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J. Darginavičius · G. Tamošauskas · A. Piskarskas ·
G. Valiulis · A. Dubietis

Received: 20 February 2012 / Revised version: 3 May 2012 / Published online: 4 July 2012
© Springer-Verlag 2012

Abstract We demonstrate a simple method for infrared
few optical-cycle pulse generation, which is based on
collinear visible-to-infrared frequency conversion and in-
volves difference-frequency generation and subsequent two-
step optical parametric amplification. The numerical simu-
lations and experiments using BBO crystals show an effi-
cient frequency down conversion of visible ∼20 fs pulses
from a commercial blue-pumped noncollinear optical para-
metric amplifier yielding 1.2–2.4 µm tunable sub-100 µJ
pulses with duration of 3 to 5 optical-cycles. The proposed
method could be readily extended to generate few optical-
cycle pulses in the mid-infrared spectral range (up to 5.5 µm)
using, e.g., LiIO3 and LiNbO3 crystals, as demonstrated by
the numerical simulations. In these crystals, even shorter,
two-optical-cycle mid-infrared pulses could be obtained at
particular wavelengths where group velocity matching be-
tween the signal and idler waves is achieved.

1 Introduction

Thanks to unique properties, such as high gain and broad
amplification bandwidth that are achievable over wide spec-
tral range, optical parametric amplification became the most
advanced technique to extend the tunability range of the ul-
trashort pulse lasers. Modern optical parametric amplifiers
deliver powerful femtosecond pulses tunable across the vis-
ible and near infrared (IR) [1–5]. At present, there is a grow-
ing demand for energetic, few-optical cycle pulses in the
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near and mid-IR in connection with ultrafast spectroscopy
[6–8] and rapidly evolving discipline of strong field physics
and attosecond science [9]. In the pursuit of this goal, var-
ious approaches and strategies enabling efficient genera-
tion of few optical-cycle pulses in the IR spectral range
have been proposed. A straightforward route to generate few
optical-cycle pulses in the IR is to pump an optical paramet-
ric amplifier (OPA) with extremely short pulses, obtained,
e.g., by employing hollow-fiber compression technique [10],
which however imposes severe limitations on the available
pump energy. Another approach considers the use of broad-
band phase matching that is readily achievable in a collinear
interaction geometry at the degeneracy, at the cost of wave-
length tunability [11]. More flexible methods utilize the non-
collinear optical parametric amplification technique in non-
linear crystals, which provide suitable group velocity rela-
tions in the IR; see [5] for a review and recent develop-
ments in the field. The noncollinear infrared optical para-
metric amplifiers commonly employ the infrared part of the
supercontinuum as a seed signal, whose low spectral energy
density imposes certain practical difficulties, such as high
level of the amplified parametric superfluorescence. Fre-
quency down-shifting (i.e., difference-frequency generation,
DFG) of already preformed seed pulse proves to be more
energetically efficient and is demonstrated in a number of
experimental configurations, which use various transparent
media with quadratic and cubic nonlinearity [12–15]. High
power and high repetition rate OPCPA technique-based sys-
tems, which combine either optical parametric amplification
and/or difference frequency generation with nonlinear prop-
agation (hollow-fiber or filamentation) techniques at present
yield high energy (tens-of-mJ), high peak-power (sub-100-
GW) few-optical cycle pulses whose wavelength is now
shifted into the mid-IR [16–20].
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More recently, several methods for few optical-cycle IR
pulse generation based on visible-to-infrared frequency con-
version in very compact setups were demonstrated [21–23].
In this paper, we propose a simple and efficient method
for few optical-cycle infrared pulse generation, which is
based on collinear difference-frequency conversion and two-
stage optical parametric amplification of unchirped fem-
tosecond pulses. The experimental demonstration employs a
fully commercial Ti:sapphire laser and its second-harmonic
pumped noncollinear optical parametric amplifier system,
whose tuning range is extended into the IR using a setup for
visible to infrared frequency conversion based on BBO crys-
tals providing 1.2–2.4 µm tunable pulses with 3 to 5 optical-
cycle duration and sub-100 µJ energy. The achieved tuning
range could be readily extended by using nonlinear crystals
with wider IR transparency range maintaining few optical-
cycle pulse duration, as revealed by the numerical simula-
tions.

2 The general idea

The general idea of the proposed method is schemati-
cally depicted in Fig. 1. Tunable few optical-cycle IR
pulses are obtained by means of two-step collinear second-
order parametric interactions: difference-frequency gener-
ation and subsequent optical parametric amplification of
the difference-frequency signal. In contrast to widely used
schemes that involve optical parametric amplification of
the IR part of the supercontinuum spectrum, the proposed
scheme benefits from using already well-established ultra-
short visible light pulses, which are of excellent spatial and
temporal quality and high energy.

The first step involves frequency down-conversion of
the ultrashort visible pulses via type I phase-matched
difference-frequency generation. Here, by mixing of the
e-polarized visible pulse at ωvis from a blue-pumped non-
collinear optical parametric amplifier (NOPA) and the o-
polarized fundamental frequency pulse at ωp from an am-
plified Ti:sapphire laser system, the o-polarized few optical-
cycle pulse at ωMIR = ωvis − ωp in the mid-IR (MIR) is
produced. In the second step, the o-polarized difference-
frequency pulse at ωMIR serves as a seed signal in a

Fig. 1 Schematic presentation of the visible-to-infrared frequency
conversion method

collinear type I phase-matched OPA pumped by the e-
polarized fundamental frequency pulse at ωp from an am-
plified Ti:sapphire laser system. Alongside amplification of
the seed, the OPA produces the o-polarized near-IR (NIR)
idler wave at ωNIR. Note that the OPA is seeded with
a longer wavelength pulse, which is then called a signal
pulse throughout the text. Specifically, in this configura-
tion, by tuning wavelength of the visible pulse in the λvis =
530–720 nm range, which is defined by the blue-pumped
NOPA operational characteristics, the tunable MIR and NIR
pulses that cover wavelength range of λMIR = 1.6–7.2 µm
and λNIR = 0.9–1.6 µm, respectively, could be generated;
see Fig. 1. The actual tuning range, however, will depend
on the IR absorption properties of the particular nonlinear
crystal used. For instance, using the BBO crystal, the tuning
range is limited to wavelengths shorter than 3 µm, being set
by the crystal absorption in the IR. On the other hand, the
tuning range could be notably extended by choosing non-
linear crystals, such as, e.g., LiIO3 or LiNbO3, which are
transparent up to 6 µm and 5.5 µm, respectively.

3 Visible-to-infrared conversion in BBO crystals

In this section, we present the numerical simulations and ex-
perimental demonstration of the proposed method using a
setup based on BBO crystals.

3.1 Numerical simulations

As a starting point, we present the results of the numerical
simulations, which illustrate the basic performance charac-
teristics of the DFG and OPA stages. The numerical simu-
lations were carried out by solving the three-wave paramet-
ric equations in the framework of plane wave approximation
with account for group velocity mismatch, group velocity
dispersion, and third-order dispersion effects. The relevant
parameters of the BBO crystal (nonlinearity, dispersion re-
lation, transparency range, etc.) were taken from [24].

The DFG process was simulated using input Gaussian
pulses with FWHM widths of tvis = 20 fs and tp = 130 fs,
as those used in real experimental settings (see Sect. 3.2
for details). Note that both input pulses are considered to
be bandwidth limited, i.e., no temporal stretching and pulse
chirping is applied. The most favorable conditions for DFG
in terms of acceptance bandwidth and conversion efficiency
for wavelengths of interest occur in type I phase matching
interaction. The FWHM width of the difference-frequency
pulse versus wavelength as computed by numerical integra-
tion of coupled-wave equations for three different lengths
(0.1, 0.2, and 0.4 mm) of the BBO crystal is depicted in
Fig. 2. The total intensity of the input pulses (Ivis + Ip and
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Fig. 2 Computed FWHM width of the difference-frequency pulse
generated in 0.1 mm (solid curve), 0.2 mm (dashed curve), and 0.4 mm
(dotted curve) BBO crystals

Ivis ≈ Ip) was set at 300, 100, and 50 GW/cm2, respec-
tively, so as to obtain ∼50 % energy depletion of the high-
est frequency (visible) pulse. Note that in a difference fre-
quency mixing process, the highest frequency wave is de-
pleted, whereas both lower frequency waves are amplified.
Under the chosen parameters of interaction, the BBO crys-
tal of 0.2 mm thickness was found to be optimal, as it pro-
vided the best compromise between the energy conversion
efficiency [EMIR/(Evis + Ep) = 2.5 %] and attainable pulse
width (the pulse broadening being less than 10 % across the
entire tuning range).

Further, we simulate the operation of a difference-
frequency pulse-seeded collinear OPA, which was pumped
by tp = 130 fs fundamental laser pulse. We investigate
parametric amplification in BBO crystals of 0.5 mm and
1 mm thickness by choosing a fixed seed pulse intensity of
1 GW/cm2 and the pump pulse intensities of 350 GW/cm2

and 100 GW/cm2 set for shorter and longer crystals, respec-
tively, so as to obtain 15 % pump-to-infrared conversion effi-
ciency with a gain factor of ∼100. Figure 3(a) shows the cal-
culated group-velocity mismatch (GVM), 1/vs − 1/vi , be-
tween the signal and idler pulses, which essentially defines
the accessible amplification bandwidth. Figure 3(b) summa-
rizes the numerically computed FWHM width of the signal
and idler pulses across the entire tuning range. Figure 3(c)
shows an example of computed temporal profiles and phases
of the interacting pulses (λs = 2 µm, λi = 1.33 µm) at the
output of 1-mm-thick BBO crystal. Note how the pump
pulse is almost completely depleted in the area where the
pulses overlap; the time separation between the signal and
idler pulses at the crystal output is markedly reduced due
to strong nonlinear interaction. Moreover, the use of un-
stretched and unchirped seed pulses in the OPA pays-off
with regard of achieved pulse width; note that the amplified
pulse lengthening is quite small and does not exceed 30 %
even at the very edges of the tuning range.

Fig. 3 (a) Group velocity mismatch between the signal and idler
pulses in BBO crystal. (b) Computed FWHM pulsewidth as a function
of wavelength at the OPA output, which uses 0.5 mm and 1 mm BBO
crystals. (c) Temporal pulse profiles of the depleted pump (black), am-
plified signal at 2 µm (blue) and idler at 1.33 µm (red). The dashed
curves show phases of the signal and idler pulses, respectively

3.2 Experimental results

The validity of the numerical results was verified exper-
imentally. The experimental setup is depicted in Fig. 4.
We used a commercial amplified Ti:sapphire laser system
(Spitfire-PRO, Newport-Spectra Physics), which delivered
130 fs, ∼1.5 mJ pulses with central wavelength of 800 nm.
The fundamental laser beam was divided by the beam split-
ter BS1 into two parts. The first part, with 0.4 mJ en-
ergy, was frequency doubled via second-harmonic genera-
tion in a 0.5-mm-thick BBO crystal (not shown) and served
to pump a supercontinuum-seeded commercial NOPA de-
vice (TOPAS-white, Light Conversion Ltd.), which pro-
duced 530–720 nm tunable 15–25 fs pulses with energy of
∼5 µJ. The second part of the laser beam was divided into
three channels (beam splitters BS2 and BS3) with energy of
15 µJ, 150 µJ and 1 mJ that served to pump the difference-
frequency generator (DFG), preamplifier (OPA1) and power
amplifier (OPA2), respectively.

The difference-frequency generation was performed in
a 0.2-mm-thick BBO crystal cut at 29.2° for type I phase
matching. The input beams (NOPA output and laser fun-
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Fig. 4 Experimental setup: DFG is the difference frequency generator,
OPA1 is the preamplifier, OPA2 is the power amplifier, BS1, BS2, and
BS3 are the beam splitters, λ/2 is a half-wave plate, M1 is a dichroic
mirror (transparent in the visible and highly reflective at 800 nm), M2
and M3 are the dichroic mirrors transparent in IR and highly reflective
at 800 nm

damental) were arranged in a collinear geometry using a
dichroic mirror M1. The beams were focused to a spot
size of ∼0.5 mm with a spherical f = +300 mm lens
thus achieving peak intensities of the input pulses of Ivis =
65 GW/cm2 and Ip = 30 GW/cm2. Under these experimen-
tal conditions, the difference-frequency pulses with 200–
400 nJ energy throughout the whole 1.6–2.4 µm range were
generated. These further served to seed the OPA, which con-
sisted of preamplifier and power amplifier, both based on
type I phase matching BBO crystals. In order to fulfill type
I phase matching condition, the polarization of the pump
wave was rotated by 90° using a λ/2 plate placed in front
to the beam splitter BS3.

The preamplifier used a 0.5 mm-thick BBO crystal,
which was pumped by loosely focused 150 µJ fundamen-
tal pulse. The FWHM beam diameter at the crystal input
face was 0.45 mm, yielding the pump pulse intensity of
450 GW/cm2. The pump and seed beams were arranged in a
slightly non-collinear geometry (the crossing angle <1°) so
as to easily separate the signal (1.6–2.4 µm) and idler (1.2–
1.6 µm) beams of the same polarization. The preamplifier
operated with 10 % energy conversion efficiency, delivering
2–4 µJ signal pulses. Thereafter, these pulses were sent to a
power amplifier, which used 1-mm-thick BBO crystal and
which was pumped by the rest of the laser energy (1 mJ)
in a collimated beam with FWHM diameter of 1.6 mm and
intensity of 250 GW/cm2. The power amplifier delivered a
total of 120 µJ energy, which was distributed between the
signal and idler waves according to Manley–Rowe relation.
For instance, at signal and idler wavelengths of 2.06 µm and
1.31 µm, where pulses were characterized (see below), the
measured energy of the signal and idler waves was 45 µJ and
75 µJ, respectively.

The spectral characteristics of the pulse at 2.06 µm at rel-
evant stages of the experiment are depicted in Fig. 5, which
compares pulse spectra after the difference-frequency gen-
eration, and at the outputs of the preamplifier and power

Fig. 5 Comparison of the pulse spectra after the difference-frequency
generator (dotted curve), and at the output of the preamplifier (dashed
curve) and power amplifier (solid curve)

Fig. 6 (a) Spectra of the visible, NIR and MIR pulses centered at
575 nm, 1.31 µm, and 2.06 µm, respectively. (b) Pulse duration versus
wavelength. The dashed lines indicate the pulse duration with N = 3,
4, and 5 optical-cycles

amplifier, as measured using fiber spectrometer (AvaSpec-
NIR256-2.5, Avantes). Note that the modifications of the
spectral shape imposed by the optical parametric amplifi-
cation process are very minor: the observed spectral nar-
rowing was estimated to be less than 10 %, in good agree-
ment with the results of numerical simulations. The mea-
sured FWHM spectral width at the output of the power am-
plifier was ∼250 nm, that corresponded to 24 fs transform-
limited pulse duration.

Figures 6 and 7 summarize the main experimental results.
Figure 6(a) shows spectra of the visible pulses at 575 nm and
the amplified MIR (signal) and NIR (idler) pulses centered
at 2.06 µm and 1.31 µm, respectively. Figure 6(b) shows the
temporal characteristics across the whole tuning range by
presenting the measured pulse width of the visible pulses
at the NOPA output and the estimated pulse width of the
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Fig. 7 Autocorrelation traces of compressed pulses: (a) signal pulse at
2.06 µm, (b) idler pulse at 1.31 µm. Full circles show the experimental
data, solid curves show Gaussian fit

signal (MIR) and idler (NIR) waves as derived from spec-
tral measurements and subsequent Fourier transform. The
dashed lines indicate the pulse width, which corresponds to
N = 3, 4, and 5 optical-cycles. The experimental data are
in fair agreement with the results of numerical simulations,
presented in Fig. 3(b).

Figure 7 shows the autocorrelation traces of compressed
signal and idler pulses as measured by a scanning auto-
correlator. It has to be mentioned that although we con-
sider parametric amplification of unchirped signal pulse, in
fact, in the experiment it became negatively chirped (blue-
shifted frequencies at the leading front and red-shifted fre-
quencies at the trailing front) due to anomalous material dis-
persion introduced by the optical elements of the setup (fo-
cusing lenses, dichroic mirrors, and autocorrelator optics)
in the 1.6–2.4 µm wavelength range. Indeed, the measured
duration of the signal pulse at 2.06 µm directly at the am-
plifier output was 110 fs. Therefore, the signal pulse was
compressed by passing it through a 3-mm-thick ZnSe plate,
which possesses normal group velocity dispersion in this
spectral range. The autocorrelation trace of compressed sig-
nal pulse is plotted in Fig. 7(a), which shows a smooth Gaus-
sian profile. The estimated FWHM pulsewidth of 29 fs (4.2
optical-cycles) thus yielded the time-bandwidth product of
ΔτΔν ≈ 0.51. Slightly imperfect pulse chirp compensation
(measured pulsewidth of 29 fs instead 24 fs as estimated
from the spectral width) occurred likely due to higher-order
dispersion imposed by ZnSe, as also noted in [20]. The posi-
tive chirp of the idler pulse, as attained in the parametric am-
plification process was compensated in a double-pass TF5
glass prism-pair compressor. The autocorrelation trace of
compressed idler pulse at 1.31 µm is shown in Fig. 7(b),
which again shows a smooth Gaussian profile. The retrieved
FWHM pulsewidth of 26 fs and the time-bandwidth product
of ΔτΔν ≈ 0.46 attest almost perfect compensation of the
idler pulse chirp.

Fig. 8 Performance characteristics of LiIO3 crystal-based OPA.
(a) GVM between the signal and idler pulses. (b) Computed FWHM
pulse width versus wavelength in 1 mm (solid curve) and 2 mm (dashed
curve) thick crystals. (c) Temporal pulse profiles of the depleted pump
(black), amplified signal at 4 µm (blue) and idler at 1 µm (red). The
dashed curves show phases of the signal and idler pulses, respectively

4 Accessing 3–5.5 µm range

The absorbing properties of the BBO crystal limit the tun-
ability of the IR pulses to wavelengths shorter than 2.6 µm,
although the available tuning range of visible pulse wave-
lengths is suitable to do so, as described in Sect. 2; see also
Fig. 1. In what follows, we demonstrate a general possibil-
ity to extend the proposed concept for generation of few
optical-cycle pulses in the mid-IR. We perform the numer-
ical simulations of difference-frequency pulse-seeded op-
tical parametric amplification in the mid-IR in LiIO3 and
LiNbO3 crystals, whose relevant parameters were taken
from [24, 25]. Here, we consider an identical situation of
the OPA operation as in Sect. 3.1: unchirped ∼20 fs mid-IR
seed pulses are amplified in a collinear type I phase matched
OPA pumped by 130 fs pulses at 800 nm.

Figure 8 summarizes the results of numerical simulations
of parametric amplification in LiIO3 crystal. Figure 8(a)
shows the GVM between the signal and idler pulses in the
signal wavelength range of 1.6–5.5 µm. Interestingly, apart
from the degeneracy, there exists a second group-velocity
matching point at 4.2 µm, where conditions for collinear
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Fig. 9 Performance characteristics of LiNbO3 crystal-based OPA.
(a) GVM between the signal and idler pulses. (b) Computed FWHM
pulse width versus wavelength in 0.5 mm (solid curve) and 1 mm
(dashed curve) thick crystals. (c) Temporal pulse profiles of the de-
pleted pump (black), amplified signal at 3.5 µm (blue) and idler at
1.04 µm (red). The dashed curves show phases of the signal and idler
pulses, respectively

broadband parametric amplification are fulfilled. At longer
wavelengths, the group velocity mismatch rapidly increases,
thereby limiting the effective tuning range to wavelengths
shorter than 5.5 µm due to reduced amplification bandwidth.
Figure 8(b) depicts the computed achievable transform-
limited FWHM pulse width (after compensation of resid-
ual pulse chirp) of the mid-IR signal pulses at the output
of the OPA, which uses LiIO3 crystals of 1 mm and 2 mm
thickness. Here, optical parametric amplification was simu-
lated using pump pulse intensity of 100 GW/cm2 that pro-
duced gain factors of 5 and 50 in shorter and longer crys-
tals, respectively. Figure 8(c) shows an example of numeri-
cally simulated intensity profiles and phases of the interact-
ing pulses in 2-mm-thick LiIO3 crystal at the group-velocity
matching point at 4.2 µm.

Figure 9 shows the GVM between the signal and idler
pulses in LiNbO3 crystal and basic performance characteris-
tics of LiNbO3 crystal based OPA. Figures 9(a) and (b) show
the group velocity mismatch and achievable pulse width,
respectively. Here, collinear group velocity matching be-
tween the signal and idler pulses occurs at 3.5 µm. Thanks

to larger nonlinear coefficient of LiNbO3, 1-mm-long crys-
tal yields as much a twice gain (∼100) than that achieved
in twice longer LiIO3 crystal at the same pumping intensity
of Ip = 100 GW/cm2. The intensity profiles of the pump,
signal, and idler pulses at the output of 1-mm-long LiNbO3

crystal-based OPA are shown in Fig. 9(c).
To summarize the results of numerical simulations, the

performance characteristics of LiIO3 and LiNbO3 OPAs are
quite similar. However, in choosing a particular value of the
pump intensity (Ip = 100 GW/cm2), we did not account for
a possible optical damage of the LiIO3 crystal, which is ex-
pected to occur at lower intensities than in LiNbO3, since ex-
act optical damage thresholds for these crystals in the fem-
tosecond regime are not precisely known. In both investi-
gated cases, shown in Fig. 8(c) and in Fig. 9(c), the amplified
pulses feature some phase modulation, which occurs as a re-
sult of group velocity dispersion. Larger group velocity dis-
persion in LiNbO3 crystal results in somewhat longer pulses
with larger chirp at the OPA output. On the other hand, the
character of phase modulation in both cases is very regular
(quadratic), so it could be readily compensated using an ex-
ternal pulse compressor. Our findings suggest that at partic-
ular wavelengths (4.2 µm in LiIO3 and 3.5 µm in LiNbO3)
after compensation of residual chirp, pulses with duration
shorter than 2 optical-cycles could be obtained.

5 Conclusions

In conclusion, we presented a simple method for visible-
to-infrared frequency conversion of unchirped sub-30 fs
pulses by collinear difference-frequency generation and sub-
sequent optical parametric amplification, which uses a com-
mercial laser system consisting of an amplified Ti:sapphire
laser and second-harmonic pumped noncollinear optical
parametric amplifier. As an experimental proof, we demon-
strate generation of broadly tunable few optical-cycle pulses
using BBO crystals in the wavelength range of 1.2–2.4 µm.
After two-stage optical parametric amplification, we obtain
sub-100 µJ pulses with 10 % pump-to-infrared conversion
efficiency. The validity of the concept is supported by the re-
sults of the numerical simulations that also suggest the pos-
sibility of tuning range extension further in the mid-IR us-
ing the nonlinear crystals with better IR transparency (e.g.,
LiIO3, LiNbO3). Numerical simulations suggest that thanks
to group velocity matching at 3.5 µm in LiNbO3 and at
4.2 µm in LiIO3 crystals, pulses with duration shorter than
2 optical-cycles at these particular wavelengths could be ob-
tained. The proposed method could readily serve for design
of compact ultrashort-pulsed IR sources for diverse applica-
tions. In particular, pulse energy and tuning range achieved
by the developed source would ideally suit for fundamen-
tal and applied studies of femtosecond filamentation and re-
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lated phenomena in solid state dielectric media under con-
ditions of high order nonlinear absorption and anomalous
group velocity dispersion, i.e., in the regime, which is poorly
explored up to date [26].
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