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We show that the pump–to–signal power conversion efficiency of parametric chirped-pulse amplifiers made
with periodically poled materials operating with multicolor spatial solitons can be significantly enhanced by
employing engineered quasi-phase-matching gratings. Applications include compact sources of high-energy
ultrashort pulses in diffraction-limited high-quality beams. © 2002 Optical Society of America
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Important practical applications of high-energy femtosec-
ond laser sources are emerging in a variety of fields, in-
cluding material processing, biotechnology, medicine, en-
vironmental monitoring, and ultrafast chemistry. Thus
the development of compact and reliable sources with en-
ergies in the microjoule–to–millijoule range is of current
high technological interest. Since it is difficult at present
to build laser oscillators generating such high-energy ul-
trafast pulses, laser amplifiers are generally used to in-
crease the energy in low-power seed pulses. To avoid un-
desirable nonlinear effects in the amplifier, the peak
power for a given pulse energy is reduced through the use
of chirped-pulse amplification, with the ultrafast pulse
stretched to a duration of the order of 1 ns.1 Since the
single-pass gain of typical laser amplifiers is too low for
these purposes, regenerative amplification is widely
used.2

Recently parametric chirped-pulse amplification has
been explored as a simpler, single-pass alternative to a re-
generative laser amplifier, with efficient nanosecond-
pump–to–femtosecond-output-pulse energy conversion in
periodically poled lithium niobate (PPLN),3 and periodi-
cally poled potassium titanyl phosphate.4 In addition to
its simplicity, parametric amplification has important ad-
vantages, such as no intrinsic bandwidth limitation or
power dissipation and straightforward design techniques
to yield gain at any desired wavelength. However, high-
gain single-pass amplifiers can strongly distort the wave-
front of the amplified beam if there is significant trans-
verse variation in gain. The trade-offs in obtaining
efficient energy extraction from a Gaussian pump beam
while maintaining high-output-beam quality are complex
in a saturated parametric amplifier, so systematic tech-
niques for designing such devices are important. A po-
tentially interesting solution involves the generation of a
multicolor spatial soliton.

It is now well established that soliton formation is pos-
sible in a variety of three-wave parametric mixing in qua-
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dratic nonlinear crystals.5–7 Soliton formation in para-
metric amplification was observed experimentally by
Stegeman and co-workers8 and by Di Trapani et al.9 in
bulk potassium titanyl phosphate and lithium triborate,
respectively. Soliton formation in bulk PPLN has also
been reported.10 Operation of the parametric amplifier
in the soliton regime allows cleaning up the pump signals
and can potentially yield robust output light distribu-
tions. Operation in such a regime was demonstrated re-
cently by Galvanauskas and co-workers11 in a system con-
sisting of a diode-pumped Q-switched microchip laser
emitting 750-ps pump pulses at 1064 nm, a Yb fiber am-
plifier, a standard femtosecond Er-doped fiber oscillator
producing a few milliwatts of 300-fs seed pulses at 1556
nm, and a PPLN-based bulk optical parametric amplifier.
The system yielded 50–60 mJ in 1-ps amplified signal
pulses from up to 300-kW peak-power pump light. Here
we show that operating the parametric amplifier in the
soliton regime and employing properly engineered quasi-
phase-matching (QPM) gratings can lead to a significant
enhancement of the overall pump–to–signal power con-
version efficiency. We also show that with engineered
gratings the robustness of the device against variations of
the operating conditions is improved.

We study parametric amplification of pulses with dura-
tions on the nanosecond scale; thus we assume that a cw
model for the light evolution is justified. Spatial soliton
formation in an aperiodically poled bulk quadratic nonlin-
ear medium under conditions for cw optical parametric
amplification is thus governed by the evolution equations
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where Ai (i 5 1, 2, 3) are the slowly varying envelopes
of the signal, idler, and pump beams, respectively, in
MKSA units; ki are the corresponding wave numbers; and
Ki 5 2v i

2deff /ki c2. Here v i , with v3 5 v1 1 v2 , are the
angular frequencies of the waves, c is the velocity of light
in vacuum, and deff is the effective nonlinear coefficient.
The residual phase mismatch existing between the waves
in the aperiodically poled material is given by
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where L(z) is the local period of the aperiodically poled
structure, and L0 5 2p/Dk0 , with Dk0 5 k1 1 k2 2 k3 ,
is the period for exact phase matching.

To allow direct comparison with experimental data of
existing and potential parametric amplifiers, all the cal-
culations presented in this paper were performed with
the actual parameters of PPLN pumped at 1064 nm.
However, the results and trends reported are intended to
be general. In particular, we set deff . 17 pm/V, a waist
of the pump beam of w ; 20 mm (FWHM ;33 mm), and a
device length L 5 35 mm, but the results can be directly
extended to parametric amplifiers built with different ma-
terials and operating wavelengths by use of the scaling
properties of Eqs. (1). A transparent derivation of such
scaling, with emphasis in the soliton regime, was dis-
cussed, e.g., by Menyuk and co-workers.12

The principle of operation of the efficiency-enhanced
devices is based on the properties of the quadratic solitons
as a function of the phase mismatch between the multiple
waves that form the solitons.13 In the parametric ampli-
fier that is addressed here solitons form by the mutual
trapping and locking of the pump, signal, and idler
waves.14 Solitons exist above a threshold light intensity
at all values of the wave vector mismatch between the
waves, but for a given total soliton power the correspond-
ing sharing between the three waves that form the soliton
depends on the actual value of the mismatch. Figure
1(a) shows the soliton power sharing for a fixed total
power as a function of the normalized mismatch
b 5 k1w2 Dk. The power imbalance between the signal
and idler waves, defined as P im 5 P1 2 P2 , is set to zero.
The plot corresponds to a total power P 5 70 kW. The
share of the signal wave increases as b becomes large and
positive; thus only the region b . 0 is displayed. Figure
1(b) shows the threshold power for soliton existence as a
function of b.

QPM techniques rely on the periodic modulation of the
nonlinear properties of the medium to compensate for the
existing wave vector mismatch between the waves.15 In
chirped QPM, the period is varied along the sample,
hence yielding a longitudinally varying wave vector
mismatch.16,17 According to Fig. 1(a), the idea behind the
scheme explored here is to employ chirped structures in
which the mismatch between the waves goes from nearly
zero at the input face of the crystal, where a large fraction
of the soliton power is carried by the pump beam, to a
large positive value at the end of the sample, where most
of the soliton power is to be carried by the signal. The
potential of the scheme arises from the ability of the soli-
tons to adapt themselves to the local mismatch that they
experience,18,19 so that the overall pump-to-signal conver-
sion efficiency might be optimized while the soliton na-
ture of the beams is maintained. However, as is shown
by Fig. 1(b), the larger the residual mismatch, the higher
the threshold minimum power for soliton existence.
Therefore, the question is whether the process actually
enhances the efficiency and overall robustness of the soli-
ton parametric amplifier as a function of the input pump
power, the strength of the QPM chirp, and the largest
achievable value of b (i.e., the closest the ideal device per-
formance is to the quantum limit).

To determine whether such is the case, we conducted
comprehensive series of numerical experiments solving
the system of Eqs. (1) for a variety of input light condi-
tions and QPM chirps. We considered linear chirp pro-
files with the form

db~z !

dz
5

b~L ! 2 b~0 !

L
, (3)

and we verified that analogous results are obtained with
different profiles. In the numerical experiments shown
here, we set the pump and the signal wavelengths at l3
5 1.064 mm and l1 5 1.556 mm, respectively; thus an

Fig. 1. (a) Power sharing between the pump, idler and, signal
forming a soliton of total power 70 kW in PPLN, as a function of
the normalized wave vector mismatch, for b . 0. (b) Power
threshold for soliton existence. In the case of optical parametric
amplification (OPA), l1 5 1.556 mm, l2 5 3.365 mm, l3
5 1.064 mm. In the case of second-harmonic generation (SHG),
l1 5 l2 5 1.556 mm, l3 5 0.778 mm.



1398 J. Opt. Soc. Am. B/Vol. 19, No. 6 /June 2002 S. C. Rodriguez et al.
idler wave is generated at l2 5 3.365 mm. The input
seed signal is assumed to carry a cw power of 30 mW in a
Gaussian beam with a waist of 20 mm, but we verified
that the results do not depend sensitively on these
choices. Note that the maximum pump-to-signal energy
conversion efficiency achievable is given by the quantum
limit where all pump photons are downconverted into sig-
nal and idler photons, that is, by the ratio l3 /l1 . For
the wavelengths given above, such a quantum limit
amounts to a pump-to-signal energy conversion efficiency
of '68%.

Figure 2(a) illustrates the difference between soliton
parametric amplifiers employing periodic and aperiodic
gratings. The plots show the evolution of the power car-
ried by each wave along the device when the input pump
carries 70 kW. The dashed curves correspond to a peri-
odic structure featuring b 5 0 all along the sample. A
soliton is readily excited with a pump-to-signal power ef-
ficiency measured at the end of a device 35 mm long of
'41% (i.e., '60% of the quantum limit). This means
that '30% of the input power still remains at the pump
wavelength. The solid curves show the light evolution
under the same input conditions but now for the propaga-
tion in an aperiodic structure with a chirp that yields a
value of the mismatch at the input and the output faces of
the crystal of b(0) 5 0, and b(L) 5 15, respectively.
The device efficiency increases up to 57% (i.e., '84% of
the quantum limit), and the output beams feature the

Fig. 2. Power carried by the pump, signal, and idler versus de-
vice length. (a) P 5 70 kW; solid curves, chirped QPM sample
with b(0) 5 0, b(L) 5 15; dashed curves, unchirped sample
with b(z) 5 0. (b) P 5 100 kW, b(0) 5 0, b(L) 5 25. In all
cases L 5 35 mm.
shape of the soliton associated with the corresponding lo-
cal mismatch. As is suggested by Fig. 1(a), higher effi-
ciencies can be obtained with stronger chirps that yield
larger values of b(L), even though higher input powers
are also necessary to exceed the threshold for soliton ex-
istence. One finds that efficiencies in excess of 90% of
the quantum limit are readily obtained in properly de-
signed QPM chirps. Figure 2(b) shows a typical example
when the input pump power amounts to 100 kW in a
sample with b(0) 5 0, b(L) 5 25, which for the param-
eters of PPLN corresponds to a period variation of 1.1 mm
over the sample length.

For the QPM-chirped soliton optical parametric ampli-
fier to be of potential practical importance, the efficiency
enhancement has to occur under a variety of conditions
with improved performances relative to unchirped struc-
tures. Figure 3 suggests that this is indeed the case. In
the plots displayed, the points are the results of the nu-
merical experiments; the interpolated lines are only to
help the eye. Figure 3(a), which shows the pump–to–
signal power conversion efficiency as a function of the re-
sidual mismatch existing at the input face of the aperiodi-

Fig. 3. (a) Pump-to-signal power conversion efficiency as a func-
tion of the normalized wave vector mismatch [b(0)] existing at
the beginning of the QPM-chirped sample, for different QPM
chirps. Open circles, unchirped sample with b(z) 5 0; squares,
b(L) 2 b(0) 5 10; filled circles, b(L) 2 b(0) 5 15; triangles,
b(L) 2 b(0) 5 20. In all cases P 5 100 kW. Inset, peak am-
plitude of the signal beam as a function of the device length:
P 5 100 kW, b(0) 5 5. Solid curve unchirped sample; dotted
curve, b(L) 5 15; dashed curve, b(L) 5 20. (b) Efficiency as a
function of input pump power with b(0) 5 0, and different QPM
chirps; symbols as above. Inset: Detail of the signal evolution;
P 5 70 kW, b(L) 5 15.
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Fig. 4. Suppression of oscillations of the beam width and peak amplitude of the solitons by employing pump beams with curved wave
fronts. The pump beam is a3(j 5 0) 5 a0 exp@(2x/h)2 1 if0x

2#. Conditions: (a) and (b), P 5 70 kW, b(0) 5 0, b(L) 5 15; (c) and (d),
P 5 100 kW, b(0) 5 0, b(L) 5 25.
cally poled crystal b(0), reveals that the efficiency of the
QPM-chirped soliton optical parametric amplifier exhibits
a remarkable robustness against variations of the mis-
match in the sample relative to the nominal value. Such
deviations may appear, for example, because of slight de-
viations in the fabrication of the QPM domain length, or
because of temperature oscillations in the oven that is
supposed to hold the crystal at a constant temperature
suitable for phase matching.

Figure 3(b) compares the pump-to-signal efficiency ob-
tained for a range of input pump powers in different
chirped and unchirped structures. For all pump powers
shown, the efficiency is always higher in the chirped para-
metric amplifier than in an amplifier employing a struc-
ture with a constant residual mismatch. Also, the effi-
ciency is found to be almost constant within a wide range
of pump powers, indicating that a constant value should
be obtained in a device pumped with pulsed light. Note
that all cases shown in the plots correspond to the excita-
tion of a multicolor soliton. It is worth mentioning that
outside the corresponding ranges of mismatches b(0) and
pump powers, high energy-conversion efficiencies can also
be obtained. However, when the input light and material
conditions do not yield the excitation of a soliton, the out-
put beam profiles might not feature the clean soliton
shape.

The inset of Fig. 3(a) shows typical evolutions of the
peak amplitudes of the signal beam as a function of the
device length. The peak amplitudes, and hence the beam
widths, undergo large oscillations. This is a potential
drawback of the soliton optical parametric amplifier that
may be attributed to the internal modes of the multicolor
solitons20,21 that are typically present in their excitation
with arbitrary input signals. Schemes that allow reduc-
tion of such oscillations need to be elaborated. A poten-
tial solution is to use pump beams with curved wave
fronts, a typical example of which is shown in Fig. 4. The
conclusion is that a drastic reduction of the oscillations of
the peak amplitude and beam width of the excited soli-
tons can be achieved.

The potential of the QPM-chirped structures suggested
by Figs. 2 and 3 is further illustrated by Fig. 5. The plot
shows that even though similar efficiencies and output
beams might be obtained in chirped and in optimized un-
chirped structures [here b(z) 5 10] when the input power

Fig. 5. Detail of the normalized amplitude of the output signal
beam for different conditions. Solid curve P 5 70 kW, b(0)
5 0, b(L) 5 10; dotted and dashed curves, unchirped sample
with b(z) 5 10, and P 5 70 kW and P 5 100 kW, respectively.
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is high enough (here P 5 100 kW), when P is reduced
(here to 70 kW) only with the device employing the
chirped QPM is a high brightness soliton generated, while
no soliton is formed in the unchirped sample. The dras-
tic difference between the shapes of the output signals
that are obtained in both cases is clearly visible.

To sum up, we have shown numerically that the overall
performance of optical parametric chirped-pulse amplifi-
ers made with periodically poled materials operating with
multicolor spatial solitons can be significantly enhanced
by employing engineered QPM gratings. Results analo-
gous to those reported here were obtained for a variety of
input pump and signal powers, shapes, and waists, QPM
chirp strengths and profiles, and device lengths. To be
specific, here we focused on aperiodically poled LiNbO3,
but results hold for all materials where QPM techniques
can be implemented, including KTiOPO4, KNbO3,
LiTaO3, RbTiOAsO4, and semiconductors.22–25

We conclude by noting that operation of the parametric
amplifier in the soliton regime requires input light condi-
tions employed in existing devices; thus the scheme pre-
sented here holds promise for experimental implementa-
tion.
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