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Plasma effect on the phase matching of high harmonic
generation
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By optimizing the phase matching condition of high harmonic generation (HHG) from a supersonic neon
gas jet, the enhanced HHG in the region of 60−70 eV has been selected. Three-dimensional numerical
calculation shows that plasma plays a significant role in the phase matching process of HHG in a supersonic
gas jet with short medium length. Due to plasma formation, the harmonic emission decays as the laser
intensity reaches over 3.5 × 1014 W/cm2. The plasma induces the broadening and blue shift of the HHG
spectra, which provides a method for fine-tuning the harmonic wavelength.
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High harmonic generation (HHG) driven by ultrafast
lasers provides a way to produce spatially and temporally
coherent light radiation down to the extreme-ultraviolet
and X-ray regions. This is increasingly used in ap-
plications such as atomic and molecular spectroscopy,
plasma physics, and coherent imaging[1−3]. Conforming
to the different application requirements, great efforts
have been made either to increase the harmonic con-
version efficiency, especially in the X-ray spectrum re-
gion through phase matching or quasi-phase matching
methods[4,5], or to temporally confine the harmonic emis-
sion down to the attosecond timescale to generate an iso-
lated attosecond laser pulse or a train of attosecond laser
pulses[6−11].

A capillary setup is often used to increase the con-
version efficiency of the harmonic emission. With long
wavelength laser pre-excitation in the capillary, the gen-
erated phase-matched X-ray photon energy may be as
high as 330 eV[5]. However, the capillary setup suffers
from alignment difficulties and low laser damage thresh-
olds. Moreover, it is very sensitive to the driving laser
mode in the capillary so that it poses a strict requirement
for the focusing stability of the driving laser pulses[12].
On the other hand, these problems are not encountered
with a supersonic gas jet setup. A supersonic gas jet can
support a short medium length (less than the Rayleigh
length) laser beam, which makes the propagation effect
on the harmonic generation due to laser beam geome-
try less significant. As a result, the gas jet setup is of-
ten applied in studies that require little or no influence
of propagation, such as molecular orbital structure re-
construction from molecule HHG with sub-femtosecond
resolution[13,14]. In these studies, the propagation has
been neglected in the analysis for simplicity even though
its influence is not well understood.

In this letter, we investigate the HHG phase match-
ing process in a supersonic neon gas jet and obtain an
enhanced HHG in the plateau region around harmonic
order q = 43 (photon energy of 60−70 eV). As the driv-
ing laser intensity increases, the harmonic intensities are
enhanced and then decreased. Moreover, the spectrum

is broadened and blue shifted. The three-dimensional
(3D) numerical model is established to show that the
ionization-induced phase matching effect is responsible
for the driving laser intensity dependence. The ionization
results in not only the decreased macroscopic response of
HHG but also a blue shift of the HHG spectra, which pro-
vides a method for fine-tuning the harmonic wavelength.

The experiments were performed using a commercial
chirped-pulse-amplified (CPA) Ti:sapphire laser system
with a repetition rate of 1 kHz, a central wavelength of
800 nm, a pulse duration of 50 fs, and a beam diameter of
12 mm at 90% peak intensity (Legend-USP-HE followed
by a cryogenic multi-pass amplifier, Coherent Inc.). The
output laser beam from the system was focused by a 300-
mm focal length lens into the neon gas jet. Then, the
generated harmonic emission was detected by a home-
built flat-field X-ray spectrograph consisting of a gold-
coated spherical mirror, a gold-coated cylindrical mirror,
a Hamamatsu flat field grating, and a charge-coupled de-
vice (CCD) camera. To investigate HHG in the plateau
region below 80 eV, an aluminum metal filter was ap-
plied before the spectrograph to separate the harmonics
from the driving laser beam. In experiment, the confocal
parameter of the laser beam was determined as 4 mm
by measuring the laser beam size at a series of positions
around the focus. The energy of the laser, with a maxi-
mum of 10 mJ/pulse, was varied using a half wave plate
and a high contrast reflective polarizer. The laser pulse
energy was calibrated as a function of the rotation angle
of the half wave plate. The gas jet, with a diameter of 250
µm, had an effective interaction length of about 1.0 mm.
The gas density in the jet had been tuned between 0 and
1.33 × 104 Pa by choosing different backing pressure be-
tween 0 and 5 × 105 Pa.

We measured the dependence of the harmonic inten-
sity under a series of gas pressures. The high harmonic
signal is only detectable under backing pressures above
2 × 105 Pa. As the backing pressure increases beyond
2 × 105 Pa, the high harmonic signal is constantly en-
hanced over the whole plateau spectrum explored here,
indicating that dispersion-induced phase mismatching
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may be neglected in the supersonic gas jet setup. This
pressure-dependence trend agrees well with that in Ref.
[15], except that in this case, a higher pressure, a shorter
medium length, and a lower order spectrum region are in-
vestigated. Therefore, in the following experiment, con-
sidering the compression strength of the gas container,
we set the backing pressure for the jet at 5 × 105 Pa to
obtain the best output brilliance unless otherwise men-
tioned.

We then explored how the driving laser intensity
affected the conversion efficiencies of the harmonics by
scanning the driving laser intensities between 1 × 1014

and 1 × 1015 W/cm2. Figure 1(a) shows the mea-
sured harmonic signal as a function of the driving laser
intensity when the laser beam is focused 2 mm be-
fore the neon gas jet. At the 55−72 eV range, the
harmonics have three noticeable features: 1) the har-
monic signal reaches its maximum at around 3.9 × 1014

W/cm2 intensity and then drops rapidly as the inten-
sity increases further; 2) at driving laser intensities rang-
ing from 3 × 1014 to 6 × 1014 W/cm2, the harmon-
ics are strong narrow spectral lines moving towards the
blue band as the intensity rises; 3) for higher inten-
sities, the harmonic spectrum broadens more towards
the blue band and increases with the intensity, achiev-
ing ∆E ≈ 0.15 eV at 1 × 1015 W/cm2. We attribute
these features to the ionization-induced macroscopic
effect, consistent with our simulations below. A similar
intensity-dependent trend is also observed in Fig. 1(b)
where the laser beam is focused 4 mm before the gas jet,
except that the optimized driving laser intensity for the
maximum harmonic emission is slightly lower than that
in the former case. This difference may be attributed
to the different phase matching conditions introduced by
the different laser beam geometries. For the qth har-
monic, the total phase mismatch can be described as

∆kq = (kq − qk1) = ∆kq,disp + ∆kq,plasma + ∆kq,foc, (1)

where kq and k1 are the wave vectors of the qth har-
monic field and the driving laser field, respectively, and
∆kq,disp, ∆kq,plasma, and ∆kq,foc are the wave vector mis-
matches for the qth harmonic due to atomic dispersion,
plasma contribution, and geometric dispersion, respec-
tively. For the gas jet setup, ∆kq,disp and ∆kq,foc are
positive, whereas ∆kq,plasma is negative. To achieve full
phase matching, the phase mismatches from ∆kq,disp and
∆kq,foc should be balance with the phase mismatch from
∆kq,plasma. In the situation discussed above, ∆kq,foc for
the gas jet positioned at z = 2 mm is larger than that at
z = 4 mm, thus requiring a higher driving laser intensity
to introduce a larger amount of ∆kq,plasma to equilibrate
and achieve the best harmonic emission. However, as
shown in Figs. 1(a) and (b), this optimized intensity
difference (3.9 × 1014 and 3.5 × 1014 W/cm2, respec-
tively) is minimal, indicating that in supersonic gas jet,
the laser beam geometry-induced phase mismatch may
be neglected.

To study the plasma effects on the phase matching
process of HHG, we performed 3D numerical simulations
using the theoretical model proposed in Ref. [16], which
is based on the numerical solution of Maxwell’s equations
in the frequency domain. The source term in Maxwell’s
equations for the harmonics is the microcosmic single-

Fig. 1. Measured harmonic spectra as a function of the driv-
ing laser intensity when the supersonic neon gas jet is posi-
tioned at (a) z = 2 mm and (b) z = 4 mm.

atom response calculated using a strong-field approxi-
mation (SFA) model[17]. The propagation equations are
described as

∇2
⊥Ẽl(r, z, ω) − 2iω

c

∂Ẽl(r, z, ω)
∂z

= G̃l(r, z, ω) (2)

and

∇2
⊥Ẽh(r, z, ω) − 2iω

c

∂2Ẽh(r, z, ω)
∂z′

= −ω2µ0P̃nl(r, z, ω) (3)

for the driving laser and for the harmonics, respectively.
In Eq. (2), c is the light velocity, Ẽl(r, z, ω) is the
Fourier transform of the electrical field of the driving
laser El(r, z, t), and G̃l(r, z, ω) accounts for the plasma
effects. With Ωp denoting the plasma frequency and
the free electron density ne(r, z, t) calculated from the
Ammosov-Delone-Krainov model[16], G̃l is defined as

G̃l(r, z, ω) = F̂ [
Ω2

p(r, z, t)
c2

El(r, z, t)], (4)

Ωp(r, z, t) =

√
ne(r, z, t)

meε0
, (5)

where F̂ represents the Fourier transform operator act-
ing on the temporal coordinate, me is the electron mass,
and ε0 is the electronic permittivity. In Eq. (3), µ0 is the
permeability of vacuum, Ẽh(r, z, ω) is the Fourier trans-
form of the electrical field of the harmonics Eh(r, z, t),
and P̃nl(r, z, ω) is the Fourier transform of the nonlinear
polarization Pnl(r, z, t) generated by the gas. Pnl(r, z, t)
is defined as

Pnl(r, z, t) = (n0 − ne)dnl(r, z, t), (6)
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where n0 is the neutral atom density, and the nonlinear
dipole moment dnl(r, z, t) is calculated by the SFA model.
Given that the harmonic frequencies are much larger than
the plasma frequency, only the nonlinear dipole moment
is considered in the source term on the right-hand side
in Eq. (3). As a result, the plasma effects on the har-
monic emission are introduced indirectly to the harmonic
emission from the driving laser pulse. The onset of the
ionization causes intensity and phase modulations to the
driving laser field that greatly affect the phase and in-
tensity of the source term in the right-hand of Eq. (3).
This leads to the macroscopic phase matching effects for
the harmonics. The low harmonic intensity in the 40–55
eV range is due to reabsorption of the gas medium.

The calculation parameters are the same as those
used in the experiment for Fig. 1(b), except that the
driving laser intensity is a little higher, which is still
within the allowable error range. Figure 2(a) shows
the full calculation result inclusive of the plasma effects
under driving laser intensities 5 × 1014, 7 × 1014, 8
× 1014, and 9 × 1014 W/cm2. The four lines, plot-
ted with different offsets vertically for clarity, corre-
spond to the four driving laser intensities. The cal-
culation concurs with the experiment. In Fig. 2(a),
the harmonic emission is enhanced greatly as the driv-
ing laser intensity increases from 5 × 1014 to 7 × 1014

W/cm2, and then it decays through intensities from 7 ×
1014 to 9 × 1014 W/cm2 . In contrast, no intensity de-
cay is observed for the harmonic emission in Fig. 2(b)
where the plasma effects are switched off. This indi-
cates that the intensity-induced harmonic decay at high
intensities is due to the plasma effects. Similarly, by
comparing Figs. 2(a) and (b), the intensity-dependent
spectral broadening and spectral blue shift observed in
the experiment may also be due to the plasma effects.
From Fig. 2(a), a phenomenon similar to the experimen-
tal result, which demonstrates the constant broadening
of the harmonic spectrum towards the blue part as the
driving laser intensity increases from 5 × 1014 to 9 ×
1014 W/cm2, is observed. When the ionization effects

Fig. 2. Calculated harmonic spectra as a function of the driv-
ing laser intensity (a) with and (b) without plasma effects.

Fig. 3. Calculated intensity of the 41st harmonic as a function
of the propagation length (a) with and (b) without plasma
effects.

are switched off, the intensity-dependent spectral broad-
ening and blue shift disappear, as shown in Fig. 2(b).

The harmonic signal was further analyzed as it accumu-
lated through propagation to explore how the ionization-
induced phase mismatch affected the aforementioned
intensity-dependent feature. In Fig. 3, the 41st har-
monic emission is calculated as a function of the propa-
gation length with and without plasma. Compared with
Fig. 3(b) where the effects of plasma on propagation are
switched off, the harmonic emission in Fig. 3(a), with
plasma effect included, is less efficient under all driv-
ing laser intensities. The ionization-induced driving laser
diffraction leads to a decrease in driving laser intensity
and, consequently, a decrease in the harmonic emission
in the single atom response. As shown in Fig. 3, at a
laser intensity of 5 × 1014 W/cm2, the phase mismatch
with plasma effects is larger than that without plasma ef-
fects. When the intensity increases to 7 × 1014 W/cm2,
the phase mismatch with plasma effects becomes smaller
than that without plasma effects, which agrees with the
conclusion for Fig. 1 that, at lower intensities, an in-
crease in driving laser intensity leads to an increase in
ionization, which improves the phase matching condition.
Then, when the laser intensity increases from 7 × 1014

to 9 × 1014 W/cm2, the phase mismatch with plasma
effects becomes even larger than that without plasma ef-
fects. Therefore, the harmonic emission dependence on
intensity may be attributed to the ionization effects in
the phase matching process. This intensity-dependent
change in the harmonic output energy is similar with
that in Ref. [18]. Even though a supersonic gas jet with
a much shorter interaction length was used in this letter
instead of a long gas cell, the intensity dependence was
still valid for the supersonic gas jet setup.

In conclusion, ionization effects on HHG have been in-
vestigated through macroscopic phase matching, both ex-
perimentally and theoretically, for a supersonic gas jet
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source with short interaction length and high gas den-
sity. Comparison between the experimental results and
numerical simulations under different considerations for
ionization allows us to understand the role that ionization
plays in the HHG process. Due to ionization, the har-
monics show intensity-dependent features, such as har-
monic conversion efficiency drop, spectral broadening,
and spectral blue shift. These intensity-dependent phe-
nomena are attributed to the ionization-induced propa-
gation effects. Therefore, in a gas jet setup, an opti-
mized harmonic output with tunable wavelength can be
achieved by fine-tuning the driving laser intensity.
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