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Abstract

Noncollinear parametric ampliﬁcation based on type-II phase matching for the generation of
ultrabroadband and tunable spectra in the near infrared is investigated. In a noncollinear
geometry the group velocity matching condition between signal and idler can be obtained in
frequently used crystals such as β-barium borate (BBO) even for wavelengths fully located in the
anomalous dispersion region. The extremely broadband operation, peculiar tuning possibilities
and straightforward experimental implementation with the standard BBO crystal pave the way
for a versatile NIR source in ultrafast spectroscopy.
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Introduction

operating at the wavelength of 800 nm [12]. However, to
extend the tunability of ultrafast sources, it is common to rely
on nonlinear optics for broadband frequency conversion.
Methods based on third-order nonlinearities, that allow mixing
processes in bulk materials [13] or in highly-nonlinear [14] and
photonic crystal ﬁbers, offer extremely broadband and highly
stable output pulses at moderate energy levels. This process
can be scaled to high power with the use of a gas medium
contained in a hollow ﬁber [15] or exploited for ﬁlamentation
[16]. Nevertheless, the ultimate ﬂexibility for an ultrafast
source can be obtained by optical parametric ampliﬁcation
(OPA) [17]. This second-order nonlinear process allows the
generation of tunable ultrashort pulses spanning from UV to
far-IR and THz radiation [18 20]. OPAs are workhorses in
ultrafast spectroscopy [21] when employed at low power and
can easily be scaled up to high powers for extreme ﬁeld
applications [22 26]. In this work, we discuss how OPAs can
be designed to operate in the near-IR spectral region for the
production of broadband and tunable pulses with a geometry
that employs noncollinearity [27] combined with type-II phase
matching. Type-I noncollinear OPAs (NOPA) in the near-IR
are limited to nonlinear materials with high refractive index

The generation of ultrabroadband, few-cycle pulses is at the
center of modern optics [1]. Pulses characterized by durations
limited to few femtoseconds allow the investigation and the
control of fundamental phenomena occurring in matter at their
characteristic timescale such as phase transitions [2, 3], energy
transfer [4], quasi-particle formation [5, 6], charge carrier
relaxations [7] and many other chemical or biological problems
[8, 9]. Additionally, the extremely short duration of intense
electromagnetic waves allows non-perturbative excitation of
matter [10] with, for example, the emission of high order
harmonics [11]. Here we present a simple and ﬂexible concept
for the generation of few-cycle pulses in near-infrared. This
novel source is based on noncollinear parametric ampliﬁcation
and can be employed in ultrafast spectroscopy with perspectives for its scaling to high-energy applications.
A number of techniques for the synthesis of ultrashort
pulses with different properties and speciﬁcations have been
developed in the last years. The most straightforward approach
for the generation of few-cycle pulses relies on the broad gain
bandwidth of Ti:sapphire oscillators and subsequent ampliﬁers
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the nonlinear coupled equations that describe the parametric
ampliﬁcation process in a χ2 crystal [17]. When the group
velocities are matched, i.e. δ = 0, the bandwidth is only limited by higher orders such as group delay dispersion that start
to be signiﬁcant.
The group velocity matching condition between signal
and idler can be easily achieved in type-I conﬁgurations
owing to the fact that signal and idler share the same dispersion relation for the refractive index. In particular, it is
possible to: (i) have degenerate ampliﬁcation so that signal
and idler are both at approximately half of the pump photon
energy and thus propagating with the same dispersion of
refractive index [34 36]; (ii) have signal and idler at frequencies symmetric with respect to the zero group velocity
dispersion point, i.e. one propagating in the normal and the
other in the anomalous dispersion region so to match their
velocities [37]. A third important approach relies on the socalled noncollinear geometry [38, 39]. In this case, the
requirement of group velocity matching can be obtained when
the idler is faster than the signal. Under this condition, it is
possible to introduce an angle α between signal and pump so
that the corresponding idler is generated at the new angle Ω,
thus preserving the total momentum:

Figure 1. Schematic setup of a noncollinear optical parametric
ampliﬁer with α being the noncollinearity angle and Ω the angle
between signal and idler. α can be aligned to optimize the phase
matching condition. BS: beam splitter, R = 10%, WP: λ/2 waveplate,
ND: linear neutral density ﬁlter, L1: pump focusing lens, 300 mm;
L2: lens with 75 mm focal length, L3: lens with 50 mm focal length;
BBO: β barium borate or other suitable nonlinear crystals.

[28 32], i.e. with zero dispersion wavelength exceeding
1600 nm such as potassium niobate or lithium tantalate.
Instead, the conditions discussed in this work can be achieved
in virtually any nonlinear crystal including β-barium borate
(BBO). This fact provides additional ﬂexibility in terms of
tunability and efﬁciency to the OPA process.

k p cos α = k s + k i cos Ω .

Optical parametric ampliﬁcation
In this geometrical setup the component of the idler
velocity is projected along the signal direction

Parametric ampliﬁcation is generally employed as a front-end
of a Ti:sapphire femtosecond ampliﬁed laser system operating
at kHz repetition rate. Recently, also Yb lasers are gaining
appeal as driving sources [33]. The conceptual scheme for the
realization of an OPA is shown in ﬁgure 1. A white-light
supercontinuum is generated via self-phase modulation by
focusing a small portion of the driving pulse into a few-mmthick plate made of a χ3 nonlinear medium. This seed acts as
the signal in the ampliﬁcation process that takes place in a χ2
nonlinear crystal, in our case BBO. The OPA is pumped by the
fundamental or second harmonic of the laser system output at
800 or 400 nm, respectively. During ampliﬁcation an idler
beam is generated due to energy conservation. The momentum
conservation condition, i.e. phase matching, determines which
spectral components of the supercontinuum can be effectively
ampliﬁed.
The key ingredient for the generation of a few-cycle pulse
with an OPA is optimum group velocity matching between
signal and idler [17]. If these two pulses propagate with the
same speed, the energy is efﬁciently exchanged over a broad
bandwidth during the nonlinear ampliﬁcation process. In detail,
we evaluate the group velocity mismatch (GVM) by deﬁning a
parameter δ that is proportional to the difference of the reciprocal of the signal (vgs) and idler (vgi) group velocities:
δ=

k p sin α = k i sin Ω

and allows for GV matching:
vgs = v gi cos Ω .

The concept of NOPAs based on a type-I phase matching
condition has been employed for a variety of different crystals
and spectral regions [40 42]. As an example, the prototypical
crystal for parametric ampliﬁcation, BBO, cut at phase
matching angle θ = 32°, provides a remarkable phase matching bandwidth extending from 500 to 700 nm when pumped
by the second harmonic of a Ti:sapphire laser and with a
noncollinearity angle of 3.7° [38, 39]. Recently it has been
demonstrated that the NOPA concept can be extended to nearIR wavelengths by exploiting nonlinear crystals with high
refractive index [21, 43, 44]. These materials, in fact, provide
a red-shifted dispersion curve and zero-dispersion point so
that the idler can display a larger group velocity than the
signal, a condition that cannot be achieved in BBO with
800 nm pumping. In particular, the noncollinearity concept
can be exploited in quasi phase matching condition with
periodically poled crystals. In this case the ampliﬁcation
bandwidth relies on group velocity matching analogously to
the standard type-I geometry. It has also been shown that
KTP, a high refractive index crystal, can support noncollinear
operations while employing type-II phase matching [45] in an
OPA pumped at 800 nm.
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To the ﬁrst order, the gain bandwidth is proportional to
the inverse of the δ parameter as can be calculated by solving
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Figure 3. Two possible implementations of the noncollinear phase
matching with respect to the crystallographic axis of a uniaxial
material: (a) the signal is injected at a larger angle with respect to the
optical axis, (b) opposite situation. The two conditions are not
symmetric and, as discussed in the text, do not lead to the same
ampliﬁcation conditions. In this sketch the signal is polarized out of
plane while pump and idler are in plane.

Figure 2. Calculated group velocity mismatch δ between signal and
idler pulse for a 800 nm pumped NOPA based on BBO. The curves
depict the values for type I interaction and for the interesting cases of
type II interactions for different phase matching angles in the case of
collinear geometry. Angles θ from 25° to 29° correspond to signal
ampliﬁcation optimized to be centered from 1150 to 1600 nm,
respectively.

Noncollinear parametric ampliﬁer with type-II phase
matching
Interestingly, BBO fully allows the beneﬁcial scheme of
noncollinear ampliﬁcation when signal and idler propagate
along different optical axes of the birefringent medium in
type-II conditions. This feature is allowed by the stronger
dispersion occurring for propagation along the ordinary axis,
with BBO being a negative uniaxial crystal. Using a broadband near-IR seed propagating on the ordinary plane (o) with
pumping at 800 nm (e), the idler is generated on the extraordinary axis (o(signal) + e(idler) = e(pump)).
Figure 2 shows the GVM for type-II phase matching
compared to type-I in the case of 800 nm pumping. The δ
parameter is positive only in the type-II case. Therefore, it
satisﬁes the precondition for a noncollinear ampliﬁcation
scheme.
The ﬁrst difference between a type-I and a type-II NOPA
consists in the fact that δ is not unambiguous anymore and
depends on the phase-matching angle θ of the BBO crystal. In
fact, a change in θ is also reﬂected in the refractive index for
the idler beam affecting its propagation. The phase matching
condition relies on implicit functions for the calculation of the
angles (θ, α, and Ω) that can be easily solved numerically:

Figure 4. Calculated group velocity difference in BBO crystal of
signal or idler with respect to the pump beam centered at 800 nm.
The graph shows the calculation for various noncollinearity angles at
θ = 26°: the pump is faster than the signal but slower than the idler
for negative values of α.

ordinary, so it is not affected in its propagation but can be
injected in two alternative directions while keeping a noncollinear interaction with the pump. Thus, the extraordinary
polarized idler can be generated at two speciﬁc angles with
respect to the optical axis characterized by propagation with
different group velocity. The result is the existence of two
phase matching conditions. In our notation case (a), as
reported in ﬁgure 3, is deﬁned for positive values of α and (b)
for negative values.
Another important aspect is the higher efﬁciency that can
be obtained with type-II interaction. Even if the nonlinear
coefﬁcient is lower due to crystallographic reasons, standard
type-II ampliﬁcation allows the exploitation of group velocity
of signal and idler to achieve maximum conversion efﬁciency

k p (θ ) cos α = k s + k i (θ ) cos Ω ,
k p (θ ) sin α = k i (θ ) sin Ω .

The second conceptual difference relies on the existence
of two distinct type-II NOPA geometries. The noncollinearity
angle becomes dependent on the direction of the beams with
respect to the optical axis of the BBO crystal (see ﬁgure 3)
with impact on the idler propagation. The pump propagates in
the same direction of the crystal in both cases. The signal is
3

Figure 6. Standard deviation of the phase matching curve, between
1.05 μm and 1.6 μm, in dependence of noncollinearity angle α. The
curve shows a slight asymmetry in the phase matching condition as
determined by the positive or negative values of the angle α.

Figure 5. Calculated phase matching angle θ for type II interaction in

BBO as a function of signal wavelength and pump signal angle α.
Pump wavelength is ﬁxed at 800 nm.

not depend signiﬁcantly on the speciﬁc choice of α, allowing
the use of a single BBO crystal and minor tweaks in the OPA
alignment for the optimization of the signal frequency and the
corresponding bandwidth; (ii) the conﬁguration leads to
slightly better results in terms of maximum bandwidth that
can be achieved. Figure 6 reports the integrated deviation of
the phase matching curve with respect to the target frequencyindependent condition, i.e. ﬂat phase matching curve. This
ﬁgure of merit is a good indication on how broad the phase
matching condition is. Its shape is slightly asymmetric. The
broadest pulses can be achieved for negative values of α.
It should be noted that the maximum bandwidth calculated for type-II noncollinear phase matching is not as broad
as achievable with a type-I NOPA based on a high refractive
index nonlinear crystal. Nevertheless, this geometry introduces two important aspects along with the possibility to
generate few-cycle pulses in the near-IR: (i) increased tunability with preservation of the spectral shape, which is
important in applications where spectral selectivity must be
combined with extreme temporal resolution, e.g. in ultrafast
spectroscopy, and (ii) easier power scalability owing to the
higher conversion efﬁciency and BBO robustness at high
pumping levels.

from the pump. With respect to the pump pulse the signal is
slower while the idler is faster as plotted in ﬁgure 4. This
interplay mechanism traps the three beams via the nonlinear
process thus maximizing the conversion efﬁciency [46]. The
favorable condition is still possible with a noncollinear phase
matching geometry with type-II phase matching and it is
signiﬁcant in particular for the conﬁguration with negative
values of α. It should be noticed that this conﬁguration results
in a residual spatial walk-off of 3.5° and 3.63° for pump and
idler while full compensation can be achieved with positive
values of α.
The implicit dependence of the parameters describing
type-II noncollinear ampliﬁcation gives some peculiar features to the OPAs in terms of bandwidth and tunability. This
fact is demonstrated in ﬁgure 5 that displays the calculated
phase matching angle of BBO as a function of signal wavelength and internal pump-signal angle α. The phase matching
condition considered is pump (800 nm − e) = signal (o) +
idler (e).
In case of collinear ampliﬁcation (α = 0°), as expected,
the phase matching angle varies rather steeply with respect to
the signal wavelength thus limiting the maximum ampliﬁcation bandwidth. By introducing the noncollinearity between
pump and signal, the dependence becomes ﬂatter thus relaxing the phase matching condition on the BBO cut angle θ.
When α is set between −4° and +3°, we can obtain a broad
gain bandwidth for the seed ampliﬁcation with θ becoming
less dependent on the signal wavelength. Interestingly, it is
possible to combine this condition with tunability. In fact, the
ﬂat point of the phase matching curve shifts towards longer
wavelengths by increasing the absolute value of α. This feature is not achievable with type-I NOPA where the gain
bandwidth is strictly centered at a speciﬁc spectral region for
a given pump frequency. In this case tunability is obtained
only at the expense of strongly shaping the output spectrum.
Again, the type-II NOPA geometry with negative α
shows some intrinsic beneﬁts: (i) the BBO crystal cut θ does

Experimental realization
To demonstrate the high gain bandwidth and the ﬂexibility of
the type-II noncollinear phase matching design we implemented a NOPA pumped by the fundamental radiation provided by a Ti:sapphire ampliﬁed laser (150 fs at 780 nm
central wavelength). The setup follows the general sketch
reported in ﬁgure 1. It is seeded by white-light supercontinuum generated in a 4 mm thick sapphire plate. Ampliﬁcation takes place in a 2.5 mm thick BBO crystal in type-II
conﬁguration (cut at θ = 29°). The 150 μJ pump pulse is
focused with a 300 mm focal length lens. The crystal is placed
4

high power with multiple ampliﬁcation stages with suitable
pulse-tilting techniques to compensate for the noncollinear
geometry at large spot sizes [47]. This source is also an ideal
candidate to be employed in coherent synthesis schemes for
the generation of single-cycle pulses [14, 48].
At low power levels, the near-IR NOPA is readily
available for ultrafast spectroscopy applications where it can
combine ultrashort pulse generation for few-fs temporal
resolution with the tunability required to precisely address
speciﬁc optical transitions.
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Figure 7. Spectra of the pulses generated by a noncollinear type II
phase matched OPA for different internal pump signal angles α. For
the black spectrum α is chosen to be −1° internal, for the red one
α = −2° and for the blue one α = −3.5°. The respective transform
limited pulse duration are 12.5 fs (20 μJ pulse energy), 11.1 fs
(15 μJ) and 12 fs (10 μJ), respectively.
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