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Noncollinear optical parametric amplifiers (NOPAs) pumped with ultrashort subpicosecond pulses often suffer
from pulse-front tilting, resulting in angular dispersion and noncompressibility of the amplified signal pulses.
We show that pulse-front matching (PFM) with a prism-telescope setup corrects for pulse-front tilts in a
near-IR NOPA. We discuss the conditions that lead to pulse-front tilt and angular dispersion in NOPAamplified signal pulses, thus requiring pulse-front mismatch correction. We review the method of PFM and
describe the application of PFM to an 800 nm pumped near-IR NOPA based on a 2-mm-thick bulk potassiumtitanyl phosphate (KTP) crystal. The introduction of pulse-front matching into the KTP-NOPA reduces the signal pulse angular dispersion significantly over the ⬎35 THz bandwidth, thus nearly removing the pulse-front
tilt. Compression of 1200 nm pulses to ⬃25 fs can be readily achieved with a fused-silica prism pair
compressor. © 2009 Optical Society of America
OCIS codes: 190.4410, 190.4970, 190.7110, 320.7110.

1. INTRODUCTION
The generation of broadband ultrashort pulses in the
near-infrared and midinfrared regions of the spectrum is
important for applications such as high-harmonic generation and the production of attosecond pulses [1,2], ultrafast vibrational spectroscopy [3–6], optical network
communications [7,8], and optical coherence tomography
[9]. Noncollinear optical parametric amplifiers (noncollinear OPAs, NOPAs) have proven to be powerful tools for
the generation of ultrabroadband and ultrashort pulses,
traditionally in the visible range from blue-pumped
␤-BaB2O4 (BBO) NOPAs [10–13]. The noncollinear geometry allows the group velocities of signal and idler to be
matched over a wide spectral range, leading to an orderof-magnitude increase in amplified bandwidths [14] compared to collinear OPA, where the group velocities of signal and idler pulses typically differ because of optical
dispersion.
The method of NOPA has recently received increasing
interest for the generation of broadband IR pulses. NOPA
in bulk KTiOAsO4 with 1050 nm pump was shown to generate high-power broadband pulses at ⬃1.5 m [15,16].
Amplification of 1100–1300 nm signal pulses in 5-mmthick KTiPO4 (KTP) NOPA with bandwidths of
⬃50– 60 nm was achieved [17]. A scheme has been proposedrequi for the extension of the principles of noncollinear optical parametric amplification into the near-IR
part of the spectrum [18]. An experimental realization in
a periodically poled stoichiometric LiTaO3 resulted in the
production of ultrabroadband pulses covering simultaneously the 1100–1600 nm wavelength region [18]. Compression of part of the pulse spectrum leads to nearly
transform limited (TL) 16 fs pulses for those regions [18].
0740-3224/09/050965-8/$15.00

We have demonstrated the ability of bulk KTP to amplify
broadband near-IR pulses covering simultaneously the
spectral range of ⬃1050– 1450 nm with a divergent seed
beam [19].
With all its advantages for increasing the bandwidth of
amplified pulses, the NOPA scheme, however, has a major
drawback, especially pronounced when pumping with ultrashort 共⬃0.1– 1 ps兲 pulses. The physical length of
⬃100 fs pulses (either signal or pump) is on the order of
tens of microns, which is often much less than the diameters of beams (hundreds of microns or even millimeters
for high-energy amplifiers). Relatively large beam cross
sections can cause spatiotemporal distortions of the signal
pulses in the phase-matching plane. As a result, the amplified signal beam acquires a pulse-front tilt (Fig. 1)
[20–24], i.e., a tilt of the front of the electric field envelope
maxima with respect to the phase fronts (i.e., the fronts of
electric field with same phase) (Fig. 2) which are normal
to the beam direction of propagation [25,26]. Through the
spatiotemporal coupling, different spectral components
within the pulse spectrum travel at different angles, thus
creating angular dispersion (Fig. 1) [21,24–29]. This phenomenon can be mathematically described if one takes
into account variation in the phase of the electric field in
the direction perpendicular to the beam propagation: 
= t − k · r + 0 = t − kx · x − kz · z + 0 [25], where  and t are
the frequency and time, r is a radius vector, 0 is a constant initial phase, x and z are the coordinates normal to
and along the beam propagation direction, kx
= 关2n共兲 / 兴sin共兲 and kz = 关2n共兲 / 兴cos共兲 are the projections of the wave vector k onto the x and z axes, respectively, for each wavelength component propagating at
some exit angle  [Fig. 2(b)], and n共兲 is the refractive in© 2009 Optical Society of America
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Fig. 1. Noncollinear geometry between femtosecond signal and
pump beams induces a pulse-front tilt into signal pulses [24].
The pulse front of amplified signal pulses (gray bars) follows the
pulse front of the pump pulses (black bars) resulting in the signal
front tilted by angle ␣ inside the nonlinear crystal (or ext after
exiting the nonlinear crystal). The signal front tilt causes a nonzero angular dispersion d / d, where  is the exit angle of a
wavelength component .

dex of medium in which the tilted pulses propagate. Further, the pulse front can be mathematically described as a
line in the xz coordinate system along which the phase
does not vary with the frequency (Fig. 2) [25]: d / d
= t − 共dkx / d兲 · x − 共dkz / d兲 · z = 0. The slope of this line with
respect to the x axis is equal to −共dkx / d兲 / 共dkz / d兲. On
the other hand, because we chose the system of coordinates xz such that the x axis is parallel to the phase
fronts, the slope of this line is tan ␥, where ␥ is the tilt
angle of the pulse front [Fig. 2(b)]. After performing some
algebraic transformations, one obtains the expression for
the pulse-front tilt [25],
tan ␥ = −

n
n−



d

dn d

=−

group d
 ,
phase d

共1兲

d

where phase = c / n and group = c / 关n − 共dn / d兲兴 are the
phase and group velocities of the electric field envelope,
respectively. When the tilted pulses propagate in a lowdispersion medium (e.g., air), Eq. (1) can be simplified to
tan ␥ = −共d / d兲 [25]. Equation (1) clearly demonstrates
that if there is a nonzero pulse-front tilt angle ␥, there
will be a nonzero angular dispersion d / d.
This effect is very similar to passing a femtosecond
beam through a prism, whereby the angular dispersion of
the prism results in tilting of the pulse front [24,25,27].
The front tilt of the signal pulses makes it impossible to
approach the TL duration because of the transversal
chirp across the beam diameter [25–28]. Furthermore, it
limits the minimum obtainable beam size [26,28], thus

leading to a decrease in the maximum available peak intensity of focused pulses [26,28]. Additionally, because of
the angular dispersion all frequency components cannot
be focused to a single spot [26].
According to Fig. 1, pulse-front tilting is a consequence
of the large disproportion between the beam diameters
and femtosecond pulse lengths. Correspondingly, the signal pulse-front tilt can be suppressed significantly if the
pump and seed beam diameters at the nonlinear optical
crystal are very small (thus approaching the physical
length of pulses) and matched [30]. However, this approach is applicable only to low-energy NOPAs [30]. As an
alternative, one can use pump pulses with durations long
enough to fit the entire pulse front of the seed beam
within the gain volume created by the pump pulses. This
condition is practically met in high-energy optical parametric chirped-pulse amplifiers (OPCPAs) employing
⬃10– 100 ps pump pulses, whereby the physical length of
the pulses reaches several millimeters, or even up to a
centimeter, comparable with the beam diameters used in
these systems. The broadband seed pulses in such systems usually are generated from a femtosecond-oscillator
laser, stretched ⬃1000 times, electronically synchronized
with high-energy narrow band pump pulses from a
Q-switched laser, and consecutively recompressed after
amplification [31–38]. Noncollinearly amplified pulses
from such OPCPAs were shown to be free of wave-front
distortions and could be compressed very close to transform limit. However, if the seed and pump pulses are generated from the same laser, e.g., a femtosecond regenerative amplifier system, stretching of the pump pulses may
not be applicable as it would lower the available peak intensities as well as require stretching the seed pulses (in
order to suppress amplification of spontaneous emission)
[39]. For high-energy ultrafast laser systems providing
approximately millijoule pulses and above, it is desirable
to have methods for correction of spatiotemporal distortions in femtosecond-pumped NOPAs. To our knowledge,
neither pulse-front tilting nor its correction in a near-IR
NOPA has been fully explored.
Here we demonstrate the possibility of precompensating for the signal pulse-front tilt in a near-IR NOPA
pumped with ⬃100– 200 fs, 800 nm pulses by introducing
an appropriate tilt into the pump pulses, similar to the
scheme employed in the visible pulse-front matched
␤-BaB2O4-based NOPA [21]. We apply this method to generate nearly pulse-front matched broadband 共⌬
⬎ 35 THz兲 near-IR pulses from a bulk KTP NOPA and
compare the results with the angular dispersion of the
signal without tilting the pump pulse front. While the
pulse spectrum supports ⬃16 fs pulses, compression to
⬃25 fs is demonstrated experimentally by using only a
fused-silica prism pair compressor.

2. PULSE-FRONT MATCHING
Fig. 2. Schematic representation of the electric field profile of
an undistorted pulsed beam (a) and a beam with a pulse front
tilted by angle ␥ (b). The x 共z兲 axis is normal (along) the beam
propagation direction. Phase fronts, as well as the pulse front in
each case, are shown. k = k共兲 is the wave vector corresponding to
a frequency component  = 2c / , and 共兲 is the exit angle of the
same frequency component (adapted from [26]).

In this section, we consider the theoretical basis for pulsefront tilting in a near-IR KTP-NOPA. First, we investigate the possibility of broadband NOPA in bulk KTP with
a collimated seed beam in the near-IR range and perform
calculations of the signal gain. Next, we review the connection between the angular dispersion of the non-pulse-
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front matched signal beam and its pulse-front tilt. Finally, we review the method of pulse-front matching
(PFM) with a prism-telescope setup and perform calculations for 800 nm pumped near-IR NOPA.
A. Phase Matching in KTP for Broadband Near-IR
NOPA
Previously, we showed the possibility of broadband phase
matching in bulk KTP in the near IR, if the white-light
(WL) seed beam is focused in the crystal [19]: phasematching curves corresponding to different noncollinear
pump-seed angles can be simultaneously phase matched.
However, even without a focused seed beam, relatively
broadband phase matching is possible if the internal
signal-pump noncollinear angle 共␣int兲 is about 3°–4°. The
signal gain profile for amplification of near-IR pulses was
calculated for parameters close to experimental conditions using a plane-wave approximation with a nondepleted pump [14]. The results (Fig. 3) suggest that amplification of signal pulses with bandwidths as large as ⌬˜
⬃ 15 THz is expected (⬃500 cm−1 or ⌬ ⬃ 65 nm at
⬃1150 nm) at noncollinear signal-pump angle ␣ = 4.0° in
2-mm-thick KTP crystal when a collimated white-light
seed beam is used.
B. Angular Dispersion and Pulse-Front Tilt of Signal
Pulses from a Non-PFM-NOPA
As discussed above, one of the reasons for the distortions
in the spatiotemporal profile of noncollinearly amplified
signal pulses is a disproportion between the lengths of the
interacting pulses and the beam diameters. These distortions can be suppressed if either the beam diameters are
reduced close to physical lengths of pulses or the pulse
width of pump is long enough to accommodate the entire
signal pulse front. In the case of femtosecond-pumped
NOPAs (especially, designed for high-energy outputs), the
beam diameters can be several times larger than pulse
lengths, and consequently when the fronts of the ultrashort pump and signal pulses are not parallel inside
the nonlinear crystal, the front of the amplified signal
pulses is tilted by the internal noncollinear angle ␣int
(Fig. 1). As a result, upon exiting the nonlinear crystal,
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the signal beam possesses an angular dispersion (spatial
chirp) which, according to Eq. (1), is connected to the
beam’s pulse-front tilt angle through the following expression [22–25]:
d共兲
d

=−

tan ext
s

共2兲

,

where 共兲 is the exit angle of a signal wavelength component , ext is the external pulse-front tilt angle of the
signal pulses, and s is the central signal wavelength. Additionally, because the group velocities of pulses inside
the nonlinear crystal and in air significantly differ, so do
the external and internal pulse-front tilts of the signal
pulses. Using Eq. (1), one can derive the following expression for the connection between the external signal pulsefront tilt after exiting the nonlinear crystal and the internal pulse-front tilt int inside the crystal:
tan int =

s
c

tan ext ,

共3兲

where s is the signal pulse group velocity in the nonlinear crystal. Thus, it is possible to estimate the tilt angle of
the pulse front by measuring the angular dispersion of
the pulses and, vice versa, it is possible to estimate the
angular dispersion by knowing the front tilt angle.
C. Pulse-Front Matching with Front-Tilted Pump Pulses
Because relatively large-beam diameters (hundreds of microns or more) are used in high-power NOPAs, matching
of pulse fronts of the pump and seed signal pulses inside
the KTP crystal is needed [2,30,39]. In this work, we employ a prism-telescope setup in which the prism tilts the
front of the pump pulses and the telescope images it to coincide with the front of the signal seed pulse (Fig. 4) [21].
In order to find a proper geometry for the prismtelescope setup, we use the following equations described
in Refs. [22–24].
(i) The pulse-front tilt angle ␥prism of pump pulses incident onto a prism at an angle 1 right after the prism is
defined by
tan ␥prism = −

sin apex
cos 1⬘ cos 2

p

dn
dp

,

共4兲

where apex is the apex angle of the prism, n is the refractive index of the prism material, 1⬘ is the angle of refraction, and 2 is the exit angle.
(ii) As the tilted pump pulses pass through a telescope
with lenses of focal lengths f1 and f2, the pulse front is im-

Fig. 3. Dependence of the signal gain coefficient on wavelength
for the following parameters: crystal thickness L = 2 mm, pump
= 800 nm, pump pulse intensity Ipump = 110 GW/ cm2, pump = 48°,
and deff = 2.955 pm/ V (type-II phase matching in xz plane
[40,43]), ␣int = 4°. Inset: geometry of pump, signal, and idler beam
wave vectors interacting inside the nonlinear optical crystal; the
phase-matching angle, , between the pump wave vector and the
z axis is defined, as well as the internal signal-pump noncollinear
angle, ␣.

Fig. 4. Prism-telescope setup for pump-signal pulse-front
matching [21]. ␥prism and ␥ext indicate the tilt angle of the 800 nm
pulses after passing through the prism and the f1 / f2 telescope, respectively. ␥int is the pump pulse-front tilt angle inside the nonlinear crystal, which is matched with signal-pump internal noncollinear angle ␣.
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Fig. 5. Pulse-front tilt angle of the 800 nm pump pulses inside the KTP crystal induced by a CaF2 prism with apex = 60° (a), a CaF2
prism with apex = 45° (b), and a Brewster-angle fused-silica prism with apex = 69.0° and a 200–50 mm telescope, as a function of the
incidence angle 1. (d) Pulse-front tilt angle of the 395 nm pump pulses as a function of the incidence angle 1 inside a BBO crystal
calculated for the PFM-NOPA setup in [21].

aged with a longitudinal magnification factor f1 / f2 so that
the external pulse-front tilt at the nonlinear crystal is determined by
tan ␥ext =

f1
f2

tan ␥prism .

共5兲

(iii) Finally, the refraction upon entering the nonlinear
crystal reduces the pulse-front tilt by a factor of p / c
(where p is the group velocity of pump in the nonlinear
crystal), and so the internal pulse-front tilt is given by
tan ␥int =

vp f1
c f2

tan ␥prism .

共6兲

The proper parameters of the prism-telescope setup are
found by stating the condition for pulse-front matching
␥int = ␣int. If the incidence of the pump pulse at the nonlinear crystal is not normal, there may be some deviations
from Eq. (6). However, in practice, these deviations can be
compensated by installing one of the lenses in the telescope onto a finely adjusted translation stage, thus the internal tilt of pump pulses can be tuned inside the crystal.
We carried out calculations of the internal pulse-front
tilt angle ␥int as a function of the incidence angle 1 for
the case of f1 = 200 mm and f2 = 50 mm (the focal lengths of
the lenses used in the experiment) for each of the prisms
available for this experiment: a CaF2 prism with apex
= 60° [Fig. 5(a)], a CaF2 prism with apex = 45° [Fig. 5(b)],
and a Brewster-angle fused-silica prism with apex = 69.0°
[Fig. 5(c)]. The value of group velocity p = c / 1.8064 for
800 nm o-polarized pulses in KTP was used [40]. For a
comparison, we also calculated the dependence of ␥int on
1 for a fused-silica prism with apex = 45° for the case of
PFM of visible signal pulses in a visible BBO-NOPA described in [21] (f1 = 200 mm and f2 = 71 mm, e-polarized
395 nm pump). As the calculations show, it is possible to

create an internal pulse-front tilt in 800 nm pump pulses
at an angle of ⬃4° with the 60°-apex angle CaF2 prism
[Fig. 5(a)] and the Brewster-angle fused-silica prism [Fig.
5(c)], although the curves at the desired value ␥int = 4°
have a considerable slope, which requires an accurate adjustment of the 1 value. This is contrary to the convenient zero slope in the curve for the case of PFM in BBONOPA [21] [Fig. 5(d)], in which case the incident angle 1
need not be adjusted very precisely. Additionally, it can be
seen that it would be practically challenging to adjust the
incident angle if the 45°-apex angle CaF2 prism is used
[Fig. 5(b)] because of a relatively big slope at ␥int = 4°. As
the Brewster-angle fused-silica prisms were intended to
be used for pulse compression, we decided to use the 60°apex angle CaF2 prism to tilt the pump pulse front. As
can be seen from Eqs. (4)–(6), the internal pulse-front tilt
of the pump is defined by the material of the tilting prism,
its apex angle, and the focal lengths of the lenses in the
telescope. The role of the material comes from the first derivative of the index of refraction vs wavelength. For example, at 800 nm for CaF2 these values are approximately −0.0105 m−1, −0.0173 m−1 for fused silica, and
−0.0198 m−1 for BK7 [41]. Thus it is also possible that
with a certain choice of the prism’s material, apex angle,
and telescope lenses, a curve similar to Fig. 5(d) can be
obtained for 800 nm pulses with the flat bottom of the
curve close to Brewster’s angle.

3. EXPERIMENTAL SETUP
The experimental setup for the realization of a PFM KTPNOPA is shown in Fig. 6. Briefly, the pump pulses at 800
nm (⬃803– 804 nm in the actual current setup) are generated from a BMI-Coherent Alpha-1000 regenerative
amplifier, as described elsewhere [42]. The pump pulses
are ⬃150 fs long with energy of ⬃350 J and at a repeti-
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Fig. 6. Experimental setup of the pulse-front matched KTPNOPA: BS, beam splitter; L, BK7 lenses; SM, spherical mirrors;
CaF2, equilateral prism (2.5 cm face size); sapphire, 2-mm-thick
plate; KTP, 2-mm-thick crystal, cut at  = 42° for phase matching
in xz plane (axes are shown); FS, Brewster-angle fused-silica
prisms; and AC, autocorrelator. Double arrows and dotted circle
indicate the polarization of 800 nm beam in and perpendicular to
the plane of the drawing, respectively. ␥prism and ␥ext indicate the
tilt angle of the 800 nm pulses after passing through the CaF2
prism and the L2-L3 telescope, respectively.

tion rate of 1 kHz. The pulses are split into two parts:
⬃5 – 10 J is directed into the WL-seed generation arm
and ⬃330– 340 J is sent into the pump arm. The WLseed pulses are generated at the very edge of a 2 mm sapphire plate and collimated with a silver spherical mirror
with a minimal angle between incident and reflected
beams to suppress the astigmatism (SM1, focal length of
2.5 cm). The 804 nm pulses in the pump arm are first
passed through a half-wave plate (to make the pump
o-polarized at the KTP crystal). After this, the front of
pump pulses is tilted in an equilateral CaF2 prism (face
size of 2.5 cm). The pulse-front tilt was inverted with a
telescope consisting of 200 mm and 50 mm lenses (L2 and
L3 in Fig. 6, BK7) to match the pulse front of the WL signal seed inside the KTP crystal [21,22]. The 200 mm lens
(L2 in Fig. 6) was mounted on a translation stage for fine
adjustment of the lens position and, correspondingly, the
tilt of the pump pulses inside the KTP crystal. The proper
value of the pump incidence angle at a CaF2-prism face
(1 = 25° in Fig. 6) was found by applying Eqs. (7)–(9) to
the case of 800 nm centered pump and 200–50 mm lens
telescope; the values of the index of refraction for CaF2
and group velocity of the pump in KTP were taken from
[41] and [40,43], respectively. At this value of 1, the internal tilt angle in pump pulses is expected to be ⬃4°. The
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WL seed and the pump beams were combined at the KTP
crystal at an external noncollinear angle of ␣ext ⬃ 7.0°, corresponding to the internal noncollinear signal-pump
angle ␣int ⬃ 3.8°. The incidence angle of the pump beam at
the KTP crystal surface was set at ⬃9°, corresponding to
the internal pump phase-matching angle  ⬇ 47.1°. The
pump pulse energy at the KTP crystal was ⬃135 J, and
the pump beam diameter at KTP was measured to be
⬃0.895 mm, resulting in the pump pulse intensity Ip
⬇ 107 GW/ cm2 (assuming ⬃200 fs pulse width). Energy
losses were observed for the pump pulses after passing
through the CaF2 prism due to s-polarization at the prism
faces, but in principle this can be corrected for by using
p-polarized pump incident at Brewster’s angle.
The optical setup without pulse-front tilting of the
pump (Fig. 7) was essentially the same, except that instead of the CaF2 prism there was a steering flat mirror
and a pair of SF18 equilateral prisms oriented at Brewster’s angle with respect to the pump beam (in this case,
the half-wave plate was placed after the system of the
prisms, so that the pump beam at the prism surfaces was
p-polarized). This scheme provides for stretching of
⬃150 fs pump pulses to ⬃400– 500 fs, ensures the time
overlap between the WL-seed and pump pulses inside the
KTP crystal, and is employed in our experiments on ultrabroadband KTP-NOPA with divergent seed [19]. We
also verified that the two SF18 prisms at Brewster’s angle
do not induce a significant pulse-front tilt into the pump
pulses. Spectra of the pump pulses were taken after passing through a 100-m-wide slit as it was moved across
the pump beam and corresponding center-of-mass wavelengths were calculated at corresponding exit angles (Fig.
7). The latter measurement shows that the center-of-mass
wavelength varies only within 1 nm across the entire
⬃3 mm pump beam’s cross section. The pump pulses were
focused with a 300 mm lens (L4, Fig. 7) in such a way that
the focal point was ⬃3 – 4 cm behind the KTP crystal [19];
thus the estimated pump beam diameter at the KTP crystal was ⬃300– 400 m to avoid damaging the crystal.
The signal beam after the KTP crystal was collimated
with another spherical mirror (SM2, focal length of 200
mm). The amplified signal pulse spectra were acquired by
measuring second-harmonic (SH) generation spectra of
the signal beam off the surface of a 2-mm-thick polycrystalline ZnSe (P-ZnSe) crystal [44]. To determine the front
tilt of signal pulses, the angular dispersion (or spatial
chirp) of the amplified signal pulses was measured by
moving a slit (100 m width) across the signal beam and

Fig. 7. Left: optical setup of KTP-NOPA without pulse-front matching: SF18, equilateral prisms; L4, BK7 lens. Right: angular dispersion of the pump pulses after passing through the two SF18 prisms (the solid line is a guide for the eyes).
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Fig. 8. Second-harmonic spectra of the signal pulses from the KTP-NOPA without (a) and with (b) pulse-front matching of the pump and
seed pulses measured at different exit angles.

measuring signal SH spectra off the P-ZnSe crystal
[21,24]. The amplified signal pulses from the PFM-NOPA
were compressed in a Brewster-angle fused-silica-prism
pair compressor and the pulse width was measured with
a home-built autocorrelator using a 300-m-thick BBO
crystal.

4. RESULTS AND DISCUSSION
The angular dispersion of the amplified signal pulses in
both nontilted pump and PFM configurations was measured by acquiring SH spectra of the signal as it was
passed through the 100-m-wide slit that was moved perpendicular to the beam direction. The values of the exit
angle relative to the pump beam were calculated based on
the slit displacement and its distance from the KTP crystal. Figure 8(a) shows the signal SH spectra at several
values of the relative exit angle for nontilted pump con-

Fig. 9. Center-of-mass wavelengths of the signal pulses vs the
exit angle for the non-PFM (open circles) and PFM (triangles)
signal outputs; dashed line corresponds to the calculated angular
dispersion of the signal pulses arising from noncollinear geometry between the seed and nontilted pump pulses for internal
noncollinear angle ␣int = int = 4.0°; Eqs. (2) and (3) were used. The
solid line is a guide for the eyes.

figuration, while Fig. 8(b) shows the signal SH spectra
measured the same way from the PFM configuration.
Figure 9 shows the center-of-mass wavelengths of signal spectra at different exit angles [21] for both configurations. Also shown is the calculated external spatial
chirp of the signal pulses from the nontilted configuration
based on the internal noncollinear signal-pump angle of
⬃4° [dashed line; Eqs. (2) and (3) were used; value of the
signal group velocity s = c / 1.819 61 was applied [40]]. The
experimental data for the spatial chirp of the signal
pulses from the non-PFM NOPA geometry are in good
agreement with expected angular dispersion, suggesting
that this angular dispersion mostly results from the noncollinear geometry between the signal seed and the pump.
It should be noted that even though the pump pulses were
⬃500 fs long in the non-PFM configuration, i.e., considerably longer than the initial ⬃150 fs pulses, the angular
dispersion still was present in the amplified signal pulses.
This was due to the fact that the physical length of pump
pulses was still much shorter than the diameter of the
pump beam. The PFM configuration generated signal
pulses with nearly compensated angular dispersion and
reduced output divergence. However, at certain values of
exit angles, a separation of the signal spectra into two
peaks at ⬃1100 and ⬃1300 nm was observed [Fig. 8(b)].
Taking into account the character of phase-matching
curves in KTP [19], the latter can be related to the possibility of the white-light seed being not perfectly collimated.
The output signal pulse energy is ⬃4.5 J (photon conversion efficiency ⱖ4.5%). A typical spectrum of the signal
pulses from the PFM-KTP-NOPA is shown in Fig. 10(a).
For comparison, the normalized gain spectrum of signal
pulses is shown on the same graph. The experimental

Fig. 10. (a) A typical SH spectrum of the amplified signal pulses from the PFM-NOPA (solid curve). For comparison, the gain spectrum
from Fig. 3 is shown (dashed curve). (b) Autocorrelation of compressed signal pulses on a 300-m-thick BBO crystal (triangles) and sech2
fit (dotted curve).
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bandwidth of signal pulses is larger than what is expected
from the calculations. A possible reason for this may be
some divergence of the seed beam at the KTP crystal.
Experimentally, the compression of the output pulses
was carried out with a Brewster-angle cut fused-silica
prism pair compressor. The interprism separation was
32.2 cm, corresponding to a net group delay dispersion
(GDD) of −890 fs2 [41,45–47]. This net GDD nearly compensates for the dispersion from the sapphire plate and
the KTP crystal, as well as the initial ⬃150 fs duration of
the 800 nm pulses. Figure 10(b) displays the autocorrelation of the compressed signal pulses acquired on a
300-m-thick BBO crystal. The sech2 fit of the autocorrelation yields ⬃25 fs pulse duration [full width at half
maximum (FWHM) ⬃38.6 fs], while the transform limit
(TL) pulse width for the spectrum in Fig. 10(a) is ⬃16 fs.
The experimental pulse width is ⬃1.6⫻ TL, which may be
a result of some uncompensated angular dispersion in the
signal pulses [Fig. 8(b)]. Use of prisms with lower thirdorder dispersion (e.g., CaF2 [18]) also may provide shorter
near-IR pulses.

10.

5. CONCLUSION

11.

In conclusion, we have shown the generation of near-IR
broadband pulses from a bulk KTP NOPA with nearly collimated WL seed. We have studied the effect of noncollinear geometry on the spatial properties of the near-IR
NOPA signal output and characterized the pulse-front tilt
of the signal pulses. We have applied the method of pulsefront matching to our near-IR KTP NOPA and produced
ⱖ35 THz broad pulse-front tilt-free pulses centered at
⬃1200 nm. The fact that the bandwidth of nearly nontilted amplified pulses is larger than what is expected
from calculations for a collimated seed beam suggests
that the method of PFM may be applied to NOPAs even
when the seed beam has some divergence. We believe this
method has also the potential for production of highenergy ultrabroadband near-IR pulses from a broad range
of NOPAs employing other nonlinear crystals [18].
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