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Comparative investigation of third- and fifth-harmonic generation in atomic and molecular gases
driven by midinfrared ultrafast laser pulses
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We report on the comparative experimental investigation on third- and fifth-harmonic generation (THG and
FHG) in atomic and molecular gases driven by midinfrared ultrafast laser pulses at a wavelength of ∼1500 nm.
We observe that the conversion efficiencies of both the THG and FHG processes saturate at similar peak
intensities close to ∼1.5 × 1014 W/cm2 for argon, nitrogen, and air, whose ionization potentials are close to each
other. Near the saturation intensity, the ratio of yields of the FHG and THG reaches ∼10−1 for all the gases.
Our results show that high-order Kerr effect seems to exist; however, contribution from the fourth-order Kerr
refractive index coefficient alone is insufficient to balance the Kerr self-focusing without the assistance of plasma
generation.
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I. INTRODUCTION

Recently, a remarkable finding reported by Loriot et al. [1,2]
has motivated studies on the role of high-order Kerr effect
(HOKE) in filamentation. The group found a negative HOKE
at the laser intensity above 2.6 × 1013 W/cm2 and proposed
that HOKE should be taken into consideration in ultrashort
laser filamentation. Previously, the physical mechanism of
filamentation was interpreted as the dynamical balance of
plasma defocusing and Kerr self-focusing which is defined as
n2I , with I the laser intensity and n2 the second-order Kerr re-
fractive index coefficient related to the nonlinear susceptibility
χ (3) [3,4]. Such mechanism is referred to as the standard model.
The new finding from Loriot et al. [1,2] extends the Kerr
effect to higher-order terms (n2I + n4I

2 + n6I
3 + n8I

4 +
· · ·), which is known as the high-order Kerr model. Further
theoretical simulations based on the high-order Kerr model
show that the HOKE can become the dominant defocusing
mechanism instead of plasma defocusing [5–8]. From this
point of view, many new features are revealed in the process
of filamentation, such as lower maximum intensity [5], longer
filament length [5,6], higher power ratio of fifth-harmonic
(FH) efficiency to third-harmonic (TH) efficiency (∼10−1)
[7], and ionization-free filamentation [5]. High-order Kerr
refractive indices used in these theoretical investigations are
based on the values measured at 800 nm wavelength by Loriot
et al. [1,2]. However, subsequent experiments [9–11] which
measure either the electron density [9] inside a filament or
the conical emission rings produced by filamentation [10] and
theoretical simulations [12] show that the obtained data agree
better with the standard model which completely neglects
the HOKE terms. Furthermore, a direct measurement of the
nonlinear optical response by Wahlstrand et al. [13] shows
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that neither negative nonlinear refractive index nor saturation
can be observed, in contrast with the previous measurements.
On the other hand, experimental evidences of existence of the
HOKE have been reported in Refs. [14,15] recently. Thus,
until now a common conclusion has not yet been reached on
this dispute.

In 2010, Kolosik et al. proposed that the validity of the
HOKE model can be experimentally tested by measuring and
comparing the conversion efficiencies of fifth-harmonic gener-
ation (FHG) and third-harmonic generation (THG) processes
in gas media [7]. If the high-order Kerr model is correct, the
FH-TH power ratio will saturate at a relatively high value of
∼10−1; whereas if the standard model is correct, the ratio
remains very small (10−4). Indeed, a recent experiment [11]
performed at 2.2 μm shows that the FH-TH power ratio
reaches 10−4, which supports the standard model. However,
this experiment was carried out in ambient air so propagation
effects (such as Guoy phase shift) cannot be completely ruled
out. In addition, the measurement was only done at one specific
pump laser intensity; thus information on how the THG and
FHG evolve with the increasing pump intensity is lacking.
In this paper, we carry out the comparative experimental
investigation on THG and FHG in atomic and molecular gases
driven by midinfrared ultrafast laser pulses at a wavelength of
∼1500 nm. In particular, we chose to use low gas pressure
and short interaction length in our experiment in order to
minimize the influence from propagation effects as much as
possible. Moreover, we compare our results for three kinds of
gases, namely, argon, nitrogen, and air. These gases have a
similar ionization potential while their values of n4 reported
in Refs. [1,2] are different. We systematically investigate the
conversion efficiencies of THG and FHG as a function of pump
intensity in a broad intensity range from 3 × 1013 W/cm2

to 3 × 1014 W/cm2. At the highest pump intensity, we
clearly observe the saturation of both the THG and FHG
processes.
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FIG. 1. (Color online) Schematic of the experimental setup.

II. EXPERIMENT

The experimental setup is shown in Fig. 1. The experiment
is performed with ∼50 fs (FWHM), 1500 nm laser pulses
generated by an optical parametric amplifier (OPA) (HE-
TOPAS, Light Conversion, Inc.) pumped by a commercial

Ti:sapphire laser system (Legend Elite-Duo, Coherent, Inc.).
The Ti:sapphire laser, operated at a repetition rate of 1 kHz,
provides ∼40 fs (FWHM) laser pulses with a central wave-
length at ∼795 nm and single pulse energy of 6.4 mJ. At the
1500 nm wavelength, the maximum pulse energy that the OPA
can offer is ∼1.3 mJ, and the pulse duration is ∼48 fs. After
being separated from the idler using two reflection mirrors
with high reflectivity at 1500 nm (M1, M2), the infrared beam
is focused into a 2-mm-long gas cell by a fused silica lens (L1)
with a focal length of 31.4 cm. The focal length is measured
at 1500 nm wavelength taking into account the 3-mm-thick
window of the vacuum chamber. Back pressure inside the
vacuum chamber is ∼0.1 Pa. The gas cell mounted inside the
vacuum chamber is filled with gas for filamentation. Argon,

FIG. 2. (Color online) Experimentally measured intensity dependence of harmonic conversion efficiency (a), (c), (e) and FH-TH power
ratio (b), (d), (f) in argon (a), (b), air (c), (d), and nitrogen (e), (f).
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air, and nitrogen are used in this experiment with a gas pressure
of 50 mbar.

Harmonic beams generated in the filament are collimated
by another fused silica lens (L2) with a focal length of ∼40 cm,
and then the beam diameters are reduced by a telescope system
consisted of a planoconvex lens with a focal length of 50 cm
(L3) and a planoconcave lens with a focal length of –20 cm
(L4). Finally, the harmonics are impinging onto the adjustable
entrance slit of an imaging grating spectrometer (Shamrock
303i, Andor). The slit size is comparable to the diameter of
harmonic beams. Input laser intensity is adjusted by simply
changing the incident angle of a thin glass plate before L1.
The attenuator for TH or FH is inserted between the lenses L2
and L3.

Nonlinear response from the attenuator can be excluded
by the constant attenuation factor measured over a wide
range of input intensity. Harmonic powers are measured by
integrating the recorded spectra over the spectral range of
interest. Calibration is achieved with the laser pulses from
the amplifier at 800 nm wavelength, and the variation of
diffraction efficiency of the imaging grating as well as the
quantum efficiency of the CCD with wavelength are taken into
account.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the intensity dependence of
the harmonic conversion efficiency and the power ratio of
FH to TH in argon, respectively. As illustrated in Fig. 2(a), the
conversion efficiencies first increase following the third-power
law dependence for THG and the fifth-power law dependence
for FHG, indicating that the generation of the TH and FH can
be well described by perturbative theory [16]. The curves then
deviate from these perturbative power laws and both saturate
at the laser intensity of ∼1.5 × 1014 W/cm2. The FH-TH
power ratio reaches the order of ∼10−1 around the saturation
intensity, as shown in Fig. 2(b). Similar results are obtained
in air and nitrogen with a saturation intensity of about 1.5 ×
1014 W/cm2, and the FH-TH power ratio again reaches ∼10−1,
as demonstrated in Figs. 2(c)–2(f).

In order to interpret the saturation behavior in both the
THG and FHG measurements, two possible mechanisms are
considered. The first mechanism is the depletion of ground
state, which occurs when the peak intensity is high enough
that all the neutral atoms near the focus are ionized [17]. For
this mechanism to take effect, ionization probability should
be close to unity at the saturation intensity measured in our
experiment (∼1.5 × 1014 W/cm2). However, a calculation
using the Ammosov-Delone-Krainov model [18] shows that,
in our experiment, the ionization probability is only ∼3% at
this saturation intensity, which is far less than unity. Thus the
saturation of harmonic generation cannot be attributed to the
depletion of the ground state. An alternative mechanism is
the intensity clamping effect, which sets an upper limit to the
laser intensity inside the filament due to the dynamic balance
between the Kerr self-focusing and either plasma defocusing
or the recently proposed HOKE, resulting in a stabilized
harmonic intensity. Since the intensity used in this experiment
reaches the critical intensity for filamentation, we conclude

FIG. 3. (Color online) Experimentally measured pressure depen-
dence of harmonic conversion efficiency in argon.

that the intensity clamping effect should be responsible for
the saturation in harmonic generation. It is noteworthy that
although we have attempted to minimize the propagation
effects in our experiment using the thin gas sample, as there are
two holes drilled at the two ends of the gas cell, leakage of gas
can occur. Thus, at high pump intensities, intensity clamping
can still occur which gives rise to the saturated conversion
efficiencies of both THG and FHG processes. Below, we will
discuss whether the HOKE or the plasma defocusing plays the
dominate role in balancing the Kerr focusing effect.

It is noticeable that in our experiment, the FH-TH power
ratios reach ∼10−1 when saturation occurs as shown in
Figs. 2(b), 2(d), and 2(f). As pointed out by Kolesik et al. [6],
in the standard model the FH arises via a cascade process (e.g.,
5ω = 3ω + ω + ω), leading to a low power ratio of FH-TH.
However, in the high-order Kerr model, FH can be generated
directly (e.g., 5ω = ω + ω + ω + ω + ω) from the fifth-order
nonlinear susceptibility, resulting in a FH-TH power ratio as
high as ∼10−1. To further identify whether the FHG is a cas-
caded or direct process, we recall that, in the perturbative limit,
the nonlinear polarization scales as P (n) = Nχ (n)E1E2 · · ·En,
where N is the atomic density [16]. Thus, in the high-order
Kerr model, the FH signal is generated by direct process and
scales as S ∝ N2. On the other hand, in the standard model, the
scaling law of FHG yield on gas pressure should be modified
because now the FHG is a cascaded process; therefore we
shall have S ∝ N4. As clearly shown in Fig. 3, the harmonics
efficiency increases nearly quadratically with pressure in our
experiment, which suggests that the FH is generated via the
direct process. In this case, using Eq. (6) in Ref. [15] and
neglecting the phase mismatch for both THG and FHG due
to the short interaction length, we have P5

P3
= | n4

n2
|2 3

5I 2 =
3
5 |�n4

�n2
|2, where �n4 = n4I

2 and �n2 = n2I . Based on the
experimental data in Figs. 2(b), 2(d), and 2(f), the ratio of
the fourth-order Kerr refractive index to the second-order Kerr
refraction index |�n4/�n2| can be obtained. At the intensity
of 1.5 × 1014 W/cm2, the ratio |�n4/�n2| is evaluated to
be 0.49 for argon, 0.48 for air, and 0.57 for nitrogen. These
results suggest that the fifth-order nonlinearities cannot be
completely neglected in the FHG process until the ionization
takes place. However, even if we assume that the fourth-order
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Kerr refractive index coefficient is negative (the sign of the
fourth-order Kerr coefficient cannot be determined in our
experiment), the defocusing induced by the fourth-order Kerr
effect is still not large enough to balance the second-order
Kerr-effect induced self-focusing. Our view is that both higher-
order Kerr effect and plasma were responsible for the arrest of
self-focusing each to a certain degree; however, the balancing
point, so far, is unknown. Based on this observation, further
investigations (both theoretical and experimental) are still
needed.

IV. CONCLUSION

To summarize, we have systematically investigated the
intensity dependence of THG and FHG conversion efficiency
in argon, nitrogen, and air. We show that the TH and FH
signals increase nicely with the pump intensity following the
third- and fifth-power laws until the plasma defocusing takes
place at ∼1.5 × 1014 W/cm2. The power ratio of FH-TH
saturates at ∼10−1 for all the three gas samples. The measured
harmonic efficiencies increase with the squared values of the

gas pressures, indicating that the FHG is a direct process
instead of a cascaded wave-mixing process. Based on this
finding, the fourth-order Kerr refractive index coefficient is
evaluated by the measured ratio of the FH-TH, which is around
the half of the second-order Kerr refractive index coefficient.
Thus, the fourth-order Kerr effect cannot be neglected but
is still insufficient to arrest Kerr self-focusing collapse in
femtosecond filamentation without either the assistance of
plasma generation or the contributions from higher-order Kerr
refractive index coefficients or both; in our view, probably
both.
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