
Selection of odd or even harmonics by a multi-color laser
field with macroscopic phase-matching

Jiaming Jiang (姜甲明)1,2, Pengfei Wei (尉鹏飞)3,*, Zhinan Zeng (曾志男)2,
Xiaolong Yuan (袁晓龙)2, Yinghui Zheng (郑颖辉)2, Xiaochun Ge (葛晓春)2,

Ruxin Li (李儒新)2, and Zhizhan Xu (徐至展)2

1School of Physics Science and Engineering, Tongji University, Shanghai 200092, China
2State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics,

Chinese Academy of Sciences, Shanghai 201800, China
3Department of Physics, Shaoxing University, Shaoxing 312000, China

*Corresponding author: pfwei@usx.edu.cn
Received December 23, 2014; accepted March 26, 2015; posted online April 17, 2015

We experimentally and theoretically demonstrate that the property (odd or even) of generated harmonics can be
selected by manipulating the macroscopic phase-matching conditions based on a three-color laser field. Only odd
or even harmonics can be made dominant by changing the focal position and adjusting the gas pressure. These
results indicate that the odd-even property of the generated harmonics can be controlled by using the multi-color
laser field with macroscopic phase-matching.
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High harmonic generation (HHG) in rare gases has been
intensively studied over the past decades[1–6], and the proc-
ess of HHG in the gas medium has been well understood
and well described by a semi-classical three-step model[7,8].
Since the first experimental demonstration of harmonic
generation[9], the conversion efficiency has been consider-
ably enhanced[10–13]. This progress is due to a better under-
standing of both the microcosmic and macroscopic
aspects, i.e. the atomic response[14] and the macroscopic
control of phase-matching conditions[15]. As an effective
scheme for enhancing the yield of a harmonic generation,
the application of a multi-color laser field for HHG has
been an interesting topic. As we all know, the harmonic
spectrum only consists of the odd harmonics, due to the
inversion symmetry in the fundamental laser field.
However, research on harmonic generation in a two-color
laser field presented not only a significant enhancement of
the harmonic signal, but also the generation of the even
harmonics, due to the symmetry breaking of the
Hamiltonian by the presence of the additional weak
field[16–18]. Harmonics are usually emitted in the form of
an extreme ultraviolet (XUV) frequency comb with sim-
ilar intensities in the plateau region due to their non-
perturbative nature. The selective generation of a single
harmonic emission from the comb can be implemented
based on the phase-matching effect[19–23]. This is very
important for some applications, such as the seeding of
an XUV free-electron laser for obtaining a fully coherent
output[24]. Our previous works[21–23] were mainly aimed at
increasing the peak intensity and the contrast ratio
(i.e. the spectral purity) as much as possible. Beyond that,
the rules and selections of the harmonic property (odd or
even) are also very important for better understanding
and controlling the single harmonic emission.

In this Letter, we theoretically and experimentally in-
vestigate the rules and selections of the odd-even property
for a single harmonic in argon based on a three-color laser
field. The three-color laser field is synthesized using the
fundamental, second, and third harmonic of an 800 nm
multi-cycle Ti:sapphire laser pulse. Our demonstration in-
dicates that the property (odd or even) of the harmonic
emission can be made dominant by changing the focal
position, and that the number of harmonic orders can
be selected by adjusting the gas pressure.

The schematic of the experimental setup is shown in
Fig. 1. A commercial Ti:sapphire femtosecond laser
(Coherent, Inc.) is used to produce 2 mJ laser pulses at
an 800 nm center wavelength with a 45 fs (full width at
half maximum, FWHM) pulse duration at a repetition
rate of 1 kHz. The pulses are directed into the vacuum
chamber for harmonic generation. In the vacuum cham-
ber, the laser beam is collimated and sequentially passes
through a lens (with a focal length of 1100 mm), a
SH-BBO crystal (β-barium borate crystal, θ ¼ 29.2°,
ϕ ¼ 0°, 0.3 mm thickness, type I phase-matching), a
CaCO3 crystal (θ ¼ 22.6°, ϕ ¼ 0°, 0.4 mm thickness),

Fig. 1. Schematic of the experimental setup.
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and a TH-BBO crystal (β-barium borate crystal,
θ ¼ 55.5°, ϕ ¼ 30°, 0.1 mm thickness, type II phase-
matching). It is then focused into a long argon gas cell with
a length of 20 mm. The SH-BBO crystal is used for the
second harmonic generation, and the polarization of the
generated 400 nm pulse is perpendicular to that of the fun-
damental 800 nm pulse. The CaCO3 crystal is used for
controlling the time delay between the 400 and 800 nm
pulses. The TH-BBO is used for the third harmonic gen-
eration, and the polarization of the generated 267 nm
pulse is parallel to that of the fundamental 800 nm pulse.
In addition, a diagram with a diameter of approximately
10 mm is used in front of the lens (outside of the vacuum
chamber) for modifying the laser beam profile. The
parameters of the three-color laser field are the same as
the ones reported in our previous work[22]. Finally, the gen-
erated harmonics are detected by a homemade flat-field
grating spectrometer with a soft X-ray CCD (Princeton
Instruments, SX 400). A 500 nm thick aluminum foil is
used to block the driving laser in the front of the
spectrometer.
Using the scheme mentioned above, we can optimize the

harmonic signal by modifying the laser beam profile,
changing the focal position, adjusting the gas pressure,
and controlling the time delays among the different colors.
The symmetry breaking that precisely originates from the
superposition of the multi-color laser field can give rise to
the generation of even harmonics. Through testing, we
found that the property (odd or even) of the harmonic
emission is mainly affected by changing the focal position
and adjusting the gas pressure. The experimentally mea-
sured harmonic spectra with different focal positions are
shown in Fig. 2, where the gas pressure is fixed to 10 torr
for obtaining the optimum harmonic intensity. One can
find that the intensity of the even harmonic (14th) has
dramatically decreased (while the intensity of the odd har-
monics has slowly decreased) when the focal position
changes from 4 mm (the laser beam is focused before
the center of the gas cell) to −4 mm (the laser beam is
focused after the center of the gas cell). In other words,
the even harmonics are dominant in the harmonic spec-
trum at the focal position of 4 mm, as shown in Fig. 2(a),

while the odd harmonics gradually become dominant in
the harmonic spectrum at the focal position of −4 mm,
as shown in Fig. 2(c). This result indicates that the prop-
erty (odd or even) of the harmonic emission can be
affected by changing the focal position.

We also observe the variation of the harmonic spectrum
with different gas pressures at two particular focal posi-
tions. The experimentally measured harmonic spectra
with different gas pressures are shown in Fig. 3, where
the focal position is fixed to 4 mm to obtain the dominant
even harmonics shown in Figs. 3(a)–3(c), and fixed to
−4 mm for obtaining the dominant odd harmonics shown
in Figs. 3(d)–3(f). One can find that the purity of the even
harmonics shown in Figs. 3(a)–3(c) first decreases and
then increases (while the purity of the odd harmonics
shown in Figs. 3(d)–3(f) first increases and then decreases)
when the gas pressure changes from 2.5 to 80 torr. This
result indicates that the change rule of the odd-even
harmonics is very different, and that the number of
harmonic orders is mainly affected by the variation of
the gas pressure.

Finally, we experimentally optimize the laser beam pro-
file, the focal position, the gas pressure, and the time
delays for the selective generation of only odd or even har-
monics. The optimum experimental results are shown in
Figs. 4(a) and 4(b). In Fig. 4(a), one can see that only
one even harmonic (14th) is selectively generated, while
the other harmonics are dramatically suppressed when
the gas pressure is adjusted to 80 torr at the focal position
of 16 mm. Similarly, as shown in Fig. 4(b), only one or two
odd harmonics (17th and 15th) are selectively generated,

Fig. 2. Experimentally measured harmonic spectra with differ-
ent focal positions. The argon gas pressure is fixed at 10 torr.

Fig. 3. Experimentally measured harmonic spectra with differ-
ent gas pressures at the two focal positions of 4 mm (the top
row) and −4 mm (the bottom row).
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while the other harmonics are almost completely sup-
pressed when the gas pressure is adjusted to 10 torr at
the focal position of −12 mm.
We also theoretically generated only odd or even

harmonics based on the Strong Field Approximation
method[25,26], including the macroscopic propagation
effect[27]. We used an iterative algorithm to search for
the optimum results, because a large number of parame-
ters must be considered in numerical calculations based on
the three-color scheme. Finally, a set of appropriate
parameters is obtained. The laser intensity ratios among
the three colors are considered and are consistent with the
experimental conditions. In the simulation, all three laser
pulses are assumed to be Gaussian both in the temporal
and spatial domains, with a pulse duration of 45 fs
(FWHM), and a peak intensity of 1.65 × 1014 W∕cm2

for 800 nm, 2.35 × 1013 W∕cm2 for 400 nm, and 8.5 ×
1012 W∕cm2 for 267 nm. The length of the interaction
gas medium is 20 mm, which is consistent with that
of the gas cell in the experiment. The focal position is
changed from −20 to 20 mm, and the gas pressure is
adjusted from 2.5 to 120 torr. The approximate results
are obtained, and are shown in Figs. 4(c) and 4(d). In
Fig. 4(c), when the focal position is changed to −7 mm
and the gas pressure is adjusted to 10 torr, only one
even harmonic (12th) is selectively generated, while the
other harmonics are dramatically suppressed. Similarly,
as shown in Fig. 4(d), when the focal position is changed

to −10 mm and the gas pressure is adjusted to
20 torr, only one odd harmonic (13th) is obviously selec-
tively generated, while all of the other harmonics are
suppressed.

In our multi-color laser field, the phase matching of the
harmonic emission can be affected by many parameters,
such as the gas pressure, the interaction geometry, the
spatial mode, the laser intensity, the intensity ratios
among the different colors, the relative delays and the
linear chirps of the multi-color laser field, and so on.
The proper selection of these parameters will enable the
harmonic emission to be phase-matched and confined to
some particular orders. In our experiment, we think the
main contributions of the phase matching are the neutral
dispersion and the focusing geometry, which can be con-
trolled by adjusting the gas pressure and changing the
focal position. The focusing geometry can dominate the
odd or even property, while the neutral dispersion can
select the single harmonic.

For a gaseous medium[15], the phase mismatch resulting
from the neutral and plasma can be compensated partly
by varying the gas pressure. Moreover, the focusing geom-
etry can induce the axial variation of the laser intensity
and the variation of the Gouy phase. The dipole phase,
which is dependent on the laser field intensity, has impor-
tant consequences for phase matching[28]. The intensity
dependence of the dipole phase can be understood from
the semi-classical model[25]. The contribution from the
Gouy phase can be controlled by changing the focal posi-
tion with respect to the center of the gas cell. This change
in the phase-matching conditions influences the spectral
features of the harmonic emission[29]. In our experiment,
changing the focal position would influence the dipole
phase and the Gouy phase. When the appropriate focusing
geometry (i.e. the appropriate focal position) is achieved
for different harmonic orders, the odd or even harmonics
can be selectively generated.

Therefore, the particular phase-matching conditions for
only even or odd harmonics can be obtained by changing
the focal position and adjusting the gas pressure.
Although the simulated results have not well reproduced
the experimental results, the numerical simulation does
show that only even or odd harmonics can be selectively
generated by using the multi-color laser field with the
optimum macroscopic phase-matching conditions. Here,
we only give some qualitative interpretations. The precise
quantitative explanation for phase matching needs a more
complex numerical simulation.

In conclusion, we experimentally and theoretically
investigate the odd-even property of the generated
harmonics based on a three-color laser field with macro-
scopic phase-matching conditions, and find that the
odd-even property can be made dominant by changing
the focusing geometry, while the number of harmonic
orders can be selected by adjusting the gas pressure. These
investigations are very important for better understand-
ing and controlling the odd-even property of harmonic
emission.

Fig. 4. Top: Experimentally optimized results for (a) only even
harmonics and (b) only odd harmonics. Bottom: Theoretically
optimized results for (c) only even harmonics and (d) only
odd harmonics.
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