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Interpretation of momentum distribution of recoil ions from laser-induced nonsequential double
ionization by semiclassical rescattering model
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Using a semiclassical rescattering model, the momentum distribution of recoil ions from laser-induced
nonsequential double ionization is obtained and the result is consistent with the experiment reported recently.
We show that the characteristic double-hump structure of the recoil momentum distribution of’théoHe
parallel to the polarization axis is just the consequence of the rescattering dynamic of nonsequential double
ionization and the acceleration of the ions in the laser field.
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The study of the interaction of atoms with intense laserenergies beyond 1 keY22]. The rescattering process has
fields has led to a comprehensive understanding of the noralso been proposed to explain NS double ionization, first by
linear physics in the underlying dynamics of ionized elec-Corkum[3]. In this model, the second electron is ionized in
trons[1]. This advance was driven by significant progress ina collision with the first electron hitting its parent ion after
both experimental and theoretical capabilities. The recognifree propagation during about half an optical cycle in the
tion of the rescattering process and its leading to phenomensyternal laser field. Becker and Faisal proposed a “correlated
[2—4] was one of the most important steps in a completénergy sharing” model based on a so-called intense-field
understanding of the atom in laser fields. In fact, this think-many_hodySmatrix theory derived by a rearrangement of
ing merely comes from a simple quasiclassical notion: Oncey, . \isualS-matrix seried15,23. This model includes short-
an electron in a strong field has undergone a transition int(ﬁme electron correlatiofiTS1) and the rescattering mecha-
continuum from its initial bound state, its motion is domi- nism
nated by its interaction with the laser field. In the case of a Récently, the measurements of the distributions of the re-

linearly polarized field, a majority of these electrons will be _ . :
driven back into the vicinity of the ion core and undergo 90" momentum of double charged H24] and Ne[25] ions

elastic or inelastic scattering, or be recaptured into the" the NS regime have been reported by two groups. There

ground state by emitting a high-energy photon. This procesgre several prominent features observed in both tr_]e gxperi—
is the so-called rescattering process. Now, it is commonl)}“ents; _Flrst, a remarkable.bro.ad dogble-hump d|st_r|but|on at
believed that rescattering is responsible for many unusudNténsities near the saturation intensity fqr the recoil momen-
observations, such as the cutoff law in high-order harmonidum parallel to the polarization direction, and a narrow
generation, a p|ateau formed by high_order ATI peaksy an@ingle-hump distribution in the perpendicular direction; and
the singular angular distributions of the photoelectrons in théecond, there appears a cutoff recoil momentum in the par-
plateau regim¢2-10]. allel case, which is about\ﬂup in the case of Hg24],

In recent years, double ionization of He or Ne in intensewhere U, is the “ponderomotive energy,” i.e., the mean
laser fields has gained more and more attention. It is welbscillation energy of a free electron in the laser field. It is
known that double ionization can occur either by a stepwisdelieved that these characteristic features of the measured
process or by a so-called nonsequentid$) process. It is recoil momentum of the doubly charged ions can provide a
commonly accepted that in the stepwise process that occutsst of the various models of NS double ionization. It has
mainly above the saturation intensity for the single ionizationbeen pointed out ifi24] that the measured & momentum
(the intensity at which the neutral target atoms are fully de-distributions are not consistent with that expected from the
pleted in the interaction volumethe electrons are ionized rescattering model. It is very interesting that, in contrast, the
sequentially; i.e., its probability is characterized by the inde-authors of{ 25] pointed out that, among the models, only the
pendent product of the probability of single ionization of the kinematics of the rescattering mechanism is in accordance
neutral atoms and that of the singly charged ions. In contrastyith their experiment data.
the mechanism of NS double ionization that occurs primarily In this paper, we calculate the recoil momentum of the
in the intensity domain near and below the saturation intendoubly ionized ions of He by using a semiclassical rescatter-
sity is still in debatd3,11-21. ing model similar to that of Corkurfi3]. The main purpose

Among the mechanisms that have been developed, thres this work is to see whether the rescattering model can give
of them are rather important. Fittinghaéf al. suggested that the distribution of the recoil momentum that is consistent
the second electron could be shaken off by a nonadiabatigith the experiment data.
change of the potential caused by the emission of the first First, we briefly present the semiclassical rescattering
electron[11]. This mechanism is known to dominate double model adopted in our calculations. The ionization of the first
ionization of helium after absorption of single photons with electron from the bound state to the continuous state is
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treated by the tunneling ionization theory generalized by De-  2° 0.16

lone and Kraino\26]. The subsequent evolution of the ion- 0144 ;

ized electron and the bound electron in the combined Cou- 7 (a) . (b):

lomb potential and the laser fields is described by a classicag ~ L M :

Newtonian equation. To emulate the evolution of the elec-'€ **7 o« LN 2 o101

tron wave packet, a set of trajectories is launched with initial > ) 5

conditions taken from the wave function of the tunneling § ™ & ° 3 0081

electron. e . L 0084

Evolution of the two-electron system after the tunnel ion- € 7 2

ization of the first electron is determined by the classical g y T 00

equations of motiorfin atomic unit$ © 50'_ . '. 0.024
or, A o s AT RIS o5 s araras s o
g EU=V(Vaet Veo) D p,. (a.u) (P, +Py) s (3:U)

Here E(t)=(0,0F(t)) is the electric field andF(t)
=F cost). The indices =1 and 2 refer to the tunnel ion-
ized and bound electron with ionization potentidls and
|52, respectively. The potentials are
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The initial condition of the first, i.e., the tunneling elec-
tron is determined by a equation including the effective po
tential given in Ref[27] and a generalized tunneling formula
obtained by Delone and Kraind26]. In parabolic coordi-
nates, the Schoinger equation for the first electron in a
uniform field e is written as
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The above equation has the form of a one—dimensionaﬁ

Schralinger equation with the potential (%)= —1/4y
—1/87°— en and the energK =| p1/4. The turning point,
where the electron burns at tintg, is determined byJ (%)
=K. In the quasistatic approximation, the above field param
eter e relates to the laser field amplitudgt) by e=F(t;).

The initial velocities are set to be,= 0,v,=v pe,COSE)
andv,=v,e,SiN(#). The weight of each trajectory is evalu-
ated by[26]

w(to rvper) =w(0)w(1),

4(21 py)?
€

w(0)= exp(—2(2|1 p1))¥%3e), (4)
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w(1)= exp(—vped 21 ) ),

The initial condition of the second, i.e., the bound elec-

FIG. 1. Distribution of the recoil momentum of Beions par-
allel to the polarization axisia) experiment;(b) dotted line, calcu-
lated result; solid line, after smoothing.

Compensated enerdy, advocated by Leopold and Per-
cival [29] is introduced by
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When an electron is ionized completely, the Coulomb poten-
tial is weak enough ané&. tends to be a positive constant
that is just the ATI energy in an ultrashort pulse laser.

Since the H&" recoil momentumpP, satisfiesP~ —(p;
+p,) under the condition of the experimej4], wherep;
and p, are momenta of the two ionized electrons, respec-
tively, we need to calculate the distribution of the momen-
tum of the two ionized electrons. The parameters in our
calculation are chosen dg;=0.9 a.u.(24.12 eV}, 1,=2
a.u.(54.4 eV}, F=0.141 a.u. [=6.6x 10** W/cn?) and w
=0.05642 ;=800 nm corresponding to the experiment
24]. In the first step of our computation X210° points are
andomly distributed in the parameter volumen/2< ¢,
<72 per>0 and 0< 0<27 where o= wty. The trajecto-
ries are traced until at last one electron has moved to such a
position thatr;>200. Finally, about 300 double-ionization
cases are found in our calculation. Then these cases are
traced untilt;= 13T to obtain the distribution of the momen-
tum of the electrons. In the calculation, the field strength is a
constant duringy<t<10T and is turned off in a cosine-
squared shape during the last three periods.

Figure Xa) shows the measured data for the recoil mo-
mentum of H&" parallel to the polarization axis, obtained
by Weberet al [24]. Figure 1b) shows the results of the
present calculationgDue to the symmetry of the field and
the small value of the Hé/He'" rate, we choose- /2
< ¢po<m/2 to search the double-ionization cases and calcu-
late the distribution. The final distributions shown in Figs.
1(b) and Zb) are obtained by reflecting the distribution rela-
tive to 0 and adding them togetheComparison between
these two figures shows that the essential features of the

tron is determined by assuming that the electron is in thexperimental distribution are reproduced qualitatively cor-

ground state of He" and its initial distribution is microca-
nonical distribution28].

rectly by our semiclassical rescattering model. Both distribu-
tions show a characteristic double-hump structure with a
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FIG. 2. Distribution of the recoil momentum of P& ions per-
pendicular to the polarization axisa) experiment;(b) dotted line,
calculated result; solid line, after smoothing.

p,, (a.u)

central minimum. The distributions of the perpendicular 4
component of the recoil momentum are shown in Fig. 2. The
essential features of the experimental distribution are again —————————
reproduced by the model. Both experiment and theory show 0 10 20 30 40 50 B0 70 80 S0 100
a single-hump structure with qualitatively the same width. t (a.u)
The calculated distribution of the parallel componghig.
1(b)] is found to be much broader than that of the perpen- FIG. 3. Typical trajectories of the tunneling electron that lead to
dicular one[Fig. 2(b)]. This is also consistent with the ex- double ionization(a) One whole typical trajectory(b) trajectories
perimental observation. near the ions.

To study the origin of the two-hump structure of the dis-
tribution present in the parallel case, we show the trajectoriedownward (corresponding to—T/4<t,<T/4 or T/4<t,
of the tunneling electron in Fig. 3. Figuréa® shows a typi-  <3T/4) and finally forms a two-hump structure with central
cal trajectory of the tunneling electron until the end of theminimum.
pulse and Fig. ®) shows several trajectories of the electron  During the work of this paper, we noted that Becker and
that is still near the nucleus and interacts with the nucleusaisal gave an interpretation of the experimental data by us-
and the bound electron strongly. It should be pointed out thaihg the “correlated energy sharing” model of the NS ioniza-
the sudden changes of the momenta in Fig. 3 indicate thgon [32]. A two-hump structure is also obtained by their
collisions between the tunneling electron, the bound electroryuantum calculations and is qualitatively consistent with the
and the nucleus. From Fig. 3, it can be concluded that thexperimental data. In our opinion, the consistency between
mechanism of the NS double ionization in the semiclassicalhe quantum theory and the semiclassical rescattering model

rescattering model can be expressed as the following. Firsls just because the “rescattering” process is also included in
the tunneling electron moves outward. When the direction othe “correlated energy sharing” model.

the field changes, the electron moves back to the ion and From Fig. 1, it is obvious that the distribution of the
interacts with the nucleus and the bound electron. Second, ffresent calculation is somewhat broader than the experimen-
the kinetic energy of the tunneling electron is large enoughal data, and the interval between the two maximums is also
when it comes back to the ion, the bound electron perhaplarger than that of the experimental data. These quantitative
can be ionized and moves outward together with the tunneldifferences could be due to the uncertainty in the intensity
ing electron. Thus, from the rescattering mechanism premeasurements, the momentum resoluti@d], and, maybe
sented above, the origin of the characteristic two-hump struomore important, that the semiclassical rescattering model is
ture of HE™ can be understood. For simplification, it can be known to overestimate the rescattering effect since the res-
assumed that only the electron that tunnels outj,ahas cattering process is treated classically without considering
enough kinetic energy to ionize the bound electron when ithe quantum effects; e.g., the diffusion of the wave packet.
moves back to the ion at timg (only consider—T/4<t,  Moreover, the simulation calculated here is different from
<T/4 according to the symmetry of the laser field as statedhe experiment in that only the tunneling electrons produced
above. It is also well known that the sum of the momentum during the first period of the pulse are traced to obtain the
of the two electrons after impact ionization is a single-humpdistribution. This problem remains to be investigated in the
distribution with central maximum without external field future.

[30,31]. In the case with external field, the ionized electrons In conclusion, we have used the semiclassical rescattering
will be accelerated by the field. Then the maximum of themodel to calculate the momentum distribution of recoil ions
distribution of the sum of the momentum moves upward orfrom laser-induced nonsequential double ionization. The re-
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sults obtained are consistent with the experimental data reguence of the rescattering mechanism of NS double ioniza-
ported recently. It is shown that the characteristic doubletion and the acceleration of the ion in the laser field.

hump structure of the recoil momentum distribution of the
He?" ion parallel to the polarization axis is just the conse-
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