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Using the alternative representation of time-dependent Hamiltonians that describe laser-driven systems �I.
Gilary and N. Moiseyev, Phys. Rev. A 66, 063415 �2002��, we have performed calculations for the stability of
He− in a superintense linearly polarized laser field. We estimated the laser parameters, amplitude, and fre-
quency needed to stabilize He−. If we choose the laser frequency �=5 eV, the laser intensity needed for
stabilization is Icritical=9.0�1015 W/cm2 and the maximal detachment energy is 1.0 eV. Our results show that
high frequencies and large intensities are preferred for stabilizing multiply negative atomic ions in superintense
laser fields.
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Atomic stabilization by superintense lasers is of funda-
mental importance in atomic and molecular physics and has
attracted considerable theoretical attention over the past two
decades �1–10�. The idea that negative charged atomic ions
can be stabilized and the photoinduced ionization can be
suppressed in the presence of a strong laser field has been
proposed a long time ago �see Ref. �1�, and references
therein�. However, due to the numerical complexity of the
problem, stabilization calculations, where the electronic
correlation is in the presence of the strong field, have been
carried out only within the framework of the dressed picture
formalism. Under this approximation, the time-independent
many-electron effective potential depends on the �0
=eE0 / �me�

2� parameter, where E0 is the maximum field am-
plitude and � is the laser frequency. Therefore, these types of
calculations can provide the desired information on the de-
pendence of the stabilization of the anion on the two laser
parameters, E0 and �. Using a representation of time-
dependent Hamiltonians of driven systems in strong laser
fields enables us to go beyond the Kramers-Henneberger
�KH� zero-order dressed potential �11�. By carrying out a
transformation to obtain a time-averaged potential with a
better dependence on the field’s parameter �12� it has been
shown that cold atoms can be trapped due to the quantum
analog of the Kapitza mechanism where a classical particle is
trapped by introducing an external rapid time periodic poten-
tial �13,14�. The purpose of this paper is to apply this ap-
proach to He− and to find out the laser parameters for which
the photoinduced ionization is suppressed.

A monochromatic field of electric field vector has the fol-
lowing form:

E�t� = E0�e1 cos �t + e2 tan � sin �t� , �1�

with e j �j=1,2� unit vectors orthogonal to each other and to
the propagation direction, �=0 corresponds to linear polar-
ization and �= ±� /4 corresponds to circular polarization.
The high-frequency Floquet theory that proceeds from the
space translated version of the time-dependent Schrödinger
equation for N-electron atoms reads as follows �1�:

�
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where ��t�=
�0

E0
E�t� with

�0

E0
=1/ �me�

2�. This equation refers
to a coordinate frame translated by ��t� with respect to the
laboratory frame. By using the Floquet ansatz one seeks to
determine solutions to the following structure equation �1�:

�
i=1

N �1

2
Pi

2 + V0�ri,�0� + �
j=1

i−1
1

�ri − r j�
�� = 	��0�� . �3�

The Hamiltonian here contains the original Coulomb poten-
tial modified �dressed� by the laser field, V0, which is re-
ferred to as the “dressed” potential. All of the eigenstates
obtained from Eq. �3� are called the “dressed” states.

Here the dressed potential V0 is the time average of
−Z

�r+��t�� ,

V0�r,�0� = −
Z
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0

2� d
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/���
. �4�

For linear polarization, the dressed potential V0 is equiva-
lent to that of a linear charge with a relative larger charge
density near the two endpoints and a smaller one near the
center. The length of the linear charge is 2�0. In a two-center
coordinate system, V0 has the following form �15�:

V0��0,r� = −
2Z

�
�rA · rB�−1/2K�
1 − r̂A · r̂B

2
�1/2� , �5�

where A and B are the two foci of the system �two endpoints
of the linear charge�. Z is the nuclear charge. K is the ellip-
tical integral of the first kind. Recently, using Eq. �3�, we
calculated the laser critical parameters needed for the stabil-
ity of He−, He2−, and Li2− in the linearly polarized superin-
tense laser field �15�. The detachment energies depend on the
laser parameter �0 and the maximal values are 1.2, 0.12, and
0.13 eV, respectively �15�.

In this paper, we use the representation of time-dependent
theory, which was developed by Gilary and Moiseyev �12�,
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to describe the laser-driven atomic system. Unlike the high-
frequency Floquet theory where the dressed potential de-
pends on the characteristic parameter �0=�I /�2, where �
and I are the laser frequency and intensity, this approach
provides a time-average potential that depends explicitly on
both of the field parameters, I and �. The modified equation
is given by �12�
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Here V0, the dressed Coulomb potential, is from Eq. �4�
and fn�r� has the following form:

fn�r� = −
�Vn�r�

�z
, �7�

where
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Z
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For linear polarization it is convenient to use a two-center
coordinate basis set of elliptical functions to perform the cal-
culations. The basis has the following form �15�:

��
,�,��p,q,m = �
 − 1�p�q��1 − �2��
2 − 1��m/2e−

eim�,

�9�

where p, q, and m are non-negative integers, and 
 is a
variational parameter which will be used to optimize the nu-
merical results. 
, �, and � are prolate spheroidal coordi-
nates with 
=

rA+rB

2�0
and �=

rA−rB

2�0
.

Now we can proceed by using the self-consistent-field
method to obtain the ground-state energy and wave function
of a given atom with a nuclear charge Z in a laser field. Then
we find the critical value of �0 for binding N electrons to
such a given atom. As long as 	�N���0��	�N−1���0�, one of
the electrons on the N-electron ion autodetaches and there-
fore the atomic multiply charged negative ions are unstable.
In order to determine the stability of an atomic multiply
charged negative ion, we define �0

critical for which the
detachment energy is D�N���0

critical�=0. The detachment en-

ergy is the energy required to detach one of the N
electrons from an ion at a particular value of �0, D�N���0�
=	�N−1���0�−	�N���0�. Therefore, we can find the critical
value of �0 for which D�N���0

critical�=0. For values of �0

larger than the �0
critical, none of the N electrons will autode-

tach, and the N-electron atomic multiply charged negative
ion supports a bound state. We use the self-consistent-field
methods to obtain the ground-state energy and wave function
of the He− ion in the laser field. Then, we find the detach-
ment energy as the frequency is varied.

The detachment energy as a function of �0 for He− with
different frequencies is shown in Fig. 1. It turns out that the
new potential makes a great difference from the original V0
when the �0 is small. But when the �0�100 a.u., there is
almost no difference. We performed a calculation for three
different frequencies, 3, 5, and 15 eV. It shows that the per-
turbation increased quickly when the frequency is decreased.
All the critical parameters for the stability of He− are
listed in Table I. Notice, for example, if an ultrahigh-power
KrF laser ��=5 eV� is used, the peak intensity is
Icritical=4.8�1015 W/cm2 using the high-frequency Floquet

TABLE I. Critical parameters for the stability of He− in super-
intense laser fields using different approximate potentials. V0 is the
well-known dressed potential and Vtotal is the new frequency-
dependent potential. The intensity is determined by the following
equation: I=E0

2 / �2�0c0�, where E0=me�0�2 /e; here we choose �
=5 eV.

�0
critical

�a.u.�
Icritical

�W/cm2�
�0

max

�a.u.�
Imax

�W/cm2�
Detachment energy

�eV�

V0 11 4.8�1015 26 2.7�1016 1.2

VTotal 15 9.0�1015 31 3.9�1016 1.0
FIG. 1. �Color online� Negative detachment energy for He− in

the linearly polarized �along the z axis� superintense laser field as a
function of �0 with different frequencies.

FIG. 2. �Color online� Electronic charge distribution for He− in
the linearly polarized �along the z axis� superintense laser field at
the critical point. Upper panel, �0=11 a.u. and �=�, using the
high-frequency Floquet dressed potential. Lower panel, �0

critical

=15 a.u. and �=5 eV, using the total potential which includes the
frequency-dependent term.
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dressed potential. However, when one uses the total potential
which includes the frequency-dependent term, we have
Icritical=9.0�1015 W/cm2.

In Fig. 2, we compare the electronic charge distribution
for He− in a linearly polarized �along the z axis� superintense
laser field at the critical point �0=11 a.u., using the high-
frequency Floquet dressed potential with the one at
�0=15 a.u., and �=5 eV using the total potential which
includes the frequency-dependent term. Both have the same
shape, there is no overlap of the orbitals, however the latter
is more spread out than the first one. Figures 3 and 4 show
the critical �0 and the binding energy as a function of �.

In summary, singly charged negative atomic helium is un-
stable in the gas phase �16–18� and the lifetime is only

around 10−4 s �19�, but in our case it is bound and stable.
Our calculations show that for realistic laser parameters, i.e.,
second harmonics of KrF laser with feasible intensity, singly
negative charged helium atoms can be prepared.
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FIG. 3. �0
critical as a function of � for He− in the linearly polar-

ized superintense laser field. In the high-frequency Floquet theory
�0

critical=11 a.u.
FIG. 4. Maximal detachment energy �binding energy� as a func-

tion of � for He− in the linearly polarized superintense laser field.
The binding energy in the high-frequency Floquet theory is
0.044 a.u.
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