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We propose two methods for ultrashort pulse parametric visible-to-infrared frequency conversion, that are
directly applied to extend the tuning range of a commercial Ti:sapphire laser-noncollinear optical parametric
amplifier system. The first method is based on broadband noncollinear four-wave optical parametric amplifi-
cation in fused silica, and the second is based on cascaded three-wave parametric interaction in a single BBO
crystal. A proof-of-principle experiments demonstrate generation of sub-30-fs, ~20 pJ pulses, broadly tunable

across the infrared (1-3 pum) spectral range.
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1. Introduction

Optical parametric frequency conversion offers
simple, reliable and flexible method for generation
of tunable intense femtosecond pulses; optical pa-
rametric amplifiers endow a broad wavelength tu-
nability to any existing ultrashort pulsed laser sys-
tem [1]. A considerable progress in widely tunable
femtosecond pulse generation is closely related to
the de-velopment of commercial amplified femto-
second Ti:sapphire laser systems, which nowadays
provide stable, high energy and high peak power
pulses with 30-150 fs duration at fundamental
(800 nm) and second harmonics (400 nm) wave-
lengths that readily serve for pumping of optical
parametric frequency converters based on biref-
ringent crystals with second-order nonlinearity.
Ti:sapphire laser pumped optical parametric ampli-
fiers based on beta-barium borate, BaB,O, (BBO)
crystal routinely provide femtosecond pulses tu-
nable in the visible and near-infrared (IR) spectral

range, see [2] for a review. However, generation and
amplification of even shorter (<30 fs) pulses requi-
res broad amplification bandwidth that is achieved
by matching the group velocities of the signal and
idler waves over fairly broad wavelength range by
the use of noncollinear phase matching geometry.
This finding led to development of the noncolline-
ar optical parametric amplification technique [3],
which lies on the basis of the most advanced bro-
adband optical parametric amplifiers.

Nowadays blue-pumped BBO crystal-based
noncollinear optical parametricamplifiers (NOPAs)
efficiently operate in the visible spectral range and
serve as an indispensable tool for generation of ul-
trashort pulses with duration <30 fs [4]. However,
in the light of success of blue-pumped NOPAs, ge-
neration of sub-30 fs pulses in the near IR is still a
challenging task. This is because of BBO crystal-ba-
sed NOPAs fail to support broadband phase match-
ing for IR wavelengths using an 800 nm Ti:sapphire
laser pump. Although the idler wave, which lies in



222

J. Darginavicius et al. / Lithuanian J. Phys. 51, 221-229 (2011)

the IR spectral range, is readily produced by the
amplification process, its use is almost impractical
because of irregular spatial chirp [5]. In this regard,
the noncollinear optical parametric amplificati-
on with 800 nm pumping has been demonstrated
using different nonlinear crystals, which provide
suitable group velocity matching for broadband
amplification: potassium titanyl phosphate (KTP)
[6], bismuth triborate (BIBO) [7], lithium iodate
[8], and periodically poled stoichiometric lithium
tantalate (PPSLT) [9]; see also [10] for a review and
recent developments in the field.

The existing alternatives for ultrashort pulse
generation in the IR spectral range suggest optical
parametric amplification in gases by means of four-
wave parametric processes in the filamentation [11]
and guided-wave propagation regimes [12] taking
an advantage of intrinsically low group velocity dis-
persion of gaseous media and small group velocity
mismatch between the signal and idler pulses. The
latter guarantees broad amplification bandwidth
that, when combined with nonlinear propagation
effects, is able of supporting generation of IR pul-
ses close to a single optical cycle limit [13]. Another
approach considers IR generation in wide bandgap
solids, such as CaF, and BaF, [14, 15], which posses
much higher third-order nonlinearity than gasses.
A suitably chosen noncollinear interaction geome-
try allows are to achieve high conversion efficiency
(up to 10-15%), high output energy and broad am-
plification bandwidth [16-18]. Cascaded four-wave
mixing offers additional possibilities for generation
of tunable broadband multicolor output pulses with
excellent self-compressibility and high temporal
contrast [19].

An important feature of four-wave parametric
interaction is that it enables to amplify and / or
generate pulses with wavelength shorter than the
pump, that is not possible with conventional three-
wave optical parametric amplifiers, where wave-
lengths of both signal and idler waves are longer
than the pump. This offers an additional degree of
freedom in frequency conversion. Indeed, by ta-
king an advantage of this possibility, generation of
UV laser harmonics by means of four-wave diffe-
rence frequency mixing [20] and UV-tunable 30-
fs pulses by parametric frequency up-conversion
of visible pulses [21] was demonstrated. More
recently, a similar technique was applied in the
near-IR spectral range, yielding broadly tunable

sub-30 fs pulses from fused silica based four-wave
optical parametric amplifier [22].

In this paper we experimentally demonstrate ef-
ficient visible-to-infrared frequency conversion of
the ultrashort light pulses for extension of the tun-
ing range of a commercial Ti:sapphire laser-NOPA
system. The laser system used in the experiments
consists of a commercial amplified Ti:sapphire la-
ser (Spitfire PRO, Newport-Spectra Physics) that
provides 130 fs pulses with 800 nm central wave-
length at 1 kHz repetition rate and a commercial
second-harmonic-pumped BBO crystal-based
noncollinear parametric amplifier (Topas-white,
Light Conversion Ltd.) that produces ~0-fs pulses
tunable in the visible (550-700 nm) spectral range.

2. Generation of sub-30 fs pulses by noncollinear
optical parametric amplification in fused silica

In this Section we propose a method, how broad-
band visible pulses delivered from a com-mercial
Ti:sapphire-NOPA system could be efficiently con-
verted into the near-IR spectral range, utilizing sin-
glepass four-wave optical parametric amplification
in fused silica sample and subsequent compression
of the frequency up-converted (idler) pulses.

The experimental set-up is depicted in Fig. 1.
The laser beam at the fundamental frequency was
divided by 30% beam splitter BS into two parts: one
part (with energy variable up to 1.8 mJ) served as a
pump for the four-wave optical parametric amplifier
(FWOPA),whilethesecond part(withenergy0.5m])

NOPA SHG B Ti:Sapphire
A 550-700 nm =°-5 ™ < 130 fs
30 fs 800 nm Prism compressor
delay line /BQ
—>
FS 20 WJ
5ud
N f, fy f,

Spectrometer

Fig. 1. Experimental set-up for four-wave optical para-

metric amplification: BS is the beamsplitter, SHG is the

second-harmonic generating crystal, FS is the fused si-

lica plate, P is the pulse-front tilt compensating prism,

f, and f are the focusing and f, and f, are the imaging
lenses, respectively.
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was frequency doubled in 1-mm-thick BBO crystal
(SHG) and served to pump a NOPA device, which
provided a broadband, slightly positively chirped
seed signal tunable in the visible wavelength range
(550-700 nm) with a duration of 50 fs. The pump
and seed signal beams of the same linear polarization
were non-collinearly overlapped at the phase-mat-
ching angle inside the 1-mm-long fused-silica sample
(FS). The pump and seed signal beams were focused
with spherical lenses, f = 800 mm and f, = 500 mm,
respectively, that yielded respective FWHM beam di-
mensions of 0.8 and 0.33 mm at the input facet of the
fused silica sample, ensuring a good spatial overlap
of the interacting waves along the sample length.

The phase-matching angle between the pump
and signal beams which supports four-wave para-
metric interaction (coP to =w + w,) was calcula-
ted according to equation [23]:

4K+ k2 -k

cos, =
‘ 4k k,

, (1)

where k(w) = n(w)w / ¢ is the wave number, n(w) is
the refractive index, and subscripts p, s, and i refer
to pump, signal, and idler (near-IR) waves, respec-
tively. The angle between the pump and emerging
idler wave was therefore found as

4k[27 +k? -k

0. = .
cos9, akk, (2)

The phase-matching curve in fused silica is de-
picted in Fig. 2(a), showing that phase-matching an-
gles for a visible seed signal vary between 1.5 and 2.1
degrees, whereas those for the idler (near-IR) puls-
es vary in the range of 2.2-5.5°. Figure 2(b) shows
typical spectra of the amplified signal and generated
near-IR pulses. With a NOPA signal tuning range of
550-700 nm, the generated near-IR idler pulses cov-
er wavelength range from 1.0 to 1.5 pm. The near-IR
pulse spectrum was recorded by a fiber spectrom-
eter (QE65000, Ocean Optics) after the frequency
doubling in thin, 20-um BBO crystal that ensured
broadband frequency conversion from IR to visible
so as to fit the detection range of the spectrometer.
The measured spectral FWHM width of the near-IR
pulses varied from 70 to 140 nm, supporting short,
sub-30-fs pulse duration throughout the whole tun-
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Fig. 2. (a) Phase-matching curve in fused silica. (b) Spec-
tra of the amplified signal and generated near-IR (idler)
pulses.

ing range and even sub-20-fs duration for the near-
IR pulse centered at 1.2 um, where NOPA provides
the broadest spectra.

Due to noncollinear interaction geometry, the gen-
erated broadband near-IR pulse possessed a pulse-
front tilt, which manifested itself as apparent angular
dispersion of the beam in the phase-matching plane,
that is clearly visible as elongated far-field intensity
profile of the near-IR beam, as shown in Fig. 3(a). The
pulse-front tilt was fairly constant along the whole
tuning range as a result of the constant slope of the
phase-matching curve. The tilt value was evaluated as
§ =arctan(A dO / d ) = 9.9°. The pulse-front tilt was
removed by imaging the near-IR pulse with a beam-
size magnifying telescope consisting of f, = 125 mm
and f, = 300 mm lenses, arranged in 4f geometry, onto
a single TF10 glass prism (P) with a 60° apex angle.
Figure 3 compares the far-field intensity profiles of
the near-IR beam before and after the tilt removal,
as recorded by InGaAs complementary metal-oxide
semiconductor (CMOS) camera (Xenics, Xeva 202).
After the tilt removal, the pulse was compressed in a

Fig. 3. Far-field intensity profiles of the near-IR beam
(at 1.34 um): (a) before and (b) after the pulse-front tilt
removal.
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double-pass prism-pair compressor that consisted of
two identical 60° apex angle TF5 glass prisms aligned
at the angle of minimum deviation.

Figure 4 illustrates the relevant characteristics of
the FWOPA operation at two wavelengths, 1.34 um
and 1.20 um. The left panel [Fig. 4(a, d)] compa-
res spectra of the seed and amplified signal in the
visible range. The center panel [Fig. 4(b, e)] illus-
trates spectra of the frequency down-converted ne-
ar-IR pulses at the FWOPA output. The right panel
[Fig. 4(c, f)] shows the autocorrelation functions
of the compressed near-IR pulses as measured by
a scanning autocorrelator. The estimated time-ban-
dwidth product At Av =~ 0.5 at both wavelengths
indicates that the near-IR pulses are well compres-
sible to almost bandwidth limit. It is worth noting
that the time-bandwidth product of the near-IR
pulses was fairly constant across the entire tuning
range (1-1.5 pm). The shortest near-IR pulse of
17.6 fs duration that equates to 4.4 optical cycles,
was measured at 1.2 pm, as shown in Fig. 4(f).

We have also observed that an increase of the
pump energy leads to a spectral broadening of the
near-IR pulse, as a result of the cross-phase modu-
lation (XPM) between the pump and seed pulses
inside the fused silica sample, as noted in simi-
lar experiments [18, 24]. We have found that the
XPM-broadened pulses are still fully compressible,
and indeed, the measured pulse durations, after

optimization of the pulse compressor, have been
shorter by ~10-20%. An example of the XPM-
broadened pulse compression is illustrated in Fig. 5
that depicts temporal intensity and phase profiles
of the compressed pulse at 1.34 um generated with
1.8 mJ pump, as retrieved by SHG-FROG (Second
Harmonic Generation Frequency Resolved Optical
Gating) technique.
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Fig. 5. SHG-FROG characterization of the near-IR pulse
at 1.34 pm, showing retrieved temporal intensity (solid
curve) and phase (dashed curve) profiles.

Using a seed signal energy of 4.8 pJ, which was
kept fairly constant across the whole visible spec-
tral range, and pump energy of 1.8 mJ, FWOPA de-
livered sub-30-fs near-IR pulses with energy up to
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Fig. 4. Pulse characteristics at the FWOPA output at 1.34 um (upper row)and 1.20 um (lower row): (a), (d) spectra
of the seed (dashed curves) and amplified signal (solid curves) in the visible; (b), (e) spectra of the near-IR pulses;
(¢), (f) autocorrelation traces of compressed near-IR pulses. Here solid curves show the Gaussian fit.
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20 pJ across the whole 1-1.5 um wavelength range.
Under these settings, 1% pump-to-idler conver-
sion efficiency was achieved, that is competitive to
frequency conversion schemes based on gaseous
media. Notably, the conversion efficiency could be
further increased either by optimizing (increasing)
the input seed energy or by better matching of the
pump and seed pulsewidths.

3. Generation of broadly tunable ultrashort IR
pulses by cascaded frequency mixing in a single
BBO crystal

The noncollinear geometry of the four-wave optical
parametric amplification might be somewhat less
technically attractive if fast wavelength tunability
(scanning) is required, since the wavelength tuning
requires adjustment of the beam intersection angle
so as to fulfil the phase matching condition, as seen
from Fig. 2(a). Interestingly, wavelength tuning could
also be performed at a fixed angle, by choosing a set
of various nonlinear media [25]. In this Section we
demonstrate a different approach for generation of
broadly tunable ultrashort near-IR pulses by means
of collinear cascaded three-wave parametric interac-
tions in a single BBO crystal. The idea of the met-
hod is that tunable IR pulses are generated by means
of cascaded second-order parametric interactions:
difference-frequency generation (DFG) and optical
parametric amplification (OPA) that occur simulta-
neously within a single nonlinear crystal.

Schematically, the whole frequency conversion
process could be viewed as a two-step three-wave
interaction. The first step is the difference-frequ-
ency generation via parametric process between
a visible pulse delivered from NOPA, w_, and a
Ti:sapphire fundamental harmonics pulse (cen-
ter wavelength 800 nm, w ) thus producing the
mid-IR pulse at w = w - w . The second step
is the optical parametric amplification of the dif-
terence-frequency (mid-IR) wave, which serves as
a seed signal, at the same time producing the ne-
ar-IR idler wave according to energy conservation:
W, = Wy + Wy, Specifically, by tuning the wave-
length of the visible pulse in the A | = 560-630 nm
wavelength range, we obtain simultaneous genera-
tion and amplification of broadly tunable IR pulses
within the wavelength range of A, = 1.9-3 um and
Ay = 1.1-1.4 um, respectively.

The efficiency of the overall cascading process re-
lies on two conditions: (i) both parametric interacti-
ons have to be of the same phase matching type, thus
the polarization of the interacting waves should be
properly chosen; (ii) only one of the two parametric
processes could be perfectly phase matched at a fixed
crystal orientation. This is illustrated in Fig. 6 by plot-
ting the phase-matching curves in BBO crystal for
both DFG (o, e, - op) and OPA (ep—) 0yt One)
processes. Here o0 and e denote the necessary polari-
zation of the interacting waves so as to fulfil the type I
phase matching interaction. Note that this is possible
using different polarizations of the pump wave at w .
The optimum operation was achieved when the BBO
crystal was aligned so as to fulfil the perfect phase
matching condition for the OPA process that is very
efficient, whereas a difference frequency generation
was phase-mismatched thereby providing a weak
seed, which was never-theless enough to efficiently
seed the amplifier. The tuning range of the mid-IR
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Fig. 6. Phase matching curves for DFG (dashed line) and
OPA (solid line) processes for type I phase matching in
BBO crystal.

pulses and therefore of the whole set-up was limi-
ted by the IR absorption in the BBO crystal.

The experimental set-up is depicted in Fig. 7. The
Ti:sapphire laser-NOPA system was the same as de-
scribed in the previous section. A dichroic mirror
DM (transparent in the visible and highly reflective
at 800 nm) was used for collinear arrangement of
the NOPA and pump beams. The two beams were
focused with a spherical f, = +800 mm lens into a
1-mm-thick BBO crystal cut at 6 = 29.2°. The BBO
crystal was placed ~20 cm before the focal plane of
the lens; the measured FWHM size of pump and sig-
nal beams at the input face of the crystal were 0.77
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and 0.45 mm, respectively. The generated near-IR
beam was restored with an f, = 500 mm lens, while
the remaining pump and NOPA signal were filtered
using a bandpass filter E The proper energy ratio
between o- and e-polarized waves at 800 nm was
adjusted with a half-wave plate (1/2). The optimum
performance was achieved when ~5% fraction of the
energy at 800 nm was used to generate the differ-
ence-frequency and the rest ~95% served as a pump
for OPA. The maximum pump energy E = 0.4 m]
in the experiment was used, and that converts to
a maximum fluence F__ of 0.056 J/cm’. We note
that no optical damage of the crystal antireflection
coatings was observed. The maximum pump inten-
sity was estimated as I = 0.43 TW/cm?, assuming
Gaussian spatial and temporal intensity distribution
of the pump beam.

NOPA |SHG BS Ti:Sapphire
550-700 nm [ ] 0.5 mJ/ o 130 fs 91l g
30fs ] N 800 nm 3| 8
o || o
Al
P2 \ 2 =
] \ \ N
— A0 #E
delay line 0: BBO 5 W
7\ i | -
> D\M ¥1 I gz E Prism compressor

Fig. 7. Experimental set-up for cascaded frequen-

cy conversion in BBO crystal: BS is the beam-splitter,

SHG is the second-harmonic generating crystal, /2 is

a half-wave plate, DM is a dichroic mirror, f, and f, are

beam focusing and restoring lenses, respectively, F is a
bandpass filter.

Figure 8(a) shows the energy of the near-IR (at
1.24 pm) and mid-IR (at 2.25 um) pulses at the BBO
crystal output as a function of the pump energy. With
E =04 mJand E, =7 yJ the highest infrared pulse
energies E, - = 11.5 yJ and E_ . = 26 pJ were measu-
red suggesting almost 10% pump-to-infrared conver-
sion efficiency as the frequency conversion process
was driven into saturation. Figure 8(b) shows the ne-
ar-IR pulse duration versus wavelength after the pulse
compression in a double-pass prism-pair compressor
(identical to that described in Sec. IT) as measured by a
scanning autocorrelator. For most of the tuning range,
pulses as short as 30 fs were obtained, whereas at the
shortest wavelengths (1.1-1.2 um), the pulse duration
increased to 40-45 fs, mainly as a result of reduced
gain bandwidth for shortest near-IR wavelengths.

Figure 9 summarizes the relevant character-
istics of the cascaded three-wave parametric fre-
quency converter at 1.36 um and 1.22 um. The left
panel [Fig. 9(a, d)] compares spectra of the visible
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Fig. 8.(a) Infrared pulse energies at 2.25 pm (dashed

curve) and 1.24 um (solid curve) and pump-to-infrared

conversion efficiency versus pump energy. (b) Compres-
sed near-IR pulse duration versus wavelength.

NOPA seed. The center panel [Fig. 9(b, e)] illustrates
spectra of the frequency down-converted near-IR
pulses. The right panel [Fig. 9(c, f)] shows the auto-
correlation traces of the compressed near-IR pulses
as measured by a scanning autocorrelator. The esti-
mated time-bandwidth product Az Av ~ 0.5 at both
wavelengths indicates that the compressed near-IR
pulses are close to transform limit.

In fact, such second-order cascaded interaction
to some extent mimics pure four-wave mixing pro-
Cess W +w = W, + Wy However, in the present
case the conversion efficiency is markedly higher
because of much higher induced second-order non-
linear polarization that is the source of oscillation
at new frequencies. Another important outcome of
the proposed scheme is that tunable mid-IR pul-
ses via DFG process are simultaneously generated,
and those are not present in pure four-wave mixing
process. In our experiment, these pulses were not
precisely characterized due to absence of suitable
(mid-IR sensitive) detection apparatus. However, it
is worth mentioning that in the DFG process, the
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Fig. 9. Experimentally measured pulse characteristics at 1.36 um (upper row) and 1.22 pm (lower row): (a), (d)
spectra of the visible NOPA seed; (b), (e) spectra of the near-IR pulses; (c), (f) autocorrelation traces of compressed
near-IR pulses. Here solid curves show the Gaussian fit.

difference frequency pulse emerges with a stable
carrier envelope phase offset if the pump and the
seed pulses are derived from the same source [26],
and this is exactly the case. Moreover, the proposed
method is suitable for visible-to-mid-IR conversion
(for example visible pulses in the wavelength range
of 630-700 nm could be converted to a wavelength
range of 3-5.6 um in the mid-IR), using nonlinear
crystals which are transparent in the mid-IR.

4. Conclusions

To summarize the results, we have demonstrated
two different approaches for tunable ultrashort
(<30 fs) pulse generation in the IR spectral ran-
ge by visible-to-infrared frequency conversion. In
contrast to widely used schemes that involve optical
parametric amplification of the IR part of the white
light continuum spectrum [10], the proposed sche-
mes benefit from using already well-established ul-
trashort visible light pulses, which are of excellent
spatial and temporal quality and high energy.

The first demonstrated approach relies on the
four-wave parametric amplification, which, to the
best of our knowledge, is the first scheme based
on isotropic solid-state medium (fused silica) that
allows visible-to-IR conversion and provides both
very large tunability and simultaneous broadband
amplification, supporting few-optical-cycle pul-
ses in the near-IR (1-1.5 um) spectral range. This

approach promises the scaling to very high pump
energy levels due to the availability of large apertu-
re media with Kerr nonlinearity and suitable phase-
matching conditions for frequency down-conver-
sion further into IR, using materials with extremely
broadband transparency range, such as CaF,.

The second demonstrated approach is based on
cascaded three-wave interactions in a single BBO
crystal, yielding difference frequency generation
and optical parametric amplification. The major
advantage of this scheme is the collinear interacti-
on geometry, which allows easy and fast wavelength
tuning, and at the same time demonstrates high pa-
rametric gain and supports sufficiently broad am-
plification bandwidth. The mid-IR pulses genera-
ted in the wavelength range of 1.9-3.0 pm should
have stable carrier envelope phase offset, which is
an important attribute of few-optical-cycle pulses
required for many applications in controlled light
and matter interactions. By this technique, using
the nonlinear crystals with better IR transparency,
it is possible to obtain tunable pulses in the mid-IR
(3-5.6 um) with tens of pJ energy and with stable
carrier envelope phase offset.

The developed IR sources might readily serve for
diverse spectroscopic applications, and they might
be conveniently used as energetic seed pulses with
a high spatial and temporal quality for front-end
high-power OPCPA based laser systems operating
in the IR [27].
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Santrauka

Pasitlyti du metodai parametriskai keisti regimaja
spindulivote infraraudonaja, leidziantys praplésti ko-
mercinés Ti:safyro lazerio ir nekolinearaus parametri-
nio $viesos stiprintuvo sistemos dazniy derinimo sritj.
Pirmasis metodas remiasi placiajuos¢iu nekolineariu

keturbangiu optiniu parametriniu stiprinimu lydytame
kvarce, o antrasis — pakopinémis trijy bangy sgveiko-
mis BBO kristale. Eksperimenti$kai pademonstruotas
mazesnés nei 30fs trukmés ~20 pJ energijos impulsy,
derinamy infraraudonojoje spektro srityje (1-3 pm),
generacija.



