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Isolated attosecond pulse generation in argon is theoretically investigated for different gas pressures and medium
lengths. The output of attosecond pulse is effectively enhanced by using a longer gas medium with optimized pressure. The
peak intensity of the attosecond pulse by using 6 mm gas medium is doubled compared with that of 1–3 mm gas cell, which
is usually used in the experiment. Our simulation shows that the distortion of the driving laser waveform and the absorption
are the main factors that limit the output of the attosecond pulse for the long gas medium. Optimized generation condition
could be found by balancing the medium length and pressure.
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1. Introduction
The development of attosecond physics, especially the

generation of isolated attosecond pulse (IAP), provides un-
precedented approaches for studying ultrafast phenomena in
attosecond time scale. In the last two decades, isolated attosec-
ond pulses are widely used in the attosecond time-resolved de-
tection of the ultrafast process with different methods such as
attosecond streaking[1] and attosecond transient absorption.[2]

Currently, IAP is obtained from the high-order harmonic gen-
eration (HHG) process,[3] which produces broadband coher-
ent radiation in extreme ultraviolet (XUV) range. Temporally
this radiation consists of attosecond pulses with a separation
of half-cycle of fundamental laser. IAP can be selected from
the attosecond pulse train by using gating methods including
amplitude gating,[1] polarization gating,[4] ionization gating[5]

as well as attosecond lighthouse.[6] As an extreme-high or-
der nonlinear optical effect, the efficiency of HHG is lower
than 10−6 [7,8] in general, decreasing with the increase of pho-
ton energy and the driving laser wavelength.[9] Since the gat-
ing methods for IAP selection normally demand a few-cycle
driving pulse with stabilized carrier envelope phase (CEP), it
has become a significant work to develop such kind of driving
laser with high pulse energy. However, up to now, the avail-
able lasers with controlled CEP and enough short pulse dura-
tion are mainly limited with pulse energy less than 1 mJ.[10]

With the limitation of the low driving pulse energy and the
low conversion efficiency, the energy of IAP is normally only
in the pJ to nJ level,[8] which severely restricts its applica-
tions. For example, the characterization of attosecond pulse is

mostly done by attosecond streaking camera, which is a cross-
correlation measurement between the fundamental laser pulse
and the IAP.[1] The autocorrelation measurement of attosec-
ond pulse with high temporal resolution is still very difficult to
be carried out due to the extremely low energy of IAP.[11–13]

To overcome this difficulty, improvement of the output pulse
energy has become one of the most important issues for at-
tosecond physics.

Optimization of the conversion efficiency of HHG has
been well investigated both theoretically and experimentally,
considering the single atom response and the macroscopic ef-
fect. Single atom response can be improved by using two-
color or multi-color laser field. The breaking up of half-cycle
symmetry of the attosecond generation not only increases the
efficiency, but also relax the restrictions of the pulse duration
of driving lasers.[14] As the harmonics detected at the exit of
the gas cell is the coherent sum of the harmonics generated by
every single atom along the gas cell, the total energy of the
harmonics reaches maximum only when the single atom re-
sponses are phase matched. By adjusting the gas pressure,[15]

the position of gas cell relative to the laser focus and the length
of gas cell, the phase matching condition can be optimized to
enhance the conversion efficiency of HHG.[16] Therefore, the
optimized length of gas medium for a certain order of har-
monic is closely related to the species of gas, the pressure
and the focusing scheme which influences the phase matching
condition.[17] Most of the work on phase-matching optimiza-
tion uses long driving pulse and focuses on the total output or
certain order of the harmonics. However for IAP generation,
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the phase matching condition should be optimized in a wide
spectral range, and most importantly the phase synchroniza-
tion of the radiation in that spectral range need to be checked.
Because of the experimental complexity, it is difficult to opti-
mize the gas cell length continuously in real time. In exper-
iments for IAP generation, the length of gas cell is normally
set to be 1–3 mm.[1,18] In this paper, the optimized condition of
gas medium and the group delay dispersion (GDD) of the gen-
erated pulse is theoretically explored. The result shows that
the intensity of IAP can be effectively enhanced while keep-
ing the short pulse duration by using longer gas medium. Our
simulation gives a reference for experiments in generating IAP
with high-flux and short pulse duration at the same time.

2. Theoretical model
To obtain the intensity of the IAP at the exit of the gas

medium,[19] we calculated the single-atom response using the
strong-field approximation (SFA),[19,20] combined with the
coupled 3D Maxwell’s wave equations describing the propa-
gation effect. The nonlinear dipole moment in the time domain
(in atomic units) is expressed as

dnl (t) = 2Re
{

i
∫ t

−∞
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where El (t) is the electric field of the driving laser, A(t) is
the corresponding vector potential, and ε is a positive regu-
larization constant. pst and Sst are the canonical momentum
and quasiclassical action at the stationary point.[19] The dipole
matrix element from the ground state to a continuum state for
hydrogen-like atoms is approximated as

d (p) = i
27/2(2Ip)

5/4

π

p
(p2 +2Ip)3 , (2)

where Ip is the ionization potential of the atom. The ground
state amplitude is calculated by

a(t) = exp
[
−
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−∞

w
(
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)
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]
, (3)

where w(t ′) is the tunnel ionization rate in the Ammosov–
Delone–Krainov (ADK) theory.

By using the paraxial approximation in a moving frame
(z′ = z and t ′ = t − z/c), in the frequency domain, the prop-
agation process of the driving laser and high harmonic fields
can be described by the following equations:
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Ẽh
(
r,z′,ω

))
= G̃h

(
r,z′,ω

)
, (5)

where Ẽl and Ẽh are the Fourier transforms of the laser field
El (r,z′, t ′) and harmonic field Eh (r,z′, t ′), respectively, and α

is the XUV absorption coefficient. The source term of the fun-
damental laser is calculated by

G̃l
(
r,z′,ω

)
= F̂

(
ω2

p (r,z
′, t ′)

c2 El
(
r,z′, t ′

))
, (6)

where F̂ is the Fourier transform operator,

ωp(r,z, t) =
(

e2ne(r,z, t)
ε0me

)1/2

(7)

is the plasma frequency, e, ne and me are the electron charge,
free-electron density and electron mass, respectively. For the
high order harmonics,

G̃h
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[
ωp (r,z′, t ′)
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and Pnl (r,z, t) = [n0− ne(r,z, t)]dnl(r,z, t) is the nonlinear po-
larization. The ionization effect and the absorption of the HHG

are included in the calculation,[21] as they could affect the peak
intensity of the fundamental laser and attosecond pulse at long
propagation length and high gas pressure.

The total intensity of attosecond pulses is calculated by
integrating the intensity over the whole cross section at the
exit position zout of gas medium

Ih(t) ∝

∫
∞

0
|Eh(r,zout, t)|22πrdr. (9)

3. Results and discussion
In our simulation, the driving laser is assumed to be Gaus-

sian in both the temporal domain and spatial domain, with the
pulse duration of 5 fs at the central wavelength of 800 nm.
The peak intensity at the laser focus is 3× 1014 W/cm2. The
beam waist is set to be 50 µm, with the Rayleigh length about
10 mm. The center of the gas medium filled with argon is
positioned at the laser focus so that the laser intensity keeps
above 1014 W/cm2 in the whole range of gas target. Ampli-
tude gating is used in order to obtain an IAP with the selected
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continuum spectrum higher than 54 eV at the cutoff region.
The parameters used in our simulation are chosen to be close
to the common experimental conditions, therefore the results
in this paper could be taken as a good reference for the exper-
iments.

The peak intensity of the selected IAP as a function of
the gas medium length at the gas pressure from 20 Torr to
50 Torr is shown in Fig. 1. For all the gas pressures, when
the medium length is shorter than 0.5 mm, the peak intensity
of IAP is proportional to the gas pressure approximately, and
it is quiet small compared to the maximum peak intensity. In
this case, the gas medium is short enough to be regarded as
a thin layer, and the intensity of IAP is mostly dominated by
the single atom response. The phase matching effect and the
absorption effect have almost no contribution to the total in-
tensity of IAP. The phase matching effect is more significant
when the length of the gas medium becomes longer. For low
gas pressure at 20 Torr, the peak intensity of IAP saturates at
4 mm gas medium, then keeps almost unchanged with the in-
crease of the gas medium length. At high gas pressure, for ex-
ample at 50 Torr, the optimized gas medium is 2 mm, shorter
than that of the low gas pressure. Then the peak intensity of
IAP rapidly decrease with the increasing gas medium length,
showing the bad phase-matching and strong absorption. For
the optimized gas pressure of 30 Torr, the peak intensity of
IAP gradually increases with the increase of the length of the
gas medium, and reaches a maximum at 6 mm gas medium.
Compared with the IAP generated by 1 mm gas medium, the
peak intensity of the IAP by using 6 mm gas medium at the gas
pressure of 30 Torr is enhanced by about an order of magni-
tude. The results indicate that it is efficient to improve the peak
intensity of IAP by optimizing the phase matching condition

with proper gas pressure and gas medium length.
To understand the phase matching process of IAP

during the generation and propagation, the time-frequency
analysis[22] of attosecond bursts at the gas pressure of 30 Torr
and 50 Torr is shown in Fig. 2. In the case of 1 mm gas
medium, for the continuum spectrum above 54 eV, the dif-
ference of the time-frequency analysis between 30 Torr and
50 Torr is quite small. As the gas medium increases to 3 mm,
the enhanced part of the spectrum around t = 0 is mainly from
39 eV to 67 eV at 30 Torr in Fig. 2(b), compared to that from
34 eV to 59 eV at 50 Torr in Fig. 2(f). In other word, the phase-
matching for spectrum in the cutoff region is getting worse
with an increase of the gas pressure. Furthermore, the differ-
ence of the cutoff frequency of the attosecond bursts around
t = 0 and t = 0.5 optical cycle (o.c.) is quite small, which
reduces the temporal contrast of the selected IAP. As the gas
target extends to 6 mm, the intensity of the cutoff region keeps
increasing at 30 Torr, leading to the enhancement of the IAP.
In the case of 50 Torr, the intensity of the whole spectrum
decreases, and the long trajectory begins to appear. The cutoff
frequency decreases both at 30 Torr and 50 Torr with the 9 mm
gas medium.
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Fig. 1. The peak intensity of IAP at the exit of gas medium as a function
of medium length for different gas pressure from 20 Torr to 50 Torr.
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The wave vector mismatch between the driving laser and
the HHG can be written as[10,23] ∆kq = ∆kn+∆kp+∆kg+∆kd.
The first term stands for the neutral atom dispersion, which
comes from the difference between the refractive index of the
fundamental laser and the qth harmonic. The second term is
the contribution of the free-electron dispersion. The third term
is the geometric dispersion for free space propagation. The last
term is the wave vector mismatch of the dipole phase, which
is related to the intensity of the driving laser and the order of
harmonics.

The increase of gas pressure not only affects the num-
ber of the interaction atoms, but also influences the dispersion
terms in the phase-matching equation. The laser could interact
with more atoms in a certain volume at high gas pressure. As
a result, the intensity of the generated high harmonics and IAP
pulses is enhanced with the gas pressure when the gas medium
is short, which means phase-matching condition is satisfied
in this case. On the other hand, the number of the ionized
electrons also increases with the gas pressure, thus enhances
the plasma effect. The dispersion caused by the free electron
leads to the phase mismatch, which is hard to be compensated
by other terms. Therefore, the gas pressure should be well
optimized to balance these two factors.

The free-electron dispersion also leads to the
reshaping[24] of the fundamental field at high gas pressure and
long propagation distance. In Fig. 3 we show the waveform of
the driving laser at the entrance and the exit of the gas medium
for gas pressure at 30 Torr and 50 Torr. For each gas pressure,
the phase shift increases with the length of gas medium. For
the same gas medium, compared to 50 Torr, the phase shift of
the electric field is smaller at 30 Torr, especially around the
peak of the laser field at t = 0. The significant change of the
phase makes considerable phase mismatch at cutoff region,
leading to short coherent length at high gas pressure, which
is consistent with the result observed in the time-frequency
analysis.

The peak intensity of the fundamental field drops quickly
at high gas pressure due to the defocusing effect caused by the
plasma,[25] which will directly decrease the highest photon en-

ergy of the attosecond pulse. The cut-off frequency calculated

by }ωmax = Ip + 3.17Up = Ip + 3.17 eE2
0

4mω2 ,[26] where Ip is the
atomic ionization potential, and Up is the ponderomotive en-
ergy, at the exit of the gas medium as a function of the medium
length is shown in Fig. 3(c). For example, with the gas pres-
sure of 30 Torr and 6 mm gas medium, the cutoff order is above
37th. As the gas pressure increases to 50 Torr, the cutoff or-
der decreases to lower than 35th. This indicates that harmonics
with high photon energy is hard to be generated by long gas
medium at high gas pressure. The dispersion of the fundamen-
tal field also reduces the difference of peak intensities between
the neighboring half cycles. The change of waveform not only
causes more ionized electrons before the half cycle with max-
imum intensity around t = 0, but also reduces the difference
of the highest photon energy of the neighboring half cycles,
making it difficult to select a continuum spectrum by using
amplitude gating. In conclusion, the high free electron density
at high gas pressure leads to the defocusing and dispersion of
the driving laser waveform, further results in the phase mis-
match as well as the narrowing of the continuum spectrum at
the cutoff frequency in a long propagation distance.

The absorption of generation medium is another factor
limiting the intensity of generated IAP. The absorption length,
defined as the distance over which the intensity of harmon-
ics decreases to 1/e of its initial value,[21] changes with the
gas density and the photon energy. When the length of gas
medium is comparable to the absorption length, the absorption
effect can not be neglected. Table 1 shows the corresponding
absorption length at 30 Torr and 50 Torr for the different pho-
ton energies in the cutoff region. The absorption length de-
creases with the photon energy and gas pressure. At the gas
pressure of 50 Torr, the absorption length is only half of that at
30 Torr for the same photon energy. Thus, for the gas medium
longer than 7 mm, the generated attosecond pulse at the en-
trance is strongly absorbed before arriving at the exit, decreas-
ing the efficiency of IAP generation. Furthermore, the absorp-
tion of harmonics in Ar increases with the photon energy at
the range from 50 eV to 70 eV, close to the calculated cutoff
region. As a result, the intensity of high harmonics with high
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photon energy decreases faster than the low-energy part along
the gas medium at higher pressure. The strong absorption of
the high-energy photons further suppresses the radiation over
the continuum range at high gas pressure.

Table 1. The absorption length at the cutoff photon energy.

Photon energy (eV) 54.25 60.45 69.75

Absorption length (mm)
P = 30 Torr 11.2 9.3 7.5
P = 50 Torr 6.7 5.6 4.5

The full width at half maximum (FWHM) pulse duration
is shown in Fig. 4. The GDD in the cut-off region at 30 Torr is
shown in Fig. 5, which is directly related to the shape and the
duration of the attosecond pulse in time domain.[27] For exam-
ple, at 30 Torr gas pressure, the GDD of the attosecond pulse
generated by 2 mm gas medium is close to zero from 62 eV to
87 eV. The fluctuation of GDD from 55 eV to 62 eV is caused
by the interference between the attosecond pulses generated in
the neighboring half cycles,[28] which means it is not a clean
IAP in that spectral range. In this case, there are two neigh-
boring pulses generated before and after the main attosecond
pulse. In the temporal domain, the amplitude of the prepulse
is about 14% of the main pulse, and the amplitude of the post-
pulse is about 28%. In order to optimize the amplitude ratio
of the main pulse to the neighboring pulses to more than 10:1,
the selected spectral range should be decreased from 58 eV
to 87 eV, corresponding to the pulse duration of 277 as with
85% of the original amplitude. The attosecond pulse with the
minimum pulse duration is generated in 4 mm gas medium at
30 Torr. Compared to the case of 2 mm medium, the range
of the continuum spectrum with GDD closed to zero expands
from 59 eV to 84 eV. The amplitude ratio of the main pulse
and the neighboring pulses is about 9:1, which is acceptable
for the applications of IAP.
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Fig. 4. The pulse duration at the exit of gas medium for different gas
pressure from 20 Torr to 50 Torr. Other parameters are same as those in
Fig. 1.

The extension of the continuum region benefits the gen-
eration of shorter attosecond pulse. For 6 mm gas medium,
although the pulse duration increases a little due to the de-
crease of the cut-off frequency, the fluctuation of GDD is less
than 3 fs2 in the whole spectrum from 55 eV to 84 eV, which
means that the attosecond pulse is well compressed and the

pulse duration is close to the Fourier transform limit. In the
case of 8 mm gas cell, the interference between the attosecond
pulses leads to the strong modulation of spectral phase, mak-
ing it difficult to generate IAP. The FWHM of the IAP gener-
ated at 30 Torr using 6 mm gas medium is 298.5 as, which is
close to the minimum one of 271.5 as.
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Fig. 5. The group delay dispersion on axis at the cut-off region at the
gas pressure of 30 Torr generated by (a) 2 mm, (b) 4 mm, (c) 6 mm, (d)
8 mm gas medium.

4. Conclusion and perspectives
In conclusion, we theoretically investigate the phase-

matching effect of IAP generation in argon. The maximum
peak intensity is achieved by using 6 mm gas medium at the
gas pressure of 30 Torr, which is more than doubled compar-
ing with the case of 1–3 mm gas medium usually used in the
experiment. Using the time-frequency analysis, we show that
better phase-matching condition can be fulfilled by combining
the optimized gas pressure and medium length, especially in
the cutoff region. The corresponding pulse duration for the op-
timized phase-matching condition is also calculated, which is
slightly longer than the minimum case. Our simulation proves
that it is efficient to enhance the IAP intensity by using longer
gas medium with optimized pressure. As real experimental
parameters were used in the calculations, our simulation result
provides a useful guidance for future experiments.
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