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Abstract We have experimentally investigated the gas
cell pressure effect of high-order harmonic generation in
argon and neon. The selective enhancement of high-order
harmonic intensity in the energy range of 60-70 eV in the
spectrum has been obtained in argon. The experimental
results are simulated theoretically, and the main characteri-
zations of the experimental observations are reproduced.
By studying the ionization term effect in the simulation,
we conclude that it is the plasma effect improves the phase-
matching condition for this specific spectrum range and
finally brings the enhancement.

1 Introduction

High-order harmonic generation (HHG) driven by the
extreme nonlinear interaction between ultrafast laser
pulses and atoms or molecules has shown great potential of
being a novel coherent X-ray source [1] and also a source
for generating attosecond pulses, which provides unprec-
edented tool for probing electron dynamics in rare gases,
molecules, and condensed matters [2]. The physics of HHG
can be clearly interpreted by classical three-step model
[3], in which an electron is firstly ionized from the atomic
ground state through the tunneling ionization and then
accelerated by the strong laser field; at last, the electron
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may return to the parent ion in the oscillation of the laser
field. The energy gained during the acceleration is released
as a photon in the XUV range. Based on the single-elec-
tron approximation and the strong-field approximation,
this simple physical picture sheds light on the state-of-art
isolated attosecond pulse generation technologies, such as
amplitude gating, polarization gating, double optical gat-
ing, and ionization gating [4-7].

However, the real HHG process is not happened on the
single-atom level. The driving laser beam interacts with a
collective of atoms in the HHG process. Each atom emits a
high harmonic photon every half-cycle of the driving laser,
and all generated XUV photons coherently propagate with
the fundamental beam. Like other nonlinear process, phase
matching is playing a critical rule for the observed XUV
beam signal. Physical parameters such as the dipole phase,
the Gouy phase, and the negative dispersion caused by the
ionized electrons are investigated to optimize the XUV radi-
ation [8—12]. Lu et al. [13] have experimentally observed the
blueshift of the HHG spectra with 50 fs laser pulses and the-
oretically illustrated that the observation is due to the plasma
effect. Many of these previous phase-matching studies were
performed with multi-cycle driving pulse. As for isolated
attosecond pulse generation, present methods always require
a few-cycle driving laser. So it is very important to study the
phase-matching effect of few-cycle laser driving HHG.

In this paper, the few-cycle (~5 fs) laser pulse is used
to drive the HHG process. By carefully optimizing the gas
pressure, the selective enhancement of the XUV emis-
sion at the energy range of 60-70 eV is obtained. We have
numerically simulated the experimental process, and the
results reproduce the main characterizations of the experi-
mental spectra. We find that the plasma effect plays an
important role in the observed enhancement of the XUV
emission.
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2 Experiments and results

A commercial Ti:sapphire amplifier (Femtopower Com-
pact Phase, CEP) is used in the experiment, which delivers
0.8 mJ, 25 fs laser pulses at 1 kHz. The laser pulses are
then focused into a 100-cm-long hollow fiber with an inner
diameter of 250 pm. The fiber filled with neon is differen-
tially pumped by filling the gas from one side and pump-
ing out from the other side, which gives a better transmis-
sion efficiency comparing with the static pumping case
[14]. The spectrum of laser pulse is broadened due to the
self-phase modulation (SPM) effect, covering from 500 to
950 nm. By the combination of the chirped mirrors and
the wedges, few-cycle (~5 fs) laser pulses with energy of
0.3 mJ are obtained. After that, the laser pulses are tightly
focused into a gas cell filled with noble gas (argon or neon)
to generate high-order harmonic emission with a 400-mm
focal length silver mirror. The XUV beam is filtered by a
200-nm-thick aluminum film, which blocks the resident
laser beam and diffracted by a flat-field grating. The XUV
spectrum is detected by an X-ray CCD camera [15].

An argon gas cell with length of 1 mm is located after
the focus in order to minimize the effect of long trajec-
tory [16] in the experiment. Three typical experimental
spectra for different gas pressures are shown in Fig. 1. The
gas pressures measured in the buffer are 15.8, 13.6, and
11.5 kPa, corresponding to Fig. la—c, respectively. The
final pressure in the gas cell is very difficult to measure. We
estimate it to be 35, 30, and 26 torr, respectively, by com-
paring with the simulation results. We can see that the max-
imum photon energy recorded is around 73 eV, which is the
absorption edge of aluminum. From the spatial integrated
spectrum, it can be found that the results are close to the
cutoff position. By increasing the gas pressure, the intensity
of the harmonics increased [from (c) to (a) in Fig. 1]. For
the lower order below 50 eV, we can see that the enhance-
ment is very small. However, in the range of 60-70 eV, the
HHG counts are enhanced significantly. More than three
times enhancement is obtained. Also, the fine structure near
60 eV in the HHG spectrum is also dependent on the gas
pressure. One thing needs to be mentioned that the mini-
mum intensity around 53 eV in HHG spectra originates
from the Cooper minimum [17] in argon. Furthermore,
enhancement of the XUV emission is also observed in a
2-mm-long gas cell filled with neon. The laser parameters
are the same as the case for argon. The 2-mm gas cell is
used to improve the harmonic intensity in neon. In Fig. 2a—
d, the gas pressure measured in the buffer is 35, 30, 25, and
18 kPa, respectively. Compared with Fig. 2b, d, the HHG
intensity has been enhanced six times by increasing the gas
pressure. However, the XUV radiation decreases almost
one-third by comparing with Fig. 2a, b. This is originated
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Fig. 1 Experimental spectra generated in argon for different gas
pressure. Left panel two-dimensional spectra for three different gas
pressures and right panel the corresponding integrated harmonic
intensity
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Fig. 2 Experimental spectra versus gas pressure in neon. Left panel
two-dimensional spectra for three different gas pressures and right
panel the corresponding integrated harmonic intensity

from the XUV absorption by the neon gas, which is studied
and explained by Costant et al. [18]. The disappearance of
the XUV radiation cannot be observed in our experiment
because the turbo pump cannot work under the higher gas
pressure. From the two figures, we can see that the tenabil-
ity is much weaker comparing with the case for argon.

3 Discussion and conclusions

The feature of HHG cannot be explained by the classical
three-step model. In order to reveal the physical origin of
the phenomenon, we numerically solve the coupled Max-
well equations of IR laser beam and the XUV beam. In
the simulation, single-atom response is calculated using
the strong-field approximation method developed by
Lewenstein [19], in which the nonadiabatic form of dipole
moment can be written as:
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where E|(1), A(?), &, pst, Sst, d, andw(t) refer to elec-
tric field of laser pulse, vector potential, a positive regu-
larization constant, the stationary values of the momen-
tum, quasiclassical action, the dipole matrix element for
bound-free transitions, and ionization rate, respectively.
According to classic three-step model, this expression has
a clear physical interpretation. First, an electron is ionized
from the ground state to continuum state at time ¢ with
the possibility amplitude E(¢') x d [pst(t/ 1) — A )]; after
that, the electron accumulates a phase factor comes up to
exp [—iSst(t/ , t)}; at last, the electron recombines with atom
at time 7 with an amplitude equals to d* [pg(t',1) — A(1) .

The term of (m)g/z comes from the saddle-point
approximation. In order to calculate the depletion of
ground-state atoms in strong electric filed, ionization rate
expressed as exp [— fioo w(t’ )dt’} is inserted into equa-
tion as a corrected term according the theory of Ammosov,
Delone, and Krainov (ADK model) [20].

The Maxwell equation for the driving laser with single-
atom response and plasma defocusing effect included is
expressed as follows:
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where wy is the plasma frequency and c is the light speed
in vacuum. Transformed in a moving coordinate frame
( =z and ¢ =t—z/c) and rewrite the equation in
frequency domain by performing the Fourier transform, we
get:
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operator acting on the temporal coordinate. For the har-
monic beam after applying the same method, the equation
can be expressed in frequency domain as follows:
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In Eq. (4), the absorption of XUV in argon is considered,;
oy, and p refer to the absorption coefficient of argon and
permeability of vacuum. P(r, 7, w) = F [Pu(r, 2, 1)),
where Py (r, z, 1) = [ng — ne(r, z, Ddy(r, 2, 1')] is the
nonlinear polarization generated in the gas. Equations (3)
and (4) can be numerically solved by a Crank—Nicolson
routine for every frequency w. Typical steps are 0.01 mm
and 0.25 pm for the longitudinal direction and the radial
direction, and 2!! points for 5 fs. It is worth mentioning
that only one optical cycle has been taken into account in
order to decrease calculation time but get reliable simula-
tion results.

In Fig. 3a, the simulation results are shown for differ-
ent gas pressures without taking into account the ionization
term in argon by the strong laser field (the term calculated
by the ADK model). The parameters are set at 8 x 104 W/
cm? for 5 fs laser pulse with wavelength of 800 nm and
center of the 1 mm argon gas jet locates at 1.5 mm after
the focus. The profile of the HHG spectrum is exactly the
same for the three gas pressures. Even the fine structure at
80 eV is independent on the gas pressure. Also, one cannot
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Fig. 4 Calculated electric field in time for different positions in the
1-mm gas cell. The red and blue lines are on-axis electric field cal-
culated without and with ionization term in the propagation, respec-
tively

find obvious enhancement of HHG intensity in the spec-
trum. After taking into account the plasma effect, the cal-
culated spectra reproduce the main characterizations of the
experimental spectra, as shown in Fig. 3b. First, the cutoff
energy is decreased from 100 to 80 eV, comparing with
Fig. 3a. Second, the HHG counts are increased predomi-
nantly in the range of 50-60 eV, just like the enhancement
in the experimental spectra. Also, the fine structure at 46 eV
in the spectrum changes with the gas pressure. One can get
the conclusion that the plasma effect can decrease the cut-
off energy, and more important, the HHG spectrum struc-
ture can be changed by the gas pressure. Enhancement of
specific energy range can be obtained by optimizing the gas
pressure in the HHG process.

In order to find out how the ionization in argon causes
the mentioned characterizations, the on-axis electric
field for three different propagation positions is shown in
Fig. 4. The red and blue lines are calculated on-axis elec-
tric field without and with ionization term in the propaga-
tion, respectively. It can be found that the electric field is
distorted along the propagation axis due to the interaction
of ionized electrons and the laser field. In our simulation,
the gas cell is located at 1.5 mm after the focus, and the
total ionization rate of argon in the propagation is calcu-
lated more than 20 %. The electron ionized by the driv-
ing laser induces negative dispersion, which improves the
phase-matching conditions by compensating the positive
dispersion induced by noble gases. This is responsible for
the predominate enhancement in Fig. 3b. However, if the
ionization in argon is not considered in the simulation,
the enhancement of XUV signal appears in the region of
plateau and is not prominent. The ionization effect can be
explained by analyzing the wave vector mismatch between
the fundamental driving laser and the generated high-
order harmonics in z direction, which can be wrote as:
Ak = q%@se‘ + %;p"le + (gko — kg). The first term on the
right-hand side of the equation comes from the change of
the laser phase through the laser focus, or more generally
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speaking, this term appears when the intensity of the laser
is not a constant in space. The second term indicates the
atomic dipole phase. It is proportional to the laser intensity,
Le., Pgipote X g, The third term describes the refractive
difference of the fundamental and the gth-order harmonic.
If the spatial mode of the driving laser is the lowest order
Gaussian, the first term can be analytically wrote as Gouy
phase [21] and the second term can also have an analytical
expression. In our experiment, high laser intensity induces
high ionization of the electron in argon, which will dramat-
ically change the spatial distribution of the laser intensity.
This process would make the first and second terms in the
equation change. For example, the defocusing of the plasma
will relieve the change of the laser spatially. The free elec-
tron contributes minus refractive index to the driving laser,
so would change the third term in the equation. Ionization
of the electron would influence all the three terms. If the
parameters are proper, the total phase mismatch would be
decreased and is order dependence. Our simulation and
experiment verified this viewpoint that changing the pres-
sure of the gas can optimize the phase-matching conditions
for specific order of harmonic emission. Because of the
spatial deformation of the laser, especially for few-cycle
laser pulses, it is hard to give an analytical expression of
the wave vector mismatch and separate different contri-
butions. In order to explain the complex spatial-tempo-
ral phase-matching problem induced by the plasma, more
sophisticated calculation will be further investigated.
Meanwhile, the frequency bandwidth of the on-axis laser
field is dependent on the position of laser pulses in the gas
cell, as shown in Fig. 5, where clear blueshift can be found.
In another word, the HHG intensity is almost linear propor-
tional to the gas pressure if the ionization term is ignored
in the simulation. However, when the plasma effect due to
the free-electron ionization for the laser field in the propa-
gation is considered, the laser field intensity is decreased
and the structure is reshaped. The specific spectral range
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Fig. 5 Fequency bandwidth of the on-axis laser field for different
positions in the 1-mm gas cell
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harmonics is enhanced due to an improved phase-match-
ing condition. It is not difficult to understand the result in
Fig. 2 since the ionization rate is much lower for neon with
the similar laser parameters. The enhancement at 55-72 eV
in neon is almost proportional to the gas pressure.

In summary, the HHG process can be deeply understood
from both microscopic and macroscopic views. In this
work, the HHG spectra are investigated by tightly focus-
ing few-cycle laser into argon and neon gas experimentally.
Enhancement of the HHG intensity at 60-70 eV is observed
by optimizing the gas pressure. Simulation results repro-
duce the main characterizations of the measured spectra
by numerical solving the coupled Maxwell equations. We
demonstrate that the interaction between ionized electrons
and the strong laser beam is responsible for the improved
XUV emission at range of 60—70 eV in argon. These finds
will benefit the coherent XUV applications, such as mono-
chromator, XUV diffraction, and FEL seed [22].
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