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We describe a near-IR two-stage noncollinear optical parametric amplifier (NOPA) pumped at 800 nm that em-
ploys bulk congruent lithium niobate [LiNbO; (c-LNB)] and bulk potassium niobate [KNbO3 (KNB)] crystals. Non-
collinear phase matching in these materials allows for generation of pulses as broad as 2900 cm™! (~78 THz)
centered in the near-IR at ~1300 nm. In the particular geometry described here, the LNB crystal amplifies the
white-light seed continuum, and the KNB crystal further amplifies the broadband near-IR pulses. Use of
pulse-front matching at both nonlinear optical crystals allows for improvement of the spatiotemporal profile
of the amplified ultrabroadband signal pulses and their compression to <22 fs. Because of the relatively high non-
linear coefficients of these crystals, we achieve overall amplification efficiencies >7% in two consecutive NOPA

stages. © 2013 Optical Society of America
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1. INTRODUCTION

The development of methods devoted to the generation of
broadband ultrashort pulses in the near- and mid-IR frequency
ranges has recently seen considerable growth. One of the
strongest motivations has been the prospect of increasing
the cutoff frequency of x-ray pulses generated via high-
harmonic generation [1-3]. Nonlinear wave-mixing methods,
such as optical parametric amplification (OPA), difference
frequency generation, and four-wave mixing, have proven
very versatile for the generation of broadband laser radiation
tunable over a wide frequency range from the visible to tera-
hertz waves [4-14]. By selecting an appropriate nonlinear
material, pump wavelength, and geometry for a particular
nonlinear process, one can control the bandwidth of the para-
metric process and generate extremely broadband pulses over
a wide spectral range [11]. The central wavelength, as well as
the bandwidth of the generated pulses, in general, do not
depend on the absorption or emission properties of a given
nonlinear optical material, but are rather defined by the
dispersion properties and the geometry of the beams with
respect to the nonlinear crystal’s axis (axes).

The major parameter that defines the parametric band-
width of the OPA process is the phase mismatch Ak = |k, -
ks — k;| among the interacting pump, signal, and idler waves
(with the traditional notation w, > w; > ;). The efficiency
of parametric amplification strongly depends on the phase
mismatch: it reaches a maximum when Ak = 0, and decreases
rapidly as Ak deviates from zero [4]. Thus, one can propose a
criterion for the bandwidth of amplification such that when
the modulus of Ak falls within a certain range of values,
the corresponding frequencies will be phase matched, and
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thus amplified. Such a criterion can be set as follows
[4,15,16]: |Ak - .| < &, where [, is a characteristic interaction
length among the three waves, typically the length of the
nonlinear crystal. In the case of OPA, the bandwidth of
the amplified pulses is defined, to the first dispersion order
of the phase mismatch, in the following way:
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where v, and v; are the group velocities of signal and idler,
and a and g are the noncollinear angles between signal and
pump and between idler and pump, respectively. By matching
the group velocities of signal and idler, one can achieve ex-
treme broadening of signal (and idler) from an OPA
[4,15,17]. The broadening of amplified pulses is naturally
achieved in type-I OPA at the degeneracy point. More impor-
tantly, the group-velocity matching for signal and idler can be
achieved at wavelengths away from degeneracy by employing
noncollinear phase matching (noncollinear OPA, commonly
known as NOPA), which is the object of the current discus-
sion. Finally, a special case of broadband phase matching
for type-I OPA occurs when the degeneracy wavelength
matches the zero-dispersion wavelength of the nonlinear op-
tical material: the bandwidth in this case becomes defined by
the fourth-order dispersion, which is normally much smaller
than the second-order term (the first- and third-order terms
are zero at degeneracy in type-I OPA) [18],

Aoy = (/1) - 1/(1/24- 0*Akf 0w, @
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and, as a result, the bandwidth is substantially increased.
Nonlinear materials, such as beta-barium borate (BBO) and
bismuth borate (BiBO) are of particular interest, as they
create favorable conditions to meet such requirement
(24, = Algyp=0) When pumped at the fundamental output of
Ti:sapphire amplifiers [18-21].

Other methods reported recently toward broadband IR
pulse generation include difference-frequency-generated
seed followed by broadband OPA [22], direct amplification of
seed at longer wavelengths in noncollinear geometry [23], and
precompensation of the idler angular dispersion in NOPAs
[24], as well as optical pulse synthesis of outputs from
synchronized broadband OPAs [25]. While the methods of
four-wave mixing demonstrate fewer restrictions on the am-
plification bandwidths owing to more relaxed phase-matching
conditions [26-30], the efficiency of four-wave mixing meth-
ods (which rely on the third-order nonlinearity) is typically
an order of magnitude less than for methods based on the
second-order nonlinear processes.

The approaches for NOPA described above have been
implemented over recent years in various nonlinear optical
schemes to generate broadband ultrashort near-IR pulses.
Dwayne Miller’s group demonstrated a noncollinear chirped-
pulse OPA in potassium-titanyl arsenate, KTiOAsO,, resulting
in the generation of pulses at 1.56 pm with energies of ~500 pJ
[31]; however, the bandwidths achieved in their setup were
limited by the narrowband seed to ~250 cm™!, thus limiting
the shortest pulse duration to ~70 fs. Cirmi et al. introduced
engineered nonlinear crystals, such as periodically poled
stoichiometric lithium tantalate, that would perform as near-
IR NOPAs pumped at the fundamental output of a Ti:sapphire
laser [32] and experimentally demonstrated generation of
8.5 fs pulses centered at ~1.3 pm [33]. In parallel, the method
of broadband OPA when 21, matches the zero-dispersion
point was applied by the Cerullo group [19] and the team of
researchers at the Max Born Institute [18] to Ti:sapphire-laser-
pumped type-I OPAs based on BBO and BiBO, respectively.
This method of ultrabroadband type-I OPA allowed, in particu-
lar, generation of pulses as short as ~8.5 fs with a central
wavelength ~1.6 pm [19].

We introduced an 800 nm pumped type-II NOPA based on
bulk potassium-titanyl phosphate (KTP) crystal and demon-
strated generation of ultrabroadband pulses with bandwidths
as large as 2500 cm™! [34] and pulse durations <25 fs after
applying pulse-front matching [35]. The particularly broad
bandwidth from the type-Il KTP-NOPA was achieved by mak-
ing the signal seed beam divergent at the nonlinear crystal
so that the multitude of noncollinear angles within the seed
beam could be phase matched simultaneously. Almost at the
same time, Nienhuys and Bakker reported NOPA in KTP,
albeit with narrower bandwidths due to longer crystals used
[36]. Subsequently, we generated ultrabroadband idler pulses
from the KTP-NOPA in the 2-3 pm range [37] and extended the
near-IR KTP-NOPA to the regime of high pulse repetition rates
(250 kHz) [38].

In this study, we implement the method of near-IR type-I
NOPA in other nonlinear materials and achieve improved
performance. Lithium niobate [LiNbO3 (LNB)] and potassium
niobate [KNbOs (KNB)] are especially attractive materials
for several reasons, including their dispersive properties
for broadband phase matching in the IR and relatively high
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nonlinear  coefficients (doy =246 pm/V and dg =
-4.64 pm/V for LNB; ds3 = -12 pm/V [39,40]). In addition,
LNB is readily available as a nonlinear material with a well-
developed growth procedure and can be produced in various
crystalline modifications. LNB and KNB have been used as
efficient nonlinear crystals for the generation of femtosecond
pulses in the ~2—4 pm wavelength region [39,41,42]. While
BBO and BiBO have become the major crystals for the effi-
cient parametric amplification of pulses in the near-IR
(4 ~1100-2600 nm), lithium and potassium niobates allow
one to extend pulse generation to longer wavelengths in
the mid-IR. Compared to the mentioned borates, the niobates
have the disadvantage of lower damage thresholds, which can
be overcome, in particular, in LNB by doping it with MgO. Re-
cently, we demonstrated generation of broadband mid-IR
pulses (1~ 2-3.5 pm) with bandwidths up to 1500 cm™! from
the OPA based on LNB and KNB crystals that were applied to
broadband sum-frequency vibrational spectroscopy of water/
mineral interfaces [43]. The potential of these crystals for ul-
trabroadband near-IR generation in NOPA, when seeded with
continuum, has not been fully explored, even though attempts
have been mentioned in the literature [28]. In the current pa-
per, we experimentally demonstrate the generation of ultra-
broadband near-IR pulses from an 800 nm pumped NOPA
based on bulk KNB and congruent LNB (c-LNB) crystals.
The pulses cover the 1100-1600 nm wavelength region with
bandwidths >2900 cm™! (corresponding to a transform-limit
~9 fs). The application of pulse-front matching [17,35] to
the NOPA in LNB and KNB allows for compression of the
near-IR pulses to ~20 fs.

2. PHASE MATCHING IN KNbO3; AND
CONGRUENT LiNbO;

The dispersive properties of LNB and KNB allow group-
velocity matching between the near-IR signal and the faster
mid-IR idler pulses in a noncollinear geometry when pumped
at or around 800 nm, thus increasing the bandwidth of OPA
process [32]. In particular, the group-velocity dispersion of these
materials equals zero at 1.92 pm [32] for LNB and ~1.98 pm
for KNB [44]. Thus, we expect group-velocity matching between
the near-IR signal and the mid-IR idler in these materials when
pumped at the fundamental output of Ti:sapphire lasers [32].

For KNB, the most efficient phase matching with an 800 nm
pump occurs in the ZX plane (¢ = 0°, 6 can vary). Here, the
optical axes XYZ of this mm2-symmetry biaxial crystal are
assigned to the crystallographic axes, abc, in the following or-
der: X,Y,Z,— c,a,b [45,46]. Another assignment of optical
axes is also generally used for KNB, namely V,X,Z —
(-a), b, ¢ [39,41]. Unfortunately, we could not find a generally
agreed assignment for this crystal in the literature (the two
assignments can be even used by the same authors at different
times: compare phase-matching curves in [45] and [39])
Nevertheless, all phase-matching calculations should be con-
sistent as long as the assignment of axes is used consistently
[47]. Thus, we decided to use the assignment that is imple-
mented in the SNLO software [48], namely, X.,Y,Z,—
c,a,b. For c-LNB, a uniaxial crystal, the selection of the
phase-matching plane is straightforward. The most efficient
type-l phase matching occurs in the (-Y, Z) plane
(¢ = -90°,0 can be varied) [40].
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Fig. 1. Phase-matching curves for type I OPA in KNB (left) and c-LNB (right) pumped at 800 nm, at corresponding internal signal-pump non-
collinear angles a. Top row, schemes corresponding to noncollinear geometry of pump and signal showing the noncollinear angle @ and beam
orientations with respect to the crystal axes; double arrows show the directions of polarization for signal and pump [48]. Reprinted from [49].

Phase-matching curves (Fig. 1) for the two crystals, calcu-
lated for type-I OPA (800 nm pump, o-signal + o-idler =
e-pump), with the help of the SNLO software package [48]
show that a certain signal-pump noncollinear angle exists at
which phase-matching curves possess almost zero slope over
a broad wavelength range (i.e., the phase-matching angle 0
varying only within ~0.3%). Thus simultaneous amplification
of near-IR white-light (WL) continuum in the ~1100-1600 nm
wavelength region is expected from a NOPA based on these
crystals.

3. EXPERIMENTAL REALIZATION OF
NEAR-IR NONCOLLINEAR OPTICAL
PARAMETRIC AMPLIFIER BASED ON BULK
LiNbO; AND KNbO;

The experimental setup for the realization of an ultrabroad-
band near-IR NOPA based on a KNB or a ¢-LNB crystal is very
similar to that for KTP-NOPA (Fig. 2), with the difference of
the external, and correspondingly, internal signal-pump
noncollinear angles. The source of 800 nm pulses (~150 fs,
1 kHz, >600 wJ) is the oscillator-regenerative-amplifier
system (Alpha-1000, BMI-Coherent), described previously
[50]. The KNB crystal (2.46 mm thick) is cut for phase match-
ing in the ZX (BC) plane at § = 38°, and the c-LNB crystal
(2 mm thick) is cut for phase matching in the (YZ2)—plane
at § = 48°. A small portion of the 800 nm pulse energy (<5 pJ)
was used to generate WL continuum pulses from a 2 mm thick
sapphire plate. Before the nonlinear crystal, the pump pulses

To compressor
BS autocorrelator

Fig. 2. Experimental setup for the proof-of-principle demonstration
of near-IR NOPA based on KNB or c-LNB: BS, beam splitter; DS, delay
stage; F, long-pass filter; FM, flip-mirror; HWP, half-wave plate; L,
lenses; NLC, nonlinear optical crystal (KNB or c-LNB); P-ZnSe, poly-
crystalline ZnSe crystal; S, 2 mm sapphire plate; SF18, equilateral
prisms; SM, spherical mirrors; WL, white-light continuum. Double
arrows and dotted circles represent polarization of the beams in
and normal to the plane of the drawing, respectively.

were passed through two SF18-prisms (face size 25 mm) in
order to stretch them from ~150 fs to ~400-500 fs for better
temporal overlap with the WL seed pulses [34]. The energy of
the pump pulses at the nonlinear crystals was ~35 pJ, and the
peak intensity was ~150 GW/cm?, below the reported dam-
age thresholds [41]. The external noncollinear angle between
the signal seed and pump pulses was ~5° for KNB-NOPA and
~4° for c-LNB-NOPA, corresponding to internal noncollinear
angles of ~2.4-2.5° for KNB and ~1.9-2.0° for c-LNB, respec-
tively. The internal phase-matching angle for the pump pulses
was 6~38.5° for KNB and ~49.0° for c-LNB (Fig. 1). The
amplified signal pulses were collimated with a spherical
mirror and sent to either a spectrometer or a compressor—
autocorrelator system. Spectral characterization of the signal
pulses was carried out by measuring the second-harmonic
spectra in reflection off the surface of a 2 mm thick poly-
crystalline ZnSe crystal [34,51] with a CCD spectrograph,
by doubling the wavelength axis and extracting the square
root of second-harmonic intensity. Compression of the near-
IR signal pulses was carried out in a fused-silica Brewster-cut
prism pair, similar to the compression of pulses from KTP-
NOPA [34].

Spectra of the near-IR signal pulses from both KNB-NOPA
and ¢-LNB-NOPA are shown in Fig. 3(a). Both NOPAs provide
ultrabroadband near-IR pulses covering the ~1000-1600 nm
wavelength region [Fig. 3(a)] with a bandwidth >2900 cm™,
or ~87 THz, corresponding to a transform limit (TL) ~8-10 fs,
even broader than from periodically poled crystals [52]. The
energy of amplified signal pulses from the KNB-NOPA is
typically ~3-3.5 pJ, and ~1-1.5 pJ from the c-LNB-NOPA
(corresponding to photon conversion efficiencies of ~13.5%
and ~b5.3%, respectively). The conversion efficiencies, as
well as the relative spectral intensities, are in agreement with
the calculated values of effective nonlinear coefficients
(= -4.2 pm/V for c-LNB and ~6 pm/V for KNB) [48].

Compression of the ultrabroadband near-IR pulses pro-
vided ~38 fs pulsewidth [Fig. 3(b)]. Such long pulse durations
of ~3.8 times TL are attributed to uncompensated pulse-front
tilting of signal pulses in the noncollinear geometry, similar to
the output of the ultrabroadband KTP-NOPA [34,35].

In order to correct for pulse-front tilting and achieve
shorter pulse durations, we applied the method of pulse-front
matching to correct the angular dispersion of the near-IR
signal pulses from the double-stage LNB-KNB-NOPA (Fig. 4).
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Fig. 3. Characterization of the ultrabroadband near-IR pulses from the single-stage NOPA (Fig. 2) based on ¢-LNB or KNB crystals. (a) Spectra of
near-IR pulses from KNB-NOPA (dashed blue line) and ¢-LNB-NOPA (solid red line) derived from second-harmonic spectra measured at same
integration times of the CCD camera from the polycrystalline ZnSe. (b) Autocorrelation of amplified signal pulses from c-LNB-NOPA measured on a
300 pm BBO crystal (red dots) together with a sech? fit yielding ~38.3 fs pulsewidth. Reprinted from [49].
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Fig. 4. (a) Schematic of the two-crystal NOPA based on successive amplification in LNB and KNB, with pulse-front matching implemented at both
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translating a ~100 pm slit 57 mm away from the KNB crystal.

Frequency doubling on a polycrystalline ZnSe

(]

o

=]
T

-

o

o
T

Av ~ 2180 cm™!
(~65 THz)

-

[=]

=]
T

AT(TL) ~ 11 fs

o
[=]
T

Normalized Intensity, a.u.

1800

I s h
1200 1400 1600
Signal Wavelength, nm

0
1000

[=] Autocor. trace
e Lorentzian fit
e« «» sech?fit

Compression in fused-silica prism pair
Auto-corr. on 30 pm BBO
T L]

FWHM-~32 fs
At<22fs

I
nNoB

-
o

Normalized Intensity, a.u.

N B O ™

-100 -50 0 50 100
Time delay, fs

Fig. 5. Spectrum of near-IR pulses (left) generated from the two-stage LNB-KNB-NOPA with pulse-front matching and autocorrelation of these
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In the particular geometry described here, the pump pulses
in the first stage (LNB crystal) were sent through an equilat-
eral CaFy; prism, and the pulse front was rotated in a
4138 mm/ - 25 mm telescope. The pulse front of the pump
pulses in the second stage was tilted by a combination of
an equilateral fused silica prism and a 4250 mm/ - 50 mm
telescope [35]. The spectrum of the near-IR pulses from
the two-crystal NOPA is narrower [Av=~66 THz, or
AL~ 2200 cm™!, Fig. 5(a)] compared to the bandwidths gen-
erated from the single-stage NOPA'’s [Fig. 3(a)]. The relative
narrowing can be explained by the partial chirping that the
near-IR pulses undergo in the LNB crystal and other optics
before arriving at the second NOPA-stage in KNB. The
pulse-front matching considerably suppressed the angular
dispersion of the amplified signal pulses after the second
NOPA stage, as confirmed by measuring the dependence of the
center of mass of the signal second-harmonic-generation spec-
tra as a function of the signal beam exit angle [Fig. 4(b)] [35].

The compression of the amplified signal in the same
arrangement (two Brewster-angle fused silica prisms) leads
to pulse durations <22 fs, which is <2 x TL [compare to

~3.8 x TL for non-pulse-front-matched LNB-NOPA, Fig. 3(b)].
The interprism separation for the shortest pulses was ~44 cm,
corresponding to second-order group-delay dispersion of
-1760 fs> at 1300 nm [63]. The calculated third-order
dispersion for the same interprism distance is +4490 fs?, which
makes a relatively high contribution at the generated band-
widths and is the most likely reason for not being able to ap-
proach the TL. We also note that the autocorrelation of the
signal pulses after the KNB crystal can be fitted to a Lorentzian
shape (yielding A7y openiz~16 fs) much better than to a sech?
function (Atgecpa~21 fs, Fig. 5). Such a behavior can be ex-
plained by the exponential-like shape of the near-IR pulse spec-
trum at the edges.

In conclusion, we have demonstrated the broadband ampli-
fication of near- IR pulses centered at ~1300 nm with a band-
width that supports transform-limited pulse durations of
~11 fs, corresponding to ~2.7 optical cycles, in a two-crystal
NOPA based on bulk LNB and KNB. By correcting for pulse-
front tilt we achieve compression to pulse durations <22 fs
(~b.1 cycles). The described scheme is relatively simple, as it
uses nonlinear crystals in the bulk forms. The compressibility



0. Isaienko and E. Borguet

of pulses when pulse-front matching is applied suggests that
the near-IR NOPA described here can be scaled to higher
pulse energies [54,55]. Potential limitations for energy scaling
may be imposed by damage in the nonlinear materials. Further
improvements may include using MgO-doped LNB crystal for
higher damage thresholds. Recently we showed that broad-
band phase matching in LNB and KNB provides broadband
mid-IR idler pulses [43]; future work may include direct
seeding with broadband IR pulses [23].
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