Chin. Phys. B Vol. 24, No. 10 (2015) 103203

Role of elastic scattering in high-order above threshold ionization™
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We investigate the target and intensity dependence of plateau in high-order above threshold ionization (HATI) by
simulating the two-dimensional (2D) momentum distributions and the energy spectra of photoelectrons in HATT of rare gas
atoms through using the quantitative rescattering model. The simulated results are compared with the existing experimental
measurements. It is found that the slope of the plateau in the HATI photoelectron energy spectrum highly depends on the
structure of elastic scattering differential cross section (DCS) of laser-induced returning electron with its parent ion. The
investigations of the long- and short-range potential effects in the DCSs reveal that the short-range potential, which reflects
the structure of the target, plays an essential role in generating the HATI photoelectron spectra.
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1. Introduction

High-order above threshold ionizations (HATIs) of atoms
and molecules in intense laser pulses have been extensively
studied for more than two decades. The photoelectron energy
spectra of HATTI are characterized by a plateau following the
low energy spectra which decreases exponentially as the en-
ergy increases. The plateau starts from (3—4)U,, where U, is
the ponderomotive energy, and ends at a cutoff energy of 10U,,.
The essential physics behind the production of a plateau has
been revealed by the rescattering model!'-?! in which the HATI
plateau has been explained as being due to electrons returning
to the parent ion during the ionization process and rescattering
elastically with it. It has been well established that the differ-
ential cross section (DCS) of elastic scattering between free
electron and atomic ion can be extracted from the HATI pho-

B3~71 Furthermore, Xu et al.l8!

toelectron momentum spectra.
demonstrated that with the implementation of a genetic algo-
rithm, atomic potentials can be retrieved from the DCSs. Re-
cently, with the development of attosecond science, the HATI
process has attracted more attention since the laser-induced
electron diffraction can be used to image atomic and molec-
ular structures with subangstrom precision and exposure time
of a few femtoseconds. [*~!1]

Despite the fact that all the photoelectron energy spectra
of HATI exhibit a plateau structure, the flatness of the plateau
depends on the targets and laser parameters. A lot of theoret-
ical efforts have been devoted to the simulations of the HATI
spectra. Generally, two kinds of numerical methods are used.
The first one is to solve the time-dependent Schrodinger equa-
tion (TDSE) within the single-active electron approximation.

However, the TDSE calculations are very time-consuming and
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very computationally demanding for long pulses at high in-
tensities. This makes the implementation of TDSE extremely
restricted. As a consequence, the TDSE calculations are not
adequate for the simulations of real experiments. In addition,
even if the numerical solutions of the TDSE can be carried out,
the insight into physics is hidden although the results provide
an accurate and general view of the HATI processes, and the
explanation for the origin of specie and laser parameter de-
pendence of the flatness of the plateau is not clear. The other
theoretical model is based on the strong field approximation
(SFA) which was originally proposed for the direct ionized
electrons!'>7141 and later on, was generalized to account for
the rescattering of the returning electrons with the parent ion
by including the interaction with the binding potential within
the first Born approximation.!'>! The SFA model is of great
interest for analyzing the features of intense laser—atom inter-
actions since the information about the direct and rescattering
electrons can be obtained separately. Unfortunately, the first
Born approximation is only exact for a pure Coulomb poten-
tial. This implies that except for hydrogen atoms (or hydro-
genic ions), the calculated results of SFA cannot be used to
compare with experimental measurements directly.

The limitation of the SFA model on accurate simulations
of HATTI spectra was removed by Chen et al. who proposed
a quantitative rescattering (QRS) model.>®) While still main-
taining the philosophy of SFA, the QRS model treats the two-
dimensional (2D) momentum distributions of photoelectrons
as the product of a returning electron wave packet with the
elastic DCS for free electrons scattering with the target ion.
In the QRS model the elastic DCSs are calculated by using
the standard potential scattering theory in which the scatter-

*Project supported by the National Natural Science Foundation of China (Grant No. 11274219), the STU Scientific Research Foundation for Talents, and the
Scientific Research Foundation for the Returned Overseas Chinese Scholars, State Education Ministry, China.

fCorresponding author. E-mail: chenzj @stu.edu.cn
© 2015 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

103203-1


http://dx.doi.org/10.1088/1674-1056/24/10/103203
mailto:chenzj@stu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 24, No. 10 (2015) 103203

ing wave functions are evaluated numerically by solving the
Schrodinger equation where the optimized single-active elec-
tron potential including short-range contributions is used. This
treatment makes the QRS model far beyond the SFA model.

In this paper, we employ the QRS model to simulate the
HATI photoelectron spectra for rare gas atoms and investigate
the origin of the target dependence of plateau flatness. The
long-range and short-range potential effects are also discussed.
Atomic units (a.u.) m, = h = e = 1 are used throughout the pa-
per unless otherwise indicated.

2. Theory
2.1. The QRS model

The basic theory of the QRS model has been presented in
detail in Refs. [6] and [16]. Here we only give a brief review.

According to the QRS model, when an atom is singly ion-
ized by an intense linearly polarized laser field with intensity
I, the yield of photoelectron with momentum p can be repre-
sented as

y([,p) = W(I,kr)d(k,, 0r)7 (D

where o(k;,6,) is the DCS for a free electron with momen-
tum k, elastically scattered, with the parent ion, at an angle
6, with respect to the direction of the returning electron beam
whose flux is described by the wave packet W(I,k,). In the
momentum space, the scattering center is located at — A, in
the z axis along which the polarization of laser field is taken
to be, where A, is the vector potential at the time when elec-
trons return to the origin. This scattering process is illustrated
in Fig. 1. The photoelectron momentum p and the momentum
k, of the returning electron after scattering are related by

b= k,—A,. 2

Furthermore, to obtian the one-to-one relation between p and
k, one needs to use

k= 1.26/A,]. 3)

Equation (3) is established based on the classical simula-
tions. 6]

The factorization property presented in Eq. (1) reflects
the inherent merit of the QRS model which allows one to
extract the DCSs directly from the measured 2D momen-
tum distributions since the wave packet depends only on the
laser field. The QRS model has been widely used to simu-
late the HATI spectral®16:18-201 a5 well as the correlated mo-
mentum spectra for nonsequential double ionization in strong
laser fields!?!"??! and also has been successfully used to ex-
tract the DCSs for elastic electron scattering off positive ions
of rare gases from the experimental HATT data.>%?3 How-
ever, it should be noted that equation (1) was originally pro-
posed as a plausible conjecture with no theoretical derivation.

The derivation of the factorization formula was accomplished
later by Cerki¢ er al.!”]

A Dy

k,
0 0, Dz

O 7Ar On

>
Direction of returning electron

Fig. 1. (color online) Illustration of the elastic rescattering processes in the
momentum space for the case in which the returning electron revisits the
parent ion along —Z, which is cited from Ref. [17].

The details for the calculations of the wave packet
W(I,k,) in Eq. (1) are given in Ref. [6]. It should be empha-
sized that the wave packet does not depend on the scattering
angle. This indicates that the wave packet can be calculated at
any single scattering angle 6, for 6, > 120°. This property of
the wave packet greatly saves the computation time. It turns
out that it is even faster to simulate the 2D momentum distri-
butions of the HATT photoelectrons by using the QRS model
than by using the SFA in which the wave packet is calculated.

We use standard potential scattering theory to calculate
the elastic scattering DCSs, and the details can also be found
in Ref. [6]. As is well known, the effective single electron po-
tential plays a crucial role in calculating the DCSs. For elastic
scattering of free electrons with target ions He™, Ne™, Ar™,
and Xe™, the potential used in this paper takes the following

form![24

Zet+aje 2" +azre " +ase %"
V(r) = — < ) (4)

r

where Z. is the charge seen by the active electron asymptoti-
cally and the parameter g;’s are obtained by fitting the calcu-
lated binding energies from this potential to the experimental
ones of the ground state and the first few excited states.!?*! The
parameters for He, Ne, Ar, and Xe are given in Table 1.

For Kr, the parameters in Eq. (4) are not available. In-

stead, we use the potential presented by Garvey et al.,!>!

V(r) :_M, 5)

r

where Z is the nuclear charge and ¢(r) is the screening func-

tion
1
(m/&)(esr—1)+1

The parameters 1 and & in Eq. (6) are determined by using the

c(r) =

. ©6)

ab initio energy-minimization procedure. For Kr, n = 4.29
and & = 1.351.
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Table 1. Atomic parameters used in the model potential.

Target Zc ag a as a4 as ag
He 1.0 1.2307 0.6620 —1.3250 1.3262 —0.2307 0.4804
Ne 1.0 8.0693 2.1481 —3.5696 1.9855 0.9307 0.6019
Ar 1.0 16.039 2.0074 —25.543 4.5246 0.9614 0.4426
Xe 1.0 51.356 21116 —99.927 3.7372 1.6445 0.4306
2.2. Focus volume effect 3.1. He

The simulated results by employing the procedures de-
scribed in the above subsection may not be used to compare
with the experimental data directly without taking into account
the focus volume effect. This is due to the fact that the in-
tensity distribution of a focused laser beam is not uniform in
space. Since the HATI electrons collected in experiment origi-
nate from atoms located everywhere in the interaction volume
and consequently experience different peak intensities, the in-
tegration over the focus volume should be performed by find-
ing the volume of each isointensity shell

Yltop) = [ Y(a(r).p)av = /0 I°y<1,p)‘f%d1, %)

where I is the peak intensity of the laser field. For a laser
beam with Lorentzian distribution in the propagation direction
(z) and Gaussian distribution in the transverse direction (p)

ey 2p
’°w2<z>‘”‘p< aﬂ(z))’

o(z) = o[+ (z/20)*]'?, ©9)

where 2@y is the 1/e-folding diameter of the focal spot, and

1(p,z) ®)

with

70 = e /A is the Rayleigh range of the focus, the volume of
an isointensity shell between I and 7+ dI is given by!%0]

AT 7'520(1)3{4(61;C2) 2(0?9—03)

al

fg[tan_l(cl) tan_l(cz)]}, (10)

where ¢; = [(Ip —1)/1)'/? and ¢; = {[ly — (I + dI)]/(I +
dI)}l/Z. Since the DCS o (k;, 6,) in Eq. (1) does not depend
on laser parameters, equation (7) can be rewritten as

y(lo,p) :W(kr)c(kraer)v (11)
where
_ Io A%
W(k,) :/0 W(I,kr)—ldl. (12)

3. Results and discussion

In this section, we analyze the relationship between the
target and the intensity of the HATI plateau by comparing the
simulated results for rare gas atoms using the QRS model with
the experimental measurements.

Among all the rare gas atoms, helium has the largest
binding energy. Usually, laser pulses at higher intensities are
used for helium in experiment than for other rare gas atoms.
Sheehy et al.’>”) performed high precision measurements of
HATT photoelectron distributions for single ionization of he-
lium by 120-fs laser pulses with a wavelength of 780 nm at
intensities of 0.8 pW/cm? and 1.0 pW/cm?. These data pro-
vide a direct quantitative test of various theories of strong-
field ionization. In Fig. 2 the simulated results obtained by
using the QRS model, with the focal volume effect taken into
account, are compared with the experimental measurements.
Figures 2(a) and 2(b) show the simulated results at two dif-
ferent peak intensities, one corresponds to the peak intensity
estimated by the experimentalists, which obviously overesti-
mates the yield of photoelectrons at high energies, and the
other one corresponds to an intensity about 20% lower than
the estimated one but gives the best overall agreement with
experimental results. This indicates that the real peak inten-
sities of the laser pulses used in experiment are about 20%
lower than the estimated ones. This is not surprising since in
experiment the calibration for peak intensity was corroborated
by a spot size measurement and is accurate to approximately
25%.1271 Tt should be noted that the measured spectra at en-
ergies above 350 eV in Fig. 2(a) can be ignored since they
exhibit an unexpected greatly increased yield followed by a
fast drop and another abrupt jump. This phenomenon conflicts
with the general behavior of the HATT spectra.

Based on the comparison between the theoretical simula-
tions and the experimental measurements, from now on, it is
reasonable to take the peak intensities for laser pulses used in
the experiment to be 6.5x10'* W/cm? and 8.0x 10'* W/cm?
in Figs. 2(a) and 2(b), respectively.

To show the effects of focal averaging in the numerical
simulations, in Fig. 3 we plot the intensity dependences of
the original ionization yield and the weighted ionization yield
for single ionization of He in a 120-fs pulse with a wave-
length of 780 nm at peak intensities of 6.5x 104 W/cm? and
8.0x10'* W/cm?, respectively. The original ionization yield
for each single intensity is obtained from the modified ADK
model.[>*] The weighted ionization yield, which is a prod-
uct of the original ionization yield and the focal volume el-
ement, represents the real differential intensity contributions
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for the final focal volume-averaged photoelectron spectra. It
can be seen from Figs. 3(a) and 3(b) that both the contribu-
tions from the low intensity region below 2.5x10'* W/cm?
and the high intensity region close to the peak intensity are
very small. In the intensity distribution of weighted ioniza-
tion yield, the peak position corresponds to the dominant in-
tensity which makes the largest differential intensity contri-
butions. The dominant intensities for the peak intensities of
6.5x10'"* W/cm? in Fig. 3(a) and 8.0x 10'* W/cm? in Fig. 3(b)
are 5.9x10'* W/cm? and 7.0x 10'* W/cm?, respectively.
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Fig. 2. (color online) Comparison of angle-integrated photoelectron en-
ergy spectra of the QRS model including the focal volume averaging
and the experimental measurements of Sheehy e al.[>”) for single ion-
ization of He in a 120-fs pulse with a wavelength of 780 nm at peak in-
tensities of (a) 8.0x10'* W/cm? and (b) 10.0x10'* W/cm?2. The QRS
results are shown for energies above 3Up,—4U,. The QRS spectra are
relative and normalized to the experimental data at high energies. See
text.
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Fig. 3. (color online) Intensity dependences of the weighted ionization
yield (solid curve, left vertical axis) and the ionization yield (dotted
curve, right vertical axis) for single ionization of He in a 120-fs pulse
with a wavelength of 780 nm at peak intensities of (a) 6.5x 10'* W/cm?
and (b) 8.0x10' W/cm?2. See text.

The intensity dependences of the weighted ionization
yield shown in Fig. 3 clearly indicate that simulated results

without performing the focal volume averaging can never
reach good agreement with the experimental measurements.
This is confirmed by the comparison of the QRS results with-
out taking into account the focal volume effects at peak and
dominant intensities with the experiment, which is shown in
Fig. 4. One can see that the simulated results at both peak and
dominant single intensities produce a flatter plateau and those
at peak intensities predict higher-energy electrons than exper-
imental results. Nevertheless, despite the discrepancies, the
dominant intensity is a better choice than the peak intensity if
a single intensity is preferred.
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Fig. 4. (color online) Comparison of angle-integrated photoelectron
energy spectra of the QRS model for single intensity only without in-
cluding the focal volume averaging and the experimental measurements
of Sheehy et al.'*”! for single ionization of He in a 120-fs pulse with a
wavelength of 780 nm at peak intensities of (a) 8.0x 10'* W/cm? and
(b) 10.0x10' W/cm?. The QRS results are shown for energies above
(3-4)U,. The QRS spectra are relative and normalized to the experi-
mental data at high energies. See text.

Sheehy et al.l*’l also performed semiclassical calcula-
tions based on the rescattering model which includes a de-
scription of a field-driven electron elastically scattered from
an accurate ion core potential and a pure Coulomb potential
as well for the peak intensity of 8.0x10'* W/cm?, while for
10.0x10'* W/cm? only the results incorporating rescattering
from the full He™ potential were presented. In Fig. 5, the
calculated results of Sheehy ez al.!*’! are plotted to compare
with the corresponding QRS simulations along with the ex-
perimental measurements. The same as the QRS results, the
calculations of Sheehy et al. also include focal volume averag-
ing. However, it should be noted that the peak intensities used
in the present simulations are different from those of Sheehy
et al. We use 6.5x10'* W/cm? and 8.0x10'* W/cm? as the
peak intensities in Figs. 5(a) and 5(b) respectively due to the
reason discussed before. Again, by comparing the semiclas-
sical results from the full potential of He™ (broken curves),
one can see clearly that Sheehy et al. overestimated the peak
intensities used in the experiment. Furthermore, the slope of
the HATT plateau observed in the experiment is quite different
from that predicted by the semiclassical model.
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Fig. 5. (color online) Comparison of angle-integrated photoelectron en-
ergy spectra of the QRS model, calculated with the full potential of He™
and the pure Coulomb potential only including the focal volume aver-
aging, and the experimental measurements and the semiclassical simu-
lations of Sheehy er al.[>”) for single ionization of He in a 120-fs pulse
with a wavelength of 780 nm at peak intensities of (a) 8.0x 10'* W/cm?
and (b) 10.0x10'" W/ecm?. The QRS results are shown for energies
above 3U,—4U,. The QRS spectra calculated with the full potential of
He" and the pure Coulomb potential only are relative and normalized
to the experimental data at high energies with the same factor. See text.

It has been well established that both the height and the
shape (slope) of the simulated HATT plateau depend on the ion
core potential used in the calculations. The theoretical results
of Sheehy et al. using the pure Coulomb potential only, shown
in Fig. 5(a) (chain curve), are about one order of magnitude
smaller than those with using the full potential while the slope
remains almost the same. The difference between the present
QRS simulations with the full potential (black solid curves)
and the pure Coulomb potential (dotted curves) is similar in
both Figs. 5(a) and 5(b). This difference actually results from
the DCSs for electron elastic scattering with the two potentials.

Figure 6 shows the 2D DCSs as a function of the scat-
tering angle and the momentum magnitude of electrons elas-
tically scattered with the full potential of He™ and the pure
Coulomb potential, respectively. The ranges of the scatter-
ing angle and the momentum magnitude plotted in Fig. 6 are
chosen according to the DCSs which contribute to the HATI
spectra in the region from 3U, to 12U, for the cases consid-
ered here. The full potential of the ion core consists of the
long-range pure Coulomb potential —Z. /r and the short-range
potential which carries the structure information of the tar-
get atoms. Unfortunately, for He, both the angular and the
momentum distributions of the DCSs of the full potential in
Fig. 6(a) are monotonic and structureless, which are similar to
those of the pure Coulomb potential in Fig. 6(b). This explains
why the slopes of the simulated plateau with the two potentials
are almost the same. On the other hand, the smaller DCSs
of the pure Coulomb potential, compared with those of the

full potential, explain why the corresponding simulated HATI
plateau is lower than that with the full potential.
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Fig. 6. (color online) 2D DCSs for elastic scattering of electrons with
(a) the full potential of He™ and (b) the pure Coulomb potential.
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Fig. 7. (color online) Comparison of the angle-resolved photoelectron en-
ergy spectra of the QRS model and the semiclassical simulations as well as
the experimental measurements of Sheehy er al.!>”) for single ionization of
He in a 120-fs pulse with a wavelength of 780 nm at the peak intensity of
8.0x10'* W/cm? at angles of (a) 0°, (b) 20°, (c) 40°, and (d) 70°. See text.

In Fig. 7, we show the comparison of the angle-resolved
photoelectron energy spectra of the QRS model and the semi-
classical simulations as well as the experimental measure-
ments of Sheehy er al.’>’! for single ionization of He in a
120-fs pulse with a wavelength of 780 nm at the peak in-
tensity of 8.0x10'* W/cm? and angles of 0°, 20°, 40°, and
70°. The peak intensity taken in the QRS simulations is
6.5x10'"* W/cm?. Again, in both the present QRS and the
semiclassical simulations of Sheehy ez al.!?’! the focal volume
averaging is included. For the QRS results, only the photo-
electron spectra at energies above 100 eV are shown. The
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QRS spectra are renormalized to the experimental data with
a fixed factor for all outgoing angles. In general, the experi-
mental measurements are well reproduced by the QRS simu-
lations while the semiclassical model predicts a flatter HATI
plateau again. However, it should be noted that the QRS over-
estimates the photoelectron yield for 40°, which might imply
that the outgoing angle of the photoelectron is actually smaller.
In addition, for 70°, the maximum photoelectron energy is less
than 4U,,, which means that the comparison between the QRS
and experiment is meaningless.

3.2. Ne, Ar, Kr, and Xe

The experiments performed by Paulus et al.?®! are ex-
clusively suitable for the purpose of this paper to investigate
the target and intensity dependence of the plateau in HATI. In
Ref. [28], the photoelectron energy spectra for the rare gas
atoms He, Ne, Ar, Kr, and Xe in strong laser pulses were
measured. While focusing on demonstrating that the plateau
is a general property in the HATI photoelectron distributions,
Paulus et al. did not discussed much about the target and in-
tensity dependence of the plateau.

The target dependence of the plateau is illustrated in
Fig. 8 which shows the experimental measurements of Paulus

(28] for single ionizations of Ne, Ar, Kr, and Xe in a 40-

et al.
fs pulse with a wavelength of 630 nm at a peak intensity of
2.0x10'" W/cm?. The corresponding angle-integrated photo-
electron energy spectra of the QRS model are also plotted for
comparison in Fig. 8. Interestingly, all the simulated results
with using the same peak intensity as that claimed in Ref. [28]
produce higher electron yields in HATI spectra than experi-
mental results. Nevertheless, generally good agreement with
the experimental measurements can always be obtained when
a smaller peak intensity is used in the numerical simulations
except that for Ar the QRS model fails to reproduce the en-
hanced distributions between 20 eV and 40 eV observed in the
experiment. It should be noted that the experimental measure-
ments for He at 3.0x 10'* W/cm? in Ref. [28] are not shown
here since the spectra above 4U,, are not available.

It can be seen clearly from Fig. 8 that the slope of plateau
exhibits substantial differences between the various rare gases.
Since the wave packets are target-independent,®! the differ-
ence in the slope of plateau can only be attributed to the DCSs
for different target ions. These DCSs are shown in Fig. 9.
It should be noted that compared with the DCSs for He™ in
Fig. 6, the DCSs for all the ions from Ne™ to Xe™ have much
more structures. This structure feature is solely attributed to
the short range potential and very useful for one to identify the
target. To understand better how the DCSs affect the slope of
the plateau, we also show the simulated 2D photoelectron mo-
mentum distributions in Fig. 10, from which the plateaus are
obtained by integrating over the angle.
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Fig. 8. (color online) Comparison of the angle-integrated photoelectron en-
ergy spectra of the QRS model including the focal volume averaging and the
experimental measurements of Paulus et al.'28] for single ionizations of (a)
Ne, (b) Ar, (c¢) Kr, and (d) Xe in a 40-fs pulse with a wavelength of 630 nm.
The peak intensity claimed in experiment for all atoms is 2.0x 104 W/cm?
while for QRS the simulated results at two different peak intensities for each
atom are plotted. The QRS results are shown for energies above 3U,—4U,.
The QRS spectra are relative and normalized to the experimental data at high
energies. See text.
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Fig. 9. (color online) Two-dimensional DCSs for elastic scattering of elec-
trons with the full potentials of (a) Ne*t, (b) Ar™, (c) Kr', and (d) Xe™.

Among the rare gas atoms from Ne to Xe, the DCSs for
Xe™ have the most abundant structures. The DCSs for Ar™
and Kr' are similar, each of which has a very sharp distribu-
tion at the smallest momentum and the largest scattering an-
gle and drops very quickly as the momentum increases. As
a result, the 2D momentum distributions for Ar and Kr in
Figs. 10(b) and 10(c) decrease dramatically as the momentum
and the outgoing angle of photoelectron increase. (Since the
2D momentum distributions are symmetric about k, = 0 for
long pulses, one only needs to consider the part for k, > 0.)
Consequently, the HATT photoelectron energy spectra for Ar
and Kr in Figs. 8(b) and 8(c) each exhibit a deep slope. The
plateau of Ne in Fig. 8(a) is nearly flat for a certain range of
photoelectron energy due to the fact that the elastic scattering
of electron with Ne™ has very large backward scattering DCSs
at large scattering angles close to 180° for all the momenta in
the range considered here. In addition, the DCSs almost re-
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main the same value as the momentum changes for large scat-
tering angles. This is why the 2D momentum distributions for
Ne in Fig. 10(a) are strong at large momenta and small out-
going angles (corresponding to large scattering angles) which
make substantial contributions to the yields at large photoelec-

tron energies. Finally, the plateau of Xe in Fig. 8(d) even ex-
hibits a slight increase for the range of photoelectron energies
between 35 eV and 55 eV. This is because of the peak in the
DCSs for Xe™ in the middle of momentum at large scattering
angles close to 180°.
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Fig. 10. (color online) Logarithmic 2D photoelectron momentum distributions of the QRS model including the focal volume averaging
for single ionization of rare gas atoms in a 40-fs pulse with a wavelength of 630 nm at the peak intensities of (a) 1.6x10'* W/cm?
for Ne, (b) 1.6x 10 W/cm? for Ar, (¢) 1.1x10' W/cm? for Kr, and (d) 1.7x10'* W/cm? for Xe. The QRS results are shown for

energies above 3U,.
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Fig. 11. (color online) Comparison of the angle-integrated photoelec-
tron energy spectra of the QRS model including the focal volume aver-
aging and the experimental measurements of Paulus e al.[*! for single
ionization of Ar in a 40-fs pulse with a wavelength of 630 nm. The
long curves represent the experimental data and the short ones start-
ing from 4U,, denote the QRS simulations. The curves are separated in
the vertical direction for visual convenience. From top to bottom, the
laser peak intensities estimated in Ref. [28] for experimental measure-
ments are 4.4x10' W/em?, 2.4x10' W/em?, 1.2x10'* W/em?, and
0.6x 10" W/cm?, while the corresponding peak intensities used in the
simulations are 2.9x 10'* W/cm?, 1.7x10'* W/cm?, 1.1x10'* W/cm?,
and 0.6x 10" W/cm?, respectively. The QRS results are normalized to
the experimental data individually at high energies to obtain the best fit.

It should be mentioned that the explanation of the exper-
imentally measured enhancement in the HATT spectra around
4U, for Ar in Fig. 8(b) is beyond the reach of the QRS model.
Nevertheless, the subject about the enhanced spectra in HATI
for rare gas atoms has attracted a lot of investigations both

experimentally?®! and theoretically 3%

although no consensus
has been reached so far.

We now turn to the intensity dependence of the HATI
plateau. In Fig. 11 we plot the experimental measurements
of Paulus et al.!?8! for single ionization of Ar in a 40-fs pulse
with a wavelength of 630 nm at different peak intensities
compared with the QRS simulations. Again, except for the
resonance-like enhancement observed at the beginning of the
HATT plateau, agreement between the experimental data and
the theoretical simulations is generally fairly good if the es-
timated peak intensities in the experiment are adjusted. One
can see from Fig. 11 that the plateau becomes flatter with in-
creasing intensity. The same as before, the change of slope of
the HATI plateau can be explained by the change of the DCSs
shown in Fig. 12. At first glance, the structures of the DCSs
in Figs. 12(a)-12(c) corresponding to the peak intensities of
0.6x10'* W/cm?, 1.1x 10" W/cm?, and 1.7 x10™ W/cm? re-
spectively are almost the same. However, with a more careful
look, one can find that the DCSs decrease more slowly as the
momentum of the scattering electron increases from Fig. 12(a)
to Fig. 12(c). Despite the change of structure, among all the
cases in Fig. 12, the DCSs in Fig. 12(d) exhibit the smallest
decrease in the momentum range from 1.0 to 1.6, and further
more, the scattering electron experiences relatively the largest
DCSs at large scattering angles close to 180°. This is the rea-
son why the plateau at the highest peak intensity considered
here is flattest.
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Fig. 12. (color online) 2D DCSs for elastic scattering of electrons with the
full potential of Ar" at large scattering angles of 110°~180°. The incident
electron momenta are (a) 0.45-0.75, (b) 0.60-1.00, (¢) 0.75-1.20, and (d)
1.00-1.60, corresponding to the high-energy plateau regions for the peak
intensities of 0.6x10™* W/em?, 1.1x10'* W/em?, 1.7x10' W/em?, and
2.9x10'* W/cm?, respectively.

4. Conclusions

In this work, we perform the QRS simulations for the
HATI spectra and analyze the target and intensity dependence
of the HATT plateau. The key merit of the QRS model is that
the returning of electrons to the parent ion in the ionization
process and the subsequent rescattering of the returning elec-
trons with the parent ion are treated separately. The momen-
tum distributions of the returning electron are described by the
wave packets which have been found to be independent of the
laser parameters while the rescattering can be regarded as to-
tally laser-free. The returning electron wave packets can be
obtained by the SFA. The accuracy of the QRS results highly
depends on the method used to calculate the rescattering dif-
ferential cross sections.

It is found that the elastic scattering of the laser-induced
returning electron with its parent ion plays a significant role in
the HATT process, and the difference in HATI plateau is mainly
due to the elastic scattering DCSs. The simulated results with
full potential of the target ion and the pure Coulomb potential
only clearly reveal that the short range potential should always
be included, especially for the rare gas atoms other than He.

The philosophy of the QRS model allows one to apply
it to all laser-induced rescattering processes, such as high-
order harmonic generation and nonsequential double ioniza-
tion. Furthermore, it has already been demonstrated that the
QRS model can be employed to extract atomic and molecular
structures. However, the fact that the present QRS model does

not include the effect of the resonance-like enhancements in
HATT spectra indicates that the QRS model still has room for
improvement.
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