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Correlated electron emission in laser-induced nonsequence double ionization of helium

Li-Bin Fu,1 Jie Liu,2 and Shi-Gang Chen1

1Institute of Applied Physics and Computational Mathematics, P.O. Box 8009 (26), 100088 Beijing, China
2Department of Physics, University of Texas, Austin, Texas 78712

~Received 13 September 2001; published 16 January 2002!

In this paper, we have investigated the correlated electron emission of the nonsequence double ionization
~NSDI! in an intense linearly polarized field. The theoretical model we employed is the semiclassical rescat-
tering model, the model atom we used is the helium. We find a significant correlation between magnitude and
direction of the momentum of two emission electrons, and give a good explanation for this striking phenom-
enon by observing the classical collisional trajectories. We argue that this correlation phenomenon is universal
in NSDI process, as revealed by the recent experiment on the argon.
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The excessive double ionization observed in helium
periments @1–3# draws much attention to the multiple
electron dynamics in the laser-atom interaction. In these
periments the single ionization of He in a linearly polariz
field is accurately predicted by the single active elect
~SAE! approximation@2#, well described by the Ammosov
Delone-Krainov tunneling theory@4#. However, the case o
double ionization is more complicated. In the regime of ve
high intensities (I .1016 W/cm2), where strong double ion
ization occurs, the double ionization keeps in good agr
ment with the sequential SAE models as that in the low
intensities regime (I ,1014 W/cm2). The double ionization
deviates seriously from the sequential SAE model and sh
a great enhancement in a ‘‘knee’’ regime@(0.8–3.0)
31015 W/cm2#. This surprising large yields of the doub
ionization obviously indicates that the sequential ionizat
is no longer the dominating process in this regime and
electron-electron correlation has to be taken into acco
Intense efforts to model the two-electron process of
double ionization in a laser field have reproduced the m
feature of the knee structure in the double ionization yield
a function of laser peak intensity and, moreover, yield
quantitative agreement with the experiments in some ca
@5,6#.

The physical mechanism behind this nonsequential p
cess is, however, still debatable. Both the ‘‘shake-off’’ mod
and the ‘‘recollision’’ model are suggested to describe
electron’s correlation@1,3,7,8#. However, none of the two
nonsequence double ionization~NSDI! mechanisms can
completely explain the experimental observations. For
‘‘shake-off’’ model, it cannot give the reason for the decrea
in the double-ionization yields as the polarization of the la
field departs from linear@9–11#. In the ‘‘recollision’’ model,
the returning electrons are known to have a maximum c
sical kinetic energy of;3.2Up (Up5e2F2/4mev

2), so one
can determine a minimum intensity required for the resc
tering electron to have enough energy to excite the in
electron. But the double-ionization yields observed in exp
ments has no such an intensity threshold. In fact, the do
ionization process is rather complicated and subtle, both
the two NSDI processes and the sequential ionization h
contributions to it and may dominate in the different regim
In another aspect, Becker and Faisal proposed a ‘‘correl
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energy sharing’’ model to describe the NSDI processes
nuclei recoil experiment@5,12,13#. The model is based on th
so-called intense-field many-bodyS-matrix theory derived
by a rearrangement of the usualS-matrix series and include
time electron correlation and the rescattering mechanism

We have employed the semiclassical model to study
double ionization of helium in intense linearly polarized fie
@6,14#. Our calculations reproduced the excessive dou
ionization and the photoelectron spectra observed exp
mentally both quantitatively and qualitively, and we arg
that the classical collisional trajectories is the main source
the nonsequence double ionization of helium in the ‘‘kne
regime.

Recently, the observation of the correlated electron em
sion in laser-induced double ionization of argon@15# pro-
vided new insights into the NSDI process. These auth
reported a strong correlation between the direction and
magnitude of the momenta of two electrons emitted from
argon atom: the momenta of the two emission electrons t
to have the same magnitude and sign in the polarization
rection. On the theoretical side, by solving the tim
dependent Schro¨dinger equation for two electrons in thre
dimensions, Tayloret al. @16# gave that the most of double
ionization probability flux tends to emerge to the same s
of the ion. Similar conclusions have been drawn from on
dimensional~1D! model @17#.

In this paper, based on the 3D semiclassical rescatte
model developed recently@6,14#, we investigate the dynami
cal behavior of the correlated electrons in the doub
ionization process by analyzing their classical trajectori
This investigation, as shown later, is very helpful to und
stand the physical mechanism behind the momentum co
lation. The model atom we use is the helium, however,
argue that our discussions are available to the other m
electron atoms, like the argon in recent experiment@15#.

First, we briefly present the semiclassical rescatter
model adopted in our calculations. The ionization of the fi
electron from bound state to the continuous state is trea
by the tunnelling ionization theory generalized by Delo
and Krainov@18#. The subsequent evolution of the ionize
electron and the bound electron in the combined Coulo
potential and the laser fields is described by a classical N
tonian equation. To emulate the evolution of the electron
©2002 The American Physical Society06-1
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set of trajectories is launched with initial conditions tak
into from the wave function of the tunneling electron.

The evolution of the two electrons after the first electr
tunneled are described by the classical equations~in atomic
unit!,

d2r i

dt2
52“~Vn

i 1Vee!2F~ t !, i 51,2. ~1!

Here F(t)5Fcos(vt)ez is the laser field. The indicesi 51
and 2 refer to the tunnel ionized and bound electron, resp
tively. The potentials are

Vn
i 52

2

ur i u
, Vee5

1

ur12r2u
. ~2!

The initial condition of the tunneled electron, under t
SAE approximation of He1, is determined by a equatio
including the effective potential given in Ref.@19# and a
generalized tunneling formula developed by Delone a
Krainov @18#. In parabolic coordinates, the Schro¨dinger
equation for a hydrogen-like atom in a uniform fielde is
written ~in atomic unit!,

d2f

dh2
1S I p1

2
1

1

2h
1

1

4h2
1

1

4
eh D f50, ~3!

in which I p1520.9 a.u. is the negative ionization potenti
of the outer electron.

The above equation has the form of the one-dimensio
Schrödinger equation with the potentialU(h)521/4h
21/8h22eh/8 and the energyK5I p1/4.

The evolution of the outer electron is traced by launch
a set of trajectories with different initial parameterst0
andv1x0, wherev1x0 is the initial velocity perpendicular to
the polarization of the electric field. The initial position o
the electron born at timet0 is given by x105y1050,
z1052h0/2 from the Eq.~3!. The initial velocity is set to be
v1y05v1z050, v1x05v10. Thus, the weight of each trajec
tory is evaluated by Ref.@18#,

w~ t0 ,v10!5w~0!w~1!, ~4!

w~1!5
A2I p1v10

ep
exp~2A2I p1v10

2 /e!, ~5!

and wherew(0) is the tunneling rate in the quasistatic a
proximation@4,20#.

The initial state of the bounded electron is described
assuming that the electron is in the ground state of He1 with
energyE2522.0 a.u. and its initial distribution is microca
nonical distribution@6,21#.

In our calculation, the Eqs.~1! are solved in a time inter
val betweent0 and 15T by employing the standard Runge
Kuta algorithm. During the first ten optical cycles the elect
field amplitude is constant, and then the field is switched
using a cos2 envelope during three cycles, and during the l
two optical cycles the electrons is free from the electric fie
The wavelength isl5780 nm, which is so chosen to matc
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the experiment@2,23#, and the intensity of laser isI 51
31015 W/cm2 which is right at the ‘‘knee’’ region of the
double ionization of helium. 106 or more initial points are
randomly distributed in the parameter plane2p/2,vt0
,3p/2, v1x0.0 for the outer electron and in the microc
nonical distribution for the inner electron. The distributio
for the ionization electron can be obtained by making sta
tics on an ensemble of classical trajectories weighed by
Eq. ~4!. The results have been tested for numerical conv
gence by increasing the number of trajectories.

Figure 1 shows the momentum correlation between
two emission electrons in the double ionization of the pres
calculations. The horizontal axis shows the momentum co
ponent of the first electron in the direction of polarizatio
(P1z) and the vertical axis the same momentum compon
of the second electron (P2z). This figure shows a strong
correlation between the momenta of the two electrons. Th
is a clear maximum for both electrons being emitted with
same momentum component in the direction of polarizat
axis of about 2.7 a.u., and emission to opposite half pla
is strongly suppressed, i.e., both two electrons tend to fly
same side of ion in the direction of polarization. This ph
nomena has been observed in the ‘‘knee’’ region for arg
@15#. On the other hand, from Fig. 1, we see that the ma
mum momentum of both electrons is about 4.5 a.u., wh
is consistent with the electron-ion coincidence experim
observation of helium@23#, in which the maximum energy o
emission electron in NSDI process is 4Up , since the perpen-
dicular component of momentum is small, the maximum m
mentum component in the polarization direction can be
proximate obtained asPzmax5A8Up.4 a.u.

An useful alternative perspective on Fig. 2 is obtained
rotating the distribution by 45°. Then we can get two ne
distributions. In Fig. 2~a!, we show the distribution of the
sum momentumP15(P1z1P2z); in Fig. 2~b!, we show the
distribution of the difference momentumP25 (P1z2P2z).
Owing to momentum conservation, the sum momentum
emission electrons is equal and opposite to the He21 recoil

FIG. 1. Momentum correlation between the two emitted el
trons given by present calculations.
6-2



,
tr

us

tw

o
x

th
is

an
t

ion
n
a

is
3
e

um

se
tron
eld
ron
of
the
um
the

the
the

is
d

on
al-
roxi-
the

of
far

een
rgy
hand,

a-

-

RAPID COMMUNICATIONS

CORRELATED ELECTRON EMISSION IN LASER- . . . PHYSICAL REVIEW A 65 021406~R!
ion momentum@14,22#, so its distribution, as we know
shows a characteristic double-hump structure with a cen
minima. A vast amount of literature has devoted to disc
the double-hump structure of momenta of recoil ions@14,22#,
here we only pay attention to the correlation between the
emission electrons.

Comparing the Fig. 2~a! with Fig. 2~b!, one finds that the
sum momentum at the peak is about 4.3 a.u., almost ab
the maximum momentum of each electron, and the ma
mum sum momentum is almost 8.7 a.u., about twice of
maximum momentum of one electron; furthermore the d
tribution width of difference moment is much smaller th
the one of the sum momentum. These features indicate
momenta parallel to polarization axis of the two emiss
electrons likely have the same direction. On the other ha
the peak of the distribution of difference momentum is
zero, so the momenta of the two emission electron tend
have the equal magnitude.

To study the origin of the correlation of electrons em
sion, we show two trajectories of the electrons in Fig.
Figure 3~a! shows a typical trajectory of which the differenc
momentum in polarization direction is small and Fig. 3~b!
shows a typical trajectory of which the difference moment

FIG. 2. The distribution of momentum parallel to the polariz
tion axis:~a! the sum momentum of the two emission electrons.~b!
the difference momentum of the two emission electrons.
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in polarization direction is nearly the maximum. From the
trajectories, it can be concluded that after the second elec
ionized the momentum transfer received from the laser fi
is almost identical for both electrons. Because the elect
can obtain very high energy from the laser, the momenta
the two, thus, be accelerated to the same direction. On
other hand, this part of the acceleration only adds to the s
of the momenta of the two electrons, but does not change
difference of the momenta. Therefore, the difference of
momenta is only determined by the ionization process of
second electron.

As we have discussed before, the second electron
mostly ionized by the ‘‘recollision’’ mechanism: the secon
electron is ionized by a collision with the tunneled electr
@6#. Because the collision between the two electrons is
most instantaneous so that the energy is conserved app
mately when the collision happens. The total energy of
two electrons can be expressed by

E5ET1S P1z1P2z

2 D 2

1S P1z2P2z

2 D 2

, ~6!

whereET includes the potentials and the kinetic energy
the perpendicular parts. To the best of our knowledge, so
the energy distribution of the returning electron has not b
reported, but we believe that it exhibits a peak at zero ene
and decreases as the energy increases, on the other

FIG. 3. Two typical trajectories of the ‘‘ recollision’’ mecha
nism: ~a! the case that the difference momentum is small.~b! the
case that the difference momentum is nearly the maximum.
6-3
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only the returning electron energy of which is above t
ionization potential of the bound electronI p2, can cause the
second electron ionized, so the total energy of the two e
trons soon after the collision occurred is small and its dis
bution peaks at zero. Therefore theP2 is more likely zero,
i.e., the momentum components in the polarization direct
of the two emission electrons are likely equal to each oth
The returning electrons are known to have a maximum c
sical kinetic energy of;3.2Up , therefore the maximum dif-
ference momentum must satisfy (P1z2P2z/2)2.3.2Up

2I p2, so uP2umax52A3.2Up2I p2.4.2 a.u.
On the other hand, since the total energy of the two e

trons soon after the collision occurring is small, the total fin
energy of the two emission electrons mostly reflect the
ergy transfer received from the field. The field accelerat
make the sum momentum increase. The maximum energ
an electron in the double-ionization process is about 4Up
@23#, from Eq.~6!, assuming the two emission electron ha
the same energy, we can obtain the maximum sum mom
tum uP1umax.8 a.u.. This indicates that the joint acceler
tion of the electrons in the laser field clearly dominates o
the influence of the electron repulsion, and both electr
ionized are driven by the laser to the same side.
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In conclusion, we have investigated the momentum co
lation between magnitude and direction of the two emiss
electrons in nonsequence double ionization. The numer
results on the helium show a significant correlation on
momentum of the two electrons: the emission electrons t
to have the same momentum component in the polariza
direction. The phenomena can be directly comprehen
from the classical collisional trajectories. These discussi
suggest that the correlated electrons emission in dou
ionization process is a semiclassical process. We also ev
ated the width of distribution of the sum and difference m
mentum. Because the difference momentum is o
determined by the ionization process, so it is important
verify the dominating process in the ‘‘knee’’ regime. Bas
on the rescattering model, we argue that the maximum
ference momentum of the two emission electrons
uP2umax52A3.2Up2I p2. The predictions coincide with the
argon experiment@15#. We hope our discussions will stimu
late the experimental works on the helium in the directio
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