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Abstract: We propose a BBO-based chirped-pulse optical parametric am-
plifier employing an angularly dispersed signal beam to yield a full-octave
gain bandwidth, sufficient for the direct amplification of sub-10-fs pulses.
Numerical simulations show that this power-scalable amplifier configuration
has a small-signal gain of 107 at a pumping intensity of 45 GW/cm2. The
additional phase-matching flexibility compared to alternative configurations
permits the suppression of parasitic second harmonic generation of the
signal beam.
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1. Introduction

Chirped-pulse optical parametric amplifiers (CPOPAs) are increasingly showing promise as
alternatives to chirped-pulse amplifier systems based on e.g. Ti:sapphire, which suffer from
gain narrowing [1] and thermal problems at high average powers unless they are cryogenically
cooled [2]. The large gain bandwidths of CPOPAs potentially allow the direct amplification of
sub-10 fs pulses, which are traditionally generated by spectral broadening in hollow fibers after
the amplifier [3] or by spectral filtering between the amplifier stages [4]. Gain narrowing has
also been overcome by using a spatially dispersed seed beam and tailoring the pump spatial
distribution to selectively amplify the spectral wings [5]. These techniques lead to complex
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system architectures and potentially reduce the amplification efficiency, and the output energy
is ultimately limited by material absorption. By contrast, optical parametric amplifiers have
negligible thermal loads, high gain, potentially large bandwidths, and are scalable in terms of
peak and average power. They have already proven useful for ultra-broadband amplification
of pulses at the µJ energy level, both in the visible and in the near-IR [6–9]. Chirped pulse
OPAs (CPOPAs) [10, 11] have reached terawatt power levels for 1 µm pulses in the 100 fs
regime [12, 13]. The CPOPA technique has also been applied in the wavelength range around
800 nm [14], but the reported 60 fs pulse duration did not exploit the full potential of the
technique. The tilting of pulse fronts, which is equivalent to angularly dispersing the beam (this
is explained in Section 3), has been exploited to match the group velocities of the pump and
signal beams in OPAs [7,15], and to increase the bandwidth with achromatic phase matching in
second harmonic generation (SHG) [16–19]. Group velocity matching of all beams in a general
three-wave interaction using pulse front tilting has been studied theoretically [20]. In chirped-
pulse amplifier systems, the pulses are relatively long and matching the group velocity of the
pump is not of primary importance, so that the angular dispersion can be chosen to optimize the
amplifier gain bandwidth. We are not aware of a detailed investigation of this technique applied
to CPOPAs.

In this paper we report a numerical study of a β -BaB2O4 (BBO)-based CPOPA, with angu-
larly dispersed signal and idler beams to optimize the gain bandwidth. Our results show that it
is possible to achieve a small-signal gain of > 107 and a full-octave bandwidth with realistic
system parameters. An additional advantage of our configuration is that it does not suffer from
phase-matched parasitic SHG, which can be a problem in other BBO-based OPAs [21]. The
conditions for wide-band phase matching in BBO are formulated in Section 2, while a brief
overview of tilted pulse and phase fronts and our choice of modeling configurations are given
in Section 3. Our simulation results are presented in Section 4, and we draw conclusions in
Section 5.

2. Wide-band phase matching

Energy conservation of a general three-wave interaction dictates that the angular frequencies
ω j satisfy

ω3 = ω2 + ω1, (1)

where we define the indices j = 3, 2, and 1 to refer to the OPA pump, signal / seed, and idler,
respectively. To first order, the frequency acceptance bandwidth of the nonlinear interaction
with respect to the signal frequency is determined by d∆k/dω 2, where ∆k = k3 −k2−k1 is the
phase mismatch. We adopt the definition of the wave vectors k being orthogonal to the phase
fronts with magnitude k(ω) = ω n(ω)/c, where n(ω) is the (dispersive) refractive index and
c the vacuum velocity of light, and employ the Sellmeier equations of Kato [22], which are
based on measurements between 205 nm and 1064 nm. For a quasi-monochromatic pump, ω 3

is constant, and the signal acceptance bandwidth is given by

d∆k
dω2

= − dk2

dω2
− dk1

dω2
= − dk2

dω2
+

dk1

dω1
. (2)

When this derivative vanishes, i.e. when the group velocities dk j/dω j of the signal and idler
are equal, the bandwidth becomes large, with the actual value being determined by higher order
derivatives.

As an example, it is well known that the bandwidth is large in degenerate collinear type 1
interactions. In this case, the signal and idler beams are identical with equal group velocities.
However, the equivalence of signal and idler beams makes this configuration phase-sensitive
and therefore not practical for broadband amplifiers. In a collinear phase matching geometry,
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the crystal orientation is selected to satisfy the phase matching conditions, and the crystal length
to yield the desired gain, leaving no further design parameters to optimize the gain bandwidth.
Noncollinear phase matching gives much greater scope for tailoring the bandwidth.

Although our simulation model is general, in the following examples we restrict our attention
to noncollinear interactions in the YZ crystal plane of BBO, where Z is the crystal optic axis,
as shown in Fig. 1. The phase matching angle θ is defined as the polar angle between the optic
axis Z and the pump propagation vector k3. We denote the noncollinear angle between k2 and
k3 by α . In addition to the crystal axes X, Y, and Z, we use a model coordinate system with
axes x̂, ŷ, and ẑ, where ẑ is parallel to the pump beam and the model x̂ axis lies in the crystal
YZ plane. We take the crystal to be cut so that its face is perpendicular to the pump beam (and
ẑ axis). This choice has the advantage that, because of Snell’s law, the transverse components
of a wave vector, kx and ky, remain constant across the crystal interface.

Fig. 1. Crystal axes X, Y, Z (green) and model axes x̂, ŷ, ẑ (black). The pump wave vector
k3 is perpendicular to the crystal face and parallel to ẑ. k2 (red) is the signal wave vector
with internal noncollinear angle α .

The features of noncollinear phase matching in BBO can be explained by aid of Fig. 2.
The figure shows the loci of noncollinear angles α , for different phase matching angles θ , for
which phase matching is satisfied. Perfect phase matching with an angularly dispersed signal
beam could be achieved across the entire bandwidth if α(ω) at each seed frequency ω could be
made to follow one of the curves. Creating such an arbitrary angular dispersion is difficult, so
we focus our attention to two forms of noncollinear phase matching: a collimated signal beam
tilted with respect to the pump beam (horizontal lines in Fig. 2); and a signal beam additionally
dispersed by a diffraction grating (lines of constant slope).

3. Pulse-front tilting

The numerical simulation uses a transverse wavenumber k x(ω) representation for each fre-
quency component to efficiently handle tilted beams, wave-, and pulse-fronts. The trans-
verse wavenumber and noncollinear angle α(ω) are geometrically related by sin[α(ω)] =
kx(ω)/|k(ω)|. Because of our choice of coordinate system and crystal cut, k x is the same inside
and outside the crystal, although the noncollinear angle is changed by refraction.

Figure 3(a) shows the k vectors for the central frequency (black) as well as two extreme
frequencies components (blue, red) in the case of a collimated signal beam. Tilting the entire
beam relative to the pump vector yields a noncollinear angle α that is constant for all frequen-
cies. Phase matching results in a dispersed idler even though the seed beam is collimated. A
constant α corresponds to a horizontal line in Fig. 2; when such a line is tangent to a phase
matching curve, ∆k becomes independent of wavelength to first order (matched group veloc-
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Fig. 2. Phase-matching curves for noncollinear type 1 (ooe) interactions in BBO with a
pump wavelength of 400 nm. Each black curve shows the loci of perfect phase matching
(∆k = 0) for a specific value of θ , while the green line shows wavelengths at which parasitic
second harmonic generation is phase matched. The broadband phase matching configura-
tion that has previously been used for white-light seeded OPAs is shown in red (WL). The
configurations marked in blue are investigated in this paper.
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Fig. 3. (a) Tilted collimated beam and (b) angularly dispersed beam in model x̂ẑ plane. (a)
The seed beam (solid lines) is tilted by noncollinear angle α , constant for all wavelengths
(blue, red), and interacts with a monochromatic pump (green) to yield a dispersed idler
(dashed). (b) Influence of diffraction grating adding constant KG to all frequency compo-
nents, resulting in a tilted pulse relative to the central k (black). KG is the grating vector.

ities for signal and idler) and gives a broad gain bandwidth. When a phase matching curve is
approximately horizontal over an extended range of wavelengths, the second order derivative
of the phase mismatch is also small and good phase matching can be achieved across the whole
range. One such configuration, which has been exploited in many experiments [6, 7, 23], is the
flat section between 550 nm and 700 nm (red line in Fig. 2) for θ = 0.55rad and α = 66mrad
(3.7◦).

Figure 3(b) shows the influence of diffraction off a grating in the x̂ axis. Mathematically, a
grating with groove spacing Λ multiplies the pulse envelope by exp(iK Gx), where the grating
vector KG = 2π/Λ, which is equivalent to imposing a constant transverse wave vector compo-
nent KG on all frequency components. The pulse front (which is determined by the intensity
distribution) is not affected, resulting in a signal with a pulse front tilted relative to the cen-
tral beam direction (black). The frequency-dependent noncollinear angle in the crystal can be
written as α(ω) = sin−1(λ/(nΛ)) ≈ λ/(nΛ) for small diffraction angles. The equivalence of
angular dispersion and a tilted pulse front is illustrated in Fig. 4. Phase matching results in all
idler components having transverse wave vector components of k x = −KG, and, in the general
case, both the signal and idler beams are angularly dispersed.
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Fig. 4. Equivalence of angular dispersion and pulse tilt. (a) Untilted pulse envelope,
E (x,t), where x̂ is normal to the propagation direction. (b) Fourier transform Ẽ(kx,ω) =∫ ∫

E (x,t)exp(i(ωt − kxx))dxdt. (c) Tilted pulse E ′(x,t) = E (ax− bct,at + bx/c), where
c is the velocity of light and a and b are rotation coefficients that satisfy a2 + b2 = 1.
(d) Fourier transform of the tilted pulse, which can be shown to be Ẽ ′(kx,ω) = Ẽ(akx +
bω/c,aω −bckx). The angular dispersion is reflected by the variation of kx with ω .

The approximately linear relation between α and λ means that beams tilted and dispersed by
a grating correspond to straight sloping lines in Fig. 2. A suitable combination of beam tilt and
grating dispersion can thus be chosen to phase match a wavelength range over which the phase
matching curve has a constant slope. Since the curves in Fig. 2 have constant slopes that cover
much wider and more diverse wavelength ranges than the horizontal sections, angular disper-
sion offers greater flexibility in phase matching broadband beams. The approximate relation
between α and λ can only be used to identify potential broadband phase matching configura-
tions; in the final phase matching calculations below we use the exact relation for k x. For an
angularly dispersed beam with fixed kx, the projection of the group velocity onto the ẑ-direction
is given by

vg,z =
(

dkz

dω

)−1

= vg cos [α(ω)] , (3)

where vg is the group velocity parallel to k.
Although the phase mismatch is the most important factor determining the bandwidth, it is

necessary to calculate the actual gain to analyze an interaction in detail. The small-signal gain
coefficient g in the presence of a phase mismatch ∆k is given by

g =

√
γ2ω1ω2I3 −

(
∆k
2

)2

, (4)

where

γ =
χeff

c

√
Z0

2n1n2n3
, (5)

χeff = 2deff is the effective nonlinear susceptibility, and Z0 is the vacuum impedance. Equa-
tion (4) shows that the tolerance to phase mismatch increases with gain and can be estimated
by |∆k| � g0, where g0 is the gain coefficient in the absence of phase mismatch. Furthermore,
the gain depends on frequency through the factor (ω 2ω1)1/2 = [ω2 (ω3 −ω2)]1/2, which, for a
fixed range of variation for ω2, varies least if the center frequency equals ω3/2.

We are interested in broadband amplification around 800 nm with a 400 nm pump, so we
identify two potential configurations marked in Fig. 2: (i) θ = 0.51rad and α = 16mrad with
a collimated signal beam; and (ii) θ = 0.69rad and angular dispersion with k x = 2106mm−1

(kx has the same value inside and outside the crystal, as explained above). Other configura-
tions are also possible, but these two were found to give maximum bandwidth for the cases
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with collimated and angularly dispersed signals, respectively. For type 1 phase matching in
BBO, propagation in the YZ plane gives the maximum nonlinear coefficient, d eff = dyxx cosθ .
|dyxx| = |dyyy| because of Kleinman symmetry, and dyyy = 2.2pm/V [24]. For the gain calcula-
tions we take a pump intensity of 45 GW/cm2, which gives g0 in the range 3.5–4.1 mm−1 for
our configurations. To get comparable results we adjust the crystal length L c to obtain a peak
gain of about 108 in each case. We analyzed these configurations by plotting the phase mis-
match ∆k = |∆k|sign(∆k ·k3) and small-signal gain g as functions of frequency, and optimized
them by fine-tuning the crystal orientation and noncollinear parameters. The results are shown
in Figs. 5 and 6.

For case (i) (Fig. 5), the central 800 nm wavelength is phase matched with a noncollinear
angle of α = 10mrad (black line). Increasing the noncollinear angle to α = 16mrad (red) gives
a greater gain bandwidth, as can be seen in Fig. 5(b); but increasing α further to 22 mrad
(green) results in a significant dip of the gain at the center frequency. Detailed simulations of
this configuration were recently reported for a CPOPA system based on measured 12 fs seed
pulses [25].
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Fig. 5. (a) Phase mismatch ∆k; and (b) gain; as functions of signal frequency ω2 for λ3 =
400nm, θ = 0.51, and Lc = 2.5mm. α = 10mrad (black), α = 16.2mrad (red), and α =
22.3mrad (green).

In configuration (ii), kx is constant, so α is approximately proportional to λ . Since the signal
and idler have the same polarization, opposite kx, and both are centered at the degenerate wave-
length, there is a complete symmetry between the two. Figure 6 shows the phase mismatch and
gain for two different values for kx. With kx = 2106mm−1 (black curve), we find a bandwidth
from 600 to 1200 nm, constant to within half an order of magnitude. The central peak is due
to the frequency factor in the gain coefficient. The gain curve can be flattened by changing the
phase mismatch to kx = 2110mm−1 (red), but this reduces the bandwidth slightly, as seen in
Fig. 6 (b). These kx dispersions correspond to diffraction off gratings with around 330 lines per
mm.

An additional flexibility provided by phase matching with a dispersed seed beam is the sup-
pression of parasitic SHG of the signal, which has been observed in other type 1 phase-matched
BBO-based broadband OPAs [21]. The phase matching angles for collinear SHG in BBO at
wavelengths of interest to the configurations investigated here are shown by the green line in
Fig. 2. In the simple noncollinear phase matching of case (i), parasitic SHG at around 800 nm is
phase matched and could potentially distort the amplified spectrum and reduce the conversion
efficiency. By contrast, in configuration (ii) with θ ≈ 0.7rad, phase matched SHG is possible
only for wavelengths shorter than 600 nm, which lie outside the gain bandwidth (see Fig. 6).
In general wide-band OPAs, parasitic sum frequency generation (SFG) of different signal fre-
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Fig. 6. (a) Phase mismatch and (b) gain as functions of signal frequency for λ3 = 400nm,
θ = 0.69, Lc = 2.8mm and tilted pulse front. kx = 2106mm−1 (black) and kx = 2110mm−1

(red).

quency components can also occur, but this is not an issue with the long chirped pulses of
CPOPAs, since only one signal frequency is present at any time.

The example configurations above were based on type 1 phase matching in BBO. We also
investigated type 2 phase matching, as well as the alternative materials LBO and CLBO. With
type 2 phase matching we did not find any configurations with bandwidths as wide as in con-
figuration (ii). Type 1 CLBO could offer a comparable or slightly greater bandwidth, but we
choose BBO for the simulations below because its nonlinear coefficient is about three times
greater than that of CLBO.

4. Simulation results

In this section, we present simulation examples for configuration (ii) of the previous section.
The simulation model is based on previous work [26, 27], but it has been extended to han-
dle broad-bandwidth beams with high accuracy. Although it works with equations for the en-
velopes, it does not make the slowly varying envelope approximation: The program calculates
the spatial evolution of the amplitude of each spectral and angular component. The essential
approximation is that the spectral amplitudes vary slowly compared to the optical wavelength.
Since the rate of change of these amplitudes is determined by the gain coefficient, which is
on the order of a few mm−1, this approximation is well-satisfied even in high gain OPAs [28].
To save time and memory, our model takes advantage of the symmetry about the noncollinear
plane (x̂ẑ) and computes the beam spatial evolution on a single half-plane. Angularly dispersed
beams are handled efficiently by factoring out the center component of the transverse spatial
frequency, analogously to how the carrier frequency is factored out of the equations for the am-
plitudes. This allows noncollinear beams to be handled with modest spatial resolution. Because
we use a transverse wavenumber (kx and ky) representation for the beams and a coordinate sys-
tem that preserves kx and ky accross the interface, refraction at the crystal face is automatically
taken into account by the model.

In the simulations, we modeled a 2.8 mm long BBO crystal with a peak pump intensity
of 45 GW/cm2. The temporal resolution was 2 fs and the spatial resolution was 100 µm in
the critical (x̂), and 160 µm in the noncritical (ŷ), directions. We verified that these resolutions
were sufficient by comparing them to simulations with higher temporal or spatial resolution. We
assume that the signal beam is suitably stretched and has the appropriate angular dispersion, but
the stretcher and the dispersing optics are not included in the simulation. Similarly, the optics
to collimate and compress the amplified beam are not included.
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We first investigated some idealized configurations by simulating in a single transverse di-
mension using simulated pump and seed pulses to study the output spectra qualitatively. The
seed pulse had an order-12 super-Gaussian intensity envelope of length 3 ps (1/e 2 full-width),
shown by the black line in Fig. 7(a). It was chirped with a chirp parameter of 4×10 −4 rad/fs2,
corresponding to a stretched-pulse spectrum ranging from 580 nm to 1300 nm (black line in
Fig. 7(b)). To ensure that the whole signal pulse interacts with the same pump intensity, and
to allow for temporal walk-off and the rounded corners of the pump pulse envelope, the pump
was chosen to have a 5 ps long, order-12 super-Gaussian intensity envelope. The spatial dis-
tributions of both beams were super-Gaussian of order 10, with 1/e 2 radii of 1 mm. The width
of the suppressed transverse dimension was taken to be 1 mm, and the pump energy is 3.6 mJ.
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Fig. 7. (a) Normalized seed power (black) and output signals for seed intensity 10 W/cm2

(red dashed) and 1000 W/cm2 (red solid). (b) Spectra of seed (black), signal (red) and idler
(green) for a positively chirped seed pulse. The seed intensity is 10 W/cm2 (dashed) or
1000 W/cm2 (solid). (c) Signal and idler spectra for a negatively chirped seed.

Figure 7(a) shows the normalized seed pulse and output signal pulses for two different seed
intensities, 10 W/cm2 (0.48 pJ, dashed lines) and 1000 W/cm2 (48 pJ, solid lines). Figure 7(b)
and (c) show the signal and idler spectra for the same two seed intensities, with positive or
negative sign of the chirp, respectively. At the modest peak seed intensity of 10 W/cm 2, pump
depletion is small and the amplification of the signal spectrum is approximately proportional to
the gain spectrum in Fig. 6, independently of the sign of the chirp. The idler spectrum (dashed
green) is skewed towards short idler wavelengths. The nonlinear interaction results in the gen-
eration of signal and idler photons in pairs; since the flat seed spectrum (solid black) comprises
more low-frequency signal photons, more high-frequency idler photons are generated in the
amplification process.

At a higher seed intensity of 1000 W/cm2, the shape of the spectra is determined principally
by the limiting effect of pump depletion rather than by the seed spectrum and small-signal gain.
Due to the dispersive characteristics of BBO, both high and low frequency wings of the seed
spectrum travel more slowly than does the central frequency (see Fig. 8) and thus experience
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temporal walkoff relative to the pump pulse. For the seed stretched in a positive-dispersive
material, the low signal frequency components in the leading edge of the pulse interact with
successively later parts of the pump pulse that have already been depleted. By contrast, the
high frequency trailing edge continually interacts with undepleted parts of the pump and thus
experiences higher gain, which gives rise to the signal spectrum skewed towards the high fre-
quency end (Fig. 7(b), solid red line). This mechanism works oppositely for the idler because it
has the opposite chirp of the signal. If the sign of the seed chirp is reversed, the qualitative fea-
tures of the signal and idler spectra at high seed power are reversed also, as shown in Fig. 7(c).
The relatively flat signal spectrum in this case may be an advantage in some applications, but
in the remaining examples we assume a positive seed chirp, as is common in chirped-pulse
amplifiers. The output signal energy is 0.68 mJ, which corresponds to a conversion efficiency
into the signal of 19%. In all cases, the amplification bandwidth exceeds one octave.
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Fig. 8. Signal group velocity index as a function of frequency for configuration (ii). The
blue line shows the group index for the ordinary (slow) polarization in BBO, while the
red line shows the effective group index in the ẑ-direction calculated using Eq. (3). The
approximate symmetry of ng,z around the degenerate frequency (375 THz) reflects wide-
band phase matching. The ng,3 = 1.716 group index of the pump beam is shown by the
green line.

In order to obtain a more realistic estimate for the conversion efficiency, we extended the
simulation to include both transverse dimensions. We used pulses with the same parameters
as above, but reduced the pump pulse duration to 4 ps to improve the conversion efficiency.
Figure 9(a) shows the input and output pulse shapes. For an input pump energy of 4 mJ
(45 GW/cm2), a seed energy of 67 pJ yielded 0.82 mJ of amplified signal output This cor-
responds to a signal gain of 107 and a conversion efficiency into the signal of 20%. The input
and output signal spectra, which have the same qualitative features as discussed above, are
shown in Fig. 9(b).

Figure 9(c) shows the fluence distribution of the output signal beam; it is round and undis-
torted at this moderate conversion efficiency. The small asymmetry and offset from the model
origin in the horizontal direction is due to the noncollinearity and the Poynting vector walk-off
of the pump. Figure 9(d) shows the far-field in the x̂-direction as a function of wavelength for
the seed and output signal. Apart from the overall change of the spectrum, the far field is well
preserved in the output. This implies that the output beam has the same angular dispersion as
the input beam, allowing it to be recollimated by an optical arrangement identical to that which
dispersed the seed.

The spectral phase of the central spatial element of the output beam, relative to the phase
of a beam that has propagated passively through the crystal, is shown in Fig. 9(e). The nonlin-
ear mixing introduces a phase shift because of the nonzero phase-mismatch. This phase shift
must be compensated for the compressed pulses to approach the transform limit, shown by the
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Fig. 9. Simulation results for idealized super-Gaussian beams. (a) Temporal profiles of
the input pump (blue dashed), output pump (blue solid), input seed (107 times magnified,
black), output signal (red), and idler (green). (b) Spectra of seed (107 times magnified,
black), output signal (red), and idler (green). (c) Contours of output signal fluence distribu-
tion. (d) Far-field spectra for the x̂-direction (noncollinear direction) of the seed (upper)
and output signal (lower). The dashed lines show the center kx values. (e) Spectral phase
of output signal relative to a passively propagated beam. (f) Transform limited pulses cor-
responding to the seed spectrum (black) and output signal spectrum (red). Their durations
are 2.4 fs and 3.3 fs (FWHM), respectively. The blue curve shows the pulse corresponding
to the output signal spectrum and the nonlinear phase distortion from (e).
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red line in Fig. 9(f); if the phase is left uncompensated, the compressed pulse is longer and
has significant pre- and post-pulses (blue line). For comparison, the transform limited pulse
corresponding to the seed spectrum is shown by the black line. Since the spectral phase is well-
behaved, we anticipate that such compensation is possible using a spectral shaper or acousto-
optic dispersive filter (DAZZLER) [29].

Lastly, we exploited the full potential of the numerical simulation by modeling a measured
seed pulse. We modified the pump beam to have Gaussian spatial and temporal profiles, but
maintained the 1 mm 1/e2 waist radius and the 4 ps pulse duration (full width to 1/e 2). The
peak pump intensity was 45 GW/cm2, as above, which corresponded to an energy of 1.7 mJ.
The complex seed temporal envelope was taken from a SPIDER measurement of a real 3.8 fs
(FWHM) pulse obtained by compressing the output from a hollow fiber [30]. The pulse was
stretched by numerical propagation through a 10 mm block of SF5 glass, taking all dispersion
orders into account, making its length comparable to that of the pump pulse. The seed beam
transverse profile was Gaussian with 1 mm radius, matching that of the pump. Figure 10 shows
the results. For a seed energy of 0.6 nJ we obtained 190 µJ of amplified output, which cor-
responds to 11% conversion efficiency. As mentioned previously, there exists some trade-off
between conversion efficiency and spectral gain bandwidth in the wings of the stretched seed
pulse. The seed energy in this example was chosen an order of magnitude greater than in the
previous example in order to enhance conversion in the (spatial and temporal) wings of the
pump pulse.
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Fig. 10. Results for a measured seed pulse, Gaussian pump pulse, and Gaussian spatial
profiles. (a) Temporal profiles of the input pump (blue dashed), output pump (blue solid),
input seed (3× 105 times magnified) (black), output signal (red), and idler (green). (b)
Spectra of seed (3×105 times magnified) (black), output signal (red), and idler (green). (c)
Spectral phase of output signal relative to a passively propagated beam with n2 = 0 (red)
and n2 = 10−15 cm2/W (blue). The green curve shows the rapid part of the phase variation
alone. (d) Transform limited seed (black) and signal (red) pulses. The blue curve shows the
pulse corresponding to the output signal spectrum and the nonlinear phase distortion (the
red line in (c)).
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The seed spectrum, shown as the black line in Fig. 10(b), is not optimally matched to the
OPA because it is centered below 800 nm and extends below 600 nm, but it is nevertheless
amplified with only small spectral clipping, yielding the spectrum shown in red in Fig. 10(b).
Figure 10(c) shows the spectral phase relative to a passively propagated beam. With this phase
left uncompensated, the pulse shown by the blue line in Fig. 10(d) is obtained. The transform
limit of the amplified spectrum (red) indicates that with these realistic parameters, the CPOPA
can support pulses as short as 5.2 fs.

The slow variation in spectral phase is similar to that of the idealized pulses discussed above,
but there is now some additional rapid variation. The latter could be eliminated numerically by
reducing the seed power, which reduced the nonuniform pump depletion caused by the rapidly
varying signal power. Compression of a pulse with only the rapid phase variations (green line
in Fig. 10(c)) yields almost the transform limit, from which we conclude that the broadening of
the blue pulse is primarily caused by the slow phase variation.

Including a nonlinear refractive index n 2 to investigate possible self-phase modulation, lead-
ing to additional spectral broadening, we found that the effect of n 2 was very small, and the
resulting spectral phase differed only negligibly, as seen from the blue line in Fig. 10(c). The
value of n2 = 10−15cm2/W used was a conservative estimate because it is higher than the values
measured for BBO [31, 32] by a factor 2 or 3.

5. Conclusions

We have investigated broadband phase matching of a CPOPA by spectrally dispersing the seed
beam. We could use the freedom of tilting the pulse fronts to match the group velocities of
signal and idler, since the relatively long pulses of chirped pulse amplification alleviate the
need for precisely matched pump and signal velocities using pulse-front tilting. By using this
technique and considering a number of possible noncollinear phase matching configurations
in BBO, we have identified one that gives an octave gain bandwidth from about 600 nm to
1200 nm when pumping at 400 nm. Detailed numerical simulations of a measured 3.8 fs seed
pulse show an output spectrum of about 200 THz width, corresponding a transform limit of
5.2 fs, although the measured spectrum was poorly matched to the CPOPA gain and did not
exploit the full bandwidth. With 1.7 mJ pump energy (45 GW/cm 2) and a 2.8 mm long BBO
crystal, the seed pulses were amplified from 0.6 nJ to 190 µJ, corresponding to a gain of 3×10 5.
Using idealized pulses, the model results showed pump depletions as high as 40%, and gains
of 107 across the whole octave. The configuration chosen has the additional advantage that the
generation of parasitic second harmonic is not phase matched.

In the simulation examples we assumed modest pump energies, which currently pose a lim-
itation on experimental CPOPA systems. This does not represent the limit of CPOPA, whose
pulse energy can be scaled by making the pulses longer or the beams wider. Such scaling
has beneficial side-effects: Longer pulses reduce the influence of temporal walk-off, and wider
beams make the spatial walk-off caused by the Poynting vector walkoff and noncollinearity less
important. The principles of broadband phase matching by angular dispersion investigated here
are quite general and can, in principle, be applied to any wavelength range, provided a suitable
combination of nonlinear crystal and pump can be found.
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