5 The pump pulse at the input was
assumed to be Gaussian; however, the signal and
idler input were simulated by white noise.

The BBO type I crystal was pumped by 515 nm
100 fs Gaussian pulses. The signal pulse was reso-
nating. A flat mirror with the reflection coefficient
R = 0.7 was simulated at the crystal exit. The simula-
tion results are presented in Fig. 19 for three different
cases. First, we investigated two collinear SPOPO's
based on the BBO crystal with the phase matching
angle 0 = 23°, which corresponds to a signal wave-
length of A= 840 nm. The peak intensity (Fig. 19(a)),
duration (Fig. 19(b)), and product of bandwidth
and duration (Fig. 19(c)) using 2 mm and 2.5 mm
BBO crystals are depicted by 1 and 2 lines, respec-
tively. Since the signal and idler wave have a large
and both negative group velocity mismatch with
the pump pulse (v ,, v,, < 0), the generation thresh-
old is quite high. The required pump intensity was
about 10 GW/cm?, and threshold cannot be reduced
by changing delay between the resonating wave and
the pump. Moreover, it was found that the stationary
generation (sometimes with some bi-stability) is pos-
sible within a very narrow range of round-trip delays
and do not allow getting signal intensities exceeding
pump intensity. It was found that a 2.5 mm crystal
is too long and it is better to use shorter 2 mm BBO
crystals. The amplified signal pulse stationary pro-
files in 2 mm and 2.5 mm BBO crystals are presented
in Fig. 20(a) and Fig. 20(b), respectively. Notice that
a more smooth profile was obtained in a 2 mm BBO
crystal. In both cases generated signal intensities
were nearly 1.4 GW/cm?, and durations about 200 fs.

In our opinion, the situation could be significant-
ly improved by using a non-collinear phase match-
ing scheme. Such a numerical simulation example is
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Fig. 19. SPOPO simulation results in BBO type I. Pump
wavelength 515 nm, signal wavelength 840nm. The first
two lines show results for collinear propagation, and the
third line shows results for non-collinear propagation.

presented in Fig. 19 and depicted by the third line.
For 840 nm signal wavelength, the BBO crystal phase
matching angle was 35° with the non-collinearity
angle of 7.4°. Such scheme allows to get the group
velocity matching between signal and pump pulses

or even to enter the so-called modal regime when
the signal and idler pulses have opposite signs of the
group velocity mismatch (v , > 0,v,,<0). Under such
conditions the generation threshold becomes much
smaller and the stationary regime is reached in a few

Fig. 20. SPOPO simulation results: signal pulse profiles.
See the text for details.
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passes. In the case depicted the third line in Fig. 19,
the 2.5 mm BBO crystal was pumped by 5 GW/cm?
pulses; however, the generated signal pulse inten-
sities (~4 GW/cm?) were much higher than in the
collinear cases. The duration of the amplified signal
pulse in the stationary regime was about 150 fs. The
generated signal (see Fig. 20(c)) profile is smooth but
non-symmetric. As can be seen from Fig. 19(c), in
all investigated cases the generated signal pulses are
nearly transform-limited. Trying to find more suit-
able conditions for pulse formation, we also stud-
ied the SPOPO based on a 2 mm long, type I, LBO
crystal (6 = 23°, ¢ = 13.4°) pumped by 515 nm and
100 fs duration pulses. The resonating wave wave-
length was the same as in BBO case, i. e. 840 nm.
The signal pulse intensity and duration results are
presented in Fig. 21. Two cases of pump intensity
were investigated: 2 GW/cm? (curve 1) and 5 GW/
cm? (curve 2). Despite lower nonlinearity, the LBO

Fig. 21. SPOPO simulation results in LBO type I
(6 = 23° ¢ = 13.4°). Pump wavelength 515 nm, signal
wavelength 840 nm. See the text for details.

crystal demonstrated improvements in comparison
with BBO, mainly due to the approximately twice
smaller group velocity mismatch coefficients v , and
v,.. This difference allows remarkably reduce the gen-
eration threshold and yields more symmetric ampli-
fied pulse profiles. Even with the pump intensity of
2 GW/cm?, the stationary regime was reached after
~400 round trips (Fig. 21, curve 1). The amplified
stationary pulse intensity was 7.3 GW/cm?, and du-
ration was 92 fs (Fig. 22(a)). When pump intensity is
5 GW/cm?, the stationary regime occurs after ~100
round trips, while the amplified pulse has 17 GW/
cm?’ intensity and 110 fs duration (Fig. 22(b)).

Fig. 22. SPOPO simulation results in LBO type I
(0 = 23° ¢ = 13.4°). The profiles of the resonating wave
at 840 nm. See the text for details.

7. Conclusions

In preliminary experiments we demonstrated the
use of a CW mode-locked Yb:KGW laser as a viable
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source of pump radiation for synchronously pumped
optical parametric oscillators (SPOPO's). The laser
we used was of the Pharos model (Light Conversion,
Vilnius, Lithuania). This laser has an output of up to
4 W average power in ~100 fs duration pulses at a
76 MHz repletion rate. Both the fundamental laser
radiation at 1030 nm and second harmonic of the
laser output at 515 nm were used to pump three dif-
ferent SPOPO's. The second harmonic generation
was performed in lithium triborate (LBO) external
to the laser. The average second-harmonic power of
up to to 2.4 W was achieved.

Experimental results on the development of
optical parametric oscillators based on beta bari-
um borate (BBO) and LBO crystals without in-
tracavity group velocity dispersion compensation
synchronously pumped by femtosecond pulses at
515 nm were presented. Also, a SPOPO based on
a periodically poled lithium niobate (PPLN) crys-
tal synchronously pumped by femtosecond pulses
at 1030 nm was presented. The SPOPO based on
PPLN had signal output that was tuned between
1350 and 1750 nm with a corresponding idler out-
put tuning from 4345 to 2503 nm. When the PPLN
SPOPO reached the threshold, the scattered vis-
ible light was generated by nearly phase-matched
sum-frequency generation and harmonic genera-
tion combinations of signal, idler, and pump radia-
tions. For some PPLN grating periods, bichromatic
output was observed such as simultaneous signal
oscillation at 1570 and 1783 nm. The threshold
for oscillation of this SPOPO was 330 mW. Pump
power, however, had to be below 1 W to avoid laser
damage to the PPLN crystal.

Optical parametric amplification was found use-
ful in setting up the SPOPO's based on LBO and
BBO. Some residual 1030 nm fundamental laser ra-
diation was incident on the nonlinear optical crystal
along with the 515 nm harmonic radiation, which
was the pump. The gain in a LBO crystal (80%) was
a little higher than in a BBO crystal (75%) for the
highest pump intensities. The amplified 1030 nm is
an aid in aligning the SPOPO and serves as a seed for
SPOPO operation at degeneracy. The seed was then
removed and the SPOPO's were operated through
their tuning range. The highest conversion efficiency
(>25%) was achieved in a SPOPO based on a LBO
crystal. Low conversion efficiencies achieved using
BBO were mainly related to poor quality of the
broadband AR coatings on the crystal.

Numerical simulations showed that for oscilla-
tion the pump intensities higher than 10 GW/cm?
and 2 GW/cm?* must be used in case of BBO and
LBO crystals, respectively. By numerical simula-
tions it was shown that performance could be sig-
nificantly improved by using a non-collinear phase
matching scheme in case of a BBO crystal. Further
improvement of SPOPO's, including intracav-
ity group velocity dispersion compensation and
crystal length optimization, is planned for higher
conversion efficiencies and improved spectral pa-
rameters.
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Santrauka

Pristatomi trijy optiniy parametriniy generato-
riy - dviejy sinchroniskai kaupinamy antra Yb:KGV
osciliatoriaus harmonika (515 nm) su BBO (beta bario
borato) ir LBO (li¢io triborato) kristalais ir vieno pir-
ma harmonika (1030 nm) su LBO (periodigkai orien-
tuoto li¢io niobato) kristalu — pradiniai eksperimen-
tiniai rezultatai. Kaupinimui buvo naudojami Pharos
lazerio osciliatoriaus 100 fs trukmés impulsai su 4 W
vidutine galia esant 1030 nm bangos ilgiui bei 2,4 W
galia esant 515 nm bangos ilgiui. Buvo nustatytas stip-
rinimas, pasiekiamas vieno praéjimo per netiesinj
kristalg metu. Esant maksimaliems intensyvumams

BBO kristale stiprinimas buvo didesnis (sieké 80 %),
palyginti su BBO kristalu (sieké 75 %). Didziausias
energijos keitimo efektyvumas (>25 %) pasiektas sin-
chroni$kai kaupinamame optiniame parametriniame
generatoriuje su BBO kristalu. Gautas mazas energijos
keitimo efektyvumas sinchroniskai kaupinamame op-
tiniame parametriniame generatoriuje su BBO kristalu
susijes su nepakankama optiniy dangy, uzgarinty ant
kristalo pavirsiaus, kokybe. Skaitmeniniu modeliavimu
nustatyta, kad generacijai reikalinga naudoti didesnj
nei 10 GW/cm? ir 2 GW/cm? kaupinimo intensyvuma
(atitinkamai BBO ir LBO kristaly atveju).



