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We demonstrate the excitation of solitons in a parametric amplifier with enhanced signal content through
the use of a chirped-period quasi-phase-matching grating. This technique affords a low soliton threshold at
the input end of a parametric amplifier, and the subsequent transformation to a desired soliton that exists
at nonzero wave-vector mismatch through the use of a linearly chirped quasi-phase-matching grating. This
approach has an advantage over direct excitation of solitons at nonzero wave-vector mismatch in uniform
nonlinear materials and holds potential for improving the efficiency and mode quality of high-gain parametric amplifiers. © 2005 Optical Society of America
OCIS codes: 190.5530, 190.4410.

Optical parametric amplification (OPA) offers several
advantages compared with conventional laser amplification: there is no inherent thermal loading that
poses engineering challenges in the design of laser
amplifiers; the frequency and bandwidth are not constrained by quantum transitions inside the amplifier
medium, making OPA suitable for the amplification
over a broad tuning range; and OPA is capable of extremely large gain, in excess of 100 dB, eliminating
the need for regenerative amplifiers in the chirpedpulse amplification of ultrashort pulses. With a timedependent pump, OPA can also eliminate the amplification of satellite pulses present in ultrafast laser
amplifiers.
Although a plane-wave pump can be driven to complete depletion1 (100% conversion to signal–idler
pairs), it is difficult to achieve total conversion in optical
parametric
chirped-pulse
amplification
(OPCPA) with Gaussian beams (or otherwise spatially nonuniform beams). High photon conversion efficiency (58%) has been achieved through spatial and
temporal flattening of the pump intensity2; however,
lower photon conversion efficiency 共艋10% 兲 is typical
when using commercially avaliable pump sources,3
and efficiency as high as 38% when the pump beam
has a super-Gaussian spatial intensity envelope has
been reported.4
Quasi-phase-matching (QPM) engineering allows
tailoring the properties of parametric amplification,
including the regime of quadratic soliton generation
where the signal, idler, and pump waves propagate
mutually trapped and locked together with highquality beam modes (for a review of quadratic solitons, see Ref. 5). The tunability afforded by QPM allows engineering the soliton launching efficiency and
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the soliton properties.6,7 The same idea holds for inhomogeneous phase matching induced, e.g., by temperature gradients.8 Generating solitons in a parametric amplifier and exploiting the properties of
solitons subject to a changing local wave-vector mismatch in a chirped QPM grating was shown theoretically to allow increased conversion efficiency.9
Continuous-wave (CW) numerical simulations indicate that photon conversion efficiencies of 90% are
possible with this technique. Moreover, it was shown
to be relatively insensitive to changes in pump power
and signal frequency, making it applicable to the amplification of short pulses in a chirped-pulse OPA.
Generation of quadratic solitons in parametric amplification and parametric generation has been
demonstrated,10,11 and high gain in an OPCPA system under conditions suitable for soliton formation
featuring a photon conversion efficiency of 46% has
been observed.12 In this Letter, we demonstrate the
manipulation of soliton properties through OPA in a
chirped QPM grating in periodically poled lithium
niobate (PPLN) and show the essential features of
the efficiency-enhanced parametric amplifier put forward in Ref. 9.
The concept of chirped-grating soliton parametric
amplification is illustrated in Fig. 1. The distribution
of power among the signal, idler, and pump waves in
a soliton is a function of wave-vector mismatch, defined as ⌬k = k1 + k2 − k3 + Kg, where ki is the wave vector for the signal 共i = 1兲, idler 共i = 2兲, or pump 共i = 3兲
wave, and Kg = 2 / ⌳ is the grating vector of a QPM
grating defined in terms of the QPM period ⌳. The
condition desirable for maximum conversion to
signal–idler pairs in a soliton occurs when ⌬k Ⰷ 0;
however, the condition for low soliton excitation
© 2005 Optical Society of America
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Fig. 1. Soliton parametric amplification with chirped gratings. The graph shows the power sharing between the component waves of an exact multicolor soliton as a function of
wave-vector mismatch, normalized to the pump beam diffraction length ZR (ZR = 5.1 mm in our experiment), for a
soliton with 6 kW of total power. The bottom schematic
shows how these properties can be mapped onto a chirped
QPM grating.

threshold is ⌬k ⬇ 0, and the highest launching efficiency in OPA occurs at slightly negative ⌬k.13 A
chirped QPM grating allows for ⌬k ⬇ 0 at the incident
face of the nonlinear crystal for large launching efficiency and a smooth transformation to solitons at
⌬k Ⰷ 0 at the end for maximum conversion efficiency.
The pump laser in our experiment is a JDS Uniphase PowerChip laser, a passively Q-switched
Nd: YAG microchip laser that supplies 500-ps-long
pump pulses with up to 50 J energy at a repetition
rate of 1 kHz and a wavelength of 1064 nm. The CW
signal is at a wavelength of 1553 nm with approximately 3 mW of output power. The pump and signal
beams are combined using a dichroic mirror and focused to a spot size (1 / e2 diameter) of 55 m at the
input face of a 5-cm-long PPLN crystal. The 5-cmlong PPLN crystal used in this experiment is ten
times longer than the diffraction length for a
55-m-wide Gaussian beam. The pump beam in this
experiment was measured to have a beam quality
factor M2 = 1.5, indicating faster divergence than the
equivalent-width Gaussian TEM00 beam.
The output light is separated by a second dichroic
mirror into signal and pump beams. The exit face of
the PPLN crystal is imaged using CCD cameras, a
silicon camera for the pump and an InGaAs camera
for the signal. The energies of the pump and signal
waves were also measured using integrating photoreceivers that were time gated to reject energy in the
unamplified CW signal that is present between pump
pulses. No measurements were made on the idler
wave.
In Fig. 2, we compare the soliton measured in a
uniform grating at ⌬k = 0 to the soliton obtained in a
QPM grating chirped to a final mismatch ⌬kf
= 875 m−1. The soliton at the output of the chirped

grating has most of its energy in the signal (and
idler) wave with reduced pump intensity compared
with the uniform grating. Fringes are observed on
the background of the image as a result of total internal reflection of nonsoliton fields at the surface of our
0.5-mm-thick PPLN samples.
To quantify the behavior for several chirped gratings, it was necessary to distinguish the soliton content in the output beam from unguided pump and
signal light. Using the CCD images of the pump and
signal spatial modes, we defined a circular digital
mask centered at the peak of the soliton mode, and
with a radius approximately twice the soliton radius.
The sum of all pixel values inside this soliton radius
divided by the sum of all pixels in the image is equal
to the soliton energy divided by the total energy, and
this ratio can be used with the measured total energy
to calculate the soliton content. We measured the
soliton energy in the pump and signal waves in several chirped gratings, all with initial mismatch ⌬ki
= 0 (QPM period ⌳i = 29.56 m) and final wave-vector
mismatch
ranging
from
⌬kf = −1000 m−1 共⌳f
−1
= 29.70 m兲 to ⌬kf = 1000 m 共⌳f = 29.44 m兲.
The pump energy required to launch a soliton was
23–25 J. At this pump power, we observed soliton
energies of 2–6 J, resulting in a launching efficiency
of 8–26% near the soliton threshold for ⌬k = 0. Numerical simulations for ideal pulse and beam quality
conditions predict a launch efficiency in excess of
50%. The soliton energy at threshold is consistent
with the numerical simulations, but the observed
pump power required to excite solitons is thus higher
than expected. This difference is attributed to the
poor beam quality in our experiment. This is qualitatively consistent with simulations when the beam
quality was spoiled through the addition of higherorder Laguerre–Gaussian modes. It is also consistent
with recent measurements where the soliton threshold was observed to increase substantially with M2.14

Fig. 2. Engineered solitons. Top row: surface plots show
spatial intensity profile of (a) pump and (b) signal components of a multicolor soliton in a uniform grating at ⌬k = 0.
Bottom row: surface plots of pump (c) and signal (d) waves
at the output of a chirped grating with initial wave-vector
mismatch ⌬ki = 0 and final mismatch ⌬kf = 875 m−1. Note
the clearly higher conversion efficiency in the chirped grating case.
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Fig. 3. Properties of engineered solitons. Top, energy inside a digital aperture of two input beam radii carried by
the pump (crosses, experiment; short-dashed curve, simulation), signal (circles, experiment; dashed curve, simulation), and total (asterisks, experiment; solid curve, simulation) in chirped gratings versus final wave-vector
mismatch. The initial mismatch in all cases is ⌬k = 0. Bottom, fractional energy, defined as the signal or pump energy divided by the sum 共signal+ pump兲 energy. The shaded
region indicates the presence of amplified vacuum noise. In
that region the input peak power is below the soliton
threshold, and thus solitons do not form.

The central result of our experiments is shown in
Fig. 3. For comparison, we also plot results of numerical simulations conducted with CW evolution
equations [see Eq. (1) of Ref. 9], assuming radial symmetry. The temporal shape of the pump pulse was included by averaging the results of CW propagations
over a Gaussian temporal envelope. The conditions
mimic the experimental conditions, except that the
numerical simulations use a Gaussian pump field
with energy of 8 J to yield the same soliton energy
as in the experiment.
The experimental data show reasonable agreement
with simulations in the unshaded region. No solitons
can form in the shaded region, since the energy is below the threshold. Parametric amplification of
vacuum noise was observed in this region near the
1562-nm wavelength, far from the signal seed wavelength of 1553 nm and closer to the phase-matching
wavelength for the final periods found in this region
of the graph. Amplification of vacuum noise was not
included in the numerical model, and this is the reason for the apparent disagreement between experiment and numerical simulation in the shaded portion
of the graph. The spectral width of the signal in the
unshaded region was measured to be less than 0.1
nm (the limit of our spectrometer) for all gratings.
In addition to the chirped grating experiments, we
performed experiments in uniform gratings away
from wave-vector matching that demonstrate a soli-
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ton threshold that increases sharply with mismatch
(positive or negative), and parametric generation is
observed for ⌬k ⬍ −125 m−1 and ⌬k ⬎ 750 m−1. Optical damage was observed in some cases at the maximum available pump energy around 40 J before the
soliton threshold was reached in gratings with 兩⌬k兩
⬎ 500 m−1. This behavior demonstrates the clear advantage of launching solitons at ⌬k = 0 and using a
chirped QPM grating to access soliton states at large
兩⌬k兩, where it is difficult to achieve direct excitation
in a high-gain parametric amplifier.
In conclusion, we have demonstrated engineering
of solitons in OPA through the use of a chirped QPM
grating, generating solitons near phase matching,
where the launching soliton efficiency is close to optimum, and using a linearly chirped QPM grating to
transform the energy sharing of the soliton to a more
favorable value determined by the local wave-vector
mismatch. This behavior demonstrates the essential
features of an efficiency-enhanced soliton optical
parametric amplifier.
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