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Third- and fifth-harmonic generation in transparent solids with few-optical-cycle midinfrared pulses
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We report an experimental and numerical investigation of third- and fifth-harmonic generation in a CaF2 crystal
with 20 fs (three-optical-cycle), 2 μm driving pulses. The double-peaked temporal profile of the third-harmonic
pulse and its propagation dynamics was captured by means of the cross-correlation technique, showing that
the third-harmonic pulse naturally consists of free and driven components propagating with different group
velocities, and which occur without the splitting of the driving pulse at the fundamental frequency. Relevant
characteristics of the harmonics generation process, such as the harmonics spectra, energy oscillations, and
conversion efficiency, were measured as functions of propagation length and input-pulse energy and intensity.
Our results demonstrate that the fifth harmonic is generated solely via cascaded four-wave mixing between the
fundamental and third-harmonic frequency pulses due to cubic nonlinearity, without any detectable contribution
of six-wave mixing due to quintic nonlinearity in the process.
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I. INTRODUCTION

Rapid development of high-peak-power near- and midin-
frared ultrashort-pulse laser sources, which are exclusively
based on optical parametric amplification [1–3], opens exciting
possibilities in the emerging field of ultrafast midinfrared
nonlinear optics and strong-field physics, allowing studies of
nonlinear-optical phenomena in a new regime of laser-matter
interaction [4]. Recent experiments established unprecedented
landmarks in high-order harmonic generation in gaseous [5],
solid-state [6], and liquid [7] dielectric media.

Self-focusing of ultrashort midinfrared pulses in transparent
dielectrics gives rise to a qualitatively new filamentation
regime [8,9], which emerges from the combined action of self-
phase-modulation and anomalous group-velocity dispersion
that leads to extended filament length and self-compression
of the driving pulse [10,11], thus eventually producing an
ultrabroadband, several-octave-spanning supercontinuum, as
observed in gaseous [12–14] and solid-state media [15,16].
The ultrabroadband supercontinuum serves as a high-quality
compressible seed signal for ultrafast optical parametric
amplifiers [17], is used for synthesis of few-optical-cycle pulse
shapes [18], and is considered as a potentially useful tool for
midinfrared spectroscopy of complex molecular systems [19].

Generation of low-order odd harmonics (third, fifth, sev-
enth, etc.) in the perturbative regime of laser-matter interaction
provides a possibility of direct measurements of nonlinear-
optical constants of the material, such as nonlinear-optical
susceptibilities and optical nonlinearities. In the meantime,
generation of low-order odd harmonics is attracting growing
attention, since it might serve as an indicator enabling a test
of the alleged role of the high-order Kerr effect and saturating
nonlinearities in gaseous [20,21] and in solid-state media [22]
in particular.

Third-harmonic generation is a frequently observed
nonlinear-optical effect, which accompanies filamentation
of near-infrared laser pulses in air, with [23] and without
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[24] the onset of supercontinuum generation; see also [25]
and references therein for more details. Using midinfrared
driving pulses, the wavelengths of low-order odd harmonics
are shifted towards the visible and near infrared, into the
transparency range of nonlinear dielectric media, where they
could be readily detected by simple means. To this end,
generation of third, fifth [26–28], and seventh [29] harmonics
by filamentation of midinfrared laser pulses in air was
recently experimentally observed. Generation of low-order
odd harmonics was also reported under various experimental
settings in semiconductors [30], and in liquid [31,32] and
solid-state [15,16,33] dielectric media.

In this paper we report detailed experimental and numerical
investigations of third- (TH) and fifth- (FH) harmonic genera-
tion in a CaF2 sample of variable thickness as excited with 20 fs
pulses at 2 μm. The cross-correlation measurements confirm
the emergence of free and driven TH pulses, which produce
evolving spectral interference with increasing propagation
distance. A detailed study of the harmonics generation process
provides direct proofs that the fifth harmonic is generated
by means of only cascaded four-wave mixing between the
fundamental frequency and third-harmonic pulses.

II. EXPERIMENTAL SETUP

In the experiment we used a home-built optical parametric
amplifier, which was pumped by the fundamental frequency
(800 nm) of the amplified Ti:sapphire laser (Spitfire-PRO,
Newport-Spectra Physics) and delivered carrier-envelope
phase-stable 20 fs (three-optical-cycle) pulses at a carrier
wavelength of 1.98 μm with up to 10 μJ energy [34].
Its output beam was suitably attenuated and focused by
an f = +100 mm lens onto a wedge-shaped CaF2 sample,
producing a 55-μm-diameter (FWHM) spot at the input face
of the nonlinear medium. The propagation length inside the
nonlinear medium was varied in the 110 μm–2 mm range
by moving the CaF2 sample across the focused beam by
a motorized translation stage. The harmonics spectra were
recorded using a fiber spectrometer with a 16-bit dynamic
range detector (QE65000, Ocean Optics). Two automated Si
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detectors with a sensitivity of 0.1 pJ/count and 5 fJ/count
for the TH and FH energy measurements, respectively, while
the energy of the fundamental frequency was measured using
a standard energy meter (Ophir) with a pyroelectric sensor
(PE9-SH). In that measurement, signals of the fundamental
frequency, TH, and FH were separated by a fused silica prism
with 60◦ apex angle. The cross-correlation measurements were
performed by means of broadband sum-frequency generation
in 0.2-mm-thick β–barium borate crystal (cut for type-I phase
matching) by sampling the output pulses with 20 fs, 575 nm
reference pulses from the noncollinear optical parametric
amplifier (Topas-White, Light Conversion Ltd.), which was
pumped by the second harmonic (400 nm) of the laser.
The cross-correlation signals of either the driving pulse at
fundamental frequency or the TH pulse were discriminated by
setting a proper phase-matching angle of the sum-frequency-
generating crystal and using a set of color glass filters.

III. THIRD-HARMONIC GENERATION

In isotropic dielectric media, TH generation is regarded
as a simple nonlinear process mediated by the cubic (Kerr)
nonlinearity. For efficient TH generation, the phase-matching
condition k(3ω) = k(ω) + k(ω) + k(ω) has to be fulfilled,
where k(ω) = ωn(ω)/c, ω is the frequency, and n(ω) is
the frequency-dependent refractive index. However, owing
to high dispersion in the transparency range of condensed
media, TH generation is never phase matched in a collinear
propagation geometry, and wave-vector mismatch, defined
as �k = k(3ω) − 3k(ω), is always very large. This in turn
imposes that the coherent buildup length, or simply, the
coherence length, defined as Lcoh = 2π/�k, is of the order
of a few tens of microns and the energy conversion efficiency
typically does not exceed several tenths of a percent. On the
other hand, the group-velocity mismatch between the driving
and TH pulses, ν13 = 1/u1 − 1/u3, where u1 and u3 are the
respective group velocities, is very large as well and becomes
an equally important factor that strongly affects the dynamics
of TH generation.

More specifically, in CaF2 with 1.98 μm driving pulses the
calculated Lcoh = 78.5 μm and ν13 = 32.4 fs/mm. The latter
converts to a walk-off length of l13 = tp/|ν13| = 620 μm, as
calculated for tp = 20 fs input-pulse duration. The combi-
nation of large phase and group-velocity mismatches defines
rather specific conditions for TH generation, which, in analogy
with phase- and group-velocity-mismatched second-harmonic
generation [35–38], leads to the occurrence of a double-peaked
TH pulse, consisting of so-called free and driven components.
Free and driven TH pulses are generated at the boundary
between the vacuum and nonlinear medium and represent
solutions of the homogenous and the inhomogenous wave
equations, respectively [35]. Free and driven TH pulses
propagate with different group velocities: a free TH pulse
propagates with the group velocity u3 set by the material
dispersion, while a driven TH pulse propagates with the group
velocity u1 of the fundamental frequency (driving) pulse,
which induces the nonlinear polarization. With propagation,
the temporal separation between free and driven pulses
increases as τ = |ν13|z, where z is the propagation length,
producing evolving interference pattern in the TH spectrum,

FIG. 1. (Color online) (a),(b) Cross-correlation functions of the
fundamental frequency (dashed curves) and TH (solid curves) pulses,
as measured with 20 fs sampling pulses, and (c),(d) TH spectra,
measured at (a),(c) z = 0.34 mm and (b),(d) z = 1.93 mm of
propagation in CaF2. The input-pulse energy is 1.6 μJ. Fundamental
and TH pulse intensities are not to scale.

which was recently experimentally observed in fused silica,
sapphire, YAG, and CaF2 [16].

So far, the existence of free and driven pulses in TH
generation has been verified from numerical simulations and
indirectly detected from spectral interference patterns [16]. In
what follows, we thoroughly investigate TH generation in CaF2

crystal of variable length and directly capture free and driven
TH pulses by cross-correlation measurements. Figure 1 shows
the cross-correlation functions of driving and TH pulses and
the corresponding TH spectra, as recorded at z = 0.34 mm
and z = 1.93 mm of propagation. At a shorter propagation
distance, z = 0.34 mm, free and driven TH pulses still overlap
and are temporally indistinguishable [Fig. 1(a)], resulting in a
smooth and featureless TH spectrum, as shown in Fig. 1(c).
After z = 1.93 mm of propagation, the free and driven pulses
are separated due to the group-velocity mismatch [Fig. 1(b)].
Note that the driven TH pulse stays under the envelope of
the fundamental frequency (driving) pulse, while the free TH
pulse is clearly delayed; the measured temporal separation
between their peaks is 59 fs, which is fairly close to the
calculated value of 63 fs. A double-peaked structure of the
TH pulse results in a distinct interference pattern in the TH
spectrum, as seen in Fig. 1(d). A movie (see Movie 1 in the
Supplemental Material [39]) shows in more detail the evolution
of the TH spectrum versus propagation distance, indicating
the emergence and evolution of a clear interference pattern
resulting from the increase of the temporal separation between
free and driven TH pulses. Note also that the driving pulse at the
fundamental frequency is not considerably broadened or split
in time due to the interplay between self-phase-modulation and
anomalous group-velocity dispersion. It has to be mentioned
that a double-peaked TH pulse was reported from air filaments
under essentially different operating conditions as due to the
splitting of the fundamental frequency pulse in the regime of
normal group-velocity dispersion [24].
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FIG. 2. (Color online) Normalized third-harmonic energy versus
propagation distance, as measured with 0.5 μJ (black solid curve)
and 2.5 μJ (red dashed curve) input pulses.

Figure 2 shows the variation of TH energy versus propaga-
tion distance, as measured with 0.5 and 2.5 μJ input pulses.
In both cases we observe periodic oscillations of TH energy,
as expected from the condition of large phase mismatch.
Damping of energy oscillations results from an increase of
temporal separation between the free and driven pulses due to
the group-velocity mismatch [36].

At a lower input-pulse energy (0.5 μJ) the retrieved
oscillation period of 76.7 ± 0.5 μm is slightly shorter than that
calculated in the low-intensity limit in the plane and monochro-
matic wave approximation, which yields Lcoh = 78.5 μm.
Interestingly, at a higher input-pulse energy (2.5 μJ), the
oscillation period shrinks even more, down to 73.2 ± 0.8 μm;
its reduction becomes obvious at longer propagation distance,
as seen from Fig. 2. The detailed dependence of the oscillation
period on the input-pulse energy and intensity is illustrated
in Fig. 3. Here the input-pulse energy was varied in the
0.5–3.5 μJ range, so as to avoid the onset of supercontinuum
generation. The tail of the supercontinuum in the visible region
of the electromagnetic spectrum becomes indeed detectable for
input-pulse energies above 3.5 μJ and overlaps with the TH

FIG. 3. Coherent buildup length as a function of the input-pulse
energy and intensity. Full circles show the experimental data. Solid
and dashed curves show the calculated coherent buildup length for
1.98 μm and 2.00 μm driving pulses, respectively.

spectrum. This has deleterious effects on the observed energy
oscillations.

The observed shortening of the coherent buildup length
could be explained in simple terms, accounting for correction
of the interacting wave vectors due to self- and cross-phase-
modulation (intensity-dependent refractive index) effects:

k(ω) = ω

c
[n(ω) + n2I ],

(1)

k(3ω) = 3ω

c
[n(3ω) + 2n2I ],

where I is the input-pulse intensity and n2 = 1.9 ×
10−16 cm2/W [40] is the nonlinear refractive index of CaF2.
According to Eq. (1), an increase of the input-pulse intensity
results in unequal lengthening of the interacting wave vectors,
and thus in shortening of the coherence length. The calculated
intensity dependence of the coherence length is in fair
agreement with experimental results, as seen in Fig. 3. Also
note how critically the oscillation period depends on the carrier
wavelength; examples of carrier wavelengths of 1.98 μm and
2.00 μm are presented by solid and dashed lines, respectively.

IV. FIFTH-HARMONIC GENERATION

Alongside TH generation we clearly detected a fifth-
harmonic signal at around 390 nm. Figure 4(a) shows TH
and FH spectra, as measured with the input-pulse energy of
5 μJ at z = 190 μm. The respective far-field intensity profiles
of FH and TH beams, as recorded with a CCD camera placed
at 15 cm distance from the output face of the CaF2 sample,
are shown in Figs. 4(b) and 4(c), demonstrating that the FH
and TH beams are generated on the propagation axis and have
Gaussian intensity distribution, in contrast to the cone-shaped

FIG. 4. (Color online) (a) TH and FH spectra as measured after
z = 190 μm of propagation in CaF2 with the input-pulse energy of
5 μJ. (b) and (c) show the far-field profiles of the FH and TH beams,
respectively.
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FIG. 5. (Color online) Spectra of (a) TH and (b) FH, as measured
by varying the propagation length in CaF2. The input-pulse energy is
2.8 μJ.

harmonic beams observed in high-numerical-aperture focus-
ing conditions [33].

We consider three possible scenarios of FH generation.
The first is based on direct FH generation (six-wave mixing)
via the quintic nonlinearity χ (5): ω + ω + ω + ω + ω = 5ω,
with phase mismatch �k = k(5ω) − 5k(ω) and estimated
coherent buildup length of Lcoh = 21.8 μm. The two remain-
ing scenarios are based on four-wave mixing between the
fundamental frequency and its TH via the cubic nonlinearity
and represent two different cascaded processes [41]. The first
cascaded process could be viewed as four-wave sum-frequency
generation 3ω + ω + ω = 5ω with phase mismatch �k =
k(5ω) − k(3ω) − 2k(ω), which yields a coherent buildup
length of 30.2 μm. The second cascaded process could be
regarded as four-wave difference-frequency generation 3ω +
3ω − ω = 5ω with corresponding phase mismatch �k =
k(5ω) − 2k(3ω) + k(ω) and Lcoh = 49.1 μm.

In order to find out which processes are at play in the present
case, we performed simultaneous spectral measurements of
TH and FH radiation versus propagation distance. The experi-
mental data are presented in Fig. 5. A sequence of TH spectral
blobs, shown in Fig. 5(a), mimics the periodic oscillations of
TH energy with propagation length. Wavelength integration of
TH spectral blobs accurately reproduces the variation of TH
energy with the oscillation period that matches perfectly the
coherence length, as calculated taking into account the self-
and cross-phase-modulation effects. The apparent slanting of
the spectral blobs, which increases with increasing propagation
distance, is attributed to interference between free and driven
TH pulses: the cross section of the blobs at a fixed z yields
actual shapes of TH spectra with evolving interference pattern,
whose example is presented in the movie in the Supplemental
Material [39]. The periodicity of FH spectral blobs, shown in
Fig. 5(b), coincides with those recorded for the TH; however,
with a clear onset of fine modulation, represented by much

FIG. 6. (Color online) Numerically simulated (a) TH and (b) FH
spectra as functions of propagation distance.

faster oscillations (sub-blobs), superimposed on the main
blobs.

Figure 6 presents the results of numerical simulation, which
reproduce the experimental data in great detail. The numerical
model solves a simplified (one-dimensional) carrier-resolved
pulse propagation equation accounting for full material dis-
persion and instantaneous Kerr nonlinearity. The detailed
description of our model can be found elsewhere [42].

Figure 7(a) shows the measured oscillations of TH and
FH spectral intensity at 650 nm and 380 nm, respectively, as
extracted from Fig. 5. Figure 7(c) presents the corresponding
Fourier spectra, which reveal that the FH intensity oscillates
at three different frequencies, corresponding to oscillation
periods of ∼74 μm, ∼28 μm, and ∼20 μm. The longest
(74 μm) oscillation period L1 coincides with the oscillation
period of TH intensity (its coherence length), and the 28 μm
period L2 corresponds to the coherence length of FH gener-
ation via the cascaded four-wave sum-frequency generation
process ω + ω + 3ω = 5ω; therefore these two periods are
the signatures of the cascaded nature of FH generation. The
third detected distinct oscillation period of 20 μm L3 matches
the calculated coherence length for FH generation via a pure
six-wave-mixing process. On the other hand, it is easy to
ascertain that the oscillation period of 20 μm results from
the beating between the oscillating TH intensity and FH
generation via the cascaded frequency mixing process: L3 =
Lbeat = (1/L1 + 1/L2)−1 = 20 μm, which in turn yields the
cascaded (effective) fifth-order nonlinearity [41].

Since direct and cascaded FH generation processes provide
coincident positions of the coherence peaks, unambiguous
determination of their relative contributions requires more
extensive analysis. Experimentally, these contributions could
be verified by performing the same measurement with higher
input-pulse energy and monitoring the ratio of L2 and L3

peak amplitudes, and expecting an increase of the L3 peak
due to the increased contribution of the direct FH generation
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FIG. 7. (Color online) Experimentally measured oscillations of
TH (black dashed curves) and FH (red solid curves) spectral intensity
versus the propagation distance with the input-pulse energy of
(a) 2.8 μJ and (b) 3.8 μJ. TH and FH intensities are not to scale.
(c) and (d) show the corresponding Fourier spectra of TH (black
dashed curves) and FH (red solid curves) oscillations. Black dots
indicate the oscillation periods of the FH.

process at higher input-pulse intensity. Figures 7(b) and 7(d)
present the results obtained with higher input-pulse energy
(3.8 μJ), which show that the character of the FH spectral
intensity oscillations as well as the amplitudes of the L2 and L3

peaks in the Fourier spectra remain fairly the same. However,
it must be mentioned that the input-pulse energy range in
performing such a measurement is quite limited. Further
increase of the input-pulse energy leads to the manifestation of
unwanted nonlinear propagation effects: self-focusing of the
beam leads to a marked increase of the pulse intensity with
propagation, which in turn induces the change of the oscillation
period, as can be easily verified from Fig. 2. Self-focusing
eventually ends up with supercontinuum generation at the
nonlinear focus, which continuously shifts closer to the input
face of the sample as the input-pulse energy is increased. The
supercontinuum radiation overlaps with the TH and FH signals
and completely spoils their oscillatory character.

Therefore we extended our analysis by numerical simula-
tions, performed using a simple model, which accounted for
cubic nonlinearity only, and with an updated model, which
included the quintic nonlinearity through the higher-order
nonlinear refractive index n4. In the latter simulation we
used n4 = −2.9 × 10−38 m4/W2, which was taken to be
slightly higher than the value for the cascaded n4,casc =
−1.4 × 10−38 m4/W2, as estimated from [41], thus assuming
comparable contributions of the direct and cascaded nonlinear-
ities to the FH generation processes. The results of numerical
simulations using a model which accounts for cubic nonlin-

FIG. 8. (Color online) Numerically simulated oscillations of TH
(black dashed curves) and FH (red solid curves) spectral intensity
versus the propagation distance, using models (a) with cubic
nonlinearity only, and (b) with inclusion of quintic nonlinearity.
(c) and (d) show the corresponding Fourier spectra of TH (black
dashed curves) and FH (red solid curves) oscillations. The input-pulse
energy is 3.8 μJ.

earity only are presented in Figs. 8(a) and 8(c), and favorably
compare with the experimental data. In contrast, inclusion of
the quintic nonlinearity term in the model reveals some specific
features in the FH oscillation series, namely, emergence of FH
peaks associated with pure six-wave mixing, which occur at the
positions of TH minima, as shown in Fig. 8(b). Furthermore,
the Fourier spectra of these oscillation series, as shown in
Fig. 8(d), indicate a much stronger amplitude of the L3 peak,
which starts dominating the amplitudes of FH oscillations
associated with cubic nonlinearity. Even a simple qualitative
comparison with the experiment (see Fig. 7) shows a complete
absence of these specific signatures related to direct six-wave
mixing in the experimental data.

Note that neither in the experiment nor in the simulation
is an oscillation with the period of 49 μm detected, which
would be associated with the coherence length of the four-
wave difference-frequency mixing process 3ω + 3ω − ω =
5ω, suggesting its negligible contribution to FH generation,
in line with the results of other related studies [28]. Indeed,
the nonlinear polarization, oscillating at the FH frequency in
this case is proportional to χ (3)E2

THE∗, where E denotes the
complex amplitude of the electric field and is much smaller
than that produced by the first cascaded process, which yields
a nonlinear polarization proportional to χ (3)E2ETH.

Finally, we carried out measurements and numerical sim-
ulations of the harmonics energy as a function of the input-
pulse energy and intensity at a fixed propagation length. The
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FIG. 9. (Color online) Measured (full circles) and numerically
simulated (dashed lines) TH and FH energy as functions of the input-
pulse energy and intensity.

measurements were performed over a wide input-pulse energy
(intensity) range by setting the propagation length z = 120 μm
in the nonlinear medium, which coincides with the first
experimentally accessible energy conversion maximum, and
whose shift due to the intensity-dependent phase-matching
condition is very small and where nonlinear propagation
effects of the beam (self-focusing and filamentation) are
still negligible. This in turn guaranteed that there was no
supercontinuum generation up to the highest input-pulse
energy used. Note that in this measurement we were able
to reliably detect the FH signal in a single-shot regime only
with input-pulse energy higher than 5 μJ, whereas in the
spectral measurements FH spectra were detected at much
lower input-pulse energy due to the possibility of increasing
the acquisition time of the spectrometer. Figure 9 shows the
measured and numerically simulated trends of TH and FH
energy with increasing input-pulse energy (intensity). The
energy curves of both harmonics exhibit a power dependence
(linear on a log-log scale) and do not saturate in the investigated
input-pulse intensity range.

The measured TH energy trend coincides with that obtained
from the numerical simulations within the range of low
input-pulse energies; however, at high input-pulse energies
the measured TH energy values are consistently lower.
On the other hand, there is almost perfect agreement between
the experimental and numerical data on FH conversion. The
disagreement between measured and numerically simulated
TH energy at high input-pulse energies could be attributed
to limitations of the simplified one-dimensional numerical
model; however, the discrepancy obtained is not essential in
terms of evaluation of ratio between FH and TH yields, which
might serve as an indicator of the role of higher-order Kerr
nonlinearities [20]. More precisely, at the highest input-pulse
energy of 10.85 μJ, which is equivalent to an input-pulse
intensity of 14.9 TW/cm2, the measured TH and FH energies
were 1.4 nJ and 0.72 pJ, respectively. The corresponding
measured TH and FH conversion efficiencies were 1.3 × 10−4

and 6.6 × 10−8. The experimental values are consistent with
data from numerical simulations, which yield TH and FH
energies of 7.5 nJ and 0.64 pJ, respectively, and which

convert to corresponding energy conversions of 6.8 × 10−4

and 5.8 × 10−8. The experimental and numerically simulated
ratios between FH and TH yields are found as 5.1 × 10−4

and 8.5 × 10−5, respectively. These results are very much
in line with analogous experimental values obtained from
filamentation in air [27] and agree with numerical estimations
of these parameters using a standard model of intense
pulse propagation in a dielectric medium with instantaneous
nonlinearity and linear dependence of the refractive index on
the intensity [20].

V. CONCLUSIONS

In this work we carried out a detailed experimental and
numerical investigation of third- and fifth-harmonic generation
in CaF2 crystals of variable thickness with 20 fs pulses at
2 μm. The cross-correlation measurements directly retrieved a
double-peaked temporal structure of TH radiation, consisting
of free and driven components, which are generated at the
boundary of a vacuum and a nonlinear dielectric medium in
the conditions of large phase and group-velocity mismatch.
The free and driven TH pulses propagate with different
group velocities; the temporal separation between the pulses
increases with propagation and produces an evolving interfer-
ence pattern in the TH spectrum. We also demonstrated that
the period of the TH energy oscillations (the coherent buildup
length) slightly shrinks with an increase of the input-pulse
energy (intensity), and the observed change was explained by
wave-vector lengthening of the interacting waves due to self-
and cross-phase-modulation effects.

A detailed measurements of TH and FH spectra as functions
of propagation distance, followed by analysis of TH and FH
oscillation periods, and combined with supporting numerical
simulations, showed that the FH is generated via cascaded
four-wave mixing between the fundamental and third har-
monics, 5ω = 3ω + ω + ω. A good agreement between the
experiments and numerical simulations was obtained when
the model accounted for cubic nonlinearity only, whereas
the agreement is lost when quintic nonlinearity is included,
suggesting that the contribution of pure six-wave mixing
due to quintic nonlinearity in the FH generation process is
undetectable with input-pulse intensities up to 5 TW/cm2,
which are typical input-pulse intensity values used in fila-
mentation, supercontinuum generation, and self-compression
experiments in bulk solid-state media in the midinfrared
spectral range [8–11,15,16]. The measured power law of the
TH and FH energy dependence on the input-pulse energy along
with the related low conversion efficiencies allow the extension
of our conclusion regarding the negligible role of higher-order
nonlinearities for input-pulse intensities up to 15 TW/cm2.
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