
Efficient, octave-spanning difference-frequency
generation using few-cycle

pulses in simple collinear geometry
Hanieh Fattahi,1,2 Alexander Schwarz,1,2 Sabine Keiber,1,2 and Nicholas Karpowicz1,*
1Max Planck Institut für Quantenoptik, Hans-Kopfermann-Straße 1, 85748 Garching, Germany

2Department of Physics, Ludwig-Maximilians-Universität München, Am Coulombwall 1, 85748 Garching, Germany
*Corresponding author: nicholas.karpowicz@mpq.mpg.de

Received August 21, 2013; revised September 17, 2013; accepted September 18, 2013;
posted September 19, 2013 (Doc. ID 196144); published October 14, 2013

We present experimental observations and corresponding numerical simulations illustrating the difference-
frequency generation of mid-infrared radiation using few-cycle near-infrared-to-visible pulses, which yields
conversion efficiencies above 12% in beta-barium borate crystal. Type I and type II phase-matching are shown
to yield qualitatively different intensity-scaling behavior, with the former showing higher overall efficiency, espe-
cially with the addition of a zero-order wave plate for modifying the polarization state of the pulse, and the latter
having a better stability of the spectrum versus input intensity. © 2013 Optical Society of America
OCIS codes: (190.7110) Ultrafast nonlinear optics; (190.4410) Nonlinear optics, parametric processes; (190.4223)

Nonlinear wave mixing.
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Sources of intense, broadband, coherent, and phase-
stabilized light in the mid-infrared (MIR) are seeing in-
creasing interest in the ultrafast community, especially
in the realm of attosecond physics [1,2]. Both technologi-
cally, where the demand for higher photon energies from
the high-harmonic-generation process makes longer
wavelength-driving pulses advantageous [3–5], and for
experiments where either the long wavelength is desir-
able for avoiding electronic resonances in a solid-state
system [6,7] or for matching the oscillations of the ap-
plied field to the dynamics being studied [8], there is a
great demand for few-cycle MIR light sources. This is
now being achieved with optical parametric amplifiers
(OPAs), either seeded via difference-frequency genera-
tion (DFG) directly in the MIR [9–14] or by utilizing the
long-wavelength idler pulse of a near-infrared (NIR) OPA
[15–19].
DFG is a popular OPA seed source due to the combi-

nation of two properties: the ability to simultaneously
phase-match a large fractional bandwidth [20–22] and
the intrinsic stability of the carrier-envelope phase (CEP)
[17,23] when the signal is derived in a phase-preserving
process from the pump. Due to the usually low conver-
sion into the long wavelengths, parametric amplification
is used to boost the energy of the MIR pulse. However,
there are many experiments where it would be useful to
have the MIR pulse precisely synchronized with a NIR or
visible pulse, either to use as a pump or a probe. When
reaching the microjoule level through a multistage OPA,
there is a significant path length, several nonlinear proc-
esses and a high-power pump beam all adding complex-
ity and, typically, phase and amplitude noise to any
pump-probe experiment. For this reason, simple meth-
ods of reaching the MIR with high conversion
efficiency would be quite helpful. We show here that a
few-cycle visible–NIR pulse obtained from spectral
broadening of a commercial Ti:sapphire laser can be
used to efficiently obtain broadband pulses in the MIR.

To summarize the experiment, the majority of the out-
put of a nine-pass Ti:sapphire amplifier (FemtoLasers;
∼25 fs, 2.8 W at 3 kHz repetition rate) is focused into
a 1.1 m hollow-core fiber with 240 μm core diameter,
filled with neon gas at a pressure of 2 bar. A white-light
continuum emerges from the fiber, with a total power of
1.5 W, and a spectrum from 400 to 1000 nm [24]. This light
is compressed using a set of six chirped mirrors [25] and
a thin fused silica wedge pair. The compressed pulse
duration is below 4 fs, with a total power of 1.0 W in
the spectral range 480–1000 nm. The beam was loosely
focused by slightly increasing the distance between
the end of the fiber and a f � 1 m collimating spherical
mirror to produce a 0.4 mm FWHM focus∼2 m away. The
500 μm thick, antireflection-coated beta-barium borate
crystals (BBOs, Castech) were placed in the laser focus,
followed by a collimating mirror, and gold-coated mirrors
to either send the beam to a spectrometer (Ocean Optics)
or for power measurement. A 2 mm thick antireflection-
coated silicon wafer was placed in the beam in order to
block the residual short-wavelength light.

The highest conversion efficiency obtained was 12.4%,
using type I phase-matching and an additional wave plate
inserted in the beam path in order to control the spec-
trum of the light incident on each axis of the crystal.
By tuning the wave plate, a 42 μm quartz plate placed far
from the focus and at Brewster’s angle, such that the
short-wavelength components are predominantly on
the fast axis of the BBO, the efficiency of the DFG proc-
ess is improved. The spectrum obtained corresponding
to the highest DFG pulse energy (41 μJ), is shown in
Fig. 1(a) alongside the spectrum of the compressed white
light pulse after the chirped mirror compressor. Without
the wave plate, the efficiency reached 11% for type I and
4.4% for type II. Tighter focusing would result in a fila-
ment in air; performing experiments in vacuum with a
smaller focus could lead to yet higher conversion effi-
ciencies, since the damage threshold of the BBO was
not reached in the measurements.
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There are two ways to phase-match the single-pulse
DFG process in BBO crystal for broadband output: type
I (e − o → o) and type II (e − e → o), illustrated in Fig. 1.
They exhibit qualitatively different behavior once the en-
ergy conversion reaches several percent. In type I DFG,
the blue spectral components in the pulse on the fast axis
transfer energy to the red components on the slow axis,
and, in the process generate a phase-stable idler wave,
the DFG output, with the phase-matching condition
kp − ks � ki, where kp is the wave vector of the blue
wave, ks is that of the red wave, and ki is that of the idler.
Type II DFG, on the other hand, is similar to optical rec-
tification in the terahertz spectral domain [26]: the non-
linear polarization takes the form of the intensity profile
of the pulse, with the alternative phase-matching condi-
tion n�pump�

g � n�DFG�
o , i.e., the group velocity of the pump

pulse is equal to the phase velocity of the emitted wave.
DFG can also be phase-matched in the type II e − o → e
configuration, but this is not employed here due to its
relatively narrow bandwidth.
At low intensities, the efficiency of DFG tends to be

linearly proportional to intensity. However, when the
conversion efficiency is high, this linearity is broken as

the process saturates. Given a long phase-matched inter-
action length, saturation is reached when energy returns
from the MIR pulse to the input pulse through sum-
frequency generation faster than it is transferred to it
through DFG. Due to the extremely short pulses used
here, the effects of group velocity matching result in
rather different behavior of the two phase-matching
types at high conversion efficiencies. This can be seen
both in simulations and experiments in Fig. 2, where the
type I process exhibits a clear oscillatory behavior not
seen in the type II interaction. The reason for this is
straightforward: in type I, the group velocity walk-off
between the pulses is much less than in type II.
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Fig. 1. (a) Input pulse spectrum after chirped mirror compres-
sor and output spectrum of the DFG process showing highest
efficiency (see text). (b)–(d) Diagrams of the DFG interactions
tested. (b) Type I phase-matching with identical pulses sent to
the fast and slow axes of the crystal. (c) Type I phase-matching
using a wave plate to send a greater proportion of short-
wavelength spectral components to the fast axis. (d) Type II
phase-matching with a single, short pulse propagating along
the fast axis of the crystal. In all cases, the MIR pulse is created
on the slow axis.
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Fig. 2. Power scaling behavior. (a) Simulated conversion effi-
ciency of light into phase-stable, difference-frequency radiation,
using 1D propagation in 500 μm thick BBO cut for type I
(θ � 21.4°, ϕ � 90°, light polarization 30° from fast axis) and
type II (θ � 40°, ϕ � 0°). (b) Measured integrated spectral in-
tensity as a function of input power as adjusted with an iris,
measured with a beam much larger than the spectrometer en-
trance slit, indicating the on-axis scaling of the IR radiation.
(c) Measured scaling of overall conversion efficiency versus
input power.
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For example, let us consider the case where the MIR
wavelength is 2000 nm, with effective signal and pump
wavelengths of 800 and 580 nm. The group indices [27]
of DFG, signal and pump are 1.6750, 1.6845, and 1.6932,
respectively. This means that the propagation distance in
the crystal for a group delay shift of 10 fs between DFG
and signal is 315.5 μm, and, for the same shift between
signal and pump, the distance is 344.6 μm. In the case
of type II phase-matching, the DFG, signal, and pump
group indices are 1.6750, 1.6313, and 1.6549, respectively,
leading to much shorter distances to separate the DFG
from the signal (68.6 μm) and the signal from the pump
(127.0 μm). These relatively short length scales reduce
the efficiency of the type II process, but at the same time
ensure that back-conversion through sum-frequency gen-
eration is unlikely at realistic intensities.
Despite the effects of group velocity walk-off in the

crystals, the short pulses used in this experiment are
important for reaching high conversion efficiencies. Be-
cause the damage threshold intensity increases as the
pulse duration is decreased, the crystals can be exposed
to higher intensities than would be possible with longer
pulses [28], compensating for the walk-off effects. When
the desired output spectrum is very broadband, short
interaction lengths are required in any case.
Higher conversion rates also affect the spectrum

obtained through the DFG process. As illustrated in
Fig. 3, at the intensity is increased, the type I process ex-
hibits a shift of the peak wavelength of the spectrum, first
to longer and then to shorter wavelengths once the local
minimum in conversion is reached. The type II process
exhibits a more subtle change, gradually adding

long-wavelength components at higher intensities, due
to the overall redshift of the input pulse as energy is
transferred from the short-wavelength side of the input
pulse spectrum to the long-wavelength side, shifting the
phase-matching to suit lower frequencies. These changes
are reproduced by numerical simulations (based on the
slowly evolving envelope approximation [29]) including
only second-order nonlinearities, indicating that third-
order effects are not yet playing a significant role in
the process.

The relative stability of the type II process as the input
pulse parameters are changed may make it more attrac-
tive in many applications, despite its lower conversion
efficiency. The fact that the emerging white light and
MIR pulses are orthogonally polarized is an advantage:
the residual pump light can be nondispersively sup-
pressed, via a Brewster’s angle reflection from a silicon
wafer, which we found reduces the residual white light
contamination level to a few percent, dominated mostly
by residual higher-order modes from the hollow-core
fiber.

In conclusion, using few-cycle pulses at high inten-
sities in BBO crystal is a promising method for producing
broadband MIR pulses for experiments in attosecond and
ultrafast science. Conversion efficiencies above 12% can
be obtained using type I phase-matching and employing a
thin wave plate for spectral polarization control. There
are significant differences in the saturation behaviors
of the type I and type II phase-matched interactions,
which may influence their relative suitability given a
specific experimental arrangement. Since only one input
pulse, of the type typically already being employed in
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Fig. 3. Difference frequency spectra: (a) and (b) measured spectra for type I (blue) and type II (red) phase-matching, respectively,
versus output MIR energy; (c) and (d) corresponding spectra from numerical simulations for type I and type II, respectively. The
calculated spectra extend slightly beyond the spectrometer range, but are truncated for comparison.

4218 OPTICS LETTERS / Vol. 38, No. 20 / October 15, 2013



attosecond beam lines, is required, this technique can be
used to easily add an MIR pump or probe pulse to atto-
second experiments without the complexity of an addi-
tional parametric amplifier.
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